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FOREWORD '@

This is the Final Report under Contract F19628-82-C-0023 with the \
Atmospheric Sciences Division, Air Force Geophysics Laboratory. The 3

contract work performance period extended from November 25, 1981 to November %

. 24, 1986. L
o

This report consists of two parts: Part One detalils the results and P

. status of research performed by SASC Technologies, Inc. during 1986; Part vy
Two provides five-year overviews of research activities in the six discrete N

technical areas called for in the contract. These technical areas are: :’.:

Numerical Weather Prediction b

Mesoscale Forecasting

Boundary Layer Meteorology

Radar Meteorology ’
Satellite Meteorology K
Climatology iy
s
Personnel associated with these areas at any time during the contract, s
in alphabetical order, were: 2
NHumerical Weather Prediction - Joan-Marie Freni, B.A. Py
Isidore M. Halberstam, Ph.D. -;-:
Chris Johnson, B.S. ,-:;
Donald C. Morquist, M.S. g
Shu-Lin Tung, M.S. )
J‘\
Mesoscale Porecasting - Rugsell C. Dengel, B.S. "':
Charles F. Ivaldi, Jr., B.S. ol
Michael E. Niedzielski, B.S.
Lisa G. Phillips, B.S. -
Randy Schechter, M.S. -
James H. Willand ,-'_:
Boundary Layer Meteorology - Joan-Marie Freni, B.A. :-’ |
Clyde L. Lawrance e
Leo F. Rockwood -
Joan M. Ward, A.B. G
James H. Willand \;
Radar Meteorology - Steven B. Alejandro, NM.S. :::
Chen-Hung Chang, M.S. ~
Neil Day Y
Paul R. Desrochers, M.8. 7~
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Ralph J. Donaldson, Jr., 8.M. K3

Dagmar Rapp Egerton, B.S. !

Alison L. Godfrey, B.S.

F. Ian Harris, Ph.D. ;
Janes L. Lagesse, B.A. v,

Thomas C. Liu Y

Donald C. Rich, Jr. s
Frank H. Ruggiero, M.S. ::.;
cl.nn R. mth‘. N.S. )",'

James G. Wieler, M.S. ‘
o
Sstellite Meteorology - Gary B. Gustafson, B.S2. o
Robert G. Hallowell, B.S. R,
Charles F. Ivaldi, Jr. B.S. ny
Marc S. Jorrens &

Pao-Huo Kuo 3
Barry A. Mareiro - :"0
Michael E. Niedzielski, B.S. P
John M. Powers, B.A. :}
D. Keith Roberts \
Randy Schechter, K.S. o
Climatology - Albert R. Boehm, M.S. :'_: "
Arthur J. KXantor, M.Rd. ~

James H. Willand -:

o

Principal Investigator was Alan M. Gerlach, Ph.D. o
Reports were prepared by the scientists, engineers, and mathematicians ‘,‘l
identified in the Table of Contents. SASC Technologies, Inc. is generally ‘
referred to in the report as STX. -
'

The following technical reports were issued under the contract: ‘-
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Worquist, D. C., and C. Johnson, 1982: Spectral Characteristics of the -
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- Scientific Report ¥o. 2 ‘
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PART ONB

I. WUMERICAL WEATHER PREDICTION

A. Experimentation and Initial Testing with the Relocatable Limited-Area
Model (RLAM)

1. Introduction

The Relocatable Limited-Area Model (RLAM), first mentioned in Gerlach
(1984) and again in Gerlach (1985), has become a vehicle for experimentation
and testing. That is not to say that the RLAM can be deemed complete.
However, sufficient progress has been made to permit testing many
combinations of numerical procedures with but one set of physical
parameterizations. 1In addition, the Air Force Global Weather Central
Relocatsble Window Model (RWM), at present a copy of the National
Meteorological Center (NMC) Quasi-Lagrangian Nested-Grid Model (QNGM)
{(Mathur, 1983), was brought on-line and was tested in tandem with the RLANM.
Whenever possible, forecasts from both models were compared with

contemporanecus forecasts from AFGL's Global Spectral Model (GSM). This use
of the GSM as a standard does not necessarily assume its fitness as a
forecasting tool, but it should, because of the similarity between models,
guarantee the reasonableness of the RLAM and RWM forecasts.

The physical parameterizations for the RLAM are currently the same as
those for the RWM and contain a Xuo-type moist convective process, dry
convective adjustment, and a simple parameterized boundary layer flux of
momentum and temperature. Precipitation from the Xuo convection and from
the large-scale adjustments is gathered at each grid location for 12 h and
saved on file. Unlike the RWM, the physical processes have been separated
to allow selective activation of each process.

2. The Selections
The various configurations of the RLAM are determined by choices

offered to the user in the form of a NAMELIST input or edit symbols. The
initial conditions are given by a list of variables describing the location,
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n
resolution, and dimensions of the domain, while others determine mapping and ;:::
t
boundary thickness and whether both full fields and boundary information are :i'
to be furnished. Most of these parameters have already been explained in "
Gerlach (1985). .
The RLAM itself allows a choice of time stepping routines, horizontal )
differencing, grid staggering, boundary conditions, smoothing, diffusion, g‘f
and physics. Each of these choices is described separately. i,‘
&
a. Time Differencing ;:,'.
g
S
At present, the RLAM is able to perform either a leap-frog centered . .
time differencing or a differencing scheme based on the work of Brown and :4.
Campana (1978). Both are able to add a time filter. The Brown-Campana :-E
scheme involves averaging the pressure gradient force over several time [;
steps. By doing so, the numerical prediction scheme stays stable for large '
time steps. To demonstrate how the RLAM generalized the scheme to make it :‘:.
spplicable to both leap-frog and Brown-Campana time stepping, we need to ;.-::
look at the following set of equations: ;“'
X
n+1 n—l -:.
28t n
.
n+1 n+l "
¢, =8(0,) o
(1) :
n+l n-1 n _n
P, -P, = 28t D(u,, v,)
- .}
n+l  n-1 '
Ug -0 = F(u',:.v:) + c(§:+1 + R'r::"'1 in p::l + .n—l + R‘l‘n_l in p:_l) o
24t '.:
+ (1-22) (8} + RT, 1n p_ ]
where u and v are the east-west and north-south wind velocity components,
® is the geopotential, 6 is potential temperature, P, is surface
pressure, At is the time increment, T is temperature, and R is the :
universal gas constant for dry air. The asterisk implies interim values, ;"
while the superscript indicates time step. The weight a lies between O K%
%
N
2
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and 1/2., Eqs. (1) sre coupled with an Asselin (1972) filter of the form

A" = bl a2 v a - A (2) .

where A represents any variable and b is the time weight which lies
somewhere between 0 and 1/2. When a is set to 0, Eqs. (1) become the
classical leap-frog scheme. If b is also set to 0, the scheme will be

unfiltered and can lead to a separation of solutions between odd and even

time steps with the introduction of a computational mode. When a # O,

the Brown-Campana scheme is invoked with an allowance for larger time

steps. In practice, the leap-frog scheme was run only at time steps of 5

min or less, while Brown-Campana time steps were as large as 20 min without

much loss in accuracy.

An implicit scheme was also added to the selection of temporal

differencing. The implicit scheme is based on work done by McGregor et al. -
(1978), Robert (1982), and Robert et al. (1985). The method involves
averaging all linear terms between the forecast time step and the previous

time step. The pressure gradient terms are also separated into linear and

non-linear portions, with the linear portion averaged in time. By -

substituting into the continuity equation from the momentum and

thermodynamic equations, one can reduce the set of equations to a single

elliptic matrix equation involving temperature at the forecast time. To

solve this equation, we have to reduce the matrix to a two-dimensional

system and then treat the elliptic equation. Because the coefficient of the

undifferentiated term is variable in x and y, there is no direct method of

solving the elliptic equation. There is, however, quite a selection of

elliptic solvers either by iterative procedures, "shooting” methods, or

relaxation techniques; these were investigated as to efficiency and .ﬁ

accuracy. A two-step relaxation technique seemed to converge quickest. }.

There is also a very real problem in dealing with the boundaries, especially “

since the "known" right-hand side of the equation contains higher-order \

derivatives. In fact, some terms require as high as a third-order

derivative to be evaluated in x and y. Such high-order derivatives are very

difficult to approximate near boundaries and great care must be exercised in

choosing a suitable numerical representation. In practice, extra boundary y
Though the

rows were added to allow for the higher-order derivatives.

----------
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implicit scheme is an option of the RLAM, it has not been successfully
tested.

¥ ]
)
V]
Y
'l
§
K]

b. Horizontal Differencing and Grid Staggering

For horizontal differencing, the RLAM offers a choice of second- or v,
fourth-order schemes as well as a fourth-order compact (fc) scheme. Also, "
the grid can be staggered to allow for various horizontal configurations of
the variables. Thus for first-order horizontal derivatives, the generalized
differencing formulation for both second- and fourth-order accuracy appears

.
.

-1

= [a(f FIREE AL

j41 T fj) + b(f

3 fj-l) + c(f ) + 4d(f

02 - 50 (3)

[ ] ‘i'\»

where a is any value between +1/2 and -1/2, a = (1 ~ 6¢ + 2a)/72, b = (1
- 64 - 2a)/2, ¢ = (6aZ - a - 2)/24, and d = (6a® + a - 2)/24

for fourth-order accuracy, while ¢ = d = 0 for second-order accuracy.
Technically, Eq. (3) can be applied to any staggering of grid points with '
o defining the distance of one grid from the other. For instance, the
Arakawa c-grid sets off the u-grid one-half mesh to the right of the primary
grid and the v-grid one-half mesh above the primary grid. In the notation
of Eq. (3), this is represented 8s a = 1/2 and 4 = Ax for the u-grid

and A = Ay for the v-grid. For second-order differencing of any

variable, say p, about the u-grid, we get for second-order

AN RN N

a=1,b=0, and %P ((j + L )ax) = (p
X 2

for fourth-order we get

)/bx;

LY P ety s

j+1 " Pj

a=9/8, b=0, ¢c =-1/24, d = 0,

% (3 + 1/2)8%) = 9/8(Pis1 "~ Py) - 178 (Pia2 ~ Pi1y .
ax Ax 3ax

The same would apply to the v-grid with respect to y-derivatives. For
derivatives of u about the primary grid, we set a = -1/2 and then, for

second-order, a = 0, b = 1, yielding % [(§ - 1) ax) = (uy - uy g )/bx. :

Ix 2 4
Again, the same will apply in the y-direction. Unstaggered grids are -




created by setting a = 0. PFor that case a = b = 1/2 for second-order

accuracy and the derivative of any variable f then is

35 (jax) = (f )/28x,

Ix
which is a centered differencing, known to be of second-order accuracy. For

j*1 fj-1

fourth-order, the parameters become

axb=3/4, cad=-1/12and 2f (Ja) = 4 Fy4g - 8500 1 Ey0p - £ 00,
x 3 28x 3 AAX
which, again, is the canonical form of fourth-order differencing. Other
forms of staggering are possible and, although not very practical, values of
a other than -1/2, 0, or 1/2 can be used.
The staggered grids present a companion problem in the calculation of
the vertical velocity &. Because vertical advection exists for all
variables, it is necessary to determine a value of & for all grids.
Normally, one could assume that & can be determined for the primary grid
and averaged to determine values for the offset grids. But this presents
problems near the boundaries. Assume that the u-grid is offset one-half
grid space from the p-grid (primary grid). The sequence of variables is then
Py Yy (which are both boundary values) Pyr Uye Pos Uppevrnnen s Py_ge Uy o0
Py qv Yy 1 Py u; (where the J subscript also implies boundary values). To
— — I u
8
J-1 T
(ps + P, ) (p' +p )

(% %53 u J-1 %32 uJ_z)(Ax)'l. To determine &

- _ on
2 J-1 2 J-1

the u-grid would then require an average of 6J and 6J_1 from the p-grid.
But &J is not available because it would require an average of Py and Pg

determine o on the p-grid we evaluate the term as

which does not exist. A possible solution would be to carry an eitra rosz}
Py in every direction as boundary points, but this is impractical. Another
alternative ig to assume some value of o at the boundaries (e.g., zero), but
that would lead to instabilities. Instead, RLAM recomputes a separate ¢ for
each grid by changing the numerical approximation of the derivative of the
products. Thus the same expression (i.e., ffg?) would be computed

x
as [EEJ_:_EJ:ll P, - Eglzl_:_glzll P l(Ax)_l. which allows for & on
s 8 J-1
2 J 2 J-1
the u-grid. The same would apply for the expression ap'v with respect to the

ay
v-grid. 1In the RLAM, provision is made to calculate different sets of & for
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each grid defined by the staggering. i
¥

The fc scheme does not contain an explicit form of the derivative. o)

Ingstead, the fourth-order accuracy comes from aversging derivatives such that

»

(5, + 465 + £, )/6 = (£, ~ £, 2728, ) é

This can only be solved by inverting a tri-diagonal matrix containing the
known values of f at all the interior points plus some vslue of the :
derivatives at the boundsries. At first, the RLAM attempted to insert . %
actual values of the derivative calculated from the spectral coefficients at "
the boundaries. But this led to severe instabilities; so boundary

derivatives estimated by Adam (1977) were substituted. Since little E
improvement resulted from using his higher-order estimate, his simpler t
'second-order estimates were chosen. This condition is given by ¥

U
1/2 (£, + £.) = (F, - £,)87 %
17 %27 % Y 1
(5) o
. . _1 :'-
1/2(fJ + fJ-l) = (fJ - fJ_l)A .
where the indices 1, 2, J-1, and J refer to the boundaries or to their ;
",
adjacent points, respectively. The conditions (Eq. (5)) close the set of ¢
equations and allow calculation of the derivatives for all terms. The :
equations in matrix form are '
AB=C b
with .
£y §
1 o o ’ 2
f2
1 . L
01 4 1 0 0 0 £ 6)
A= 's 3 ::._
)
1 4 1 : -
0O 0 0 0 0 0 0 0 11 f'
J-1
fJ




lI
and "
"
.l
'l
2 (fz - tl)
3 (f3 - fl) :::
3 (t P fz) ::“
it
. "
v
-1 _i‘
C=2a . !
d
\ \]
\
. e
q‘,
n M
3 (f F £ J_z)
. 2 (f 3" [ 4 J_1) -
;
A
A is a constant matrix and need be inverted only once in the course of a Q:
forecast, making solution of € a relatively simple task. &
There are other horizontal differencing schemes available, such as cubic ;.
splines or regional spectral models, but these have not been incorporated b :
into the RLAM, nor has any provision been made for their eventual inclusion. -
c. Smoothing and Diffusion ]
NS
N
The RLAM, like almost all regional models, is faced with the need to -~
control instabilities generated at the boundaries. There is also a need to a
represent sub-grid scale processes that tend to dissipate and diffuse some j::'
of the energy of the atmosphere. Both of these requirements can be met with ',f;:
some sort of smoothing or diffusion or both. Perkey and Kreitzberg (1976) ™!
(P-K) recommend both smoothing and diffusion with varying frequencies and ::5
intensities for the interior and the boundaries of their sponge boundary. ::;:
The QNGM of Mathur (1983) also distinguishes between the boundary and the j:::'
interior by supplying separate diffusion coefficients. The RLAM allows for -
either a QNGM-type second-order or a P-K-type fourth-order diffusion with up h A
to four specifications of the diffusion coefficient, dependent on location. .::7:
e
P-K use second-order at the boundaries, with a gradual drop in the diffusion :‘.\ ’
coefficient value from the boundary to the interior. The QNGM has only two 'T‘
values for the second-order diffusion: one for several boundary rows and TN
-
\._
\-
7 R
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ons for the interior. In the RLAM, the thickness of the boundary can be
specified and the four coefficients correspond to the outermost row (always
second-order), boundary rows, transition row, and interior. For the QuWGH
the ficst and second coefficlents are equal to each other, as are the third
and fourth. A generalized subroutine allows for calculstion of the
diffusion term for either second- or fourth-order. First, a constant B is
set to an appropriate value and the coefficient k is derived as

ks s(u)"(zu)“. where n is 2 for second-order and 4 for fourth-order.
The diffusion term is then calculated from

n J (n_+1)
4 ko™ T LWV 8

A - 2A
j=0 fe-j i+j+1

145 + ‘1+j-1) ()

where u‘ = (n-2)/2 and A is any varisble. If we are dealing with
second-order, n‘ = 0 and both sums give rise to only one term. PFor

fourth-order, there are four terms which add up to
A

- 44 + 64, - 44

142 141 i i1 * 4,

The smoothing operator found in the RLAM is based on the
smoother-desmoother described by Shapiro (1970) and mentioned by P-K. The
operator smooths the variables and then undoes the smoothing for lower wave
numbers, damping only the high frequency noise. Thus, if the smoothing
weight is €y and the desmoother is Cyr We have

Y

A = ‘1 + cl(‘i-l + ‘1-0-1 - ul)
(8)
c.,C c ¢ c c
< 1'""2 =71 =1 =1 =1
A = ‘:l + °2“1-1 + A1+1 - 2A1 ).

Usually, < and c, are oppositely signed to produce the desired effect

of only damping the high-frequency modes. The operator Eq. (8) can be
spplied to the boundary separately from the interior. In fact, P-K
recommend more frequent smoothing of their sponge boundaries than of the




interior in order to control boundary-induced instabilities. The RLAM
sllows a choice of frequencies of smoothing both the interior and
boundaries. It also allows for higher-order smoothing performed by
repetition of the lower-order smoothing. In practice, when specialized
boundaries have been invoked (such as the sponge), boundary smoothing
frequencies have normally exceeded interior smoothing frequencies. For
directly inserted boundaries, however, intecrior and exterior frequencies
were generally set squal to each other.

d. Boundary Conditions

Lateral boundary conditions are always a sore point in regional
modelling. They are a necessary evil that can lead to frustrating
instabilities or computational modes that render the forecasts either
inaccurate or unreasonable. The RLAM has been tested with primarily two
types of boundary conditions: a sponge boundary described by P-K and a
directly insecrted boundary. A "porous” sponge boundary also described by
P-K was also tested at first, but since the porous sponge does not interact
with any outside data, it was not considered a desirable alternative to the
other two. Choosing s boundary condition, however, is not as simple as
choosing a second- or fourth-order scheme. Specific boundary conditions
require specific data which must be prepared beforehand. It would be
convenient if a universal set of boundary dats were available from which
specific subsets could be fashioned as needed, but such does not exist and
it is doubtful whether it can feasibly exist.

The current boundary conditions are derived by cubic interpolation, as
described in Gerlach (1985). They consist of actual values at the outermost
rows for the directly inserted boundary, or of tendencies along five
boundary rows for the sponge boundary. The sponge boundary gradually blends
the tendencies from the RLAM with those from the GSM. The outermost
boundary row contours the tendencies of the GSM only, while the innermost
boundary row contains only the RLAM tendencies. In between, the tendencies
are a combination of the two with weights geared to stress the RLAM

tendencies closer to the interior and to stress the GSM closer to the

exterior.
The fc scheme requires special handling of the boundaries, as mentioned
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sbove. When derivatives were saved explicitly and inserted at the
boundaries, their values were saved along with the field variables and
intecrpolated for the sppropriate time step. The Adam boundary condition had
no such requirement, and the original variables were all that were necessary
to close the system of equations. For the implicit scheme, it is also
necessary to supply derivatives at the boundaries, and again the possidility
of using either explicit derivatives (which was attempted) or an Adam-type
spproximation should be explored. Other forms of boundary conditions were
slso investigated, including a radiation scheme as proposed by Orlanski
(1976) and Miller and Thorpe (1981) and MMC's boundary conditions for its
Limited-area Fine-mesh model (LFM) (Mewell and Deaven, 1981). Neither of
these, however, has been sufficiently tested.

3. Comparisons

The RLAM has been tested against forecasts made by the AFCL GSM and the
RWM. The latter is a research model discussed by Mathur (1983) that
features a pseudo-Lagrangian sdvective scheme. The physics in the RWM has
been applied to the RLAM and consists of bulk serodynamic surface fluxes, s
Kuo convective scheme, and large-scale precipitation. The programs for the
RWM with proper documentation were obtained from AFGWC, where attempts are
being made to modify the QNGM for employment as an operational regional
window model. There were some minor changes made on the RWM as received, to
permit comparisons with the RLAM. These consisted of:

1. A correction of the RWM mapping routine to account for the change of

longitude on either side of the pole on a polar stereographic projection.

2. An adjustment to the calculation of the domain for a mercator projection
to be commensurate with the RLAM. The RWM always draws the domain
rectangle at the equator and translates it to the desired latitude,
whereas the RLAM draws the rectangle at the desired latitude.

3. A correction in the Kuo convection, which in calculating the saturstion
mixing ratio from a stored table of values allowed the interpolation to
run off the table when the atmosphere was cold and dry.
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4. An adjustment for a similar prodlem in locating the lifting-condensation
level (LCL). When the LCL was located below the first layer, the Kuo
convection scheme still attempted to interpolate between the first layer
and a non-existent zero layer, leading to undefined quantities.

Because the input and output files of the RWM are different from those
of the RLAM, translation codes were developed to process RWM fields into
RLAN fields and vice-versa. The RWM came with data from 10 November 1985,
whereas the RLAM fields are started from spectral data from the GSM. Most
of the GSM fields that served as initial data for the RLAM were derived from
FGGE III-A data from 4 February 1979. Both the RWM and RLAM allow optional
vertical resolution, but the respective datas sets are of different
resolution and would require some vertical interpolation. However, no
vertical interpolation scheme has been implemented for the RLAM. Hence a
10-level RLAM with o-structure similar to the 10-level RWM was run after
initialization from RWM-supplied data, while the RWM was structured after
the 12-level RLAM and GSM when it was initialized from the GSM data.

Inter-model comparisons were made, rather than comparisons against real
data, becsuse during the development stage it is only necessary to test the
reasonableness rather than the accuracy of the forecasts. Since much of the
structure of the RLAM and the GSM is the same and initial and boundary
conditions are provided by the latter, their forecasts should be fairly
similar. Once the model has beon perfected, its accuracy should be tested
against real datas.

Fig. 1 shows the RMS difference for a 24 h forecast between the GSM and
the RLAM at all 12 o-layers for u, v, and T. Two RLAM runs are
depicted--one with fourth-order differencing, the other with second-order
differencing. Both had Brown-Campana time differencing, sponge boundaries,
snd contained physics. The second-order differencing was smoothed every
nine time steps (3 h) and its boundaries oiory three time steps. The
fourth-order differencing was smoothed every second time step (40 min) and
its boundaries every time step. The increased smoothing was necessary to
maintain stability in the fourth-order. To allow for fourth-order
differencing everywhere, an extra boundary row was inserted on all four
sides, so that the sponge boundary kept external tendencies on two rather

than one external row. The results point up only minor differences between
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the differencing schemes, as one would anticipate, with RMS differences in
velocity reaching no more than 6 m 3'1 in the vicinity of the tropopause
and no more than about 1.5°C in temperature in the stratosphere. When
physics was omitted, the RMS differences were not substantially larger,
except at the surface, where the lack of surface friction or heat flux
caused substantial differences between the GSM and the RLAM. Part of the
reason for the inability of the physical parmeterizations to affect the
upper layers is the lack of vertical diffusion in any of the models. If
vertical diffusion were present, one could expect to see the effects of
physical parameterization, especially the planetary boundary layer physics,
percolate up to all layers. The comparison in Fig. 1 was for a mercator
projection centered at 15°* S, 225° E (135° W) with full mesh (Ax ~ 5°¢
longitude) and 26x21 grid points. Fig. 2 is the same as Fig. 1 except that
the domain is on a Lambert conformal mapping centered at 41° N, 270° E,
(90° W) and there is no physics added to the model. The effect of physical
parameterizations at the lowest layer is quite obvious especially with
regard to temperature. The velocity RMS values peak at a lower layer,
probably due to the lower wintertime tropopause in the northern latitudes.
There also seems to be less of a zonal-meridional wind velocity difference
in the mercator projection, probably due, again, to the stronger zonal jets
in the mid-latitudes.

Table 1 shows an assortment of configurations of the RLAM and their
respective RMS differences with the GSM. This is by no means an exhaustive
list, even with the limited number of tested options available. All runs
were performed without diffusion, with Brown-Campana time stepping, on an
unstaggered grid with full mesh spacing, and 12 vertical layers. The RMS
statistics show a wide range of agreement and disagreement with the GSM.
Especially noteworthy are the large differences engendered by the fc scheme
probably due to the frequent smoothing introduced in order to maintain
stability. The other configurations yield essentially the same forecasts,
except for the first layer where the absence of physics, as already noted,
causes a departure from the GSM.

The RWM comparisons were not entirely successful. Part of the problem
of comparing the RLAM with the RWM is their different treatment of the
boundaries. The RWM applies heavy diffusion to the first five boundary
rows, whereas the RLAM can apply diffusion optionally. When dealing with

13
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26x21 grid points, removing five points from each side leaves an interior that
is only one-third of the boundary, forcing the RWM to strongly damp most of the

field. To rectify this situation, the domain was expanded to 39x33, resulting

in an interior that is about equal to the boundary and giving the RWM room to
breathe, as it were. The ideal comparison would require supplying the same
grid for the RLAM and then evaluating its performance in the interior with
respect to the interior of the RWM. But the RLAM requires a great deal more
space than the RWM and, although 39x33 can still fit in the computer, running a
larger-size program strains the computer resources at AFGL. Several attempts
to run the RLAM on a 39x33 grid were not successful except for second-order
differencing on a half-mesh. The smaller grid size, however, required a
smaller time step even for the Brown-Campana scheme. The only successful
comparisons, then, are between 26x21 grids of RLAM with the interior of a 39x33
grid of the RWM, where the data for both have been gleaned from the RWM 30
November 1985 file.

Table 2 compares the o structure of the GSM with the RWM. Notice that
not only the number of o layers but also the configuration of the layers are
different, with the RWM distributing its layers more evenly, while the GSM
increases its resolution in the boundary layer and at the tropopause. Fig. 3
shows the RMS differences between the RWM and the RLAM for a 24 h forecast from
RWM data. The RLAM forecast was second-order, insert boundary, with physics.
The differences are close to those in Fig. 1 with somewhat higher differences
near the surface. On the whole, however, the two differ by about as much as
the GSM from the RLAM.

Fig. 4(a) shows difference contours between temperature T at o-layer 1
forecast by the RLAM with second-order differencing, sponge boundary
conditions, and no physics, and T forecast by the GSM. Fig. 4(b) is the same
plot except for the RLAM with physics. There are noticeable differences
between the two because of the planetary boundary conditions, especially near
the lateral boundaries, where data from the GSM interact with the RLAM. Fig.
5(a) shows the contours from a RLAM 24 h forecast of temperature at o-layer 4
with a directly inserted boundary, regular fourth-order differencing, and
without physics or diffusion but with smoothing at every time step. Fig. S(b)
is the same but for fc differencing and 4A smoothing at each time step.
Although similarities between the two forecasts exist, the more intense

smoothing of the fc has an obvious result, especially in the interior.
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Table 2. o-structures for the 12-layer AFGL GSM and the 10-layer RWNM -
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Fig. 6(a) is the T field for the RWM at its layer 4 after 24 h. The
field is for the mercator projection and is the interior portion of the
original 39x33 grid sige. PFig. 6(b) is the RLAM 24 h T forecast for the
same region and o-layer but the domain was originally a 26x21 grid size
and covered only the area displayed. The horizontal differencing was
second-order, physics was included, and smoothing was performed over the
entire field every three time steps. The boundary data were inserted at
aach time step and were gleaned from the same database as the RWM. The RiWM
derives its boundary values by computing 6 h tendencies from observed dats
and spplying the tendency to each time step. Thus the boundary values
applied to the 26x21 RLAM were not related to the RWM data at those grid
points. Still, as Pigs. 6(a)-(b) demonstrate, the two models produced
temperature fields that were quite close. It is suspected that if
RuWM-produced data were employed as boundary data for the 26x21 RLAM, a
greater correlation would exist.

4. Summary and Conclusion

The RLAM has been developed to the point where it can be run with a
selection of differencing schemes and resolutions. Most of the current
testing has included comparisons with the AFGL GSM and the RWM. Several of
the options available under the RLAM are still not viable even if they
remain stable for 24 h; e.g., the fc spatial differencing which requires a
great deal of smoothing. Various temporal schemes are available, such as
lesp-frog and a Brown-Campans pressure averaging procedure, while an
implicit scheme is available but not yet perfected. A physical package
identical to the one on the RWM has been added to the RLAM and seems to
function well, producing boundary layer fluxes and moist convection and
precipitation. These compare well with the RWM for the same dates and
locations but do not give exactly the same results even for the physical
paraneters that are the same in both the RLAM and RWM.

Lateral boundary conditions are very important to the RLAM as they are
to most regional models. The RLAM offers a choice of several types of
boundary conditions, but each requires a separate type of data input. The
sponge boundary requires five rows of tenden~®-- om the GSM, whereas the

porous sponge requires none. The directly inserted boundaries require only
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one row of actual values for second-order differencing but two rows of
values for fourth-order regular differencing. For fc differencing, it is
possible to supply derivatives at the boundaries. The Orlanski (1976¢)
rediation boundary, slthough not fully operstional, requires either no
exterior dats or, at most, one row of GSM tendencies. On the other hand,
the LFN boundaries require several rows of actual data. This assortment of Y,
data requirements diminishes the effectiveness of the RLAM in allowing

options for boundary conditions. Therefore s generalized procedure file was

devised to produce exactly the right type of boundary data for most of the

boundary conditions available. The procedure, however, is machine-dependent )
and works only in a CDC/N0O8 2 environment.

The RLANM can serve as a convenient vehicle for testing various
numserical and physical spproximations and parameterizations for different
synoptic situstions. It has the versatility needed to implement countless
numerical experiments. It is, however, by no means complete; many more
options can and should be added to the RLAM to make it a truly effective
research tool. Also, much more testing and stresmlining should be performed
to insure that its components are indeed functioning properly.

. v Y s e s e o
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I1. MESOSCALE FORECASTING
A. An Error Analysis of LFM Forecasts Using the FOUS 60-78 Bulletins

Regsearch performed and its results are described and summarized in a

paper with the above title appearing in the preprint volume for the Eleventh
Conference on Weather Forecasting and Analysis held in Kansas City, MO, on
June 17-30, 1986, sponsored by the American Meteorological Society.

Reference

Schechter, R., 1986: An error analysis of LFM forecasts using the FOUS
60-78 bulletins. Preprints, Eleventh Conference on Weather Forecasting and
Analysis, Kansas City, MO; AMS, Boston, 67-71.
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IIl. BOUNDARY LAYER METEOROLOGY
A. Refractive Index Study

In 1986 AFGL continued to investigate tacticsal tropospheric scatter
radio links in support of an Air Porce Electronic Systems Division study.
By analyzing data archived onto magnetic tape froa refractometers mounted on
small aircraft and flown at varying altitudes, the refractive index
structure C.Z can be derived.

Two refractometers mounted under opposite wings of a Cessna 172
sircraft were flown over Chatham, MA in a series of test flights in
September 1985. Data from these flights formed the basis for STX
computerized processing and analysis efforts.

The sampled data in voltage form were fed to software developed for the
AFGL mainframe CDC Cyber 860. These programs converted the voltages to the
frequency domain by means of Fast Fourier Transforms. The spectral
amplitudes and phase were adjusted to corrected values by a frequency gain
calibration array using interpolation. This was done to remove the effects
of prewhitening filters located in the refractometers. The spectral data
were saved for input to VAX-resident analytical routines. The Cyber
programs produced diverse estimates of C.Z using data from several
frequency bands.

To use VAX software the saved data were formatted and then streamed
from the Cyber to the VAX over the AFGL hyperchannel. Software was devised
to arrange these data into records of 512 values each, alternating records
of each of the two refractive index channels recorded. Headings were added
to provide such information as type of data channel recorded, air speed,
number of records at each level of flight, etc.

After the data were prepared in proper format, the Iterative Signal
Processor (ISP) software system on VAX was invoked. A specific set of
routines (NTQ) written in ISP language and designed to facilitate analysis
of sampled voltages was used. Fig. 1 shows results obtained from using the
first eight dats records from each of the two refractometers flown in level
flight over Chatham on 25 September 1985. The data were detrended to remove
the linear trend and DC bias, as shown. The power spectrum average using

Fast Fourier Transforms was achieved for each refractometer channel and then
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ISP>GET ‘NTQNEW-
ISPO>ASN ‘1ISPOO2’
File title is

TITL=CHAT
File record size is
SLEN= S12

Sampling interval is
$SI = 1.562500E-02
Air speed is

$VA = S1.48900
Number of channels is
$NCH= 2

ISP>DTR ‘002D’,8,0
Channel Numkber is

x 1
Linear Trend is

= 6, 734220E-056
DC Offset is

= ~-2.962133E-02
Channel Number is

= el
-

Linear Trend is
= 1.2014702E-05
DC Offset is
= -7.7769L4E-02
ISF>PHI N
ISPOPHY T
ISP>AVGF N
ISPO>AVGF T
ISF>CXSQG N

C N~2 ESTIMATES FROM EAND AVERAGES
BAND PTS K € N~2

i 26 0.2059¢ 0.264921E-02
2 25 ¢.59%00 0.244288E-02
3 26 0.98404 0.288377E-02
4 25 1.37207 0.302188E-02
) 26 1.762118 0.3302B1E-02
6 25 Z.185115 0.278832E-02
7 26 2.54019 0.313724E-02
8 25 2.92522 0.2€3402E-02
9 26 3.3182¢6 0.219732E-02
10 26 3.71493 0.29314%E~02
ISP>CXSCG T

C T~2 ESTIMATES FROM EAMND AVEFRAGES
EAND FTS K C T2

1 26 0.2059¢ 0.852716E-0C
2 25 0.59500 0.S33270E-02
3 26 6.9ea¢4 0.74012€E-02
4 25 1.3272307 0.409%K4E-0C
S 26 1.762114 0,22B8L72E-02
& 25 2.1%11¢ 0.203087E-02
7 26 2.5401¢ 0.157009E-02
8 25 z.92922 0.59456€E-03
9 2¢ 3.3182¢ 0.339282E-03
i0 26 3. 71493 0.20E49BE-03

Fig. 1 Refractive Index Structure Functions from Two Refractometers (N, T)
Flown over Chatham, MA
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gathered into ten linearly spaced bands. The wavenumber averages, power
spectrum averages, and distribution of points were saved for follow-up
calculation. c.z estimates from the computed band-averaged spectral data
were derived using the 5/3 law

/3
C'Z = 4 0,(!)!?

where K is the averaged wavenumber and ¢(K) is the spectral value associated
with the wavenumber obtained by averaging over the spectral values in the
band. The second channel, labeled "T" in Fig. 1, was intended to be used for
temperature but in this case is used to input the second refractive index
channel "'2"'

The computed magnitude squared coherence and phase in degrees of the two
channels are shown in Fig. 2. Raw data cospectra from the two refractometers
indicate that for wavenumbers less than .2 there is reasonably good coherence
and the phase spectra between signals indicate they are in phase. Above .2
the coherence is poor and the phase erratic. These results are not unexpected
for two sensors flown in a turbulent medium, since .2 wavenumber represents
about 80 ft and the sensors are mounted 15 ft apart. One would expect
coherence only when the wavelength is greater than four times the sensor

separation or about 60 ft and would expect it to decay for shorter wavelengths.
B. Surface Layer Windflow Model

AFGL meteorologists have been developing a computer model to predict the
toxic hazard corridors that would result from an accidental chemical release
at an Air Force installation. WADOCT (Windflow and Diffusion Over Complex
Terrain) combines a surface layer windflow model with a Gaussian puff
diffusion model. Most of 1986 was devoted to developing and checking out the
two parts of the model separately, with STX primarily concerned with the
windflow portion.

Terrain data describing the environs of the Vandenberg AFB, CA shuttle
and missile launch faciiities were acquired. Wind and temperature data
collected from ten instrumented towers located at Vandenberg also were
received. STX devised software to produce contour plots and a

three-dimensional display of the terrain (Figs. 3 and 4) to assist
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Fig. 3 Contours of South Vandenberg AFB Showing Instrumented Tower Locations
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researchers in understanding the complexity of the boundary layer in this
mountainous coastal region.

The windflow model performs a variational analysis of surface layer
winds in the x-y plane to induce an initial wind field to conform to
constraints of topography, buoyancy forces, advection of momentum, and
conservation of mass. The driving equations for this system attempt to
minimize a volume integral relating momentum advection to buoyancy forces.
When the minimum value is attained, the system is said to be in quasi-steady
balance between the constraints (Lanicci and Weber, 1986). The resultant
windfield over the terrain is output to a Houston plotter either in the form
of wind vectors (Fig. 5) or in standard wind plot notation, and can be shown
in either form on the Zenith Z-100 microcomputer screen. Wind vector data
and the wind profile exponent derived by the model are archived for further
study.

An area 11.2 km in the east-west direction and 12.2 km in the
north-south direction covering the South Vandenberg launch complex was
selected from the Vandenberg data. This produced a model domain array of
56x61 using a 200 m horizontal grid spacing. The model that had been tested
in 1985 using the relatively simple, flat terrain of Ft. Polk, LA with only
a single meteorological input, was modified for the Vandenberg study to
accept either a single climatological input or multiple observational inputs
derived from tower sensors. The latter option then uses an objective
analysis scheme to derive non-homogeneous initial conditions for input to
the model.

Tower data tapes recorded at 60, 15, and 5 min intervals were archived
onto the AFGL Cyber 860 mainframe computer. From this database, eight cases
of 15 min data and two cases of 60 min data were chosen. Seven towers
located in the selected model domain were used for the study. Root mean
square error (RMSE) statistics were compiled by first removing the data from
one tower at a time and predicting wind values by using the other six. The
experiment then proceeded by removing towers two at a time, then three at a
time, etc., until every combination of towers had been removed and the
results verified with each prediction. A total of 127 runs of the model was
made for each of the ten cases selected. The results showed that the
windflow model, using a mean vector wind input, produced better verification

than Lthe multiple tower input objective analysis schene.
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The statistics also showed that the RMSE's of the model were rarely .'.
better than the standard deviation of the mean vector wind. PFurther 2
examination of verificastion statistics at individual towers revealed that g;
two of the towers, locsted in the high terrain of Tranquillon Ridge, were in :i
a wind regime different from that of the lower-lying towers in nearly half Y
the cases, thus negating superior model performance at the other five towers. *ﬁ

The Air Force weather detachment at Ft. Devens, MA became interested in o
the AFGL windflow model as a tool to be used in providing weather support lif
for Army paradrop operations. Accordingly, STX developed a simplified ;f'

version of the AFGL windflow model for use in weather operations. Terrain e
data for east central Massachusetts were reduced to a domain file containing
8 A4x69 array with 200 m horizontal grid spacing. A further reduction to a
21x21 array covering only the drop zone at Ft. Devens was provided as well

(Fig. 6). The model was set to use a single input of wind, temperature, and
cloud cover to initialize it. The model and two utility plotting programs gt
were confined to one floppy disk for use on a 2-100 computer available at

‘o
NS

AN
P AAs
-f':.'.'".

Ft. Devens. Working with airfield forecasters led to devising simpler :E
interactions with model operators. Calculations previously lost after the b
model run were archived and then retrieved automatically under software ;;
control as inputs to resultant wind field and power-law profile displays ﬁ&
(Figs. 7 and 8). The profile estimation of wind speed from the surface to §§
300 ft, the upper limit of the profile program, was especially of interest * ,
to those involved in the paractute drops. fﬁﬁ
Preliminary results indicate that for predominant wind directions fé:
(southerly to northwesterly), significant terrain effects on the wind field :;ﬁ‘
are dominant at speeds below 5 to 8 kt; at higher speeds the model produces
uniform flow conditions. Air Force forecasters at Ft. Devens showed great f&&
enthusiasm for the model as a useful tool to support low level tactical $§;
aviation and paradrop operations. ;ﬁi‘
Reference i:i?
Lanicci, J. M., and H. Weber, 1986: Evaluation of a surface-layer ii?{
windflow model for complex terrain using meteorological tower data from "
Vandenberg AFB, CA. Preprints, Fifth Joint Conference on Applications of zftﬂ
Air Pollution Meteorology, Chapel Hill, NC; AMS, Boston, 265-268. izt;
:iti
- -"4
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C. AFGL Weather Test Facility

STX has been responsible for maintaining and operating the AFGL Weather
Test Facility at Otis Air National Guard Base near Falmouth, MA. In
addition to daily site and instrumentation maintenance and repair, special
field activities were also undertaken.

Two Present Weather Identification systems were installed for
subsequent test and evaluation. They are a VR-301 manufactured by HSS,
Inc., Bedford, MA and a LEDWI (Light Emitting Diode Weather Identifier)
produced by Scientific Technologies, Inc., Gaithersburg, MD. The HSS, Inc.
VR-301 identifies type and intensity of precipitation and measures
visibility. The LEDWI identifies type, intensity, and accumulation of
precipitation but does not measure visibility.

Data from these instruments were acquired during periods of inclement
weather, together with human visual observations and data recorded by three
types of rain gauges, transmissometers, forward scatter visibility meters,
temperature-dewpoint sets, and wind speed/direction sets.

A recently installed atmospheric temperature profiler developed by
Ophic Corp., Lakewood, CA ig a passive sounding system for obtaining a
vertical temperature profile from the surface to approximately 15,000 ft.
It consists of a radiometer, various infrared filters for measuring IR
radiation at different wavelengths, a moving head to sense at different
wavelengths, a moving head to sense at different angles of elevation, and a
computer to control the sensing head and to process the data. Radiousonde
balloon flights were conducted to obtain direct temperature measurements for
evaluation of the Ophir system.

The AFGL/WTF data acquisition system (MAWS) was badly damaged by a
near-miss lightning strike. The system was repaired although, because of

its age, some components were impossible to acquire. Work was begun to

assemble a replacement data acquisition capability based on two Zenith 248
computers.
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IV. RADAR METEOROLOGY >
3
A. Detection of Synoptic-Scale Wind Anomalies
1. Introduction 51
o
(]
Wind field analysis through use of a single Doppler radar was first -
suggested by Probert-Jones (1960). He observed the component of motion of snow Ay
along his radar beam at two different azimuth angles and deduced the wind speed 4
and direction appropriate to both azimuths. The VAD (Velocity Azimuth Display) ‘
Ld

scan was offered by Lhermitte and Atlas (1961). It is a simple and efficient
technique for systematic estimation of wind speed and direction when suitably
reflective wind tracers surround the radar. In the VAD mode, the radar antenna
is set into a conical scan about a vertical axis, at a fairly low elevation angle
in order to prevent excessive contribution to the Doppler velocity meagsurements 4
by precipitation fall speeds. These measurements, recorded at a particular range :,
during s complete 360° scan in azimuth, provide information on the wind fiald :
along the VAD scanning circle at a height given by range and elevation angle. by

Both Probert-Jones and Lhermitte and Atlas recognized the underlying
assumption in their techniques of a horizontally uniform wind vector throughout
the area of observation. BEventually the uniformity assumption was replaced by a
less ccstrictive linearity. Browning and Wexler (1968) extended the VAD f
technique to a consideration of non-uniform wind fields that vary linearly in the -
horizontal plane. A linear wind field is also a necessary assumption in the
generalized VVP method (Volume Velocity Processing) developed by Waldteufel and
Corbin (1979).

Passarelli (1983), summarizing his critique of single-Doppler techniques,
deplored the inadequacy of the linearity assumption. Inspired by his commentary, ~
Donaldson and Harris (1984) examined some of the features of Doppler VAD patterns '
synthesized in a curved wind field, as well as in a linear field with gradients.
Their rosults helped to clarify some earlier Doppler radar observations of a
hurricane (Donaldson et al., 1978), in which the assumption of a linear wind by

field would have been inappropriate. 1In the current study, we consider all four
first-order derivatives of wind speed and direction and develop methods for Ry
recovery of these derivatives, to whatever extent possible, from observed Doppler

VAD patterns. -
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2. Pirst Derivatives of the Wind Field

The analysis is limited to first-order spatial derivatives of wind
velocity in a horizontal plane. The derivatives are expressed in natural
coordinates referred to the streamlines. In the natural coordinate system
the s-axis is tangent to a streamline with s increasing downwind, the n-axis
is normal to a streamline with n increasing to the left of the wind vector,
and V is wind speed at the origin of the natural coordinate axes. A change
in wind direction is denoted by the angle ¥, which is positive toward the
n-axis. Both speed and direction may vary along either of the coordinate
axes, and so there are four independent first-order derivatives: dV/ds
(downwind ghear), 3V/3n (crosswind shear), V 3y/3s (curvature), and
V dy/dn (diffluence).

It is well known (e.g., Petterssen, 1956) that the kinematic properties
of a wind fleld are given by sums and differences of its first-order

derivatives. RExpressed in natural coordinates, the kinematic properties are

Divergence = 9V/38 + V 3y/on (1)
Stretching Deformation = 3V/38 - V dy/dn (2)
Shearing Deformation = V 39/38 + 3aV/dn (3)
Vorticity =V dy/ds - aV/an . (4)

The first three of these kinematic properties may be calculated from the
Doppler VAD patterns. Caton (1963) showed that divergence is the net
horigontal outflow integrated throughout the radar scanning circle divided by
its radius. Browning and Wexler (1968) showed how the two components of
deformalion can be determined from the amplitude and phase of the second-order
Pourles harmonic of the Doppler VAD pattern, assuming that the wind field
derivatives can be considered as integral means throughout the radar scanning
circle. Their assumption is correct when wind direction is constant within ihe
sres scanned by the radar, because in that special circumstance the remaining
pactial derivatives 3aV/3s and 3V/3an of the wind may be expressed as
total derivatives d4V/dx and dv/dy of a geographically fixed coordinate system
centered at the radar, with wind direction aligned with the x-axis. However,
when wind direction varies considerably, special treatment of the VAD pattern

is required for adequate diagnosis of the four wind field derivatives.
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It is convenient to reference the radar observations of Doppler
velocity, defined as the scalar component of wind velocity along the radar
beam, to a polar coordinate system with origin at the radar, and position
defined by range r and azimuth angle a. Following geographical
convention, and postulating for the moment a mean westerly wind in temperate
latitudes, we align the coordinate system so that the wind across the radar
site is moving toward o = 90° and the orthogonal direction to the left of
the wind is a = 0°. Stated in Cartesian coordinates, these directions are
along the x-axis and y-axis, respectively. For the sake of simplicity in
exposition we assume that radar elevation angles and vertical motions are
sufficiently small so that their neglect introduces errors of negligible
importance in comparison with contributions from other sources. An
estimated correction for contamination by vertical motions could be
introduced, if necessary.

Fig. 1 depicts each of the first derivatives, combined with uniform
tranglation from left to right, in the context of the radar scanning
circle. The radius of the radar scanning circle is r, and F and R represent
distances to the centers of diffluence and curvature, respectively.
Initially, we shall examine the Doppler VAD patterns specific to each one of
the wind fields illustrated in Fig. 1. In later sections various
combinations of the wind field derivatives and their resultant VAD patterns
will be studied, including the general case in which all four derivatives

are present.
a. Downwind Shear

Fig. 2 illustrates the geometry of the radar scanning circle (dashed)
of radius r observing a wind field with both downwind and crosswind shear.
The wind speed at the radar site is vo. In the case of downwind shear,
the wind speed increases from a minimum of vo(l - d) at distance r upwind
from the radar to Vo(l + d) at distance r downwind from the radar.
Accordingly, the shear is Vo d/r. The dimensionless parameter 4, defined
as the fractional increase in wind speed from radar site downwind to the VAD

scanning circle, is an index of the relative magnitude of shear-induced

asymmetry in the resultant Doppler VAD pattern.
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Fig. 1 Schematic Depiction of the Four First Derivatives of the Wind
Field: (a) Diffluence, (b) Curvature, (c¢) Crosswind Shear, (d) Downwind
Shear; Superimposed on Radar Scanning Circles of Radius r

(Bold arrows represent wind vectors.) (From Donaldson and Ruggiero, 1986)
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Fig. 2 Schematic Depiction of Linear Wind Field Model with Both Downwind
and Crosswind Shear

(Arrows represent wind vectors; dashed line is radar scanning circle of )
) radius r and azimuth angle a.) (From Donaldson and Harris, 1984)
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At any point on the radar scanning circle, this wind field has a speed 5:}
of* O
;
V(a) = v, (1 + d sin a) (5) N
he
and a uniform direction toward a = 90°. Accordingly, the Doppler velocity E_
VD, the component of wind along the radar beam, is 273
e
V (a) = Via)sin a = V_ (sin a + 4 sin’ a). (6) i
v
Downwind shear is easily recognized in a VAD pattern by a difference in -
magnitude of the maximum and minimum values of Doppler velocity. These ﬁiﬂ
extrems occur at a = 90° and 270°, respectively, for the simple case of ::
downwind shear expressed in Eq. (6), yielding a straightforward method for ?:
evaluation of d: ~
d = [VD (max) + vy (min)lllvD (max) - 5 (min)]. 9)) E;E
‘u
Reference to Eqs. (1) and (2) shows that a uniform wind direction, in .
which 3y/3n = 0, requires that downwind shear (3dV/3s) be identical fi;
to both divergence and to stretching deformation. .;53
N
b. Crosswind Shear oy
=
The wind speed at any point on the radar scanning circle for the case iii
of pure crosswind shear, with uniform wind direction toward a = 90°, is ::;
V(a) = Vo (1 + c cos a). (8) '-t'
The shear toward the left of the wind direction is Vo c/r, where ¢ is the w
dimensionless parameter of crosswind shear and is defined as the fractional =~
increase in wind speed over a distance r normal and to the left of wind %ig
direction. Under these conditions the Doppler velocity measured by the i:i‘
radar is :ﬁ;
Vn(c) = ¥(a) 8in a = Vo (sin a + ¢ sin a cos a). 9) ¥
47 .
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The most prominent effect of crosswind shear on the Doppler VAD pattern
is a deviation from diametric opposition of the locations of the maximum and
minimum Doppler velocities. Unfortunately, the cause of this effect is not
distinctive, because later discussion will demonstrate that a curved wind
field produces a pattern rather similar in appearance. Fig. 3 illustrates
this deviation, which is measured by the angle éb on the downwind gside of
the pattern, and éu on the upwind side. (The ¢ angles will be digcussed
later in the section on diffluence.) If crosswind shear is the only wind
field derivative, 6D = 6u. and these angles may be determined by
differentiation of Eq. (9) with respect to a to find the angular locations

of the Doppler velocity extrema, which have a complementary relationship to
the two identical § angles. This process yiel1s

sin & = [(1 + 8cH)HY2 _ 11/ac (10)

and can also be expressed more compactly as
¢ = sin é/cos 28. (11)

Note that ¢ and 8§ have the same sign in Eqs. (10) and (11), and therefore
the Doppler velocity extrema are displaced toward the direction of positive
crosswind shear.

The crosswind shear appears as 3V/3dn in Eqs. (3) and (4). If wind
direction is uniform, 9¢/3s = 0 in these equations, forcing an

identity of the crosswind shear with shearing deformation and with the
negative of vorticity.

¢. Curvature

When streamline direction varies owing to curvature and/or diffluence,
the natural coordinate system of the streamlines rotates throughout the wind
field with respect to the fixed coordinate system of the radar scanning
circle. Consequently, the natural derivatives in the right side of Eqs. (1)
to (4) are decoupled from the linear derivatives involved in the Fourier
analysis of Browning and Wexler (1968), and interpretation of the VAD

pattern requires an additional level of analysis.
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Fig. 3 1Illustration Defining the Angles é&p, §,, ¢, and cp

{(Dashed line is radar scanning circle; dotted lines indicate directions
along and normal to wind vector (heavy arrow) at the radar; solid line is .
locus of minimum or maximum Doppler velocity; small circles show locus of -8
zero Doppler velocity.) R
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An exact solution is possible for relating the coordinate systems of
the radar and multi-directional streamlines if it can be assumed that the
sole cause of the variability in wind direction is either curvature, or
diffluence, but not both. We shall first consider curvature, following much
of the discussion of Donaldson and Harris (1984).

It is assumed that curvature is inversely proportional to distance from
8 center of curvature that has a fixed position relative to the radar
location. This assumption of variable curvature but fixed center of
curvature has two distinct advantages: It provides a realistic wind field,
with non-intersecting streamlines, and it defines geometric relationships
between the wind field and the radar scanning circle that enable calculation
of Doppler velocities by straightforward trigonometric manipulation.

The geometry of a radar scanning a curved wind field is portrayed in
Fig. 4. (Ignore for the moment distances F and k and angle y; these will
enter our discussion of diffluence in the next section.) The distance r is
the radius of the radar scanning circle and R is distance from radar to
center of curvature of the wind field. The radar scanning angle a is
oriented so that the center of curvature is in the direction a = 0°. The
wind direction at the radar site is toward a = 90°, appropriate to
cyclonic curvature in the Rorthern Hemisphere. The variable h is the
distance from center of curvature to any point on the radar scanning
circle. This point is also located by the angle B measured from the line R
Joining the center of curvature and the radar. The angle B is positive for
the downwind semicircle, where 0° < a < 180°. Our analysis requires the
assumption that r < R, and this is easily granted because r is under human
control. The wind speed V, is assumed uniform throughout this model.

The curved wind field can be expressed in Cartesian coordinates as the
vector sum of components u and v, where u is directed along 8 = 90° and v
along B = 180°. Inspection of Fig. 4 readily shows that u = V, cos B
and v = V, 8in B. The radar can detect motion only along its beam.
Accordingly, at any location on the radar scanning circlz the Doppler

velocity VD is given by wind components along the direction a.
Therefore,

Vp(a) = u 8in a + v cos a = Vo(8in a cos B + cos a sin B). (12)
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Through trigonometric solution of the right triangle in Fig. 4 that has h as

hypotenuse and B as one of its angles, und after some algebraic

manipulation, we find that h = Rpllz. so that Bq. (12) can be expressed

simply as a function of radar scanning angle a and a dimensionless

parameter r/R relating the radii of radar scanning circle and curvature: '

Vpla) = p-llzvo sin a, (13)

where p = 1 + (r/R)2 - 2(r/R) cos a. DNote that V, sin o in Eq. y
(13) is the VAD pattern of a uniform linear wind directed toward o = 90°, ]

80 the factor p-llz is the modification of the VAD effected by curvature

of the wind field.

The increment of direction per unit distance along a streamline
(3¢/93s) for a circularly curved wind field is the inverse of the radius
of curvature. Consequently, the curvature term appearing in Eqs. (3)
and (4) is evaluated in our model wind field as V,/h = v‘,/Rpl/2 at any point
on the radar scanning circle. The curvature term at the radar site, where
r = 0 and p reduces to unity, is simply V,/R.

The effect of curvature on the Doppler VAD pattern is qualitatively
similar to the effect of crosswind shear: The maximum and minimum Doppler
velocities are displaced toward the center of curvature. The effect is
illustrated by the 8 angles of Fig. 3. If curvature is the only wind
field derivative, the upwind and downwind 8 angles are equal and may be
determined by differentiation of Eq. (13) with respect to a. An
alternative and simpler method for calculation of § starts with the
reflection that the extrema in the VAD pattern of a curved wind field
without speed gradients occur at the two angles where the wind direction is
aligned with the radar beam. Therefore, the angular locations of the
extrema are obtained by setting VD = #V, in Eq. (13) and solving for
a. The solution is cos a = r/R, and since § is complementary with

the angular location of a maximum or minimum in the VAD pattern,

r/R = sin §. (14)
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4. Diffluence

Diffluence, like curvature, is characterized by non-uniform wind
direction. Unlike curvature, the diffluent directional shift is along a
line normal to a streamline. Heretofore, the quantitative measurement of
diffluence by a single Doppler radar has not been considered, although’
Baynton et al. (1977) showed that the presence of diffluence is very easily

recognized in a Doppler VAD pattern by an asymmetric locus of zero Doppler
velocity. Since the zero-Doppler locus indicates wind directions normal to
the radar beam, any deviation of the two branches of this locus from
opposition at the same range reveals a cross-flow difference in wind
direction at the corresponding height.

A field of constant diffluence within a horizontal plane is not a
realistic possibility, because streamline continuity would be compromised.
Consequently, we have selected a diffluence model in which linear
streamlines radiate from a fictitious virtual streamline apex. The
diffluent wind vectors are sketched in Fig. 1(a), and geometrical
relationships of the virtual streamline apex with the radar scanning circle
are depicted in Fig. 4. The distance from streamline apex to radar is F,
and to any point on the radar scanning circle is k. The angle between the F
and k lines is y, considered positive in the counter-clockwise direction.
The coordinates r and a of the radar scanning circle are identical to the
case for curvature, with coordinate axes aligned so that wind direction at
the radar site is toward a = 90°.

An expression for a purely diffluent wind field and its Doppler
velocity measured by a radar in VAD scanning mode can be generated in a
manner analogous to the derivation employed in the previous section for a
purely curved wind field. The diffluent wind field can be expressed in
Cartesian coordinates as the vector sum of components u and v, where u is
directed along vy = 0° and v along vy = 90°. 1In the absence of shear the
wind speed has a uniform value V,, and with wind direction dependent
only on diffluence, Fig. 4 shows that u = V, cos vy and v = V,
8in y. Since the radar detects motion only along its beam, the Doppler

velocity V_ at any point on the radar scanning circle is given by wind

D
components along the beam direction a. Therefore,
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vb(o) = usina + v cos a = Vo(8in a cos v + cos o 8in y). (15) .
“

~

Substitution for v in EBq. (15) may be accomplished by trigonometric
solution of the right triangle in Fig. 4 that has k as hypotenuse and y as
one of its angles. It is helpful to express k = Pollz. where ¢ = 1 +

(r/l’)2 + 2(r/F)sin a. By means of these manipulations, Eq. (15) may be
expressed as a function of radar scanning angle a and a dimensionless

parameter r/F relating radius of the radar scanning circle r to the distance
X F from radar to the virtual streamline apex:

V(a) = ¢ 2V (sin a + /P, (16)

Note that Bq. (16) reduces to the VAD pattern of a uniform linear wind "
directed toward a = 90° when F is infinitely distant, indicating s .
condition of zero diffluence. Also, for a confluent, or negatively
{ diffluent, wind field the virtual streamline apex would be downwind or to
. the right of the radar in Fig. 4, and F would be considered negative.
! The diffluence term in Eqs. (1) and (2), V3dy/dn, may be evaluated
in either of two ways. More basically, we observe that our wind field
model, having no derivatives higher than first order, requires that

TR

; d¢/9n be constant along any curve normal to a streamline. Therefore

we can easily integrate ¢ from O to y,. The corresponding

AR AN

integration for n is a circular arc length with angle y, and radius

. equal to distance k on Fig. 4 from any given point on the radar scanning
circle to the virtual streamline apex. Accordingly, the diffluence term is
Vo¥,/¥,k = 0—1/2V°IF. recalling that k = F¢1/2. At the radar site ¢
reduces to unity and the diffluence term is simply V,/F.

The other method for evaluating diffluence is calculation of divergence
under the condition of uniform wind speed V,, which requires

aV/3s = 0 in Eq. (1). We can do this by calculating the net outflow
from a small area of width As with curved sides everywhere normal to the

diffluent wind field and subtending an angle ¥,. In our diffluent ;

[ D N

wind field model we set the radius of one curved side as k and the other
(downwind) side as k + 88. In this way we relate the calculation of
divergence to radar parameters, because k terminates at any arbitrary point f

on the radar scanning circle. The inflow to this curved area is
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Vokvl and outflow is Vy(k + As)vl, with no flow across the narrow sides

of width As because these sides are oriented along the direction of flow.
The size of the area in question is an infinitesimal increment larger than
ktlhs. Consequently the divergence, angl7;so the diffluence, is

Vo(k + 8s)¥, - Vokv, 1/ky 85 = Vo/k = & Vo/F, which is identical

to the previous calculation.

The easily recognizable signature of diffluence in the Doppler VAD
pattern is a departure from opposition of the locus of zero Doppler velocity
on either side of the mean wind vector, as illustrated in Fig. 3 by the
angles 23 and €p- Subscripts L and R denote the deviation from
normal to the mean wind on its left and right sides, respectively.
Diffluence is indicated by skewing upwind of the zero Doppler locus, as
depicted in Fig. 3. A skewing downwind of the zero Doppler locus would
indicate confluence, in which case the ¢ angles would be considered
negative by our convention. In the absence of curvature, the two ¢ angles
are equal, regardless of the presence or absence of crosswind and/or
downwind shear.

The ¢ angles may be easily evaluated by solving Eq. (16) for
6o, the zero-crossing angles of the radar scan. For all values of
(c/F) <1, ¢ > O and the solution is sin ay, + r/F = 0. From our

definition of ¢ as portrayed in Fig. 3, ¢, = ~ao, and ¢_ =

L R

aop-¥. Consequently sin ¢ = -sin a, and
r/F = sin ¢. 17

This is a useful relationship for achieving a quick evaluation of the sign
and magnitude of diffluence from a cursory examination of the Doppler VAD
pattern, because the Doppler velocity changes most rapidly with radar
scanning angle at a zero crossing. On this account the zero crossing angle
is least likely to be affected by small-scale perturbations in the wind
field.
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3. Combinations of the Wind Field Derivatives

Our analysis of the separate and individual effects of each of the four
wind field derivatives on the Doppler VAD pattern has been instructive, at
least for us, and perhaps interesting as well to the reader. However, it is
not at all realistic, because it would be a most unusual wind field that
contained only one of the derivatives. More than iikely, we suspect,
natural wind fields are characterized by all of the first decrivatives, as
well as higher-order contributions.

Therefore, we now expand our discussion to a brief consideration of
several combinations of pairs of the first derivatives acting in concert.
Then in the next section we examine the realistic situation wherein all four
of the first derivatives are simultaneously present.

a. Crosswind Shear and Downwind Shear

The speed of the wind field with both shears is given by the product of
the shear factors in Eqs. (5) and (8):

V(a) = Vo(1 + c cos a)(1 + d 8in a), (18)

and with a8 uniform wind direction toward a = 90°, the Doppler velocity is

VD(a) = V(a)sin a = Vo8in a(l + ¢ cos a)(1 + d sin a). (19)

Along the mean wind vector a = 90° (downwind) and 270° (upwind), cos a =
0, and BEq. (19) reduces to Eq. (6). Therefore, the presence of crosswind
shear does not affect the calculation of downwind shear along the axis of
mean wind. If Eq. (7) is used for calculation of d, VD(c = 90°) must be
substituted for Vp(max) and VD(o = 270°) for VD(min). This is

necessary because the presence of crosswind shear skews the maximum and
minimum Doppler velocities toward the shear direction by angles ‘D and
‘u' respectively. These angles may be found by differentiation of Eq.
(19) with respect to a. The solution is complex, not explicit, and not
spplicable to natural wind fields with variable wind directions. 1In
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general, however, the effect of positive downwind shear is a reduction of
‘D (the higher-speed side) and a larger increase in ‘u (the lower-speed
side).

b. Crosswind Shear and Diffluence

The Doppler velocity of a wind field featuring only diffluence and
crosswind shear is given by Eq. (16) for diffluence alone multiplied by the
variation in wind speed, (1 + ¢ cos a) from Eq. (8), appropriate for

crosswind shear:

-1/2

Vpla) = ¢ Vo(sin a + r/F)(1 + ¢ cos a). (20)

The ¢ angles, indicating departure of the locations of zero Doppler
velocity from normal to the mean wind vector, are identical to the case for
diffluence alone, provided only that ¢ < 1 as well as r/F < 1. This can be
appreciated through comparison of Eq. (20) with Eq. (16) and noting that in
both equations VD(a) = 0 only when sin ey, + r/F = 0. Therefore
the presence of crosswind shear has no effect on the measurement of
diffluence.

The reverse is not true. Diffluence does affect the angles 6D and
‘u that measure the skew of the maximum and minimum Doppler velocities
toward the shear direction. Differentiation of Eq. (20) with respect to a
locates these angles. The solutions are complex and implicit, of only
narrow mathematical interest, and will not be pursued here. In general,
however, the effect of positive diffluence 1is an increase of ‘D
(downwind gside) and a nearly equaj decrease of 6u (upwind side).

¢. Curvature and Crosswind Shear

Donaldson and Harris (1984) examined the interesting combination of
curvature and crogsswind shear, in which both derivatives are readily
recognized by a & signature in the VAD pattern, as given by Eq. (10) or
Eq. (11) and Eq. (14), and both derivatives contribute to the shearing
deformation. This earlier analysis, with slightly different notation, is
reproduced here.
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In combination with curvature, the crosswind shear hus a variable

direction because it is normal to the curved streamlines and directed toward
the center of curvature. However, the wind vector and its Doppler velocity
may be defined through the geometry of Fig. 4. The wind speed at any point
on the VAD circle is a linear function of h = Rpllz, the distance from
center of wind field curvature to an arbitrary location observed by the
radar. The speed function may be determined by assigning V = V, at the
radar and noting, through Eq. (8), that V(h) = V,(1 + ¢) for a = 0°;

and at this point on the radar scanning circle Fig. 4 shows that r = R - h.
Accordingly

V(h) = VoIl + c(R-h)/r] = Vol + e(e/R) 21 - oM &), (21)

The direction of the wind field is identical to the case of pure curvature,
gso the Doppler velocity of the curvature-crosswind shear combination is
similar to Eq. (13), but with V(h) substituted for V,:

-1/ 1

vpta) = 3,1+ e r A - 6] sin a, (22)
Differentiation of Eq. (22) with respect to a yields a complex expression

relating ¢, r/R, and §, namely

e | 2
c = (c/R)[(r/R)p “cos”8 ~ sin §] , (23)

gin & - pllzsin s - (:-/R),o_1 c0526

- -

where p is p evaluated at a = a. The VAD function for this

situation is symmetric about the line joining the center of wind field
curvature and the radar location, so 6u = 6D and a single value of

4 is appropriate in dealing with Eq. (23).

A remarkable simplification of Eq. (22) occurs in the case of solid
rotation, wherein rotational speed increases linearly with distance from the
center of curvature. If the radar scanning circle is entirely within the
region of solid rotation (e.g., within the area bounded by the eye wall of a

hurricane), we may write V,/R = V (1 + c)/(R-r), which reduces to
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¢ (solid rotation) = -r/R. (24)

R R XA A IS

Substitution of this relationship into Eq. (22) reduces its bracketed factor

to p1/2. finally leaving VD(c) = Vo sin a. Within solid rotation,

o € ¢

-«

the effects on Doppler velocity of curvature and crosswind shear cancel
exactly, and the resultant VAD pattern is identical to that observed with M
pure translation.
Potential vortex flow, with wind speed inversely proportional to -
distance from a cyclone center, is another regime of special interest. This A
type of flow may be a better approximation to a hurricane wind field, beyond :
the ring of maximum wind speed, than is a linear crosswind shear.
In potential vortex flow the product of wind speed around a circulation A
center and distance from this center is constant. Consulting Fig. 4, then, :2
we see that the wind speed at any point on the radar scanning circle is o

V(a) = VoR/h = Vop M2, (25) T

where, as before, V, is wind speed at the radar location. The Doppler

velocity, with wind field direction identical to the case of pure curvature,

.y 2

is given by Eq. (13) with wind speed function Eq. (25) substituted for the

s
A

-~ -

AR e

constant speed V, of Eq. (13):

—1/2v°p-1/281n a = p—lvosin a. (26)

i

VD(a) =p

Differentiation of Eq. (26) with respect to a reveals, as expected,
considerably greater deviation of the Doppler velocity extrema from the mean
wind vector, than in the simple relationship Eq. (14) for curvature with

uniform wind speed: o
sin & = 2(e/R)/[1 + (o/R)?2). (27)

Several possible methods have been examined for distinguishing
curvature from crosswind shear, despite the similarity in their signatures
on the Doppler VAD pattern. 1In principle, these methods show promise in a

wind field comprised entirely of translation and first derivatives,

especially in cases with moderate to large va. .»s of both curvature and -
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crogswind shear. Any success with these methods would provide heretofore
inaccessible information on vorticity, which is curvature minus crosswind
shear. In practice, however, observed natural wind fields contain higher
order derivatives and small-scale perturbations that tend to mask the
somewhat subtle differences in these two first derivatives.

4. An Approximation for the Combination of All Four Wind Field Derivatives

When both curvature and diffluence are present the simple trigonometric
relationships of Fig. 4 for either curvature or diffluence alone are not
valid. The lines F and R joining the radar location with virtual strearline
apex and center of curvature, respectively, are no longer straight, and the
angles y and B8 are no longer defined in terms of right triangles. Also,
these two angles are interdependent. An exact solution for the wind field
and its Doppler velocity could not be derived. Therefore, approximations
were sought relating 8 and y to radar parameters.

We felt, after due considerations, that
sin 8 = (k-F)/h and sin y = (R-h)/k] (28)

are reasonable approximations, retaining the definitions for h = Rpllz
and k = F¢1/2 used in the earlier analysis of single derivatives, with
p as before equal to 1 + (r/R)2 ~ 2(r/R)cos a and ¢ = 1 + (r/F)2 +
2(r/F)sin a. Each approximation converges to its exact independent form
as the other term vanishes. That igs, (k -~ F) » r 8in o« as F + = and
(R-h) *rcosaasR»ew,

The angles 8 and y indicate the changes in wind direction owing to
curvature and diffluence, respectively. When both of these derivatives are

present, but with no shear, the Doppler velocity of the VAD pattern is
vb(a) = vosin(a +B8+v), (29)

where, as before, V, is wind speed at the radar site. Having confidence
in the approximations of Eq. (28), we substitute them in Eq. (29) and
eventually obtain an expression for the Doppler velocity with both cucrvature

and diffluence present, but with no shear, in terms of the radar coordinates
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r and a and the dimensionless parameters r/R and r/F of curvature and
diffluence:

-1,,1/2 _

Vp(a) = V_sinfa + sin”} [(e/R)e/m) Mo -1/2

1)p 1+
(30)

sin e/ (/) 2 - pM DY),

The next step in the problem is approximation of the two shears when
there is both curvature and diffluence. Consider first downwind shear.
Along the curved streamline that crosses the radar location, an expression
is required for streamline length from radar to scanning circle. The
product of downwind shear V,d/r and the length of this curved streamline
segment defines the wind speed at the points where this central streamline
intersects the radar scanning circle. Finally, a general expression is
required for wind speed at any point on the radar scanning circle, reducible
to the simple expression V(a) = V,(1 + 4 8in a) for linear, parallel
streamlines as both curvature and diffluence approach zero.

The distance along a curved streamline from radar location to scanning
circle is somewhat greater than the radius r of the scanning circle. We
shall evaluate whether neglect of this incremental distance is a valid
approximation. All points along the central streamline (i.e., the curved
streamline passing over the radar site) are at distance R from the center of
curvature of the wind field. The length h in Fig. 4 also defines the
distance from any point on the radar scanning circle to the center of
curvature. Accordingly, at the intersection of the central streamline and
the radar scanning circle R = h. In general h = Rpllz. so at this
/2 l=p=1+ (r/R)2 - 2(r/R) cos a. This can
be true only where r/R = 2 cos a. From the geometry of Fig. 4, cos 8 =
(R -r cos a)/h = 1 - (r/R) cos a at this intersection, where we can

substitute r/2R for cos a. Therefore cog B = 1 - (r/R)zlz at this

intersection p

point. The distance of the cucrved streamline from radar to scanning circle
is R8 = r(r/R)"} cos'lll - (rla)zlzl. At the fairly large value of

r/R = 0.5, RB = 1.01 r; and even at the limiting value of r/R = 1, RB <
1.05 r. Consequently, the approximation of r for streamline distance from

radar to scanning circle is acceptable for all permissible values of r/R.
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By a similar argument, r is a suitable approximation, throughout all
permissible values of r/F, for distance from the radar location to the
intersection of the radar scanning circle with the streamline-normal curve
for diffluent streamlines.

The next order of business is a reasonable approximation for distance
downwind from radar location to gny point on the radar scanning circle, and
distance crosswind (in the left direction) to this same arbitrary point.
Prom Fig. 4 it appears that k - F approximates well the downwind distance,
asnd R - h is a good approximation for the crosswind distance. As the
foregoing discussion demonstrated, the length of these straight lines
depicted in Fig. 4 is not appreciably less than the curved streamline or
streamline-normal. Also, since k - F*r gina as F+oand R - h »
rcos aas R » e these approximations merge smoothly toward the linear
valuss wherein curvature and diffluence approach zero.

It is now possible to express wind speed at any point on the radar
scanning circle in terms of radar coordinates and the dimensionless
parameters of the wind field derivatives. The increase in wind speed from
radar to scanning circle is the appropriate shear multiplied by the
appropriate distance. Accordingly,

downwind V(a) = V4 + (Vod/r)(k - F). (31)

Similarly,

crosswind V(a) = V, + Vo(e/r)(R - h). (32)

Now, because the downwind and crosswind shears are orthogonal, the wind
speed at any point on the radar scanning circle is given by wind speed at
the radar multiplied by the product of the two shear-dependent factors
implicit in Eqs. (31) and (32). Also, substitution of Rp ' for h

and "x/z for k reduces all variables to radar coordinates and

paraneters of the wind field derivatives. Finally, substitution of the
resultant speed function for V, in Eq. (30) provides a general

spproximation for Doppler velocity when all four wind field derivatives are
present. The final expression is
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Vp(a) = VoIl + e(e/m) M1 - 410 + aierm e 2- 1y . A
oS
sinfa + sin (/R (/) 1ot 2 17V K
(33) 2,
sin (/B (e 21 - oM D67V 2. e
)
It is necessary to demonstrate that Eq. (33) reduces to one of the exact ~j
g
forms Eq. (13) or Eq. (16) when either diffluence or curvature is not present -
and there is no shear, or to Eq. (19) when both curvature and diffluence are :f'
absent but both shears are present. With zero diffluence, r/F = 0 and ;:{
o
01’2 = 1. Simple substitution of these values in Eq. (33) would result in :{
0/0 in two of its factors. In order to avoid this indeterminacy, basic jsn
considerations are required. Recall that ¢ =1 + (r/F)2 + 2(r/F) sin a. {ﬁi
As diffluence approaches zero, F approaches very large values, at which :j:
e
=14+ 2(c/F)sin a, ¢’ = 1 + (£/F)sin a, and (e/F) 1(¢!/% - 1) = sin a. 2
Similarly, as curvature approaches zero and R approaches very large values, " e
(r/R)-l(l - pliz) = co8 a. Therefore, for zero diffluence but finite curvature, }:‘
- o
the directional factor sin {---} in Eq. (33) reduces to sin{a + sin 1 :t:
[(r/R)p-llzsin al}, and through a trigonometric identity this can i;
be written in a form equivalent to Eq. (12) and eventually simplified to ’ e
Bq. (13). Through a similar process it can be demonstrated that, with zero .f
curvature but finite diffluence, the directional factor sin{---} in Eq. T
(33) reduces to sin{a + sin_ll(rlF)¢-1/2cos a)) and eventually simplifies Q
o
to Bq. (16). When both curvature and diffluence are zero the directional i
3
factor reduces all the way down to sin a and the speed factors are :l:
N
greatly simplified, also. As a result of these simplifications, there are :{u
the following exact solutions for the special cases of zero diffluence ::ﬂi
oL
and/or curvature:
With zero diffluence, E:E
N
"
Vp(e) = Voll + e/ 1 - o2 11 4 dsinal . 5% sin e (38)
With zero curvature, B
Vp(a) = Voll + ¢ cos al.[1 + d(r/) (612 - 1)).6" 2(sin o + /P, (35)
With neither curvature nor diffluence, g
Vp(a) = Vo(l + ¢ cos a].(1 + 4 8in a] sin a. (19) N
V3
NS
It is satisfying to note that Eq. (34) with d = 0 is identical to EBq. (22), g:ﬁ
e
A

s
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which was derived along an approach somewhat different from the reasoning
' behind Eq. (34). "
The validity of the general approximation Eq. (33) may be tested for
any arbitrary combination of the dimensionless parameters (c, 4, r/R, r/F) A
of the four wind field derivatives (crosswind shear, downwind shear, 2
. curvature, and diffluence). The method of testing first requires synthesis
of the Doppler velocity function Vo(c) for a complete VAD circle by
insertion of the arbitrary parameter values in Eq. (33). The next step is a .
. Fourier analysis of the synthesized VD(-) function, using the method . l
. developed by Browning and Wexler (19¢8). The Fourier coefficients of
zeroth, first, and second order are 8, 3 and bl' and a, and bz,
respectively. In performing this analysis care is taken to assure that the
wind vector at the radar location iz directed toward a =~ 90°. With this

! precaution, bl estimates the mean wind speed around the VAD scanning

T TP, P

circle and a = 0 or very nearly so. Divergence is given by aolr.
Z: stretching deformation by —2azlr. and shearing deformation by 2b2/r.
' (The negative sign for the coefficient in stretching deformation is a result
9 of our clockwise rotation of radar scanning angle a.) We can now insert
these Fourier estimates in the basic wind field relationships Eqs. (1), (2),

and (3), multiply all terms by r, and divide all terms by Vo. uging b
as an egstimate for V,, to obtain

1

[ S o0 % P

o'

aolb1 =4 + r/F, (36)
—Zaz/b1 = d - r/F, and (37)
2b2/b1 = (r/R) + c. (38)

The final step in the testing program is a comparison of the left sides
of Bqs. (36) to (38), obtained by Fourier analysis, with the appropriate
b combinations of the arbitrarily selected wind field parameters on the right .
;f sldes. Results of testing over a wide universe of parameter values K
indicated errors of less than five percent for r/R = 0.6 or less and for c/F
and 4 of opposite sign.
Whenever curvature and/or diffluence are present, the Fourier

:: coefficients are underestimated. These errors tend to cancel in the ratlo
of coefficients on the left sides of Eqs. (36) to (38). However, wind
- speed, as estimated by bl' may be greatly underestimated; by 20 percent
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: or more, for example, with r/R = 0.8, On the other hand, the mean magnitude ;£
of the two extrema of Doppler velocity Vi = [VD(nnx) - VD(mln)llz ;:
usually considerably overestimates wind speed in the presence of curvature ;
and/or diffluence. Consequently, it was found empirically that the best 2;
estimate of wind speed is (blv-)llz. Within our universe of parameter Q:
value calculations, (bIVi)ll averaged only one percent high, and more (MY
than 80 percent of ‘b1v-’1’2 values were in error by three percent or ;
less. :;

A

5. Application to Hurricane Diagnosis Ff
3

The techniques developed in the foregoing discussion are very well ﬁ;-
adapted to estimating the wind field derivatives in hurricanes and may aid ;S
in detection of changes in hurricane intensity before evidence of such 55
trends becomes apparent through local wind speed measurements. In Q-
spplication, the coordinate sxes are aligned with the observed wind b:
direction so that a = 90° is mean downwind, and the Fourier harmonics are ;;f
calculated. The sum and difference of Eqs. (36) and (37) provide Fourier ?2‘
estimates of the parameters of downwind shear and diffluence. Also, the eye oS
locations of threatening hurricanes are usually frequently monitored by EE'
sircraft and/or satellite, so an estimate is usually available for R, the 25?
distance from radar to circulation center. If we assume curvature is ;}
inversely proportional to R, we can solve Eq. (38) for the parameter of 5
crosswind shear. Accordingly, ';:
a, = (a, - 22,)/2b , (39) :3:;':

N
(c/P) g = (8, + 23,)/2b,, and (40) 1

s

cg = 2b,/b, - r/R, (41) :_-5

where the subscript f denotes wind field derivatives estimated from the
Fourier coefficients.

b

The adbove equations were used to examine the trend of the wind field in

S

Hurricane Gloria in its 1985 passage through New England. Hurricane Gloria

O

was under surveillance by the AFGL 10 cm Doppler radar at Sudbury, MA for ;_:
AN

Q;\
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more than nine hours during the morning and afternoon of 27 September 1985.

For 3.3 h the coverage of Doppler velocities within a horizontal plane
around the radar site was sufficient to provide information for calculation
of the wind field derivatives. At the beginning of this period (1059 EST) by
the eye of Gloria entered Long Island and by noon had crossed Long Tsland o)
Sound into Connecticut. The radar observations were comprised of a series kY,
of volumetric scans, each of 7.3 min duration. Each scan consisted of a
series of stepped elevation angles, with each elevation covering a complete
circle of azimuths as the radar antenna continuously rotated about a
vertical axis. The wind field was examined through VAD patterns that were
constructed from data at r = 40 km and elevation angles of 1.0° and 2.2°,
giving heights above radar of 800 m and 1500 m. There were several '3
relatively small data gaps, owing to insufficient reflectivity, in some of
the VAD patterns. These data gaps were filled using a least-squares :
polynomial interpolation fitted to a function incorporating the first three
Fourier harmonics. Data suitable for Fourier analysis at the lower height

of 800 m occurred during a 3.3 h period from 1059 to 1416 EST, as distance

L T T P P |

of the hurricane center from the radar decrcased from 251 km at first
landfall to 103 km when in central Massachusetts. At the 1500 m altitude,
only about two hours of data were available, from 1107 to 1318 EST. Fig. 5
portrays, for both altitudes, the variation in wind speed using
(blvm)llz as hest estimate, and Fourier-derived estimates of the
downwind shear, diffluonce, and crosswind shear obtained by multiplying the
dimensionless parameters of Eqs. (39) to (41) by bllr. ;
It seems remarkable that lower-level wind speed increased by only 15 .
percent during a major decrease of 60 percent in distance to the hurricane.
Wind speed actually decreased slightly after 1340 EST. The negative sign of
crosswind shear at the ltower altitude throughout the observational period is . -
also surprising, especially the large drop to very low values after 1340
EST, because the normal hurricane wind profile has increasing speed toward
the eye, with a maximum usually in the eye wall. It is important to note
that these observations started at the time of first landfall of the eye on
Long Island, and very likely they signal a progressive but not necessarily
gradual decay of Lhe hurricane circulation. Recall that the assumption made :
in deriving crosswind shear in Zq. (41) was that curvature is inversely LJ

proportional to distance from a circulation center. TIf circulation -
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deteriorates outward from the eye, the curvature term is diminished and Bq.
(41) gives a corresponding underestimate of the crosswind shear. This

hypothesis is supported by the velocity structure around the pressure center
of Hurricane Gloria after 1400 EST, when it entered the unambiguous velocity
range of the radar. Very little, if any, evidence of a rotating circulation i

was detectable.

Topography is another contributing cause to the negative values of

. crosswind shear. In the crosswind direction, the ground is higher and

rougher toward the hurricane than opposite to it. Also, hourly mesoscale
surface maps prepared by Roland Boucher of AFGL show higher wind speeds at
stations farther from the hurricane than those nearer it, in the vicinity of

Crosswind shears at 1500 m also

our 40 km radius of radar observations.

averaged negative, but with less magnitude than at 800 m; very likely an

N indication of less topographic influence at the higher altitude. However,
< the growth toward a regime of large negative values of crosswind shear at

1500 m occurred at least half an hour before this trend was apparent at 800

m, suggesting a downward deterioration of circulation within the hurricane.

- Also wind speeds at the higher level began to flatten as early as 1200 EST

while speeds at the lower level were still rising slightly as the hurricane

neared.
The downwind shears are all negative, indicating wind speed decrease

owing to surface frictional loss. The average value of downwind shear at

800 m is -12 x 10> s 1. At 1500 m the negative downwind shears average

about half the magnitude of the corresponding values at 800 m, indicating,

ThHL AN

as expected, less frictional loss at the higher altitude. The diffluence

values are all positive at both altitudes. At 800 m the average value of

o diffluence was about half the mean magnitude of downwind shear, but at 1500

m diffluence exceeded downwind shear magnitude on the average. There are

g interesting fluctuations in diffluence, however, which suggest a periodicity
4

that is not apparent in the trend of downwind shear.

P\ Two classes of difficulty may interfere with this technique for
N diagnosis of a hurricane or gsimilarly configured extra-tropical storm. If
'; there is reason to question the accuracy of Eqs. (39) through (41) because

the curvature parameter is too large (e.g., r/R > 0.5) it is a simple

adjustment to conduct observations with a somewhat smaller value of r, the

radius of the radar scanning circle. On the other hand, if it is desired to
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maintain the greater sensitivity to the wind field derivatives provided by a

PR PRS-~
?‘_4’ AL LR AN

large value of r, or if diffluence and downwind shear are not of opposite

sign, it is possible to refine the Fourier-calculated wind field derivative

et
hJo,

parameters by entering them in the general approximation EBq. (33),

‘el
P |

re-calculating the Fourier coefficients, and re-calculating the parameters

.
o

by Eqs. (39) through (41). It was not necessary to do this iteration for

analysis of Hurricane Gloria, so no experience has been obtained on the

SoEs
IRE L )
oA

number of steps required to achieve suitable accuracy. We expect, however, e
that one step would be sufficient for practical purposes. f?
The other difficulty is more fundamental: There may not be sufficient
precipitation in all quarters around the radar to provide the data needed
for a Fourier analysis. In this event, sparse-data techniques may be
possible. If a zero-Doppler locus appears on both sides of the radar,
diffluence may be estimated by measuring ¢ and applying Eq. (17). If both o
the maximum and minimum values of Doppler velocity appear, their values can R
provide an estimate of d through Eq. (7) and their angular locations give
§. If r/R can be estimated from outside information, it can be combined

with § to give a rough estimate of ¢ through Bq. (23). A 30° running mean BN

has been used to estimate these sparse-data indices in natural wind fields, om-
which, for our purposes, are always contaminated by higher than first-order
derivatives and localized perturbations. We feel that the accuracy obtained ¥
with a 30° running mean is quite acceptable for estimating ¢ and Vp{(max) -;-
and Vp(min); but errors of 10° or more may occur in estimating §, owing ?15
to the slight variation of Doppler velocity with radar scanning angle near a
maximum or minimum. Also, the presence of downwind shear alters the

validity of BEq. (23). Nevertheless, if there are insufficient data to ~

calculate the shearing deformation the § measurement is better than
nothing, and would seem worthwhile to accomplish, particularly for values
of § considerably in excess of its expected error. It should also be
noted that the sparse-data calculation of downwind shear Eq. (7) is
generally an underestimate and can be erratic. However, if § + ¢ < 30°,
the underestimate averages only seven percent, with a maximum error of ten
percent. s
To summarize, the foregoing techniques for recovery of wind field a

derivatives provide s means for monitoring the intensity of hurricanes and
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other circularly configured storms at distances remote from the radar site.
The application to forecasting is promising. The observation, through Eq.
(41), of ce = 0 at landfall and trending negative indicated decay of both
ecirculation and wind speed well before confirmation by other, more direct, :
radar measurements. After implementation of the NEXRAD system, these ;ﬂ
techniques should be especially useful in assessing the threat to coastal
areas by offshore hurricanes and intense extra-tropical storms.

6. Summary

TP el

The four first-order spatial derivatives of a wind field are curvature,

diffluence, downwind shear, and crosswind shear. These derivatives are most
conveniently expressed in natural coordinates referred to the streamlines.
Divergence, vorticity, stretching deformation, and shearing deformation are
comprised of sums and differences of pairs of the wind field derivatives.

T

.
]

W WXL

All of the properties except vorticity may be calculated by Fourier analysis
of the Doppler velocity function measured by a radar scanning a complete
circle in azimuth at constant range, following the VAD analysis technique
proposed by Browning and Wexler (1968). The recovery of each of the wind
field derivatives, however, is not a straightforward proposition, and this
question was explored in depth.

Simple models of each wind field derivative in turn were considered
with a Doppler radar scanning in the VAD mode inserted into the wind field,
in order to synthesize characteristic Doppler velocity functions of radar

R IR
e A

scanning angle. To preserve streamline integrity the models for curvature

A

and diffluence do not have constant values throughout the wind field.

Instead, the model for curvature is related to radar coordinates by a center

1.

of streamline curvature in a fixed location with respect to the radar. A

novel approach was used to model diffluence, by postulating a virtual (but

fictitious) streamline spex at a fixed distance upwind from the radar for i
diffluence or downwind for confluence. The synthesized Doppler velocity
functions for each of the wind field derivatives reveal unique signatures
for diffluence and downwind shear, but qualitatively similar signatures for
curvature and crosswind shear. -

The scope of the discussion was expanded to a consideration of the 4

Doppler velocity function produced by several pairs of the wind field
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derivatives acting together. These exercises do not reflect realistic wind
fields, because of the assumption that two of the derivatives are absent.
They are, however, instructional for revealing trends in signature
interaction. In particular, the Doppler velocity pattern for a radar

scanning entirely within a radius of solid rotational flow is

indistinguishable from the sinusoidal pattern in uniform linear flow.

For the natural, realistic situation wherein all four wind field
derivatives are present, an exact solution could not be found for the R
resultant Doppler velocity function. However, a suitable approximation was o
derived, which reduced to an exact solution when either curvature or .{5
diffluence, or both, were eliminated. The validity of the approximation was b
tested over a wide-ranging set of parameter values of the four derivatives. N
For each set a Doppler velocity function was synthesized and then analyzed E;
for the Fourier harmonics, which were then compared with the appropriate f?;
sums and differences of the derivatives. Results of the test showed that .
errors in recovery of the wind field derivatives were less than five percent
except for unusual cases with diffluence and downwind shear not of opposite e
sign, or fairly high values of curvature for which distance from radar to e
center of curvature is less than twice the radius of the radar scanning o9
circle. The test also revealed a substantial underestimate of wind speed by }
the magnitude of the first Fourier harmonic whenever diffluence and/or
curvature were present. However, the square root of the product of this
first harmonic and mean magnitude of the Doppler velocity extrema “w
significantly reduced the error to a few percent. Consequently, there is -
confidence in most cases for the recovery from natural wind fields of R
downwind shear, diffluence, and the sum of curvature and crosswind shear, as R
well as wind speed. Moreover, if unacceptable errors are suspected, means R
are available for checking and correction.

Several methods have been examined for distinguishing curvature from
crosswind shear. The methods appear promising in synthetic wind field ,.f;
models with no local perturbations or derivatives higher than first order. T,
For natural wind fields, more development is required to define the
efficacy, if any, of these techniques. Nevertheless, the sum of curvature
and crosswind shear, as given by shearing deformation or by sparse-data

signature, shows great promise for remote and early detection of trends in R

hurricane intensity, in combination with outside information on the location i;ff
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b of the circulation center. For example, during measurements conducted in New
8 England in Hurricane Gloria (1985), the sum of curvature and crosswind shear
showed decay after landfall of both circulation and maximum wind speed around

the eye region nearly three hours before confirmation by other, more direct

radar measurements. This type of diagnosis, conducted at a radar located on a

7 R AN

coast, should be helpful in providing advance warning of the threat by
destructive offshore cyclones.
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B. Three-Dimensional Cloud and Precipitation Mapping

1. Introduction

AFGL has been developing nowcasting techniques for locating cloud and
precipitation as guidance for use in satellite-to-ground communication
links. As one phase of this program, STX has developed analysis techniques
that characterize cloud/precipitation in terms that readily lend themselves
to forecasting procedures. In this section various analysis procedures that
have been explored and/or implemented are discussed and the rationale for
selection or rejection is presented. Particular attention is given to type
and degree of data preprocessing required for effective analysis.

The basic premise is that any cloud/precipitation analysis/prediction
system will have as input timely digital radar reflectivity data and
satellite visible and infrared imagery. These data may be '':od separately
or together. This report focuses on the use of radar data since they have
better time resolution for the 0 to 30 min nowcast problem. However, all of
the analysis software that has been developed will operate on data from

either source.

2. Data Preprocessing

a. Radar Data Coordinate Transformation

The raw data received from satellites and radars are in quite differer:
roordinate systems. The radar collects its data in a three-dimensional
spherical framework, along radials emanating from the radar itself.

Uats from the GOES satellite are organized in a distorted framework on a
i.n.gle plane, the distcrtion being caused by the oblique viewing angle of
“w iarvliiite sensors. It is therefore essential that the data from these

« .s.oms bt converted to a common grid if they are to be used together in

v.tem A rectangular Cartesian grid centered on the radar was
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selected, since it lends itself most easily to manipulation and display on #
the scales being considered, i.e., less than 500 km. :f‘
Development of software to convert radar data to Cartesian coordinates r
was assigned to STX; the satellite data conversion problem was addressed by 3
AFGL. STX implemented two software packages, both based on the Mohr and ;
Vaughan (1979) interpolation algorithm. One is slow and relatively Kot
cumbersome but readily available, having been developed at the National o
Center for Atmospheric Research (NCAR); the second, developed by STX, is 3f
real time, more efficient, and tailored to the AFGL hardware configuration ;T
and the needs of the project. The first package was adopted to allow the f
generation of data sets to be used for testing in other phases of this S
effort while the real time software was being developed concurrently. ;ﬁ
The Mohr and Vaughan (1979) interpolation algorithm can be divided into :1
two sections: preprocessing, and data ingestion and interpolation. 1In the ;‘
preprocessing phase the user defines a rectangular 256x256 point Cartesian 39
coordinate system onto which interpolated values will be placed. For each %
grid point, the spherical coordinates (range, azimuth, and elevation) are f
computed. These are then sorted and subsequently stored on disk in the form i.
of level files. Each file contains the spherical and Cartesian coordinates "
for all grid points between two consecutive elevation scans of the radar. 12
Thus, as the data from a particular elevation scan are read from the EE
processor during the ingestion and interpolation phase, only two files need o
to be searched for data placement as opposed to the entire Cartesian ;;
volume. Also, because the spherical coordinates are known for each grid :J
4 point it is unnecessary to compute the Cartesian coordinates for each data Ef
! point, as is the case for most conventional interpolation techniques. This ]
; results in a substantial saving in terms of number and complexity of ;
t calculations. Once calculations are completed in all level files the N
y resultant interpolated data are sorted into the horizontal planes of the :;
rectangular framework and then output to disk. Both the NCAR and STX -
packages process data in this manner. ;
The NCAR software is a generalized package that accepts data from a ﬁ
variety of radar processors, converts the data to Cartesian coordinate ;
systems, generates a variety of one-, two-, and three-dimensional displays, ;‘
; performs statistical analyses, allows data manipulations, and performs N
E multiple Doppler radar data synthesis. Although not in real time, its e
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implementation provides analysis and display capabilities not previously

',

available at AFGL. 1Its capabilities are documented in Mohr and Vaughan
(1979). Software was developed by STX to rewrite the AFGL data to the

v

format required for the interpolation routines. 1In addition, interactive

SR

AN
.i

software was written and incorporated as an integral part of this processing

e
Y

program to interface the output with the Adage 3000 image processor, the
display device used by the Air Force. Data may be interpolated onto at most

LY
’

S |
3
x

a 128x128 grid, the dimension, resolution, and location of which are

l.'
L )

»
b

specifiable by the user. These interpolated data are stored in Adage memory

PRy
o *

and then archived on the VAX disk in the common data format outlined in the
RAPID System Development report (pp. 99-111, below). For larger images, it

Y

.t

is very easy to process subsections of the radar data, then merge the images

in the Adage and ultimately store the merged image on the VAX 11/750 disk.

Ay

Sy

Despite use of very efficient bilinear or nearest point interpolation

techniques as the radar data are ingested, real time interpolations are not

g
v

attainable with the NCAR software because it was not designed for real time

o

operations. Therefore it was necessary for STX to develop a new software

DALY R
P

package based on the same algorithm but with streamlined data flow and
adapted to AFGL data and processing equipment. It was decided that real -
time interpolation should be performed on the PE3242, with the resultant .
Cartesian fields being shipped to the VAX 11/750 for subsequent analysis. 3;n
This was made possible by enhancing PE3242 capabilities through acquisition ﬁ;-
of additional memory and a large disk with an intelligent controller, and i
establishing an ETHERNET link between the PE3242 and the VAX 11/750. One of
the ports for the AFGL Doppler processor was connected to the PE3242, 523
permitting transmittal of mean Doppler velocity and radar reflectivity data Z;L
and housekeeping data for further processing. The data transfer rate
between processor and computer is close to 50 kbytes per sec or 15 mbytes
pec 5 min volume of data. Because the PE3242 has more memory, is faster, ‘3::
and has more disk storage capability than the VAX 11/750, it appeared
reasonable to accomplish real time interpolation on the PE3242 and then
transfer the interpolated data to the VAX via the ETHERNET.

STX designed and implemented a software package on the PE3242 that
pecrforms real time interpolation of radar data based on the Mohr and Vaughn Pl
(1979) algorithm. The software for data transfer from the PE3242 to the VAX

11/750 was designed but not implemented. The entire software package was
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written in FORTRAN for ease in implementation and debugging. Debugging in a
non-real time environment has been completed.

b. Evolution/Vertical Advection Considerations

It is now necessary to address the question ~- what is the minimum
scale that we can hope to address in a forecast mode? To answer this
question one must consider the temporal and spatial scales of the
meteorological phenomena being observed and of the collected data. It is
well known that there are significant convective cells with scales of 2 to 5
km and lifetimes of 6 to 30 min (Foote and Mohr, 1979). However, the data
have temporal resolution of no better than 5 min and spatial resolution as
poor as 3 km or more at long ranges. As a consequence it is not reasonable
to expect to be able to track individual convective elements. Using an
approach designed to track small convective cells, Harris and Petrocchi
(1984) concluded that automated tracking of these features was unreliable,
because of the vertical motion and evolution of the precipitation.

As an illustration of the effects of vertical advection and evolution
but on a larger scale than addressed by Harris and Petrocchi, the 32 dBz
contours at 5 km above sea level are plotted in Fig. 1 for four successive
scans separated by 6 min for Hurcicane Gloria, 7 September 1985. The
original data were collected every 300 m in range, 0.6 deg in azimuth, and
0.8 to 2.2 deg in elevation and then were interpolated to a Cartesian grid
with 2 km horizontal resolution using bilinear interpolation. The contours
in Lhis figure were extracted from the interpolated data by the Freeman
chain code technique outlined below. Note the degree of small scale detail
in these contours and the degree of evolution that occurs amongst these
sets. It should be quite obvious that working with these contours alone
will not allow us to generate reasonably detailed forecasts. One approach
would be to consider a three-dimensional analysis/forecast approach that
would allow some assessment of vertical advection but probably not of
growth. Another approach would be to derive a more conservative field,
possibly through vertical integration or through some compositing of the
reflectivity data.

The significantly simpler approach of deriving a more consecrvative

field was adopted. The radar data were composited in a manner much like

LXS
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that used in the NEXRAD system; namely, by retaining the maximum reflectivity
factor throughout the depth of the obgervations above a horizontal grid
point. This resulted in the contours in Fig. 2, which correspond to those in
Fig. 1. DNote the vastly improved degree of conservation amongst these plots
as contrasted to those of Fig. 1. There is still a significant amount of
fine-scale structure which is, of course, not nearly as conservative.

Reduction of some of this structure will be discussed next.

¢c. Data Filtering

Once the data have been transformed into Cartesian space and any desired
composition for integration has been performed, it is still necessary to
preprocess the data further to remove noise, smooth boundaries, and eliminate
small scale features. This involves passing filters of different types and
shapes across the data. Several that have been implemented will now be
discussed. For a more complete description of filters and their effects see
Pratt (1984).

1°. Median Filtering

The first step in this smoothing process is to apply a median filter,
sometimes as often as two to three times in succession, primarily for noise
suppression. In general, a filter of some specified geometric shape (window)
but with an odd number of elements is passed across the entire image. As it
is applied to the data, the filter replaces the center value of the window.
Some of the more commonly used window shapes for a median filter are shown in
Fig. 3. The windows used in the RAPID system are the 3x3 box to remove noise
spikes often seen in radar data and the 1x5 line to eliminate missing scan

lines often occurring in satellite imagery.

X X
XXX X X
XXX XXXXXx X
XXX X X
X X

Fig. 3 Windows Commonly Used with Median Filters
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Although median filtering is highly effective for noise suppression, it
also affects "good” data. Pratt (1978) states that in general, regions that
are unchanged by a single pass of the median filter will remain unchanged in
subsequent passes. Thus, generally only edges will be affected by median

filtering, since edges are where the signals display the greatest change.
This is illustrated by Fig. 4.

XXX

Filter = XXX

XXX
Original 1 Pass 2 Passes
Feature with Filter with Filter
000000 000000 000000
010001 000001 000001
111011 111011 111111
111011 111111 111111
111111 111111 111111
111111 111111 111111

Fig. 4 Effect of Application of 3x3 Median Filter on Image Values

In a two-dimensional filter such as the 3x3 box filter, edges are
generally preserved but thin lines are destroyed and corners are clipped.
The application of a plus-shaped filter would preserve horizontal and
vertical lines and corners but diagonally oriented lines or corners would
still be lost. In other words, small-scale (relative to size of filter)
perturbations of a feature will be smoothed by a median filter, as seen in
this figure, which is exactly the result desired for noise reduction. The
problem with a median filter is that its response function is basically
unknown, so that there is uncertainty as to how the filter is affecting the
size spectra of the data structure. However, if the filter is applied
judiciously, it is thought that the effects will be minimal on the scales
being addressed in this problem. This remains to be verified.

2°. Lowpass Filtering

Another filter used to smooth edges is the lowpass filter. The purpose

of a lowpass filter is the same as that of a median filter; i.e., to

80
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preserve low signals and suppress relatively high ones. The key difference
between the two types of filter lies in the fact that a lowpass filter is an
averaging filter and thus replaces the center value of the filtering window
with the average of its neighbors, not the median. Thus, the lowpass filter
has more of a blurring effect on the data. The filter is applied to the
data by multiplying the values in the window by the corresponding filter
values, adding the products, and multiplying by normalization factors. The
value in the center of the window is replaced by this average value if it is
greater than the average. Typical filters are presented in Fig. 5.

1 | 111 ) 1 | 121 | fjo1210 |
-%x 111 | -%x | 242| 1 12421 |
9 |111} 16 | 121 | -%x | 24842|
A8 | 12421 |

jo1210 |

Fig. 5 Commonly Used Lowpass Filters

The form of the lowpass filter that has been adopted is

There are several reasons why this particular filter was selected. A
larger (more than 3x3) filter was required for smoothing considerations but
the filter size also had to be kept as small as possible for efficiency.
Also, the filtering is done in the image processor which cannot easily
handle division. Therefore, operations are greatly facilitated if a power
of two is used as the divisor, which reduces the division to a shift-left
operation. (An integer divided by 16 is equivalent to a shift-left by 4
bits.)

This filter is generally applied to the data once, so as to minimize
overfiltering. This lowpass filter has been applied to the data represented

in Fig. 2 and the resultant contour is presented in Fig. 6.
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d. Resolution Degradation

Filtering data effectively degrades their resolution to a scale
somewhat larger than the grid resolution. Another technique for resolution
degradation is simply to throw out every cther data point. While this is a
less controlled method of degradation than using a well designed filter, it
has the distinct advantage that the number of data points to be used for
subsequent processing is reduced by a factor of four, which obviously
facilitates processing. This step would only be required if the data had
originally been interpolated onto too fine a grid. This is the current
practice since "too fine” has yet to be determined. Fig. 7 shows the

contour of Fig. 6 after resolution degradation.

e. Feature Editing

Many times there will be a multitude of small features because of the
presence of ground clutter or small precipitation elements. Since these
should not or cannot be tracked, methods were sougat to eliminate such
regions. Thus a technique similar to that used to extract the feature of
interest once the data are properly cleaned up has been implemented.

For a given threshold value T, a value equal to or less than that to be
used for feature extraction, the image is scanned until a region is found
having valu~s greater than or equal to T. If the boundary size of the
region is smaller than some predetermined value (for a 256x256 image with 2
km resolution, 50 appears to work well), then the region is considered to be
a contaminant or a feature too small to be retained and is eliminated. This
is done by filling in the entire region with a value of T - 1. The search
then continues, until all undesirable regions have been found and filled in
with a new lower value. At this point only the regions containing the
features to be tracked remain in the image with data values equal to or
greater than that threshold. The image is now ready for the extraction of

the features.

3. Deta Representations

There are several ways to represent the data and derive characteristics

83

------

-
.
v

-

A

AR

[

rd Pk S v
NN

-

YA

KRS
y e

,'.'.l 1]
ey

L

a8 a0

- e .
L AP

.......
......



S Rt Gol 4o ot gyt

ig,4%, $ 2070, 000 §.% 428 0,0

(TN FATRH XY RO X

At

L S W R G W b

Tataln a8

HLHON WX
3

PRI Dl A !

2

240

------

—1160

097+

-80
~160
240

Same as Fig. 6 but After Degradation of Resolution from 2 km to 4 km

Fig. 7

84




that could then be used for predictions. We will now outline those that

have been considered and will present reasons for pursuing or not pursuing
each. It is assumed that data are available in rectangular Cartesian
coordinates and, if necessary, are available at a multitude of layers

through the troposphere.

a. All Data Values

This would be the brute force approach and would involve monitoring and
predicting the values of the data fields everywhere within the processing
realm. Three-dimensional advection and propagation would need to be
assessed in order that reasonable results might be obtained. This would be
a mammoth undertaking involving much more computing capability than is
available. The results would be much more detailed than is required for
solving the current problem. Also the probability of attaining an accurate
forecast is thought to be small, because of the complexity of the problem.
Bven if the amount of data to be processed were reduced to a couple of
planes of degraded resolution data the problem would still be complex and

probably intractable.

b. Binary Data Sets

If one were to threshold the data such that data with values below the
threshold were given a value of 0 and those above a value of 1, processing
would be simplified. However, one would be left with a rather large data
set that would still requitve rather complex analysis procedures. Also,
there lg little to be gained over the more compact and more easily handled

contour representation to be examined next.

c. Boundary Extraction

A method for contour extraction was developed that employs the Freeman
chain code. The image data we are working with, satellite or radar, are
generally described by an array of values in Cartesian space that reflect
some unit of measure (e.g., temperature in an IR image). A contour value is

gelected that will encompass the region of interest so that all values
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within the contour are greater than those outside. The binary data set
previously discussed would be sufficient for this analysis.

The picture is scanned in a left to right, top to bottom manner until a
point on the boundary of the region is located. This is then referred to as
the starting point or origin of the contour. From this point the boundary
of the region is found by keeping the region within the boundary always to
the left of the path being followed while searching for the next nearest
neighbor to the most recently located boundary point. The directional code
presented in Fig. 8 is used to represent the path to the nearest neighbor

for each boundary point.

o 7 6
N/
\ |/
\\/
1--- X ---§
N
//} \
2/ 3 \4

Fig. 8 8-directional Freeman Chain Code

The code leading to the nearest neighbor for each newly located
boundary point is saved in an array; the origin and final length of the code
are saved also. Taken together, these three elements will completely
describe the boundary of any closed region. As an example, consider the

rectangle (region marked by *'s) in Fig. 9.
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Fig. 9 Region to be Contoured Denoted by * Plotted in Cartesian Space
(Coordinates are labelled to left and across top of figure.)
This rectangle would be completely described by knowing that:
1) the origin is (1, 1);
2) the length of the code stored in an array is 16; and
3) the array contains as its elements
{3 3,3,5,5,55,5,7,7,7,1,1,1,1,1}.

4. Feature Motion
a. Cartesian Framework

One of the proposed algorithms uses the concept of orthogonal vectors
to boundary points for mapping one boundary to a second one. The Freeman
chain code is ugsed to generate a sequence of orthogonal vectors for the set
of boundary points using the pairs of previous and next chain codes of each
point to give a resultant orthogonal vector. Each orthogonal vector is then
extended from its origin on the first boundary until it intersects the
second boundary. This intersection point is mapped to the vector origin.

For example, given a boundary point where the direction leading to it
is a 1, and the direction to the next neighbor is 3, the direction of a
vector perpendicular to the angle between the point and its two neighbors
can be determined to be 0 or 4. Once vectors for all points along one
boundary have been found, the first contour is aligned with the second

contour by means of minimizing the areal difference between the two images

or by overlaying the areal centers.
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Theoretically this system appears quite feasible, and in some types of
mapping, such as with strictly convex contours, will be quite effective.
For IR or radar data, however, the algorithm has been found to be not very
useful, because of the general overall "curviness" of the contours involved
as well as the smaller irregularities along the boundaries. One of the
major difficulties is the multitude of vectors that cross one another, as
shown in Fig. 10. Avseraging or thinning of the orthogonal vectors tends to
alleviate but not eliminate the problem of crossovers. Another difficulty
is the slowness of operating on such a large set of data points (average of
300 points on a boundary).

b. Freeman Chain Code
1°. Matching Straight Line Segments

One of the algorithms showing great prowise in mapping and tracking is
one that involves breaking up contours into straight lines : ¢ then matching
these straight line segments for successive scans. A matching algorithm has
been developed that ugses this idea of line segments to break the dats down
and simplify them before performing some kind of matching. Classification
of Lthe data in this manner reduces the number of data points with which we
need to work from about 300 to 15 to 25.

To break up the chain code (i.e., classify it piece-wise), a means of
classification was developed. The method currently employed is a
segmentation of the chain code into a sequence of straight or
pseudo-straight lines. Two techniques have been tested for this type of
classification. Both methods are based on Freeman's definitions of what
constitutes a line in chain code. The first requires strict adherence to
his three rules while the second reduces his criteria to the first rule.

For details as to Freeman's rules and how they have been implemented see
Appendix A.

Once s.raight line segments are identified in chain codes for two
successive data fields, a praocess of matching segments from the first field
with those from the second is applied. Details of this matching process are
contained in Appendix B.
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(Dark contour is reflectivity contour for 1052 RST; light contour is for

14

24

34

44

54

64

74

1058 EST. Deashed lines are selected lines drawn orthogonally from earlier
contour to later one.)

- % %
XX XA

€
"




P

2°. Curve Fitting Chain Code Segments

The goal is to take segments of the chain code for one data field
regardless of shape and to find the best match in the code for the next
time. This technique therefore focuses on looking for identical shapes,
which is a major part of pattern recognition. The assumption in this
technique is that during advection and evolution, contour segments retain
their shapes. Quite obviously this will not always be the case. However,
this issue will be addressed further a little later. 1In this technique the
chain code for the first data set is divided into segments of specified
length, usually 10 to 25 percent of the total number of codes. This segment
is then compared with every possible segment of identical length in the
second data set. PFor each corparigson, the mean difference and the mean
square of the differences are computed regardless of locstion in space. An
example of one such computation is contained in Fig. 11 where these two
parameters are plotted vs. starting segment number for the second data
fleld. From this figure there is a very obvious minimum of the mean squares
of the differences at segment 157 where there is also s minimum of the mean
snd in fact s crossover of the mean curve from positive to negative. Mot
all attempts at curve matching produced such neat results. In some cases,
because of considerable evolution, no match was possible. However, in all
cases vhere the fit looked reasconable to the eye and mind, the best fit
sppesared to be that identified with the wminimum mean square. By applying s
saximum acceptadle value for the minimum mean square, one was able to focus
in on those regions of best fit. This is the criterion used for the
presentstion in Fig. 12.

c. NMotion Determination
Both matching techniques outlined sbove have as products old and new
positions of line segments. For each segment the following can be

determined:

Ll Absolute location
*  Length.
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From these characteristics, one can then determine:

%  Absolute motion of the segments
* Relative motion of the segments to assess evolution
*  Global motion of the feature.

These attributes will be used by AFGL radar meteorologists in
developing techniques for nowcasting precipitation locations.
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Appendix A - Straight Line Segmentation of Chain Code

Two techniques for determining whether a chain code sequence is a
straight line will be presented. The first method employs Freeman's
definition for the chain code of a line. He stated that in order for a
chain code to be a line it must meet the following criteria:

1) At most two basic directions are present and these can only differ
by 1 modulo 8;

2) One of these values always occurs singly;

3) Successive occurrences of the principal direction occurring singly
are as uniformly spaced as possible.

Wu (1982) provides the algorithm presented in Fig. A-1 for determining
whether a given string of code represents a line according to the criteria

suggested by Freeman.

Another more relaxed method for determining straight lines in the chain
code employs only the first of Freeman's criteria; i.e., that the chain code
will describe a line if the chain contains no more than two directions and
these directions differ by 1 modulo 8.

The chain code (C) for a contour is broken into a series of sequential,
connected line segments by iteratively applying one of the above algorithms
to each point of the chain code, decreasing the length of the chain until a
valid line is found beginning at that element, and then noting this maximum
length and the primary direction of the line for each starting element of
the code. For the rectangular region denoted in Fig. 9, the maximum line
lengths found for each element of the code would be stored in an array
MAXLEN as (length, direction) given c = (3, 3, 3, 5, 5,5, 5,5, 7,7,7, 1,

1, 1, 1, 1)
MAXLEN (0) = 3, 3

MAXLEN (1] =2, 3

MAXLEN (2] =1, 3

MAXLEN [3) =5, S ~
MAXLEN [4) =4, 5 By,
MAXLEM (5] =3, S 8
MAXLEN (6] = 2, S5 ]
MAXLEN (7] =1, S ~
MAXLEN (8] =3, 7 Y
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Input string C = ¢,c,c,...c, |&—
K ]

> 2 How many different symbols in it? 1

P

No | Do these two symbols only differ by one?

[ e

No Does one of them occur singly? o
u:v
.\
l Yes E: 1
Does the symbol occurring Yes A
singly appear only once? oyt
1
v No v i
REJECT Compute k,, n,, n,, ...,n, PASS -
Not k,, is position where syﬂbol Chain I
chain occurring singly is first present. code of N
code n, n,, ny, ... are lengths of line rle
line successive symbols occurring singly. I
ry k, is length between last symbol ~
and last symbol occurring singly.
]
Compute M = max (n,, n,, ...)
[ 7
No k, <= M and k, <= M?
l Yes
Form new string C:
if k, = M and k2 = M, C= kxnlnz...npk2
if k1 = M and k, <M, C= k;“;“z---n,
if k, <Mand k, = M, C = nlnz...npk2
if k1 < M and kz <M, Cm= nn,...n

Fig. A-1 Flow Chart of Algorithm to Determine Whether a Sequence of Chain
Code Qualifies as a Straight Line (After Wu, 1982)
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MAXLEN [9) = 2, 7 ':
MAXLEN [10) =1, 7 o
‘ MAKLEN ([11] =5, 1 !
| MAXLEN (12]) = 4, 1
MAXLEN (13] = 3, 1 N
MAXLEN [14) = 2, 1 ¢
MAXLEN [15] =1, 1. K
."E
Now we must search the MAXLEN array to find the longest segment left (not g
marked USED). In this case, the first segment found would be the one \
starting at element 3. This element is saved, along with the length and N
direction of the line, as (start, len, dir): “
LINE 3, 5, 5. s
Then we mark the elements of this line segement as USED in the MAXLEN array: 3:
.
MAXLEN [0] =3, 3 o)
MAXLEN (1) =2, 3 N
MAXLEN (2] =1, 3
MAXLEN (3] = O, USED '
MAXLEN (4] = O, USED By
MAXLEN [5) = 0, USED .}
MAXLEN [6] = O, USED <
MAXLEN (7) = 0, USED ot
MAXLEN (8] =3, 7
MAXLEN [9] = 2. 7 1‘\"
MAXLEN [10) =1, 7 0
MAXLEN (11] = 5, 1 G
MAXLEN [12] =4, 1 .
MAXLEN (13] = 3, 1 ‘o
MAXLEN [14) = 2, 1
MAXLEN (15] =1, 1 9
2
and continue searching the list MAXLEN recursively until all elements are ::
marked USED. ‘-
The result for this example (sorted in order of starting element) would s
. (8
be (start, length, direction): ::
g
LINE O, 3, 3 "
LINE 3, 5, 5 e
LINE 8, 3, 7
LINE 11, 5, 1. e
<
This line tells us the starting location, length, and direction of each line :-:
segment in the chain code list. :':
N
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Appendix B - Segment Matching for Feature Mapping

A detailed description of the technique for matching straight line
segments is provided. In Fig. B-1 a second contour is quickly described for
the purpose of matching with that in Fig. 9.

o 1 2 3 4 5 6 7 8
1
| I N R R D R R B
B . ol oo TUTe SR SRS SN
I I R R D R R
R T e e h
[ I R D D R R
R e T e

& bl WM Wi = Wb 4

5 #ommtomtmmtes oo et

Fig. B-1 Region of Data with Contour Boundary Defined by the Chain Code (3,
3, 3,5,5,5,5,6,6,6,1,1,1, 1,1, 1, 1), with Origin (1, 1) and
Length 17

Applying the technique described in Appendix A to segment this new

contour, we get values for (start, length, direction) of

LINE2 O, 3, 3
LINR2 3, 4, 5
LINB2 7, 3, 6

LINE2 10, 7, 1.

Of course, since a boundary is a continuous object, the starting location is
basically arbitrary. In this case the upper left-most pixel iz defined as
the origin, but it could just as well have been the lower right-most.
Therefore the code and associated data are treated not as a linear list, but
in a circular fashion; e.g., a circular queue. Since the chain code is a
directional code, the shape and orientation of the boundary are preserved no

matter where the starting location of the code is designated to be.
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Therc are several methods for comparing two such lists of line data as

LINE O, 3, 3 LINE2 O, 3, 3
LINE 3, 5, 5 LINE2 3, &4, 5
LINE 8, 3, 7 LINB2 7, 3, 6
LINE 11, 5, 1 LINE2 10, 7, 1 .

Starting locations, line lengths, or directions can be compared. Consider
the following match for the directional codes:

Segment
Number Line
1

Line

W

2

3
2 5
3 6
4 1
and, remembering that the list is circular, by examination we can see that
we get the best (i.e., longest continuous) match between the two lists at
segments (4, 4), (1, 1), and (2, 2).

For two large contours, which are broken up into closer to 20 line
segments, the search is reiterative; i.e., the longest match is found,
saved, and its elements marked as USED, the next longest match is found,
etc., until no more matches can be made.

From this algorithm, we have a mapping between segments in the first
feature and segments in the second feature. Each segment has several
associated characteristics, including a segment length, orientation,

starting code offset, and, for a given point in the segment, distance from
some point of reference.
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C. RAPID System Development

o

»

1. Introduction

o

RAPID is an acronym for the AFGL Remote Atmospheric Probing Information N,
Display system. The main computer for the system is a VAX 11/750 with 450 :1
mbyte fixed disk and 1600 bpi tape drive. Peripherals to the system include o

“yn
? .

an Adage 3000 image processor, Sunmagraphics digitizing table, Dunn

Instcuments MicroColor digital camera, and HP7475 color pen plotter. The
VAX is connected to the AFGL/LYR PB3242 via ETHERNET and to the AFGL/LYS VAX [N
11/750 via DECnet. %

2

STX is responsible for maintenance of system software, data management,

and development and management of general purpose applications software for

the RAPID system. Tts activities in these areas are summarized in the
following sections.

2. VAX Software Installation -

The I.YR VAX 11/750 was upgraded to operating system VMS V4.4 and the %
FORTRAN compiler was upgraded to Version 4.5. Generally, the upgrades were ‘
transparent at the command level and consisted mainly of fixes from bugs 4
found in the previous versions. ]

Two software packages, DECSlide and DECGraph, were installed. These N
new packages will be useful in creating slides, viewgraphs, and other :
demonstration materials. However, neither package can be used currently ji
because both require terminals with REGIS graphics capability, which is o
available only on the DECMATE II that has not yet been connected to the VAX. ;

3. VAX Disk Reorganization

Thy LYR VAX disk was reorganized to allow faster and easier access to

all data and programs located on the system. A stand-alone backup and

restore was then performed on the VAX disk in order to compress the data and
eliminate fFragmentation, making disk I/O more efficient. All files are now ;’
categorized as DATA, ANALYSLIS, DISPIAY, CONVERSIOM, or UTILITY files, as -
illustrated in Fig. 1.
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+—-RADAR~~ - - ——+——ADAGE "

| +~-VAX '::-
| L
+--SAT- - - -—+--ADAGE =
1 | +--VAX .
+--HELP .“
_ +-———ANALYSIS-- +—-MISC .
) | +—-PROD---- --+-——ADAGE .
| +--VAX ;
| +--RADAR x
| | »
| +-—-SAT————- - -+--LY¥S A
I I +--0LD -
| +~-~HELP +--UWSSEC -
+--- CONVERT--- | h
| +—~PB~—- - -—————-SCRM .
| .
| +-~RADAR-- - +--LYR R
| | +--MOHR 3
} } +--OTHER r
| +—~SAT-- - - - --+--LYR |
| | +--LYS ]
| ) +--OTHER "
| | +--UWSSEC .
[ +—~HELP 5
DUAO-+----DATA-- - —+-~MISC .
| +—~PROD--- - +--OVERLAY S
| | +--SNAPSHOT ')
| +--DEMO o
| N
| +~--RADAR
| +-~SAT N
| +--HELP .
) +--PROD—-- -+-—OLD-MCIDAS D
I | 1
+--—-DISPLAY-- +—-PAINT-- - —-+--EXE .
| | +---GEM .
| | +--UCODE
| | +--UTIL
| I
| +--TOOLS~- -~~INTERACTIVE -
{ +—-HELP .
| +--MISC .
+~—— - UTIL---  +==I0~- --———+-=BITPAD '
+--DISK ;
+-—OTHER :-
+--PE K
+--PLOT .
+--TAPE .
+--TRILOG .
+--UCODEMEM

Fig. 1 Configuration of ILYR VAX-11/750 Directory Structure for
Locally Created Software and Data
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4. Locally Developed Software

a. General Purpose Libraries

L
'v'\;

Several libraries were created and all resident software was

AN,

categorized, documented, and placed in one of the common libraries. Object
libraries now on the system are:

e T TR
S.‘N., s

DISPLAY: [TOOLS]IK.OLB - locally-written software that performs
various functions in the Adage 3000. Includes routines that

-
200

set/get register values, load color tables, save/restore display

o
memory to/from disk, set the crossbar switch, etec. ék
)
AWALYSIS: (PROD.VAX])ANALYZE ON VAX.OLB - locally-written software ‘:;
that performs data analysis in VAX memory. Includes routines that i}
locate contours and extract boundaries, describe the contour ;b;
boundary in terms of a Freeman chain code, find the relative maxima :f ,
and minima or the center of area of a contour given its chain code, 'i
or return the coordinates of the point for a given code of the -
chain. iig
ANALYSIS: [PROD.ADAGE)ANALYZE ON ADAGE.OLB - locally-written N
software that performs data analysis using the Adage image o~
processor. Includes routines to generate a contour silhouette or :ii
outline given its chain code, filter data for noise removal and &i;
smoothing, reduce or replicate displayed data, clear the display, "f'
subtract two images, calculate the histogram of a displayed image, -
etc. Many of the routines in this library are written in Icross, j;
and run directly in the bitslice processor instead of on the VAX. fi
UTIL: (IO}IOLIB.OI.B - locally-written software that performs various i:}:
I/0 functions between VAX and peripherals, including disk, tape, e
and image processor. 232
'.'\..‘
UTTL: [MISC]DRAWLIB - locally-written software that performs ﬁ;:f
graphics primitive operations; e.g., line drawing, circle and ;SE:
e
o
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ellipse generation, character generators (three fonts available).
All are generated in integer or byte arrays, which can then be
displayed on the Adage or saved to disk as needed.

All software described above was fully documented, both in the source
code and separately in a general programmer's guide to using the routines.

b. Image Processing Calling Standard

A common calling standurd was devised for all modules that access the
bitslice processor of the Adsge. MNodules that invoke Icross programs (which
run in the image processor) are written in a high-level language such as C
or FORTRAN and run on the VAX host praocessor.

The host module first checks a designated region of Aduge scratchpad
mesory to see whether the required lcross routine is already loaded into the
processor. If not, the routine is loaded, and the name of the routine is
written to that area of scratch. Any input parameters are written to a
predetermvined location in scratchpad mesory as well. Then the Adage program
counter (PC) is reset and the processor is started. The Iccross routine
reads its parameter list from scratchpad, pecrforms the requested functions,
and writes any output parameters to scratchpad. Once done, the routine sets
a flag for the host module to read, which signals that it has completed.
While the processor is running, the host module is in a loop checking for
this flag, and once the flag is set, the module stops the image processor,
veads the output parameters from the scratch area, and returns to its
calling program.

¢. HP Plotter Software

Additional software was written for use with the Hewlett-Packard color
pen plotter acquired in 1986. This includes software to plot line graphs
and contour features. The software is generally for use¢ with chain code
data and will plot features such us segments of chain code in a grid with
intervals along each axis marked and lsbeled. Such plots aid greatly in
snalysis of data and also in the development of mapping techniques.
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d. Demoastratioa Progras

A RAPID demonstration program was written to illustrate the work being
done on the RAPID system and some of the special technigues developed st the
site. The demonstration progrea is menu-driven and provides a visual

display on either of the Adage display monitors. The following features are
available:

% A series of viewgraphs that gives a brief system overview
(objective, approach, support, and spplications)

® A sequence of time lapse images recorded during Hurcicane Gloris
that shows the hurricane's svolution through radar reflectivity and
satellite visidble dats

®  Several other viewgraphs, including a dats pipeline schematic, an
illustration of the layout of Adage memory, and a forecast
processing flowchart

%*  An interactive demonstration of the contour location and following
technique.

Also, spacial software was developed for generating viewgraphs in a
cholice of colors and character fonts on a 256x25¢ pixel display.

5. Deta Management
a. Satellite/Radar Common Header Format

From discussions with AFGL personnel as to requirements for header and
data storage of satellite and rader images, a standard image dats format was
designed. This format ls intended for use in all future processing of LYR
satellite and radar dats.

Both radar and satellite images data files now consist of any number of
sets of 256 byte image hesders paired with varisble size images. The resson
for such s global standard format is to permit general purpose software to
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be written to resd/write/display all local datas without regard to its type.
The final RAPID Satellite/Radar Common Header Format is showm in Pig. 2.

A program was developed to convert satellite data files from the old
standard LYR format to the revised standard. Al)l axisting data fliles were
processed by this program, with the new data file headers reflecting the
format changes. All programs that access these data filas ware also
modified accordingly, so that the information could be ingested correctly.

b. Nemory Mapping

ADAGR display memwry was partitioned for future interfscing of
satellite and redar dats. There are seversl reasons for the selected
mapping scheme (see Fig. 3). 8ince the RAPID system is supposed to allow
simultanecus processing of radar and satellite data, & capadbility was needed
to store data from both sensors in Adage display memory at one time, without
the problem of disturbing or overwriting one another.

Satellite data are collected only once every 30 min and radar data once
every 5-10 min. Thus there needed to be three to six times as many
‘quadrants’' reserved for radar data as for satellite data. Radar dsta is
volumstric in nature. 1t was decided that three slevations would be
sufficlent to describe precipitation systems. These would be stored for
each time intearval, and the simplest, most logical method of doing this
would be to store the three elevations in three diffecent byteplanes of a
single quadrant.

If 60 min of data were to be stored in memory, it would take three
aceas to store each type of satellite data. Thus, three vigible satellite
images will be stored in a single quadrant, in three different byteplanes;
similarly with IR data - three time intervals in one quadrant in three
byteplanes.

Ten quadrants reserved for radar images will permit storage of 1-2 h of
data, depending on the frequency of collection. Radar data will be stored
with a resolution of roughly 2 km; satellite data with a resolution of 4 ka
for IR and 2 km for visible. Therefore, to get & window of 512x512 km of
dats, we need quadrants of size 256x256 each for radar and visible
satellite, but only 128x128 for IR.
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Starting Length

Bxte (hytes)

] 2 ITYPR

2 2 10PY

4 2 DTYPR

[ 2 SENSOR

] 2 SATID

10 2 YRAR

12 2 DAY

14 2 HOURS

16 2 NIWTES
18 2 SECONDS
20 2 uULL

22 2 ULE

24 2 NLINES

26 2 NELRS

28 2 ULATDEG
30 2 ULATHIN
32 2 ULATSEC
34 2 ULoONDRG
3¢ 2 ULOWMIN
3s 2 ULOWSEC
40 2 LRES

42 2 ERRS

A4 2 NUMSCALE
46 2 DENOMSCALE
48 2 SHIFT

50 2 PRF

52 2 WAVELENGTH
54 2 CONSTANT
56 2 LEVEL

58 2 LLATLOCDBG
60 2 LATLOCMIN
62 2 LATLOCSEC
64 2 LOWLOCDEGC
66 2 LONLOCHIN
68 2 LONLOCSEC
70 58 (reserved
128 128 COMMENT

for

Image type; 8/R/P/0

Data type; VI/IR/RE/VE

Data type;: IN/GR/PP/BH/CC

Sensor ID

Satellite ID

YY; year of data

DD; julian day of data

HH; hour of dats

MM; minute of data

88; second of data

upper left corner coordinate,
line number

upper left corner coordinate,
element number

size of image in lines

number of elements per image line
ODD; ° latitude of ULE

MM; minutes latitude of ULK

88; seconds latitude of ULE

DDD; ° longitude of ULL

M; minutes longitude of ULL

88; seconds longitude of ULL

line resolution, y-scale, Im
element rescolution, x-scate, ka
scale value numerator

scale value denominator

linear shift factor

cadar PRF factor

radar wavelength (scaled)

radar constant (scaled)

radar level

sensor location. ° latitude
sensor location, minutes latitude
sensor location, seconds latitude
sensor location, ° longitude
sensor location, minutes longitude
sensor location, seconds longitude
future use)

comments

Fig. 2 RAPID Common Data Header Format

(Total length of header is 256 bytes. Every entity is 2 bytes long and
is either short integer or character data.)
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With these factors in wind, it was decided that all data would be
stored in the first page of memory, as showm in Pig. 3.

0 25¢ 38 S12 768 1023
L S i S —— -+

| | | | |

| | | | |

| 1 | 3 | 5 | ? |

| | | | |

| | | | |

L R S +
| | | | |

| J | | |

| 2 | ¢ | o | 8 |

| | { | |

| | | | |

- 3 T e Sy TS
| | | |

| | | |

) 9 | A | |

| | | I

[ | | |
7684-- B ce——td D )
| | | |

| | » s | |
89¢ | 10 | PSR Y S | |
| | c | |

| | | |
10234-- - - —mmmmbor mmmmede - e - —mmd

Fig. 3 Nap of Page 1 of Adage Display Memory Configuration; Each
Labeled Area is a Quadrant

Storage in each of the quadrants is described as follows:
1-10 are the storage areas for ten 256x256 radar images,
reflectivity or velocity. Each byteplane (0, 1, and 2) will store a

different height for the time represented by its particular quadrant.

A is storage for three 256x256 visihle satallite images, s diffecent
time scan being stored in aach byteplane of the quadrant.

, B is storage for three 128x128 IR satellite images, similar to A.

v C contains all “file cabinet” information (mee below).
10¢
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D may be used for high resolution or large-scale dats displays;
e.g§., a8 512x512 km visible satellite datas.

€ is reserved for future use.

The second page of display msemory is reserved for use as a general work ares.

c. RAPID File Cabinet Organization

Since a8 large amount of data will be stored in mesory simultaneously
and will possidbly be accessed by several separate programs, s method for
keeping track of what and wvhere data are presently stored in display memory
had to be devised. The RAPID system flle cabinet was developed to record in
the Adage itself the type and location of all data currently stored in
display memory, to sarve as a directory that can be accessed by any program
at any time. Por each image stored in display memory there will be an entry
in Ltha file cabinet. The entry will be stored in the same byteplane as the
image it describes; thus there will be a separate file cabinet for esch of
the three byteplanes available. BRach entry will contain the information
shown in Pig. 4.

Starting

Byte Mnemonic Description

0-18 (same as in RADAR/Satellite Data File Header)

20 LCORNER upper left corner coordinate, line number
relative to original image data array

22 BCORNER upper left corner coordinate, element number
relative to original image data array

24 LRANGE size of displayed image in pixel lines

26 ERANCE nuaber of elements per displayed line

40 LRES image resolution, y-length scale in km

42 ERES image resolution, x-length scale in km

44 X INDOW element origin within display memory

46 YW INDOW line origin within display memory

A8 INUMBER nth image number of this series

Fig. 4 Organization of RAPID File Cabinet

(Total length of each file cabinet entry is 256 bytmas. BEvery entity is
2 bytes long and {s either integer or character data.)

107

~d
-4
¢
%

AP e

&
.

AR

TYYLFPREY W

h
2ol

e N N S
P




6. Analysis Software - SHOWSAT

Originally developed to display and process McIDAS satellite data,
program SHOWSAT was wmodified to allow the user to manipulate the satellite
images interactively. SHOWSAT was designed to be used as the main driver
for the RAPID system program, which will control the concurrent display and
analysis of satellite and radar data.

All display, processing, and analysis can be accessed through the main
driver of this program. The program is completely menu-driven; options
currently available are described below.

a. Data Selection

Data can be read from any data file storing data in the RAPID Standard
Dats File format. The data file being accessed can be changed at any time
from the main prograa menu, so that both radar and satellite data can be
displayed within the same session.

Images to be displayed can be selected in several different ways. One
can display the next stored image or call up any desired image by specifying
either its relative image number in the current data file or the time/data
of the image data.

Depending on the type of data read from the file as well as what has
already been stored in Adage display memory, the program will decide where
in memory the image should be stored, and then place an entry with this
information into the File Cabinet.

Data that have been previously stored in memory can be redisplayed.
There are options to allow the user to display the last image of a given
type (IR, VIS, REFL, VEL) retrieved from disk or to change the viewing
window or byteplane to scan display memory for a particular image.

At any time, the entire memory or any portion thereof can be saved to a

disk file and can also be restored for further processing.
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b. Display

The overlay byteplane will contain various maps, grids, or other
markers that can be displayed with the data as the user desires. Thus there
is an option to turn a particular portion of the overlay plane on and off.
This allows the flexibility to display, for example, either a map of New
England or the latitude/longitude grid or both with an IR image.

Two standard color lookup tables were created that display the data
either in pseudocolor or grayshades. Either color table can be loaded from
the main menu of SHOWSAT. Colorbars have been generated and can be
displayed to show the correlation between the colors of either lookup table

g

o

and unit measurement (e.g., °C for IR images) for all data types. To o
A
enhance grayshade images visually, the color lookup table (rather than the :f}f
MY

image) can be manipulated by histogram shrinking or stretching techniques or
black/white binary thresholding.

AN 4
»
i

[
\‘-

"2y

Pinally, SHOWSAT supports viewable image enlargements by a zoom factor o

.w- y] ‘d

of 0-15 in both x- and y-directions. :;:;
,'\- “~

r-':.‘

¢. Analysis o
Y

:'\::'u

Approximations for cloud types and precipitation levels based on IR and ::j:

,‘- hay

visible satellite data can be calculated and displayed, with the different -_J‘

types/levels colorcoded, using software developed based on the Liljas (1982) BTy
classification scheme shown in Fig. 5. j;ﬁ‘
A

Filtering, noise removal, and contour extraction can be accessed via a -;:;
secondary menu. In addition to these features the menu will enable :31§‘
generation of contour plots, saving of the Freeman code for a given contour \;1
to disk, and mapping of one chain code to a second code. :j:;
7. University of Wisconsin/SSEC Data ‘f
Q S

A magnetic tape containing satellite data from 27 September 1985 k?

]

(Hurricane Gloria) was obtained from the University of Wisconsin/Space o *~$
Science and Engineering Center. The tape contained satellite imagery of the k‘
storm centerad at Sudbury. However, since it was written in IBM format, the RGN ;
e ¥,

data had to be converted to a readable VAX/ASCIT format. Once in ASCII ;::'
e,
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Fig. 5 1Indications of Cloud Types and Precipitation Intensities Derived -’
from VIS and IR Satellite Data -
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format, the tape was converted to a format standard to LYR. A program to
process the data image-by-image and save it in the standard data format was
developed.

8. Reference

Liljas, E., 1982: Automated techniques for the analysis of satellite

cloud imagery. Nowcasting, K. A. Browning, ed., Academic Press, pp. 167-176.

D. Wind Shear Prediction

1. Introduction

A very important wind shear hazard for aviation operations is the
microburst - a small, intense downdraft usually associated with convective
storms. The vertical flow in these downdrafts is deflected by the earth's
surface, resulting in a low-level divergent horizontal air flow. Where this
divergent flow meets the enviromental flow a region of intense shear of the
horizontal wind often results. 1If encountered by aircrafl in air terminal
approach or departure patterns, this combination of horizontal shear and
strong vertical motion can be deadly.

Several observational programs have been desigred specifically to study
downburst (NTMROD, JAWS, CLAWS, and FLOWS). From these programs it has
become quite obvious that Doppler weather radar is a valuable detection and
possibly a forecast tool. Because of the magnitude of the resultant
outflows, characteristic velocity couplets have been observed coincident
with independent corroboration of downburst occurrence. Other potential
forecast aids have been identified by Roberts and Wilson (1986):
collocation of reflectivity maximum with downburst, descending reflectivity
core, collapsing storm structure, organized convergence near and above cloud
hase, rotation, and reflectivity notch. However, many of these features are
seen only occasionally or under special circumstances and not with any great
consistency. The only truly consistent observation and the one that adapts
most eagily to an automated detection technique appears to be the divergent
couplet seen in the Doppler velocity data.
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An important observation from these studies is that downbursts are a v
fairly short-lived phenomenon, with the detected couplets lasting as little ~{
as 5 min and as long as tens of minutes, with the vast majority being in the g
S to 15 min range. Time scale is important for determining detectability %
and forecastability by the NEXRAD system in light of its anticipated 5 min $

data updates. N
The goal of this effort is to develop a downburst nowcasting algorithm
usable within the NRXRAD system. Based on current knowledge of downburst “

characteristics as seen in radar data, it is apparent that this algorithm
must be based on the detection of the divergent (couplet) signature in the
velocity fields.

BN

2. Downburst Definition

Fujita (1981) was the first to define the scale of the low-level
outflow from microbursts, the most severe of the downdraft phenomena, to be
between 0.4 and 4.0 km. With that definition and a multitude of
obsecvations collected in the Joint Airport Weather Studies (JAWS) Project,
Wilson et al. (1984) compiled a more complete definition in terms of radar

. %)

observables; in particular, the velocity couplet. They found that the N
maximum velocity differences across the divergent center must be no less &
than 10 m s !

receding centers must be no larger than 4 km in order to classify a

and the initial distance between maximum approaching and

particular couplet signature as a downburst. This translates to a minimum
shear of 0.0025/s. MIT-Lincoln Laboratory (Merritt, 1986) uses a
requirement of 8 m 13-1 velocity difference across the downburst with a
minimum separation of 1 km between peaks. Quite obviously there is probably
no one set of universal thresholds and local fine tuning will most likely be

required. Therefore the concern in algorithm development is the basic

AR g W g MR

design and not in the specific thresholds to be applied.

v,

3. Real Time Radar Application

The radar systems being deployed by NEXRAD will be collecting radial
velocity and reflectivity factor data with resolutions of 250 m in range and .,

1 deg azimuth. Data will be collected in planes at constant elevation angle
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such that much of the troposphere is observed in 5 min. Since downburst
divergence signatures are seen only in the lowest ~.5 km of the ‘3
atmosphere, only the lowest elevation scan is likely to be useful. This E
means that any algorithm used must utilize data only from one elevation scan 'r:
and must be usable with updates only every 5 min. These temporal and &
spatial limitations on the data will severely hinder any algorithm ‘Z
performance over a broad region. A
4. Prouposed Downburst Detection Technique :;
3
As noted, the Doppler radar sees downbursts as velocity couplets. The -
shear of the radial velocities across these couplets is always positive; a:‘
i.e., the velocities always increase with range. Of course noise, ground ;_
clutter, turbulence, etc. may make this statement somewhat less than :i
accurate. Filtering of the data, however, usually minimizes these effects. ’_
The algorithm as devised by STX procedes as outlined in Fig. 1. 1t is I;
assumed that the data input are mean radial velocities and radar ;i
reflectivities organized along radials centered on the radar. These data i:
are then averaged over a specified number of gates to remove "noise" ;:
effects. Velocity differences are Lhen computed according to Si
del V(i) = V(: + W) - V(i - W).
If del V(i) is greater than zero its value is retained. Once all the shears 213
are computed they are checked radially for contiguity. If the shear across ;E
the contiguous segment is not less than a threshold shear, that segment is :k:
retained for association in azimuth. Once all shear segments are compiled
for a plane, they are checked for contiguity in azimuth. Segments must 1:2
overlap in range by a prescribed amount in order for association into g k
regions to occur. Regions are retained if there is at least one velocity ig
difference across the couplet that is greater than 10 m s’l. the NCAR .
definition. ::
Table 1 gives the threshold values used in this algorithm. These :%
numbers are considered to bhe reasonable in light of previous studies. No S;‘
attempt has been made to optimize these parameters. .
N
N
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| AVERAGE VELOCITIES IN RANGE |
I (
|
I

[ |
| COMPUTE SHEARS |

l

| DEFINE SHEAR VECTOR

| APPLY LENGTH AND MAGNITUDE THRESHOLDS |
l

— ——— . —— — — — - — — o ——— ——— . ——— T ——— "

| ASSOCIATE VECTORS AZIMUTHALLY |
| APPLY AREA AND MAGNITUDE THRESHOLDS |

Fig. 1 Processing Procedure for Compiling Shear Regions Associated with
Downbursts

114

B m e
s o’

;l."l.‘ l{ l’

» e,y




IR
AAAYAD

-

~J' Bt oy ’N’ J‘.'J"‘.

Table 1. Acceptance Criteria for Downbursts

Segment - 0.4 km < Length < 4.0 km
- 10 m/8 < Velocity change across length
Downburst - 5 < Segments in a feature

<
1.0 km < Feature area
10 m/8 < Velocity change across feature

5. Status of Work

The downburst algorithm has been applied to data collected by the 10 cm
Doppler radar belonging to MIT-Lincoln Laboratory and located in Olive
Branch, MI and to data collected in JAWS by the National Center for
Atmospheric Research 5 cm Doppler located near Stapleton Airport, Denver.

In all cases, the downburst was detected automatically with the algorithm
with no false alarms. The downbursts were detected when first positively
identified by eye and followed through their lifetimes. Examples of output
are included in Figs. 2 and 3.

Of the downbursts in our data set, it was found that the downbursts did
not persist long enough for one to determine a reliable track. However,
because the downdrafts are dynamically tied to the convective storm, it
would be reasonable to assume that any storm tracking algorithm would give a

reasonable estimate of downburst motion.
6. WNEXRAD Implementation

In the NEXRAD inventory there is a divergence algorithm (algorithm
number NX-DR-03-024/10). Although it is designed to detect divergence at
the top of convective storms, its basic design is similar to that needed for
downburst detection. Basically, the algorithm looks for segments along
radials in which the velocities are constantly increasing. These segments
are then associated in azimuth to form divergence regions. Thresholds are
applied to the magnitudes and lengths of the radial shear segments and to
the area of the shear regions and the raximum shear within reglons. If
values do not pass the various thresholds they are rejected. As can be seen

this is very much like the algorithm used in this study.
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L2 3

TR Y

DISTANCE (nM) NORTH OF RADAR

TINE= 181504
| ELEV= 0.4

0. | / 1

- 'o. 0- lo. 20.

DISTANCE (KM) ERST OF RADAR

Fig. 2 Output for Downburst Detection Algoritha

(Data collected by MIT-Lincoln Laboratory at 1815 LST on 26 June 198S.
Doppler radar located at Olive Branch, MI.)
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DAY 26
TIME= 18368086
ELEV= 0.9 s

DISTANCE (KM} NORTH OF RRDAR
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s

DISTANCE IKM) ERST OF RRDAR

Pig. 3 Same as Fig. 2 but for Another Downburst at 1838 LST L




Since the WEXRAD algorithm is already in existence, considerstion
should be given to its modification in terms of regions of application and
thresholds for use as a downburst detection algoritha.

7. References
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E. Severe Storm Tndicators

1. Tornado Intensity Estimation

a. Introduction

Mesocyclones are rotating regions often observed within thunderstorms
associated with severe weather. Thase circulations produce characteristic
signatures in Doppler radar datas that are readily detectable by sutomatic
tachniques in terms of size, shear, and rotational velocity (Hennington and
Burgess, 1981; Zrnic et _a]l., 1985; and Wieler, 1986). FProm Doppler radar
observations it has bean deatermined that roughly half of the oh.erved
mesocyclones have associated tormadoes (Burgess, 1976), with mesocyclone
identification occurring an average of 20 minutes hefore tornade touchdown
(Burgess et al., 1979). Thus the obsurvation of a mesocyclone does not
necessarily mean that a tornado exists or is likely to exist.

In an effort to improve the predictadbility of tornado occurrence, a
method has been devised to predict which mesocyclones will he associated

with tornados. It also gives an indication of the maximum tormado
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intensity. The method is based upon the Excess Rotational Kinetic Bnergy
(ERKE) of the mesocyclone, a parameter first presented by Donaldson and
Desrochers (1985). ERKE represents the mesocyclonic rotation kinetic energy
in excess of that required for mesocyclonic identification, namely ERKE =
pcrz (vr—s-r)zld. p is the air density at the observed height,

Vr is the rotational velocity of the vortex of cradius r, and 8- is an
arbitcary shear threshold defining mesocyclonic rotation. s- was selected
as 0.005/8 for this study, after the value suggested by Donaldson (1970) and
later supported by Burgess (1976).

In previous work Donaldson and Desrochers (1985) examined the KRKE
ngsocisted with a single violent tornado-producing mesocyclone and found
BRKE offered warning potential. In this report we expand the study to ten
stormg in order to generalize results. Half of these slorms were tornadic,
approximating the distribution of tornadic and non-tornadic mesocyclones
sean in nature. This sample contains three categories of storms:
non-tornmadic, strong tornado-producing (F2 - F3), and violent

tornado- producing (F4 - FS). bMNone produced only waak (FO - Fl) tornadoes.
b. Standardizing the Analysis

To account for the varying resolution over which storms were seen,
vortex size and rotational velocity were corrected for radar resolution
according to the theoretical profiles of a Rankine combined vortex (Brown
and Lemon, 1976), making ERKE independunt of range. Comparison among storms
was further facilitated by comparing all values of ERKE to that of a
Climatologically Mature Mesocyclone located in the lower troposphere
(Burgess et al., 1982). This is an average mesocyclone in its strongest
stage of development and is characterized by a diameter of 5.5 km and a
tangential velocity of 23.3 m s'l. with a corcesponding ERKE of 540

megajoules/m. This energy will be used as a new energy unit, namely 1 CMM.
¢. Algorithm Considerations

Before discussing the investigation into FERKE we need to point out a
particular problem and its solution. A common complication to the

megocyclone circulation was the observation of one or more vortices within
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the mesocyclone after it entered its mature stage of development. WUe refer
to these as “"intranecus vortices.” They are seen on scales ranging from 0.5
to 5 km in dismster. UWhen they are large, automatic identification of the
mesocyclone circulation sometimes becomes difficult.

The ssaller intraneous vortices have been well documented as Tornadic
Yortex Signatures (TVS) (Brown and Lemon, 1976¢; Brown ot g3l.. 1978). The
definition of a TVS by these authors is resclution dependent and, although
TVS size varies considarably, they are generally much smaller, usually less
than 1 on in diameter, and have much smallec ERKE than a typical mature
mesocyclone. For axample, the F4 Binger tormado was one of the most intense
ever observed by Doppler radar, but its associated TVS had s maximum RRKE
magnitude of only 0.4 CwH.

In this study intranecus vortices were observed in nearly 200
quasi-horizontal antenna scans but only one-third satisfied the TVS
criterion; namely, containing shears greater than 0.05/s in adjacent beams
(Burgess et al., 1979). The remaining two-thirds had average shears of only
0.017/s and diametecrs of 2 to 5 km. About half of the latter group had
ERKEs greater than those of their surrounding mesocyclones. One example of
a large intraneous vortex is shown in Fig. 1. Here an intraneous vortex
(indicated by A,B) 3.9 km in diameter is seaen on the edge of the larger
mesocyclone (about 8.5 km diameter indicated between A,C). It had ERKE of
1.1 C compared to 1.7 for the surrounding circulation. Although this
inlraneous vortex was quite large, it had vertical continuity with a TvVS
located at 1.5 km and coincided in time und space with a reported tornado.
It is thearefore thought to be part of the tornadic circulation.

Mesocyclone characteristics needed for RRKE, namely, size and
rotational velocity, are byproducts of mesocyclone detection algorithms.
These algorithms rely on a monotonic velocity change in order to detect a
circulation. The intraneous vortax in Fig. 1 occupies a significant portion
of the mesocyclone and disrupts this linearity needed for positive
mesocyclone detection. Mesocyclone detection algorithms will therefore
detect this intraneous vortex and will not see the surrounding mesocyclone.
Because our existing algorithm becomas confused by the coexistence of
mesocyclonas and intraneous vortices, vortex size and rotational velocity
were determined in this study through manual analysis. This allowed for the

introduction of anulysis modification to reduce this confusion and to
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Fig. 1 Exsmple of a Large Intraneocus Vortex within a Mesocyclone

(Doppler data are from Piedmont, OK storm (30 April 1978) at 1802 and
2.9 km height.)
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improve the delineation of parameter estimation. One such improvement was
the isolation of the rotational component in velocity couplets suggesting a
mix of divergence (or convergance) and vorticity.

The concept of ERKE can be applied to nesrocyclones, intraneous
vortices, or some combination of these. Since sutomatic discrimination of
masucyclonas and intraneous vortices would be problematic for existing
algorithwn, it was decided to adopt a simple scheme; namaly, the detection
of monotonic velocity changes. This will automallically focus on intraneous
vortices when they axist and on mesocyclones otherwise. However, we
excluded those intraneous vortices seen as TVSs because generally their

small size did not obstruct significantly the monotonic velocity across the
megocyclone.

d. Case Studies

It is instructive to examine the ERKE life cycle associated with the
non-tornadic, strong tornado-producing, and violent tornado-producing
categories of our data set. Although each storm displayed individual
qualities, distinct similarities exist within each storm classification. An
axample from each classification is presented in Pigs. 2-4 in the order
listed.

In the upper portion of each figure is plotted the maximum ERKE as a
function of the ending time of the volume scan. The lower portion displays
RRKE weighted mean height (hl) for the detected circulation as a function
of time.

The Del City storm (Fig. 3) depicts charscteristic evolution of our
tornadic mesocyclones. When the mesocyclone circulation was first
{dentified in the storm its RRXE magnitude was only a fraction of a CMM, and
h' was above 10 km, somewhat higher than most other storms studied. As
the mesocyclone evolved, its ERKR increascd to greater than 1 CMM and h!
descended into the lower troposphere prior to tornado formation. As
observed in most of our other tornadic storms, RRKE then persisted above 1
CMM, a pattern not apparent in the non tornadic mesocyclones. For example,
the Ads storm in Fig. 2 peaked in KRKE magnitude quickly when h8 was at
7 ¥xm. Then, as h' descended, its ERKE stabilized at about 0.5 CMM.
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v Two of the storms (Del City and Binger) produced more than one
megocyclone. The second of each is labeled as M2 in Figs. 3 and 4. 1In both
storms the second mesocyclone had a shorter lifetime than the first, a
characteristic noted by Burgess et al. (1982) for such multiple core
mesocyclones, and both attained ERKE similar to the first. It is
interesting that in both storms the most intense tornado formed in

association with the second mesocyclone.

- -
-

W X T O

Comparison of ERKE among the tornadic storms suggests that it is
somewhat proportional to the intensity of tornadoes produced. Consider for
example that the maximum ERKE of the Binger storm (Fig. 4) was nearly four
times that of Del City (Fig. 3). The Binger storm produced an F4 tornado in
addition to a number of less intense ones, while Del City produced an F2 and

- g -
- w et

an F3 tornado. ERKE magnitude prior to each tornado does not correspond o
well to the observed tornado intensity, however. This is readily apparent
when comparing ERKE of the Binger storm with that of Del City; the very
large ERKE prior to Binger's first Fl tornado, for example, was about twice
the value attained during the entire Del City storm. ERKE does, however,

N seem related to a potential in tornado severity that is realized by the most :

intense tornado of a storm.

e. Technique and Results

e

From the above discussion a simple relationship follows for

distinguishing tornadic from non-tornadic mesocyclones. Mesocyclones are
predicted to be tornadic if satisfying the following criteria:
1) attainment of ERKE of at least 1 CMM at a height below 5 km; and

DeCabechn

2) persistence of 1) for at least 5 min (two sample volume scans).

The height criterion here is not hB discussed earlier but is the lowest

YTy

height where ERKE equals or exceeds 1 CMM. This simplification results in

r S A N R

the same forecast as for the weighted height but lead time is increased )
slightly because the necessary forecast criteria can be satisfied in less

time than two radar volume scans. Analysis was performed on ten storms,

LA N

“ with results summarized in Table 1. It can be seen that while the above
) criteria are arbitrary, they work very well in distinguishing mesocyclone
type in nine out of ten cases. The Foster storm (19 May 1977) which 2

=Y

produced two F2 tornadoes was the one failure, but reduction of the ERKE
Ly threshold to 0.7 CMM allows corcrected classification of this storm.
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Increasing the ERKE threshold in criterion 1) to 2 CMM produced a
predictor for tornadoes of violent intensity. This yielded correct \

- v

forecasts for the two violent F4 tornadoes of the sample with no false
alarms. The Piedmont and Binger storms were so very energetic and 5
persistent that an incorrect forecast would have been difficult indeed. The
same forecast would have resulted even if the ERKE threshold for violent ;
tornadoes had been raised to 3 CMM.

In all of the storm cases, inclusion of intraneous vorlices in the RRKE

LA AR g

estimation did not improve tornado forecasts over thosc whan only

mesocyclones were considered. In a few cuses they provided continuity and

hence enhanced confidence in the forecast. A good example is the Fort Cobb
storm (refer to Table 1). In this storm the mesocyclonic circulation
decreased after the formation of the first tornado (F2) and for about 20 min
there was no mesocyclonic ERKE. While in the other storms no tornadoes
existed once the mesocyclonic shear fell below threshold, in the Fort Cobd
case a second F2 tornado, larger than the first, was formed shortly after
the re-detection of the mesocyclone. During the period when the mesocyclone .
was weak, the intraneous vortex had an RRKE about 1 CMM and substantiated
the forecast for a strong tornado.

Operational forecasts of an event require some lead time if infor-ation
is to be of any value. Using the criteria for mesocyclone digcrimination we
hauve determined the warning time for lLhe first tornadoes, most intense
non-violent tornadoes, and violent tornadoes of the storms. The results are H
given in Table 1. ERKE is generally not effective at warning for the first
tornado of a storm. Fortunately, these are usually not the most intense of i
a storm. In three of the storms the first tornadoes were of Fl1 intensity :
and in the remaining two of FZ intensity. Warning time incceases
congiderably for the most intense tornado of a storm, and is of remarkably

long duration for the very large and violent Binger tornado.
f. Conclusion

ERKE works well as a discriminator of tornadic and non-tornadic

mesocyclones and offers useful warning time for the most intense tornado of 5
8 storm. In our limited sample ERKE worked exceptionally well for

predicting the occurrence of violent tornadoes. These storws were clearly
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distinguished by RRKE from the remainder of the sample. This is fortunate
because the FA and F5 tornadoaes, although rare, kill and injure nore people

than the more common strong or weak tornadoes.

2. Automated Mesocyclone Detection

Mesocyclones can be detected automatically if theic velocity field can
be recognized and isolated from extraneous data in the Doppler velocity
field. A four-step process for this wag designed by Hennington and Burgess
(1981) consisting of:

1) Computation of azimuthal shear and organization of those contiguous
shears of the same sign into runs referred to as Pattern Vectors (PV);

2) Synthesis of PVs from a single elevation scan into two-dimensional (2-D)
features;

3) Vertical matching of 2-D features to form three-dimensional (3-D)
features;

4) Classification of 3-D features (e.g., mesocyclone, elongated shear area,
etc...).

This format was adopted by Wieler and Donaldson (1983) for a more
comprehensive algorithm that combined both mesocyclone and TVS detection,
designated the Mesocyclone Tornadic vortex Detection Algorithm (MTDA). Work
on automatic mesocyclone detection was continued and efforts in 1986 were
directed toward improvement of PV construction, classification of 3-D
features, and implementation of an automaled tornado intensity algorithm.

PV construction was found to be significantly deficient for
mesocyclones. Investigation into the MTNDA performance on the Piednmont, 0K
storm (29 April 1978) revealed that only a fraction of the possible pattern
vectors was detected by the algorithm. This imposed limitations on the
accuracy of 2-D and 3-D feature synthesis, and on the resulting
clasgification of 3-D features.

The routine for PV construction is in itself simple. As the radar
scans in the azimuthal direction a search is made at a constant range from
the radar for a change in the sign of the azimuthally-oriented velocity
gradient. A PV is completed and a new one is begun every time the velocity
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gradient changes sign. A completed PV is retained for further use in the
MTDA if it satisfies certain criteria for shear and velocity; namely, that
the total shear and velocity difference across the PV is at least 0.002/s
(Gerlach, 1985) and 15 m s-l. respectively.

The MTDA operates as a controlled module of the Modular Radar Analysis
Software (MRAS) system (Forsyth et al., 1981). Difficulties observed in PV

construction result from MRAS time-saving procedures. MRAS was designed to
pass Doppler data to the PV routine only when the rignal strength is above s
predefined threshold. Whenever the signal strength falls below threshold,
PV analysis becomes dormant. As the algorithm was previously configured, PV
construction then became faulty since there was no provision in MRAS for
completing PVs at the point where the signal strength dropped off. Only
when signal strength increased again above threshold, as the radar scanned
and collected new data, could PVs be completed if shear of the opposite sign
was encountered. If the sign of the PV velocity gradient coincided with
that of the new data, the new data would be considered a continuation of the
PV and the PV would not be completed until the velocity gradient changed
sign. The result of this was a bogus PV that perhaps extended through
hundreds of degrees of azimuth and had a length of hundreds of kilometers.
Because of the potentially large size of these PVs their shear was generally
much less than required for PV retention and were discarded. Also lost in
this process were some potentially valuable data.

Low signal return is common within and adjacent to mesocyclones due to
their location near flanks of severe thunderstorms, where one side of a
mesocyclone (usually the south to southeast side) is often bounded by clear
air. Detection of a mesocyclone will be particularly prone to the PV
problem when the radar is scanning toward a mesocyclone through the clear
air region.

Modifications were made to the algorithm to complete PVs when the
signal drops below threshold. Also, this threshold-defining low signal
return was reduced from 10 dBz to 2 dBz to allow continuation of a PV
through a Bounded Weak Echo Region (BWER). These modifications resulted in
a ten-fold increase in the number of identified PVs. Complete coverage of
the core region of mesocyclones is now provided, which substantially
improves the continuity of mesocyclone features with height and time.

Criteria for mesocyclone classification were changed to reduce false

alarms and to increase mesocyclone detection. Previous criteria for
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mesocyclone classification were too general. The maximum PV shear at any
one elevation in any feature was required to be equal to ur exceed 0.005/s
and the 3-D feature to be somewhat circular in shape and at least as high as
wide. In an effort to refine the criteria the following constraints were
added: A 3-D feature must extend over a minimum of three elevations; total
depth of the 3-D feature must be at least 5 km; and shear betwecn velocity
peaks must equal or excecd 0.005/s for two consecutive elevations. Testing
of this modification on the Piedmont and Del City (20 May 1977) storms
yielded extremely good results. The mesocyclones of these storms were
nearly always identified. Only in one time period did the mesocyclone go
undetected. This occurred for the first two volume scans of the Del City
storm when the mesocyclone circulation was quite weak in terms of shear and
poorly defined with height. The circulation was not sufficiently defined at
thal time to satisfy all of the criteria required for mesocyclone
identification.

Modifications made to PV recognition and mesocyclone classification,
along with improvements previously made, have resulted in a dependable tool
for automatic mesocyclone detection. Estimates by the MTDA of mesocyclone
size and velocity are now generally identical with those from manual
analysis. EBKE estimation was incorporated into the algorithm with
gsimilarly positive results. For example, in the Piedmont and Del City
storms the MTDA estimates of ERKE were generally within 0.2 to 0.5 CMM of
those derived from manual analysis. Most differences are due to the
smoothing of data within MRAS to approximately 1 deg of horizontal
resolution to simulate that prescribed for NEXRAD. Smoothing tends, on
average, to underestimate ERKE; to compensate, the threshold for non-violent
tornadoes was reduced from 1.0 CMM to 0.8 CMM. No adjustment was needed in
the ERKE threshold for violent tornadoes, however. With these thresholds,
forecasts of tornado intensity in the Piedmont and De' City storms agree
with those from manual analysis. These results strongly suggest that

automatic tornado prediction is within reach.
3. References
Brown, R. A., and L. R. Lemon, 1976: Single Doppler radar vortex

recognition: Part TI - Tornadic Vortex Signatures. Preprints, 17th

Conference on Radar Meteorology, Seattle; AMS, Boston, 104-109.

131

e vee)

IR Yo A TR 2% T 28

e
b

)

P

Sy ¥
e
‘r

Liy N
l’{.l' f‘n'n'

[ IS

v




% a & & &4 4 o

Brown, R. A., L. R. Lemon, and D. ¥W. Burgess, 1978: Tornado detection
by pulsed Doppler redar. MNon. Wes. Rev.. 106, 29-38.
Burgess, D. W., 1976¢: Single Doppler radar vortex recognition: Part I

- Mesocyclone signatures. Preprints, 17th Conference on Radar Meteorology,
Seatile; AMS, Boston, 97-103.

Burgess, D. W., and JDOP Staff, 1979: n t o
Doppler Operationgl Project (JDOP) 1976-1978. NOAA Tech. Memo., ERL NSSL -
86, 84 pp.

Burgess, D. W., V. T. Wood, and R. A. Brown, 1982: Mesocyclone
evolution statistics. Preprints., 12th Conference on Severe Local Storms,
San Antonio; AMS, Boston, 422-424.

Donaldson, R. J., Jr., 1970: Vortex signature recognition by a Doppler
radar. J. Appl. Meteorol., 9, 661-670.

Donaldson, R. J., Jr., and P. R. Desrochers, 1985: Doppler radar
estimates of the Rotational Kinetic Energy of mesocyclones. Preprints, l4th
Conference on Severe l.ocal Storms, Indianapolis; AMS, Boston, 52-55.

Porsyth, D. R., C. Bjerkaas, and P. Petrocchi, 1981: Modular radar
analysis software system (MRAS). Preprints, 20th Conference on Radar
Meteorology, Boston; AMS, Boston, 696-699.

Garlach, A. M., ed., 1985: Objective Analysis and Prediction
Techniques - 1985. AFGI-TR-86-0002, Contract F19628-82-C 0023, SASC
Technologies, Inc., ADA169746.

Hennington, L. D., and D. W. Burgess, 1981: Automatic recognition of
mesocyclones from single Doppler radar data. Preprints, 20th Conference on
Radar Meteorology, Boston; AMS, Boston 704-706.

Wieler, J. G., and R. J. Donaldson, Jr., 1983: Mesocyclone detection
and classification algorithm. Preprints, 13th Conference on Severe Local
Storms, Tulsa; AMS, Boston, 3-6.

Wieler, J. G., 1986: Real-time automated detection of mesocyclones and
tornadic vortex signatures. J. Atmos. Oceanic Technol., 3, 98-113.

Zrnic', D. S., D. W. Burgess, and L. Hennington, 1985: Automatic
detection of mesocyclonic shear with Doppler radar. J. Atmos. Oceanic
Technol., 4, 425-438.

132

AN YN

“.
al e

&5 N0,

o ¢

o 7

WX R

(SR AT




V. SATELLITE NETBOROLOGY
A. APGL Interactive Neteorological System Development

1. Introduction

The AFGL Interactive Meteorological System (AINMS) has been under
development for swveral years. STX scientists and software engineers have
been directly involved in the development affort, working with AFGL in-house
sclentists since the beginning of the project (Gerlach, 1985, 1984). AINMS
has evolved into a system of distributed processors, each functionally
unique and linked by a local ares network. PFig. 1 is s schematic
represantation of the current system configuration. AIMS consists of three
general purpose computecs--VAX 11/750, SEL 32/27, and wicroVAX IT7; two image
processing workstations built around Adage frame buffers; a GOES mode AAA
raceive subsystem; and various input and graphics display devices. The
system is connected to the AFGL main computing center and to the AFGL remote
radar site (Sudbury, MA) by external network links and is tied to the
Laboratory-wide broadband network for terminal communications between
offices. For a more complete system overview, see Custafson et al., 1987.

During 1986 STX was responsible for system development in three major
areas:

1) Database and database munagement design and implementation;

2) GOES mode AAA ingest;

3) Automatlic acquisition of meteornlogical observation reports.
Work performed in these areass is described in the following sections.

2. Databare Management

The system wide database management (DBM) function is performed on the
VAX 11/750 node. Information describing data files located anywhere on the
network is maintained and processed here. As described in Garlach (1985,
PP. 187-191) the AIMS DBM is made up of three layers: interface luyer, data
dictionary layaer, and I/0 layer. Data file descriptor informatlon is
maintained within the data dictionary layer by a comuarcial database package
modified to meet the specific requirements of AIMS. File descriptors are
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stored in a hierarchy of data dictionary files. BRach file contains
information on a particular aspect of the data file and pointers to other
dictionary fliles contalning ancillary information. When the DBM processes a
data query, control flows down the dictionary hierarchy and related files
are processed as necessary.

To make the dictionury processing as fast as possible the entire data
dictionary layer was placed in a separate, detached process that is always
active on the system. Processes cxlermal to this layer communicate via an
interprocess communication method known as mailboxes. Mailboxes are
analogous to postal mailboxes in that messages can be depusited and picked
up at any time; the twe processcs do not have to be synchronized. Multiple
messagas are placed in a mailbox queue; the receiving process is notified
sutomatically each time a new message is deposited. In the data dictionary
spplication only a single mailbhox is used for communications routed into the
data dictionary layer. Incoming requests are queued in the order they are
received, insuring that multiple queries are processed in order.
Information returned by the dictionary layer is passed back through a
separate mailbox created for each external process. This procedure
eliminates bottlenecks at the input mailhox and insures that the requested
information is routed directly to the requesting process. When an external
process terminates, the return mailbox is automatically deleted. When no
requests are pending, the data dictionary process drops into a hibernation
state where it remains defined to the system but does not use any system
resources. It remaing in hibernation until notified by the operating system
that a new request has been deposited in the input mailbox. This method
insures that each data request is processed in an orderly wuy and that no
extra overhead is incurred in constantly activating and deactivating the
data dictionary process.

All details of communicating with the data dictionary layer are hidden
from the user or applications progrum by the utility layer. Data requests
are made through utility interface routines; all rcsulting mailbox
communications and data dictionary transactions are performed
sutomatically. The user simply calls the appropriate utility routine and
the data are returned in a common block.

The DBM is built around the data dictionary files. Fach file is

organized so that it contains information on one uspect of the actual data.
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The date dictionary organization can be illustrated through an example.
Tables 1(a)-1(g) contain listings of the data dictionary entries for a class
of polar orbiting satellite data, a single AVHRR channel. The dictionary
hierarchy is 1llustrated in Fig. 2. All search operations begin at the top
of the hierarachy in the data TYPE dictionary (Table 1(a)). The TYPR
dictionary contains information about the data file structures and pointers
to the SOURCE dictionary (Table 1(b)) which describes where the data came
from, and to the type-specific dictionaries in the next layer of the
hierarchy. Even if no specific type of data is specified in the request,
the TYPE dictionary is searched to find the pointers to all the

type opeclific dictionaries. 1In this example the POLAR dictionary for polar
orbiting satellite data (Table lc) is the type-specific dictionary. while
the TYPE dictionary contains informstion generic to all data of a particular
type, the POLAR dictionary is specific to a single data file. Information
contained at this level includes entries that are common to most data types
(e.g., valid time, location, and extent) as well as entries that are
specific to the particular class of data (e.g., satellite ID, sensor
information, orbital parameters). Continuing down the hierarchy there are
dictionaries that contain descriptions of ancillary or related data files.
In this example there are four such dictionaires: the SENSOR dictionary
contains information on the specific sensor channel, the EPHEM dictionary
points to a file containing navigation parameters, the LATLON dictlonary
points to & file of latitude--longitude values that correspond to individual
pixels in the AVHRR data file, and the ZEMANG dictionary points to a file of
solar zenith angle values.

Bach dictionary in the hierarchy is sorted on the most common search
parameter(s) in the list. This allows use of an ordered or binary search
algorithm when searching the dictionary for a specific entry. However,
since this restricts fast searches to only one main parameter (or key) and
possibly one or two sub-parameters, a technique was developed to expand this
capability to any parameter in the dictionary. The technique requires a
separate two-dimensional file known as & key file for every search parameter
in the list. Xey files contain only two fields, the search parameter list
in sorted order and the corresponding raecord numbers pointing to the
dictlonary file. When a query is processed on a parameter contained in a
key File, it is the key flle, not the full dictionary file, that is
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searched. Once the correct entry is located in the key file, the
corresponding record number points to the location of the full entry in the
diclionary file. This technique generates the extra overhead of maintaining
the key files along with the root dictionary; however, it is still much more
efficient than doing unordered (sequential) searches on the root.

On research systems like AIMS, the DBM must be designed to be
expandable both in scope and in content. Additional data are constantly
being added to the system; also, new data types may be brought in from the
outside or produced directly on the system. The data dictionary structure
on the AIMS attempts to meet expansion requirements in two ways. First,
through the use of type-specific data dictionaries such as the POLAR
dictionary. These dictionaries, while designed for a specific type of data,
are still general enough to handle different types of data that are of the
game class. For example, the POLAR dictionary will handle AVHRR data as
illustrated above and will equally well handle imagery type data (as opposed
to sounder data) from any of the polar orbiting weather satellites, such as
DMSP, TIROS, NIMBUS, or even LANDSAT. Second, the entire dictionary
structure can be expanded to include a totally new class of data. The
expansion procedure is well defined and will not disrupt the existing data-
base. 1In outline, expansion is performed in three steps:

1) A new data structure is defined to store the data physically on
disk. The only restriction on the structure is that all records be
of (ixed length; packing is up to the user.

2) A type specific dictionary is created from a default template and
added to the DBM. Any ancillary files that might be required are
added to the third level of the hierarchy.

3) The ncw data type is added to the TYPE dictionary along with the
file structure (defined in step 1 above).

Once a new data type has been added to the DBM, applications can
immediately access the data. Required file access information as well as
data descriptor information is contained in the dictionary files. The
default template used to generate the type-specific dictionary (step 2
above) insures that the first items in the list always contain basic time
and location information (see for example Table 1(c), items 1-9). By
adhering to the above expansion procedure, generic user-driven processing

programs like contour, plot, or image digplay are able to operate on new
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data types with either minor or no modifications. Some applications may
need to be recompiled in order to add a new data type to an internal
validation list or to increase buffer sizes, but in general this should not

be necessary.

3. GOBS Mode AAA Ingest

The existing AFGL GOES mode A ground station is being replaced with new
hardware and software to support the new operational VISSR Atmospheric
Sounder (VAS) communications format known as mode AAA scheduled for
transmission in early 1987. The SEL 32/27 minicomputer has been identified
as the processing facility responsible for ingest, storage, and transmission
of mode AAA data. The SEL consists of a CPU, 1 mbyte (MB) of memory,
input/output processor, one 160 and two 340 MB disk drives, 800/1600 bpi
magnetic tape drive, line printer, operator's console, and support for six
terminals. Also included is a Gould model 9130 High Speed Device (HSD) to
interface the ground station electronics and the SEL for 32-bit parallel

transfers of mode AAA data. AFGL personnel acquired and installed ground
station electronics consigting of an Aydin Monitor Systems model 1050
receive subsystem and an Integral Systems model 8402 down-link interface
(DLI). The DLI converts the serial GOES bus output from the receive
subsystem to the 32-bit parallel format compatible with the HSD.

a. Mode AAA Requirements

AFGL requirements for mode AAA data specify support for the two
sub-modes of VAS operations. The first is the Multispectral Imaging (MSI)
mode that will provide simultaneous imagery in the visible at 1 km
resolution, one IR channel from the small detector at 8 km, and two
(possibly three) other IR channels from the large detectors at 16 km
resolution. The second sub-mode, known as the Dwell Sounding (DS) mode,
will provide radiometric information sufficient to construct temperature and
moisture profiles of the atmosphere. Through selection of different
detector/filter wheel combinations, 12 channels will be provided; seven in
selected Co2 absorption bands between 4.3 and 15 um, three in Hzo
absorption bands between 6.7 and 12 ym, and two window channels at 3.7 and

11 um.

___________________________________________________________________
......................................



Lty

The data ingest procedure will collect nearly all data from the two
large IR detectors and a subset of the broadcast from the small IR detector
and visible data. This subset will provide coverage for all of North and
Central Amecrica, parts of South America, and surrounding ocean. Exact
coverage will depend on the satellite selected. Fig. 3 illustrates the
approximate geographic extent of data to be collected for visible and IR
channels as viewed from GOES-6. Table 2 shcws the volume of data stratified
by channel planned for routine collection every half-hour (IR only at night)
under the MSI mode. During daylight hours visible data account for nearly
94 percent of all imagery data ingested during a single collection period.

A four-hour online rotating archive of full resolution data from all
channels is planned to provide a temporally continuous set of imagery data
that will not be initially available with the McIDAS Sony Cassette Archive
System.

Data routinely ingested and stored on the 32/27 will be available to
users either at the user's request or specified automatically as part of the
ingest/store/transmit sequence to eliminate user intervention. Requests
will normally define some subset of stored data and may require

preprocessing (e.g., degraded resolution).
b. Software Systems Specification
Prior to actual software development, specification of the required
developmental tasks had to be accomplished. To this end the following
initial task outline was generated, based on the above stated requirements:
1) Applications-Related Software
a) System main loop
b) FORTRAN-callable system services
c) Applications job initialization
d) I/0 subsystem

2) Data Ingest

a) Automated scheduling of real time ingest sequence
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b) Override of automated sequence o
¢) Image/sounding definition

e g T W

d) Ingest of navigation parameters
1
e) Ingest of imagery/sounding data

3) Data Storage

A a) Database design

b) Database management

4) Dats Transmission

a) Sectorize and/or average imagery data

ol e N i

b) Communication network manager

c) Data transmission routine

I
% 5) Hardware-Related Software
v
e
a) HSD handler

< b) HSD/DLI diagnostic software
A
¢
b 6) Terminal Communications
-, a) Terminal handler
- b) Command line interpreter

7) Error Handler
’ 8) Auto-Recovery

¢. Determination of Operating System Characteristics

- Given this articulation of software systems development into discretely
: defined components, a determination of required Operating System (0/S)

features was made. It was concluded that it must be a real time operating

system, equipped to handle the asynchronous collection and dissemination of
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data and commands. It must accommodate multitasking to encourage the
modular approach to program design and to allow concurrent processing of
overlapping tasks. It must allow synchronized task processing and intertask
communication through system service requests, since the various tasks
comprising an ingest/store/transmit sequence must execute in an orderly
manner and require the sharing of common data. Finally, the operating
system must be flexible enough to accommodate unanticipated system design
changes or expansion. Gould's Mapped Program Executive (MPX-32) was judged

to meet all these requirements and was therefore incorporated into AINS.

d. Software Development

Of the eight development tasks enumerated above, three have been
completed, as follows.

1°. Applications-Related Software

The system main loop has three functions. First, it is responsible for
job loading; that is, loading a job from secondary storage, initiating
execution, and providing an environment for the job to retrieve input
parameters either entered at the keyboard or specified in software.
Secondly, it supports and simplifies interjob communication. Jobs that
activate other jobs specify an array containing the name of the program to
execute along with any input parameters to be passed. In this way,
applications need not be concerned with creating and maintaining complicated
data structures that would be required to accomplish the same function using
system services. This simplifies program design and assures consistency of
format for a keyboard-entered command and a software-coded command.

Finally, the system main loop monitors the scheduled satellite data ingest
sequence and works in unison with the scheduler to execute in an orderly
manner the programs that comprise an ingest sequence.

The system main loop handles these three functions continuously through
a software "endless loop” design in which the same code executes in a cyclic
manner. EBach function is broken down into logical steps with one step
executed for each pass through the loop. Progression from one step to the

next is managed with state tables. The main loop was coded in Gould CSD
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Assembly to maximize speed of execution, minimize memory requirements for 5"
resident task space, and to take advantage of the extended repertoire of ;3
system services available for this language. o
Before any applications programs could be written, FORTRAN-callable :i:
system service subroutines had to be developed to provide the link between :?.
the system main loop and the application. Subroutine IQ was developed to ;Ei
retrieve input parameters originally specified when the calling program was pR>
activated, either from the keyboard or from another program. Subroutine .?f
SQ was developed to provide the calling program with a simple procedure to }
activate another program and optionally pass input parameters. e
Since all applications jobs require these subroutines, they were <.
incorporated into a module containing the entry and exit points for all :&:
applications jobs. The entry point or prologue activates Lhe applications E;
program as a subroutine. The exit point or epilogue makes a standard exit :?
call to the operating system. The epilogue also reports completion status .
for programs that comprise a macro chain. Eﬁ;
A primary subset of routines that collectively define a record-directed :;
input/output subsyslem will be incorporated as part of Lhe database :ﬁj
management system. The subsystem provides applications access to an I/0 .
module that can more fully exploit services of the MPX-32 Input Output :ji
Control System (IOCS) than standard FORTRAN and simplifies the activation i
call by reducing the number of calling arguments. The I/0 subsystem has )
been designed to execute in the real time environment and supports -
synchronous/asynchronous unbuffered 1/0, block addressability within disk i}
files, file generation and deletion, and interface routines to assign, open, Ei
close, and de-assign files. Programs running under MPX-32 and performing >
I/0 will each contain a file access lookup table (FALT) that is used by the ze
subsystem to monitor connected file status, thus reducing operating system
dependence and simplifying I/0 requests. The 1/0 subsystem is accessed by
routines coded in either FORTRAN or assembly and the object code exists in g
subroutine library format to facilitate the catalog process with =
applications software that requires its use. t;
8%
2°. Terminal Communications Software v

Interactive program execution will be necessary during the debug and

test phase (and probably on an operational basis) for control over programs
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thal comprise the ingest/store/transmit sequence, to maintain the online

2 I

%

%

database, and to monitor system performance. However, it is not desirable

that every interactive program developed be responsible for retrieving and

C

Y

formatting input parameters because these functions add unnecessary

Cg

-

duplication of effort to program development. Consequently, a terminal

AATy e

Y

handler and associated command line interpreter were developed.

v
h

-

LN

The terminal handler supports real time, asynchronous I/0 between a

i

user terminal on the 32/27 and interactive programs. At the user level the

RSN

terminal handler executes as a utility. Once activated by entering the

)

utility name it prompts the user for input, accepts a repertoire of

N

commands, and terminates with a standard exit command. The handler combines

o

command language features native to the Gould and McIDAS. Gould features

AR

* 1"" v’.u'

include command name abbreviation, pacameter passing, and a choice of

)
o
a8 8

<

YR

delimiters in constructing a command. From McIDAS the two-letter command

“

structure has been implemented to provide the user with the environment for

a3

rapid command entry and to reduce program activation latency. The

lll('.

5,05 %%

" ". '.v .-'

two-letter command is especially useful when time constraints are imposed on

R
.
s
Y,

(‘l
".

operations. The terminal handler supports use of the break key for options d

to abort an executing program, issue a hold request, or resume execution of

WNE
Sy N

% %

a program in hold. In association with the handler, a terminal output

subroutine was developed. Subroutine TQ provides a standard interface

e
.- _‘- o

between programs and the terminal handler for output of ASCII messages.

Once input is complete, the terminal handler passes the ASCII command

"o

line to a command line interpreter. The interpreter executes as an ?{ﬁ
applications job to validate the command name and decode any parameters that
may follow, converting ASCII decimal characters to equivalent binary. AN
Finally, the interpreter activates the application job identified by command S

name via the system servicc routine SQ. T
3°. Hardware Related Software i

Foundation software to execute device functions on the HSD/DLI was .
developed. Subroutine HSDSTART, a FORTRAN-callable assembly routine, resets :3
the DLI for normal mode of operation and initiates mode AAA block read -t
transfers from the DLT to HSD to Gould memnry. Subroutine HSDSTOP rescts o
the DLI to terminate 1/0. I/0 performed at this level is device-dependent, k}}
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utitizing the execute channel program system service to communicate
instructions between CPU and HSD vis I/0 command lists (IOCL). IOCL's are

developed to refer to either logical or physical addresses in memory.

Although faster to code, logical IOCL's must be converted to physical TOCL's }
R to satisfy HSD requirements. Congidering the real time constraints of
, ingesting satellite data, physical IOCL's were chosen to eliminate the \

T Y Y YK,

overhead generated by the operating system in performing the conversion.

Errors stemming from HSD and/or DLI transactions are posted on the y
operator's conscle for notification and operator intervention. ‘
b Using this software, an interactive program was developed to ingest

from one to twelve unmodified mode AAA blocks and store the blocks in

predefined files for later examination. Currently, the program is being

s AT

used to validate the mode AAA format as received from GOES-6 and also to
validate data formatting performed by the DLI.

g

e. System Configuration

The MPX-32 operating system was configured to satisfy requirements of
an interactive minicomputer-based satellite ingest system. The system clock
was changed so that soflware wait states can be specified to fractions of a
second. This capability is used by the system main loop to maximize
- throughput when handling multiple requests. To exploit true full duplex

operations for improved terminal response, dual channel mode capability was

added on the 8-line asynchronous controller so that I/0 is routed through

a4_b_ A _8_5_ "

- separate subchannels. This eliminates subchannel contention normally

: present when I/0 is directed through the same subchannel as in single
channel mode. The HSD was jumpered, installed, and configured with the

il generic device driver provided by Gould. Finally, a static global memory

partition was configured to provide physically contiguous memory to bhe used

Cas

for buffering the satellite data und also for location of 10CL's.

4. Automatic Acquisition of Meteorological Observation Reports

The capability to receive, decode, and archive meteorological reports

N "}.I'.l..’.’.""

. automatically has been developed for AIMS. Hourly surface reports for North
’ Amecica, global synoptic reports, ship and buoy reports, and upper air
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measurements are disseminated by the National Weather Service over a
subscription telephone line known as the WB604 getrvice. Raw reports are
received by the VAX 11/750 through an RS-232 communications port. A
dispatch routine manages data and control flow to various decoder routines.
Decoders extract specific parameters from the raw reports and format the
collected data into a predefined archive structure. The reformatted data
are then stored in a rotating disk file such that the individual reports can

be accessed randomly.

a. Acquisition Subsystem Overview

The WB604 data acquisition subsystem consists of three components (Fig.
4) and will accommodate as many decoders as real time constraints will
permit. The components consist of two independent, detached processes and
an interactive inquire utility. The detached processes, a driver and a
dispatcher, run continuously, receiving and distributing data coming in over
the WB604 Tine. The utility program is used to control the two detached
processes.

The interactive inquire utility provides an interface between the users
and the driver and dispatcher delached processes. The following functions
are supported:

1) Starting/restarting/shutting down the driver and dispatch processes;

2) Querying and resetting internal status counters;

3) Enabling different modes used when debugging the decoders;

4) Modifying the configuration database.

The inquire utility has a user interface that follows the operating
system command language protocol. This makes the utility operate as though
it were a native command within the system command language. The inquire
function is used by both the system manager and general users to communicate
with and control the driver and dispatch processes. Since these are
detached processes, there is no other way to communicate with them.

The dispatcher process resides logically between the driver and the
decoders. The dispatcher has four primary functions:

1) Receiving the raw data records from the driver;

2) Interrogating the data catalog number to determine the data type;

3) Routing the data and invoking the correct decoder routine;

4) Handling queries from the inquire utility.
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Raw data are received one record at a time from the driver via a
communications mailbox. The dispatcher will wait until a record has been
completely processed by a decoder before the next record is accepted.
Included at the beginning of each series of reports is a catalog number that
refers to the type of data contained in the subsequent reports. The catalog
number is checked against a validation list and the data are routed to
either the appropriate decoder or, if not on the list, ignored. The
validation list can be dynamically modified through the inquire utility so
that decoders can be added or removed at any time. For debugging procedures
the raw reports can also be routed to a separate data file for later
examination. Each decoder maintains statistics on the number of reports
handled, the number of reports successfully decoded, error conditions, etc.
The inquire utility is used to generate a report of these statistics by
instructing the dispatcher to query the specified decoders.

The driver process receives the data from the WB604 line via an
asynchronous communications port and passes each record on to the dispatcher
over Lhc mallbox link. It checks for transmission errors and validates the

data. FError statistics are also passed to the dispatcher process.

b. Surface Report Decoder

The WB604 line transmits surface reports from over 1200 stations in the
U.S. and Canada every hour. Hourly reports consist of temperature, dewpoint
temperature, surface pressure reduced to sea level, altimeter setting,
vigibility, weather, and cloud cover for up to four layers. 1In addition to
the hourly reports, reports of accumulated values are received on a 3-hourly
basis for pressure change and tendency, precipitation amounts, and snow
cover. Six-hour maximum and minimum temperatures and 12-hour freezing level
data are also transmitted. A surface decoder has been written to strip out
these parameters and store them in two different data structures, one for
the hourly data and the second for the accumulated reports. Tables 3(a) and
3(b) give the formats for the hourly and accumulated structures
respectively. Each of these structures is stored in a separate rotating
file that conlains the mosl recent 168 hours (one wcck) of data. The files
are set up such that each report is indexed on valid time and station

identifier.
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Table 3(a). Data Structure for Hourly Surface Weather Reports

Parameter description Size
Time offset from hour 6
Pressure 10
Visibility 8
Temperature 8
Dew point temperature 8
Cloud Layer 1-2

height 8

opacity 1

cover 2
Cloud Layer 3-4

height 9

opacity 1

cover 2
Clouds obscured 1
Clouds missing 1
Weather

TORNADO 1

FUNNEL_CLOUD 1

WATERSPOUT 1

T, RW, L, 2R,

2L, 1P, IPW, S, 3 each

SW, SP, SG, IC

A, F, GF, BS,

BN, BD, 1IF, 1 each

H, K, D, BY

Liquid precip. 1

Frozen precip. 1
Altimeter setting 10
wWind

direction 6

speed 7

missing flag 1

gust 8
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Range
(+/-) 30 min
950.0-1049.9 mb
0, 1/16-23/4, 3-50
(+/-) 127 F
(+/-) 127 F
0-25500 ft

X, SCT, BKN, OVC

0-51100 ft.

SCT, BKN, OVC

(+/=/-=)

29.50-30.49 in Hg

0-36
0-127 kts

0-255 kts
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Table 3(b). Data Structure for Accumulated Surface Weather Reports 3;
\"

v

.):-

e

3

3

!l
7oA

Parameter description Size Range ?
3 hr. pressure change 8 0-25.6 mb ;:
3 hr. pressure tendency 4 0-9 -
3/6 hr. precip. amount 11 0-20.45 in .
Missing precip. flag 1 ;f
Cloud Layer 1-4 éi
type 4 S
amount 4 1-10 o)
Snow depth 8 0-255 in e
Max and min temperature 8 (+/-) 127 F ot
Freezing level 8 0-25500 ft w7
24 hr. precip. amount 12 0-40.95 in -
Missing snow depth 1 "~
Missing max/min temp. 1 .
Missing freezing 1lvl. 1 -
Missing total precip. 1 B
-
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A separate file is maintained that contains a 1lisi of all the reporting
station identifiers and their locations plus the index value used to locate
entries in the rotating report files. To access data in the report files
the record number of the specified report must first be calculated. This is
done by searching the station file for the specified station ID, obtaining
the index value, and then computing the relative address in the report
file. Report files are set up for direct (or random) access so that once
its address is known, a report can be extracted directly. The station file
is sorted on the station ID's so that a binary search algorithm can be used
to locate any specific ID, which makes the search process very fast. A
separate station file is maintained so that stations can be added or removed
from the list without affecting the report files. The only constraint
imposed on modifications to the station file is that the sorted order of the
station ID's must be maintained.

Applications programs have been written to access the report data in
several different ways. For any specified time the data can be accessed by
station, by state or province, by predefined regions, or by
latitude-longitude bounds. Fig. 5(a) is a sample listing of reports from
gstations in Massachusetts for a specified time, 1200 GMT, 29 October 1986.
Reports for single stations can also be accessed for any time interval
contained in the rotating file. Fig. 5(b) is a sample of reports from
Boston for the 48-hour period 1200 GMT to 1200 GMT on 27-29 October 1986,
with the reports sampled every three hours. Applications programs that
graphically display the data (e.g., contour maps or plots over a geographic
area) need to access all the data within specified latitude/longitude
bounds. Access routines have been written that locate all the stations
within the bounds and return the requested parameters. For each method of
accessing the data, a separate station file is maintained that is sorted on
the search parameter. Specifically there are separate files sorted on
individual stations names, states and provinces, regions, and
latitude/longitude. Each of these sorled files contains index values that
point back to the same 168-hour report file, so while many of the small
sorted files exist, only a single report file is required to support all the

access methods used on the system.
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) 29~0CT-1986 12:002
K- ID HH T TD PRE WIND Vis WX LYR1 LYR2 LYR3 LYR4 dPR PTT TXN SNO
: ACK 12 49 48 1022.7* 2806 10 CLR
M AYE 12 39 34 1022.2 0000 4FH 250s
- BAF 12 M M 1021.3* 0000 3/4F -X 250s
BED 12 38 38 1021.7* 0000 3FH CLR
y BOS 12 48 43 1022.0 2411 M M 0.5 46
: BVY 12 M M 1022.0* 0000 8 CLR
\ CEF 12 35 31 1022.1 0000 11/2F 001s 250s 0.0
- EWB 12 39 37 1022.3+* 0000 6F CLR
3 FMH 12 41 37 1022.6 0000 6FH CLR 0.3
HYA 12 45 39 1023.7* 2705 8 CLR
MVY 12 45 41 1021.0* 2708 10 CLR
y NZw 12 39 38 1021.8 1801 21/2F CLR 0.3 39
ORH 12 M M M M M M 0.0
OWwD 12 39 M 1G22.0* 0000 S5F CLR

Fig. 5(a) Surface Observation for Massachusetts at 1200 GMT, 29 October 1986

27-0CT-1986 12:00Z TO 29-0CT-1986 12:002

ID HH T TD PRE WIND VIS WX LYR1 LYR2 LYR3 LYR4 dPR PTT TXN SNO
BOS 12 49 49 1015.1 0312 M M 0.2 0.13 47
BOS 15 no report
BOS 18 no report
BOS 21 51 50 1010.7 3508 5F 005B 0080 -0.8
BOS 00 S50 49 1011.2 3606 SF 006B 0110 -0.5 52
BOS 03 S50 48 1011.4 3307 4F 0070 0.2
BOS 06 S50 49 1010.8 2308 4F 004B 0070 -0.5 52
BOS 09 51 50 1011.0 2411 4F 0030 0.2
BOS 12 52 50 1011.2 2510 SF 008B 0140 0.2 50
BOS 15 57 S1 1012.5 2810 5F 050B 0650 5.5
BOS 18 61 51 1012.5 2714 12 022s 0500
BOS 21 63 50 1014.4 3211 15 030s 0S0s 1.9
BOS 00 59 50 1017.4 3011 10 035s 3.0 65
BOS 03 55 46 1019.8 3010 10 CLR 2.4
BOS 06 S1 46 1021.0 2908 10 CLR 1.2 65
BOS 09 49 44 1021.5 2610 8 CLR 0.5
BOS 12 48 43 1022.0 2411 M M 0.5 46

Fig 5(b) Surface Observations for Boston over the 48-hour Period 1200 GM1 -
1200 GMT, 27-29 October 1986, Sampled Every Three Hours

1
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5. Summary

The AFGL Interactive Meteorological System has been defined and
implementation is well under way. STX has been responsible for implementing
three major subsystems during 1986: database manager, GOES mode AAA ingest
capability, and automatic acquisition of WB604A meteorological reports.

The database manager is a centralized system residing on the VAX
11/750. It consists of three layers of software: utility layer, data
dictionary layer, and I/0 layer. The data dictionary layer is a
hierarchical structure of data dictionary files each of which contains
information on data files located anywhere on the system. The DBM maintains
the data dictionary files and associated key files and performs searches on
the dictionary files in response to data queries from users. A commercial
database management package is used to handle the data dictionary layer of
the management system.

Development of an interactive minicomputer-based GOES mode AAA ingest
system has been undertaken. Definition of required tasks and identification
of an appropriate operating system have been completed. A software
environment to facilitate interactive program development and use has been
designed and developed. Mode AAA data are currently being ingested and
validated.

A receive and command structure has been developed to handle
meteérological data arriving over the WB604 data line. A driver process
handles ingest of data into the system and then passes the data off, one
record at a time, to a dispatcher process. The dispatcher validates the
data and invokes an appropriate decoder routine. Decoders strip out desired
parameters from the data stream and reformat them into an archive
structure. User interaction with the driver or dispatcher is accomplished

through an interactive inquire utility.

6. Reference

Gustafson, G., D. Roberts, C. Ivaldi, R. Schechter, T. Kleespies, K.
Hardy, R. D’Entremont, G. Felde, R. Lynch, 1987: The AFGL Interactive
Meteocrological System. Preprintg, Third Intecnational Conference on
Interactive Information and Processing Systems for Meteorology,

Oceanography, and Hydrology, New Orleans; AMS, Boston, 151-154.
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B. Microprocessor-Based Satellite Data Ingest System

1. Introduction

Under a contractual agreement between the Wational Oceanic and
Atmospheric Administration and AFGL, a redundant data path in the AFGL GOES
mode A ground station has been made available to a consortium of users known
as the Northeast Area Remote Sensing System (NEARSS). Included in the
agreement .s a requirement to develop a central processing facility to
ingest, store, and transmit over a dedicated communications line subsets of
the GOES imagery transmission. To satisfy this requirement an Intel
8086-based microprocessor with fixed disk mass storage was purchased and
assembled. AFGL personnel developed software to handle configuration of the
central processor. STX software engineers parllcipated in various phases of
the software system specification and development.

This report summarizes the concluding efforts to configure the final
system for sustained unattended operation. Also, a brief description of the
NEARSS operational schedule is provided.

2. System Configuration

Configuration of the final RAM-based syslem was completed using the
Interactive Configuration Utility. 1Individual tasks were grouped according
to the function they perform as a multi-tasking unit. Three groups or
subsystems were identified. The network communications subsystem includes
the network manager, receive interrupt handler and task, transmit interrupt
handler and task, and USART initialization tasrk. The ingest/store/transnit
subsystem contains the scheduler, clock task, ingest interrupt handler and
task, and protocol assembler task. The I/0 subgystam contains the
FORTRAN-86 and PLM-86 callable links to the iRMX86 Basic I/0 System. Under
i{RMX86 these subsystems are known as firast-level jobs and were configured to
execute in unique environments. As required by the operating system,

initialization tasks were developad for esch subsystem. These tasks define

the tasks to be synchronously ot sasynchronously initialized under a
first-level job.

-~
-~
.
-
l“

-

'.".‘n'n “
2



T T P P T PO YRR PO TS CUPOT O (3 R S P G~
2

]

Yo,

‘o

An empirical technique was employed to determine optimal size values i’

for task stack, job memory pool, and I/0 cache buffers. The technique 55
utilizes the iRMX86 Debugger to monitor these and other parameters during K
system operation and record events in which system components use their peak '2.
demand of the stated resources. Maximum values for each parameter were set ;ﬁ‘
during configuration and adjusted to reflect lower thresholds if previous é:
settings were not detected. The debugger was run as part of the system for i~
ten days and optimal values determined for each parameter. The values were f;
increased by 10 percent and then specified during the final system ti
configuration. .

3. Operations

Since October 1985, the microprocessor-based satellite ingest system
developed at AFGL has been providing NEARSS with near real time GOES mode A
satellite data. NEARSS receives half-hourly collocated visible (daytime

only) and infrared imagery along with image documentation and orbit/attitude

h T 2 P A
0N PN

information required for precise earth locating of imagery. Images have a

resolution of nearly 8 km per picture element and a size of 512x512 pixels

LR 3
W s,

or approximately 0.25 MB of 8-bit data. The standard broadcast for NRARSS ;;
is transmitted in approximately 9 min at 9600 baud. %’
"
C. McIDAS Operation and Maintenance r
:
STX has been responsible for day to day operations support of the AFGL ~¥
McIDAS. Routine activities included maintenance of the Sony satellite ;’
archive, GOES navigation ingest and quality control, scheduling use of
terminal time, and maintaining and updating the surface and upper air data
archive. Scheduling of real time GOES imagery ingest and production of data
save tapes and hardcopy imagery were provided as required by project ?
scientists. The condition of McIDAS software was monitored to ensure system -
integrity. System software saves were made and system regenerations from ~i
save tapes were performed when software or hardware failures warranted such 'aj
action. f?
Bquipment recently added to the McIDAS includes a GOES Mode AAA <3
Receiver Subsystem model 1050 and a Down-Link Interface model 8402. These :it
N
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components are required because down-link transmission from the Synchronous ::,
Meteorological Satellite (SMS) is scheduled to change in 1987 from standard ;}-

mode A format to a new AAA format.
The GOES Mode AAA Receiver Subsystem, built by Aydin Monitor Systeas,

is a PSK demodulator, bit synchronizer, and frame synchronizer all in one

-\ A
‘l‘l‘l 20 s b

chassis. This unit will receive a 67.1 mHz signal from the antenna receiver

and will produce the following signals which are sent to the DLI (Down-Link

.,-"
AR

Interface):

RN

v

[NESES

oyt

Frame Code

VISSR Information Start
End of Block

Serial Data

R
Data Clock S
ID 1 ‘::
ID 2 s
ID 3 L,
ID 4 R
ID 8 Qf:
Header Start R
Information Start .
Error Check Start RSN
Word End.
The Down-Link Interface built by Integral Systems will pack the
incoming AAA serial formatted data into 32-bit parallel words and transfer o
them to the SEL computer via a High Speed Data Interface. S
Excessive head and drum wear over the past several years required that e
modifications be made to the Sony Archive System V0-2800 recorders. The Q-'f
excessive wear was traced to the way in which the operating time of each ;
recorder was controlled by a timer applying AC power to the unit. Timers e
were required because of the many hours that data were being collected after " Y
normal hours of operation and on weekends. When the unit's AC power was
turned off, the video tape would be left around the drum which would
continue to rotate since its power came from the Record Electronic Drawers. )
To eliminate this problem a modification was built into the recorders e
to eject the tape automatically whenever the tape counter reaches 900.
Thus, when the AC power is terminated by the timer, the tape cassettes have
P
been removed from the recorder. L3
yl
b

-
«
-.
c .
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MclDAS operstors' Terminal 22 was moved from Room C242 to the f:

Meteorological Chart Room, C234, where it is used by forecasters to bdbring in .E

sdditional information to aid in weather analyses and briefings. «

The Adage Video monitors (Conrac model 7211) were modified with a 3:

low/high resolution switch. This modification enables the operator to Eﬁ

change monitor resolution without requiring removal of the monitor cover and ,:'0.'
changing s series of jumpers. -

The following major items of equipment required maintenance during f;

1986. The end item iz listed, followed by the component(s) repaired or jﬂ

replaced to bring the equipment back to operating condition. j:
‘-‘\

a. Conrac Video Monitor model 7211 e

Resistor R20 (100 k) ;‘

b. McIDAS Video Rack 3 -
Power/Mate power supply model UNI-30G =

¢. Harris 80 MB disk :?

Low voltage power supply, disk controller, and channel board ;E

d. MDS-800 Development System .
1702A BPROM (Bootstrap program prom) .

e. Sony Archive System Recorders model VO0-2800 ;

New heads and upper drum assemblies :E

f. EMR Bit Synchronizer model 350 -

Transistor Q1 (2M 5771), R2 (1.8 kQ), and R3 (100 Q) :
g. Textronix Spectrum Analyzer model 7L13
Repairs made by Tektronix, Inc.
h. Sony Archive System Record Rlectronic Dcawer 1
+ 12 volt power supply h
i. Terminal 21 Conrac Video Monitor
Capacitor C9
jJ. Myriad/XK Integrated Circuit Tester
Repairs made by Hy-Tronix Instruments, Inc. k
k. Sony Archive System Record EBlectronic Drawer 2
IC AH1 (74LS123) i
1. Sony Player VP-2000 %
d Midway pulley assembly
v m. Leonessa Signal Processor model 140B B
IC 8(7490) on board 1453
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n. Adage System 2

‘ S

&

Blower fan in +5 volt power supply
o. EMR PFrame Synchronizer model 56A-B5885A

"-}
Capacitor C1 (7200 uf, 20v) 5:
P. MicroVAX TI System Disk f:

Blower fan assembly

o

q. Digital video Storage System foc Terminal 21
IC BC 030 (74LS 669) on DVSS Board
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VI. CLIMATOLOGY
A. Cloud Cover Realizations
1. Cloud Cover Simulation

a. Introduction

Cloud cover simulation models have been developed at AFGL using
single-point probabilities of cloud amounts, cumulative probability
distributions of threshold cloud amounts along lines or over areas as
derived by Gringorten (1979), and a stochastic processing technique known as
the Boehm Sawtooth Wave (BSW) Model (Boehm et al., 1985). These models are
used to simulate the impact of cloud cover on the selection of sites for
ground-based laser (GBL) systems.

This report discusses the generation of additional cloud statistics for
cloud simulation model developments, current status of cloud simulation
models at AFGL, and an initial cloud simulation model validation procedure.
Also, presented are updated descriptions of support for vesearch efforts on
cloud morphologies as derived from satellite digital data and expansion of a

rainfall rate database used for compiling rain rate recurrence statistics.
b. Specifications
AFGl, specifications guiding development of the cloud simulators are to:

0 Modify software originally designed for deriving spatial cloud
cover correlation decay from conventional data sources, to define
the parameter scale distance for the joint probability of a
cloud-free line of sight at two stations simultaneously;

o Implement onto AFGL computers (Cyber 180/860 and VAX 11/780) all
USAFRTAC cloud simulation software for testing and validation
purposes;

o Narive spatial and temporal correlation functions from sunshine
data to compare with similar functions derived using the cloud

simulation models, for model validation.
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Additionsl specifications supporting other cloud studies are to:

o Develop software for research on determining probable cloud-free or
cloudy intervals of cumulus clouds as derived from digitized
satellite imagery;

o Process rain rate data to provide statistics of rain rate

recurrences over selected sites.

c. Cloud Statistics

The data processing configuration for providing cloud cover statistics
from ground-based conventional observations originally described in Gerlach
(1985) was modified to provide, among other cloud statistics, the parameter

scale distance from the joint probability of a cloud-free line of sight at

two stations simultaneously. The modified configuration is depicted in
Fig. 1, shaded portions of which represent the updated sequcnces. R

This and subsequent data flow figures show how data sources combine
with developed software to produce end results. The diagrams show data

sources at the left, followed by the data transfer software developed to

S

format, compress, and transfer data to permanent files for interactive

s H %

a .
v, e

processing. Names of permanent files are directed to the scientific

L I
’-

L4
5 %

applications software developed to accomplish what is briefly described at

, {‘l"-
h R

the right of each diagram. The backup tape numbers and tape labels (TN)

also shown record where all data for each project are kept for permanent e

retention. Details of the updated data flow in Fig. 1 are discussed below. -
Several additional stations reporting weather in DATSAV format from

other parts of the globe were acquired to provide a more robust statistical

data sample. Program COT2 was modified (COT 3) to derive a relallion between A

sky cover probabilities and line of sight (LOS) probabilities to compute the -

parameter scale distance for the joint probability of a cloud-free line of

sight (PCFLOS) at two stations simultaneously. As specified by AFGIL, steps Q:C

to achieve these computations using DATSAV data are as follows: A
With frequency distributions of sky cuver categorized in eighths, for

each designated station 1 for January and July stored in the form
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compute partly cloudy skies P(E). as

R
>y

_ 4
P(C,) = L P, (P
i F=0 i

U

"

and cloudy skies P(C), as

° ﬁi
W
) P(C,) =':5 P () . :‘;.p

K5

“
AT

Then compute probability of cloud-free (CF) and partly cloudy (C) skies using

>

& 3 3

P(Cr, ,E,) -rfo P, (F)( aa- r) i
3

and cloud-free and cloudy (C) skies by

[ 2N
? o Al

P(CF,,C,) = I P (F)(_8F). N

F=5 8 ¢}

Then compute probability of cloud-free line of sight (PCFLOS) as e

DA
PCFLOS = P(CFi.Ci) + P(CPi.Ci). {:;
Compute probability of cloud-free skies given partly cloudy skies by :ij
o

- -.\.

peer, 1) = T4OFy-Cp) -

P(Ci) ~i-

and probability of cioud-free skies given cloudy skies as
P lcy) = D40 NS
P(C,)
i -

With each pair of stations (i and j), find distance s’ in nautical miles o
using :i;f
s (nm) = 60 cos-l(cos(90—l.Ai)cos(90—LAj) + 8in(90-TA ) min(90-LA ) con(LO L0, ) a4
e

where o
;i:
LA, and LO, - latitude and longitude of station 1 0

LAJ and LoJ a latitude and longitude of station 2. S




Survey each station pair to give estimates of the probabilities of each
combination so that
a-= "‘—’1"—’5’ . WCCp
N
where
¥ is total number of pairs

b = P(Cy.Cy)

¢ = P(C;,Cy)

d= P(Ci.Cj).

Bote that a + b + ¢ + d = 1.0. =
S
’I
s
Then find tetrachoric correlation estimates, Pi.j (SKY) for sky cover ::
using the approximation formuls ~
A

P =sin | v _/ad - /bec = RHO
i,3 (sKky) [ 2 ‘7:;‘:‘7;;&] 8(SXY)

This leads to

g a ° '\ﬁ + apiJ(Snz .
4

which is ugsed to find

A s Z(nm).

Then sky cover scale distance (ri . ), also known as the sawtooth 3D

. SKY)
scale distance, is given by the exyression

A (nm) or 1.852 A (km) .
256 256

Moreuver, with each pair of stations (i,j), find line of sight (LOS) joint
probabilities

Ti,j (sxp) ™

o - . .
-------------

...........
......
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where

t = P(CF,, CF,) = |P(CF,|G,),P(CF,|C,) y b) |Pecrslcy
" 17 171 s l\e 9/ |ecer, |c.)
i 31%8° sma
u = PCFLOS, - t
v - PCPLOS, - ¢

WwW=]l-%t -u-v.

Then find tetrachoric correlation between cloud-free lines of sight (CFLOS)

at two stations using again the approximation formula

v ytw -  Juv
P15 0 -

) = RHO
Jtw  + /uv'] L(LOS).

This leads to

s 3-N1-80 oo
&

which is used to find

A = S ().
S

FPinally, 1.0S scale distance r is given by the expression

i,3(CF)
r =_ A (om) = 1.852 A (kxm).
1.3(em 256 256

As shown in the notation, partly cloudy skies (E) were the result of
setting all conventional cloud cover observations less than or equal to four
eighths into one category; cloudy skies (C) were the result of setting sky
covers greater than four eighths into a second category. (Obscuratlions were
excluded from the analysis.) Results of these computations were
hand-plotted for all site combinations in a particular region; i.e., U.S.
Midwest, Hawaii, Alaska, etc. Typical results are plotted in Fig. 2 showing
RHO between sky covers at two stations vs. separation

s(SKY)
distance (s’) on the left and correlation RHOL(LOS) vs. s on the right,
for midwest stations in Januury. Spatial sky cover correlation decay
derived from these computations provided standards for the derivation of

other welighting functions uscd to compute similar realizations introduced

into the Boehm sawtooth cloud simulation technique. Boehm at al. (1986)
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discuss in more detail the algorithms defined for combining spatial and

temporal cloud cover decay functions with sawtooth models to simulate cloud

cover.

d. Cloud Simulation Software

This section discusses cloud simulation software currently residing on
AFGL computers.

The cloud simulation software was developed mainly by Harms (1986).
Twc simulators were designed to provide realizations of cloud-free lines of
sight (CFLOS4D) and cloud-free arcs of sight (CFARC) for multiple stations
correlated in time and space. ("4D" means four dimensions; i.e., x, y, and
z spatial dimensions and one time dimension.) The geometry peculiar to
these two models is portrayed in Fig. 3. Cloud-free Jines of sight are

lines unobstructed by clouds that may, for example, extend from a

8 4 s ¥

ground-based laser (GBL) to a geostationary salellite relay mirror to a

PR TR R TOS

target. Cloud-free arcs are arcs unobstructed by clouds that muy extend

"y ¢
.

from a GBL to an orbiting relay mirror to a target. Both programs produce

downtime statistics for systems of one to multiple sites. They are

”

4

therefore highly important to the Air Force in selecting sites for optimum

« e
> v e
5.

ground-based laser operations. STX was responsible for implementing the

cloud simulation software onto AFGL computers for model testing and
verification purposes. Fig. 4 shows the current configuration of software
available at AFGL for performing cloud simulations. A detailed description
of program operation can be found in Harms (1986). Each of the programs is
briefly Jdescribed below.

Meaningful cloud cover simulation requires adequate definition of sky
cover climatology slratified by region, season, and time of day. Burger's

world Atlas of Total Sky Cover (Burger, 1985) is specifically designed for

*thi1s purpose. It contains mid-seasonal mean sky cover and scale distance
+arai ~'ets 1n contoured fourm over the world for four time periods of the
tay b1y am FOUPIER has been designed to interpolate it.and-extracted

«'+15 trom the atlas into hourly values for input to the simulation

" will compute mean sky cover and scale distuance parameters

- dels given sky cover data from other climatological
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archives. For example, given cloud cover frequencies in Airways form (i.e.,

LA

Clr, Sct, Bkn, and OVC) or in octas or means and variances from tables or

o

other sources, hourly scale distances and mean sky covers are computed and
p stored ‘or model input. Option flags can be set prior to program execution
to infocm Lhe program concecning the form of the data.

Program CFLOSAD, version 586, (month 5, year 1986) simulates cloud-free

TR RAAAL

lines of sight and produces downtime statistics for GBL systems for one to
multiple sites. The line of sight is viewed from the site to a

geostationavy satellite relay mirror. Parameter input to this program

consists of geostationary satellite longitude, random number primer, and
number of times and years each simulation is to run. Since stochastic
processes require many iterations to provide valid statistical results, as

many as 20 years of 1 min simulated observations is not an unusual input

PR AL

request to this model. Site names, times, and locations are separate input

variables residing on independent data files. Typical output {iom the
program showing downtime duration statistics computed for siles KYUM, KLSV,
KCPR, KHMN, and PHNL is shown in Table 1, where:

P AR,

KYUM

Yuma, AZ Station 1

KLSV - Nellis AFB, NV Station 2

£ /A "

KCPR

Casper, WY Station 3

?

Holloman AFB, NM Station 4

1

PHNL Honolulu, HI Station 5.

Program CFARC, version 586, simulates cloud-free lines of arc to an
orbiting satellite relay mirrocr to produce downtime statistics for GBL
systems for one to multiple sites. Parameter input to this program is the
same as that described for CFLOS4D except satellite inclination, height, and
revolution parameters are additional input requirements used to define

orbital elements peculiar to a variety of satellites. Latitude-longitude

coordinates of selected nites and their names are input through separate
files. Output from this program is similar in structure to that shown for

program CFLOSAD.
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Table 1. CFLOSAD Output Kxample .
N,
”-
DOWNTIME DURATION STATISTICS FOR 1 TO 5 STTES ’a
FOR A 1 - YRAR RUN, RUN NO. 1 »
I~ )
N
Station Wo. 1 2 3 4 5 .
i"
Duration (min) C:'\'
1-5 2424 2146 1843 1410 602 N
S
6 - 30 2155 1682 1149 830 273 i
:;'-3-
31 - 180 511 381 197 132 24 iy
3
181 - 360 88 59 10 5 o PO
-:;\
N
361 - 720 38 14 2 2 0 NS
721 - 1440 5 0 0 0 0 =
3
I_’-l.
1 STTE(S) WAS DOWN WITH A CLOUDY LINE-OF-SIGHT FOR 21.64 PERCENT OF TOTAL LT
R
2 SITE(S) WAS DOWN WITH A CLOUDY LINE-OF-S1GHT FOR 14.02 PERCENT OF TOTAL s
(SN
3 SITE(S) WAS DOWN WITH A CLOUDY LINE-OF-SIGHT FOR 6.47 PERCENT OF TOTAL :;3
LS
RN

4 STTE(S) WAS DOWN WITH A CLOUDY LINE-OF-SIGHT FOR 4.53 PERCENT OF TOTAL s

5 SITE(S) WAS DOWN WITH A CLOUDY LINE-OF-SIGHT FOR 1.06 PRRCENT OF TOTAL S




Program CFLTS is a modified version of CFLOSAD put together for special

i - e~

testing purposes. For example, mean sky covers and scale distances from

Columhia, MO over a short time period in the summer were input to this

vergsion to compare results with studies made using whole sky camera

cloudiness. Further modifications to this version were also initiated to

LAY o Y 4

v investigate the model's usefulness in mapping clouds uver extended areas.

Procedures and results of this areal cloud simulation exercise are explained

next.

Preliminary areal cloud mapping results were produced by first defining

X a 30 nm x 30 nm area typical of an observer's sky dome area, that could be

stored in a computer as 120 pixels by 120 scan lines. The center of the

srea was chosen to be located near Hawaii at 22°N, 160°W. The sky cover

climatology for this location according to Burger's sky cover atlas for July

s

between 18-20 I.ST can he generated with a mean sky cover value of 0.5 and a

scale distance of .55 km. Inserting these two parameters into Burger's

formula for deriving cloud cover frequencies produced a rather dampened

bell-shaped distcibution typical of the sky cover climatology for this

- area. Then a portion of the model code that simulates cloudy lines of sight .

on moving targets was activated, so that whenever Lhe simulator obstructed a

. pixel (target) with a cloud, the pixel was saturated (hblack); otherwise it

was left blank (white). Spanning the entire area in this manner for a fixed

time period of 1 min for 24 min produced pictorial cloud frames like those K

shown in Fig. 5. Although clouds in this figure exhibit rather straight

.~ line geometric shapes, it is thought that simply increasing the nuuber of .

short waves in the original model will cause the rlouds to appear more

frugmented and therefore more realistic,

e. Model vValidation

This section describes a validation procedure conducted to compare

model results with observed periods of sunshine. Various methods have been

% ugsed by several investigators for validating the AFGL cloud models. STX has

‘; been working with AFGL to derive spatial and temporal correlation functions
A of sunshine data supplied by NOAA Lo compare with similar functions used in
, the models. The tape data consist of 1-min observations of sunshine coded 0

when the sun is shining and 1 when the sun is not shining. Strings of
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Fig. 5 One-minute Frames of Simulated Areal Cloud Cover over Hawaii

(Typical July case 1800-2000 LST. Mean cloud cover is 0.5 and scale ‘:3
distance is 0.55 km.)




nines are used to distinguish periods of missing data. The data are for six
stations in the southwestern U.S. for January and July between 0900 and 1300
MST. Site names and thair yearly pecriods of record are:

Site Numes Yearly Period of Record
Flagstaff, AZ 1976-1977, 1979-1980
Tucson, AZ 1976-1980

Albuquerque, NM 1936-1940, 1977-1980
Ruswell, NM 1976-1980

El Paso, TX 1976-1980

Santa Fe, NM 1936-1940.

The software configuration designed to process the sunshine data for
model validation is depicted in Fig. 6.

As shown there, the sunshine data on tape are processed first by a
formatting program called READSN to formulate the data onto disk file for
interactive processing. Program COTA was written tu compute and output
spatial sunshine correlation decay functions between all combination pairs
of stations. Program TEMP3 computes temporal sunshine corcrelation decay at
each individual station for each minute of obsarvation between 9 and 13 MST
(240 min). 1lnilially, both programs utilized algorithm AS87 (Martinson and
Hamdan, 1975; Beardwood, 1977) to estimate these correlations. However, the
1-min data sampling rate proved to be too highly correlated for the
algorithm to handle. Therefore, new code was generated in both programsg to
compute more trustworthy results of correlation using the bhivariate normal
dintribution function. The temporal sunshine correlations for each
individual station were saved on separate files for further processing. For
axample, the file called R176 contained all 1-min sunshine correlations from
Roswrll, NM; K176 (or El Paso, TX, etc. Because of Lhe high data sampling
rate of 1 min per sample, these temporal correlations were of particular
interest to the validation procedure. Several steps are discussed next that

describe how these temporal sunshine correlations were compured with

simulated temporal cloud cover correlations for model validation.
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§
Program PLOTT was designed to input the stored temporal sunshine ~

o

correlations (COR) to compare with simulated temporal cloud cover "
correlati_aus (p) stochastically generated by the models. For this ~
comparison, we first define the equation used in the model four computing p ::
to be :-:
-$T -4T 2

2 T 2, T £

Py =¥e s +(-we'e (1) o

¢

.
where '
A

'r. = short relaxation time, taken to be constant at .31 hours :j:

.

-

‘l'e = long relaxation time, taken to be constant at 13 hours :.

wl = weighting function, given by iy

2 1.0

w =
10.25(r 14
4

where ;-
'

L

Ty = scale distance (km) for given station, month, and hourly .
period; referred to as line-of-sight (LOS) scale distance. 'f

Values of r, were hand-computed for each given station for January

and July between 0900 and 1300 MST. When input to PLOTT these values were >
-~

used with a reduced version of Eq. (1) in the form o
A

Pap = w?(.94766)%T + (1 - w’)(.998719)%T
to compute temporal cloud cover decay given 4T in min. Root mean square
ercvors between the simulated temporal cloud cover correlations and the

stored temporal sunshine cocrrelations were then computed using

1 2
RMSE = J_ Y (p,.. - COR,) . N
739 T &T :

178 N
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Typical results showed rather good agreement between model predictions
and observed sunshine cocrrelations Fig. 7 is an example of the results
plotted out by program PLOTT itor Rl Paso, TX. The larger error between
model results and sunshine observations at 8T greater than about 230 min

is caused by an insufficient number of samples to be statistically valid.

2. Cloud-Free/Cloudy Intervals from Satellite Data

Satellite imagery of the earth's atmosphere in digital form provides an
interesting data source for investigating certain statistics of cloud
populations. Several software packages have been assembled by STX to
process satellite digital data for explouiatory cloud research. The
configuration in Fig. 8, from Gerlach (1985), depicts softwure developed to
process various cloud phenomena from LANDSAT digital tapes and digitized
space shuttle photographs. Shaded portions of this figure show updated
goftware and newly acquired digital imagery of space shuttle photographs.
The three new cumulus cloud scenes are located in the vicinity of Cape
Canaveral, FL (CcCD), Baja California (BCS), and Puerto Rico (PRV).
Techniques for defining cloud/no cloud (CNC) thresholds described in Gerlach
(1985) were used to distinguish clouds in these images from {he earth
background. These thresholds are necessary for input to all subsequent
software for accurate cloud detection.

Prog~am IMAGE, originally used to display CNC scenes, was modified to
optimize the image display operation. The new version makes use of a color
graphics terminal (Tektronix 4115) with hardcopy capability to produce
images of digitual data interactively. Fig. 9 shows a typical computerized
CNC image of cumulus clouds over Baja California (BCS). Products of this
nature are used to study methods for determining cloud-free or cloudy
intervals as detected from low orbiting earth viewing satellites.

A nomogram has been developed (Snow and Willand, 1986) for use with
tropical and sub tropical cumulus cloud structures to specify the
probahility of cleur or cloudy intervals of cumuliform cloud fields of any
length as long as the two parameters cloud cover C and recurrence interval L
are known. These purameters were determined from the CNC files but could be
specified in real time given a :ccanning radiometer of sufficient resolution

onboard 4 meteorological satellite. 1In order to determine the sample size
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needed to specify the two required parameters C and L, two sampling error
programg, CAMMT and LAMMT, were developed. These programs utllize the CNC
digitalized imagery similar to that shown in Fig. 9. By varying the size of
the sample used to calculate C and L from 10 to 400 pixels, the RMSE of
cloud cover (Sc) and cloudy plus cloud-free intervals (SL) as a function

of sample size were determined and are shown in Fig. 10 for four space
shuttle digitized photographs. Three of these cases (CCD, BCS, and NDR)
show that a sample size of approximately one hundred or so adjacent pixels
is necessary before stable estimates of C or L can be obtained. On the
other hand, PRV shows that sample size of more than 200 pixels is necessary
before reliable parameters are determined. This difference is caused by the
fact that the clouds in the PRV scene were stratified and not the small
cumulus type found in the other three scenes.

Many more samples of digital satellite imagery are required to verify

these results and to extend them to clouds in the polar or sub-polar regions.

3. Rainfall Rate Database Update

A joint effort between AFGL and the National Weather Records Center in
Asheville, NC has been underway to expand the data sample of an exisl.ing
rain rate databuse uscd to compile rain rate recurrence statistics. These
rainfall observations have been processed by STX to derive rainfall rate
recurrence statistics stratified by season for rainfall rate duration times
of 5 and 10 min with rates that exceed 0.1, .25, .5, .75, 1.0, and 2.54 mm
min-l. The configuration of software developed for processing rainfall
data from Urbana, IL described in Gerlach (1985) has been utilized to

process rain rate recurrence stal istics for these additional sites:

Freiburg, West Germany
Boston, MA

Key West, FL

Denver, CO

Seattle, WA

Omaha, NE

Grand Junction, CO

Yuma, AZ.
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The Germany dats samples were for l-min intervals obeerved over a :
threo- year period from January 1978 through December 1980. All additionsl N
rainfall rate nsasurements from U. 8. sites were l-min seamples collected .
from Januury 1970 through Decesler 1979.

4. References

Beardwood, J. £., 1977: A remoark on algoritiwm AS87: Calculation of ::
polychoric estimate of correlstion in contingency tables. Applied "-
Statistics. 2¢. 121. &

Boetwm, A. R., C. F. Burger, and I. I. Gringorten, 1985: APFGL cloud
simulation resaarch: the sawtooth model, sky cover distridutions, and )

cloud-free arcs. Pragentations st the Third Tri-Sarvice Clouds Modeling -

workshop, Air Porce Geophysics Laboratoury, Hanscom AFB, MA. -‘.}
Burger, C. F., 1985: world Atlas of Total Sky Cover. APGL-TR-85-0198, g
Alr Porce Geophysics Laboratory, Hanscom AFB, MA, ADA170474. ~
Gringorten, I. I., 1979: Probability models of weather conditions ;\2
occupying a line or an area. J. Appl. Meteotol.. 18, 957-977. ::
Harms, D. B., 1986: Cloud-Free Ling-of-ight (CFLO08) Simulator for .
Beap Weapons. Environmental Tachnical Applications Center, Air Weather ‘5_-
Service, Scott AFB, IL. o
Martinson, E. D., and M. A. Hamdan, 1975: Algorithm AS8): Calculstion SE
of polychoric estimate of cuorrelation in contingency tubles. Applied
Statistics, 24, 272-278. 3
Snow, J. W., snd I. I. Willund, 1986¢: Computing clear-intacval j,:
probabilities for cloud scenas photographed from the space rhuttle. \,
Presentations at the Fourth Iri-Service Clouds Nodeling Workshop. Air Porce
Geophysics Lahoratory, Hanscom AFB, MA. S::
%
3
x
o
o
«
-

l.’-
b i




PART TWO
I. NARRICAL WRATHER PREDICTION
A. Background

In 1981 STX was called upon to assist the Air Force Geophysics
Laboratory in achieving its goal to improve the numerical forecasting of
atmospheric moisture, especially with regard to cloud formation. The effort
was necessary because, although numerical weather prediction (WWP) had mede
significant strides since its inception, the forecasting of water in any
fore in the atmosphere was still quite inaccurate. The importsnce of
moisture as a predictant is obvious. 1In fact, most of one's conception of
what constitutes “westher” involves molsture in one of its states. Yet it
has remained elusive to forecasters because of sevaral factors, not the
least of which is the difficulty in obtaining an accurate measurement of its
dispersion in the stmosphers. WNater vapor is, sll in all, only a trace
constituent of the atmosphere. Obtaining s quantitative asusessment of its
three-dimensional distribution is dependent on a variety of unreliasble
instruments designed to measure une or snother moisture parumeler. Even
when the measurements are accurale, there is still a need to analyze them in
s manner suitable for IWP. This analysis must take into account the
structure and scaling of moisture as depicted by the model doing the
forecasting. These may differ from the scales and dynamic structures of
other variables such as wind velocities and temperatures. Once properly
snalyzed, the model must also predict with precision the physical and
dynamical processcs Lhat affect moisture. In the case of moisture, the
physics can be quite complex, taking into account changes of state and the
physicsl processes that effecl them.

APGL's efforts in improving moisture forecasting huve bdeen in
developing a global spectral model (GSNM) tu wxperiment and test various
improvemunts and innovations in the field of numerical prediction. This was
s fundamental change in APGL's orientation of research, which had previously
focused on improving various aspects of numerical forecasting but without
invoking specifi- numerical models. Conditions that allowed this change of
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direction were govarned by developments in computational cepadilities at
AFGL, end indeed throughout the scientific world. Whereas ln previcus years
only large institutions with plentiful rescurces werc adlc Lo undertake the
development und axecullon of numecical models, the revolution in computer
technology ln recent years led to u proliferation of numerical models among
smaller inatitutions.

In support of APGL's activity in numerical model development, STX was
asked first to develop an objective analysis and initialization schems and,
second, to construct a flexible, regional model that would work in tandem
with the C8M, yet would allow concentratlon in certain geographic arwas with
greater resolution than available with the GSN. These tasks were undertaken
by STX and have resulted in completion of an objective anslysis procedure
and a regional model with a selection of numerical optiomns.

B. Objective Analysis and Initlalization

Because numerical models require initial conditions, an analysis of
obsecvations is necessury for numerical furecasls. The main task of the
shalyzer is to represent an array of variahles on a given mash of grid
points by opearating on a set of dispersed obuervations made by a vacriety of
instruments. If the task is to be performed manually, the analyst has to
use his personal judgment as to which observations to accept and how to
weight their impact on various grid points. Upun completion of his
snalysis, the gridded data may still be unsuitable for a given foracast
model because of the sampling size and diatribution of the observations vs.
the scales of the model. The process of adjusting the data to the scales of
the model is known as initialization and is an important part in the
preparation of data for forecasting.

Regearch parformed by STX took two different tracks in formulating an
objective analysis procedure. The first built upon the axperience of Lhe
Bational Meteorological Center (MMC) bLy adapting its optimum interpolation
(O1) method to the AFGL model. This led to the AFGL Statistical Analysis
Program (ASAP), which aventually included updates in the handling of
moisture. The othar track led to a more theoretical invesligation of Lhe
possibilities of combining the snalysis procedure with the Initialization
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[ process. This could be accomplished by fitting the observations directly to ;
noraal mode functions that define the linearized state of the model.
Although some intriguing results were found from the latter study, no
practical application was formulated at the time of its completion. R,

:‘1

1. ASAP f
3

The OI procedures of the ASAP code are based on the WMC procedures :':
outlined by Rergman (1979) and updated by Dey and Morone (1985). In fact, !
&

the initisl procedure was almost completely a copy of Bergman's methods, but
nodifications were necessary in order to bring the analysis procedurs i{n .
line with the AFGL model and make it compatible with the APGL computer ;
system. The moisture analywis wes updated as well, in order to further K

APGL's goal of bettar moisture forecasts.

The ASAP procedurs is based on the updating of first-guenus values of
winds, temperatures, humidity, and surface pressure by snalyzing residuals, )
i.e., differences between first-guess values and observations. The analysis X
is performed at each grid point whare a ¢ h forecast is used as the first
guess. Porecasts are also interpolated to the obswrvation sites Lo obtain !
residuals. The residuals are (hrn evaluated as to their worth by taking ;
into considerallon various factors including their distance from the grid
point, the instrument supplying the obsmrvation, tha expected deviation from
the forecast, etc. Certain residuals sre discarded because of unreliability s
or bacause theuy exceed certain error checks or because they do not correlste
well with other observations in the area. Those that are retained are given -
waights that are computed from statistical considerations and the resulting
consummate reasldual added to the first guess to give an optimum grid value. !
Winds and tespearatures are related through geostrophy over much of the globe
and ure, thecrefore, cross-cocrrelated so that courrections to each of them are
mede through observatlons of Lhe othear. Moisture, Yhowever, 5 nnlyzed
univariately and can only use molsture obuerval ions for updating.

Despite the slcraightfurward appearance of the proced.:re, sevaral
expariments had to be conducted in order to arrive at Lhe final product.
Bergman (1979) himself admits that there are shortcomings to his method and
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soma of these problems cropped up in the development of ASAP. Por instance,
ASAP does its analysis on the o-luyers where the first-gueus values are
normally found. On the other hand, it took sevaral iterations to determine
that the analyzed values should not he vertically interpolated to new
pressure surfaces, once the surface pressure had been updated. In the end
the surface pressure analysis had to be discarded because of economy and an
interpolation (extrapolation) scheme substituted to derive updated surface
pressur« valuas. That decision did not impact the forecast much, however,
because the initialization procedure destroyed most of the changes
calculated during the surface pressure analysis. Many other adjustments had
to be made to the procedure in order to al)low proper economy while
maintaining sufficient accuracy.

The moisture analysis upgraded WMC's conventional analysis by allowing
more types of observations into the analysis. MNMC’s sources gf humidity
measuraments in the upper ui. come from ruwinsondes, aivrcralt measurements,
and satellits observations. ASAP asllowed for humidity information inferred
from surface humidity and cloud analyses (3DNeph). Experiments held out
little promise for humidities inferred only from surface measurements but
did indicate that cloud annlyses are of some benefit.

The ASAP package as furnished by STX seems to provide an analysis
comparable to those of other organizations. Comparisons with FGGE [II-A
analyses showed that ASAP produced heights that were closer to observed
heights but wind velocities that were further from observed winds than FGGE
ITI-A. Humidity anslyses did show marked improvement, but they seemed to
have little effect on forecasts of moisture. The AFCL GSM, like most global
modals, reams to ignore initial distribution of humidity, quickly
substituting a favored state, as pointed out by Smagorinsky et al. (1970).

To overcome this shortcoming, an upgrading of model physics and dynamical
structure is required.

2. Pitting Punctions

Aftar an objective analysis hun heen performed, gridded duta must still
be prepared for a model by initialization. This rule applies us wrll to
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ASAP, where, it was noted, initialization made a separate surface pressure
analysis superfluous. 1Initialization balances the fields of mass and motion
so as to avoid initial high-frequency waves that can produce unwanted
computational modes in the forecast. Objective analysis does not normally
take into consideration the model structure when trying to determine the
values at the grid points. It is therefore necessary to readjust the values
80 that the surface pressure and o-layer heights are in balance with the
winds at the outset. But it seems, then, that the two processes can at
times be at odds with each other. STX looked into the possibility of
combining objective analysis and initlalization so that what was transferred
to the grid points contained information relevant only to the scales of the
model.

The development of the method procecded through several slages. First,
the idea of fitting randomly dispersed observations to a set of analytlc
functions was tested in one dimension. Baer and Tribia (1976) had carried
out a similar study. Their study and STX's study concluded that
distribution of data, rather than quantity of data, was the nore important
factor in providing an accurate fit. With that in mind, an attempt was made
to fashion a set of functions that could best serve the purpose of
streamlining Lhe combined objective analysis/initialization package. The
first choice was a set of Hough functions, which are the normal modes of the
linearized shallow water equations, because these were used by WMC to serve
as a mechanism for initialization during the early 1970's (Cooley, 1974).
WNC, after performing an objective analysis, projected the gridded data onto
Hough functions, which are frequency dependent, and eliminated the high
frequency modes. STX attempted to circumvent the two-step procedure by
fitting the observations directly to the Hough functions. Only the
lacgest-scale (extaernal) modes were used foc the study. It was soon
recognized that the fitting method itgelf was a major igssue that had to be
faced before developing the [ull jcocedure.

When dealing with gridded data, the orthogonality of the Hough
functions could be exploited, and appropriate cnefficients for the functions
could be ohtained readily. But when the data are randomly distributed, the

Hough functions (vectors, in the finite senre) are no lunger orthogonal, and
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it is not clear how best to represent the data in terms of expansions of
these Hough vectors. The most straightforward method is a least-squares
fit, which indeed was attempted. But this fit was found to be very
sensitive to distributions, uneconomical, and inherently ill-conditioned.
When the fitting was changed to account only for residuals and the resultant
fits added to first-guess values at the grid points, the results improved
somewhat but the fitting procedure was still too sensitive to distribution.
A better and more economical method of fitting was found by initiating what
Holmstrom (1963) termed a "finality" procedure, where sequential
contributions from previous Hough vectors are subtracted from the current
one, akin to what one does, by analogy, in Jong division. This procedure is
wall-conditioned but depends signiflicantly on the ordering of the vectors.
One would hope that the low frequency vectors contribute the most and should
thus appear first, but there is no assurance that this is always the case.
In any event, the procedure worked well under limited testing with high
quality observational data.

As a further demonstration, STX atlempted to carry out a similar
experiment with the model's normal modes, which are currently used for
initialization at NMC as proposed by Rallish (1980). But a new element was

adl
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ced

inserted to help draw the analyzed values even closer to the large scale.
After the analysis, the gridded data were initialized by Ballish's method to

remove any remaining high frequency tendencies. Then the data were

‘.,5-{\ \"v R
vy

reintroduced as a first guess and the procedure begun anew. It was hoped
that after a (ew iterations, the data would converge to the meteorologically
significant "slow” mode, i.e., the large scale structure defined by the
model. This idea was first proposed by Williamson and Daley (1983) in the
context of an OI procedure.

Thus an experiment was conducted, where a8 12 h forecast was produced by
the GSM to serve as an initial guess fleld. The spectral fields were
connected to gridded data and Lo first-guess values at observation sites to

obtain the residuals. The residuals at the observation sites were projected
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onto eight vertical modes from the model's normal mode structurve. The
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projectad residuals were then fit to the horizontal mode functions by
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Holmstiim's finality method. The normal mode functions were then expanded
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at the grid points to give the analyzed residusls which were added to the
first-guess field. A normal mode initialization was performed on the field
and the resulting updated field substituted for the first-guess for the next
iteration. The procedure, however, did not converge and the departure from

the observations increased at each iteration. Even worse, the first-guess
values were closar to the obsarvations than the final analysis, rendering
the analysis nearly useless. Although several areas for improvement were
defined, the study was ended in order to allow for concentration on ASAP and
the development of a regional model.

C. Regional Model Development

Once the studies on objective analysis and initialization were
completed, STX was asked to formulate a limited-area model that could be run
in conjunction with the GSM to forecast weanlher phenuvmena, especially
moisture-related phenomena, in concentrated geographical areas. The model
was also to be flexible and modular, allowing its user to choose from among
several temporal and horizontal differencing schemes and physical

parameterizations.

STX began to fashion its relocatable limited-area model (RLAM) by
translating a generalized set of equations to code. These are the basic
equations of motion, thermodynamics, continuity, and moisture processes in
finite difference form but with flexible treatment of the differencing
scheme, time-stepping, and physical pavameterizations. A pre-processor was
developed that defines the domain, initial conditions, and location-dependent
temporal constants. It always defines the domain as a rectangle drawn on
some projection. There are four possible projections: me:.cator, Lambert,
polar stereographic, and latitude-longitude. The first Lhree are conformal
and only one map factor is necessary. The last requires a latitudinal and
longitudinal map factor. Thus, the generalized equations in the model
contain two map factors which are set equal to each other in the conformal
mappings. The initial conditions ace derived from the GSM or any spectral
field by expanding the variables (wind velocities, temperature, molsture,
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and surface pressure) at the appropriate grid points. The expansion is
streamlined by converting the spectral coefficients to coefficients of
polynonmials in sine of latitude and expanding the polynomials at the grid
points. The variables may all be expanded at the same points, or, in the
case of staggered grids, different variables may be defined on diffarent
grids. In the model, all equations are in terms of a staggered grid, with
unstaggered grids a special case of staggering.

Once the initial field and its companion time-independent variahles are
defined, the model begins its forecast. The objective of designing a
modular construction was based on the necessily of condu:ting various
experiments with the model as a research vehicle. In the past, it was
common practice to contrast various physical parametecizations by repeating
forecasts while changing parameters. It was felt that both the numerics and
the physical parameterizations should be subject to various options in a
well-designed set of model experiments. The model was therefore built with
ils selections to facilitate numerical experiments. To this end, the model
has been developed to where it will allow second-order, fourth-order, or
fourth-order compact horizontal differencing; Brown and Campana (1978),
leap-frog, or semi-implicit time stepping; and low- or high-order diffusion
and smoothing. The physical processes were modeled after those found in
NMC's quasi-Lagrangian nested grid model (QNGM) as described by Mathur
(1983). The processes included dry and moist convection and boundary layer
fluxes. Provision has been made to allow substitutions with other physical
parameterizations, if desired.

To act as 8 baseline for comparison, the QNGM was obtained and adjusted
to run on the AFGL computer system. Provisions were made to take initial
conditions from the RIAM and use them [or the QNGM and vice versa.
Inler-comparisons could thus be made between the two models. It was found
that small domains, though beneficial when working with limited computer
facilities, produced unrealistic results with the QNGM, because the QNGM
used an extensive boundary region where it heavily damped all variables. 1In
small domains with about 500 grid points, most of the donain was taken up by
boundary points and could not he realistically compared with the RI.AM
forecasts. Expanding the domain and/or increasing the number of grid points

helped substantially in the comparison of the two models.
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Results from several tests of the RLAM showed that its numerical 5%
options did not function well under all combinations. For certain 3&5
horizontal differencing schemes, only certain types of smoothing or “{
diffusion allowed the model to remain stable for the duration of the ﬁﬁ
forecast (mostly 24 h). The fourth-order compact scheme in particular !m
retained stability only when accompanied by high-order smoothing at each gﬁ
time step. Thig, in turn, oversmoothed the field and made it depart &
significantly from Lhe GSM and other RLAM forecasts. It would be Q}
advantageous to discover a set of circumstances for which all combinations %
would remain stable. Experiments could then be performed to assess the _;S
differences between forecasts made with particular combinations. Yet, - s
despite this drawback, the RLAM has shown itself to be an efficient vehicle ?5
for numerica) experimentation in local regions. Tt would be of value, in ZS
fact, if elements of ASAP were introduced to improve the initial depiction i:
of moisture and to see whether any improvements in moisture forecasts result. :
2:
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II. MWESOSCALE FORECASTING

A. Introduction

To meet requirements for accurate snd timely reporting of sirfield
weather conditions, the Air Weather Service (AWS) initisted a plan to
modernize its base level weather support for the 1980°'s. The plan was
implemented through a program known as the Automated Westher Distribution
System (AWDS). AWDS was designed to replace the manual, labor-intensive
weather support function with one in which environmental data and products
would be acquired, stored, displayed, analyzed, and forecast through
modernized computer and dedicated communication systems. Once fully
implemented, AWDS would provide support to base weather stations worldwide
and to deployed Air Force and Army tactical units.

The shift in focus of AWDS from a primarily human to a
computer-oriented environment raised concern over the potential of
saturating the user (meteorologist) with more information than could be
handled efficiently. This concern was rooted in communication sdvancements
that have made meteorological data from a number of sources routinely
available on computer systems and advancements in interactive graphics
display systems that facilitate a seemingly endless number of ways data can
be plotted, displayed, analyzed, and manipulated. This potential is
realized more fully on an operational basis when a forecaster is faced with
a complicated weather scenario that requires preparation or updating of
short-range terminal forecasts for one or more locations.

With this concern in mind, a research and development study was
undertaken at AFGL between 1982 and 1984 to examine the potential benefits
and/or problems introduced with computer-driven interactive graphics and
video display systems in the preparation and monitoring of short-range
terminal forecasts. STX focused on research into the kinds of data,
displays, and capabilities applicable to the AWDS scenario and on a broader
scale to interactive weather forecasting facilities in general. The work
effort was considerable, culminating in a number of so-called Mesoscale
Forecasting Experiments (MFE) conducted between 1982 and 1984. These
experiments were designed to assess: 1) the value of certain mesoscale
objective plot, analysis, and forecast assistance procedures in the




preparstion of short-range terminal forecasts; 2) the value of certain .
remotely sensed dats in short-range terminal forecasting; 3) the relstive

difficulty in formulating certain forecasts (elements) using an interactive
graphics system; and 4) the performance of forecasters, in weather eplsodes b,
exhibiting substantial mesoscale variability, in generating both numerical P,
(deterministic) and prodabilistic terminal forecasts using an interactive A
graphics systea.

This retrospect describes STX resesrch against the sbove objectives.
In sddition, a related study that evolved from this resesarch is included for A
completensss. ]

B. Man-computer Interactive Deta Access System (McIDAS) %
’
e
’

The basic resource for technique development in mesoscale forecasting
at AFGL was the Man-computer Intersctive Data Access System (McIDAS),
similar in hardwere and software to the one developed at the University of
Wisconsin. The AFGL NMcIDAS consisted of a mode A geosynchronous satellite
ground station, Harris 6024/5 minicomputer, Idetik digital video storsge
system, Suomi/Sony cassette archive, and two workstations each consisting of
an alphanumeric terminal and a video/graphics display monitor. The APGL
McIDAS was well suited to simulate aspects of an interactive minicomputer-based
system envisioned for AWDS becsuse it had access to most of the data that
would be available through AWDS and because of its interactive graphics and
video display capabilities. Conventional observational data were routinely
ingested from the FAA WB604 data line and then decoded and archived for
later use. Geosynchronous satellite information consisting of visible
(daytime only) and infrsred image data and ephemeris data was available in
real time normally every half-hour. Automsted plotting and contoured

. v
P
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snalysis of conventional surface and upper air data was performed using

» %5

McIDAS graphics capability. On each terminal an electronic cursor
controlled by joysticks permitted interactive data retrieval and graphics

‘v

modification. Once loaded onto the system, satellite imagery was available
for precise geographical and political gridding, enhancement and contouring,

T N = ]

sequencing to form animated time series loops for cloud tracking or
translation purposes, and as a base for overlays of conventional data to -

form integrated displays.
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C. Nascecale PForecasting Dxperiment (WFE)

The procedure established to assess aspects of interactive systems,
dats scurces, and weather-user effectivensss was to conduct a forecast test
euperiasnt addressing a particular set of short-range terminal forecasting
requirements using research mesteorclogists. Two Nesoscale Porecasting
Bxperiments (WFE) were estadlished; the first was conducted in the susmer of
1982, the second in the summer of 1983. Results of the 1982 and 1983 tests
were reported in Chishola and Jackson (1984); an initial assessment based on
the 1982 WFE was reported earlier in Chisholm ¢t gl. (1983).

. In order to conduct the tests most efficiently, episodes used in the
forecast sessions were chosen from cyclogenesis and cold front cases
srchived during the 1981-1982 and 1982-1983 winter and early :pring stora
seasons in the Northeast U.S. The episodes typically displayed rapidly
changing weather conditions, such as significant wind shifts, changes in
cloud cover, alterations in ceiling height, and onset (or termination) of
precipitation. Such short time scale variabilities constituted the most
rigorous bases for evaluating the sensitivity and practicality of newly
developed and existing mesoscale forecasting methods.

The WFE tests were conducted so that the time available for forecast
preparstion was constrained to real time limits. The forecasters had a

singular task and objective: to prepare terminal forecasts for two locations
using as many of the resources available to thea through NcIDAS, for the
purpose of evalusting new and standard products and data sources. One
forecast experiment was conducted each week (typically in two 40-hr periods
per forecaster, with three forecasters working as a team to evaluate the
weather situation but independently preparing their forecasts). At the
conclusion of each case, each forecaster completed evaluation forms in which
the products used and forecast aspects of the case were assessed. These
forms represented the basis for a critique of the experiments in light of
the purposes stated in the Introduction.

Porecasters were required to predict (on an hourly cycle) wind speed
snd direction, totsl cloud amount, ceiling height and 6 hr precipitation
amount for periods of 1, 2, 4 and n hours ahesd. The period n was chosen at
each forecast time to verify st the nesrest NOS valid forecast period. This
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was done 50 that MOS8 could be used as an additional forecaster for certain '
parsmeters and as guldance for the other participsting forecasters. ¥
Forecasts for two sirfield locstions were required for easch case; the '
specific locations were predicsted on the availability of POUS bulletins !
containing WOS, LFN-II guidance, and 3-D trajectory forecasts that were made
availadle for guldance purposes. Logan International Alrport (B0S), being
the closest candidate location to AFGL, was forecsst in each of the cases :
used in the teat. The second location varied among alrports in Connecticut,
Bew York, and Rhode Island depending on factors related to the episode being
tested. £
Por wind speed and direction, a numerical forecast was prepared. With TN
each of the other forecast variables, both categocical and probability
forecasts were prepared. Forecasts were entered through the computer-based
forecast entry and verification procedure known as the Nesoscale Forecast !
Pacility (MFF). This was a msenu-driven interactive package designed to 4
accept individual forecasts through the use of formatted interrogation/response -3
megsages vis the NcIDAS keyboard/alphanumeric CRT terminal interfsce. After
each case, the numerical, categorical, and probability forecasts were -
verified with the NFF, and accumulated statistics were summarized and made
svailable to forecasters for review. The error statistics calculated were

mesn absolute error and MMSE for numerical and categorical forecasts, and

the p-score, cumulative p-score, and Heidke skill score vas. persistence for
Y. probability forecasts. The method of comparison for the study was
: persistence, measured directly and in sample (unconditional) climatology
form.

PR R AT

o D. MNesoscals Porecasting - Technique Development

As stated earlier, STX focused on resesrch into the kinds of data,
displays, and capabilities that should be supplied to interactive
feacilities. The resesrch effort produced a number of products that were
evaluated over the course of both MFE test periods. They included a fine-
scale anaslysis routine using a five-pass Barnes method with approximately 55
km grid spacing for surface data gridding and contouring, and two data
handling procedures displaying surface odbsecvations in a time series
format. These products were designed to enhance the cesolution of small-
scale festures. Also s number of existing software packages developed
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as terminal forecast aids were incorporsted on NcIDAS for evaluation. These
included a cold front decision assistance procedure and the Generalized
Exponential Markov (GEM) short-range forescast technique. The NMcIDAS
database was expanded by inclusion of additional sources such as WS POUS
bulletins, Manually Digitized Radar (MDR), and ship and buoy reports.

Routines to analyze and display these data were also developed and evaluated.

A number of products were developed after the MFE tests and thus could
not be assessed as to their value. However, they remsin important as
candidates for planned future tests and are mentioned for historical
completeness. They included an objective analysis technique that advects
one and two hour old data and analyzes them using a time- and
space-weighting method; a routine to display vertical profiles of vertical
velocity, vorticity, and divergence using the kinematic spproach; and the
wmodification of existing surface and upper air analysis routines to include
wet bulb temperature and wet bulb potential temperature, used to help
identify and forecast frontal zones.

1. Objective Analysis Techniques

Objective analysis routines for the AFGL WcIDAS were developed at the
Space Science and Engineering Center of the University of Wisconsin. They
employed a technique proposed by Cressman simplified for implementation on a
minicomputer. Although the method could be quickly executed on a computer,
it tended to smooth out small-scale variations in the data field. Two
factors contributed to this tendency: coarse grid spacing and the use of
only one iteration or pass by the interpolation routine through the observed
data. To reduce smoothing and thereby retain small-scale variation, a new
analysis routine was developed to address both of these factors.

Increasing the grid point density, and therefore the resolution of
features within it, was accomplished by modifying the grid generating
algorithm to allow for smaller grid lengths. On McIDAS, all grids were
pseudo-mercator and grid lengths were defined in terms of degrees of
latitude. The existing analysis routine, capable of generating grids with
grid lengths no smaller than one degree of latitude, was replaced by a

routine capable of producing grids with grid lengths as small as one-tenth
of a degree.
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Teo exploit this demser grid, s more exhsustive interpolation technique
was needed. The msthod proposed by Barnes was chosen to take advantage of
the superior weighting function contasined in it. Implemeantation of the
technique included five passes through the data, in which the scan radius
was reduced by 20 perceat for each pass after the second. BReducing the scaa
radius had the offect of increasing, with each successive pass, the weight
or influence of obeervations in close proximity to any given grid point,
thus maximizing details on a scale approximately a unit grid length. As in
the Cressman technique s zero-value initial field was used and the ficst
pass was constrained to include s ainimum of four observations in estimating
the grid point value. The remaining four passes constituted s successive
approximation technique based on the rough fleld aversge calculated in the
first pass to achieve the final grid point values.

Implementation of finer scale grids and the five-pass Barnes space-
weighting interpolation routine was accomplished through development of
software on NcIDAS. This program was evaluated dur.ng the 1982 and 198)
WFEs and found to be one of the most useful products, primarily in
forecasting wind speed and directlion.

Objective analysis over coastal regions with NcIDAS was subject to
inconsistencies due primarily to the lack of observationsl data over coastal
waters. To alleviate the problem, software was developed and implemented on
NcIDAS to routinely decode and store ship and buoy westher observations
tranmsitted over the WB604A data line. Reported dats included temperatures,
dew point, ses surface temperature, pressure, wind speed and direction, and
total cloud amount. These data are reported four times daily at 0, 6, 12
and 18 GNT with the text transmitted one and one-half to two hours after
observation time. With this new data source to enrich geographically the
existing network of surface observation stations, objective analysis
routines could include ship and buoy data if the observation time mede it
sppropriate to do so. Thus, development and movement of discontinuities in
weather patterns in coastal regions could be detected and monitored as long
as adequate maritime datas were available.
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2. Terminal Forecast Alds

To enhance the utility of the AFPGL McIDAS as a terminal forecast
facility, several available software packages were implemented and
subsequently evaluated during the two MFEs.

A cold front forecast decision assistance procedure developed at AFGL
was coded and added to the MFE. A series of menu "pages” directed the
forecaster in the use of existing analysis and display programs to locate
accurately a front, identify significant weather occurrences, and trace
frontal development and movement. Subsequent pages provided forecast
guidance based on the data collected. In the experiments of 1982 and 1983,
the cold front decision assistance procedure was generally considered to be
too time consuming for those forecasters familiar with the interactive
capabllities of NcIDAS. However, the potential benefit of such a procedure
to forecast operations support was recognized in that the procedure could be
used to train forecasters unfamiliar with a particular region or in the use
of interactive systeas.

The Generalized Exponential Markov (GEM) short-range forecast technique
developed st the Techniques Development Laboratory (TDL) of the WWS was
modiflied for use on McIDAS. The GEM technique is a fundamental statistical
weather forecasting procedure developed by Miller who defines GEM as "a
statistical technique for predicting the probability distribution of local
surface weather elements hour by hour. It uses only the current locsl
surface westher conditions as predictors. From these probability
distributions categorical predictions are made for each surface weather
element.” FPor its use in the MFEs, CEM was adapted to generate wind, cloud
cover, and ceiling height forecasts which were verified at 1, 2, 4, and 6-hr
intervals coincident with MFE verification procedures.

Three factors had to be recognized regarding the application of GEM to
the MPE tests. First, GKM is founded on a Markov aszsumption (that is, the
future state is completely determined by the present state and is
independent of the way in which the present state has developed). Second,
it uses multivariate linear regression equations that were developed from
continous ohservational samples that spanned a 12 year period at a number of
locations and thus are climatologically and statistically sound. Third, in
the MFE test, it was applied to cases that represented "heavy weather” and
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did not therefore reflect the characteristics of the full sample from which
the GEM statistical operators were developed. It was felt, however, that
applying it to demonstrate the general performance of GEM vs. persistence
was proper and appropriate.

GEM was incorporated into McIDAS following the 1982 MFE. Thus output
from GEM was not available during the experiment. However, the output was
available to forecasters as objective terminal forecast guidance during the
1983 MFE and was evaluated concurrently with forecaster results and
persistence for a 10-case sample. Results compiled over the course of the
two experiments showed that although it yielded skill relative to
persistence prodbability, in general GEM yielded higher RMSE scores than did
persistence in its numerical form. Its guidance value was deemed to be
minimal in "heavy weather" episodes characteristic of both MFEs.

In 1985, the Eastern Space and Missile Center weather facility
requested an evaluation of the GEM technique for possible use as short-range
forecast guidance for launch operations at the Kennedy Space Center (KSC).
Patrick Air Force Base, FL (COF) was chosen as the location to test GEM
since it was the closest station to KSC that routinely reported the weather
elements necessary for application of the GEM forecast technique and
subsequent verification.

The available hourly observations at COF for July and December 1983
comprised the database used to evaluate GEM. Data taken from 12 GMT through
03 GMT were used to generate GEM forecasts 1, 2, 4, and 6 hr later. For
this application GKM generated deterministic surface wind vector forecasts
and probability forecasts of cloud cover and ceiling height in the
“standard” MOS categories. Conversion from probability to categorical
forecasts was based on a simple maximum probability approach. The cloud
cover and ceiling probabilities and categorical forecasts and the
deterministic wind vector forecasts were verified against observed
conditions 1, 2, 4, and 6 hr after forecast times. As in the MFEs, the
measures of skill used in the evaluation were RMSE for the deterministic
forecasts and the p-score for the probability forecasts. RMSE scores were
provided for persistence and the Heidke (or percent improvement) score of
CEM relative to persistence was also provided.

Results were similar to those found in the MFE test; that is,

differences between GEM and persistence were generally too small to be
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statistically significant. Where differences did exist, persistence yielded
smaller RMSE scores although with the exception of summertime ceiling
height, GEM probability forecasts scored better than persistence
probability. For purposes of the study, the results were inconclusive.

A forecast guidance technique to derive cloud cover and precipitation
amounts was developed and implemented on McIDAS. The technique represented
a combination of methods developed independently in earlier studies. The
first calculated a two-dimensional backward trajectory on a single level
(700 mb, for example) from objectively analyzed rawinsonde winds. Utilizing
a8 user-specified time range for the trajectory, forecast values interpolated
from an objectively analyzed grid and translated to the forecast location
could be generated at each hourly trajectory location and then displayed.
Any weather element suitable for gridding could be forecast in this manner.
The second method estimated cloud cover category and l-hr precipitation
amount from collocated GOES visible and infrared imagery for an area
designated by the electronic cursor. The algorithms were developed from a
sample of non-convective storms in the fall and early winter of 1980 and
applied generalized techniques to normalize for sun angle. By combining
these two methodg, one could utilize a calculated trajectory to specify six
one-hourly upstream locations at which to apply the cloud cover category and
1-hr precipitation estimation technique. The six one-hourly estimates of
precipitation amount could then be combined to produce a 6-hr quantitative
precipitation forecast (QPF).

In both 1982 and 1983 MFE tests, the product combining these two
methods was evaluated for use as well as the 2-D trajectory forecast
guidance model without satellite imagery. The combined product was found to
be useful in 6-hr quantitative precipitation forecasting, while the 2-D
trajectory forecast guidance model provided quantitative guidance on overall
timing, hour to hour changes, and development aspects of a particular
weather system. Obviously, the further the forecast time was removed from
00/12 GMT (the time of rawinsonde observations) the less reliable this
guidance became. One shortcoming in the effective use of this guldance
technique was attributed to evolving wind fields that diminished the
representativeness of the trajectories. With the combined product, its use
was restricted to daytime and even then to the central 75-80 percent of the

daylight regime due to the sensitivity of the algorithms to solar angle
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variations. Nevertheless, as rated by participating forecasters, the
combined product remained as one of the four most useful over the course of
both experiments.

3. Time Series Displays

In 1982, two new observation plot routines designed to enhance the
depiction of mesoscale detail in emerging weather situations were developed.
The first was a station model time series display that allowed the user
to select up to six weather stations and a time corresponding to the end of
the series. The surface station model consisted of a predefined number of
meteorological elements whose positions remained fixed relative to the
model. The parameters included temperature, dewpoint, surface pressure,
present weather, cloud cover, and wind speed and direction in symbolic
station model format. With proper selection of stations, the plotting model
could aid in locating and tracking (hour to hour) synoptic and mesoscale
features such as dry lines, lake or sea breezes, and areas of precipitation.
Results of the 1982 MFE showed that the station model time series
digplay was the most useful of the set evaluated for two reasons. First was
the ease of specifying the stations to be included and tailoring the display
to the current weather situation. Second was the wealth of basic
information it provided in a format that facilitated extensive subjective
interpretation in tracking one or more weather elements and identifying
their spatial extent. Specific application of this product included using
the display to resolve the location and movement of inland covergence zones,
frontal boundaries, and isallobaric centers which in turn were factored into
terminal wind forecasts. It was also used to attempt to reconcile
precipitation characteristics to define geographical distribution of
precipitation when satellite and/or radar data were not available and hourly
observations of precipitation intensity were inconsistent. It was also the
most widely used non-satellite product for tracking cloud amount conditions.
The second observation plotting routine developed was a time series
line/bar graph display. The line graph format was available for plotting
temperature, dewpoint, surface pressure, or wind speed and could accommodate

up to 24 hours of data and up to six stations on any one display. The bar
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graph format was designed to depict ceiling height and cloud cover,
accommodating observations for up to six stations at one time or up to six
observations at one station. Multiple cloud layers could be displayed and
cloud cover categories were represented with a simple line coding scheme.
The time series line graph display was found tc be of some limited
value in forecasting wind speed but its potential could not be fully
explored due to the forecasting problem addressed during the experiments.
On the other hand, the time series bar graph display was heavily relied upon
in trying to arrive at ceiling height forecasts.

4. Forecast Guidance Displays

As an interactive aid to formulating short-range forecasts, software
was developed to analyze and contour United States Forecast (FOUS)
bulletins. These forecasts are derived from output of the Limited Area Fine
Mesh Model (LFM-II) run by the National Meteorological Center (NMC). FOUS
forecasts are received through the WB604 data line from the 00 GMT and 12
GMT runs of the LFM. Three types of FOUS bulletins (FOUS 12, FOUS 50-57,
FOUS 60-78) were routinely decoded and stored in McIDAS. Up to eight
forecast periods were stored for each of the three bulletins, the oldest
being overwritten by the most recent forecast.

The software developed collected the indi:idual station forecasts
decoded by McIDAS and produced an analysis of the forecast data using
existing interpolation and contouring software. A two-pass Barnes technique
was used to interpolate the data to grid points using a scan radius of one
and one-half grid lengths.

FOUS 12 forecasts are based on the regression equations relating the
predictand to variables output from the LFM. Model Output Statistics (MOS)
forecasts from 67 stations were decoded and made available for analysis.
Station distribution for this bulletin is not ideal; certain areas of the
U.S. have very dense coverage while other areas have large gaps between
forecast stations. This shortcoming had to be considered when MOS analysis
was examined. The other FOUS bulletins do not suffer this shortcoming. MOS
parameters that could be contoured included 6-hr probability of
precipitation, 12-hr probability of precipitation, probability of
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thunderstorms, categorical forecasts of snow amount and cloud amount,
ceiling heights, visibility, and forecasts of temperature, dewpoint,
streamlines, and wind speed.

LFM guidance forecasts (FOUS 60-78) were available from 89 stations in
the continental U.S., adjacent coastal waters, and eastern Canada.
Forecasts of model layer relative humidities, vertical velocity, lifted
index, 1000-500 mb thickness, boundary layer wind speed and streamlines,
boundary layer temperature, sea level pressure, and 6-hr aczumulated
precipitation amounts were available for contouring. The analyses could be
displayed for initial time and consecutive é-hr forecast intervals through
48 hours.

Trajectory forecasts (FOUS 50-57) contain 24-hr forecasts of
temperature and dewpoint at 700 mb, 850 mb (except for stations whose
elevation is above 850 mb), and the surface, along with a prediction of
George's K Index. Three-dimensional positions (latitude, longitude, parcel
pressure) are also given at six-hour intervals starting with the predicted
parcel origin point at initial time and terminating at the forecast station
24 hours later. 1In all, 73 stations well distributed around the continental
U.S. were available in the FOUS 50-57 bulletins.

The advantages of software developed on McIDAS to analyze and contour
FOUS bulletins over the facsimile charts sent by NMC included the ability to
analyze forecast parameters at more frequent time intervals, to contour
parameters not analyzed by NMC, and to be completely flexible in overlaying
different types of parameters. The software was also viewed as a limited
backup to the facsimile maps if chart transmission was interrupted.

In addition, a routine was written to plot the predicted trajectory
positions available from FOUS 50-57 bulletins. One of the problems
forecasters faced in using trajectory forecasts was the difficulty in
visualizing the path air parcels were predicted to follow. To alleviate the
problem, a graphical representation of the trajectories was developed in
which the 6-hourly positions were connected by line segments, solid lines
indicating rising motion and dashed lines sinking motion for all applicable
trajectories. For a given station the three trajectory forecasts could be
displayed on the same map background in order to view the three-dimensional
motions at the different levels. Forecasts of parcel pressure would be

shown color coded for each of the 6-hourly predicted positions and arrows
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would indicate the direction of the trajectory as well as the location of
§ the terminal point for that é6-hr period. Other parameters could be overlaid .

on the predicted trajectory to enhance forecast guidance.

The capability to analyze and contour FOUS bulletins was made available

between the 1982 and 1983 experiments. Consequently, its use as a forecast ‘d
¢ guidance product was evaluated during the second experiment only. Analyses
of LFM output were used minimally although sometimes it was beneficial
guidance for storm development, movement, and position for the later
forecast periods (4 and n-hr). LFM-based precipitation guidance (FOUS LFM f
E “ Guidance and FOUS 12 MOS) provided valuable assistance on the precipitation
potential of a storm system, guidance which forecasters could adjust to
information on actual storm tracking and intengity. The 6-hr QPF FOUS
guidance was found to be more useful than guidance for other forecast
variables. The surface and boundary layer wind vector forecasts presented
in the FOUS bulletins (FOUS 12 MOS and FOUS 60's) were found to provide

useful guidance, especially for the 4 and n-hr forecast intervals. 3-D

3 55'15""‘_

trajectory guidance (FQUS 50's) was of limited value due to lack of

N . a
e

timeliness and/or horizontal resolution.

T2

E. An Error Analysis of LFM Forecasts Using FOUS 60-78 Bulletins

With experience gained from the adaptation of FOUS bulletins to a

product evaluated as objective terminal forecast guidance, an independent

'3

study evolved whose purpose was to identify systematic errors in the LFM-II
and to investigate what might be best defined as model bias. Chief

motivation for the study was the continuing need to evaluate short-range

. l'{’} S

forecast guidance in the preparation of terminal forecasts of wind,

9

precipitation, ceiling height, and total cloud amount. In broader terms the
results could serve the dual purpose of alerting forecasters to consistent
and systematic model errors and at the same time provide some indication as
to the areas where model physics and procedures might be improved.

Beginning in 1983, McIDAS was used to collect FOUS 60-78 bulletins from
89 stations received twice daily for valid model run times of 00 GMT and 12
GMT. 1Initially the parameters chosen for error analysis in this study

included mean relative humidity, sea level pressure, 1000-500 mb thickness, [
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boundary layer temperature, and the boundary layer wind in vector form (the
boundary layer is defined as the bottom 50 mb of the model atmosphere in the
LFM-II). Forecast values for each parameter at each station were obtained
from the appropriate location in the FOUS 60-78 bulletin. Verification
values were obtained from the initial conditions in the relevant successive
FOUS 60-78 bulletins that were derived from the model initial analysis.
Parameter forecast errors were accumulated at each of the 89 locations by
simply subtracting the verification value from a parameter forecast value.
Because verification values were available on a 12-hr cycle, only the 12,
24, 36, and 48 hour forecast errors were analyzed. This procedure was
applied to forecasts beginning on 23 November 1982 through 31 March 1983.

By calculating the forecast errors in the manner described, a positive

2 LRI A AR R AN AN AN AR A AR R Y AR R U NG R T PU R UYL YL WU TIROY “atd 2037 Vg 42

number would indicate an overforecast (i.e., the forecast was too warm, too
wet, pressure too high, etc.) while a negative number indicated an
underforecast (too cold, too dry, pressure too low).

Errors at each of the 89 stations were further stratified into error
sums from 00 GMT model runs and 12 GMT model runs. This stratification was
selected to examine the sensitivity of the error fields to diurnal
variations. For computational simplicity, the analyses required that all
variables being evaluated at all 89 FOUS stations be available for the
pertinent forecast and verification periods. Any data that were missing
from a forecast or verification series eliminated the entire set.

Results from the 1982-1983 winter season showed that indeed there were
systematic ecrors in the model for all parameters considered. Sea level
pressure was, on average, forecast too low east of the Rockies and too high
west of the Rockies, particularly in the Southwest. The magnitude of the
errors increased with forecast length. The pressure error was reflected in
the boundary layer wind forecasts with the tendency to forecast too much of
a northerly component in the nation's mid-section. Bias for forecasts of
1000-500 mb thickness was relatively small and not strictly related to
forecast length. The model was too high (warm) in the central U.S. and too
low (cold) west of the Rockies. Model relative humidity was generally
forecast higher than observed in the northern Rockies and drier than
observed along the Gulf Coast, especially around Florida.

The bias for boundary layer temperature and for boundary layer relative
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humidity (and to a lesser degree 1000-500 mb thickness) appeared to be
composed of two components, one of which varied diurnally, the other which

grew with forecast length. In general, the model was too warm along the
Gulf Coast and too cold in the vicinity of the Great Lakes.

In 1984, the study continued with data collected from 1983-1984 cool
season (1 October 1983 to 30 April 1984). As in the original study,
individual forecast errors for the period of examination were susmmed and
average errors computed using the same methodology as described above. In
general, the systematic errors found in LFM-II forecasts for 1983-1984 were
very similar to the errors found in the 1982-1983 study. Differences that
did exist between the two seasons were generally the magnitude of the errors

and not geographical location. The average errors from 1983-1984 were also

............

stratified by month (12 GMT forecasts only) to see if error patterns change
coherently over the course of the cool season; however, few coherent trends
could be found for most of the variables, although many showed their maximum
errors in December.

The similarity of the bias patterns for the two seasons examined
suggested that it might be possible to develop a forecast correction
technique. The goal of the technique, using the identified error
characteristics, was to adjust the model forecasts with the objective of
reducing the forecast errors. The technique was devised using 12 GMT
forecasts from the 1983-1984 cool season to test the feasibility of the
concept.

The technique employed was based on a dynamic error adjustment
procedure in which a correction factor was generated for each station,
variable, and forecast interval, based on the 10 most recent model runs to
determine an average error. The modification procedure was then simply to
subtract the correction factor from the variable's forecast value. An
objective measure of the value of the modification technique was performed
by comparing map average RMSE and standard deviations before and after the
correction. Results of applying the correction technique were mixed. Some
forecasts were degraded while others (particularly the boundary layer
variables) showed a noticeable improvement at some forecast intecvals.

The FOUS guidance crror study continued into 1985 and 1986 with data
collected from 1 October 1984 through 30 November 1985. This phase of the
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study differed in some respects from previous work in that lower
tropospheric relative humidity was included as an additional parsmeter in
the error smalysis. Also, the analysis was broadened to include forecasts
from the wvarm season in order to determine if the error patterns changed
significantly over the course of a year. This was accomplished by
stratifying the data into seasonal error sums with the sessons arditrarily
defined as follows: winter from December 1984-FPebruary 1985, spring from
Narch 1985-May 1985, sumnsr from June 1985-August 1985, and fall from
September 1985-November 198S5.

Results from this phase of the study were once again sisilar to
previous data collected for analysis. Sea level pressurs showed a strong
tendency to be underforecast in the central U.3. and overforecast in the
western part of the nation. The magnitude of the errors found for all
seasons in 1984-1985 seemed in general to be smaller than that found in
previous years sxamined. This was attributed at least in part to
differences in the oversll weather patterns that existed during each of the
seasons examined. Summectime errors in general were smaller than the errors
found in other seasons. This was not surprising since pressure patterns are
usually much weaker in sumsmer.

1000-500 mb thickness ecrors which were small in winter were larger in
sach of the other seasons. In general, thickness was overforecast in the
central U.S. and underforecast in the western third of the nation,
particularly in the Rockies. The diurnal variation in the thickness error
pattern (i.e., larger negative errors for forecasts that verified at 00 GMT
and larger positive for forecasts that verified at 12 GMT) was surmised as a
reflection of the noted diurmal variation found for boundary layer
parameters, specifically boundary layer temperature. when one considers
that thickness is a measure of the average virtual temperature of an air
column, a tendency for large negative boundary layer tempecrature errors
should be reflected as a larger negative thickness error, other factors
being equal.

The Rockies appeared to be a favored location for the strongest hiases
for many of the variables examined. 1In the case of 1000-500 mb thickness it
was thought that this might reflect a prodblem with the manner in which

station pressures are reduced to 1000 mb. Since in general there was a
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significant negative bias in this region (except in winter) it appeared that
the mean temperature being applied for the reduction to 1000 mb may have
been on the average too low.

Nean relative humidity was generally forecast too moist in the
Rockies. This pattern was also found for boundary layer relstive humidity
and even more pronounced for lower tropospheric relative humidity This
observation was thought as possidbly linked to the impropecr treatment of the
moisture and tempersture structure associsted with reducing the model

atmosphere to sea level in mountainous terrsin. In the analysis all three
humidity paramsters exhibited s tendency to be underforecast in the vicinity
of the Gulf of NMexico. Seasonally, the worst dry bias was for boundary

o
<.
[N 3

layer relative humidity in summer. It appeared that evaporstion from the N

Gulf of Nexico may not have been adequately parameterized The fact that

Eff\'

the dry bias was largest in summer and fall may have had something to do

vy

with the higher water temperatures found at those times of the year, i e,
the actual evaporation rate may have been larger than the one incorporated
into the model.

Boundary layer tempersture was overforecast for all seasons around the
Gulf of Mexico, especially over the Florida peniasula This may have been
due to improper sensible heat transfer between the warm Gulf of Mexico and
the overlying model boundary layer The cold bias found in the Great Lakes O
in winter evolved into a moderate sized warm bias in summer One e
explanation was that the model atmosphere was not gaining enough sensible
heat from the relsatively warmer Great Lakes in winter and gained too much
sensible hest during the summer when the waters were relatively cooler than
the surrounding land.

Finally, the diurnal variations seen during previous phases of this
study were also seen for all seasons during this phase of the study As ﬁ:f
described in Schechter (1984) this may have been attributable to the way the \

LPM parameterizes longwave radiational cooling, 1 e , tresting the longwave

‘e s
5, st
O X A

radiational cooling rate as a constant

In conclusion, s large number of LFM forecasts for various parameters
were analyzed for systematic errors using the FOUS 60 78 bulletins
Analysis results have shown that the LFM I has some bias in all of the

forecast parameters that were examined in the study The error patterns

varied both diurnslly and seasonally Examining these analyred errur fields




end their seesonal end diurnal variations, it was possidble to infer
potential causes for some of the biases. Not surprisingly, some of the
causes of the wodel bias seem to de connected with boundary layer
perameterizations and model terrain considerstions. The identification and
diagnosis of model biases mey help in improving future physical
parameterizations.
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IXI. BOUNDARY LAYRR NETEOROLOGY

A. Introduction

Throughout the contract STX has developed and implemented software for
a variety of research investigations of meteorological phenomena in the
planetary boundary layer. In some instances the research data were derived
from the AFGL Weather Test Facility (WTF) located at Otis Air National Guard
Base near Falmouth, MA. The WTF provides instrumented towers and ground
sites both for gathering weather dats automatically and for testing newly
developed and newly scquired weather sensors. STX has been responsible for
msintenance and operation of the WIF.

The data retrieval system at Otis, called the Modular Automated Weather
System (MAWS), collects one-minute mean weather data from various
instruments, converts thea to digitized form, and stores them on magnetic
tape at the WTF; for some years data were also transmitted to AFGL over
telephone long lines. Dsta are archived from sensors that sample wind speed
and direction, temperature, dewpoint, visibility, precipitation, and cloud
height. STX has provided a data processing program, MAWSE, to unpack the
archived data and transform theam into meteorological units in a format
convenient for study. STX has supplied pen plots and printed displays to
facilitate data snalysis. Data have been prepared using statistical methods
such as regression, time series, spectral analysis, and cross correlation;
plots showing scatter and lines of best fit have been aliso provided.

Bditing programs have regularly been written to overcome noise and

system-induced spurious dats points to produce "clean” data for study.

B. Slant Wind Shear

Since wind distribution in the lowest layers of the atmosphere is an
extremely 1mpor£ant factor in aircraft operations, Brown (1982) studied the
capability of surface wind sets located along a runway near touchdown and
take of f points, together with wind towers offset from the runway, to
specify true slant wind speed along the sircraft flight path. He used dats
collected over the previous five years at the WTF. STK established the

project database from the MAWS one-minute mean weather values. These
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rrintouts were used to locate appropriate wind shear episodes for study.
Selected episcdes were extracted from the master file via computer software
and stored on permanent disk file for further interactive processing. A
quality review of the dats was then initiated to edit out faulty data caused
by sensor or transmission mslfunctions.

With the database established, additional software was developed for
computing and tabulating various types of wind shear statistics. Por

P

instance, dats populations, means, standard deviations, variances, biases, ';:
correlation coefficients, root mean square errors, standard errors of -.:

oA -
estimates, covarisnces, and best fit linear equation coefficients of o~

»

aversged wind shear speeds and directions were computed. Probability values
for wind shear detection, false alarm ratios, critical success indices, and
wind shear detection statistics over different time lag intervals were also
determined. These statistics were the besis for research on using offset
tower wind sets together with surface winds to specify the wind shear over
the approach or takeoff zone of an airfield.
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In 1983 STX was involved in a follow-up study of slant wind shear. The

e
»_*

s 0%
o

objective was to evaluate the relative effectiveness of two statistically-

based approaches using offset tower data in predicting slant wind shear at

intervals of 0, 5, 10, 15, 30, and 60 minutes. The two approaches examined ;",
were extrapolstion techniques and screening regression determined ‘-"
equations. STX developed the software, using the data ensemble from the '5
previous year. The screening regression equations developed in the study g
ware judged to be superior overall to the extrapolation technique in "
predicting slant wind shear speeds (Brown 1983). ‘
i

C. Weather Instrumentation Testing o

Several prototype nephelometers developed under the Battlefield Weather -:.;
Observation and Forecast System (BWOFS) program were tested at the WTF. STX "
software converted nephelometer analog outputs into extinction coefficients L
and visibilities to compare with standard visibility sensors N
(transmissometers). This conversion was added to the MAWSE program. During ','{.:
the testing it was found that the transmigsometer readings drifted ‘;::
ecrratically. STX wrote software for the MAWSE program to recalibrate the "'
transmissometer readings and applied the correction to the succeeding data, I'::‘
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thus providing s more reliable besis for comparison between the nephelometer

and the transaissomsters.
D. Pog Nicrophysics

In sddition to evaluating weather instruments, STX was involved in
producing software for fog microphysics studies using WIF generated data.
To investigate fog prediction and prediction of visibility during fog
episodes, spectrometer probes that measured the size distribution of fog
droplets were installed at the WTF and also at Hanscom AFB. A 1982 fog
field program saw additional probes added at Nobska Light in Woods Hole,
MA. Data from these probes were collected, averaged, and categorized
through the MAWSE program. Purther software was devised to demonstrate
relationships among fog droplet concentration, mean and median volume
diameters, liquid water content, extinction coefficients, and mean terminal
velocity. The scatter diagrams of the five-minute averages of liquid water
content compared with average extinction coefficient were found to be
logarithmic and the best fit of these two parameters was shown to lie along
an expanential curve. Curvilinear relationship was shown to exist between
1iquid water content and droplet terminal velocity. By employing the
variance of the errors of estimate based on the least-squares polynomial
rather than the least-squares line, STX software produced a regression index
that successfully described the relationship of the two parameters.

A two-dimensional fog model obtained from the Navy was revised and
modified and both versions were tested on six advective fog case studies.
Plots were provided to illustrate the capabilities of the revised version
and to point out strengths and weaknesses in the basic approach of the
model's physics.

E. Atmospheric Attenuation Effects
STK supported a study initiated to investigate probability prediction
methods for estimating the performance of electro-optical remote sensing

systems. Transmigssion data from ground-based remote instruments operating

at infrared (8-12u), visible (3-5y), and laser (1.08y) wavelengths
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were made available in digital form for investigating their usefulness for ;E
tactical decision aids during snowfall conditions. The data were obtained p
during the SNOW-ONE-A (Aitken, 1982) field program at Camp Ethan Allen, VT. ;,
Software was developed to categorize these transmissions in units of 3:
DB/km and to distribute the frequencies of their durations in time intervals Doy
o™

of one minute through 45 minutes or more. Also, software was designed to

provide power spectrum analyses and autocorrelations of the transmission

dats quantities over several time periods. A library of algorithms and
computer codes known as EOSAEL (Duncan, 1979) was implemented to assist in
describing atmospheric effects on E-O sensors.

STy

Many cumulative probability-duration relations of transmission during

N LN \.\

given snowfall conditions were portrayed. Dyer (1984) demonstrated that

(R I

probability duration curves for systems operating at known band widths

S
PR
‘-‘\

within certain snowfall conditions can be approximated using a Markov chain.
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F. Refractive Index Study

R I
]

a

l‘t

Over the past several years, the Air Force Electronic Systems Division
and Mitre Corporation have been investigating the performance of a tactical
tropospheric scatter radio link during different seasons and at various
geographic locations. AFGL has conducted atmospheric research to enhance o
understanding and interpretation of test results. Troposcatter radic R
propagation is based on scattering of electromagnetic energy from refractive -
discontinuities existing in turbulence in the lower atmosphere. Energy ~
cascades from large to smaller and smaller eddies until dissipated in the
molecular range. This results in an energy to wavelength relationship in )
the inertial subrange which can be defined completely by a constant, the
refractive index structure function C“Z. -

Turbulence data were recorded onto magnetic tape through an AFGL -
developed data retrieval system (TURBO) from aircraft-mounted refractometers
flown over various parts of the United States and other parts of the world. :;’
STX developed software to process these data tapes, separating out o
refractivity from temperature, pressure, and signal voltages and displaying
representative samples of each. Cuz wags derived by two different methods

and shown for periods of level flight and separately for spiraling down
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periods. Turbulence profiles were constructed for each of the several field
tests undertaken by AFGL.

A new TURBO system was introduced in 1985 requiring STX to learn and
alter resident C language software. The sampled refractometer data were

input to Cyber programs that converted the voltages to frequencies. The

L n o e oo o o

spectra obtained had to be corrected to remove filter characteristics of the
refractometer used to prewhiten the data. Three separate methods were used
to restore spectra in computer programs written to handle data acquired by

different refractometers flown over Korea, Arizona, Florida, and Chatham, MA.

Most data reduction was done on the Cyber mainframe but analysis

Catma o oy

routines available only on the VAX dictated transfer of reduced data to that
computer for statistical evaluation and plotting.

G. Chemical Dispersion and Windflow Modeling

At the direction of the Air Force Scientific Advisory Board, AFGL has
been conducting research seeking to improve the mathematical models used to
predict dispersion of chemicals in the atmosphere following space shuttle
launches or possible chemical spills.

Since 1983, STX has adapted three models to operate in the AFGL
computer environment, made extensive changes in the software and peripheral
programs, provided appropriately formatted data, run tests, and aided in the
evaluation of results. The three models selected for in-depth examination
were the Shell Development Co. SPILL, the NASA REEDM, and the Army
Atmospheric Sciences Laboratory (ASL) model used to predict surface layer
windflow.

SPILL is one of the most complete Gaussian plume dispersion models in
existence. It is an unsteady state model representing the evaporation of a
chemical spill and the atmospheric dispersion of vapors. The model software
when acquired was incompatible with AFGL host computers and was lacking a
vital part. STX rewrote the code to run locally and reconstructed the
missing routines. The model remains an active part of the AFGL effort and
is available for use as a standard for further model development.

The NASA REEDM is used to assess the environmental impact of space

shuttle launches at Cape Kennedy, FL. It was planned to be used with
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appropriate changes to reflect fallout and terrain differences to predict
the consequences of space shuttle launches at Vandenberg AFB, CA. STX
reconstructed the model on the AFGL mainframe computer and replaced the
model’'s plotting routines with ones capable of running on in-house systenms.
Four test runs were successfully achieved.

In 1984 emphasis shifted to a newly acquired ASL model which
subsequently has undergone significant changes at AFGL and has emerged as a
working surface layer windflow model which, when combined with a Gaussian
puff diffusion model, will produce for the Air Weather Service a prediction
system for toxic chemical spill transport over complex terrain.

Terrain data for Ft. Polk, LA, Vandenberg AFB, CA and Ft. Devens, MA
were acquired and tailored by STX for input to the windflow model. Data
errors were detected and corrected and an appropriate database was
constructed for each location to insure proper testing with the model.
Vegetation data were added to the Ft. Polk testing, with estimated roughness
substituted for vegetation in the other two test site cases. Thorough
testing took place using both Ft. Polk and Vandenberg data and results were
published. STX discussed Vandenberg testing and results at a windflow model

workshop attended by representatives of the three military services and NASA.

A prototype version of the model was tested in support of Army Special
Forces operations at Ft. Devens. The model was run on the Air Force Weather
Detachment Z-100 microcomputer at Ft. Devens using current weather
observations or terminal forecasts as input. Field personnel were trained
to use the model by STX. Subsequent operational testing under actual field
conditions showed that the model software and utility plotting programs were
easily utilized. Results demonstrated that the model can be used to
generate wind climatologies for remote deployment areas. Vertical wind
speed profile prediction can improve the accuracy of low-level wind
forecasts used to support paradrop operations. °
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IV. RADAR METEOROLOGY

A. Introduction

Over the last five years the STX radar meteorology research program has
been directed toward development and improvement of algorithms for NEXRAD,
the next-generation weather radar. STX has concentrated on automated
detection and short-term warning of severe weather hazards at the ground and
in the lowest few kilometers above the ground, with the ultimate aim of
significant reduction in casualties and property loss by destructive weather
phenomena. Contributions have ranged from origination, development, and
testing of new techniques, to writing software for creation of algorithms,
to adaptive modification of existing algorithms.

The severe weather hazards addressed in these studies have included
mesocyclones, wind shear, icing, turbulence, and high winds associated with
hurricanes and intense extra-tropical cyclones. The prediction of motion of
such disturbances related to convective storms has also been investigated.
Mesocyclones, which are rotating regions located within some intense and
well-organized thunderstorms, are the parent circulations of the great
majority of tornadoes and all of the violent ones. About half of all
radar-detectable mesocyclones have produced one or more tornadoes, and over
90 percent of mesocyclones have produced some form of severe weather
manifestation at the ground, so their investigation is crucial for
improvement of warnings of severe storms as well as of tornadoes. Events
related to wind shear, for example, microbursts and gust fronts, may also
cause wind damage at the ground; however, the principal interest in these
phenomena is their extreme danger to aircraft during takeoff and final
approach. Heavy icing and severe turbulence are also hazardous to aircraft
in flight. The studies of these threats to flight safety have been directed

toward their more reliable and timely detection by radar, so that pilots may
effectively take evasive action.

B. Severe Storm Indicators

Over the lifetime of the contract, investigations of severe storm

indicators have centered on the mesocyclone. These studies have included a
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search for a mesocyclone precursor through rotational and convergent
inter-storm motions, and a search for a predictor of tornado occurrence and
intensity in the rotational kinetic energy development of the parent
mesocyclone. Also, an algorithm has been developed for automated
identification of mesocyclones from single-Doppler radar data. This
algorithm has the capability to detect tornadic vortex signatures, which
trace the circulation of tornadoes when there is sufficient resolution of
the radar beam across the diameter of the tornado.

The relative motions among distinct echo cells of emerging convective
storms have been investigated by Donaldson and Snapp (1983) for their
usefulness as a precursor of mesocyclone development. This approach was
supported by the reasonable expectation that one of the pre-conditions for
mesocyclone development is a wind field displaying significant values of
convergence and cyclonic vorticity in the low-altitude environment
surrounding a storm during its early stages of growth. Furthermore, small
echo cells could serve as imperfect but revealing tracers of the
environmental wind field prior to mesocyclone development. Accordingly, the
relative motions of pairs of distinctive echoes were studied in two storms
that later developed mesocyclones and two that did not. Convergence was
inferred by the approach toward one another of the two echoes in an echo
pair, and vorticity was inferred by rotation of the axis joining the echo
pair. Mean magnitudes of inferred cyclonic vorticity in the eventually
mesocyclonic storms were more than an order of magnitude greater than in the
storms that did not develop mesocyclones. Warning times were also
significant: 1In one mesocyclonic storm, unusually intense vorticity was
traced by rotation of an echo-pair axis 45 min before the mesocyclone
appeared. The echo pairs indicated strong convergence only in the storm in
which tornadoes were spawned by a mesocyclone.

These studies, conducted manually and to some degree subjectively, were
time-consuming and obviously not suitable for operational application. They
did, however, indicate that relative echo motions during the first hour of a
storm’'s lifetime may predict the probability of subsequent development of a
mesocyclone. Accordingly, Harris and Petrocchi (1984) developed a
reflectivity peak detection algorithm so that small echoes could be

identified automatically and their relative motions monitored in real time.
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The large number and short lifetimes of the reflectivity peaks compromised
the reliability of automated tracking results. However, the rate of change
with time of the number of cells and the average reflectivity mass within

%

the cells did provide an early indicator of the eventual evolution toward a

o

D)

supercell storm 15 to 20 min before a mesocyclone was detected.

§e

An algorithm for automated detection of mesocyclones in real time was
developed and successfully tested by Wieler (1986), following guidelines
proposed by Wieler and Donaldson (1983). The MIDA, or Mesocyclone-Tornado
Detection Algorithm, is very versatile: It will identify large mesocyclones

up to 10 km in diameter, as well as tornadic vortex signatures that are an
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- order of magnitude smaller. It also can handle both cyclonic and

e
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anti-cyclonic circulations. This feature was built into the algorithm

-

because a small fraction of tornadoes and an occasional mesocyclone do

RN

rotate anticyclonically. After identification of a circulation, the

algorithm computes its horizontal and vertical extent, temporal persistence,
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average shear, momentum, and rotational kinetic energy. The algorithm also

v

compensates for cross-beam degradation of resolution with range, which is
especially important for reliable identification and classification of small

features such as tornadic vortex signatures. Many small, weak, and
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ephemeral perturbations in Doppler velocity characterize natural wind
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fields; these perturbations are initially discarded by requiring all
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velocity differences in an azimuthal scan at a particular range to exceed

4
1

resolution-dependent thresholds of magnitude and shear. No significant
atmospheric vortices are eliminated by these thresholds. The MTDA can also
identify and measure divergence (or convergence) on the scale of the
mesocyclone. This is an important capability, because in many mesocyclones
the vorticity is co-existent with convergence near the ground and with NG
divergent outflow at the top of the circulation.

Further improvements in the MTDA have been made by Desrochers, after he
discovered that the algorithm was mishandling areas of velocity change in
weak reflectivity. This problem needed correction, because in many N
supercell storms weak echo regions are coincident with mesocyclones. With 2;3
these improvements, the algorithm now works well in regions of weak as well
as strong reflectivity.

The MTDA provides information on the radius and maximum rotational A
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velocity of mesocyclone cores as a function of height and time. This
information can be used for quantitative classification of mesocyclone
intensity in an effort to predict the occurrence of tornadoes and their
destructive power. Donaldson and Desrochers (1985) discovered that
rotational kinetic energy of the mesocyclone core is the most reliable
predictor of tornadoes. They also found that shear must be combined with
energy, in order to eliminate a high rate of false alarms from large and
weakly rotating mesocyclones near threshold shear that never produce
tornadoes. Consequently, they devised a parameter called ERKE (Excess
Rotational Kinetic Energy), which is the rotational kinetic energy of a
mesocyclone core calculated from its radius and its rotational velocity in
excess of the value required to maintain threshold mesocyclonic shear. Thus
the large and weakly rotating mesocyclones will have appropriately small
values of ERKE. In one tornadic mesocyclone, ERKE attained unusually large
values 20 min before touchdown of a violent maxi-tornado.

Desrochers et al. (1986) expanded the study of ERKE to a sample of ten

mesocyclonic storms. Half of these storms were tornadic, approximating the
distribution seen in nature. Two of the tornadic storms produced
maxi-tornadoes of violent intensity (F4 and FS). The predictor of tornado
occurrence was a value of ERKE at least as large as the climatological mean
of all mesocyclones in the mature stage, penetrating below a height of 5 km
and persisting there for at least 5 min. Although these classification
criteria are tentative, pending the analysis of a much larger sample, they
correctly predicted whether or not a tornado occurred in nine storms out of
ten. The predictor for a violent F4 or FS tornado was identical to that for
any tornado, but with ERKE exceeding twice the climatological mean. This
predictor was correct for all storms. The first tornado in a storm, usually
of weak Fl intensity, generally occurred a few minutes before the tornado
occurrence predictor verified. However, positive warning times of 13 to 63
min were attained for the most intense non-violent tornado in a storm, of
strongly damaging intensity F2 and F3. The two violent tornadoes, which
were predicted perfectly, also occurred after adequate warning times of 20
min for one storm and an amazing 72 min for the other. This excellent
predictability of ERKE for the violent F4 and F5 tornadoes is indeed

fortunate, because this class of tornadoes, despite its rarity, kills and

injures many more people than the more common strong or weak tornadoes.
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C. WUWind Shear Related Hazards

Alrcraft are particularly susceptible to accidents during tecminal
approach and takeoff procedures becsuse of their proximity to the ground.
Several crashes have occurred when aircraft experienced alterations in lift
upon encountering substantisl environmental wind shear. These wind changes
tend to be associated with convective storm outflow, seabreeze fronts, and
synoptic fronts. Detection of the location of these features in real time
could provide valuable guidance to air traffic controllers and pilots. With
this information they would be able to a.ter their flight procedures to
prevent mishaps. During the past five years STX has conducted considerable
research directed toward determining the detectability by Doppler radar of
these low-level shear phenomena and developing and testing automated
detection techniques where appropriate.

The primacy effort has been on the detection of the outflow from
convective storms since this appears to be the primary source for air
crashes. Pujita (1985) has documented several cases where commercial
aircraft have crashed on takeoff or final approach due to encounters with
thunderstore outflow. These cutflows are the product of the downdrafts that
occur within all convective storms. Downdrafts deflected by the ground
produce a perturbation on the horizontal flow. Some storms produce only
weak downdrafts and hence only weak outflows which are less likely to prove
hazardous. However, a great many storms produce strong downdrafts that
FPujita (1985) calls downbursts. He defines a downburst as any strong
downdraft that produces damaging winds at or near the ground. He separates
downmbursts into two categories: microbursts (horizontal extent less than 4
km across) and macrobursts (greater than 4 km). A microburst is attributed
to a single intense downdraft. On the other hand, the macroburst is more
likely the product of a number of less intense downdrafts that accumulate
cold air beneath the storm. This causes a pressure gradient force directed
outward from the dome of cold air with the strongest force usually toward
the inflow region. This force pushes the cold air from beneath the stomrm,
inducing gusty winds especially near the region where the outflow interacts
with the inflow. The boundary between these two flow regimes is called a

gust front. In future discussion, reference to the macroburst phenomenon
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will be in terms of its gust front because it is this portion of the
msacroburst that is the primary hazard for aircraft.

A great many microbursts and gust fronts kick up enough debris, have
enough precipitation, or have sufficient refractive index gradients for
detection by microwave Doppler radar. In an effort to provide guidance to
the forecaster, STXI has explored a variety of techniques for automatic
detection of microbursts and gust fronts. In 1981 more was known about the
radar characteristics of gust fronts than downbursts, because gust fronts
had been studied extensively, especially in Oklahoma (Bensch and McCarthy,
1978; Goff, 1976). With this backlog of knowledge and a number of readily
available cases from the JDOP program, efforts were directed toward
detection of gust fronts. First, a correlstion technique developed by
Smythe and Zrnic  (1983) for determining motions within storms was
investigated to see if gust fronts were observable in the resultant motion
fields. Two problems were encountered in the use of this technique. First,
gust fronts usually have only a narrow region that yields radar returns, too
small to allow the correlation technique to produce enough motion vectors
for reliable gust front discrimination. Second, this technique determines
motions of patterns of reflectivity or velocity and these may have very
little relationship to the air motion. In fact, a comparison of the
correlation-derived motion fields with those derived from multiple Doppler
analyses showed discrepencies in direction as high as 180 deg. Consequently
this technique was discarded.

A common observation of gust fronts from the NSSL studies was the
presence of gradients of the radial velocity. We then decided to look at
techniques for the estimation of these gradients in real time. 1In the
NEXRAD inventory there are algorithms to determine regions of shear in range
and azimuth individually. It is unfortunate that individually they do not
depict the gust front completely and there appears to be no easy way of
combining their products. The approach adopted by STX was to compute both
gradients and place them on a rectangular grid for combination into a single
two-dimensional gradient of the radial velocity. Using this technique and
placing a threshold on the gradient magnitudes, it was found that gust
fronts were readily discernible throughout most of their length. The

gradient computation scheme used in this analysis has become the Combined
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Shear Algoritha in the WEXRAD library of Category 1 slgorithms, that is,
those to be implemented in the prototype radar system. Some efforts were
directed towards automatically extracting the gust fronts from the gradient
data in terms of a line or contour and in tracking and forecasting their
motions. While it was found to be possible to characterize the gust front
with either a line or a contour, the evolution of the detected festure was
great enough that the use of simple techniques was found not to be
applicable to the high degree of evolution of the patterns in the gradient
data and these efforts were abandoned.

By 1985, considerable knowledge of the nature of microbursts had been
compiled (e.g., Pujita, 1985; Wakimoto, 1985) and it was apparent that we
might well be able to detect microbursts automatically with Doppler radar.
Microbursts produce very distinctive divergent signatures in the radial
velocity fields at the very lowest elevation angles. An algorithm,
discussed elsewhere in this report, was developed to detect this divergent
signature and was found to be quite successful on the limited data set
available. A similar algorithm was developed independently at the
MIT-Lincoln Laboratory (Merritt, 1986), with equally promising results.

Downburst and seabreeze fronts are not always observable by microwave
radar but it is thought that Doppler lidar might more easily detect these
clear air features. An effort was initiated to assist the Air Force in
developing a Doppler lidar program. Studies were initiated to explore the
capabilities of Doppler lidar as a detector of clear-air phenomena, and it
was found, in fact, that the co2 system clearly had considerable
potential. Once the Air Force acquired the lidar STX assisted in its
assembly and testing.

D. Position Tracking and Forecasting

To this point discussion has been focused primarily on detection of
weather phenomena and not on determination of future locations, a necessary
ingredient in any forecast. To tackle this problem, one needs first to look
at the present and past locations of the phenomenon being analysed. There
sre different perspectives that can be taken here. One could focus on the
cell concept. One definition of cells might be those regions that have
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reflectivity values above some threshold value. This is the approach
developed by AFGL for its automated cell identification and subsequently
adopted by NEXRAD as one of its primary algorithms. One could also define
cells as simply peaks in the reflectivity fields where there is some
threshold on the magnitude of the peaks relative to the surroundings. This
has the advantage of being able to follow cells from their inception and to
provide much more structural information for complex storm systems. Crane
(1979) introduced this concept as a potential tracking tool. STX examined
its application to real time processing and to the appraisal of changes in
the internal structure of storms. In a study early in this contract (Wieler
et al., 1982), Crane's definitions of peaks (regions where reflectivities
are 3 dB above background) were found to be inadequate because more peaks
were found than could be reliably correlated in time, thus making the peaks
of little use as an analysis tool. As part of the attempt of automation in
the relative storm motion study discussed earlier it was decided to revisit
this technique of cell identification. Larger peaks (6 dB above background)
were sought. While these could be tracked visually through pattern
recognition considerations, simple automated techniques did not appear to be
possible, because of the large numbers and close proximity of the detected
cells.

Another approach to storm tracking is to attempt to follow a region as
defined by a contour and to monitor the shape and position of the region.
STX pursued this approach in its contributions to the AFGL efforts to
nowcasting cloud-free lines of sight, of which there has been considerable
discussion elsewhere in this report. Suffice it to say that with contour
definitions utilizing the Freeman chain code there appears to be
considerable promise for this technique as a real time tool. To date
efforts have been directed towards development of a software system
environment in which implementation and evaluation of analysis techniques is
relatively easy. A few selected techniques have been evaluated.

Besides developing and evaluating techniques for potential utilization
in MEXRAD, STX has also implemented algoritams developed elsewhere. One
such algorithm is the icing algorithm that was developed at McGill
University. Aircraft icing is most often caused by small (less than 60

microns in diameter) supercooled liquid water droplets, too small to be
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detected by radar. However, there is reason to expect lcing encounters when
supercooled rain drops are present. HNormally when ice particles fall from
their region of generation through the 0° C level they melt and produce a
"bright band” in the radar reflectivity measurements. Since supercooled
water and ice particles are not likely to co-exist, from the presence of a
bright band one can deduce that there is no super-cooled liquid water.
Conversely, the absence of a bright band within a precipitation region that
extends above and below the 0° level might well indicate the presence of
super-cooled liquid water and the absence of ice particles. This is the
basis of the McGill technique and the algorithm developed there. The

- automated algorithm has been implemented but remains to be corroborated with
coincident radar and aircraft data.

As a continuation of a previous effort by STX and a further effort by

APGL in assessing the utility of the variance of the Doppler spectrum as an

estimator of aircraft turbulence, an automated algorithm was encoded into
the AFGL real time processing package. This software and its accompanying
graphics software have been debugged and tested.

E. Synoptic-Scale Wind Anomalies

Hurricane Belle (1976) was the first tropical storm observed by Doppler

radar. The maximum and minimum locations of Doppler velocity were not

opposite in this hurricane; Donaldson et al. (1978) explained this deviation RSy
as an effect of curvature of the wind field. However, this explanation was 23:
incomplete. Donaldson and Harris (1984) reconsidered the Doppler velocity Eji
patterns observed in synoptic-scale wind field anomalies produced by intense “N
cyclones like hurricanes and concluded that crosswind shear as well as ﬁ?;~
curvature contributes to the deviation from opposition of the Doppler j{:‘
velocity extrema. Recently they derived a formal expression for the Doppler ii
velocity pattern, given by a radar scanning in azimuth at constant range and :?4”
elevation angle, of all four first-order spatial derivatives of the wind ;j?
field. These derivatives are curvature, diffluence, crosswind shear, and E:E_
downwind shear. An original approach was used to model diffluence, in order 52527
AN,

to preserve streamline integrity, by postulating a virtual (but fictitious)

streamline apex at a fixed distance upwind from the radar for diffluence or
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downwind for confluence. The inverse problem was solved for recovery from
the Doppler velocity pattern of downwind shear, diffluence, and the sum of
curvature and crosswind shear, as well as wind speed.

Donaldson and Ruggiero (1986) applied these results to an analysis of
Hurricane Gloria (1985). Their most important finding revealed pronounced
decay after landfall of both circulation and maximum wind speed around the
eye region nearly three hours before confirmation by more direct radar
measurements. Negative downwind shears, owing to frictional loss over rough
ground, were also measured, and largely compensated by persistently positive
diffluence. This type of diagnosis, utilizing wind field derivatives
recovered from the pattern of scanned Doppler velocities, offers great
promige for remote and early assessment of the trend in intensity of
hurricanes and severe extra-tropical cyclones.

F. Other Activities

Throughout the five years of this contract STX scientists have been
active in terms of participation and attendence at formal and informal
technical meetings. Thirteen presentations have been made at such technical
conferences as the 21st, 22nd, and 23rd Conferences on Radar Meteorology,
12th, 13th and 14th Conferences on Severe Local Storms, l6th Conference on
Hurricanes and Tropical Meteorology, NEXRAD Doppler Radar Symposium/Workshop
(1982), and a URSI Commission F meeting (1985). In addition, less formal
presentations were made concerning shear detection to the FAA and in the
orientation session for the Boston Area NEXRAD experiment. Ralph J.
Donaldson, Jr. had the distinct honor of being elected Fellow of the
American Meteorology Society, of being chosen to co-chair a special AMS
Radar Meteorology Symposium/Workshop, and to teach a course on radar
meteorology interpretation to National Westher Service personnel. He was

also called upon to participate in an experiment by PROFS to evaluate its
products.
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V. SATELLITE METEOROLOGY

A. Introduction

L™
]

At the beginning of the contract period, research in satellite
meteorology at AFGL was based on the capabilities of the Man-computer
Interactive Data Access System (McIDAS) that had been purchased by AFGL from ¢
the University of Wisconsin. Extremely advanced for its time, this system o

L, 4L

«
»
.
1
.
-
.
‘s

had the capability to receive, store, manipulate, and display meteorological
satellite and observational data in a user-friendly interactive }”
environment. With these capabilities it was to become the primary analysis
tool for work in satellite meteorology at AFGL. Unfortunately, while McIDAS NG

had these advanced capabilities it was by no means a simple task to use o

a
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them. When received from Wisconsin, the McIDAS was limited to receiving and
viewing GOES images and associated functions. When it became desirable to
expand the usefulness of McIDAS to include new techniques or new data it
quickly became apparent that the documentation received with the system was

wholly inadequate to understand, much less modify, the McIDAS. For this
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reason STX became significantly involved in the understanding and expansion
of McIDAS capabilities.
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The initial task in understanding the McIDAS was to document the

existing software. Working closely with AFGL in-house scientists, STX

»
4

- v
LA
a_f

software engineers began the painstaking task of walking through the source

~ v

code for the various routines and figuring out what functions they performed
and what other routines they interfaced with. While this task was difficult
enough, it was further complicated by the fact that the Wisconsin software

normally contained no comments, had obviously been written in a hurry, often
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contained obsolete code or even outright errors, and tended to follow no
programming convention known to man. Add to this the fact that due to the g
limited amount of mass storage on the system (i.e., a single 80 mbyte disk) »

all source code had to be maintained on punched cards and had to be

.

interpreted one deck at a time in order to produce even a listing of a

/o
4 a ¥ 7

program, and one can get some idea of the magnitude of the job. However, if

Ll

the McIDAS was to be of any use beyond the limited functions that it had

-

arrived with, the task was a very necessary one.
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The result of the documentation effort was six volumes produced jointly
by the STX and AFGL staffs. Five of these described the individual routines
contained in the five main program libraries that made up McIDAS and the
gixth described all the various data structures that were used on the
gsystem. With these manuals it became possible for a scientist and an
applications programmer, working together, to begin to do serious work
utilizing the true capabilities of McIDAS. Three separate research projects
grew out of these early efforts to understand how to use the McIDAS. They
were a study of the then new Visible Infrared Spin Scan Radiometer (VISSR)
Atmospheric Sounder (VAS) flying on the GOES-4 satellite; a feasibility
study comparing radar reflectivity values to GOES visible and infrared
imagery to determine if there was a relationship between moderate to deep
convective systems sensed by radar and cold/bright scenes detected by
satellite; and an experimental cloud analysis program designed to validate
and improve the operational cloud analysis algorithm being used at the Air
Force Global Weather Central (GWC) in its 3DNEPH program. STX
meteorologists and applications programmers worked together with AFGL
personnel on all three of these projects throughout the full term of each.

Early work digging through the McIDAS software would eventually lead to
STX leadership on two other large projects begun later in the contract
period. The first resulted from a joint agreement between AFGL and NOAA
that called for AFGL to provide GOES mode A VISSR data to a consortium of
users that was to be known as the Northeast Area Remote Sensing System
(NEARSS). This was initially viewed as providing a redundant data path from
the McIDAS GOES ground station to NEARSS with some associated command and
control functions performed through a separate microprocessor based system.
What it finally became will be described later. The second project became
the replacement of the McIDAS itself. With the development of new bigger,
faster, and cheaper processors than McIDAS and the requirement to handle
more varied and larger data sets in an integrated environment, the decision
was made to replace the McIDAS at approximately the halfway point in the
contract period. Due largely to the background obtained working with the
McIDAS, STX personnel were to perform a key function in what was initially
called the McIDAS upgrade and later became the AFGL Interactive
Meteorological System (AIMS).
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B. BEvsaluation of VAS Radiance Measurements

e - -

One of the first research projects undertaken on the McIDAS was a
quantitative evaluation of the measurements from the VAS instrument on
GOES-4. The objective of this study was to determine if VAS radiance )
neasurements compared favorably with equivalent radiance values computed ]
from radiosonde temperature measurements made over a dense radiosonde
network in north Texas. The first part of the project required that the VAS
data be added to the McIDAS in such a way that the data handling
capabilities of the system could be brought to bear on the problem. This .
required that a new database management structure be developed to handle the
sounder data. Once this was accomplished all the relevant applications
software had to be modified to recognize the new data type. When this was
done the VAS data could be treated by the McIDAS in exactly the same manner
ag the GOES VISSR data. That is, it could be displayed on a McIDAS
workstation, navigated, overlaid with map boundaries, overlaid with contour
analysis of different parameters (such as contours of constant level :
temperatures from the radiosonde network), or overlaid with plots of station y
locations or dats values. The VAS images could be stored and archived in
the same manner as VISSR images and hardcopies could be made. In short the
researchers had all the tools they needed to complete their initial study of
the data.

It was important to recognize that there are fundamental differences
between the way the VAS instrument senses the atmosphere and the way a
radiosonde does. The VAS makes a near instantaneous measurement of a
radiance value integrated over a column with a horizontal cross-section
equal to the resolution of the sensor for the particular channel being
sensed. A radiosonde makes s point measurement of temperature at scattered
discrete points as it ascends and drifts with the wind. It was not N
therefore expected that the VAS and radiosonde would show exact agreement; ¥
however, for validation of the VAS instrument the comparison values should
be comparable. A statistical comparison of the VAS and radiosonde data was
conducted on a large number of cases selected using the interactive
capabilities of McIDAS. From this comparison it was digcovered that a 10 to
30 percent positive bias existed in the VAS data. Examination of the 2
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equations used to convert from IR count values to radiance and from radiance
to brightness temperature revealed that if certain constants were modified
the resultant radiance and temperature values showed a much better agreement
with the radiosonde data. This information was communicated to the Space
Science and Engineering Center at the University of Wisconsin, the
organization responsible for producing the conversion equations, and a new
set of constants was generated. The updated results showed a marked
improvement in the comparison results.

C. Comparison of Satellite and Radar Estimates of Precipitation Rate

At about the same time as the VAS experiment, a combined AFGL/STX study
was conducted to determine the feasibility of using a quantitative method
for estimating rainfall intensity in regions of moderate to deep convection
(M/DC) from satellite derived vigible and infrared imagery. Ground truth
for this study was provided by manually digitized radsr (MDR) digital video
integrator processor (DVIP) levels which can be related to rain rate by an
empirical Z/R relationship. The motivation for this study was the need to
provide some information on precipitation bearing systems on a theater-scale
area in the absence of any direct measurements. The McIDAS was again
selected as the most suitable environment on which to perform this study.

The initial phase of the study was to select cases of moderate to deep
convection and then collect the data for each case. The sources of data
were to be GOES visible and infrared images, and the associasted MDR
reports. At that time MDR data could be received at the McIDAS via the
WB604A data line; however, it was not being decoded or archived.
Consequently an MDR decoder was written and integrated into the McIDAS
traffic handler routine that controlled the data flow from the WB604 line.
Once the MDR decoder was operating correctly, the selection of the case
studies was begun. The selection process required the interactive
interpretation of satellite data along with overlaid MDR data in order to
find cases of M/DC. The MDR data had first to be converted from the polar
stereographic projection that it has been generated in, to a
latitude/longitude grid projection so that the McIDAS earth location

software could be used to warp the MDR data to match the projection of the
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satellite image. This gave the user the capability not only to display the
MDR grid data but also to extract the data value from a grid point selected
on the screen. After these new capabilities were in place, interactive case
selection could proceed. Accumulation of the satellite and MDR data for
each case was performed automatically by the McIDAS. A total set of 66
hours of M/DC data collected over the continental U.S. was selected from the
three summer months of 1982.

After initial case selection, the second phase of the study was
undertaken, to determine if satellite data could be used to discriminate
rainfall intensity in regions of M/DC. From the 66 hours of data selected
in phase 1, 4094 individual cases were selected as being representative of
the general population. In order to insure that the selected cases did not
have an anomalous distribution of DVIP levels, a chi-square test for
independence was performed between the selected sample and the entire set of
national grid data. The chi-square test showed that the M/DC set was in
fact representative of the larger set and that sample size had minimal
influence on the distribution of DVIP levels.

The analysis technique to be tested consisted of comparing the relative
brightness of collocated visible and infrared pixels and determining the
probability that the corresponding DVIP level would exceed a given level.
Frequency distributions were generated for categories of area-averaged
vigible and infrared satellite data contained in the previously collected
case. to determine the probability of detecting no-rain (DVIP = 0) and rain
(DVIP > 0) conditions for each VIS - IR pair. Exceedence probabilities
stratified by each DVIP level over 0 were then computed for each VIS - IR
pair.

Regults of the second phase analysis showed that non-zero DVIP levels
were contained in a3 relatively small subset of the combined brightness and
IR values. To reduce the sensitivity of the study to non-rain areas in the
selected cases, the visible and IR data were combined into a new set of
categories that covered only the rain regions. Frequency distributions for
the new categories were then computed. Results of the combined data showed
that for cloud top temperatures colder than -15° C and reflectance values in

excess of 85 percent, the visible and infrared data were sensitive to

changes in DVIP level. Probability distributions were computed for the
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range of values above these cutoffs that could be useful for determining

rainfall rates in the absence of any data except passive geosynchronous
satellite imagery.

The study also tried to determine if any useful information could be
obtained from the infrared data alone. It was found that only for extremely

o
N

A 8
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well developed systems, where cloud top temperatures were below -45° C, did
the IR data show any sensitivity to DVIP level change.
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D. Automated Cloud Analysis

The third major study undertaken on the McIDAS involved the Air Force
operational cloud analysis model known as 3DNEPH. This model was used to

YXXEXR
R

produce a global analysis of cloud extent and location on a three-hourly

At
l-{

basis for use in Air Force operational and experimental programs. The
satellite meteorology group at AFGL had been tasked to investigate the
satellite processor portion of the nephanalysis model and to improve both
the accuracy and sharpness of the analysis. STX again worked closely with
AFGL scientists on this project. The approach that was decided on was to
implement a research and development version of the operational model on the o
MAIDAS and using that as a baseline to investigate areas where the model Q;
could be improved. This version of the model became known as the RDNEPH and
was based on the satellite processor algorithm from the 3DNEPH.

The satellite processor used the DMSP OLS as the primary data source R
and, when that was not available, it used data from the NOAA/TIROS-N AVHRR
sensor. Since the sengor channels on the OLS were broad compared to the
AVHRR, the two visible and two thermal IR channels were combined so as to -
appear more like the OLS. Several other data types were used in conjunction
with the satellite data in the cloud algorithm; these included surface or -
skin temperature, background brightness, and upper air temperature
profiles. GWC was the only practical source for all global data used in the

neph experiments since it routinely archived all the data necessary to v

iy

<N

produce the nephanalysis. However, while using GWC was convenient and even

S

necessary in order to get all the data, it caused a difficult database

management problem due to the vastly different architectures of the GWC

Univac computers and the McIDAS Harris computer. As was the case in the

RN
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projects described above, the first task in starting up the neph project was
to build a new database management structure on the McIDAS for the GWC data.

One aspect of the GWC data that greatly facilitated the management task
was that all data at GWC were mapped to a common map projection; namely, a
polar stereographic projection true at 60 deg latitude. Data that were
mapped to this projection were given a mesh designation based on the
resolution of the data. The grid mesh was based on a whole mesh grid that
had a nominal resolution of 200 nautical miles (nm). Finer resolution data
could be stored in quarter, eighth, or sixty-fourth mesh grids that were
subsets of the base whole mesh grid. By maintaining this convention on the
McIDAS data manager the entire conversion operation was simplified. The
McIDAS already had a grid database based on a regular latitude/longitude
grid system. By patterning the neph grid database structure after the
latitude/longitude structure, the integration of new data types into the
McIDAS scheme became straightforward.

Once the neph data were in the system, it was a relatively simple
exercise to write a series of applications programs to perform the common
interactive data operations such as plot, contour, display images, and
hardcopy. The next major task was to write the RDNEPH program itself. The
analysis algorithm used a thresholding technique to make the cloud/no cloud
determination. Data are analyzed for each eighth-mesh grid box (i.e., 25 nm
resolution) resulting in an 8x8 pixel array for each analysis point. A

frequency distribution histogram is computed for each box, peaks in the

histogram are combined to produce four or less clusters, and each cluster is
subjected to s threshold to determine if it is cloud. The IR threshold is
based on the background surface temperature as derived from shelter height
measurements and forecast model output. The visible data threshold is based
on the background brightness database compiled from satellite measurements
of clear scenes. In both cases the algorithm looks for clusters of pixels
that are colder (IR) or brighter (VIS) than the background. Once a cloud
has been identified, the cloud top brightness temperature is compared to the
upper air temperature database to determine the cloud top height.

In order to determine how accurate the cloud analyses were, and to
provide s means of quality control on the program itself, a new display was

genersted. This display was a synthesized image depicting the automated
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interpretation of the cloud field. The image was generated by taking the Cf
representative grayshade from each cluster that was used in the thresholding Ez

operation and storing that grayshade value in a new image file known as the

%

RGS. By replacing each IR or VIS pixel in an original image with the

corresponding RGS value, the new synthetic image was formed. The RGS images s

proved very useful in evaluating the analysis algorithm results. Since they

were based on the original data, regions in the RGS image that were analyzed

as cloud looked almost identical to the original image. Regions that were

interpreted as cloud-free were assigned an arbitrary (black) grayshade that ::‘

was typically displayed as green for a clear land surface or blue for a 5-

clear water surface. ’
The AFGL study revealed several areas where the analysis algorithm v

broke down. The worst situation was for low stratus or fog over cold ocean

surfaces. Due to the low thermal contrast between the cloud and the

background surface, the threshold was just not sensitive enough to detect -

the clouds. Contributing to this problem was the fact that the infrared :;

data had a resolution of only about 1.5° C whereas the surface temperature

database had a resolution of 0.1° C. This often resulted in a checkerboard -

pattern in the RGS image in regions of these low clouds due to slight

variations in the surface database. Recommendations were made to GWC to :

include more dynamic range in the IR data at the warm end of the spectrum L

where these ambiguities between a cool surface and warm cloud were most ~.

likely to occur. A second problem area in the automated analysis was along i

coastlines. It was discovered that often in completely clear situations, a

line of low cloud would be analyzed right off the coastline. After some

investigation it was learned that the low resolution of the surface

temperature database was causing these anomalous clouds to appear. The

problem was that in coastline grid boxes, the entire box was assigned the

temperature value of the land portion of the box. In regions of large

thermal contrast between the land and water surfaces (e.g., coastal New

England in early summer), the cold water was being interpreted as cloud

because the threshold value was based on a warm land surface. :Q%
The second issue that was to be addressed in the cloud analysis study

was that of sharpness. For tactical applications, it is desirable for a

cloud analysis to be as binary as possible (i.e., no partially cloud filled
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analysis grid boxes). To determine whether improving accuracy adversely
affected the analysis sharpness s new data set was generated. Through the
use of run-time processing options, the RDNEPH program could be tuned to
produce an optimal analysis for any situation. By computing a measure of
sharpness known as the 20-20 score for a series of analyses produced using
different run-time options, it was possible to quantify this relationship.
The results showed that for different analysis options the resulting
sharpness was always extremely high; that is, the 20-20 score was always in
excess of 0.89 (where 1.00 is binary) and the variation was only a few
percent. Thus it seemed reasonable to drop the sharpness issue from the
need to improve accuracy.

Another issue that appeared to affect the accuracy of the analysis had
to do with an apparent trend to over-analyze cloud at the edge of the
satellite scan boundary. There were two possible causes for this: First, a
geometric effect caused by the fact that the sensor tended to look more at
the sides of cloud at the high scan angles; and second, atmospheric
attenuation effects enhanced by the long pathlength through the atmosphere
at the high angles. To quantify just how severe this problem was a large
amount of raw brightness temperature values was accumulated and categorized
by the satellite viewing angle. Plots of average brightness temperature vs.
viewing angle showed a strong negative bias of about 7°* C over land and 8° C
over water at angles out to 65 deg from subpoint. Further investigation
showed that a correction was applied to the data at GWC to account for that
effect. This study showed that this correction was insufficient to remove
the bias from the raw data; however, it was still not clear whether the
error was carried through to the analysis produced from that data. To
determine the effect of the scan angle bias on the cloud analysis, a second
study was initiated to perform a similar test on the analysis itself.
Unfortunately a much smaller sample set had to be used for this study due to
computer problems. MNevertheless, the results gave some indication of how
the error was carried through. The cloud analysis over land backgrounds did
not appear to have any scan angle bias associated with the cloud amount
product, but the analysis over water displayed a bias of 20 to 25 percent
out to 65 deg. Due to the small sample size it was only possible to
speculate as to why no bias appeared in the over land sample. The
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conclusion was that clouds over land during the summer (when this sample was
taken) had a large enough thermal contrast over the warm background that a
7* C bias was not enough to affect the threshold cutoff. Recommendations
were made to GWC to apply the bias correction directly to the brightness
temperatures used in the cloud threshold decision rather than a coarse

correction to the raw grayshade data as was currently being done.

E. Northeast Area Remote Sensing System (NEARSS)

In 1983 work began on a project for the newly created NEARSS
consortium. AFGL contracted with NOAA to provide GOES mode A VISSR data
from the AFGL ground station to NEARSS for use by the research community
within the association. The original specification called for a redundant
data path to be established from the AFGL GOES ground link to a separate
microcomputer-based storage and distribution system. Three tasks were
identified: 1ingest, storage, and transmission to the users. The ingest
function required that capabilities be established to schedule (with
operator override), sectorize, and receive imagery and navigation data, all
without user intervention. Limited data storage requirements would allow
users to access recent GOES images in the event an image was missed when it
first came in. Data transmission was tc be over a dedicated serial network
with the AFGL node performing network management functions.

AFGL purchased computer hardware for the project with the intention of
doing system integration in-house. Because of this decision computer
components were purchased at the board, and sometimes even the chip, level.
This would eventually lead to a great deal of wasted and duplicated effort
on the part of STX software engineers who were doing the integrating because
the capabilities and connectivity requirements of the individual components
were not always completely understood when they were purchased. After over
two years of continuous effort, an integrated system based on a Intel 86/30
single board computer (SBC) with associated mass storage and communications
subsystems was produced. This system used the iRMX86 real time operating
system with a full blown development environment including an editor and

debugger.
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Once the system integration was complete, software development was able

to proceed. A system originally developed for McIDAS known as the Offline

Data Ingest System (ODIS) is used for scheduling and sectorizing the data as
it is received from the satellite and performing data conversion from 6 (for
the visible data) and 9 bits (for the IR data) to 8-bit bytes. From there
the data are handled by the ingest software on the Intel system. Ingest
software can handle various size sectors and different resolution images.
Navigational parameters are automatically stripped out of the data stream
with each image and stored locally by the database manager. Data are
transmitted according to a pre-established schedule to the Massachusetts
Institute of Technology (MIT) where the images can be viewed on a monitor
and where they are made available to the rest of the NEARSS community.

The NEARSS microcomputer-based satellite ingest and distribution system
has been running operationally since October 1985. Every half hour it
automatically generates a 512x512 8-bit visible and infrared 8 km resolution
image of the eastern U.S. and Canada during the day, and an IR image only at
night. As soon as it is received from the satellite, each image is
transmitted to MIT, requiring approximately 9 minutes to transmit both a
vigsible and an infrared image over the 9600 bps transmission line. The
NEARSS transmission protocol includes provisions for the imagery,
navigational parameters, and error checking. It was originally designed to
handle messages between the NEARSS users as well; however, that capability
is not being used. Thus NEARSS ig provided with full GOES mode A coverage

in near real time on a continous basis.

F. AFGL Interactive Meteorological System (AINMS)

As research in satellite meteorology at AFGL become more varied, and as
data from more and more different sensors were required, the McIDAS became
overloaded and was unable to perform all of the functions required of it.

In addition the development environment on the system had become archaic and
unresponsive by the standards of the day. A plan was formulated in AFGL to
replace the CPU of the McIDAS with a newer and more powerful processor. To

this end a Gould SEL 32/27 minicomputer was purchased by the Laboratory with
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the intention of simply transferring all the McIDAS functions over to the

new machine. However, after further thought it was concluded that a single
minicomputer would not be sufficient to handle all the tasks that the users
wanted to perform and that a more powerful solution was needed. At this Ny
point STX personnel became actively involved in the upgrade project and the
formulation of a solution. ;

It was decided that the only way to find a solution to the upgrade

problem was first to be sure that the requirements were completely ;J
understood. To do this, STX with AFGL in-house support began working on a E:'
requirements statement. The requirements came from existing McIDAS ?;.
) functions that were to be carried over, capabilities that users wanted but A
that McIDAS was unable to provide, and speculation as to what future -:
requirements would be. Seven functional areas were identified thgt the new &t
system would have to address: :_,
:J‘
1) data ingest, both satellite and other types ;:
2) data storage and retrieval o
3) generation of output products S{
4) interactive display and objective analysis sex
5) applications development 1;
6) system maintenance Zi
7) system architecture and distribution of data and products. f;.
At this point a fundamental decision was made to go with a system of :“J
distributed prucessors rather than a single CPU. There were several reasons it:
for this. First, in order to handle all the identified and projected o
functions, any single CPU would have to be very large and therefore too ri
expensive. Next, no matter how large the processor was, it was inevitable %?%
that at some point the needs would outgrow the capabilities. Also, in an &};\
interactive environment it is desirable to be able to isolate the individual }f“
users s0 that one person's heavy system use will not impact the response 1\
time of other users. A distributed system seemed to be a solution for all Eﬁif
these problems since it could always be expanded by simply adding another :E;
processor; individual minicomputers and microcomputers were becoming less :}
expensive while at the same time becoming more powerful; and by providing NS
N
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separate CPU's for interactive workstations, each user was isolated from the

effects of others.

The down side to this decision was that by using a distributed system,
the system desig:: became considerably more complicated. To get a grip on
this system design problem, STX contracted for a design study by Technology
Systems Inc. (TSI), a company with considerable experience in this area.
STX, AFGL, and TSI conducted a long series of weekly meetings in which
system requirements were carefully specified and a system design evolved.
The result was a plan for a distributed system, linked by a local area
network (LAN), that could be expanded virtually without limits and that
would meet all the specified system requirements. The design called for a
layered system, where each layer was one function the system had to
provide. Layers were organized in a hierarchical structure such that the
lower layers were most machine (computer) dependent and the top layers were
where the users interacted. Six layers were identified, with each layer

built upon the one just below it. The layers from top to bottom were:

1) wuser interface

2) applications programs
3) database management

4) network communications
5) computer interface

6) physical link.

The next problem was how to implement the design. A three phase
implementation plan was developed in which each phase would be completed
before work on the next phase began. In phase 1 the main processors would
be identified and procured and a common development environment would be
built for each computer. A VAX 11/750 was selected as the system host,
batch processing node, database manager (DBM), and network bridge to systems
outside the LAN. The SEL 32/27 became the GOES ground station processor and
local archive node. A microVAX 1I was chosen as the host processor for the
ugser workstations. There were to be two workstations built around Adage
display systems. The common development environment consisted of utility
routines to compile, link, perform library management, and access tape

data. All utilities on each machine would be operated in an identical
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manner so that a programmer had to learn only one convention to be able to
work on all machines. Other development tools that were developed included
parsing algorithms, a console manager, and terminal input routines.

Phase 2 of the implementation plan called for three tasks to be
performed concurrently with different teams working on each one. First was
the database management (DBM) function. Database management on a
distributed system can be complex due to the requirement to manage files on
all linked processors in a consistent manner and to make the information
describing the files available to all users regardless of which machine they
are operating on. The method selected for the AIMS is known as a star
configuration, so named because there is only one central data dictionary
(at the center of the star) for all data files located anywhere on the
system. A data dictionary is a series of specialized files that contain
information describing the contents of data files that are located
elsewhere. Redundant backup dictionaries are maintained on each node for
use in the event of a network failure. The second task performed under
phase 2 was the specification and installation of the local area network.
While it is highly desirable to have only one LAN topology connecting the
entire system, at the time this task was performed there was no single
network available within the prevailing cost constraints that could
interconnect all three of the different processors that made up the AIMS.
The best solution that could be found was to select two different links that
both ran under the same protocol, DECnet. A point to point link was
established between the VAX 11/750 and the SEL 32/27 and a token passing
ring network was set up between the VAX and microVAX. The VAX acts as a
gateway between the two different links. The third task was to establish a
standard for the user interface that would be followed for each
application. It was decided that at least two methods would be used so that
users would have a choice depending on how much help they need from the
computer in entering the commands. The first method assumes that the user
is familiar with the command and simply wants to enter it with the fewest
possible keystrokes. This uses the command language that is provided under
the VMS operating system and consists of a single command name to invoke a
program followed by qualifiers and parameters. By specifying different

qualifiers the user can customize the ::mmand to meet his particular needs.
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! Minimal prompting is provided by this method. The second method is menu
directed input. In this case the user is led step by step through all the :
different command options and is presented with a list of all possible
choices at each decision point along the way. This method is very helpful
for users who have little or no familiarization with a particular command;

B R

however, it is very time consuming.

! Phase 3 of the implementation plan is the transfer of applications from

the McIDAS to the AIMS and the development of new programs. This process

g

) was on-going for the last six months of the contract and STX has been

responsible for a number of new programs. A WB604 data line ingest X
. capability was developed for automatic ingest of meteorological reports from -
the National Weather Service (NWS). Building on the ingest routine, a ¢

decoder program for interpreting surface reports as they come in over the

ate N B B

data line was added. A series of programs was written to bring in, format,
store, and display GWC data used in the AFGL nephanalysis program.
Considerable progress has been made toward developing a GOES mode AAA data
ingest capability. As part of the mode AAA task STX developed a terminal
handler to interpret commands on the SEL; a FORTRAN callable I/0 subsystem

. for unbuffered, asynchronous disk I/0; a device driver for receiving raw

. data from the downlink interface unit; and a documentation line interpreter

to display on a CRT screen information on each line as it is received from .
the satellite.

- G. Summary

R AR A

During the five year lifetime of the contract, STX participated and in
o some cases provided a leadership role in most of the major projects

o undertaken by the Satellite Meteorology branch at AFGL. The cumulative work
' that was produced is significant. The VAS study was a pioneering effort in
an emerging technology that located a very serious ertror in the brightness .

temperature equations. The satellite/MDR experiment showed promise for

& estimating rainfall rate, at least over a large (battlefield) area, by
i: relying solely on passive satellite measurements. The nephanalysis

? {

experimental program produced results in a number of areas: locating
g sources of error in the existing operational algorithm; making
X recommendations for improving the analysis algorithm; quantifying the scan
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angle bias that exists in the raw visible and IR data and specifying how
these biases affect the resulting cloud anslysis. The NEARSS program,
although plagued by hardware problems in its early years, resulted in an
operational system that has operated perfectly, without operator
intervention, for over a year. At this point AIMS is considered to be a
functional system that has the basic capabilities needed to operate on its
own. Phase 3 development will continue for as long as the systea continues
to operate. Because of its modular design and distributed architecture it
can be reasonably expected that the useful lifetime of the system will
exceed the 10+ years of its predecessor, the McIDAS,
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VI. CLIMATOLOGY

P &

A. Introduction

PA A AL AP

STX involvement in AFGL research in climatology began in 1984. Initial
activities related to the revision of Military Standard 210, which was

e

established by the U.S. Government to provide engineers with temperature and

density extremeg of the earth's atmosphere for flight vehicle design.

Ll A

Later, emphasis shifted to research on cloud cover climatology and its

usefulness in developing cloud cover simulation models.

B. Military Standard 210 Revision

22T,

Prior to 1984 Military Standard 210 provided statistically derived
global extremes of the vertical atmosphere as envelopes of one and ten
percent cold/warm temperatures and high/low dengities for worst month and
location at each altitude. Values at various levels on these envelope
curves provided unrealistic values compared to structures of realistic .
atmospheres. A study was therefore undertaken by AFGL to determine '
consistent vertical profiles of temperature and density that would occur
with one and ten percent extremes at specified altitudes.

A huge amount of upper air radiosonde and rocketsonde data from various
stations around the world was acquired to derive monthly statistics of
temperatures and densities at the 5, 10, 20, 30, and 40 km levels. STX was
tasked to process this large upper air data ensemble to determine individual
profiles for stations and months containing the most extreme values only.
Out of thousands of possible cases, a graphical cumulative probability
scheme was derived that allowed for rapid identification of the most extreme

. cases of temperature and density profiles. Temperature and lapse rate data ;ﬁ
from these extreme profiles were then extracted and used as input to a
program developed to compute final hydrostatically consistent profiles from
the surface to 80 km. Final revision of Mil Std 210 as a result of this

ot

work can be found in Kantor and Tattelman (1984).

R
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C. Cloud Cover Climatology

In mid-1984 STX began its participation in AFPGL research on global
cloud cover climatology. Conventional hourly weather observations of sky
cover taken over many locations in the world were utilized in developing
global cloud cover statistics. Also, spatial and temporal decay of cloud
cover conditionality was investigated to improve definition of cloud
behavior in the development of computerized cloud cover simulstion
software. Shapes of spatial (and temporal) autocorrelation functions of the
cloud cover decay over several regions of the vorld as derived from
conventional hourly observations were fairly well defined through the
efforts of STX programming. It remained to be seen how spatial cloud cover
decay would behave using satellite cloud scenes to derive similar spatial
sutocorrelation functions. Consequently, multispectral LANDSAT digital data
were acquired for investigation of spatial cloud cover decay as derived from
satellite datas.

With the availability of LANDSAT data, considerable software had to be
developed to handle a variety of satellite data manipulations. For example,
a single LANDSAT scene consists of more than 6 x 10‘ pixels. STX
therefore designed a system whereby selected smaller portions of these
images could be extracted and stored on permanent file for interactive
processing. Software was then devised to display these subsections in
pictorial form using the McIDAS imaging system. Later, this display package
was modified to display the images interactively using a color graphics
terminal with hardcopy capability. Contour analyses, histograms, and
scanline extraction techniques were automated to assist in defining cloud/no
cloud (CNC) threshold values unique to each satellite cloud scene to
distinguish clouds from the earth background. These CNC threshold
techniques were quite adequate since cloud scene selection was confined only
to those over water and not over ice, snow, or areas of sunglint, etc.
Additional software was written to separate cloudy pixels from non-cloudy
pixels of s satellite cloud scene in a manner so that tetrachoric
correlation decay of gpatial cloud cover decay could be addressed for an
entire scene. The spatial autocorrelation function derived from these

satellite cloud images exhibited a much faster rate of decay of cloud cover

255

. '.j'.r R

VIl

P ane

LR RA T

| WA




with distance than those using conventional data. Pourier transforms of
these cloud scenes were alsoc provided. Population density functions of
cloudy and clear pixels were computed to investigate recurrence interval
statistics over typical cumulus cloud fields. Distributions of equivalent
diameter sizes of cumulus clouds were also studied.

Selected areas of cloud scenes photographed on space shuttle missions
were extracted at AFGL and digitized for computer processing. The software
developed to process LANDSAT cloud images was put to use to perform the same
types of cloud analysis on space shuttle scenes, thus adding additional
important information to the study.

Results of the studies of cloud cover as derived from satellite data
were presented at the Third Tri-Service Clouds Modeling Workshop (Snow,
1985).

While processing satellite data for cloud research, STX supported
another study that made use of LANDSAT multispectral digitsl data. Good
quality digital images of portions of LANDSAT cloud scenes were produced for
-stimating cloud cover amount within defined grid squares. Then from the
digital values making up each scene, thresholds were determined by computer
methods that gave percent cloud cover the same as by human visual
observations. Brightnesses integrated over 0.5, 0.75, 1.5 and 3 nm were
then compared with corresponding subjective estimates of cloud cover.
Results were portrayed as scatter plots with computed linear regression
coefficients and curves. Final results were presented at the Fourth
Tri-Service Clouds Modeling Workshop by Hawkins (1986).

In 1985 AFGL was developing software for simulating cloud free lines of
sight to a geostationary satellite relay mirror and cloud-free arcs to an
orbiting satellite relay mirror. The objective was to produce downtime
statistics for ground-based laser (GBL) systems of one to multiple sites.
The AFGL cloud cover simulation models were being developed using an
slgorithm by Gringorten (1979) that extends, from single-point probabilities
of cloud amount, the cumulative probability distributions for threshold
cloud amounts over surrounding areas or along particular lines of varying
scale. Horizontal fields were generated stochastically with the Boehm
(1985) Sawtooth Wave (BSW) Model. The World Atlas of Total Sky Cover by
Burger (1985) was also an important contribution to the model development
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for deriving sky cover distributions over various parts of the world.
STX was involved with processing many conventional cloud amount
observations to portray spatial and temporal cloud cover decay typical over

several areas of the world. In processing these cloud decay statistics

B

cloud amount observations less than or equal to four-eighths were

l’.
-

categorized as partly cloudy skies and those greater than four-eighths were
categorized as cloudy skies. Using these dichotomously defined cloud groups

-1

greatly reduced computer processing time and to some extent allowed
conventional cloud cover decay to be derived in the same manner as that used
on satellite data. Cloud cover decay was critical to the derivation of .?
other weighting functions used to compute similar cloud realizations that
were initiated into the BSW cloud simulation technique.

During this same period AFGL acquired several data tapes containing ten
years of one-minute rainfall rates over several stations in the U.S. and
West Germany. STX processed these dats to derive rainfall rate recurrence :
statistics for duration times greater or equal to five and ten minutes with
rainfall rates that exceed or equal .1, .25, .5, .75, 1.0, and 2.54 mm o
min'l. These statistics were displayed in graphical normal probability i:'
vs. logarithmic grid form. Later this software was modified to display the

rainfall recurrence statistics in histogram form. These rainfall statistics

will be useful in modeling attenuation of satellite communication systeams.

MLSSS
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