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upon weighted vertical Integrals of the atmospheric temperature. Tests
of this method on real1sti~ally simulated , radiances indicate root-mean-
square retrieval errors of 1/4 to 1/3 of the standard deviation of ballistic
density for Individual months.. The method thus appears to be suitable for
application to areas of the globe with a paucity of conventional radiosonde
observations.

The direct inversion method ~uggested by Fleming for retrieving layerthicknesses is evaluated on ~‘-~ët of realistically simulated satellite 
•

radlances. The results indicate that there is no signifi cant advantage
to be gained by using the previous day ’s temperature profile rather than
a monthly mean temperature profile for the geographical area as the standard
proff~e that is required by the method. This result together with the
reiatiyeiy low retrieval errors obtained wi th the method suggest that it
‘WoU~&b~ ,~uite a~p~’bpriate for use in meteorologically “silent” areas.
fhe results also indicate that the thickness retrieval error for a deep
atmospti~ric layer ’appears to be independent of whether the thickness of
the deep.iayer is obtained directly from the satellite radiances or whether
the thjckfléss of the deep layer is obtained from the sum of the thicknesses
of the sub—layers comprising the deep layer, the thicknesses of the sub-
layers being obtained directly from the satellite radiances.
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RETRIEVAL OF BALLISTIC DENSITIES AND LAYER
THICKNESSES FROM SATELLITE RADIANCE OBSERVATIONS

/ ABSTRACT

~~~The general objective ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ to develop
and evaluate techniques for determining atmospheric parameters in
meteorologically ‘silent’ areas from satellite radiance observations.

A non—statistical method for obtaining ballistic densities directly
from satellite radiance observations is derived. The method takes
advantage of the fact that both the ballistic density and the satellite
radiances depend upon weighted vertical integrals of the atmospheric
temperature. Tests of this method on realistically simulated radiances
indicate root—mean-square retrieval errors of 1/4 to 1/3 of the standard
deviation of ballistic density for individual months. The method thus
appears to be suitable for application to areas of the globe with a
paucity of conventional radiosonde observations. ~~~~~~~~~ -~~

The~direct inversion method’~ugj~sted by Flemin~~for retrieving
layer thicknesses is evaluated on a set of realistically simulated
satellite radiances. ~Th~~jesults indicate that there is no significant
advantage to be gained by ~sing the previous day’s temperature prof ile
rather than a monthly mean temperature profile for the geographical
area as the standard profile ~ b.at—4e?required by the method. This
result,,jpogether with the relatively low retrieval errors obtained with

__ 

the metho4,~suggest that it would be qaaite~appropr iate for use in
meteorolog~~ally silent~ areas.k1the results also indicate that the
thickness retrieval error for a deep atmospheric layer appears to be
independent of whether the thickness of the deep layer is obtained
directly from the satellite radiances or whether the thickness of the
deep layer is obtained from the sum of the thicknesses of the sub—layers
comprising the deep layer, the thicknesses of the sub—layers being
obtained directly from the satellite radlances.
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RETRIEVAL OF BALL ISTIC DENSITIES AND LAYER

THICKNESSES FROM SATELLITE RADIANCE OBSERVATION S

1. Introduction

The general objective of the Research Grant was to develop and
• evaluate techniques for determining atmospheric parameters in

meteoro logically “silent” areas from satellite based infrared radiance
observations. In this Final Report, we review our work on techniques
for retrieving from satellite observations two quantities of interest:
1) ballistic densities, and 2) thicknesses of pressure layers.

Both of these quantities are essentially integrated meteorological
quantities, that is, it can be shown that they depend upon weighted
vertical integrals of the atmospheric temperature. We have chosen such
quantities for retrieval from satellite observations because the satellite

• observations are basically sensitive to the temperatures of broad atmospheric
layers rather than to temperatures at individual levels. The deterioration
in the accuracy of temperature retrievals as the vertical resolution is
improved has been evaluated by Conra th (1972) , using the theory developed
by Backus and Gilbert for inverse problems related to the solid earth
(see , for example, Backus and Gilbe r t, 1970). In view of these basic

• theoretical limitations on vertical resolution, we have looked for
• atmospheric parameter s of interest that depend upon vertically integrated

• temperatures. For stch quantities, satellite radiance observations
represent an ideal measurement technique. As indicated above, two such

• quantities are the ballistic density and the thickness of pressure layers.

In order to eval uate the re trieval techn iques, we have simulated
satellite radiances from sets of observed radiosonde profiles. The

• I simulation procedure is discussed in Section 2. Our method for retrieving
ballistic density and the evaluation of the method are discussed in
Section 3. In Section 4 we discuss the retrieval method for thickness
and the results obtained using this method.

I
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2. Simulation of R.adiances

The radiance observed by a satellite radiometer pointing in the nadir
direc tió~n can be computed ,fro~

= Bi
(T
g
)T
ig 

+ JB ( T )(dT /dx)dx (2.1)

where B is the Planck function, T is tempera ture , t is the transmittance
from the leyel x to the top of the radiating atmosphere, the index i
represents observing wavenumber, the subscr ipt g ref ers to the surface
of the earth, x0 represen ts the top of the rad iating atmosphere , and x,
the vertical coordinate is defined by

= — 2.ii P/P g (2.2)

The radiances can be simulated with the use of equation (2.1), using numer ical
integration for evaluating the integral, if the vertical temperature profile
and the transmittances are available. We have simulated radiances that
would be observed by the six CO2 band wavenumbers of the NOAA-2 VTPR radio-
meter (Bee Table 2.1), using transmittances that have been given by l4cMiulin
et al (1973). Radiances were simulated daily for the 12Z temperature profile
obtained from the Bet Dagan radiosonde station (latitude 32.O°N, longitude
34.5°E, elevation 30 m) of the Israel Meteorological Service for the months
of January, April, J uly, and October of 1973. These temperature profiles
included data from both standard and significant levels. To take advantage
of these complete temperature profiles in the numerical integration of equation
(2.l),they were combined with the transmittance profiles in the following

S way. Temperatures were interpolated linearly in Ln p to the 50 levels at
which trausmittances were available. The trausmittances were then inter-
polated. linearly in in p to all levels at which temperature observations
were available. The combined levels were used in the numerical integration.
The level x0 was taken at 0.02 mb pressure and temperatures were extrapolated
to this level from the highest level for which a radiosonde temperature was
available. The extrapolation was based upon the 30°N standard atmosphere
temperature model for the particular month (U.S. Standard Atmosphere
Supplemen ts, 1966), the April and October standard temperatures being obtained
from the average of the winter and summer values. A similar computation of
radiances was performed for the mean temperature profile for each of the four
months, based upon the preceding 5 year record of radiosonde observations
for Bet Dagan . These sets of radiances represented the standard or climato—
logical radiances.

To simulate the effect of errors due to instrumental effects, clear
rad iance extrac tion from cloud contamina ted rad iances , and other sources ,
random noise, distr ibu ted normally with standard deviations shown in Tabl e
1 (af ter Fleming, 1972), were added to the computed radiances.

•51~5. — ~~ . ,~~~~~ — ,,
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An additional source of error is the uncertainty in the surface
temperature Ta , that is used in evaluating the boundary term in equation
(2.1) In the ~nversjon procedure. To simulate this error, random noise,

• normally distributed, with a standard deviation of 1°C was added to the
surface temperatures when computing the’ boundary term in the inversion
procedure. The correct surface temperature is used in simulating the
radiances using (2.1).

• 
• . -

• TABLE 2.1

Wavenumbers of NOAA 2 VTPR radiometer and assumed
standard deviation of noise (cr ) at each wavenumber

ae
Wavenumber [mW/ (cm 2 sec sterdri cm ’)]

(cm ’)

I • 747.6 0.45

725.9 0.38

709.0 0.33

695.2 0.28

678.0 0.20

668.2 0.20

_________ LÀ
5’ -‘ -
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3. Ballistic Density Retrievals

3.1 Introdt~ction

T~e balftstic density is essentially a vertically integrated weighted
dens ity of the atmosphere and Is a quan tity that Is used , f or example,
In computing trajectories of vehicles re—entering the atmosphere.
Elaberry and Martin (1971) and Elsberry et al (1972) have already shown
that this quantity can be retrieved from satellite radiance observations
with the use of regression techniques. Such techniques require simul-
taneous sets of satellite radiance obáérvatlons and conventional radlosonde
observations for their development. For certain regions of the globe it
may not be possible to obtain the required sets of data. In the present
study, we derive a technique for direct retrieval of ballistic density

• from satellite radiance observations and test it on a set of realistically• simulated satellite radiances.

3.2 Development of Method

The ballistic density may be written as

D - p dx (3.1)

wher e D is the ball istic densi ty, F is the ballistic density weighting
factor , p is the density, and x, the ver tical coord ina te , is given by

x — Lfl(P/Pg
) (3.2)

where p is pressure and p is the surface pressure. x0 represents apressure level high in th~ atmosphere where F is effectively zero. The
shape of the weighting function is such that it has a maximum in the
middle of the atmosphere and decreases to very small values at the surface

• and at high altitudes. An example of a ballistic density weighting
• function is shown in Table 3.1 (after Elaberry and Martin , 1971).

Equation 3.1 shows that the ballistic density is a vertical integral
of the weighted density through the depth of the atmosphere. The satellite

• radiance at each observing wavelength can be expressed as a vertical
integral of the weighted temperature through the depth of the atmosphere.
The weighting functions for the temperature are narrower than that for
the density and are displaced in height depending on the bserving wave-
length. Since atmospheric densities are related to temperature through
the equa tion of state , it seems reasonable to attempt to obtain the
ballistic density directly from radiance observations. Furthermore, since

~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
• - ‘ • 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Table 3.1 Ballistic Density Weighting Function F

Pressure Pressure
(mb) F 

(tub) F

1000 20
.1680 .0323

850 ~~ ‘ 10
• .2421 .0252

700 7
• .4066 .0193

500 5
.4853 .0141

400 3
.4637 .0099

300 2
.4448 .0061

250 1
.3469 .0039

200 0.7
.2805 .0027

• 150 0.5
.2114 .0018

100 0.3
.1553 .0010

70 0.2
.1171 .0007

• 50 0.1
.0836 .0003

30 0.07
.0673

20

_ _ _ _ _ _ _  14
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ballistic density is an integral quantity, as is rad iance, errors in the
determination of ballistic density should be less than the errors in the

-
‘ 

determination of point values.

Let us define a ballistic density for a standard atmosphere or
climatological mear, temperature as

— F p
5 dx (3.3)

where p is the standard or climatological density profile.

The deviation of the actual ballistic density at a particular time
from the climatological value can be written as

x
= D - D = J F (p-p 5)dx (3.4)

With the use of the equation of state (p—p 8) may be written as

T-T
= 

~ 
) (3.5)

S

where R is the gas constant and r Is temperature.

We assume that T in the denominator is equal to T . Since the
temperature does not vary by more than a few percent a~out the climato—logical mean , this assumption introduces, at most, an error of a few

• percent in the deviation (p—p 5). And since the ballistic density
deviation is a vertical integral of (p—p ), errors at one level might
cancel erro rs at ano ther level thus f urt~er reducing the final error
introduced into the determination of the ballistic density deviation
by this assumption .

With this ~ssimiption equation (3.4) becomes

1

X0 
—

~~~~~~ (T
5—T)dx (3.6)

L.etting ~ 
RT5

W — Fp/RT~ (3.7)

we obtain

— ~ W(T —T)dx (3.8)

_ _ _ _ _ _  

~~~~uiai
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We turn now to the satellite observed radiance, which may be written
as:

xo
‘ 

I~ = Bj(T
g)Tjg + f B1(T)(d’r1/dx)dx (3.9)

where i is an index representing wavenumber, B is the Planck function , and
t is the transmittance.

The radiance of a .standard or cllmatological atmosphere is:

1
15 

= B
i

(T
gS
)Tig + J O  Bi

(T
5)(dti/dx)dx (3.10)

0

Defining (see, for example, Fleming, 1972)

= [I~ 
— Bj(T

g
)•tjg

] — 

~~is 
— Bi

(T gs)Tig] (3.11)

we obtain
xo

= ,f (B~ (T) — B1(T
5)](d’r1/dx)dx (3.12)

With
dB~ (T )

= dT . 
~T (3.13)

we obtain
xo

= f K1(x)(T—T5)dx (3.14)

where

K (x) = 
dB1(T 8) 

.
I dT dx

The radiances I~ are observed by the satellite . We assume that the
surface temperature T , which is needed to evaluate the boundary term in
(3.11), can be obtain~d from either satellite window or conventional
observations. Then since the quantities in (3.11) depending on the standard
or climatologica]. atmosphere can be computed from (3.10), rj can be evaluated .
Comparison of equations (3.8) and (3.4) shows that they both represent
weighted vertical integrals of temperature deviation. Multiplication of
equation (3.14) by a set of coefficients cj and summation over the N observing
wavenuabers yields. -

N x N
E cjr~ 

= f ° 

~~~ 
ciKi)

(T_T
5)dx (3.15)

_ 

~~~~~~~~~~~~~
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Comparison of the right hand sides of (3.8) and (3.15) indi~ates that
if it were possible to find a set of coefficients c

1 
such that 

1
E
1
c1K1 

S

• I was exactly equal to W at all values of x then we could obtain (—D’), the
negative of the ballistie density deviation, direc tly and exac tly fro m the
left hand side of equation (3.15). In practice such a set of coefficients
can not be foun d but we can find the best approx imation to such a set of
coeff icients by minimizing the form •

X
0

J — I [ E c K — W] 2dx (3 .16)J . i — i l l
0

The solution to this minimization problem is

— (3.17)

where
xo~~

s1~ 
= J K1(x)K~ (x)dx (3.18)

and x0
u~ = W(x)K 1(x)dx (3.19)

Thus, once the ci are de termined , the estimated deviation of the
ballistic density from the climatological value can be obtained directly

S from the satellite radiance observations by means of the equation
A N

— — E c r (3.20)-i—l I I

The estimate of the actual ballistic density D is then

B = D5 + ~~‘ 
• 

(3.21)

3.3 Results 
‘

Tests of the technique were performed with the use of the simulated• radiance observations. R,adiances were computed daily for ‘the months of
January, April, J uly, and October 1973 from the radiosonde observationsat Bet Dagan , Israel. To these radiances was added noise to simulate the
effect of instrumental errors, errors due to cloud contaminated radiances,and errors due to the uncertainty In surface temperature, as descr ibed in• Section 2.
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Ballistic densities obtained direcLly f r om the simulated radiances
with the use of (3.20) and (3.21) were compared to the actual ballistic
densities computed from the observed temperature profile with the use of
(3.1). Tables 3.2 and 3.3 summarize the results obtained. Table 3.2 refers
to retrievals from error free radiances and Table 3.3 to retrievals from
radiances with realistic simulation of errors. The standard values of
ballistic density, D5, are computed from the standard temperature profiles,
which are based upon the average temperature profile for the month during
the five year period 1968—1972.

• The results for error free radiances indicate that the ballistic density
can be retrieved with an RMS error between 2 and 6, while the standard
deviation of ballistic density (aD) has values ranging from 14 to 39
(units:10 1g/cm3) .

When realistic errors are included In the simulations, the accuracy
-

• is degraded , but the results are still extremely encouraging. For example,
for the month of January aD = 39 while the R11S error in retrieved ballistic
density is only 11. The other months also show that the RMS error is only

• about 1/4 to 1/3 of the standard deviation of the ballistic density.

These results using a direct retrieval method may be compared to the
results obtained by Elsberry et al (1972) , who used a regression technique.
They developed their regression relationships from sets of NIMBUS III SIRS—A
clear column radiances and ballistic densities computed from radiosonde
data over Eurasia. These regression relationships were then applied to an
injependent set of satellite observations over Eurasia. The ballistic
densities retrieved from the satellite observations were then compared to
those computed from radiosonde observations for the same area. In one set
of 24 comparisons the RNS error in ballistic density was about 1/3 of the
standard deviation of ballistic density for the set; in another set of 16
comparisons, the RMS error was about 1/4 of the standard deviation of ballistic
density. These errors are very similar to those that we obtain using the
direct method on realistically simulated radlances.

3.4 Conclusions

Based upon simulated observations, it appears that the direct technique
• for ballistic density determination from satellite radiance observations

that has been developed here is a viable alternative to the regress ion
• technique used by Elsberry et al (1972). The advantage ol direct method

over a regression technique is that there is no requirement for large sets
• of simultaneous and colocated satellite radiance and conventional radiosonde

observations in order to develop the specification equations. On the other
hand , the direct technique requires a knowledge of the atmospheric trans—
mittances; to the extent that the true values of the transmittances are
uncertain , additional errors will be introduced into the direct technique.
It would be of interest to compare both methods using a large set of
simultaneous and colocated radiance and radiosonde observations
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TABLE 3 .2

Results of tests of direct method for ball istic density determination
from satellite observations .

Error free rad lances (Units:l0 7g/cm 3)

Month D RMSE E

January 4436 39.1 5.9 3.1 4.4

April • 4391 32.4 6.0 2.5 3.5

Jul y 4236 14.5 1.9 — 1.3 ‘ 1.7

October 5 4357 ‘ 
28.9 4.1 0.6 2.5

• D8 — standard ball istic density for the month

— standard devia tion of ball istic density

RMSE — root—mean—square error of ballistic density retrieval

— mean ari thmetic er ror of ball istic dens ity re tr ieval

lIT — mean absolu te error of ball istic dens ity retrieval

• - - • I _~~ 5’•-~~~~~~~~~ 5’’
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TABLE 3.3

Results of tests of direct method for ballistic density determination —

from satellite observa t ions .

Radiances with errors (Units: lO 7gfcm3)

Month D .‘ RMS E .J1~
January 4436 39.1 10.8 2.7 9.2

April 4391 32.4 10.8 — 0.8 8.8

July 4236 14.5 4.6 — 2.5 3.7 
-

‘

October 4357 28.9 7.4 1.0 5.8

Symbols are defined in Table 3.2



55—.-, 
________ ____  _____  

__________ - 5-I

‘ -
‘-

-5,

— 1 2 — 

. 

- 1
4. Layer Thickness Retrievals S 

—

4.1 Introduction
• “

~~

The thickness of an atmospheric layer between two prescribed pressure
surfaces is proportional to the mean atmospheric temperature of the layer ,
end, as such ,-Is accessible from satellite radiance observations. Synoptic

k observations of layer thicknesses are important for operational meteorology
since they serve as direct input to a number of numerical prediction models.

There are several ways of obtaining layer thicknesses from satellite
radiance observations. The thicknesses can be computed from a temperature
profile derived from satellite observations. This procedure has been used
by Wilcox end Sanders (1976) in their comparison of thicknesses based upon
satellite observations (Nimbus E microwave spectrometer) and those obtained
from radiosonde observations. The thickness can also be retrieved directly
using statistical techniques (e.g. ,W’erbowetzki , 1975) or a direct inversion
technique (Fleming, 1972) based upon a variant of the Backus and Gilbert
(1970) inverSion procedure .

• In the present study we use the direct inversion technique to answer
the following questions:

1) Is there any difference in the thickness retrieval error of a
deep layer as derived from the following two methods: a) directly
from the radiances , b) as the sum of the thickness of sub—layers
that are retrieved directly from the radiances?

2) Is there a reduction in thickness retrieval error when we uses
the previous day ’s temperature profile rather than a climatological
mean temperature profile in the procedure that is used to modify
the radiative transfer equation in the inversion procedure?

3) What sort of errors can one expect with the use of this direct
method for retrieving layer thicknesses?

4.2 Methods

The method described here is based upon Fleming (1972) and further
details may be found in his paper . The deviation of a satellite observed

• radiance from the radiance of a standard or climatological atmosphere ,
after subtraction of the boundary terms , can be written as (see section 3)

r1 — J X1(x)~T(x)dx (4.1)

4
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• The deviation of the thickness of a pressure layer bounded by levels
x1 and x2 from the climatological ‘or standard value for that layer can

S 
be written as x2

~R(x1,x2) — k J R(x;x 1,x2)~ T(x)dx (4.2)

S where k is the gas constant divided by gravity , and R(x;xj,x2) is a• - rectangular function of unit height with cutoff a at x1 and x2. If (4.1)
is multiplied by k and a set of coefficients Cj , we obtain

• x

k ~E1 
c~r~ — k J Z ciKi

(z)
~
T(x)dx (4.3)

Comparison of (4.2) with (4.3) shows that if weNcan f ind a set of

coefficients ci such that k can be approximated by 
~~~ 

C
i
K
i

(X) we can

obtain the thickness deviations directly from the satellite observations
by means of

- 

~H(x1,x2) 
— k 

i~l 
ciri (4.4)

The appropriate set of coefficients can be found by minimizing the.
form

x
• to N

• [1 — R(x;x1,x2)]
2[ Z c1K1(x) 

— R(x;x1,x2)J
2dx (4.5)

• 6 i=l

subject to the constraint

— 

. 
N

(x2 — x1)’ J (
1E1 ciKi(x)]dx = 1 (4.6)

xl

(4.5) can be written as the quadratic form I ’
— ~~~~ (4.7)

The value of a is a measure of the excess width of the approximate
rectangular function.

The solution to this minimization problem is

c — s (4.8)
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x
where 0

S 
~~~~ S~~ — J I~j (x) Kj (x)dx +5 j  Ki(x)Kj(x)dx (4.9)

• x2
— (x2—x1)

’ J Ki(x)dx (4.10)
xl

The approximate rectangular function -

N
• R(x;x1,x2) — 

1
E
1
ciKj(x) (4.11)

S 
• is generally wider than the exact R—function. Fleming (1972) shows that

one can compensate for this inexactness by correcting the retrieved thick-
ness deviations by multiplying them by the factor a. Thus,

N S

AR(x1,x2) — a(k ~~ c
iri] (4.12)

x2 xo
a — J R(x;x1~x2)dx/J R(x;x1;x2)dx (4.13)

xl 0

If there are observational errors, one would also like to minimize
S their effects on the thickness errors. This can be done by minimizing

the form

0
2 — ~

T1~~ (4.14)

subject to the constraint (4.6). E is a diagonal matrix with diagonal
elements c~ , where is the RMS error of observation at observing wave-
length i.

S Minimizing both the thickness error (4.14) and the excess width
(4.7) cannot be done, but one can minimize a linear combination of the
two by minimizing the form S

q — ~~~~~ (4.15)

where ‘

= (1—a) S + ctdE , o ~ cz ~ 1 (4.16)
5
9 

where d is a coefficient for matching the physical dimensions of the two
terms in ,~~~. The solution is

-1 T-i
- 

~~ u/u ,Q U (4.17)

:5-
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For different values of a one obtains a different solution ~~, which
produces different values of the excess width , 5a’ and the thickness error ,
a~ , according to

5a = ~~~~~~~ and a~~ — £~~ E~~~ (4.18)

If one plots a versus a, an L—shaped tradeoff curve is obtained,
S large excess widths being associated with small thickness errors and vice—

versa. Theoretically, the optimum value of a would be at the corner of
the L—shaped curve, where do/ds — —1 , since at this point both the excess
width and thickness error are small.

4.3 Results

Tests of the technique were performed with the use of the simulated
radiance observations . Radiances were computed daily for the months of
January , April, July, and October 1973 from the radiosonde observat ions
at Bet Dagan , Israel. To these radiances was added noise to simulate the
effect of instrumental errors , errors due to cloud contaminated radiances ,
and errors due to uncertainty in surface temperature , as described in
Section 2.

Layer thicknesses retrieved directly from the simulated radiances
with the use of the method described in the previous section were compared
with those computed from the observed temperature soundings. Two sets of
retrievals were made. In the first set, a monthly mean temperature profile S

based upon the preceding f ive year record at Bet Dagan was used as the
standard or climatological profile in the inversion procedure; in the S

second set, the previous day’s observed temperature profile was used as
the standard profile. For each set, thicknesses were retrieved directly
from the simulated radiances for four elementary layers , each 200 nib
thick, extending from 1000 mb to 200 mb , and for three, deeper , compound
layers — 200—600 nib, 600—1000 nib, and 200—1000 nib. Thicknesses for the
three compound layers were also derived from sumeing the retrieved thick—

- ‘ nesses of sublayers making up the compound layer. The root—mean—square
(ENS) errors of the retrieved thicknesses are shown in Tables 4.1 to 4.4.
Also shown in these Tables are values for the variability of the layer
thickness with respect to the monthly mean and with respect to the previous
day ’s value.

Inspection ~f these Tables reveals that there is no significant
reduction in retrieval error when the previous day ’s temperature prof ile S

rather than the monthly mean temperature prof ile is used as the standard
profile in the inversion procedure. In fact, there are many cases in
which the retrieval errors are smaller when the monthly mean is used as
the standard. These results indicate that a monthly mean profile for 

r ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- . • ________ _____________ ~~~~~~~~~~~~~~~~~~ S - - S



_____________ S ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ - 
5 

~‘7_ 5 5 5 5-’ ~~~ ~~~~~~~~~~~~~~~~ ,~~~~~ 
-_ . 5 5 5 5  - -- S

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

— 17 —

Table 4.2 Layer Thickness Retrieval Errors and Layer
Thickness Variability in April (gp.)

Based on Monthly Mean Based on Previous Day
Layer
Boundaries (‘nib) ENS Error P1(8 Variability ENS Error EMS Variability 

S

Elementary Layers

1. 200—400 23 31 26 33
2. 400—600 14 33 13 25
3. 600—800 9 27 12 29
4. 800—1000 14 30 17 35

Compound Layers
5. 200—600 24 56 27 51 551

S 
6. 600—1000 19 54 23 60
7. 200—1000 28 90 25 90

Summed Layers

8. 200—600 24 56 28 51
9. 600—800 19 54 23 60

10. 200—1000 25 90 23 90

“.1. 200—1000 27 90 26 90

Thicknesses (H) in su~~ed layers method are computed from thicknesses of
sublayers as follows: -:

H8 H1 + R 2

H9 H3 + H 4
S 

H10 = R 5 + H 6

_ _ 

Li
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Table 4.3 Layer Thickness Retrieval Errors and Layer 
S

S Thickness Variability in July (gpm)

Based on Monthly Mean Based on Previous Day
Layer S 

- - ________________ __________ _______________

Boundaries (mb ) EMS Error ENS Variability RMS Error EMS Variability

Elementary Layers

1. 200—4Ci0 15 26 17 21
2. 400—600 12 22 11 15
3. 600—800 10 13 9 9
4. 800-1000 12 17 10 11

Compound Layers

5. 200—600 13 33 12 27
6. 600—1900 19 28 15 15
7. 200—1~00 17 35 16 33

Summed Layers

8. 200—600 14 33 13 27
9. 600—1000 19 28 15 15

10. 200—1000 16 35 14 33
11. 200—1000 15 35 14 33

Thicknesses (H) in s~mmied layers method are computed from thicknesses of
sublayers as follows:

H
8 

— H 1 + H 2

H9 — H 3 + H 4

H10 H
5
+}1

6

H11 - H 1 + H 2 + H 3 + H 4

5— 5- -“5 5- -5
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Table 4.4 Layer Thickness Retrieval Errors and Layer
Thickness Variability in October (gpm)

Baaed on Monthly Mean Based on Previous Day
Layer
Boundaries (nib) EMS Error ENS Variability ENS Error EMS Variability

Elementary Layers

1. 200—400 25 37 22 31
2. 400—600 13 28 12 23
3. 600—800 10 18 12 13
4. 800—1000 14 17 15 16

Compound Layers

5. 200—600 24 54 23 46
6. 600—1000 19 31 18 22
7. 200—1000 25 68 24 51

Summed Layers

8. 200—600 25 54 23 46
9. 600—1000 19 31 18 22
10. 200—1000 22 68 20 51

11. 200—1000 23 - 68 20 51

Thicknesses (H) in summed layers method are computed from thicknesses of
sublayers as follows:

H8 -H1 + H 2

H9 — H 3 + H 4 
S

1110 — H
5 + H

6 
S

1111 H1 + H 2 + H 3 + H 4

- 
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a particular geographical area can be used to generate the coefficients
required for implementation of the technique during a particular month.
This obviates the necessity for recomputing the coefficients on a daily
basis, a tremendous savings in computer time. In addition, these results
suggest that the technique could work for meteorologically silent areas,
the only prerequisite being information on the climàtolgoical mean profile
for the area, information that could perhaps be obtained from neighboring

S 
areas. 

S

S The absence of significant improvement in the retrievals when one
uses the previous day ’s profile as the standard rather than using the
monthly mean is probably at least partially related to the lack of sub-
stantial reduction in thickness variability when one measures the
variability with respect to the previous day ’s thickness rath-±r than with
respect to the monthly mean thickness (see ENS variability jata in the
Tables). The lack of substantial reduction of thickness variability implies
that the previous day ’s temperature profile is not substantially closer
to today ’s temperature profile than is the monthly mean profile. Thus,
its use as the standard in the inversion scheme does not significantly
affect the retrieval accuracy.

With respect to the question of whether there is any differerv’e in
accuracy between the direct method and the summed layers method for
determining the thickt-ss of a deep , compound layer — the answer appears
to no. There are very small differences between the thickness errors of
these two methods — in some cases one method is slightly better , in other
cases the other method is better, and in a number of cases the results
are identical . These results indicate that the relatively large errors
for small layers are essentially random and uncorrelated from one layer

-
— to the next such that there is a tendency for cancellation of positive

and negative errors when one uses the summed layers method to determine
the thickness of a compound layer. For practical applications, these
results suggest that if one is interested only in the thickness of several
compound layers (e.g., for a two layer numerical forecast model), the
thicknesses for the required layers can be obtain by the direct method.
If one is interested in the thicknesses of elementary layers as well as

S compound layers, the thicknesses of the compound layers can be obtained
S from the suxmned layers method .

S The general ENS error level of the retrieved thicknesses ranges
S roughly from 10 gpm to 35 gpm, the lower values being associated with

the elementary layers and summer conditions (little variability) and
the higher values with the compound layers and winter conditions (greater

‘
S variability). These values may be compared to the accuracies obtainable

- from the cotic-entional radiosonde observations: 15 gpm EMS error for
the 1000—500 tub layer (Wilcox and Sanders, 1976). Thus, the direct method
for retrieving layer thicknesses from satellite radiance observations over
silent areas appears to be quite viable.
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4.4 Conclusions

There appears to be no significant advantage in using the previous
S day ’s temperature profile rather than a monthly mean as the standard

temperature profile in Fleming’s (1972) direct method for retrieving
layer thicknesses from satellite radiances. S

The thickness retrieval error of a deep atmospheric layer appears
to be the same whether one obtains the thickness of the deep layer directly S
from the satellite radiances or whether one obtains the thickness as the -

sum of the t!-icknesses of the sublayers composing the deep layer, the S

thicknesses of the sublayers being obtained directly from the satellite -

radiances. -

The implications of the above two findings for operational thickness
retrievals are discussed in the previous section.

The results obtained in the present study, as well as those of S

Fleming (1972), suggest that the method should be tested with real
satellite observations against other methods currently in use (regression ,
regression af ter categorization, from retrieved temperature profiles)
to obtain layer thicknesses from satellite radiances.
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Appendix

1. List of publications resul t ing from research performed under
the Grant.

A paper based upon the work on ballistic density has been
submitted to the J. of Appl. Met..

2. List of students who have received support from the Grant
and are receiving degrees .

Student Degree

Eliram Broida M.Sc.

Dm a  Goldberg M.Sc.
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