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PREFACE

On 23 October 1985, the Air Weather Service (AWS) entered a new era in weather forecasting. - Il"

On that date, the Air Force Global Weather Central (AFGWC) implemented its new Advanced Weather
Analysis and Prediction System (AWAPS). By December 1985, AFGWC's aviation wind forecasts had
improved by 20 percent, and AWAPS continues to provide vastly improved weather forecasts to AWS
units around the world.

Actually, AWAPS is more than just forecasts. It is a massive computer hardware and software
system. The heart of the AWAPS is a Cray X-MP supercomputer, the fastest in the Department of
Defense inventory. Running on the Cray X-MP are three numerical weather prediction (NWP) models:
The High Resolution Analysis System (HIRAS), the Global Spectral Model, (GSM), and the Relocatable
Window Model (RWM). The HIRAS is a global analysis system that blends conventional, aircraft, and
satellite observations into a single, concise weather analysis. The GSM is a state-of-the-art forecast
model that forecasts the weather for the entire world. The RWM is a regional scale model, tailor-made
for contingency operations anywhere in the world.

This report examines the software portion of the AWAPS. It gives a brief description of the three
AWAPS models, paying particualar attention to the individual strengths and weaknesses of each, and
describes how the AWAPS models interact to form a production cycle. It aso provides some basic NWP
principles. The main objective of the report is to give AWS forecasters an idea of how the AWAPS works
and help them get the most out of AWAPS products.

This document was written as a student research project (ACSC 86-2j0at the Air Command
and Staff College, Maxwell AFB, Alabama, and has been adapted and reprinted with permission. The
author would like to thank those people who assisted in the basic research and who provided helpful "-.'.,

guidance by reviewing the manuscript. They are Lt Col Dennis Bieliicki, Lt Col Jim Koermer, Lt Col Doug '--
Moore, Lt Col Roger Whiton, Mai Herm Fresh, Maj Jack Hayes, Maj Cliff Matsumoto, Maj Dan White,
Capt Carol Belt, Capt Jason Tuell, and Mr Ed Car.
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Chapter 1 - Introduction

C,

The purpose of this report is to help you get the most out of the Air
Force Global Weather Central's (AFSWC) advanced weather analysis and
prediction system (AWAPS).

If you're an AWS forecaster, you're probably already using AWAPS
products. That's because AWAPS produces nearly all of AFGWC's automated

forecasts, with the exception of clouds. These forecasts feed computer
flight plans, facsimile charts, and teletype bulletins. Furthermore, the
AWAPS models provide important input for AFSWC's cloud models.

Installed in 1985, the AWAPS represents a giant step forward in numerical .

weather prediction (NWP) at AFGWC. The AWAPS includes three state-of-the-art
models: the high resolution analysis system (HIRAS), the global spectral
model (GSM), and the relocatable window model (RWM). These models run on a
Cray X-MP supercomputer, the fastest computer in the Department of Defense
inventory.

To really get the most out of AWAPS you need to know both its strengths
and weaknesses. You need to know when to trust it and when not to trust it;

that's what this report is all about.

This report is divided into seven chapters. Chapter 2 looks at some NWP

basics. Specifically, it defines some of the NWP terms used in the remaining

chapters. Chapter 3 examines how the three AWAPS models fit together into a
production cycle. Unlike the old AFGWC analysis/forecast system, the AWAPS
production cycle is really quite simple. In Chapter 4 we get into the models
themselves, in this case, the HIRAS. But, we stay away from the theory and

concentrate on those things that really pertain to you, the forecaster.
Chapter 5 looks at the GSM. Since the GSM has over four years of -peratiornal
history at the National Meteorological Center (NMC), it already has some

well-established rulrs of thumb. This chapter lists some of those rules
along with some of the GSM's unique characteristics. Chapter 6 takes a very
quick look at the RWM. The reason we don't spend much time on the RWM is
because it really has no operational history. Ir fact, it has not even beer
implemented on the AWAPS yet. Finally, Chapter 7 wraps things up with a

* brief summary and conclusion.

1-1~
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A.v

Unapter 2 - Basics of Numerical Weather Prediction (NWP)

A. General

To uncerstand some of tre basic NWP Principles nehind the three AWAPS
models, let's consider a very simple case. This case illustrates two

important points: (1) the difference between an analysis model and a forecast
model, and (2) the difference between a grid-point model and a spectral

model.

B. Numerical Analysis

Fig. 2-1 shows a hypothetical temperature field valid at 00Z. Notice
that for this very special case the isotherms are a series of straight,

parallel lines.

TEMPERATURE (oCI VALID OOZ
NORTH-"

,v -4 -2 0 2 _._.:

LEGEND
+ Grid Point

3 4 Isotherm

Uj 6
U,.

I-3,

11,2,,,~ T iii

T 11 iz1 11

X EAST
0 1 2 3

DISTANCE (KM)

* Kig. 2-I. Hypothetical temerature field and a 9--point' grid.
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1. Grad-Point Method

The first step in any model is to convert the observed field into a "S
form that the computer can understand. One way to do this is to approximate
the field as a series of points. For example, we could approximate the
temperature field in Fig. 2-1 by the nine points labeled T(x,y). We would
simply tell the computer what the temperature is at each of these points.
Here is how the computer would actually receive this information:

T(2, 1) = 4
-(3,1) = 6
T(1,2) = 0
t(2,2) = 2
T(3,2) = 4
T(1,3) = -2
T(2,3) = 0
T(3,3) =2.*

This is called a grid-point analysis.

2. Spectral Method

Another way to represent this field would be as an equation. In this
case, the equation of a plane fits best. This equation would be

T(x,y) = 2 + 2x - 2y. (1) -

This type of representation is analogous to a spectral representation.**
Note also, that if you plug in the appropriate values for x and y, you can
still obtain the grid-point values.

a.o

3. Cther Analysis Fields

Temperature is not the only field that can be represented by these
two methods. In fact, before we can make a forecast, we'll need one more
analysis field, specifically, wind. Typically, we break the wind into two
components, using U to represent the westerly component and V to represent

the southerly component.

ror this simple example, let's assume that there is no southerly wind
component and that all the winds are blowing out of the west as shown in Fig.
2-2. Furthermore, to simplify future calculations, let's measure the wind in

* In this notation the numbers inside the parentheses are the x,y coordinates

of the particular point. For example, T(1,2) is the temperature at the point
x=1, y=2.

A** true spectral representation uses an equation that combines sines and
cosines. However, for the purpose of this illustration, consider the
equation of a plane to also be a form of spectral representation.

2-2
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NORTH

U-COMPONENT (KM/6HR) VALID OOZ

ii (1.31  U (2.31  U 13.31

Ll
2 + _+ J

U (1.2) U 12 ,21 U 13.21

- 0LEGEND
'~ + 4 Grid Point

U1.11  U 1211  - Isotach (KM/6 Hr)
Wind Vector

I I I 0. x EAST
1 2 3

DISTANCE (KM)

Fig. 2-2. Hypothetical u-component wind field and a 9-point grid.

km/6 hr. Using these units, the grid-point representation of the winds in
Fig. 2-2 is

U(I,1) = 0
U(2,1) = 0
U(3,1) =0
U(1,2) = 1
U(2,2) = 1
U(3,2) = 1
U(1,3) = 2
U(293) = 2
U(3,3) = 2

and the spectral representation

U(x,y) = y - 1. (2)

C. Numerical Forecasts

Once these fields are in either grid-point or spectral form, the computer

can use equations based on the laws of physics to produce a forecast. For
this example, assume that the temperature field is simply advected by the
wind field.

2-3
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1. Grid-Point Method

To see how a grid-point forecast works, let's first look at the
middle grid point in Figs. 2-1 and 2-2. At this point

T(2,2) = 20C

and

U(2,2)=1/6 km/hr.

Also notice that the temperature gradient parallel to the wind is 20 C/km.
Since the wind is blowing from lower to higher temperature, it is advecting
cold air. Therefore, the temperature T(2,2) at any time t will be

T(2,2,t) = 20 C - (20C/km)(1/6 km/hr)t
S

or

= 2 - (2/6)t

where T is in OC and t is in hours. In other words, the forecast
temperature is the present temperature, 2, plus the rate of temperature
advection, (2/6)t.

Another way of looking at this is to notice that in six hours, the
air along the middle row of grid points (y=2) will shift one grid point to
the east. Similarly, the air along the y=1 grid row will not move since here .. i.;

U=S. Finally, the air along the y=3 grid row will shift two grid points to
the right in six hours since here U=2/6 km/hr.

Putting all this together, the grid-point temperatures as a function

of t are

T(1,1,t) = 2
T(2,1,t) = 4
T(3,1,t) = 6
T(1,2,t) = 0- (2/6)t

T(2,2,t) = 2 - (2/6)t
T(3,2,t) = 4 - (2/6)t 4

T(1,3,t) =-2- (4/6)t

T(2,3,t) = 0- (4/6)t
T(3,3,t) = 2 - (4/6)t

where again t is in hours and T is in oC. Fig. 2-3 shows the isotherms

and grid-point values for this forecast.

2. Spectral Method

To get this same forecast in spectral form we use the same reasoning
we just used in the grid-point method. That is, we add the present temper-

4ature to the temperature advection. From equation (1) we already know the

2-4
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TEMPERATURE (OC) VALID 06Z
NORTH -10 -8 -6

-2 LEGEND
0 + Grid Point

T11A TU - Isotherm
2

LU 4 Z
a 2

ac

C03 6

10

0 x EAST
12 3

DISTANCE (KMI

Fig. 2-3. Forecast temperature field valid at 06Z.

current temperature. Furthermore, we know that the temperature advection is .
the east-west temperature gradient times the u-compontent wind. From Fig.
2-1, the east-west temperature gradient is 2OC/km*, and from equation (2),
the u-compontent wind is (y-1)(1/6 km/hr). Thus, in spectral form, the
forecast for T is

T(x,y,t) = (2+2x-2y) - 2(y-1)t (3)

present temperature u-component wind
(oc) (1/6 km/hr)

east-west temperature gradient
(OC/km)

Again, the advection term is negative because the wind im bringing in cold
air.

I-

* Those of you familiar with calculus will recognize this to be d/dx of

equation (1).

2-5



Just to be sure that we got this equation right, let's see what the
temperature at x=2, y=3 should be in six hours: 6.

T(2,3,6) 2 0 C + (20C/km)(2 kin) - (20C/km)(3 kin)
- (20C/km) (3-1) (1/6 km/hr)(6hr)

=2+4-6- 4

-4.

Compare this with the grid-point method:

T(2,3,6) = 0 - (4/6)(6)

This simple example points out one of the main advantages of using a

spectral model. That is, we can define a physical processes such as
advection, for the entire field, with just one equation. When we use the
grid-point method we must uniquely define the advection term for all nine

grid points. This is why spectral methods generally take much less computer

time than grid-point methods.

3. A Six-hour forecast

Using the two different methods, let's make a complete six-hour
forecast for this temperature field. First, via the grid-point method, the ..

forecast temperatures at 06Z would be

T(I,1) =2
T(2,1) = 4
T(3,1) = 6
7(1,2) = -2
T(2,2) = 0
T(3,2) = 2
T(1,3) -G
"(2,3) -4
T(3,3) =-2.

The same forecast via the spectral method would be

T(x,y) = 2x - 4y + 4. (4)

Again, equation (4) is still the equation of a plane.

D. The Next Analysis

Now let's suppose that a new set of temperature observations is taken at
06Z as shown in Fig. 2-4. Although none of these observations falls directly
on a grid point, the observations do indicate that the grid-point forecasts

are slightly in error. That is, if you interpolate the observed values to
the grid points in row two, you will find that the forecast temperatures are

P r.
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NORTH

AL NTEMPERATURE OBSERVATIONS VALID 06Z

-3 + + + LEGEND
, + Grid Point

-. - .2 4 > Observation1.- 2- 0 + 0 + o + 0 +

1 + + +111:1
T 11.11 Tiz II T13.11

I I I .. EAST x.
I 2 3

DISTANCE IKM)

.' Fig. 2-4. Temperature observations taken at 06Z.

one degree too cold.

We thus find ourselves in a dilemma. Should we add one degree to the
forecast for all nine grid points, or should we only adjust the three grid

points in the :iddle row? The AWAPS numerical analysis scheme adjusts only ,
the middle row. The rule is, if a grid point has observations nearby, it is
corrected; however, if there are no nearby observations, the forecast remains
unchanged. Using this rule, the new analysis grid-point values for 06Z would
be

T(1,1) = 2
T(2,1) = 4
T(3,1) = 6
T(1,2) =-1
-(2,2) = 1

T(3,2) = 3
T(1,3) = -6
T(2,3) = -4
T(3,3) = -2.

Fig. 2-5 shows this graphically.

2-7
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GRID POINT TEMPERATURES VALID 06Z
NORTH

-fl 4 -2
3 + + +

E

LU ;-'1 13

+ + +., -.I-I

2 4++ +

I I I ~ EAST
0 2 3

DISTANCE (KM)

Fig. 2-5. Grid-point temperatures using forecast values for rows I and 3

and interpolated observations for row 2.

Under this grid-point analysis scheme, the new observations do not pose
much of a problem. However, if we wish to put this new temperature field
into spectral form, we will have to make some compromises, especially if we
confine our representation to the equation of a plane. The equation of a
plane was fine as long as the field itself was in this form. But the
grid-point temperatures in Fig. 2-5 no longer fall in the same plane.
Therefore, there is no single equation of a plane that can perfectly model
these temperatures.

For the sake of illustration, let's assume that our computer model can
only accept the equation of a single plane. Therefore, we must do the best we

can to represent the field in this form. The simplest way would be to merely
shift all the isotherms northward as shown in Fig. 2-6. This would mean that
none of the grid-point temperatures would be represented perfectly, but that
the overall error would be smaller. The equation representing this "best
fit" plane would be

T = 2x -4y + 4.3. (5)

You will notice that the only difference between equations (4) and (5) is in
the last term.

2-8
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Fig. 2-6. Grid-point temperatures and best fit" temperature plane.

E. Data Assimilation

Once we've done this 06Z analysis we begin the process all over again.

a We make a six-hour forecast (first guess) valid at 12Z and then use the 12Z

observations to correct this first guess. This corrected first guess becomes -

* the new analysis, and so on.

This process of making a forecast, updating it with new observations,

then making a new forecast, etc., is called data assimilation. The HIRAS is

such a data assimilation system.

F. Waves and Spectral Coefficients

In the above example we used the equation of a plane to simulate a

spectral representation. A true spectral representation actually uses sines

and cosines. That is, a spectral equation contains a series of terms, each
having either a sine or cosine as a factor.
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You will reca!l tnat sine and cosine curves look live waves. Tnat's wny

we often speak of a spectral representation in terms of waves. For example,
the operational GSM is a "40-wave" spectral model.

Now, the equation for a given field in the 40-wave GSM contains a lot

more than 40 terms. In fact, to represent a single variable at just one

level, the 40-wave GSM needs 3,444 terms. This is because we're dealing with
waves in two dimensions and each wave in each dimension contains both a sine
and a cosine. urthermore, for mathematical reasons, the 40-wave moael has

41 sines and cosines in one dimension and 42 sines and cosines in the otner.
Thus, the 3,444 terms come from the product: 41 X 42 X 2. The 2 appears in
this product because we have both a sine and cosine (2 terms) for each wave.

Each of these 3,444 terms will also have a constant as a factor. These
constants are called spectral coefficients and determine the amplitudes of
the individual waves. Basically, a spectral representation chooses the
c.:efficients that produce tne overall "best fit" of the observed field. In,

other words, it chooses the coeffients that minimize the overall error in
represen~tir that field. The rule of thumb is, the more waves you use, the

• higher the resolution and the smaller the overall error.

To get a better' idea of what a spectral coefficient is, let's go back to
.Pequatior, (5). Here we have three terms, each containing a constant. For

this equat.ion, the spectral coefficients are these constants, 2, 4, and 4.3.

For a more tetailed description of the GSM spectral coefficients, see

Sela (1982).

G. Summary of Key Points -

Although the examples in this chapter are much simpler than the actual
AWAPS mocels, they do illustrate several key points about NWP. These include:

I. No numerical analysis is exact. It is, rather, a combination of a
first guess and some type of interpolation scheme that uses observations to
correct that first guess.

2. in a grid-point analysis, a given observation affects only the nearby
grid points.

3. A spectral analysis tries to fit a specific equation to all the
observations. That is, each observation affects the entire anaysis.

4. in the absence of any observations, the forecast necomes the
analysis.

5. A given field can be represented quite accurately by either the
grid-point or spectral method. In fact, a set of grid-point valjes can De
converted to spectral notation and vice versa.
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Chapter 3 - AWAPS Production Cycle

A. General

In Chapter 2 we saw the difference between an analysis and a forecast
model. In this chapter we will see how the AWAPS analysis and forecast
models are linked together into a production cycle.

B. Global Production Cycle N

Fig. 3-1 shows how the HIRAS and GSM are linked together to produce a
global 0-96 hour forecast every six hours. The upper portion of this diagram
represents the HIRAS, while the lower portion represents the GSM.

As we saw in Chapter 2, the HIRAS is a data assimilation system that
includes both a first guess and an analysis model. The first-guess model in
HIRAS is merely a 38-wave version of the GSM.

The HIRAS portion of Fig. 3-1 shows how the first-guess model and the

analysis constantly feed each other. Each six hours the first guess is
.corrected using current observations. This new analysis starts the process

all over again, as it provides the initial conditions for the next six-hour
first guess.

The GSM portion of Fig. 3-1 shows the heart of the AWAPS, the operational

global forecast model. This particular model is a 40-wave, 12-layer GSM.*
it also uses the HIRAS analysis for its initial conditions. Instead of
producing just a six hour forecast, however, it produces the full 0-96 hour

forecast. All the operational global forecasts that come out of the
AWAPS come from this GSM.

RWM Production Cycle

• ,The RWM has not yet been integrated into the AWAPS production cycle. As
we will see in Chapter 6, the RWM is designed so it can forecast anywhere at
arytime. Therefore, the specific areas and times for the RWM will be

dictated by operational requirements.

In spite of this great flexibility, the RWM will most likely also be run a

rc outinely over three fixed windows at specified times during the day. These
windows will be over North America, Europe, and Asia. The specific times and
coverages are yet to be determined.

* We will discuss model layers in Chapter 5.
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The way the RWM interfaces with the other AWAPS models is also still

I.P1% under consideration. One method would have the RWM feed directly off the

HIRAS analysis just like the SSM. Another method would have the RWM receive

the HIRAS first guess and then do its own analysis using the same grid it

will use in its forecast.
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Chapter 4 - HIRAS

A. General

The HIRAS is the primary analysis system in AWAPS. It produces global

analyses on a 2.5 X 2.5 degree latitude-longituae grid (Fig. 4-1). To do
this it uses a variety of observations taker, from land stations, ships,
buoys, aircraft, balloons (RAOBs), and satellites.

As we saw ir, Chapter 3, the HIRAS nas two main components, a first-guess
model and an analysis model. Since the first-guess model is just another r

version of the GSM, we will wait until Chapter 5 to discuss it. Here we will
concentrate on the analysis portion of HIRAS.

* B. Opt i mrilp I nt en pcatic~r.

The HI'AS uses ar, analysis tecnnique called ootimum interpolation (OD1. C
Tne rnode itself is an adaptation of the 01 analysis used at NMC. Dey and
Morone (1935) give a detailed description of the NMC system. Stobie, et al.,
(1985) descr-ibe how the AFGWC 01 differs from the NMC version.

%a6 ca.1, 11 takes Jrto accounat tLrree factors: (1) the distance retween-

_%-_. t i o-servat aors and tne arid ooint. (2) the accuracy of the observinc'O
:tre t , .ard te ,,ote .... d accurac . :f the 1ii-st cuess. Apper,-s tA

. , - .Zer Cf the meTrnianti s -f 0". W thD.it. cettirr- . o "
% t e , :e -. acnotu iq y Cow the -cL uses tese tirsee facts.-

4.
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Fig. 4-2?. Temperature analysis using a fir-st guess (dashed lines) and
observations (A & B). Below the grid point is a "weight vs
distance' function used to determine how much weight each

observation should receive in correcting the first guess.

Therefore, the final analysis at the grid point would be

final analysis = first guess + correction

= 180 C + 0.5°C

= 10.50c.
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This example is a bit over-simplified. The 01 actually uses more

than this horizontal "weight vs distance" curve to determine its weights. It
also looks up and down for observations, incorporating a separate vertical
weighting scheme. The basic principle, however, is still the same: the
closer the observation is to the grid point, the more weight it receives.

2. Accuracy of the Observing Instruments

One of the major advantages of 01 is its ability to distinguish
between various instruments. This is especially critical in this day of
satellite soundings, cloud-track winds, aircraft wind reports, etc.

The way 01 takes the instrument errors into account is to assign
every instrument type a unique expected error. These errors are determined
statistically. The basic 01 rule is: the lower the expected instrument
error, the more weight that observation will receive. For example, a 500 mb
temperature from a RAOB is probably more accurate than a 500 mb temperature

4. from a satellite. Thus, if these two observations are the same distance from
the grid point, HIRAS will automatically give the RAOB more weight.

Fig. 4-3 shows the instrument errors currently used in HIRAS. These

error values came from the European Center for Medium Range Weather
Forecasts. Again, the larger the instrument error, the less weight that
observation is allowed to receive.

3. Accuracy of the First Guess a

Each HIRAS analysis produces two types of fields, analyses and 4-

errors. The analyses are the standard grid-point analyses we described in
Chaoter &. The error fields, however, are specialized fields unique to 01.

-. These error fields indicate how accurate the analysis is at each grid point.
Basically, the more observations you have, the better your analysis, aria

. thus, the lower the expected error. Fig. 4-4 is a sample HIRAS error field.
Notice that over data-rich areas such as North America and Europe, the error -

vaues are low, while over data-sparse areas such as the Indian Ocean, the
error values are ia'ge.

4-

Besides indi,--tin how accurate the analysis is, the analysis error "-t
* f~eids also dictate tie accuracy of the first guess. To see how this wrks.
- let's consider two ar-eas, North America and the South Pacific. 4

Over Nrts Ame-ica there are many RADE stations that take obser-
at ions every :L. hours. because of this, the analvsis over North Amer ica is

quite accurate. The first guess over North America is, in turn, also Quite

4- accarate.

Over the Souti Pacific, or. the other nard, there are very few RAOBs.
Occasionally there will be a satellite pass which will provide some data, but
never as oood as the RAO network over North America. Therefore, the initial
.conditions over the South Pacific are usually poor. Thus, the first guess

* over the South Pacific is probably riot as accurate as the first guess over
* North America.
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Because of this difference in the accuracy of the first guess, HIRAS
believes the first guess over North America more than it does over the SouthPacific. How does it do this? It simply varies the degree to which it

"draws" for the observations. Specifically, it does not allow an observation V
to affect the analysis as much over North America as it does over the South
Pacific. For example, with all other factors being equal, suppose we have a

RAOB over North America whose temperature differs from the first guess by
50 C. Since the first guess over North America is considered quite accurate,

the HIRAS may choose to only adjust the first guess by 30 C. In the South
Pacific, however, where the first guess is probably much worse, the same 50 C

difference may result in a 40 C adjustment.

This scheme often causes a great deal of consternation when it is
first explained to a forecaster. The usual question is, "Why do we correct
less for the observations over North America where the data are good, and
more for the observations over the South Pacific where the data are much
worse?" The answer is, the 01 is a combination of both the observations
and the first guess. The better the first guess, the less weight you
should give the observations. Keep in mind that the observations are not

perfect either. That RAOB that tells you to correct 50C may actually
have a 20C error of its own. If the first guess in the vicinity of that
RAOB has an expected error of only l0C, it would not make much sense to

give the observation more weight than the first guess.

Finally, the analysis and first-guess error fields are constantly
evolving. Over data-rich areas such as North America, Europe, and Asia, the

analysis errors stay relatively low. Over the data-sparse areas such as the
-.. oceans and most of the Southern Hemisphere, the analysis errors remain

relatively large.

C. Analysis Fields

The HIRAS ultimately produces 14 different fields, but it directly

analyzes only five: heights, u-component winds, v-component winds, temper-
atUre, and specific humidity. All the other HIRAS fields are derived from
these five basic fields. Appendix B contains a list of the HIRAS fields
along with the methods used to derive them.

The HIRAS height analysis uses a scheme known as multivariate 01. That
is, it uses both height and wind observations to correct the first guess. It

does this by assuming the height and wind observations are in geostrophic
balance.*

The wind analysis is also multivariate. In fact, for a given grid point

it uses the same set of observations used by the height analysis.

The only exception to this multivariate height-wind analysis is in the

tropics. This is because near the equator the geostrophic assumption is no

* Geostrophic balance occurs when the pressure gradient force is in balance

with the Coriolis force.
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longer valid. Therefore, equatorward of 15 degrees latitude, the height and
wind analyses are done independently. That is, only height observations
affect the height analysis and only wind observations affect the wind
analysis. This is commonly referred to as a univariate analysis.

The temperature and specific humidity analyses are univariate everywhere.
That is, the temperature analysis uses only temperature observations and the

specific humidity analysis uses only moisture observations.*

D. Upper-Air vs Surface Analysis

The HIRAS analysis is composed of two distinct modules, a surface module
and an upper-air module. The upper-air HIRAS is the real workhorse of the
system, as it provides all the initial conditions for the GSM. The surface
HIRAS serves only one function, to anchor the satellite soundings for the
upper-air analysis.**

1. Upper-Air Analysis

We've already said that the HIRAS does an O grid-point analysis on a
2.5 X 2.5 degree latitude-longitude grid (let's call it the "2.5 grid").
Inside the upper-air model, however, there is a bit more to it than that.
For one thing, the internal grid is not as high a resolution as the 2.5 grid.
Secondly, the upper-air analysis uses a spectral transformation in addition
to the DI. To understand this, let's look at the step-by-step upper-air
analysis process.

The first step in the process is to convert the first-guess fields -. .

into grid-point values. These fields come out of the first-guess model as
30-wave spectral coefficients. The HIRAS converts these coefficients to its

own analysis grid shown in Fig. 4-5.

Notice that the grid in Fig. 4-5 is not the 2.5 grid. It has a

coarser resolution with only 1/3 as many grid points as the 2.5 grid. The

HIRAS does its grid-point analysis on this coarser grid to save computer

time.***

* Moisture observations include dewpoint, dewpoint depression, relative

humidity, and specific humidity. The HIRAS moisture analysis converts all of
these to specific humidity before it performs its specific humidity analysis.

** Satellite soundings consist of a series of thickness values. In order to
convert these thicknesses to heights, you must first determine the base

height of the sounding. This base height is derived from the surface
analysis and is referred to as the "anchor" or "reference level."

** Numerical modelers refer to this as an "equal-are. Gaussian grid," or

"Kurihara grid." Its main advantages over the 2.5 grid are (1) its
resolution is nearly constant from pole to equator and (2) its latitudes

(Gaussian latitudes) make it easier to convert from grid-point to spectral
.Parepresentation. (Kurihara and Holloway, 1967)
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Once the first guess is converted to this grid, the analysis model
performs its 0I. Next, this grid point-analysis is transformed back to
30-wave spectral coefficients. This last step is important. It means that
although the upper-air HIRAS is basically a grid-point analysis, it still
includes a spectral transformation. The AFGWC forecasters should be partic-
ularly aware of this, because it means that every observation (including

bogus) affects every grid point in the world.

The final step in the upper-air analysis is to convert these 30-wave
spectral coefficients to the 2.5 grid. Again, even though the analysis
appears on this grid in the AFGWC data base, the true resolution of the
analysis is the grid shown in Fig. 4-5.

a. Stratospheric Analysis

Because of some of the shortcomings of the first-guess model in
the stratosphere (above 100 mb), the HIRAS must make some special compen-
sations. First, it does not use the first-guess forecast model above 100 mb.

Instead, it uses the previous analysis for its first guess. Second, it
forces the first-guess winds to be geostrophic above 100 mb. Finally, it

*. uses only a horizontal 0I in the stratosphere. For example, the 30 mb
analysis uses only 30 mb observations.

Fig. 4-6 shows the various HIRAS analysis levels and how much

they can look up or down for observations. Notice the "barrier" near 100 mb.
This barrier is imposed mainly because the stratospheric first-guess

corrections (observation - first guess) are not necessarily correlated with
the tropospheric corrections (Carr and Tuell, 1985).

2. Surface Analysis

Like the upper-air HIRAS, the surface HIRAS is an 01 model. It has
three main characteristics that distinguish it from the upper-air HIRAS: (1)

its analysis grid, (2) the way it uses the error fields, and (3) the way it
uses observations to correct the first guess. As for the grid, the surface
HIRAS performs its analysis directly on the 2.5 grid. It does not use any
spectral transformation or special internal grids. Furthermore, the surface
analysis does not use the 0I error fields at all. Instead, it "believes" the
first guess just as much over the data-rich areas as it does over the
data-sparse areas. Because of this, the surface analysis tends to believe
the observations a bit more than the upper-air analysis does. Finally, the
surface wind and pressure analyses are done univariately. This is done
because the geostrophic assumption is just not appropriate near the earth's
surface.

E. The Analysis Cycle

In Fig. 3-1 we saw the overall HIRAS-GSM production cycle. Now let's
focus on the analysis cycle.

As you can see in Fig. 4-7, every six hours the HIRAS does three surface
analyses and two upper-air analyses. The earlier analyses are done to meet
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Fig. 4-6. HIRAS vertical interpolation limits.

customer requirements, while the later analyzes are done to take advantage of
late-arriving data. This cycle also gives the AFGWC forecasters a chance to
quality control (0C) each analysis. To see how this all fits together, let's
step through the 68Z cycle.

First, at about 61Z the first-guess model upper-air output is sent to the
AFGWC forecasters for QC (#1 in Fig. 4-7). The forecasters have two hours to
review this output. If there is anything they don't like, they can generate
artificial, or "bogus," data for use in the subsequent analysis. For
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example, if they believe the first guess has moveo an upper-air trough too
far east, they might introduce bogus data to move the trough back to the
west. The analysis will then use this bogus data to correct the first quess.

At 0130Z HIRAS does its first 00Z surface analysis. This output also
goes to the AFGWC forecasters for QC (#2 in Fig. 4-6). In this case they
have until 0230Z to prepare bogus observations or to delete real observations
tnat they believe are incorrect.

At 0230Z HIRAS does its second 00Z surface analysis. This analysis
anchc.rs the satellite soundings for the first upper-air analysis.

At 0-200Z HIRAS does its first upper-air analysis. This analysis uses all
the real and bogus data available at that time. This first upper-air
analysis provides the initial conditions for the GSM.

During the next three hours, 00Z observations continue to trickle in at
AFGWC. -o take advantage of this late-arriving data the HIRAS does a second
O0Z upper-air analysis at 06M. This second upper-air analysis is preceded
Dy a third surface analysis at 0530Z, which re-anchors the satellite
sourdings. Also, between the first and second upper-air analyses, the AFGWC
forecasters may submit more bogus data.

Finally, at about 0630Z, the first-guess model runs using the second 00Z
upper-air analysis for its initial conditions. At this point the six-hour .

"" cycle begins all over again.

There is one imoortant aspect of this six-hour cycle that AFGWC fore-

casters should be aware of. That is, the first-guess model always provides
the first guess for the analysis. This was not always the case at AFGWC. In

fact, when HIRAS was first put on line the second 00Z analysis used the first
00Z analysis as its first guess. This, however, contradicts the statistical
premise upon which 01 is built.* What this means is that if an AFGWC
forecaster enters a set of bogus data for the first analysis, the forecaster
should resubmit that same bogus for the second analysis.

-. Automated Quality Control

n addition to the forecaster OC described in the previous section, the
HIRAS has its own automated QC system. The main objective of this automated
system is to throw out bad observations.

As every forecaster knows, observation errors do occur. Usually a
forecaster can spot these errors quite easily. For instance, when you're

coing a local-area work-chart and an observation of 990 mb shows up in the

* CI uses forecast model performance statistics to determine how much weight
to give each observation. If an analysis is used for the first guess, these
statistics are meaningless. Furthermore, by using the previous analysis for
a first guess, you end up giving the observations more weight than they

deserve.a
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middle of a 1846 mb high, you will probably conclude that the 990 mb

5, observation is wrong. The problem for the HIRAS, then, is to try to reason A>
like a forecaster and toss out such erroneous observations. The HIRAS does

this through a two step process.

The first step in this process is called the "gross checks." Here, the
HIRAS compares each observation with the first guess. If an observation
grossly disagrees with the first guess, it is immediately tossed out. If an
observation just barely passes the gross checks, it is flagged for the second
check called the "buddy check."

In the buddy check, all the observations that just barely passed the
gross checks are compared with their nearby, or "buddy," observations. If

one of these flagged observations significantly disagrees with its buddies it
is thrown out.

G. Summary of Key Points

Here are some of the key points to remember from this chapter:

1. The actual upper-air analysis grid is a lower resolution than the 2.5
degree latitude-longitude grid (see Figs. 4-1 and 4-5).

2. The upper-air analysis includes a 30-wave spectral transform.

3. The HIRAS analysis uses a 3-dimensional 0I. For example, a grid

point at 500 mb may use observations anywhere between 200 mb and 1000 mb.
The only exception to this is above 100 mb, where the 0I only looks .
horizontally for observations. '

4. rhe HIRAS draws more for individual observations in lata-sparse areas
than it does in data-rich areas.

5. HIRAS compensates for instrument accuracy.

6. Upper-air wind and height analyses are multivariate everywhere except
in the tropics.

7. Upper-air temperature and moisture analyses and all surface analyses

are univariate.

8. The first guess in the stratosphere (above 100 mb) is the previous
analysis.

9. The first-guess winds in the stratosphere are forced to be

geostrophic.

10. The surface analysis is only used to anchor the satellite soundings.

11. The upper-air analysis provides all the initial conditions for the

GSM and the first-guess model.
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a. The first upper-air analysis is dore tnree hours after data time
,P* and feeds the SSM.".

b. The second upper-air analysis is done six hours after data time

and feeds the first-guess model.

12. The HIRAS data OC includes both automated and manual checks. The "5%

manual checks are done by the forecasters at AFGWC by adding bogus

observations or deleting real observations.
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Chapter 5 -GSM .

A. General

The GSM is the heart of the AWAPS. Every six hours it produces forecasts

out to 96 hours. It also provides the first guess for the HIRAS. Although
the SN' main purpose is to provide height, wind, and temperature forecast "
for aviation customers, it also provides a wide variety of other fields. "

Appendix C contains a complete list of these fields and their associated ..
forecast times. '-

.' The AWAPS S is essentially the same SM that NMC has been using since .
*199. AFGWC received the SM from NMC in 1984. For a detailed description.

~~~of the NWC GSM, including equations, see Sela (1982). .o

Without getting involved in the GSM's complicated equations, let's try to
get a general idea of how the model works. To do this, this chapter is

divided into four parts. Section B discusses the model's resolution and its '
impact on the forecasts. Section C lists the atmospheric processes modeled".
in the SM. Section D looks at the model's initialization scheme and its

Tteffect on the forecasts. Finally, Section E contains model performance s

Su o hustatistics and rules of thumb. t

B. Resolution

There are to aspects to the resolution of any model, horizontal and

vertical. The horizontal resolution for a grid-point model is the grid* rspacing. The horizontal resolution for a spectral odel is based on the

number of waves. The vertical resolution for either type of model is based
on the number of model layers.

1. Horizontal Resolutionee

Since the SS is a spectral model, its horizontal resolution isto

expressed in terms of waves. The problem is, most of us are used to

resolutions expressed in terms of grid-point distances. In the old AWSPE
model, for example, the grid-point spacing was 381 km at 60N. The
question is, "How does the horizontal resolution of a 30-wave iSM compare

with this 31 km resolution in the AWSPE?"

In the east-west direction the answe is fairly straight forward.
Basically, a 30-ave model can contain up to 30 waves (to ugh-ridge

combinations) on a given latitude circle. In the north-south direction,

however, there is much more to it than that. Unfortunately, it is beyond the
scope of this report to fully explain the north-south esolution of the GS .
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Perhaps the best way to estimate the horizontal resolution of the GSM

is through its own internal grid (Fig. 5-1). This particular grid is matched %. %

to a 30-wave spectral resolution and is actually used for some of the -.

internal GSM calculations. Its north-south resolution is approximately 270
km and its east-west resolution (at 350N) approximately 350 km.

As we mentioned in Chapter 3, the AWAPS uses two versions of the GSM,
a 30-wave for the HIRAS first guess and a 40-wave for the operational
forecasts. But, both of these models store only 30 waves of data in the
AFSWC data base. Therefore, for display purposes, the resolution of the
30-wave and 40-wave GSMs is essentially that shown in Fig. 5-1.

The obvious question is, "If you don't save the full 40-waves, why
bother with a 40-wave model at all?" The simple answer is, the 40-wave

forecast model is more accurate than the 30-wave model. But a 40-wave
display is virtually identical to a 30-wave display (Warburton, 1982). In
other words, throughout the time integration in the model, the higher number
of waves does make a difference, but for a given display, only the first 30
waves are really needed.

Finally, the important point to remember about horizontal resolution
is how it limits the forecast. Basically, it determines the smallest scale
feature that the model can possibly forecast. Thus, as shown in Fig. 5-1,
the smallest scale feature you can expect the 6SM to resolve at 35ON
would be 270 km long (north-south) and 350 km wide (east-west).*

2. Vertical Resolution .

Both the operational GSM and the first-guess model have 12 vertical
layers. These 12 layers are positioned via a scheme known as "sigma
coordinates." Sigma coordinates vary according to the terrain and, unlike
isobaric coordinates, never intersect the ground. They are specified using

the equation:

sigma = 1 - P/Psfc

where P is the pressure level and Psfc is surface pressure (Phillips,
1959). Fig. 5-2 shows the position of the GSM's 12 sigma layers as they
would appear in a standard atmosphere over the ocean.

Notice in Fig. 5-2 that the sigma layers are closer together near the
jet stream (-250 mb). This is because the 6SM is primarily an aviation
forecast model and -250 mb is where most aircraft fly.

Also notice in Fig. 5-2 that there are only two layers in the
*., stratosphere (above 100 mb). This is one of the reasons why the GSM is not

* This is true for a feature such as a surface low or an upper-level trough.

But if the feature is a complete wave (trough-ridge combination) then the
smallest scale is double these numbers or 540 km north-south and 700 km

east-west.
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considered a stratospheric forecast model. In fact, AF6WC does not currently
. have a stratospheric forecast model. Instead, all AFGWC stratospheric

forecasts are merely copies of the latest HIRAS analysis.

C. Atmospheric Processes Modeled by the GSM

Like the older PE models, the SM is also based on the "primitive
equations."* The only difference is the 6S transforms these equations into
spectral form. The GSM's primitive equations are based on the momentum
equation, the continuity equation, and the thermodynamic equation. Winds are
not actually forecast directly from the momentum equation. Instead, forecast
equations for vorticity and divergence, which have been derived from the
momentum equation, are used. The u- and v-component winds are derived from
these forecast vorticity and divergence fields. (Sela, 1982)

In addition to the processes explicitly modeled in these equations, the
6SM contains a number of other physical "parameterization" schemes.** The
following paragraphs list some of the processes parameterized in the 6SM.

1. Topography

The topography used in the 6SM is much smoother than the earth's
actual terrain. Mountain ranges appear as large domes with no jagged peaks.
Fig. 5-3 shows the OSM topography over North America. The main reason for
using this smooth topography is that experiments show it produces a better
forecast. (Sela, 1982)

The topography appears within the primitive equations explicitly
through the use of sigma coordinates. It is also used to determine surface
friction effects. (Sela, 1982)

Recently, NMC has developed an improved terrain field that includes
"silhouette mountains." These "silhouette mountains" still look much like
those in Fig. 5-3, only they're higher. The reason for using "silhouette

mountains" is to better model the blocking effects that mountains have on the
winds. Depending on NMC's results, AFGWC may also switch to "silhouette
mountains." (Matsumoto, 1986)

2. Surface Friction

Since the 6SM includes surface friction, the winds are not
necessarily geostrophic, especially near the ground. The amount of surface
friction varies with the terrain. Over the Rockies and Himalayas, for

* For more details on the primitive equations see Haltiner and Williams
(1980).

** "Parameterlzation, The representation, in a dynamical model, of physical

effects in terms of admittedly oversimplified parameters, rather than
realistically requiring such effects to be consequences of dynamics of the
system ... " (Huschke, 1980)
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4. Evaporation From the Earth's Surface

In the 6SM, only moisture from the oceans may be evaporated into the

atmosphere. There are no provisions for receiving moisture from the soil.

As with the sensible heat exchange, the evaporation depends on the
monthly climatology of sea surface temperature and the surface wind speeds.
Stronger winds result in more evaporation. (Sela, 1982)

The lack of soil moisture parameterization is a recognized weakness
of the 6S. Because of this, the 6SM moisture forecasts are typically too
dry. The new NMC medium-range forecast model, which is also a global

4spectral model, does include soil moisture (National Weather Service, 1985a).

5. Precipitation Effects

Two scales of precipitation appear in the GSM. The first is the
large-scale (synoptic-scale) effects. The second is the cumulus- or
small-scale effects.* In both cases, when precipitation occurs, latent heat
is released. Then as the precipitation falls, evaporation occurs.

Although this scheme does help the model in its moisture forecasts,
the GSM is still not considered a superior precipitation forecast model. In
fact, the old PE at NMC did a better job forecasting precipitation. (Sela,

" 1982)

6. Small-Scale Diffusion

The diffusion mechanism in the GSM is more-or-less a safety valve to
keep the model stable. With all the physical parameterization schemes

discussed above, the SSM would be unstable without diffusion. Basically,
diffusion damps the higher frequency horizontal waves. In the operational
GSM, this damping is not very severe, mainly because this 6S does not cycle
back on itself. The first-guess model, however, continually cycles on

itself, and thus requires much stronger diffusion. (Sela, 1982)

7. Radiation

The GS currently does not have any radiation parameterization.
There is no solar heating during the day nor radiative cooling during the

night. The net result is that forecasts are typically too warm. This
problem is not considered significant in the short-range forecasts (less than

3 days) from the operational 6SM. The first-guess model, however, is much
more vulnerable to this because of its cycling. The 0I keeps this problem
under control by correcting the first-guess forecast with observations every
six hours. (Sela, 1982)

* The cumulus parameterization scheme in the SS is known as Kuo convection

(Sela, 1982)1 for details see Kuo (1965).
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The noew NMC medium-range forecast model does include radiation
effects (National Weather Service, 1985a). The Air Force Geophysics

Laboratory (AF6L) is investigating similar parameterizations for radiation

and other physical phenomena for possible inclusion in the AFGWC GSM

(Koermer, 1986).

D. Normal Modes Initialization

As we saw in Chapter 3, the 6SM uses the HIRAS analysis for its initial

conditions. However, before this analysis is actually used by the GSM, it
undergoes a process called normal modes initialization (NMI).

The main purpose of any initialization scheme is to control mathematical
instabilities that result from minor perturbations in the input data that the
model can't resolve. These perturbations could be real (i.e., from micro or
other sub-grid scale phenomena) or fictitious (i.e., from small observational
errors, etc.). Because of this, nearly every numerical forecast model uses

some form of initialization. In some of the older mcdels, initialization
would significantly alter the analysis. NMI, on the other hand, ". . is a
very gentle stroking of the data" (Sela, 1984). In fact, tests conducted by
NMC indicate that NMI typically reduces the analysis wind speeds by less than

0.5 m/s (McCalla, 1985).

In spite of this small initial change, NMI has a significant effect .or,
the final forecast, particularly in the first 24 hours. For example, Fig.

5-4 shows how NMI stabilized the surface pressure forecast in a case over the
Rocky Mountains (Sela, 1982).

Finally, NMI is not absolutely necessary for the GSM. In fact, after the
first 24 to 48 hours of the forecast, the GSM will take care of these
instabilities on its own (Sela, 1982). The big payoff from NMI comes in
reducing the error in the short-term forecasts. For this reason, both the

operational GSM and the first-guess model use NMI.

E. GSM Performance Statistics and Rules of Thumb

Since its implementation in 1980, the NMC GSM has demonstrated its

superiority over the old NMC PE model and the AWSPE (Matsumoto, 1985). The
question is, "Just how accurate is the GSM?" To answer this question, let's
look at some of the statistics NMC has compiled on the GSM since 1980.

1. Wind Verification

NMC routinely compares the GSM wind forecasts with RAOBs and aircraft
data. Typically, they calculate the mean speed error (or bias) and
root-mean-square (RMS) vector error. The equation for mean speed error is:

mean speed error * 4 (--

where

e .fPofP e P 0.*
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0Fig. 5-4. Effect of NMI on a sample surface pressure forecast.
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N = number of observations in the sample ..

Ufi - forecast u-component wind interpolated to
observation point i

Uo i - u-component wind of observation i
Vfi = forecast v-component wind interpolated to

observation point i
Vo i - v-component wind of observation i.

The equation for RMIS vector error is:

RPS vector error = N- -" +(V "

Fig. 5-5 shows the RMS vector errors (using northern hemisphere

RAOBS) for 500 mb and 258 mb (Matsumoto, 1985). Some important aspects of
these statistics include:

(1) The analysis itself has an RMS vector error of 5 m/s at 500 mb
and 6 m/s at 250 mb.*

(2) The wind errors are generally less in the summer. (This is, of
course, because the winds are generally lighter in the summer.)

(3) At 250 mb, the 24-hour forecast RMS vector error is usually 9 to
1 m/s.

Table 5-1 shows some results of comparing the GSM with aircraft wind
observations along certain northern hemisphere air routes. These statistics
are comparable to the RAOB statistics in Fig. 5-5 (McCalla, 1985).

2. Rules of Thumb

Using various NMC verification studies on the GSM, we can infer some
typical performance characteristics. Below are some rules of thumb derived
from these studies:

(1) The 6SM does a better job of maintaining wave amplitudes than
the old PE models. (Marks and Stackpole, 1983)

(2) Long waves are handled well by the OSM. This results in better
long range forecasts than the old PE. (Marks and Stackpole, 1983)

(3) In winter, the GSM forecasts are much better than the old PE.

• Caution, this error includes both the RAOB instrument error and the
analysis error. That's because this verification scheme assumes the RAGBs
are exact, even though they're not. Thus, if the RAOB instrument error is 2
m/s, then even a perfect analysis would show a 2 m/s error under this
verification scheme.
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Fig. 5-5. Northern hemisphere WMC GSM wind verification statistics.
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Table 5-1

GSM Forecast vs Aircraft Observations

(Winter 1984)*

Forecast
Month Analysis 12-HR 24-HR 36-HR 48-HR

North Pacific

Speed Bias Jan -1.6 -1.9 -2.2 -1.6 -.08
(m/&) Feb -1.3 -2.0 -1.3 -0.7 -1.5

Mar -1.0 -1.4 -1.1 -1.1 -0.2

RMS Vector Jan 7.1 10.7 12.1 14.1 15.5
Error Feb 6.5 10.2 11.9 12.3 13.9
(m/) Mar 6.8 10.0 10.8 12.5 13.8

North Atlantic

* Speed Bias Jan -0.5 -0.7 0.2 0.0 0.0
(m/s) Feb -1.6 -1.1 -0.6 -0.9 -1.3

Mar -1.3 -1.8 -2.7 -2.6 -2.2 '--:

RMS Vector Jan 7.7 9.8 9.8 11.9 13.0
Error Feb 7.6 9.8 10.6 12.2 14.4
(m/s) Mar 6.6 8.4 10.2 11.4 13.9

South Pacific

Speed Bias Jan -1.6 -2.5 -1.6 -2.7 -2.5
(a/&) Feb -2.1 -1.8 -3.1 -3.2 -1.2

Mar -2.0 -0.7 -0.0 -1.3 -1.3

* RMS Vector Jan 7.4 12.8 13.8 14.4 16.2
Error Feb 7.3 10.3 12.4 14.2 13.8
(m/s) Mar 6.8 10.5 12.6 14.3 15.3

- From McCalla (1985)
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In summer, the 6S and PE forecasts are about the same. (Marks and .
Stackpole, 1983)

(4) The forecast wind speeds from the GSM are typically too light ine

the troposphere (below 100 mb). For example, the GSM's average 48-hour, 250
mb winds are 1.5 m/s too slow. This, however, is better that the old PE,

whose same forecasts were over 3 m/s too slow. (Marks and Stackpole, 1983)

(5) The 6SM's 500 mb wind forecasts (24-hour and 48-hour) are more
accurate than the old AWSPE by about 1 m/s. The GSM's 250 mb wind forecasts

(24-hour and 48-hour) are typically 2 m/s more accurate than the old AWSPE.
(Matsumoto, 1985) $

(6) The 6SM's wind speeds at 100 mb are generally I m/s too strong.
(Marks and Stackpole, 1983)

(7) The GSM's temperatures at 100 mb are generally 0.70 C too cold in
the winter, and 0.5 0 C too warm in the summer. (Marks and Stackpole, 1983)

(8) The GSM's temperature forecasts in the troposphere are generally
too warm. Furthermore, since the GSM height forecasts are derived from the

temperatures, the GSM forecast heights are generally too high in the
troposphere. (Sela, 1982)

(9) The GSM moisture forecasts are generally too dry. Precipitation

forecasts from the GSM are worse than the old NMC PE. (Sela, 1982)

F. Summary of Key Points

The GS is primarily an aviation forecast model. Regardless of the
resolution of the model itself, the display resolution is based on 30 waves

(Fig. 5-1). With its vertical levels concentrated near 250 nib, the GSM's jet
stream winds are about 20% better than the old AWSPE's.

The GSM contains parameterization schemes for many physical processes.
Three significant exclusions, however, are radiation, sensible heat from the

land, and soil moisture. These exclusions contribute to a warm bias in the
troposphere and a cold bias near 100 mb. They also cause the SM to be a bit

too dry.

Overall, the GSM is a significant improvement over the AWSPE. it does a
better job of maintaining wave amplitudes and wind soeeds. It is

particularly good at forecasting long waves.
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Chapter 6 - WN

A. General

The RWM is a limited-area, grid-point model capable of forecasting meso-

and synoptic-scale weather (Mathur, 1983). It was written by NMC and

transferred to AFGWC as part of the AWAPS. It can forecast for any region of

the world, with a wide range of horizontal and vertical resolutions (tens of

km horizontally and up to 20 vertical layers).

Its final output includes heights, winds, and temperatures at the

mandatory pressure levels from 1000 mb to 50 mb. It also forecasts sea-level

pressure, 1000B mb-to-500 mb thickness, 500 mb absolute vorticity, 700 mb

vertical velocity, and 100 mb-to-700 mb mean relative humidity (Mathur and

Facey, 1984).

Unlike the GSM, NMC has never used the RWM operationally. In fact, the

testing of the RWM has been limited to individual case studies comparing it

with the limited area fine mesh (LFM) model over North America and the

movable fine mesh (MFM) hurricane model in the tropics. Results of these

tests indicate that with similar resolutions, the RWM forecasts are

.'.', comparable to both the LFM and MFM (Mathur, 1983).

For the remainder of this chapter, let's look at some of the basic

concepts behind the RWM and see what physical process it includes. For aIo

more detailed description of the model, including equations, see Mathur

". (1983).

B. A Quasi-Lagrangian Model

The RWM is referred to as a quasi-Lagrangian model. You might ask,

"What's a 'quasi-Lagrangian'?" First, Lagrangian is a term used to describe .-

a type of coordinate system. Using Lagrangian coordinates, you can examine J

how an air parcel's poperties change by "following along" with the parcel as e'

it moves. The alternative is to examine the air parcel at a fixed time over

a fixed location (such as a set of grid points)--this is done using Eulerian
coordinates. Weather maps use Eulerian coordinates while trajectory

bulletins use Lagrangian coordinates.

The RWM uses a combination of these two coordinate systems. In the

Eulerian sense, it still produces forecasts for fixed grid points. However,
predictions are carried out following individual parcels. Specifically, the

RWM accounts for changes in parcel accelerations and follows each parcel

along its traectory. By using this scheme, the RWM's is expected to do

particularly tw o in forecasting jet streams and rapidly developing storm

systems.
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C. Physical Parameterization

The RWM contains essentially the same physical parameterizations as the -.

GSM. Through the use of sigma coordinates, it compensates for surface 9W

elevation. It also varies frictional effects according to the terrain
height. It allows for sensible heat exchange and surface moisture
evaporation over the oceans. It models large-scale moisture processes

(condensation, precipitation, and evaporation) and cumulus-scale moisture '-t
processes (using Kuo-type convection). Like the GSM, it uses horizontal N

diffusion to control noise and currently does not include any radiation
effects.

Since the RWM is not a global model, it must also have horizontal
boundary conditions. Presently, it is configured to use the GSM forecast

(valid every six hours) for this purpose.

D. Summary of Key Points

Since the RWM has no operational history, I cannot offer any "rules of

thumb" for using it. One important point to keep in mind, however, is the
resolution of the particular forecast. Do not expect the RWM to forecast

mesoscale features smaller than the model's resolution. Furthermore, if the
RWM uses the HIRAS as its initial conditions, its starting resolution will be

that of the HIRAS.
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~Chapter 7 -Summary

j- In this report we've tried to take a forecaster's view of the AWAPS. We .

: . began with some basic NWP, just to make sure we knew the difference between

an analysis and a forecast model and the difference between a grid-point
; model and a spectral model. Then we looked at the AWAPS production cycle arid

how the HIRAS, GSM, and RWM all fit together."-

• -

-. Next, we looked at each model separately. First, we saw how the HIRAS
uses optimum interpolation to combine a first guess and observations into a.''

final analysis. We saw how HIRAS considers the various instrument types and i

the accuracy of the first guess to do its analysis. We also saw how the
surface, tropospheric, and stratospheric analyses each have their own special .
considerations. Then we took a close-up look at the analysis cycle and how .°

manual and automated data OC are done.
In the next chapter looked at the GSM. We first tried

Inti eotwev re tketafrcse' iw o th watW

n 30-wave aeaolution model looks like on a grid-point map. Next we saw how the
m d12 vertical layers in the GSM are clustered around 50 mb to improve jet an
stream forecasts. We also looked at the various parameterization schemes

included in the SM. Finally we looked at some NC verification statistics
- on the SS and some rules of thumb developed by National Weathobs erva nvice over

. the past fiye years. tth

conIn Chapter 6 we took a very quick look at the RWM. We saw that it s a
aquasi-Larangian grid-point model that includes most of the same physical
parameterization schmes present in the GSM. Although the RWM has no

- operational history, we expect it to improve mesoscale and synoptic scale

forecasts over limited regions, particularly in rapidly developing systems.

.- * In conclusion, this report is meant to get you started on the right track

with AWAS. Hopefully, now you can use the AWAPS with confidence, and when

" the situation warrants, modify its guidance to produce an even better '
forecast f
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MECHANICS OF OPTIMUM INTERPOLATION :

To understand the mechanics of optimum interpolation (O1D, consider a
simple analysis using three observations (Fig. A-l) . To make this analysis

as simple as possible, make the following assumptions: .

1. All three observations are at the same pressure level as the grid".
point (vertical correlation - 1).

2. All the observing instrument% are perfect (no instrument errors).
3. The first guess is totally unreliable compared to the .

observations (draw for the observations).

4. All the observations are unique (no redundant observations from ,

the same instrument).
5. Analyze heights using only height observations (univariate). .

The first step is to calculate the residuals between the observations and
the first guess using

,..Residual =Observation -First Guess.

..2

Apeni A
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Fig. A-1. Array of three observations Fig. A-i. raphical representation

surrounding an analysis grid of horizontal corre-

point lation function (1).
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Fig. A-3. Horizontal correlation function centered at (a) observation

*1, (b) observation #2, and (c) observation *3.

Next, calculate correlations between the observations and the grid point. At
NMC and AFGWC the horizontal correlation is modeled by*

HCOR = EXP(-CH*(R**2)) (1)

where: HCOR = horizontal correlation j.
CH = a positive constant ,,=

R = horizontal distance between points.

This function is shown graphically in Fig. A-2. Next, use these correlations
to develop a series of linearly independent equations. Specifically, overlay
Fig.A-2 onto Fig. A-i as shown in Fig.A-3a. The following equation results C

1.8*W(1) + 0.5*W(2) + 8.I-W(3) = 0.75 (2)

wheres W(1) = weight to be assigned to observation *1
W(2) = weight to be assigned to observation #2
W(3) = weight to be assigned to observation *3.

In eqn (2), 1.0 is the correlation between observation #1 and itself, 0.5 is
the correlation between observation #1 and observation #2, 0.1 is the-
correlation between observation #1 and observation 2, and 0.75 is the

correlation between observation #1 and the analysis grid point. The second

equation results by moving the center of Fig. A-2 to observation *2 (Fig.

A-3b):

0.5*W(1) + 1.8*W(2) + 0.4*W(3) - 8.65 (3) ..

* With the exception of equations (2), (3), (4), and (7) equations in this

appendix appear in standard FORTRAN notation.
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The third equation results by moving the center of Fig. A-2 to observation #3

(Fig. A-3c):
],.

O. 1*W(1) + 0.4*W(2) + 1.0*W(3) = 0.4 (4)

Now solve eqns (2), (3) and (4) for the three unknowns W(1), W(2), and W(3).
Then obtain the analysis residual at the grid point by

Analysis Residual = W(1)*(OBRES(1)) + W(2)*(OBRES(2))
+ W(3)*(OBRES(3))

where: OBRESCI) = residual for observation I.

' Finally, calculate the net analysis at the grid point using

Net Analysis = Analysis Residual + First Guess.

In this simple example we used only the horizontal distance to determine
the weights assigned to each observation. In practice, the NMC and AFGWC 01

models also consider:

1. Vertical distance
2. Instrument quality
3. Quality of the first guess
4. Redundancy of observations.

The vertical distance is accounted for by using the following vertical
correlation function:

VCOR = 1/(I+CP*(LOG(P(1)/P(2)))**2) (5)

where: VCOR = vertical correlation
CP = positive constant
PC1) = pressure at point *1

P(2) = pressure at point *2

and combining the vertical and horizontal correlations into a total r
correlation

TCOR = HCOR * VCOR. (6)

TCOR is then used in place of HCOR to produce the series of linear equations.

To see how to adjust for the instrument errors and the quality of the
first guess, examine eqns (2), (3), and (4) in matrix form

1.0 0.5 0.1\/W1)\ 4 75)5 1.0 0.4 ) =1.65 i
0o.1 0.4 1.0/WM3 \.40/

or AW - (7) 5-
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Notice that A will always be symmetric with the diagonal terms equal to
1.0. To compensate for instrument errors and the quality of the first guess, ..- " .

the diagonal terms in A are modified using

A(I,I) = 1+((OBER)/(FGER))**2 (8)

where: A(I,I) = diagonal term in A for observation I
OBER = expected error of the instrument used for

observation I
FGER = expected forecast error (based on quality of

previous analyses).

Three types of observation redundancies are compensated for in the NMC

and AFGWC 0I models. These include (1) observations taken at different
vertical levels by the same RAOB, (2) observations taken at different
vertical levels by the same satellite, and (3) observations taken at
different horizontal locations by the same satellite. In cases (1) and (2)
an interobservational error correlation similar to VCOR is used. For case
(3), an interobservational error correlation similar to HCOR is used. At NMC

these interobservational error correlations are introduced using the
following equation:

A(I,J) - TCOR(I,J) + ERCOR*(OBER(I)/FGER(I))*(OBER(J)/FSER(J)) (9)

where: A(I,J) = final correlation between observations I and J
TCOR(I,J) = result of eqn (6) for observations I and J
ERCOR = interobseorvational error correlation

between observation I and J .. i

OBER(I) - expected error of the instrument used for
observation I

OBER(J) = expected error of the instrument used for
observation J

FGER(I) = expected forecast error at observation location

I (based on quality of previous analyses)
FGERIJ) = expected forecast error at observation location

J (based on quality of previous analyses).

Finally, the 0I models at both NMC and AF6WC are multivariate. That is,

height and wind observations are used in the height anlayses and in the wind

analyses. This is accomplished by applying the geostrophic wind
relationships to the horizontal correlations (except near the equator where

the analysis remains univariate).
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Appendix B

HIRAS Analysis Fields

Table B-1 shows the analysis fields produced by HIRAS on the 2.5 X 2.5

degree latitude-longitude grid. The HIRAS directly analyzes the heights,
temperature, u-component wind, v-component wind, and specific humidity. All

the other fields listed in Table B-1 are derived from these five basic

fields. Here is a short description of how AWAPS calculates these remaining
fields.

1. Sea Level Pressure

The sea level pressure is derived from the 1000 mb height and

temperature using the hypsometric equation. The AWAPS equation is:

where
Psl= sea level pressure
Pstd = globally averaged sea level pressure

g = acceleration of gravity

h = D-value of 1000 mb surface
R = gas constant for dry air
T - temperature at 1000 mb.

2. Temperature Advect ion

This field is calculated using the temperatures and winds. Fig. B-i

shows a typical grid used for this calculation. Using Fig. B-I, the AWAPS
equation for this field is:

d where
Tadv - temperature advection
T i - temperature at grid point i
dx - distance between grid points 1 and 2
dy - distance between grid points 3 and 4

Uo 0 u-component wind at grid point o 3

Vo - v-component wind at grid point o.
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TABLE B-1

HIRAS ANALYSIS FIELDS

Pressure Levels Layers

.O.fl.fl. 0

Field jI I I I 0.

Sea-Level Pressure X

Heights (D-value) XX XX XX XX XX XX XX X

Temperature x XX XX XX xX XX X xXX X

Temperature Advect ion X

*U-couponent wind X XX XX XX X xXX XX XX X

*V-component wind xX XX X X X XX xx X

Relative Humidity X X X X X X X

*Specific Humidity XX XX x X

Dewpoint Depression X X X X X X X

Precipitable Water XX X XX X

*Vorticity X X X

*Vorticity Advection X X

Stream Function XX X x X XX XX X XXX X X

*Tropopause pressure X

*Tropopause temperature X

Tropopause height X

B-2
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-~ dy

+ +.

dx

* Fig. B-1. Typical array of HIRAS grid points.

The temperature advection for the layer SFC - 850 mb is the arithmetic
* average of Tadv at 11000 mb and 850 mb. That is:

*: ad(ISO) ~ (3)

3. Relative Humidity

Relative humidity is derived from the pressure, specific humidity,
and the temperature. The equation in AWAPS is:

RH: (4)

where
RH = relative humidity
eq - vapor pressure (calculated from q)
e= saturation vapor pressure (calculated from T).

The saturation vapor pressure is derived from the temperature, T, using a
sixth order polynomial that approximates the Clausius-Clapeyron equation.
This equation is:

Os 6984. 505294 - 188.9039310 T + 2. 133357675 T2
- (1.288580973X10-2) T3 + (4.393587233XIO-5) T4

- (8.023923082X10-8) T5 + (6. 136820929X1011l) T6 (5)

B-3?
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This equation is accurate to within 1% over the temperature range -50 C to

+50 C. Outside this temperature range AWAPS uses the Clausius Clapeyron

equation directly, which is:

CS e Isv

where
Lv = (2.5X1S6 - 2274(T-273.16))

and
Lv - latent heat of vaporization

Rv = gas constant for water vapor.

The vapor pressure of the air is calculated using the following

equation:

, where
P - pressure

q - specific humidity.

*0 0.

4. Dewpoint Depression

The dewpoint depression is calculated from the pressure, temperature, ,." "

and specific humidity using the Clausius-Clapeyron equation. The AWAPS

equation is:

where
Td = dewpointsi

Rv - gas constant for water vaporLv = latent heat of vapoization (see RH calculation) t r e

eq = vapo pessue (see RH calculation)

eo = saturation vapoe pessue at 0 C.

5. Precipitable Water "

The precipitable water is calcualted from the specific humidity and "

the depth of the layer: ,

B-4
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where

PW = precipitable water

P1 = pressure of the upper boundary of the layer

P2 = pressure of the lower boundary of the layer
= specific humidity at the upper boundary of the layerq2 = specific humidity at the lower boundary of the layer

g = acceleration of gravity

k = constant to give result in mm (if pressure is in mb and g is

in m/s, then k = 10).

In the topmost layer (300-100 mb), the 100 mb specific humidity is

derived from climatology based on the temperature. All the other specific
humidities come directly from the HIRAS analysis.

6. Vorticity

In the mid-latitudes the vorticity is calculated using the heights.
That is, it is the geostrophic vorticity, which uses the Laplacian of the

"* heights. Using Fig. B-I, the mid-latitude equation for vorticity is:

p. - where J
" y - vorticity

"o-.-f = coriolis parameter

g = acceleration of gravity
Zi = height at grid point i

dx = distance between grid points I and 2

dy = distance between grid points 3 and 4.

In the tropics, the vorticity is calculated using the winds. This

equation uses the curl of the wind field. Using Fig. B-i, the AWAPS equation

isz

V-36 -V1; .'_
.. 1

where

ui = u-component wind at grid point i

v i = v-component wind at grid point i.

These two fields are both smoothed and then blended together in the

subtropics.

7. Vorticity Advection

The vorticity advection is calculated using the vorticity and the
winds. The AWAPS equation isi

B-5
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- a~ (12)

di

where
Tadv = vorticity advection
ji = vorticity at grid point i
dx = distance between grid points 1 and 2 (Fig. B-i)

* dy = distance between grid points 3 and 4 (Fig. B-i)
Uo = u-component wind at grid point o
vo = v-component wind at grid point o.

8. Stream Function

The stream function is calculated using the height field. The
equation AWAPS uses is:

(13)

* where Y= stream function
g = acceleration of gravity
f = coriolis parameter at 45 degrees latitude
Z = height.

V 9. Tropopause Variables

The tropopause level is calculated using an algorithm that uses the
WMO definition of the tropopause. For more on this method see Hughes (1981).
Incidently, in this algorithm the tropopause is not allowed to be outside the
range of 450 mb to 85 mb.
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Appendix C

GSM Forecast Fields

Table C-i shows the forecast fields that the GSM creates on the 2.5 X 2.5

degree latitude-longitude grid. The primary forecast fields used by the

model are temperature, divergence, vorticity, arid specific humidity. From
these fields the GSM calculates and outputs sea level pressure, heights,

termperature, u-component wind, v-component wind, vertical velocity, specific

humidity, 500 mb vorticity, rnd all the tropopause data. The remaininge

fields in table C-i are derived from these fields using the techniques

described in Appendix B.

Table C-2 shows the forecast intervals for each field output by the GSM.

* You'll notice that this table does not include moisture. That's because

AFGWC is still evaluating the GSM's moisture forecasting capability. In the

mean time, all AFGWC moisture forecasts still come from the cloud forecast
-flodel commonly referred to as the "five-layer model.
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TABLE C-1

GSM FORECAST FIELDS

> Pressure Levels

WOEMMonnMwn co CX

RlField X X XX X

Sea-Level Pressure X

Heights (D-value) xx xx x xX XX x

Temperature X X X XXXXXXX

Temperature Advect ion X

U-component wind XX XX XX XX XX X

V-component wind X xXX xX xX XX X

Vertical Velocity X X X X X X X X X

Relative Humidity X X X X X

Specific Humidity X xX X X x

Dewpoint Depression X X X X X

Vorticity X X X

Vorticity Advect ion X

Stream Function X xX XX XX XX X

Tropopause pressure X

Tropopause temperature X

Tropopause height X
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TABLE C-2

GSM FORECAST INTERVALS

Field Forecast Interval (hours)

00 0306 09 12 151IS21 24 27 33336 4245 4851 5457 6072 96

'I * Sea-Level
Pressure XX XX XX XX X X

Heights
(D-value) X X X X X X x X X X X X X X X X X X X X X *

*Temperature X XX X XX X XX X XX X XX X XX X XX *

* Temperature
Advection X X X X X X X X X

U-component
Wind XX XXXX XX XX XX X XX X X X

V-component
Wind XXX X X X X X XXX X X X

Vertical
Velocity XX xXX X XXxX X XX XX X X X XX

*Vorticity XX X XXX XX XXX X XX X

Vort icity
*Advection XXX XX xx X X X X

Stream
*Function x X xX X XXXX X xX xXX X

* Tropopause
pressure XX XX XX XX XX x X

* Tropopause
*temperature X X X X X X X X X X X X X X X X X X X X X

Tropopause
*height XX XX X X X X X XX XX xX X

*96-hour forecast contains only 1M0 mb and 500 mb D-values and temperatures.
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