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PREFACE 

. . This Technical Note (TN) describes the automated moisture and temperature 
d/m forecast model that currently exists at the Air Porce Clobal Weather Central 
™ (AFGWC).  The APGWC uses the forecasts from this model to provide 

environmental support to the USAP, the U.S. Army, and other DOD agencies. 
S^ This technical note provides detailed information on the scientific and 
£■£ computational methods used by the model to satisfy military requirements. 
Sy This informaton will be of particular interest to personnel in military and 
Y non-military units associated with DOD activities who use APGWC cloud and 

temperature forecasts in operational or developmental work. 

We are indebted to the many people who have developed and maintained the 
"cloud models" over the past ten years.  The many notes, letters, studies, and 
reports which they prepared made this TN possible.  Special thanks go to Major 
Arnold L. Priend and Dr. Kenneth B. Mitchell. 
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Kj-w 1.  INTRODUCTION 
Fv> > V- 
SV- 1.1 General Motivation 

■B The need for cloud forecasting modeis is baned upon requirements of the 
Department of Defense.  Clouds, because of their restriction to visibility, 

f'y-'y severely hamper Air Force and Army dec is ion-makers who must operate in the air 
K\v! and ground environment.  The cloud models at AFGWC exist in order to provide 
KvV input to these decision-makers.  They must know whether or not a target can 

be acquired visually or through cloud or moisture-sensitive guidance systems. 
jm\ The types of targets range from the end of a runway for landing aircraft to 

battlefield conditions for weapon delivery.  Because of these requirements, 
■-•.'. the need for cloud forecasting exists.  The AFGWC cloud models, described in 

-■',--" the following sections, are designed to support that need. 

1.2 Philosophy 

The Five-Layer (5LAYER) model is an automated, synoptic scale, cloud fore 
casting program.  Its primary purpose is to produce cloud forecasts over two 

'/£ hemispheric domains.  Figures 1 and 2 show the forecast domain in the Northern 
Hemisphere (NH) and Southern Hemisphere (SH) respectively.  Temperatures and 

[yOvl moisture are forecast and combined to produce other forecast parameters such 
_^# j as icing and precipitation type.  In this or any model, the user needs to 
fC£-!^ understand the characteristics or properties of the model.  With this 
£A understanding, the user will be able to anticipate model strengths and 

weaknesses In order to optimize the application to operational problems. 

>i%" 1.3 History 

Automated cloud forecasting at AFGWC began in the late 1960s with the 
introduction of a trajectory model having a grid resolution of approximately 
200 nm over a hemispheric domain. 

Later, the basic cloud and temperature forecasts were combined into other 
forecast elements such as Icing and precipitation amount.  In the early 1970s, 
the forerunner of the current 5LAYER model was developed with a relocatable 

!%'"■> grid of 100 nm resolution. 

»v" Also in the early 1970s, a high resolution, limited area, short range 
'2£ forecast capability was appended to the basic model to take advantage of the 
i Three-Dimensional Nephanalysis Model (3DNKPH) (Fye, 1978).  The 3DNKPH was 

succeeded in August 1983 by the Real Time Nephanalysis (RTNBPH) Model.  An 
Improved mathematical technique for calcilatlng the trajectories was adopted 
during the mid 1970s.  About the same time, the 100 nm grid resolution was 

jy applied over the entire hemispheric domain thereby eliminating the need for a 
ES£ relocatable grid. 
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Fig . 1 . The Who le- mesh a nd Half- mesh Octagons f or the North•~ rn 
Hemisphere. Tha domain of t he Refer e nce Gr ids ( solid out er 
bo rder) is a lso plotted . The indices (Iw,Jw) and <I2 ,J2 ) 
designate the coordinates for the whole- mesh and half mesh 
versions, respectively, with respec t t o the Octagons and the 
Reference Gr ids . The dashed lines indicat e tha t d a ta on the 
OcLago ns are a c t ually stored in a rec t a ngular data base . The 
whol e - mes h grid s pacing i s dl.s played i n the upper· l eft c orne r . 
From Hoke et a l . ( 1985 ) . 
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in 1986, a nt:w initialization module was implemented. This allowed the 
SLAYER to be initialized dl.rect ~y from the RTNEPH database. Another major 
change w~s the ability of SLAYER to use its forecast to initialize the 
moisture field if the a~alysis data was older than a specified threshold. 
'rhis threshold is adjustable and presently is set at 4 hours. 

1.4 Current Specifications 

1.4.1 Forecast ~lements 

The SLAYER model forecasts cloud and temperature in three-hour increments 
out to 48 hours in the NH and 24 hours in the SH. The choice of the 
three- hour time step is based on convenience rather than necessity. Wind 
components obtained from the Air Weather Service Global Spectral Model (AWS 
GSM)(Stobie, 1986), 40 wave and 12 level, are available in three-hour 
increments; therefore, trajectories are computed to represent parcel movement 
over that same time increment. In this approach, the length of the time step 
is unrelated to any numet·ical stability criteria because the Lagrangian 
advection scheme of 5LAYRR does not explicitly solve finite difference 
approximations to differential equations. 

Temperature forecasts in combination with cloud forecasts can produce 
additional meteorological elements. Air Force and Armr decision-makers are 
not only concerned with clouds but also with any meteorological element that 
effects the accomplishment of their mission. Two important elements are 
precipitation and icing. Condit ions that produce aircraft icing must be 
anticipated by the operational planner. The SLAYER model uses several aethods 
to produce forecasts of precipitation amount, precipitation type, and icing. 
Dew- point depressions, static stability, and cloud types are forecast to 
detet·mlne these elements. 

The discontinuous nat ure of cloud coverage suggests the need to forecast 
clouds on a small resolution grid system. However, constraints such as 
computer capabilities and the need to meet operational time requirements cause 
the spatial resolution to be less than ideal. The SLAYER model forecasts tor 
five layers in the ve rtical and on grid points separated by 100 nm. Even 
though the horizon tal grid spacing is approximately equal to the smallest gr14 
spaelng of many opera t ional dynamic models, this spacing causes considerable 
dilution of the available information. Meteorological satellites routinely 
resolve cloud elements to one-third of a mile. Averaging or compacting thie 
information to a grid resolution of 100 nm causes smoothing of the data. The 
problem of data compaction will be discussed later. Users of cloud model 
forecasta should cons t antly remind themselves that cloud forecasts represent 
average cloud conditions over a large volume. This same volume is the 
"pareel" of air that is referred to throughout this memo. 

- 4-
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I.A.2 Forecast Mechanism 

Generally, 5LAYER uses a quasi Lagranglan advectlon scheme to determine 
the advected elements.  A pure Lagranglan scheme follows a parcel throughout 
the forecast period.  5LAYKR follows the parcel In three hour Increments until 
the end of the forecast period.  A characteristic of this scheme Is that the 
trajectory remains fixed at one end while the other end specifies the source 
of the parcel.  This upstream trajectory requires a grldded analysis to 
provide values of the element at the source point.  The value of the element 
Is determined by Interpolation to the source point and modified as it 
traverses the trajectory path.  Since all trajectories terminate at a grid 
point, a grldded forecast field results.  This procedure Is repeated with each 
forecast field serving as the Initial field for subsequent forecast Increments 
until the desired forecast length Is reached. 

The motivation to use this type of forecast scheme lies in the 
characteristically discontinuous nature of clouds.  This discontinuous nature 
Is not easily adaptable to conventional advectlon schemes which require a 
smooth, continuous variation of the advected element.  Finite difference 
approximations to differential equations perform best when gradients of the 
element can be accurately determined.  The quasi- Lagranglan approach Is an 
acceptable alternative since gradients of clouds are not resolvable by current 
numerical models. 

1.5 Overview 

The remaining sections of this technical note describe specific features 
of the cloud forecasting models at APGWC. Section 2 details the Initialization 
procedures of the model for both moisture and temperature.  Section 3 
discusses the computation of trajectories used to advect the moisture and 
temperature.  Section *» describes how other physical processes are combined 
with the advectlon calculation to obtain the moisture and temperature 
forecasts.  The section then goes on to explain how several additional 
quantities of meteorological Interest are derived from the moisture and 
temperature forecasts.  Section 5 describes the procedures used to obtain u 
limited area cloud forecast of up to 9 hours at 25 run resolution.  Section 6 
discusses the procedures used to forecast clouds In the tropics.  In Section 7 
verification of the model la reviewed.  Several appendices are Included to 
give explicit details of some of the more complex mathematical formulations 
and the data used for the moisture to cloud amount conversions. 
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2 . fNlTIAL[ZAT iON 

t> . l <;e neral Char ac ter\.stica 

·ro produce a numerical f o r eca s t , one must first construct analysis fields 
of lhe meteo t•ological elements to be f o r ecast. Two such elements of major 
inlet·e::;t at Al"GWC are temperature and mo i sture. Because of its world- w' te 
mis :J ion , AFGWC .nust foC'ecast the:Je elements on a global basis . To supp. :ot 
th L ; requirement, automated, hemisphe ric, upper- air a •talysis models produce 
temperature and dew- point depression analyses. In adC...ltion, an automated cloud 
analysis mode l supplies i ni tial c lo11d f i e lds by me rging visual and infrared 
(IR) satel l ite duta with conven tional meLeorological data . The relationship 
betw·~en analysis and foreca st field:J r eqult·es detailed discussion of cloud and 
temperature initialization t o gain a better understanding of not only the 
initlallzatlon procedures , bYt also the quality and verification of forecast 
vadables. A conceptual flow chart, Figure 3, summarizes the initialization 
procedures that will be discussed in the following sections. 

2.1 . 1 Motivation 

·rhe quality of a forecast is no grea ter than the quality of the analysts 
upon whic h it is based. Por this reason, t he lnttlalization of the cloud 
fot•e .;as t model s i s de signed to be as consistent and accurate as possible. The 
Input fo r t he cloud f o t·ecas t models comes from the RTNEPH. The automated 
HTNEPH analyses con t ain informat i on on the amount of cloud present, its base 
and top for up to f ou r cloud layers. This information is based on satellite 
ana lyses and conventional meteorological data (surface observations, 
rad i.osondcs , and alrcraft r e ports). Many factors limit the consistency and 
acc.;uracy of the initializa tion of the moisture and temperature variables. 
'Che:Je lnclud~ t he grid reso lu t ion of Lhe model, the timeliness of the 
ob:;ervation , anrl ou r understanding of the physic s o f the atmosphere as related 
to c louds and moisture. 

'l'he grid resolution affec t s the i n itiali zation of moisture because or data 
compa cL ion . "Compaction" refers to the process of averaging data at one 
resol ution to yield da t a at a coarser resolution. Very high resolution 
:Ja t L' l l l t e data i s compacted to 25 run r e solution by the RTNEPH and then further 
compa c ted to 100 run l. o i n i ti a l i ze the fore cast model. Each reduction in 
reso lution tends t o de crease t he ac cJJracy of the analysis because the 
a vet·aging process de<.:reas es the sharp dist inction between moist and dry 
a reas . Consistency b~ Lween t he a na l ys is of moisture by the RTNEPH and the 
initialization fi elds o f the forecas t model is difficult because the analysts 
ls predomina ntly ba sed on Lotal cloud data from meteorological satellites 
while the initlal iza Lion of t lte f o recas t models must be on their distinct 
pressu re s11rfaces . 

- 6-
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S i.nce the sa t e l t iLe data used l.n the R'l'NEPH is ft•om polar orbiting 
sat~llltes and the 5LAYKR grid covers the extratropical regions of the 
Nor t he rn and Southern hemiupheres, the data used to analyze the cloud field 
can be 8 or more hours old. Instead of using data this old, the model will 
initialize from cloud forecasts valid at the current cycle time. Even with 
foreeast data, however, fast-moving cloud systems create discontinuities near 
Lhe edges of overlapping cloud coverage. The discontinuities, in turn, cause 
lnr.ouslstencies In the initialization. 

[n order to convert from the cloud elements sensed by the satellites to 
the moisture used as the forecast elewent, empirical relations have been 
dev•doped . While these relations have proven to be usable, they still fall 
short 'lf the 3ccuracy which would be obtained by a specific physical 
re ta 1: ions hip. 

The initializat i on of temperature has the inverlle problem of grid 
t·eso lution since the analyzed temperatures are based upon whole-mesh (200 nm) 
tempt~l'atures which al'e derived from the High Resolution Analysis System 
(HUMS) which is based on a resolution of 2.5 degrees of latitude. The 
in1.L tal temperature vatues are obtained by interpolating to the 100 run 
resolution of the cloud model. 

?. . t . ?. Heq,, \.rements 

'fhe &ole purpose of the initialiY.aLion is to provide an accurate and 
consist~nt s~t or moisture and temperature values with which to start the 
fot·ec;.;.s t at each mode l grid point. As :lUch, the moisture values on the 
various model surfaces must be conststent enough to be recombined into a total 
amount that is t"epresentatl.ve of the total cloud at that grid resolution. 
'ft:mpe rature must also satisfy eet·tain cond i tiona. Specifically, the lapse 
r·ate must be constrained to avoid superadiabatic conditions. Additionally, 
model surfaces which i ntersect the terrain, which can often be at 850 mba, 
mu t~t have the below ground grid poin ts identified. 

~ -2 Cloud Init iali ~ation 

At AFGWC, initial cloud fields are constl'ucted UtJing the Real--Time 
Nephanalysls Model (H'l'NRPH). This model combines satellite data, rawinsonde 
data, conventional surface observations, and aircr aft reports to provide up to 
four layert~ of cloud information ( in percent cloudiness) on a grid spacing of 
appr·oximately 25 nm. However, because of sevel'al operational considerations, 
th is highly detailed i nformation mus t be compacted to a coarser grid spacing. 
·rhe /\l1GWC grid syt~t.em fo r c loud and Cempera ture initialization has a 
hori zontal spacing of approximately 100 nm and a vertical resolution of five 
layers. 

- 8 -
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2.2.1 Data Compaction. 

The APGWC 200 nm grid, subsequently Identified as whole mesh, Is a subset 
, of the RTNKPH horizontal grid.  The major difference between these two grid 

MM systems is that the RTNKPH grid has points ev^ry ?r> tun and Is referred to as 
?P eighth mesh.  The more detailed resolution consists of 262,144 (4096 x 64) 

horizontal points per hemisphere.  At each of these points the RTNEPH analyzes 
up to four layers of cloud Information.  At eighth-mesh on a global scale, the 
5LAYBR model would need to initialize 2,621,440 (262,144 grid points per 
hemisphere x 2 hemispheres x 5 levels) grid points.  The currently available 
computer hardware, coupled with the time constraints at AFGWC, make it 
impossible for a prediction model to treat each of these points. 

The vertical structure of the RTNEPH grid consists of four floating cloud 
layers at each point.  At any particular point, some or all of the layers may 
be cloud free.  For each layer, the cloud top, bottom, amount, and type are 
given.  The layers are sorted based on cloud tops, from highest to lowest. 
Total cloud (in percent) is also given for each point, as is a time flag.  For 
5LAYBR to use the RTNEPH data, it must be spread to 5 vertical layers and 
compacted to a half-mesh horizontal grid. 

The RTNBPH data are compacted to reduce the volume of data, while 
retaining most of the larger-scale Information.  For example, to construct a 
value at a half-mesh (100 nm) grid point, the data of the 25 RTNEPH grid 
points (in the eighth-mesh grid weighting system) that surround this point Is 
used.  This data compaction of eighth-mesh points is weighted so that each 
eighth-mesh grid point Influences the final compacted product equally.  The 
scheme in Figure 4 is applicable for all half-mesh grid points that are 
internal to the grid borders.  For those half-mesh points coincident with the 
grid border the weighting scheme is changed so that the number of eighth m<»sh 
points considered in the half-mesh is correspondingly reduced. 

To spread the clouds vertically, the top and base of each layer is checked 
in turn to see which 5LAYER fixed layers they overlap.  The RTNEPH layer 
amount is inserted into the overlapped 5LAYER layers (unless the receiving 
layer already has a larger amount in it).  The process is repeated for each 
RTNBPH layer that has cloud in it.  Empty layers are skipped. 

K The vertically spread data Is then multiplied by a weighting factor and 
added to the adjacent half-mesh points.  It can be added to up to four points, 
depending on its position relative to those points.  The weighting factor Is 
also added to a weight holding array.  The factor Is chosen so that no matter 
how many half-mesh points an eighth-mesh point adds into, its overall 
contribution is the same.  This data composition of eighth-mesh points is 
weighted so that each eighth-mesh grid point influences the final compacted 
product equally. 

After the weighted eighth mesh data is added to the half-mesh octagon  the 
half mesh values are divided by the respective sum of weights.  The resulting 

$S point layer cloud amounts are adjusted so the point total cloud is within 2% 
;<V of the weighted average RTNEPH total cloud at the point 
rvv" 
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OOFNER        0.25 

Pig.   4.     Weights assigned to eighth-mesh  (x)  grid point values 
while compacting to half-mesh  (H).  The locations   (interior, 
side,   corner)  are relative to the flve-by-flve box of eighth mesh 
grid points. 
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2.2.2 Total Cloud Computation 

The layered cloud Initialization described above la necessary to produce 
forecasts of layered clouds. Although total cloud Is not a direct forecast 
parameter, It la Inferred for verification purposes and some applications. 
The verification relationship between cloud forecasts and cloud analysis must 
be made via total cloud because observations of layered cloud are not frequent 

js* or detailed enough to satisfy verification requirements.  Thus, a precise 
£. methodology is required to establish the relationship between layered and 

total cloud.  This methodology must produce a total cloud on the half mesh 
[f grid which closely matches the total cloud amount obtained by horizontal 

compaction of the RTNEPH total cloud.  The total cloud values of the RTAfEPH 
Influence the layered cloud Initial values of the forecast model and provide 
verification of previous forecasts. 

The total cloud at a point is computed from the statistical union of layer 
cloud amounts, maximum layer amount and average separation of the cloud 
layers.  Since layer cloud may be separated by thousands of meters, an 
estimate of how well these layers are correlated Is needed. I 

For example, assume each of five cloud layers contain 50 percent cloud. 
If the layers are perfectly correlated (r - 1), the total cloud amount equals 

4 50 percent, the maximum layer amount.  If the layers are Independent (r - 0), 
v the total cloud amount Is about 97 percent, the statistical union of the 

Individual layers. 

fc 

The actual layer correlation Is somewhere between zero and one, so the 
total cloud in the above example would really be between 50 and 97 percent. 
The problem is how to estimate this correlation.  A conceptual Illustration of 
the vertical cloud stacking problem la given in Figure 5. 

A factor, baaed on layer separation, 18 used to estimate the layer 
correlation.  The basic assumption is that layers separated by the depth of 
the tropoaphere (aaaumed to be 11000 metera) are uncorrelated (r - 0), while 
those layers Immediately adjacent to each other are perfectly correlated (r - 
1).  Intermediately separated layers have correlations which are assumed to 
vary linearly with mean layer separation: 

Correlation -- 1 - (Heightlayer x  Heightlayer 2 )/ 11000     (l) 

For more than two cloud layers, the average of all possible pair-wise 
separations of the cloud layers Is divided by 11000 and then subtracted fnm 
one to estimate the correlation. 

The final algorithm used to obtain the total cloud is: 

(1)  Determine the maximum layer cloud amount.  This is equal to the 
minimum total cloud. 

11 
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Fig . 5. Side and top view of vertical cloud stackin~ problem. 

- 12-

IIXI 



(ii) Calculate the statistical union of the layer cloud amounts. This is 
equal to the maximum total cloud. 

(iii) Calculate the mean separation of the cloudy layers, divide by 
11000, and subtract from 1. This estimates the correlation. 

NOTE: If there are n layers, there are n*(n-1)/2 possible unique 
pairwise layer separations which need to be averaged to obtain the mean 
separation. 

(iv) Use results from (i) - (iii) to estimate the total cloud: 

Total : Min Total + (Max Total - Min Total) • Correlation (2) 

This computed total is then used to adjust the layers (Figure 6) to make 
them match reality (assumed to be the RTNEPH derived cloud total). The 
adjustment factor is the RTNEPH total divided by the computed total. If the 
adjustment factor is greater than 1.02 or less than .98, all the layers are 
multiplied by the adjustment factor to increase or decrease the layer totals. 
Then the computed total cloud is recalculated (as above) and the adjustment 
repeated. The layers will be adjusted up to three times, or until the 
adjustment factor is in the range .98 - 1.02. In either case, the total cloud 
used to initialize the SLAYER database is the RTNIPH total cloud. 

2.2.3 Moisture Determin~tion. 

2.2.3.1. Moisture in Cloudy Areas. 

Condensation pressure spread (CPS) is the moisture parameter used by 
SLAYER to forecast cloud amount. CPS is the difference (in millibars) between 
the pressure of an air parcel and the pressure at which condensation takes 
place if the parcel is lifted dry adiabatically. Written mathematically, 

CPS : P - Ps (3) 

where P is the pressure of the parcel and Ps is the saturation pressure. 
See Appendix A for the derivation of equation (3). To calculate CPS at a 
fixed pressure level, P, only Ps must be specified. An approximate, 
simplified relationship between CPS in mb and dew-point depression (DPD) in K, 
can be established as: 

-13-
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CPS 

where 

[ B0(P) + BL(P) * DPD ] ■ DPD 

B0(P) - B00 ♦ B01 ■ P 
BL(P) -- B10 + BU « P 

CO 

and 

B, 00 1.41985 
B01 --   1.34466E 2 

B10 ■ -1.39131B-2 
Bn « -6.69419E 5 

The resulting error Is leas than 4%, when compared with an exact conversion. 

Now that the relationship between CPS and dew-point depression has been 
established, it remains to relate CPS to cloud amount.  Intuitively, small 
values of CPS (small dew-point depressions) correspond to large values of 
cloud amount, and, conversely, large CPS values (large dew point depressions) 
correspond to small cloud amounts.  Edson (1965) presented empirical curves 
relating these two variables.  These empirical curves are shown in Figure 7 
and tabulated in Appendix B. 

There are several advantages to using CPS as the moisture parameter. 
First, as previously discussed, CPS provides the link between dew-point 
depressions and cloud amounts required for initialization in cloud and 
cloud-free areas.  Second, CPS also links changes in cloud amount to changes 
In vertical motion.  For example, should an unsaturated parcel of air be 
lifted, adiabatlc cooling takes place.  Simultaneously, the dew-point 
depression narrows, and additional clouds form.  For descending motion, the 
air becomes drier, and clouds dissipate.  Therefore, cloud amounts In terms of 
CPS (units of pressure) can be modified directly by the net vertical 
displacement (units of pressure) of a parcel of air. 

2.2.3-2 Moisture in clear areas. 

Initialization schemes up to this point have determined CPS in areas where 
clouds exist.  However, CPS values have not been adequately described in 
cloud free regions.  For example, a volume of air with no cloud may be very 
dry or It may be so moist as to require only minimum adiabatlc cooling to 
begin uioud formation.  The RTNEPH cloud Information cannot define moisture in 
cloud free regions.  Consequently, for these regions we turn to an alternate 
data source. 
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Fig. 7.  Empirical relation between condensation pressure spread 
(C'PS) and percent cloud amount at four pressure levels.  After 
Bdson (196b). 
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To provide this Information, a dew point depression analysis from the 
APGWC Kultl-level Analysis Model (Tarbell and Hoke, 1979) Is used.  The 
Initialization scheme creates the half mesh (100 run) field by Interpolation 
from whole mesh values as described In Appendix C. 

Thla three step Initialization process Is summarized by the flow diagram 
in Plgure 3.  Plrst, the half mesh analysis is constructed usLng RTNKPH values 
In cloudy areas.  Secondly, the dew-point analysis In cloud free regions in 
determined from the conventionally analyzed dew-point depression values.  Then 
a check Is made to ensure that the drier of the analyzed dew point depressions 
or cloud-to-CPS conversion la used. 

However, a problem has been created In that the moisture field In the 
Initialization scheme consists of both cloud Information (In percent cloud 
average) and dew-point depressions (In degrees).  A common moisture parameter 
needs to be specified.  This parameter, condene Mon pressure spread (CPS), 
links cloud amount and dew-point depression. 

2.3 Temperature Initialization 

If temperature, or any parameter requiring It, is forecast, an Initial 
temperature field is required.  At APGWC this field is created by the High 
Resolution Analysis System (HIRAS).  The HIRAS derives temperatures from the 
geopotentlal thickness between two pressure levels at six levels (1000 ob, 850 
mb, 700 mb, 500 mb, 400 mb, 300 mb).  These temperatures are converted to a 
whole-mesh (200 nm) grid spacing. 

Some modification of this Information lo required to format It in the five 
level, half-mesh (100 nm) grid system of 5LAYRR.  Whole mesh temperatures are 
horizontally Interpolated to half mesh in the same manner as dew point 
depressions (recall section 2.2.3.2.) The four required pressure levels 
correspond to pressure level Information from the analysis model directly. 
However, Initialization of temperature on the terrain-following (gradient) 
level requires additional Information extraction techniques.  No attempt Is 
made to use surface temperature values.  Rather, gradient level temperatures 
are assigned based on standard pressure level Information. 

The gradient level Is Initialized by height Interpolation between fixed 
pressure levels.  This technique ensures a representative value of temperature 
is assigned. Gradient temperatures are thus relatively free from local, 
small scale temperature effects. 
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3.  TRAJKCTORY COMPUTATION 

3.1  General Motivation 

Cloud and temperature forecast models at AFGWC are for the moat part 
diagnostic in nature.  However, dynamic properties that do exist are found 
implicitly In the trajectory computation.  Wind forecasts from the GSM are 
used to construct three dimensional trajectories to determine the path of an 
air parcel.  The Input data for trajectory computation consists of GSM derived 
whole mesh wind forecasts at three-hour intervals for the 1000 mb, 850 mb, 700 
mb, '>00 mb, and 100 mb pressure levels. 

By averaging the wind forecasts In time, the trajectories are computed 
backward from selected terminal points (grid points) to origin points.  Since 
these trajectories determine the origin of an air parcel, they are computed by 
starting at the final forecast point.  The model calculates an "upstream" 
trajectory In three-hour Intervals until the parcel's origin Is determined, 
from these points, analyzed atmospheric elements such as clouds and 
temperatures can be displaced and modified as each parcel traverses Its 
trajectory path.  Figure 8 shows a conceptual flow chart of the trajectory 
computation process. 

Very critical to the accuracy of the 
approximations to the wind field. Using 
stream function approximations, DJurlc ( 
average displacement error of the origin 
trajectory length. Therefore, the forec 
element (clouds and temperatures) la ext 
the wind model. In an extreme ease. It 
trough or ridge pattern could be so fast 
elements to be 180° out of phase. 

se origin points Is the choice of 
different geostrophlc or 
1961) showed that In only 12 hours the 
point ranges up to 20% of the 

ast accuracy of any meteorological 
remely dependent upon the accuracy of 
is conceivable that the movement of a 
or so 8low as to cause the forecast 

Kxperiments were conducted In 1971 at AFGWC to quantify the effect of wind 
model errors on forecast accuracy.  Because trajectory origin points are 
difficult to verify, the experiments were designed to verify the accuracy of a 
forecast element such as clouds.  One particular experiment compared cloud 
forecasts which were produced from three wind models.  One was a barocllnlc, 
quasi geostrophlc model, another was a primitive equation (P8) model and the 
third was a "perfect prog" model that uses successive wind analyses.  Overall, 
the cloud verification showed that the wind model accounts for 25% of the 
standard deviation of error (STDR).  The other 75% was attributable to 
grid associated shortcomings, variance attributable to wind and cloud 
analyses, and cloud forecasting algorithms.  Of particular note was the 
Superior performance of the PR model over the quasi geostrophlc model.  The 
s;;;K*s for the PE driven cloud forecasts showed a 2'j% Improvement.  Therefore, 
It was desirable to link the trajectory computations to the AWSPE model which 
provided the best operational wind forecasts at AFGWC.  The GSM succeeded the 
AW:;iR In October 1985.  With the advent of larger computers and more 
sophisticated wind models, the future offers great potential to Increase not 
only trajectory accuracy but also forecast element accuracy. 
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For Each Standard Level:    Time-Averaqe Whole-Mesh Winds 

For the Gradient Level: Obtain estimated surface winds, 
adjustinq  for: 
Surface friction  (turninq) 
Terrain forcinq  (vertical notion) 

I 
For Each Standard Level: Calculate Whole-Mesh Displacements 

(Ax,   Ay,   A p) 

I 
For Each Standard Level:     Interpolate Whole-Mesh Displacements 

to lb If-Mesh 

I 
Store Standard Level Displacements into xxGExx Labels 

I 
For the Gradient Level: Calculate Whole-Mesh Displacements 

I 
For the Gradient Level:  Interpolate Whole-Mesh Displacements 

to lb If-Mesh 

E 
I 

Store Gradient Displacements into xxGExx labels 

(END: 

1 
TRMECTORJF V 

Pig. 8.  Plow of steps taken to compute 5LAY8R trajectories from 
forecasts of (ISM wind components. 
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3.2  Pressure-followLng Levels 

S 
To compute trajectories, the model uses an unpublished technique developed 

by Mr Ralph Jones (currently at the National Meteorological Center).  The 
method Involves using a Taylor series expansion about a grid point to compute 
representative wind components u, v, andCJ. For the u component, the equation 
takes the form 

3u 
u + ~ 
e   dx 

dx + 
3u 
 c 
9y 

dy + 
9u 
 i 

3P 
dP (5) 

where ue and ua refer to the u components at the grid point and trajectory 
origin, respectively.  Derivatives on the right-hand side are approximately 
three hour average changes. By assuming 

ft 

u = (ue + u„)/2 

and substituting (T>) Into (6) for u8, one obtains 

.  du      3u      du 
u = u  +4 [T— dx + ■—  dy + T—- dPj 

e  2 dx      dy 3P 

Trajectory displacement components are then computed from 

Ax = -uAt 

(6) 

(7) 

(8) 

'& 

The advantage of using the partial Taylor series method Is that trajectory 
displacements represent curvature In the flow more adequately than Iteration 
techniques. Appendix D gives a detailed, explicit solution to (7), as well as 
comparable derivations for the v and (J wind components. 

3.3 Gradient Level 

Trajectory displacements are also computed In the terrain-following 
gradient level. Computations here are basically the same as those that are 
described In section 3.2.  However, the evaluation of the derivatives In (7) 
at this level needs further explanation.  Also, because the gradient level Is 
a terrain following level, special terrain adjustment features are Inherent to 
the trajectory calculations and need to be explained. 

s 
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In order to evaluate the horizontal and vertical derivatives In (TJ with 
respect to the gradient level, a wind field at thin level la required.  flaws* 
such a field does not normally exist, It Is created by linear vertical 
Interpolation between known wind components above, and terrain level (surface) 
components below the gradient level.  The components above the gradient level 
come directly from the next pressure level. However, the surface-level winds 
may or may not be used In a direct manner.  This decision is based on whether 
the terrain pressure height la above or below 1000 mb. If the pressure height 
Is equal to or greater than 1000 mb, the 1000 mb wind components from the 
GSM are used directly.  However, If It Is less than 1000 mb, then the two 
closest pressure levels are vertically interpolated to calculate u^ and 
Vfc-  In either case, these two components are modified to account for BUTtmem 
friction.  The velocities are modified by a roughness turning angle ranging 
from eight degrees over water to 20 degrees over rough terrain. 

The vertical, terrain level, wind component, w^, Is needed for vertical 
Interpolation to the gradient level.  This terrain induced motion is 
approximated by: 

■ loodi   :'h 4 
t dx 

3h 
l   3y ) 

(9) 

where h Is the terrain height In meters.  The  100 term la (9) la an 
approximation to convert the vertical velocity from I0*m/a to 10^"mb/a. 
This scaling preserves consistency with vertical wind components at the 
pressure levels.  Now that all wind components above and below the gradient 
level are known, ug, vg, and w g are determined by vertical 
Interpolation.  Bquatlon (14) uses these newly derived components to produce 
terrain following trajectories. 

'% 

3.4 Boundary Characteristics 

3.4.1  Terrain Rffecta 

s.v. 

Because of Its proximity to the surface, gradient level wind components 
may be modified to account for ateep terrain conditions. Thla terrain field Is 
extracted from the KTNKPH, but It la modified to a half mesh (100 nm) format 
by using a 25 point unweighted average. 

Modification of the gradient level trajectories for terrain effects Is 
done for two practical reasons.  The first Is to prevent an upstream 
trajectory from backing Into the terrain.  This limitation avoids calculation 
of trajectories that have orlglna which are below the terrain surface.  At the 
conclusion of each time step, the preaaure of the trajectory origin Is 
compared to the Interpolated terrain preaaure.  If the origin inlersecta or Is 
below the terrain level, the vertical component of the trajectory Is adjusted 
ao that It is exactly 20 mb above the terrain pressure height. 
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A second limitation to these wind components Is the restriction of 
extremely large values of dP/dt that are terrain Induced. After repeated 
experiments It was determined that vertla | displacements of 50 mb/3 hr or 
larger produce undesirable effects.  These large vertical displacements lead 
to copious amounts of precipitation In areas of steep ascent, with 
compensating areas of extreme dryness on the descent side. Additionally, large 
values of upward motion aggravate an Inherent tendency toward dryness In the 
cloud model.  This aridity Is caused primarily by the lack of low-level 
moisture sources, such as the Gulf of Mexico, being Included In the model. 

To correct these deficiencies, the vertical displacement at each grid point 
Is cheeked for values greater than 50 mb/3 hr.  When this criteria la 
exceeded, each of the horizontal trajectory components Is halved.  A new 
vertical displacement Is computed from these shortened trajectories, and this 
process Is continued until the extreme values of DP/dt are reduced below the 
50 mb/3 hr criteria. 
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3.4.2  Lateral Rffeets 

The horizontal grid on which these calculations are made is superimposed 
on a Northern and Southern Hemispheric polar stereographie map projection. 
The orientation of the grid system on the map projection Is such that 10°E and 
170°W longitudes are parallel to the x axis.  Figures 1 and 2 show the two 
hemispheric projections and the lateral boundary of the grid system. 
Generally, the area that is inscribed by this octagon shaped lateral boundary 
i ; poleward of 10° latitude excluding most of the Tropics.  The model computes 
trajectories for all grid points that are Internal to this boundary. 

The prime lateral constraint on the trajectory computations is to prevent 
origins from being outside the octagon (lateral boundary).  Generally, 
all trajectories within two whole mesh (200 tun between grid points) grid 
points are checked to Insure that tills condition is preserved.  Specifically, 
the actual constraint depends upon the trajectory's proximity to a particular 
boundary  For the grid rows and columns that are adjacent to the boundaries 
that are parallel to the x and y axes, the model does not permit x's and 
y's that are outside the boundary.  Those parcels originating outside the 
lateral boundaries are truncated to the lateral boundary. 

implementation of this truncation concept near diagonal boundaries is more 
i-iMnpl leated.  The following mathematical section formally describes the system 
used. Conceptually, the diagonal is rotated 45°, the truncation concept is 
applied and then the diagonal Is rotated back to the Initial orientation. 
While the math appears difficult, the results are straightforward. 

in order to restrict the trajectory origins that are computed in the 
Icinlty of the diagonal boundaries, a modified x,y-coordinate system needs 

t  be established.  First, a unit vector perpendicular to each of the diagonal 
ndarles Is defined.  Using figure 9 and geometric consideration''  the unit 

vector u can be specified in terms of I and j as: 
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Fig. 9.  Geometric considerations near the diagonal lateral boundaries. 
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! 0.7071 i * 0.7071 j (10) 

where 1 and J are unit vectors parallel to the x- and y axes respectively and 
the -t /     signs determine which of the four diagonal boundaries Is being 
considered.  To determine If the horizontal vector D has a component that is 
alonp, u and directed inward, the angle between u and D is calculated.  Since, 
by definition 

and 

u • D = |"u | |5| COS 0 

D = Axi + Ayj 

th<>n, substituting for u and D, the formula for cos 0 is: 

(11) 

(12) 

cos 0 = 0-70711(ix iy) 
2    2.1/2 

y ) <x' 
(13) 

Therefore, if u«D Is greater than zero, then cos 9 is greater than zero and D 
has a^component along u and directed inward.  If this criteria Is not met, 
lht?n D Is modified by subtracting the _v/£lue of the normal %p  the edge of the 
octagon component that is parallel to N.  This component, N, is defined as: 

N ID  cos 0 (14) 

substituting for cos 8 from (11), N is: 

u • D N 
u • u 

(15) 

lining (12^for D and (15) for TT, the component of D parallel to the diagonal 
boundary M is calculated from the vector subtraction 

N = D (16) 

The horizontal components of the three dlmentlonal trajectory are set equal to 
the value of M.  The effect of these lateral constraints la to permit flow 
parallel to the boundary and parcel origins that are internal to the grid 
system, while eliminating flow from outside the boundary.  Classically this 
situation has been described as a free-slip, non-permeable boundary condition. 
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4.  FORECASTING 

The forecasting of temperature and moisture is accomplished after the 
Initial fields of these parameters and the forecast trajectories are 
determined.  Despite the detail In the following subsections, the general 
methodology of a Lagranglan advectlon scheme Is simple.  This scheme uses 
trajectories obtained from wind forecasts to determine the origin of an air 
parcel.  The Initial value of some weather element associated with this air 
parcel Is determined.  Then, the Initial value Is modified as the parcel 
traverses the path of the trajectory.  The following subsections discuss 
certain atmospheric processes which Influence the temperature and moisture 
content of an air parcel during Its Journey. 

4.1 Moisture 

.'5 

•.- 

«". • 

The forecasting techniques applied to CPS consider those atmospheric 
processes which greatly affect cloud formation and dissipation.  Condensation 
pressure spread can be modified by horizontal advectlon as well as vertical 
advectlon.  In addition, entralnment Is especially Important near the 
boundaries of air masses.  Formulations have been developed at AFUWC to 
diagnose favorable entralnment situations and then to parameterize this 
effect. Another cloud producing mechanism which must be considered is solar 
heating of the Earth's surface. 

One of the observable effects of the heating cycle Is the diurnal Increase 
in cloudiness over land by day and subsequent decrease at night.  Details of 
this process and its simulation will be discussed later.  Finally, clouds are 
Influenced by moisture source regions as they traverse open water.  The 
effects of precipitation and evaporation on cloud formation wlLl be discussed 
in a later subsection. 

4.1.1  Horizontal Displacement 

The numerical characteristics of the forecasting routines can have a largo 
effect on the cloud forecasts.  Trajectory origins are computed for each grid 
point at every time step.  The Interpolation scheme used to define the value 
of the weather elements to be forecast at these origins is very important 
because It is applied each time step.  Any Inherent error in the scheme 
contributes addltlvely to forecast Inaccuracy. 

Selecting the Interpolation scheme that introduces the least error is not 
a simple task.  Most schemes assume that a parameter varies continuously 
between known values.  Linear Interpolators assume linear variation. Be3sel 
Interpolators compute the gradient (first derivative) and the rate of gradient 
change (second derivative) to determine the unknown value.  The discontinuous 
distribution of clouds in the atmosphere makes the application of 
Interpolators to cloud fields very difficult. 
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Despite this difficulty, a two point and an eight point linear 

Interpolator are used in SLAYKK. Kaon of these Interpolators are shown in 
Figure 10.  The two point Interpolator rounds the origin location to the 
nearest grid point.  Linear interpolation Is done between the closest 
pressure following levels aa shown In figure 10A.  The two point interpolator 
can be rapidly computed; however, its accuracy is reduced because of rounding 
the trajectory length.  The eight point interpolator reduces this Inaccuracy 
by maintaining the proper trajectory length (see Figure 10B).  However, it la 
a costly computer routine because Interpolation is applied at each grid point 
(9 593 grid points per level), at each level, and at every time step. 

r/, •■ 
be- •■ 

Vi 

The bLAYKR model combines these two Interpolators in order to derive 
benefits from each.  The two-point Interpolator is used at a point when the 
cloud analysis has SO percent or less cloud coverage.  The eight-point scheme 
Is used If the analysis has greater than 50 percent coverage.  The benefits 
are a precise description of large cloud coverage (greater than 50 percent) 
and reduce computational time. Combining these two Interpolators causes 
different cloud advection rates.  Scattered cloud coverage (50 percent or 
less) will not be advected at the same rate as broken or overcast coverage 
(greater than 50 percent).  This effect is not considered a serious problem. 
Hounding trajectory lengths over many time steps reduces this error source 
since some trajectories will be lengthened and others shortened. 

M.l.2     Vertical Displacement. 

The effect of vertical motion on cloud formation is not thoroughly 
understood.  Unsaturated rising air cools due to adiabatic expansion until 
water vapor condenses to form clouds. Conversely, adiabatic compression dries 
air parcels until droplets disappear.  To simulate this process, the vertical 
trajectory component,^p, Is applied directly to the CPS value.  This la 
described by 

Ci AP (17) 

where Cp is the forecast CPS value and Cj is the initial CPS value.  The 
value of Cj is determined at the trajectory origin by three dimensional 
Interpolation of the Initial CPS field. In (17) rising motion (negative p) 
when applied to the CPS analysis, produces larger cloud amounts and smaller CPS 
values.  The convenience of representing clouds in terms of units of pressure 
Is again obvious. 

.-. 

There are some limitations in the application of (17). After advection 
along the trajectory, Cp is limited to be greater than or equal to zero. 
Negative values would Indicate superaaturatlon, in such cases the excess 
moisture la condensed and added to the quantitative precipitation. 
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Pig. 10.  Two point Interpolation (A) and an eight point 
Interpolation (B). 
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4.1.3 Kntralnment 

Cine problem of tt·ue Lagrangian advection ls that there can be no 
interaction between parcels. In an attempt to parameterize this interaction, 
a :J•!heme was developed to mix environmental air with the cloud mass. 
Kntralnment is especially needed near the edges of clouds and cloud- free 
t·eclone where modlf1catlon due to mixing ls strong. 

The model simulates two types of mixing. The first is general entrainment 
applied to all grid points while the second is a more specific formulation 
that is applied primarily at cloud edges. The general entrainment provides 
for large-scale mixing of moving cloud systems. This simulation modifies the 
(!PS value that arrives at the terminal point of the trajectory by applying the 
CPS that existed at the grid point in the previous time step. The general 
entrainment is given by 

where Cp is the CPS at the grid point from the previous time step, Cp is 
the forecast CPS, and C. is the final, mixed CPS. Thill technique typically 
works well for the advection of large-scale cloud systems into arid, desert 
regions such as the Sahara Desert where, without this technique, clouds are 
fot•ecast more frequently than observed. 

(18) 

A disadvantage of this technique is that, in time, the cloud boundaries 
t~nd to lose their distinct edges. To counteract this effect, a more specific 
ent.t·ainment method was developed to preserve well- defined cloud boundaries. 
The intent or this procedure is to emphasize the importance of vertical motion 
to cloud formation or disslpatlon; the method has been researched and 
emphas l.ze-d by Rdson ( 1965) . This technique is more limited because 1t is 
applied only when descending parcels cause cloud- free grid points to become 
cloudy or when ascending parcels cause cloudy points to become clear. This 
situation is represented in Figure 11. The methodology of this procedure is 
to first diagnose whether the specific conditions are occurring and second to 
apply an appropriate "wet" or "dry" weighting factor. If a cloud-free grid 
point becomes cloudy while undergoing descending motion, then an area-weighted 
state of dryness is calculated. Based on the actual number of horizontally 
adjacent cloud- free grid points and the strength of the descent, the drying of 
the cloud parcel ls forced to accelerate. In a similar manner, should a cloudy 
grld point become clear while undergoing rising motion, the surrounding 
moisture and the upward motion are used to accelerate cloud formation. As 
lntended, this procedure emphasizes the effect of vertical motion on cloud 
formation. 
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Fig. 11. Situations for entrainment near cloud boundaries. In A, the 
grid point becomes cloudy at the time t ■* A t under descending motion. 
In B, clearing is associated with rising motion. 
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4.1.4  Diurnal Effects. 

Another Important cloud producing mechanism 13 the diurnal solar heating 
cycle.  With the correct proportions of moisture and solar heating, air 
parcels rise from the surface, cool adlabatically, and, If the lifting 
conuenaatlon level la reached, form clouds.  This mechanism Is especially 
important during the summer months when heating Is strong and horizontal 
advectlon Is weak.  Because of the parameterization procedure described In the 
following paragraphs, not only is the solar heating mechanism Incorporated, 
but also any perslstant localized effects such as those caused by steep 
terrain features. 

The diurnal cloud forecasting 
average value of CPS at each base 
for every grid point. Therefore, 
at a grid point represents a diurn 
a specific base time, then the diu 
example, If the 0000 GMT field is 
difference represents the diurnal 
period. Since these fluctuations 
effects are also Incorporated. 

technique involves maintaining a two day 
time (0000 GMT plus every three hours) and 
the difference between two of these fields 
al change of CPS.  Since each mean field nas 
rnal change is valid over that period.  For 
subtracted from the 0300 GMT field, then the 
fluctuation of clouds over that time 
are calculated for each grid point, local 

However, the strength of the diurnal effect may be weak compared to other 
meteorological effects.  For example, advectlon of clouds may be the major 
factor that determines a cloud forecast, with diurnal effects having a minor 
role.  In order to diagnose the relative strength of the diurnal effect, each 
point of the current analysis Is compared with the equivalent points of the 
corresponding mean field.  Ba3ed upon t)     amount of disagreement between the 
current analysis and the associated running mean field, a weighting factor 
ranging from one to Z< *o is assigned.  If the analysis and the mean field 
are very similar at a point, a weighting factor of 1.0 is assigned and the 
total diurnal effect is Incorporated.  Smaller and smaller weight factors are 
assigned to each point as differences between the current analysis and the 
mem field Increase.  A zero weighting factor is assigned if the difference 
between the analysis and the mean field exceeds a previously established upper 
limit.  For CPS, the value of this criteria varies due to the non-linear 
relationship between cloud and CPS, as shown In Figure 7.  For example, 
changes In percent cloudiness In the middle ranges of cloudiness represent 
smaller changes in CPS than cloudiness changes at either end of its spectrum. 
Tn general, the diurnal parameterization Is not applied if the difference 
between the mean and analyzed fields is greater than 30 percent change In 
cloudiness. 

4.1.5  Evaporation of Precipitation 

Lastly, CPS can be modified by simulating low-level evaporation of liquid 
waler that falls from upper layers.  Liquid water amounts are In the form of a 
quantitative precipitation forecast (wPF).  A discussion of this QPF 
calculation Is In section 4.3.4. 
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The simulation of low-level evaporation of falling precipitation Is based 
on two observed conditions that affect evaporation rates.  Plrst, very dry air 
produces an evaporation rate greater than moist air.  Second, relatively large 
amounts of liquid water available for evaporation cause high evaporation 
rates.  These conditions can be quantified so as to produce new values of 
cloudiness.  If Q±  represents the amount of QPP falling Into a layer (Inches 
per 3 hours) and C} Is the Initial CPS, then the new CPS, C,2 la 
calculated using 

C2 i Cx - (CX QL) (19) 

The subtraction of the product In (19) is necessary since low values of CPS 
represent high values of cloudiness.  In addition, should Q} equal one inch 
per three hours, then C2 becomes equal to zero; this represents total 
overcast conditions.  Therefore, Q^ is limited to values no greater than 
one.  Should this condition occur, the value of cloudiness at the grid point 
is set to be overcast, and the remainder of the QPP is allowed to "fall out." 
this remaining QPP, Q2, Is determined by 

Q2 - Ql - («1 (Ci - C2)/Cx) (20) 

Comparing (19) to the two observable conditions stated above shows that 
these conditions are now specified.  Bquation (19) allows large changes in CPS 
(greater evaporation) when either large values of Cj (dry air) or large 
values of Qj (large amounts of liquid water) are observed.  Equation (20) 
shows that the amount of QPP falling through the layer is proportional to the 
percentage change in the CPS at the point.  This equation Is necessary in 
order to determine the amount of liquid water available for evaporation In 
lower levels and to determine the actual precipitation amount reaching the 
ground. Both of these equations are applied to the two lowest grid levels, 
850 mb and gradient. 

4.2 Temperature 

A Lagranglan method for advectlon is used to forecast temperature, as well 
as to forecast CPS values. To produce a forecast, the temperature at the 
Initial point of a trajectory is determined by three-dimensional interpolation 
in the initial temperature field. As the trajectory displaces the parcel, 
several atmospheric processes are simulated to modify this initial temperature 
value. The dry adlabatlc process Is the most Important, at least over periods 
of two days or less.  Other Important effects on temperature forecasts, but 
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secondary, are the effects of latent heat release, diurnal heating, and 
turbulent mixing.  Finally, In order to maintain vertical consistency, the 
temperature lapse rate at each point Is checked to insure that superadlabatlc 
lapse rates have not been created.  Section 4-2.5 describes how superadlabatlc 
conditions are handled. 

4.2.1 Dry Adlabatlc Process 

The first law of thermodynamics for adlabatlc processes Indicates that no 
he it Is adde i to or taken away from an air parcel during ascent or desent (a 
reversible process). This formulation, known as Poi3Son'3 equation, Is written 
as 

TF -- Tr (PK/Pr) °-
286 (21) 

where Tp Is the temperature at the termination of the displacement, Tj Is 
the temperature at the origin of the displacement, and Pp and Pj are 
pressure values at the termination and origin of the displacement.  The value 
of Pp Is always the pressure level for which a forecast Is being made, for 
example, 300 mb. The exponent, 0.286, Is the ratio R/C„ where R Is the 
specific gas constant for dry air, and Cp 13 the specific heat capacity at 
constant pressure. 

4.2.2  Pseudo Adlabatlc Process 

Whenever an air parcel changes phase (melts, freezes 
condenses, or sublimes), a quantity of heat must be supp 
from the parcel. This heat warms or cools environmental 
differs from the dry adlabatlc (reversible) process. To 
pseudo adlabatlc effect on the temperature of saturated 
using an approximate solution has been developed. The ul 
technique Is to find the temperature of a parcel that te 
forecast level, Pp, after It has gone through a moist ex 

, evaporates, 
lied to or taken away 
air at a rate that 
simulate this 

parcels, a technique 
tlmate goal of this 
rmlnates at the final 
pans Ion process. 

The approximate solution assumes linear rates of change of wet bulb 
potential temperature with pressure.  This eliminates the need for 
exponentiation (an expensive computer operation) and produces accurate results 
for the relatively small vertical displacements typical of three-hour time 
steps. 
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4.2.3  Bntrainment. 

As stated In Section 4.1.3, there needs to be some mechanism to allow 
parcels of air to Interact.  For temperature, this Is especially critical for 
two situations where thermal mixing Is a significant effect.  One Involves 
mixing over water, and the other low U»v«»l , turbulent ntilng 

The Importance of temperature modification of ;tir masses an Ihey move >H.T 
large water sources has been well established.  A 3ludy by Heap (1971) reports 
the Importance of this modification and describes an empirical expression that 
forecasts air temperatures over water regions.  To produce an air temperature 
forecast, this expression combines three fourths of the final sea-surface 
temperature plus one fourth of the Initial air temperature.  After 
experimenting with several proportions at AFGWC, the following 
parameterization for air sea temperature interaction was selected 

TM -- (3TF 4 TP)/4 (22J 

where Tp is the temperature at the grid point from the previous time step, 
Tp Is the forecast temperature, and T^ is the final, mixed temperature. 
This expression is applied at all levels for all grid points over water. 

Another temperatu 
turbulent mixing. Th 
favorable to this mix 
condition that Is fav 
gradient level. Inste 
standard atmospheric 
This lapse rate is le 
to the gradient level 
The selection of the 
ability to produce gr 
produced by an adiaba 

4.2.4  Diurnal. 

re modification simulates the effects of low level, 
e Intent of this procedure Is to diagnose conditions 
ing and then apply the mixed condition.  One 3uch 
orable for this mixing 13 parcels descending to the 
ad of computing an adlabatlc change to this level, the 
lapse rate for the troposphere Is used (5.9 K/100 mb) 
ss than the adiabatlc one.  Therefore, parcels descending 
are cooler than if they descend at the adlabatlc rate, 
standard atmospheric lapse rate Is solely based on its 
ad lent-level temperatures that are cooler than th03e 
tic lapse rate. 

Temperature forecasts are also modified by local diurnal effects.  The 
method to produce these effects Is essentially the 3ame method as that used to 
dlurnally modify CPS values (recall Section 4.1.4).  Two minor variations of 
thl3 method need to be noted.  First, the mean temperature field is maintained 
for eight days instead of two.  Second, the upper limit that determines 
whether any diurnal effects are to be applied Is set to 283 K.  These two 
values have been established after an extensive statistical evaluation of 
temperature forecasts. 
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'4. 2 . S  Superadiabatlc Lapse Rate Modification. 
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forecast temperatures are altered when the adveetlon process creates 
superadiabatlc 'apse rates.  These lapse rates are eliminated by adjusting the 
forecast lapse of temperature.  Kllmlnatlng superadiabatlc lapse rates Is 
justified since they rarely would be observed and only for short durations 
The general procedure to remove a superadlabatic layer is to determine the 
lapse rate between two pressure levels.  If this rate is superadiabatlc, then 
the upper level Is warmed and the lower level is cooled.  This warming and 
cooling is done in small increments, and the sounding Is continuously checked 
to ensure that no superadiabatlc lapse rates are created at other levels by 
this adjustment procedure. 

1.]  Derived Quantities 

k>\-- 

Temperature and CPS are the only meteorological elements that are advected 
by this forecasting scheme.  However, additional elements may be derived from 
forecasts of them.  These non advected, secondary forecast fields Include 
layered and total cloud cover, dew point depression, stability, quantitative 
precipitation forecasts, cloud type, and Icing.  The following sections 
describe the methodology that Is used to obtain these derived fields. 

r-.- 
4.3-1  Layered and Total Cloud Cover 

Layered cloud forecasts are derived from forecast CPS fields using tables 
(Appendix B) that convert CPS to cloud amounts.  Krom these layered cloud 
forecasts, a total cloud field is created by the technique discussed In 

Section 2.2.?. 
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The choice of CPS as the advectlon element for cloud forecasting Is not a 
simple one.  For example, primitive equation forecast models that Incorporate 
moisture can Initialize and forecast a moisture related element such as 
specific humidity or dew point depression (T T<j). Areas of clouds are then 
inferred from these moisture fields.  In fact, early cloud forecasting models 
at APGWC used dew point depression to infer cloud amounts. To determine which 
meteorological element produces the most realistic cloud forecast, an 
experiment was conducted at Ar'OWC during the summer of 1974 contrasting CPS 
and dew point depression. 

The experiment consisted of independently initializing, forecasting, and 
verifying dew point depressions and CPS. An automated verification program 
compared the following criteria:  forecasts and observations of dew point 
depressions, forecasts of CPS (converted to dew point depression) to 
observations of T T^, forecasts of CPS to observed clouds, and forecasts of 
dew point depression to observed clouds.  While the statistical results of 
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this experiment are not available, the qualitative results were summarized as 
follows: In verifying dew-point depression forecasts again~t station 
observations of dew-point depressions, advected MULTAN dew--point depreaslons 
(a scheme that inl~ializes and forecasts dew-point depressions} shows more 
skill almost everywhere than CPS (a scheme that initializes and forecasts 
CPS}. However, advected MULTAN dew-point depression forecasts are poorly 
corralated with cloudiness. Because of these results and the operutional 
requirement for a cloud forecasting model, CPS was chosen to be the advectable 
moisture element in this forecasting scheme. Since CPS is the only advec:tab le 
quantity, the verification statistics should correlate well with cloud 
observations but not with dew-point depre~sions. lven though forecasts of 
dew-point depression are produced, they are, in fact, derived from foreca~ts 
of CPS using the method described in the following section. Users of AFGWC 
dew-point depression forecasts should be aware of the procedures that derive 
these forecasts. 

4.3.2 Dew-Point Depression 

Forecasts of dew- point depression (DPD}, T-Td, are produced directly 
from the forecast CPS values. The equation for the conversion from CPS to DPD 
is: 

where 

and 

The resulting 

DPD ~ CPS I [A0 (P) + At (P) 1 CPS ) 

Ao<P> ~ Aoo + Ao1 • P 
Al(P) : Alo + All • p 

Aoo : 1.46917 
Aol : 1.363051-2 

A1o :. -9.011771-3 
Au : 1.1772 1-6 

(23) 

error is less than 5~, when compared with an exact eonversion. 
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4.3.3  Stability 

Using temperature and moisture forecasts, a measure of the atmosphere's 
static stability can be determined.  Por those grid points that have a terrain 
height below the 850 mb level, a standard Showalter Stability Index (Huscke, 
1959) Is computed.  Using the 850 mb temperature and dew point, the parcel's 
pressure and temperature at its lifted condensation level (LCL) is 
determined.  The parcel at the LCL is lifted moist adiabatically to 500 mb 
where the parcel's temperature is compared to the 500 mb environmental 
temperature.  The difference between these two temperatures is the Showalter 
Stability Index.  The moist adiabatic computation is the one mentioned in 
Section 4.2.2. 

When the terrain is above 850 mb, a different, more empirical approach is 
taken.  Based upon observational evidence, a technique that produces a 
continuous field of stability Indexes In a 3teep terrain region is used.  It 
was noted that the difference between the 700 mb and 500 mb wet bulb potential 
temperature is a stability Index that is essentially the same as if a standard 
Showalter Tndex was computed from 850 mb.  For those grid points which have 
terrain heights above 700 mb, no stability index is forecast. 

4.J.4 Quantitative Precipitation Forecasts 

The technique to calculate a quantitative precipitation forecast (QPF) is 
similar to the formulation that is reported by Haltiner (1971).  This modified 
formula is 

t + I z      , dw r u 
Q - I       -T7  e dz dc (24) dt 

1 

where u Is QPF, w is the saturation mixing ratio of the parcel, and "e is the 
standard density for the layer.  The integration is over time step,At, &&& 
over the thickness of a layer zu z^ .  The vertical summation of (24) is 
done independently at the 500 mb, 700 mb, and 850 mb levels  The upper level, 
zu, refers to a point midway between the standard pressure level being 
forecast and the next standard level above it.  The same condition is true for 
Z[, except it is below the forecast level.  The amount of precipitation that 
reaches the surface i3 the sum of the forecasts for the independent layers. 
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Generally, the calculation of each of the terms in (24) consists of 
manipulating quantities that either have been determined or using the methods 
discussed above. The first variable is the change in the saturation mixing 
ratio, dw, which is the difference between the mixing ratio at the start and 
the end of the moist adiabatic expansion.  The difference represents the 
amount of liquid water that condenses and is expressed in units of 
gm H20/kg air. All liquid water is assumed to fall as precipitation. Using 
equations derived from the definition of the saturation mixing ratio (w .,. 
we), the mixing ratio at the start (subscript s) and at the end (subscript 
e) of the moist expansion is 

we 0.622 (es/P3) 

we -- 0.622 (ee/Pe) 

(25) 

(26) 

The term P3 is the pressure of the LCL and Pe is the standard pressure 
level for which the forecast is being made. 

Saturation vapor pressure (e3 and ee in the above equations) is 
calculated in the manner described by Lowe and Ficke (1974).  Their technique 
involves solving a sixth - order polynomial approximation that specifies e as 
a function of temperature only.  The temperatures for this polynomial are 
those at the beginning and end of the moist expansion.  The advantage of using 
a polynomial solution, rather than one requiring exponentiation, is a faster 
computation of the variable.  As discussed by Lowe and Ficke, accuracy of the 
approximation is very good. 

To this point of the discussion, it has been assumed that total saturation 
occurs exactly at the LCL. However, condensation and subsequent precipitation 
have been shown to occur at relative humidity values less than 100 percent 
when averaged over a large area.  To allow for this observation, the terms in 
(24) are not evaluated at the LCL, but rather at a level below it.  It has 
been determined experimentally at AFGWC that this level is 7 mb below the 
LCL.  This level is identical to a CPS value of 7 mb, and it corresponds to a 
cloudiness of approximately 95 percent. 

I-0 The remaining terms in (24), e dz , together represent the weight of air 
per unit area.  When these terms are combined with w, the desired units of 
weight of water per unit area are obtained.  The term, z, 1B computed using a 
form of the hydrostatic equation, 

z --  R Te In (Pe/Pu)/g (27) 

I 
ITS 
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where R is the ga3 constant and g is the acceleration due to gravity. As 
reported by Haltiner (1971), the precipitation equation (24) gives good 
results for synoptic-scale pressure systems in mid-latitudes but it is 
Inadequate in areas of convection, especially in tropical systems. 

4.3.5 Cloud Type 

Techniques have been developed to combine temperature and CPS in order to 
classify the types of cloud structures.  The primary distinction between cloud 
types is the distinction between stratiform and cumuliform clouds.  A 
stability value is calculated for the 850 mb, 700 mb, and 500 mb pressure 
levels to assist in this distinction.  This stability determination consists 
of comparing wet bulb potential temperatures, between two levels.  This 
procedure is identical to the description in Section 4.3.2.  For example, if 
the ew at 850 mb is greater than the 9W at 700 mb, a positive, upward 
buoyancy exists at the 700 mb level. Should clouds be forecast at a pressure 
level, positive buoyancy at that level implies cumuliform clouds, whereas 
negative buoyancy implies stratiform.  Vertical cloud structures such as 
towering cumulus and cumulonimbus are determined by applying these checks at 
all levels.  For example, if the 850 mb level is unstable and forecast clouds 
exist, the 700 mb cloud and stability are checked.  If clouds and upward 
buoyancy exist at 700 mb, then the 500 mb level is checked. Should upward 
buoyancy exist at 500 mb, the cloud is typed as a cumulonimbus, but if 
downward buoyancy exists, the cloud is classified as towering cumulus.  Some 
typical combinations of stability and clouds are shown Figure 12. 

4.3-6 Precipitation Type 

The primary reason for classifying the types of cloud structures is to 
provide a basis for determining precipitation type.  Forecasts of 
precipitation types are categorized as either continuous (from stratiform 
clouds) or showery (associated with cumuliform clouds).  The development of 
criteria to determine precipitation types and their intensities was done by 
comparing forecast values of cloud type, cloud cover, and static stability to 
precipitation observations.  Results of these comparisons indicate that no 
precipitation is observed when the total cloud cover is less than 3/8 (37 
percent) coverage at a grid point.  It should be remembered that values at 
grid points represent average conditions over a large horizontal area. 
Therefore, these precipitation forecasts should not be viewed as a point 
forecast. 

For showery precipitation (rainshower, 3nowshower, and thunderstorm) a 
cloud type of towering cumulus or cumulonimbus is required.  AI30, a minimum 
cloud cover of 25 percent is necessary at either the 850 or 700 mb levels. 
The distinction between rain3howers and thunderstorms is based primarily upon 
whether the cloud type is towering cumulus or cumulonimbus.  Snow showers 
occur if the gradient level temperature is less than 273° K. 
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Fig. 12.  Some typical cloud types associated with various buoyancies. 
Buoyancies are determined by the layer difference in wet-bulb potential 
temperature. Unstable (+) conditions exist if the wet-bulb potential 
temperature at the lower layer is greater than that at the higher 
layer.  Stable ( ) conditions exist if the reverse is true.  Due to 
having information only at discrete layers, it is difficult to make 
cloud top or base estimates. 
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The intensity of rainshowers is inferred from the 700 mb static stability, 
whereas rainshower intensity associated with thunderstorms, is determined by 
computing a total-totals stability index. This index is defined by Miller 
(1972) . The threshold value differentiating moderate or heavy rainshowers 
associated with thunderstorms has been correlated with observational 
evidence. The reader should note that shower-producing mechanisms such as 
steep terrain and diurnal heating are not considered. 

For continuous precipitation (rain, drizzle, and snow) a large areal 
coverage of cloudiness is required. Cloud types other than towering cumulus 
or cumulonimbus and cloud cover greater than 75 percent at 850 mb or 700 mb 
are the minimum criteria for this precipitation type . Snow is differentiated 
from liquid precipitation whenever the gradient level temperature is less than 
273° K. 

The intensity for continuous precipitation is a function of the moisture 
depth and the buoyancy at 700 mb. For example, heavy continuous rain is 
forecast when cloud amounts are greater than 75 percent at all three levels 
(850, 700, and 500 mb) and the 850 mb wet-bulb potential temperature is more 
than 3 K greater than the 700 mb value. Lesser intensities are forecast for 
shallower cloud depths and smaller buoyancy values. 

4.3 . 7 Icing 

Forecasts of icing can be derived using temperature and moisture 
information. The criteria to forecast icing type and intensity are the same 
as that in AWS/TR- 80/001, Forecaster's Guide on Aircraft Icing. Table 1 is a 
summary of these criteria. Initially, all icing intensities are light. When 
cold air advection greater than 2°K/3 hr is forecast, the intensity is 
increased to moderate. Warm air advecti~n of O.l°K/3 hr will reduce the 
intensity to trace. For temperatures outside of the ranges in Table 1, no 
icing is forecast. All icing intensities are initially classified as light . 

Table 1. Icing Forecast Criteria. 

TKMPKRATURK (K) DKW POINT DKPRKSSION (!) ICING TYPK CLOUD TYPK 

272- 266 -2 Clear Cumulus 

Rime Stratus 

265- 258 -3 Mixed Cumulus 

Rime Stratus 

257- 251 -4 Rime All Clouds 
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5. HIGH RISOLUTION CLOUD PROGNOSIS 

5.1 Model Specif!c~tions 

The High-Resolution Cloud Prognosis {HRCP) module forecasts percent 
cloudiness for 15 levels on an eighth-mesh grid. This eighth- mesh grid 
coincides with the one used in the RTNKPH {Fig. 13). In addition, a percent 
total cloudiness is forecast for each eighth- mesh point. Forecasts are made 
in three-hour time steps to a maximum of 9 hours. 

The HRCP is capable of making a forecast for that portion of the 
eighth-mesh grid within the AFGWC octagon. However, the advection module of 
the HRCP only forecasts for a single window of this area in any one computer 
run. This window can be located anywhere in the octagon; however, the window 
must coincide with one or more of the boxes of the eighth- mesh grid . These 
boxes are numbered from one to 64 as shown in Fig 13. 

5.2 Options 

The HRCP can be initiated for any starting hQur, and it phases into the 
5LAYKR database to use the trajectories already stored there. It has the 
option to make any length forecast out to 9 hours in three-hour increments. 

5.3 Forecast Mechanism 

The HRCP is initialized directly from the RTNKPH converted to look like 
the old 3DNIPH database {primarily 15 layers of cloud information). No 
modification of the cloud amounts is made. To produce an eighth-mesh 
cloudiness forecast, HRCP uses information available in the 5LAYKR and the 
RTNKPH cloud models. The first major step is to calculate the local change of 
CPS with time at the half-mesh grid points. Trajectories are available only 
on the half-mesh grid, the advection of the initial CPS field is done on this 
grid scale. The local change of CPS results from taking the difference 
between the initial and forecast CPS fields. 

In order to apply this half-mesh, 5LAYKR, local tendency of CPS, an 
eighth-mesh, 15-level format must be used. To do this, the CPS tendency is 
horizontally interpolated to the eighth- mesh grid points. This tendency is 
not vertically interpolated, but rather each of the forecast five levels are 
directly applied to their corresponding levels of the 15-level grid {cloud 
analysis) . For example, the tendency at 300mb is applied to layers 13, 14, 
and 15 {Fig. 14). 

A slightly different methodology is used for the gradient level . The CPS 
tendency for this level is applied only to levels five and six. The cloud 
amounts in levels one to four are persisted. The intent of this method is to 
eliminate the advection of very low- level clouds. Advection of low clouds 
such as fog would be a questionable procedure. 

Lastly, this CPS tendency is applied directly to the 3DNKPH to produce an 
eighth- mesh, 15-level cloud f orecast. This process is depicted in Fig . 15. 
In addition, a total cloud forecast is produced by stacking these 15 levels. 
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Fig. 14.  Association of the 15 fixed levels (left) in HRCP that the 
trajectories In the five forecast layers of 5LAYKR are applied to. 
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HRCP 

PROCESSING  FLO.' CHART 

I5LAYER Forecast Field 
(1/2 mesh,  5 layers) 

5LAYER Initial Field 
(1/2 mesh, 5 layers)! 

IChanqe Field (CPS) 
1(1/2 mesh, 5 layers] 

Chanqe Field (CPS) 
(1/2 mesh, 5 layers) 

Interpolate I Chanqe Field (CPS) 
(1/8 mesh, 15 layers) 

(.-- 
.--" Chanqe Field (CPS) 

(1/8 mesh, 15 layers 
Initial 3DNEPH (CPS) 
(1/8 mesh, 15 layers) 

HRCP 1-orecast (CPS) 
(1/8 mesh, 15 lavers) 

4 Convert 

HRCP Forecast Cloud 
(1'8 mesh,   15 layers) 

Pig.   15.     Flow chart  of HRCP  processing of  5LAYBR and  RTN8PH data 
to  produce  an  eighth mesh  forecast. 
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K- 6.  TROPICAL CLOUD PORBCASTS 

£.\ 6.1 Model Specification 

M The Tropical Cloud Forecasting Model (TRONEV) produces forecasts for three 
PI layers (low, middle, and high) on the APGUC Northern Hemisphere and Southern 

Hemisphere half-mesh supergrlds from approximately 25°N to 25°S.  Forecasts 
't are made every three hours In three-hour Increments out to 21 hours. 

6.2 Forecast Mechanism 

TRONBW uses the premise that In the tropics there are diurnal fluctuations 
of cloudiness; and therefore, clouds that were observed yesterday at a certain 
time of day will again be observed today at that same time.  This premise 
works well except in the vicinity of moving tropical disturbances (e.g. 
typhoons, and easterly waves). 

To Initialize the half-mesh grid, a 9-polnt weighted average (Interior 
grid points In Pig. A) of the elghth-mesh RTNBPH grid Is used. This compacted 
analysis Is then saved, so that if a six-hour forecast Is needed from a 
23/0600Z base time, TRONBW will use the 22/1200Z analysis as that forecast. 
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7.  MODKL EVALUATION 

7.1 Verification 

The primary purpo3 
for future model lmpro 
forecast techniques or 
weaknesses. As new tec 
to objective verlflcat 
Immediately identified 
subjective evaluations 
typically produce good 
and therefore improve 

e in verifying any forecast scheme Is to provide a basis 
vement.  Improvement may occur by developing better 
by identifying characteristic model strengths and 

hnlques are developed and evaluated, they are compared 
ion statistics.  Any model degradation or improvement Is 

Forecasters who use numerical guidance routinely make 
of the model output.  By Identifying situations that 
or bad forecasts, the forecaster can modify the output 
the forecast. 

The 5LAYBR model Is evaluated by both subjective and objective 
verification schemes.  Forecasters at APGWC routinely use 5LAYBR forecasts to 
assist them in providing worldwide meteorological support.  The Special 
Support Division and the Forecasting Services Division are the primary users 
of the 5LAYBR model at APGWC.  Special Support forecasters use 5LAYBR for 
their Initial forecast guidance and for quality control of the product. 
Quality control Is maintained by comparing verification of the forecaster's 
product to that of the model. 

Forecasting Services Division forecasters use 
The Horizontal Weather Depletion (HWD) Section of 
for forecasting clouds, icing, and precipitation 
coverage. These forecasts provide the primary gu 
that have more specific application. For example 
Air Command (SAC) low- level route forecasts, Tact 
forecasts, and U.S., European, and Asian terminal 
forecasts rely on the "lead" forecast of the HWD 
continuously quality controlled. 

5LAYBR in a similar manner. 
this division is responsible 

type on a hemispheric 
idance for similar forecasts 
, they are used for Strategic 
leal Air Command (TAC) range 
forecasts.  Because so many 

section, the product Is 

Objective verification of 5LAYBR forecasts is accomplished by automated, 
model verification programs that produce statistical evaluation of layered and 
total cloud forecasts.  Persistence "forecasts" are also verified as a 
standard to compare model performance. 

Since the RTNKPH Is the standard against which cloud forecasts are 
verified, a discussion of the model's characteristics is necessary.  The 
RTNKPH uses data from all available sources.  Satellite, radiosonde reports, 
standard surface observations, and aircraft reports are merged to produce a 
hemispheric cloud analysis.  Bach of these data sources contribute their own 
characteristics in determining the "true" cloud amount.  Satellite data for 
the RTNKPH is provided by the Defense Meteorological Satellite Program 
(DKGP).  This program normally consists of two polar-orbiting satellites. 
Sensors on the satellite accurately determine the horizontal cloud coverage. 
However, the vertical distribution of clouds must be Inferred from other data 
sources.  Vertical temperature profiles used with Infrared satellite sensors 
can give approximate vertical positioning.  Aircraft reports and surface 
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observations also aide in this determination.  DMSP satellite data, because of 
polar type orbits, do not give hourly global coverage.  Therefore, at a 
particular verification time new satellite data may not be available.  Since 
the RTNKPH uses persistence in the absence of new data, a forecast of 
persistence would verify as being correct. 

Most grid points in the model verification program are located over land 
masses to partially alleviate any bias favorable to the persistence forecast. 
However, surface observations of clouds contribute their own source of error. 
The ilne-of-sight of a surface-based observer is only 10 to 20 miles depending 
on obstructions and viewing angle with respect to the terrain.  These 
restrictions typically cause surface observers to overestimate horizontal 
cloud distribution.  Low overcast cloud layers bias surface reports by 
preventing reports of cloud conditions above the overcast. The RTNKPH persists 
the cloud analysis in the absence of new layered cloud observations.  As was 
discussed for satellites, there continues to be a favorable bias in the 
verification toward the persistence forecast.  Despite these problems the 
5LAYER model out performs the persistence forecast.  A more complete 
discussion of the comparative cloud forecast 3klll of 5LAYER was prepared by 
Mitchell (1982).  Figure 16 provides a graphical representation of the 5LAYKR 
performance during May 1985 to April 1986.  The verification variable i3 the 

, percentage of forecasts of total cloud that verified within +25% of the total 
cloud cover analyzed by RTNKPH.  As with other forecast models, forecast skill 
deteriorates with increasing length of forecast. 

7.2  Five Layer Model 

Numerical models provide an objective means of producing forecasts.  When 
used as a forecaster's aid, they serve as a basis from which a forecaster can 
produce an improved forecast.  By learning Inherent characteristics of a 
model, a forecaster can better manage his use of these aids.  Ideally, the 
forecaster should spend his greatest efforts on situations of known model 
deficiencies.  Conversely, little time should be spent on situations where the 
model performs well.  The purpose of this subsection is to Identify strengths 
and weaknesses of the 5LAYER model. 

The 5LAYKR model depends on other models to provide cloud and temperature 
analyses and wind forecasts.  Characteristics of these models inherently 
become a part of the 5LAYKR model.  Wind forecasts from the AWS GSM model are 
formed into trajectories as described in Section 3 and Appendix D. 
Characteristics that are typical of the AWS GSM are also typical of the 
5LAYKR. 

The 5LAYKR model produces the best cloud forecasts at mid-tropospheric 
levels (700 and 500 mb) and at middle latitudes.  This should be expected 
since dynamic wind models (like AWS GSM) produce their best forecasts in his 
region.  Also, clouds that are associated with moderate or strong 
synoptic scale weather patterns are identified and forecast with the greatest 
skill.  Again, this is to be expected since mid-latitude storm systems are of 
a sufficient scale to be resolvable by the 5LAYKR grid system.  These cloud 
systems also have well defined cloud boundaries which are necessary for 
accurate cloud mapping and for predicting movement of these boundaries. 
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5LAYER Northern Hemisphere 
Total Cloud Forecast Verification 
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Fig. 16.  One year summary of monthly Northern Hemisphere 5LAYBR 
total cloud 25/25 skill scores (percentage of forecasts within 
+25% of observed total cloud) for 6, 12, 24, 36, and 48 hour 
forecasts.  Decreasing skill with forecast length is apparent. 
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RTNKPH data muat be put in a workable format for the 5LAYER model. 
Section 2.2.1 discusses the methodology of locating the vertical the cloud 
data and representing 25 eighth mean grid points by one half mesh point. 
Figure 17 shows how horizontal data compaction affects cloud prediction on the 
larger scale.  Figure 17 3hows a cloud boundary that Is averaged to a 
half-mesh grid point.  Any averaging done across a cloud edge causes a 

y smoothing of that edge.  Rather than a distinct change from 100 percent to 
s,^- zero percent cloud cover, the half mesh representation becomes 100 percent, 50 

percent, and zero percent.  For large scale cloud systems, this reduction In 
w£ cloud mass is not a significant problem.  However, for systems represented by 
|| only a few grid points, a   large percent of the cloud mass may be lost.  This 

loss is solely caused by compacting the cloud data. 

Restrictions imposed on the trajectory computation are discussed In 
Section 3.  The effect of these restrictions on cloud prediction has been 
observed and are discussed here.  Trajectories are modified at the lower and 
lateral boundaries of the 5LAYER grid system.  Trajectories near lateral 
boundaries are restricted to be parallel to the octagon edge  This 
restriction causes clouds to be advected around the grid edge.  This procedure 
prevents lo3S of cloud mass from be grid domain.  However, clouds are observed 
to be advected in a direction different than the streamflow. s 

^J Trajectories at the lower boundary are also modified to account for 
terrain effects on cloud formation.  As described in Section 3.4, the gradient 
level trajectories are constrained to follow the terrain surface.  Extremely 
large values of the vertical trajectory component, ^p, are Induced by steep 
terrain features.  This effect causes copious amounts of precipitation in 
regions of 3teep ascent and very dry conditions in regions of steep descent. 
This dry bias on the lee side of mountains i3 advected to other regions. 
However, it cannot be modified by a moisture source region since no mechanism 
of this type exists in 5LAYKR.  To reduce these terrain induced effects, 

vp horizontal trajectories are halved if the vertical component exceeds 50 mb/3 
v-f hr.  A new, reduced vertical component is computed from these shortened 
"V trajectories. 

fp Forecasters should be aware that cloud formation and advection near the 
terrain surface involves complex physical relationships.  Parameterizing these 

Jy" relationships produces less than perfect cloud forecasts.  However, in the 
future, advanced computers will explicitly 8olve these relationships, 
resulting in improved low-level cloud forecasts. 

Cloud and temperature advection is not the only forecast mechanism that 
effects these parameters.  Other sub-scale mechanisms, such as those causing 
cumulus formation or the surface heating and cooling of temperatures over land 
masses, are present in the atmosphere.  Section 4 describes the parameteriza- 
tion of these and other mechanisms.  It should be recognized that in areas 
where these effects are especially strong, cloud and temperature forecasts 
from 5LAYER are not explicitly solved.  Once additional computer resources are 
obtained, sub-scale effects on clouds and temperature may be more precisely 
defined. 
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Fig. 17.  Depiction of how compaction of eighth-mesh data to 
half-mesh data eliminates cloud boundary distinction.  Eighth-mesh 
cloud values In percent are below the grid points.  Values above 
the grid points are half-mesh cloud amounts derived from 
eighth-mesh values. 
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8. SUMMARY 

The cloud forecasting models now In use at AFGWC have evolved over the 
past 20 years to meet Army, Air Force, and other Department of Defense 
requirements.  Because clouds obstruct visibility, military decision makers 
will continue to need t'loud forev'aats   [iuu**>*»s*J uudoi > i audiug it   tu~ 
physical processes which cause clouds (o form and ittflrtlimte A*  W»-I I rin 
Increased computer capacity, will provide greater cloud forecasting skill In 
the future. 

The first step In the cloud forecasting model i3 the Initialization of the 
moisture and temperature values at the grid points.  Moisture Is derived from 
the RTNEPH and temperature Is obtained from HIRAS.  Forecasts are made by 
advectlng the temperature and moisture values with 3-hour Lagranglan 
trajectories from the AWS GSM model.  Before the forecasting can begin, all 
the variables mu3t be defined at the model grid points by either compacting or 
interpolating. Currently the cloud data are compacted from 25 nm to 100 rim 
resolution and the temperature data are interpolated from 200 nm to 100 nm 
resolution. 

Forecasts are made by advectlng air parcels along the calculated 
trajectories.  The advected parcel temperature and moisture are modified by 
vertical displacement, entrainment, evaporation and diurnal effects.  The 
forecast temperature and moisture are used to derive forecasts of dew-point 
depression, stability, precipitation, cloud type, precipitation type, and 
icing. 

High-resolution cloud forecasts are obtained over limited areas for short 
forecast periods by interpolating the 100 nm resolution 3-hour moisture 
changes to 25 nm resolution initial conditions.  These forecasts demonstrate a 
small but significant improvement in skill. 

In the tropical regions, forecasts of 24-hour persistence In 3-hour 
increments have out-performed dynamic models except in areas of moving 
tropical disturbances. 

The compilation of verification statistics for the Five Layer Model and 
the High Resolution Cloud Prognosis models document the current forecast 
skill.  The movement of synoptic-scale systems depends on the accuracy of the 
model from which the trajectories are obtained.  The parameterizations of 
entrainment, evaporation, convective development, and diural effects are 
recognized weaknesses which require the constant attention of the user.  The 
formation and dissipation of low clouds represents another major weakness of 
the model because these clouds are Influenced by terrain features as well as 
diurnal heating and cooling.  A future rewrite of the 5LAYER model will make 
It global in domain, increase the horizontal resolution, and include better 
parameterizations to correct the weaknesses stated earlier. 
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10.  APPENDIX A. CONDENSATION PRESSURE SPKEAD DERIVATION 

The derivation of P3 begins by specifying the mixing ratio, w, at any 
pressure as 

where 

( I.S'I'HU 

a(Td - 273) 

b + T, - 273 
d 

(All 

(A2) 

This formulation, known as Teten's equation. Is found in Berry, Bollay, and 
Beers (1945).  Values of a and b are known constants and depend on whether the 
process occurs over Ice or water.  Td Is the dew-point temperature In 
Kelvin.  For the case of saturation wa Is similarly described as 

where 

ws = (3.8/P)10 
s 

a(T - 273) 
s  

Xs " b + T - 273 

(A3) 

(A4) 

T3 Is the condensation temperature In Kelvin.  Because of the conservative 
nature of the dry adlabatic process, the values w and wa of an air parcel 
lifted to condensation are unchanged.     Therefore 

(3.8/P)10X = (3.8/P )10Xs 
s 

reordering terms one can write: 

log P3 -- log P + (xa-x). (A5) 
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Using Poisson's equation: 

Ta ■ T (PB/P)0-286 (A6) 

and substituting equations (A2), (A4) and (A6) into (A5) the final 
relationship becomes: 

log P  = log P + 
s 

P  0.286 
a[T(^)     - 273]   a[Td - 273] 

P  0.286 b + T  - 273 
b[T(-p-S)     - 273] 

(A7) 

Ny 

E 

While (A7) cannot be directly solved for P8, if given known values of P, T, 
Td, a, and b, one can calculate approximate values of Pa in a recursive 
fashion.  With this approximate value of Pa, the variables In equation (3) 
are now determined, and the CPS can be calculated. 
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11. APPINDIX B. TABLES RELATING CONDINSATION PRESSURE SPRIAD AND CLOUD AMOUNT 

Table 81. Conver5ion of Cloud Amount to Condensation Pressure Spread 

The following four tables are used by 5LAYER to convert from cloud amount ln 
percent to CPS values in mb. Each table is labeled with the pressure level at 
which it is valid. CPS values are interior to the tables . Units of cloud 
percent form the abscissa, while tens or cloud percent appear on the ordinate 
of each table . 

Table Bla. 850 mb 

0 1 2 3 4 5 6 1 8 9 10 
0 120.0 114.0 111.0 108 . 2 106.0 103 . 2 100. 5 98.0 95.7 93.7 90.6 
10 90.6 88.4 86 .0 83 . 0 81.0 11 .1 75.5 73.4 11.0 69.6 68.2 
20 68.2 66.8 66.0 64 .0 62.6 . 61.0 59.6 58.0 56.6 55.8 55.0 
30 55.0 53.7 52.5 51.6 50.6 49.0 48.2 47.4 46.6 45.8 45.0 
40 45.0 44.2 43.4 42.6 41.8 41.0 40.2 39.4 38.6 37.8 37.0 
50 37.0 36.2 35.4 34.8 34.4 34.1 33.7 33.4 33.0 32.6 32.3 
60 32.3 31.9 31.6 31.2 30.7 30.3 29.7 29.2 28.8 28.3 27.9 
70 27.9 27.5 27.0 26.6 26.1 25.7 25.2 24.7 24.2 23.7 23.2 
80 23.2 22.5 21.9 21.2 20.4 19.5 18.6 11.1 16 .8 15.6 14.5 
90 14.5 13.5 12.4 11.3 10. 1 9 . 0 7 . 6 6.0 4.2 2.6 1.0 

Table Blb. 700 mb 

0 1 2 3 It 5 6 7 8 9 10 
0 109 . 0 107.0 105.0 102. 8 100.8 99 . 2 96.7 95.6 94 . 5 93.4 92 . 2 
10 92.2 91.0 90.2 89.4 87.0 86.0 85.0 83 . 2 81.0 79.0 n.o 
20 17.0 75.2 73.3 71.5 70.0 68 . 3 66.9 65 . 3 63 . 9 62.4 61.0 
30 61.0 59.8 58.7 57 . 5 56.2 55.1 54.0 52.9 51.8 50.7 49.8 
40 49.8 48.8 48.0 47.1 46.2 45.3 44.5 43.7 42.8 41.9 l!l . O 
50 u.o 40.7 40.3 40.0 39.6 39.3 38.9 38.6 38.2 37.9 37.6 
60 37.6 37 . 2 36.8 36.4 36.0 35.6 35.2 34.8 34.3 33.6 33.3 
70 33.3 32.8 32.2 31.8 31.3 30 . 7 30.2 29.6 29.0 28.4 27.9 
80 27.9 27 . 3 26.7 26.2 25.6 25 . 0 24 . 2 23.4 22.4 21.4 20.0 
90 20.0 18.4 17.3 16 . 0 14.5 13.2 11.4 9.6 7.2 4.7 1.0 
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Table Blc. 500 mb 

0 1 2 3 4 5 6 7 8 9 10 
0 101.0 100.2 99.4 98.6 97.8 97.1 96.2 95.4 94.5 93.7 92.9 
10 92.9 92.1 91.4 90.6 89.8 89.0 88.0 87.0 85.0 83.0 81.0 
20 81.0 79.3 77.7 76.0 74.3 72.7 71.0 70.2 69.3 68.4 67.5 
30 67.5 66.7 65.8 64.9 64.0 63.2 62.3 61.5 60.0 58.3 56.4 
40 56.4 54.7 52.0 51.0 50.3 49.6 48.9 48.3 47.6 46.9 46.1 
50 46.1 45.5 4'1.8 4'1.1 43.4 42.7 42.0 41.3 40.8 40.4 40.0 
60 40.0 39.6 39.2 38.8 38.4 38.0 37.6 37.2 36.8 36.3 35.9 
70 35.9 35.5 35.0 34.6 34 . 2 33.7 33.3 32.8 32.1 31.5 30.7 
80 30 . 7 29.7 28.8 28.0 27.2 26.2 25.1 24.0 23.0 21.9 20.7 
90 20.7 19.6 18.3 16.9 15.3 13.4 11.4 9.4 7.4 5.0 1.0 

Table Bld. 300 mb 

0 1 2 3 4 5 6 7 8 9 10 
0 97.0 96.2 95.4 94.6 93.8 93.2 92.2 91.4 90.5 89.7 88.9 
10 88.9 88.1 87 . '1 86.6 85 . 8 85.0 84.5 84.0 83.5 83.0 81.0 
20 81.0 79.3 77 . 7 76.0 74.3 72.7 71.0 70.2 69.3 68.4 67.5 
30 67.5 66.7 65.8 64.9 64.0 63.2 62.3 61.5 60.0 58.3 56.4 
40 56.4 54.7 52.0 51.0 50.3 49.6 48.9 48.3 47.6 46.9 46.1 
50 46.1 45.5 4'1.8 44.1 43.4 42.7 42.0 41.3 40.8 40.4 40.0 
60 40.0 39.6 39.2 38.8 38.4 38.0 37.6 37.2 36.8 36.3 35.9 
70 35.9 35.5 35.0 34.6 34.2 33.7 33.3 32.8 32.1 31.5 30.7 
80 30.7 29.7 28.8 28.0 27.2 26.2 25.1 24.0 23.0 21.9 20.7 
90 20 . 7 19.6 18.3 16.9 15.3 13.4 11.4 9.4 7.4 5.0 1.0 
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Table B2. Conversion of Condensation Pressure Spread to Percent of Cloud 

The following four tables are used by 5LAYBR to convert from CPS In mb to 
cloud amount In percent.  Bach table Is labeled with the pressure level at which 
It Is valid.  Cloud values are Interior to the tables.  Units of CPS form the 
abscissa, while tens of CPS appear on the ordlnate of each table. 

Table B2a. 050 mb 

0 1 2 3 4 5 6 7 8 9 10 
0 100.0 100.0 99.4 98.7 98.1 97.6 97.0 96.4 95.7 95.0 94.1 
10 94.1 93.3 92.4 91.5 90.5 89.5 88.7 87.8 86.7 85.5 84.4 
20 84.4 83.3 81.8 80.3 78.4 76.4 74.3 72.1 69.8 67.5 65.5 
30 65.5 63.5 60.8 58.0 55.2 52.5 51.2 50.0 48.7 47.5 46.2 
40 46.2 45.0 43.7 42.5 41.2 40.0 38.7 37.5 36.2 35.0 34.3 
50 34.3 33.7 32.6 31.5 30.8 30.0 28.7 27.5 27.0 26.5 25.7 
60 25.7 25.0 24.4 23-7 23.0 22.2 22.0 20.8 20.1 19.5 18.7 
70 18.7 18.0 17.6 17.2 16.7 16.2 15.8 15.3 14.9 14.5 14.2 
80 14.2 14.0 13.5 13.0 12.7 12.5 12.0 11.6 11.2 10.7 10.3 
90 10.3 9.8 9.6 9.4 8.8 8.2 7.9 7.5 7.0 6.6 6.2 
100 6.2 5.8 5.4 5.1 4.7 4.4 4.0 3.6 3.1 2.7 2.3 
110 23 2.0 1.6 l.l 1.0 .8 .7 .5 .4 .2 .0 

Table B2b. 700 mb 

0 1 2 3 4 5 6 7 8 9 10 
0 100.0 100.0 99 9 99 7 99.3 98 9 98 5 98. 1 97 7 97 3 96.8 
10 96.8 96.2 95 7 95 2 94.4 93 6 93 0 92 3 91 4 90 5 90.0 
20 90.0 89.4 88 4 87 5 86.2 85 0 83 3 81. 5 79 8 78. 0 76.3 
30 76.3 74.5 72 5 70 5 68.5 66 5 64 0 61 6 58 7 55. 8 52.9 
40 52.9 50.0 48 9 47 8 46.6 45. 3 44. 2 43. 1 42 0 40. 8 39.8 
50 398 38.7 37 8 36 9 36.0 35 1 34 2 33. 4 32 6 31. 7 30.8 
60 30.8 30.0 29 3 28 6 27.9 27 2 26 6 25 9 25 2 24. 6 24.0 
70 24.0 23.3 22 7 22. 2 21.6 21. 1 20 5 20. 0 19 5 19. 0 18.5 
80 18.5 18.0 17 6 17. 1 16.6 16 0 15. 0 14. 0 13 8 13. 5 12.2 
90 12.2 11.0 10 2 9. 4 8.5 7 5 6 6 5 8 5 4 5 1  4.5 
100 4.5 3.9 3 4 2. 9 2.5 2. 0 1. 5 1. 0 i 5 i 0   .0 
110 .0 .0 i 0 0 .0 0 i 0 0 0 0   .0 
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Table B2c. 500 mb 

0 1 2 3 4 5 6 7 8 9 10 
0 100.0 100.0 99.8 99.5 99.3 99.0 98.6 98.2 97.7 97.2 96.7 
10 96.7 96.2 95.7 95.2 94.7 94.2 93.6 92.9 92.2 91.5 90.6 
20 90.6 89.8 88.9 88.0 87.0 86.1 85.2 84.2 83.0 81.7 80.7 
30 80.7 79.7 78.2 76.7 74.4 72.1 69.8 67.5 65.0 62.5 60.0 
40 60.0 57.5 56.0 54.6 53.2 51.7 50.2 48.8 47.4 45.9 44.5 
50 44.5 43.0 42.0 41.9 41.4 40.8 40.2 39.7 39.2 38.6 38.0 
60 38.0 37.5 36.4 35.2 34.0 32.9 31.8 30.6 29.4 28.3 27.2 
70 27.2 26.0 25.4 24.8 24.2 23.6 23.0 22.4 21.8 21.2 20.6 
80 20.6 20.0 19.5 19.0 18.5 18.0 17.5 17.0 16.0 15.0 13.8 
90 13.8 12.5 11.2 9.8 8.6 7-5 6.3 5.1 3.8 2.5 1.2 
100 1.2 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 
110 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 

Table B2d. 300 mb 

« 

■t.. 

% 

3 
# 

0 1 2 3 4 5 6 7 8 9 10 
0 100.0 100.0 99.8 99.5 99.3 99.0 98.6 98.2 97.7 97.2 96.7 
10 96.7 96.2 95.7 95.2 94.7 94.2 93-6 92.9 92.2 91.5 90.6 
20 90.6 89.8 88.9 88.0 87.0 86.1 85.2 84-2 83.0 81.7 80.7 
30 80.7 79.7 78.2 76.7 74.4 72.1 69.8 67.5 65.0 62.5 60.0 
40 60.0 57.5 56.0 54.6 53.2 51.7 50.2 48.8 47.4 45.9 44.5 
50 44.5 43.0 42.0 41.9 41.4 40.8 40.2 39.7 39.2 38.6 38.0 
60 38.0 37.5 36.4 35-2 34.0 32.9 31.8 30.6 29.4 28.3 27.2 
70 27.2 26.0 25.4 24.8 24.2 23-6 23.0 22.4 21.8 21.2 20.6 
80 20.6 20.0 19.5 19.0 17.0 15.0 13.8 12.5 11.2 9.8 8.6 
90 8.6 7.5 6.3 5.1 3.8 2.5 1.2 .0 .0 .0 .0 
100 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 
110 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0 
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12.     APPBITOIX C WHOLB-KBSH TO HALF KRSH  INTBRPOLATION 

The Interpolation method developed to Initialize 5LATBR half »esh fields 
from whole-mesh field* is one  where successive passes ere made on the half a*ah 
octagon.  Bach pass uses results of previous passes to Interpolate different sets 
of points.  The passes are as follows: 

Note:  <wgt> denotes the point weight 
* denotes a whole-mesh point 
♦ denotes a previously interpolated half-mesh point 
• denotes point being interpolated 

Pass*0: 

Pass ill 

Tin ff • 

ElfJLil: 

Unpacks the whole-mesh data, multiplies each point 
by 48 (to prevent round-off errors with Integer 
arithmetic), and assigns them to the appropriate 
half-mesh point.  This pass Is performed onoe to prepare 
the data for Interpolation. 

Interpolate the diagonal octagon boundary points. 

<l/3> # ♦ <l/3> <l/3> # # <l/3> 

♦ <l/3> 

Actual weights 

* <l/3> 

Bffeetlve weights 

Interpolate the octagon Interior, using only whole mesh 
equivalent point*. 

<l/4> ♦ # <!/*> <!/*> # # <!/*> 

<l/*> #      # <l/*> 

Actual weights 

<l/«> #      # <!/•> 

Rffective weights 

Interpolate 
from Pass #2. 

<l/3> # • # <l/3> 

♦ <l/3> 

lnlng octagon boundary points using results 

♦ <5/12> 

Aotual weights 

<5/12> « f 

♦ 

<1/12> #     #<1/12> 

Bffeetlve weights 
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Pass #4: 

<l/4> # 

Pas3 #5: 

Pass #6: 

Interpolate along constant J (rows), between whole-mesh 
equivalent points, using results from Passes #1 and #2. 

<l/4> 

3     # <l/4> 

+ 

<l/4> 

Actual weights 

<1/16> # # <1/16> 

<6/16> # G  # <6/16> 

+ 

<1/16> #     # <1/16> 

Bffectlve weights 

Interpolate along constant I (columns), between whole-mesh 
equivalent points, using results from Passes #1 and #2. 

<l/4> 

# 

<l/4> +       9 +  <l/4> 

# 

<l/4> 

Actual weights 

<1/16> 
# 

* 
<1/16> 

<6/16> 
* 

<6/16> 

<1/16> 
# 

# 
<1/16> 

Bffectlve weights 

Divide each half-mesh point by 48, and pack Into the 
appropriate half-mesh data array. 
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13.  APPENDIX D.  COMPUTATION OF TRAJECTORIES. 

A derivation of the equations that are used to compute the trajectory 
displacements (Section 3) in the 5LAYER cloud model follows. 

Given an air parcel which follows a three-dimensional trajectory In Its 
motion from a starting point S to end point E, we want to express the upstream 
displacement from point E to point S in an x, y, p coordinate system in terms 
of the mean wind components u, v, and UJ valid over the time interval, £t, of 
the parcel's motion: _ 

Ax = -uAt 

Ay = -vAt 

Ap = -wAt 

(Dl) 

Let ue, ve, and u)e be equal to wind components at the trajectory end 
point averaged over the time interval, ^t, and u3, v3, and cU, be equal 
to wind components at the trajectory starting point averaged over the time 
interval /it: 

y. 

The wind components u3, v8, and CAJ<-  can be expressed in terms of a Taylor 
series expansion in the three coordinate directions about the point E where 
the terms containing partial derivatives higher than first order have been 
truncated: 

, 9u .    9u . 
= u +^-Ax+-^-Ay + 

e  9x     3y 
9u 
9P 

AP 

&£ v = v + 1? Ax + !V- Ay + |^ AP 
s   r 9x 9y 9P (D2) 

.   9io .   9w .   9u> Ar, 
(JO = w + -=- Ax + -z- Ay + TT AP 
s   e  9x     9y     9P 

The partial derivatives in equations (D2) are of the wind components 
averaged over the time interval At. 

Ev_--" 
By assuming 

u =  l/2(u    + u  ) 
e s 

v  =   l/2(v     +  u   ) 
e s (D3) 

w ■  1/2(OJ    + u  ) 
e s 

R i 
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K 
DO? 

> 1 

.v.' 

-V- 

V.". 
V, • v;. 

and substituting the expressions in (D2) for u8, va, and L),  , we get 

1 3u .  , 1 3u .    1 3u ._ 
+ 2 3x~ Ax + 2 3v" Ay + 2 3? AP 2 3y 

, 1 3v .  . 1 3v .  , 1 3v ._ 
; Ax + 2 "37 Ay " 2 3x 2 3P 

(D4) 

—       1 3w .  , 1 3o) .  , 1 3ui ,. 
e  2 3x     2 3y ' 2 31' 

Equations (D4) can be written as follows by substituting for 
Ax, £y, and AP from equations (Dl): 

—       1 3u . —  1 3u . —  1 3u . — 
u = u  - -z -r-  Atu - — TT- Atv - -r -rtr Atu) e  2 3x      2 3y      2 3P 

—       1 3v  —  1 3v . —  1 3v . — 
V = V  - -r  -S- Atu - — -r- AtV - — ^r- AtU) 

e  2 3x      2 3y      2 3P 
(D5) 

—       1 3w . —  1 3GJ . —  i 3OJ . — w = a) - -r ■=- Atu - -s -5- Atv - -r •=; Atu> e   2 3x      2 3y      2 3P 

Equations (D5) form a system of three equations in three unknowns, u, v, and 
U, which can be written in matrix form as 

1 + \ £ At 
2 dx 

2 3x 

2 3x 

2 3y 

1 3v 
2 3y 

1 ^1 
2 3y 

At 

At 

At 

I^At 
2 3P 

i^At 
2 3P 

1 9w 
2 3P 

At U u 

(D6) 

The matrix equation AX  B, has a nontrlvlal solution vector X, provided |A| / 0. 

To get (D6) in a simplified form, we let 

1        1   <*"   I 1   + -r —  At 2   dx 

1        !   dv   . 1   + s — At 
2   <)x 

I   + -r — At 
2  dx 

e    = 

2  ay 

1 dv  , 
2 dy 

1 '^    A* 
2 dy 

a     = 1   9u   , 
23P4t 

1 dy 
2 ;ip At (D7) 

1 du , 
2 3? At 
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P 

► v 

ft? 

^ 

NO 
■ A' 

ft 

tfy. 

to get: 

e a a x y p 

b e b 
x y p 

c        c        e 
x y p 

By  Cramer's  rule, 

where 

A2|- 

u   = 

V   = 

ue    a p 

>x      ve    bp 

:x      **.   ep 

A3  = 

u 

x 

_      |A, 
w = w 

ue      ay      ap 

ey      bp 

CY      eP 
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B 

ex      ay      u€ 

bx       ey       ve 

°x      cy 

(D8) 

(D9) 

(DIO) 

.V.V. <-tt&?Z^^ 
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Bxpandlng the expressions for 01, D2, D3, and A we get 

All 

A3I 

ue(eyep 

ex<veep 

ex(ey e 

ex(eyep 

Cybp) 

ebp> 

cyve) 

cybp) 

»y(veep   ebp> • ap(vecy 

ue(bxep 

Vbx e 

ay(bxep 

bpcx> • ap<bx e 

cxve) ♦ ue(bxcy 

cxbp) ♦ ap(bxcy 

e«y> 

cxve> 

cxey) 

cxey) 

(Dll) 

Bach of the terms Ln parentheses In equations (Dll) appears more than once, 
hence, to simplify equations (Dll), let 

v.-. 
1^' - • 

0 

•» 

i*s 

c\ - (ey ep  cy bp), C2 ■ (bx ep   cx bp), 

c3 1 (bx cy  cx ey), dt 1 (ve ep - e 
bp) 

d2 ■ <ve cy   e ey>- d3 ■ <bx 0 C
JC 

¥e>- 

Equations (Dll) then become 

|A||« ue Cl a, dx ♦ ap d2, 

|A2|1 eK Al - ue c2 ♦ ap d3, 

|A3|--  ex d2 - ay d3 ♦ ue c3, 

|A| 1 ex C! ay c2 ♦ ap c3. 

(D12) 

(D13) 

a£ 

IK 
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Substituting from equations (D13) into equations (D9), we get 

u - 
uecl " •y*! ♦ apd2 

excl - Vs 2 *  apc3 

eYd xQl " uec2 UoCo + and Pa3 
v = (DM) 

evc xcl - ayc2 + apc3 

  -exd2 " ayd3 + uec3 
^jj-.     

excl - ayc2 + apc3 

Equations (D7), (D12), and (D14) together yield explicit solutions for u, 
v, and CJ which are then used in equations (Dl) to compute the upstream 
displacements from point e, a grid point, to point 8. 

Using the forecast wind computed by a coarse-mesh wind model, trajectories 
are computed explicitly at all coarse-me3h grid points on the APGWC octagon 
excluding the points on the boundaries.  The goal is to interpolate trajectory 
components from the coarse mesh to the intervening half-mesh grid points. 
However, before doing this, the trajectories computed explicitly in the 
vicinity of the boundaries must be checked and modified, if necessary, to 
ensure that they do not originate outside the octagon.  (The coarse-mesh 
trajectories on the boundaries are derived using the trajectories at grid 
points Indented one coarse-mesh grid unit once the check is accomplished.) 

A zone Indented two coarse-mesh grid units from the octagon boundary is 
chosen In which the trajectories are to be constrained to permit flow only 
toward or parallel to the boundaries.  This Is easily done for the rows and 
columns of grid points parallel to the x and y coordinate axes.  The grid 
points parallel to the diagonal boundaries are constrained using vector 
operations which are described below. The local unit vector perpendicular to 
each of the diagonal boundaries Is defined as 
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u - i 0.7071 i i 0.7071 j 

where i and j are unit vectors parallel to the x and y coordinate axes 
respectively.  The horizontal component of a three dimensional trajectory 
defined by the vector 

D = Axl + Ayj 

is examined to see if it has a component along u directed inward. 
Let 6 be the angle between u and D. By definition, 

(D15) 

(D16) 

eos 0 = 
(D17) 

Consequently, If the vector dot product of u and D is not zero, then 
cos 6 is not zero, and D has a component along "u directed toward 
the Interior of the grid.  This component is defined by the vector 

D * 
(D18) 

The component of D parallel to the diagonal boundary is defined by 

M D - P (D19) 

The horizontal components of the three-dimensional trajectory are then set 
equal to those of M.  If cos 6=0, then the trajectory is not adjusted. 

With the above adjustments accomplished, the trajectories at coarse-mesh 
grid points on the octagon boundaries parallel to the x and y axes are set 
equal to the trajectories at grid points Indented one coarse-mesh row. 
Trajectories at coarse-mesh grid points on the diagonal boundaries are 
computed by averaging the trajectory components at the two closest indented 
coarse mesh grid points. 

After the preceeding method is accomplished, trajectories are available at 
all coarse-mesh grid points.  These trajectories are then Interpolated to all 
of the intervening half - mesh grid points of the APGWC octagon. 
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DISTRIBUTION 

AWS/DN, Scott AFB, IL 62225-5008 3 
AWS/DO, Scott AFB, IL  62225-5008  
AWS/SY, Scott AFB, IL  62225-5008  
0L-A, HQ AWS, Buckley ANG Base, Aurora, CO 8001 9599  
AF0TBC/WB, KIRTLAND AFB, NM 87117-7001  
SD/YDA, P0 Box 92960, Worldway Postal Ctr, Los Angeles, CA 90009-2960  
0L-G, HQ AWS, NHC Rm 631, 1320 S Dixie Hwy, Coral Gables, FL 33146-2976  
0L-H, HQ AWS, (ATSI-CD-CS-SW0), Ft Huachuca, AZ 85613-7000  
OL-L, HQ AWS, Keesler AFB, MS 39534-5000  
DBT 1, HQ AWS, Pentagon, Washington, DC 20330-6560  
D8T 2, HQ AWS, Pentagon, Washington, DC 20330-6560  
AFSCF/WE, PO Box 3430, Sunnyvale AFS, CA 94088-3430  
DBT 8, HQ AWS, PO Box 4239N, Las Vegas, NV 89030  
DBT 9, HQ AWS, PO Box 12297, Las Vegas, NV 89112-0297  
1WW/DN, Hickman AFB HI 96853-5000  

20WS/DON.APO San Francisco 96328-5000  
30WS/D0N.AP0 San Francisco 96301-0420  

2WW/DN, APO New York 09012-5000  
7WS/D0N, APO New York 09403-5000  
28WS/D0N, APO New York 09127-5000  
31WS/D0N, APO New York 09223-5000  

3WW/DN, Offutt AFB NB 68113-5000  
9WS/D0N, March AFB, CA 92518-5000  
11WS/D0N, Blmendorf AFB, AK 99506-5000  
24WS/D0N, Randolph AFB, TX 78150-5000  
26WS/D0N, Barksdale AFB, LA 71110-5002  

4WW/DN, Peterson AFB, CO 80914-5000  
2WS/D0N, Andrews AFB, MD 20331-5000  

5WW/DN, Langley AFB, VA 23665-5000  
1WS/D0N, MacDill AFB, PL 33608-5000  
3WS/D0N, Shaw APB, SC 29152-5000  
5WS/D0N, Ft McPherson, GA 30330-5000  
25WS/D0N, Bergstrom AFB, TX 78743-5000  

APGWC/SDSL, Offutt AFB, NE 68113-5000 AO 
USAFBTAC/LDO, Scott AFB, IL 62225-5438  5 

APGWC OLA, Monterey, CA 93943-5105  
APGWC OL-C, NOAA/NBSDIS, E/SPI, MailStop B, Federal BLdg 4,  

Washington, DC 20233-0001  
7WW/DN, Scott APB, IL 62225-5008  

6WS, Hurlburt Field, PL 32544-5000  
15WS/D0N, McGuire AFB, NJ 08641-5002  
17WS/D0N, Travis APB, CA 94535-50000  

3350 TCHTG/TTGU-W, Stop 62, Chanute APG, 61868-5000  
Naval Research Laboratory, Code 4323, Washington, DC 20375  
NAVOCBANCOMFAC, NSTL, Bay St Loula, MS 39529-5002  
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NOCD, Offutt AFB, NB, 68113 5000  
COMNAVOCBAN, NSTL, MS 39529 5000  
NKPRF, Monterey, CA 93943 5106  
FNOC, Monterey, CA, 93943-51005  
AFGL Library, Attn: SULLR, Stop 29, Hanscon AFB, MA 01731 5000  
AFGL/LY, Hanscom AFB, MA 01731 5000  
Atmospheric Sciences Laboratory, White Sands Missile Range, MM 88002 5501 
Technical Library, Dugway Proving Ground Dugway, UT 84033 5501  
AWSTL, Scott AFB, TL 62225 5438  
NOAA (W/FC), Federal Coordinators Office, Rockville. MD 20852  
National Meteorological Center, N0AA/W1NMC, Washington DC 20033  
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