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A SYNOPTIC-SCALE MOOEL FOR
SIMILATINRG CONDENSED ATMOSPHERIC MOISTURE

1. Introductilon.

Historlcally, the many rarameters in the atmosphere that are measured on a
routine tasis do not include the condensed moisture content, its thurmodynanmic
phase, or its drop-size distribution. The three parameters mentioned above are
dirfficult at best tc measure in the free atmosphere and to obtain oiservationc
of them on a global scale is presently beyond the state of the art. Even
Lhough remote sensing devices using satellite observatiou platforms are being
tested, no adequate,read(ly available method of observing theae elements is in
existence. Since numerous present-day problems are deeply concerned with and,
in many cases, entirely dependent on such knowledge, the synoptic-scale model
for simulating condensed atmospheric moisture (referred to below as the model)
was developed. This model is designeé to use operationally-produced, gridded
global analyses to produce a "best estimate” of condensed moisture content, its
thermodynamic phase, and the resultant drop-size distribution at a point in
space and time.

A second application allows the user to input summarized cloud data and tem-
perature profiles from station files and produce station analyses of the con-
densed moisture.

Another application of the model allows the movement (via flight simulation)
of a payload to be followed through the simlated weather environment and enable:
information on the effects that the enviromment exerts on the specific payload
to be collectnd.

This technical report only treats the use of gridded inputs to perform the
environmental simulations and contains diszussion of the following major toplca:

a. The input data bas=,including design and source.

b. The method used for specification of total condensed moisture content,
its thermodynamic phase, and the subsequent drop-size distribut‘on.

¢. Change in parameter determination.

d. Model output.

e. Application.

f. Additicnal model improvements and conclusions.

2. Input Data Base.

The Alr Porce Global Weather Central (AFGWC) operationally produces two dig-
tinct, gridded data bases. These include a global cloud analysis, referred to ac
the 3DNEPH, and a second data base consisting of the global analyses of conven-

1
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tional parameters including trz Northern Hemisnhere Analysis (NHA), the Tropical
Weather Analysis (TWA), and the Southern Hemisphere Analvsis (SHA) Further de-
velopment o2 these data bases for climatological use¢ by the USAF Environmentsl
‘“vhnical Applications Center (USAFETAC) are detailed by Peddes, et al, in
JSAFETAC TN 74-2. Throughout this report the horthern Hemisphere portion of

the analysis data base is referred to es the NHA and the Southern as the SHA.
5ince the Northern and Southern Hemispher:s of the 3DNEPH and the analyses are
mirrored projections, any programs used in the Northern Hemisphere have direct
application in the Southern Hemisphere.

The input to the mndel utilizes the 3DNEPH box and analysis time filles. i:n
put parameters and the source for areal simulation are as follows:

&. Low, middle, high, or convection cloud types - 3DNEPH.

b. Layered cloud amounts - 3DNEPH.

¢. Present weather conditions - 3DNEPH.

d. DBase, tops, and midpoints of layers - APGWC Model Terrain.

e. Layers that define low, middle, high, or convective type - APGWC 3IDNEPH
definition.

. Temperature and D-value profiles (USAPETAC TN 74-2 - Appendix B)
3. Data Cormpatibility.

Data compatibility, as concerns geographicai location of points from tne
3DNEPH and the NHA, presents a major problem in the simultaneous use of the ty>
data bases since the 3DNEPH has a nominal horizontal resolution of 25 nm while
the NHA has a resolution of 200 nm. Thus, every ninth point on every ninth
line of the 3DNEPH corresponds exactly to an NHA point. Using an example of any
2x2 set of points,; the corresponding relationship between the NFMA and the 3DNEPH
points is shown in Pigure 1. To preserve the resolution of the 3DNEPH and,
therefore, the synoptic scale of the simulation, horizon.al interpolation of the
NHA parameters is necessary. The parameters to be interpolated include temper-
ature and D-value fields for the standard levels bdetween 1000 and .0 mb and
the surface temperature field. An NHA point coincides with every ninth point
on every ninth row of the 3DNEPH, thus, the upper left point in a 3DNEPH sudb-
box (Figure 3) is the only one that corresponds to an NHA point. Therefore, 63
double-linear interpolations are used to determine the values of the parameier
at the 3DNEPH resvlution. Pigure 2 is an example of a horizontal temperature
interpolation for the point on row 4 and column 4 and indicated by a circle on
Figure 1.

The temperature interpolations in the vertical are linear and use a set of
predetermined constants based on the terrain for each point, the D-value (Laight
profile, and a temperature profile correspondire to the D-value pvofile. The
predetermined constants based on the terrain are on & set of tapes containing
heights of the 3DNEPH layer bases, tops, and midpoints in meters above MSL.
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anil 3DNEPH Points. Temperature Interpolation.
‘able 1. er Which Can Contain
Clouds with 2500 Mster Mean Sea Level
Terrain. 1 ]2 !
Layer Tops Bases Midpoints
c 1 2586 m 2500 m 2523 m 9 |10
2 2531 2546 2569
I 2805 a8 ok
2805 3 27
2 3110 20805 2958
E 5436 2267 3376
9 6702 5486 6092
10 % 6702 731
1 10667 7T 9295
1.2 16763 7 13715
1
15 57 62 |63 64
Low Clouds Layers 1-7
Middle Clouds Layers 8-10
High Clouds Layers 11-12 Pigure 3. Sub-box Numbers Within
Convective Clds Layers 1-12 & 3DNEPH Box. The sub-box inter-
Number of usable Layers 12 sections are NHA points.

THese tapes also contain information pertaining to the inclusive layers that can
contain low, middle, high, and convective clouds, and the number of layers (up
to 15) that have clouds. An example of tops, bases, and midpoints of layers
that can contain clouds for a terrain of 2500 meters is given in Table 1. The
table also gives the inclveive layers for low, middle, high, and convective
clouds, plus the number of layers that can contain ciouds. This predetermined
terrain-dependent information is stored by row within 3DNEPH box/sub-box con-
figuration, l.e., each 3DNEPH box is further divided into 64 sub-boxes (see
rFigure 3).
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Using the results of the horizontally interpolated D-value (height) and tem-
perature profi.es and the terrain-dependent constants, the vertical interpcla-
tions are performed. Using the two NHA pressure ievels that encompass a 3DNEFPH -
layer midpolint, the layer midpoint temperature is calculated and stored for
later use in the model. ‘The 3DNEPH-point parameters listed earlier, the layered
cloud amounts converied to MSL, terrain-dependent constants, and the temperature
profile become input to the model.

Time compatibility of the 3INEPH (analyzed every three hours) and the NHA
(analyzed every 12 hours) requires that zimulation be performed only at 00Z and
12Z until dependable time interpolatisrn techniques can be adapted to the his-
torical time files of the N'A and SHA.

Iy, cification of Condensed Moisture Content, Thermodynamic Phase, and Drop-

Size DNiatrioution.

The specification of condensed moisture content, its thermodynamic phase,
and 1ts subsequent drop-sice distribution on a global acale is best performed dy
the extension of measured parameters through automated estimation. The ration-
ale used in developing the following techn.ques 1is contained in USAFETAC TH 7&-:
The basic techniques arc described below and the reader is refarred to the above
referenced Technical Note for discussion of the theoretical bdasis {nr the paranm-
eterizations. Additionsl refinements to the specifications of condensed mois-
ture content, the thermodynamic phase, and the drop-size distribution are con-
tained here in the section titled "Change in Parameter Determination.”

a. Condensed Moisture Content. The condonsed molsture content at a point {:
estimated frcm five parameters. These parameters arc the temperature at the pols
in question, type of cloud that exists at the point, the percenlage that the pol:
is above the cloud base, the amount of cloud for the layer {(applied to the point’
and whether pracipitation exists at the surface below the point. The percentage
that the point 1s above the cloud base 1is derived by dividing the difference he-
tween the height of cloud top and base by the difference between the height of t!
midpoint of the layer and the cloud base. The quotient is then multiplied dy 10

The process begins by taking the cloud type and the temperature at a point
and determining the maximum condensed moisture (CM) that can exist for that
combination. This maximum CM 1a evaluated fror a "look-up” table developed
from the information contalned in Table 2. This table is similar to that con-
tained in the USAFPETAC Report #6988 by Peddes (unpublished). The Table i3 a
"best estimate” of maximum condensed moisture and was derived from an exiensive
literature search on measured condensed moisture.

Next, obtain the percent of the maximum condensed mcisture which can exist
at that level in the particular cioud concerned. The vertical cloud profiles,
Figures 4 through 7,from Peddes' USAFETAC Report #6988 are used tc determine
the condensed moisture content. This produces the maxjirum amount of condensed
moisture to be expected at that 3DNEPH-layer midpoint.
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Table 2. Ths Mexirmum Condensed Moisture (in g/m3) that can Occur in
a Nonprecipitating ~loud as a Punction of Cloud Type and Temperature.

Temperature {degrees C)

-25 -20 -15 -10 -5 0O +5 +10
Cloud <«-25 to to to to  Ze] to to te > 15
Type -20 -15 -10 -5 0 +5 410 +15

ST 10 .15 .20 .25 .30 .35 .o .45 .50 .50
sC .20 .30 .80 .85 50 .55 .60 .70 .70 .70
cu 3.0 3.0 3.0 3.0 3.0 3.0 30 3.0 3.0 3.0

NS .35 .4c .45 50 .60 .60 .75 .90 .90 .90
AC .25 .30 ,3% .40 b0 .45 .60 .70 .70 .70
AS 15 .20 .25 .30 .30 .35 .LO .50 .50 .50
cs .15 .15 ,15 .20 .20 .20 .25 .25 .25 .25
cI .10 .10 .30 .10 .15 .15 .15 .20 .20 .20
cc .05 .05 .05 .05 .10 .10 .10 .15 .15 .15
cB 6.5 6.5 6,5 3.5 6.5 6.5 6.5 6.5 6.5 6.5

If precipitation is occurring at the surface below the point being con-
sidered, the precipitating curve on the profile for the appropriate cloud type
18 used. AlsO, in cases where precipitation is present, the portion of the
condensed moisture to the left of the nonprecipitating curve is considered
cloud moisture and the portion bdbetween the nonprecipitating value snd the pre-
cipitating value 1¢ precipitation. In cases where the precipitating value is
less than the ncaprecipitating value, all of the condensed moisture 1is considere
to be moisture in cloud form.

Pinally, the amount of condensed moisture t0 be expected in that layer is
multiplied by the percent of cloud amount reported in the 3DNEPH. This last
computation assumes that, for layers that are not totally filled with cloud,
the clouds that do exist are randomly distridbuted and, therefore, the condensed
moisture is evenly distributed throughout the area defined by the point. A
modification of condensed moisture determination in precipitating convective
clouds is discussed in the section "Change in Parameter Determination,” Para. 5a.

b. Thermodynamic Phase. The thermodynamic phase of the condensed moisture
from the previously-discussed process can now be determined. Initially, the
formula given in the discussion of the thermodynamic phase by Smith in USAFETAC
TN 74-1

Percent supercooled water = 2.5 (T-233)
with 233 £ T €273 =and
T in degrees Kelvin

was applied to determine what percentage of the total condensed moisture is
liquid and what portion is solid. This requires the temperature of the point in
question and the total condensed moisture obtained for the layer. Improvement
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Figure 5. Vertical Cloud Profile, ST, AS, CS, CI, CC.

in this determination is discussed in subparagraph S5b, "Change in Pu.rameter De-
termination."”
If precipitation is present, the thermodynamic phase is applied to cloud

water and to rainwater. Therefore, it 1s possible to have four types of hydro-
meteors, liquid cloud moisture, s0lid cloud moisture, liquid rain, and solid

rain or snow.

¢. Drop-Size Distribution. After the four types of moisture content have
been determined, a drop-size distribution can be applied to each.

The cloud moisture 1s distributed in drop size according to the equation,
% CM = A(r - B), a8 described by Smith in USAFETAC TN 74-1. This relationship
gives the percentage of the total cloud moisture (liquid or solic¢) at a radius
r. This percentage is then converted to the number of drons/cm® for a radius r.
The parameters A and B for each particular cloud type are given by Table 3.
Expansion of the drop-size distribution determination technique is discussegd in
"Change in Parameter Determination,” subparagraph S5c.

7
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Pigure 6. Vertical Cloud Profile, SC, NS, AC.
The precipitation distribution gable 3. Drop-Size Distribution
utilizes another equation cited by Qloud Parameters.
Smith in USAFETAC TN 74-1, which is: CLOUD TYPE A B
*P (CM):ES Cumulus Congestus 25/ 9 L
Stratocumilus 60/11 2
where r is the drop-size radius in Altostratus 30/ 7 3
microns, CM is the liquid or solid Nimboatratus 54/19 5
precipitation in g/m®, and N(r) 1s Stratus 30/11 6
the number density of droplets/m®/ Cirrus 48/ 5 8

nmicron interval. This equation was

arpiied as shown with the exception of a slight adjustment of the constant -4.74.
to -4.555. The number density distribution was first calculated at whole micron:
(1-3000) for a particular amount of precipitation using the constant -4.744. Us-
ing the number of drops determined at each whole micron radius (1-3000) and the

8
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responding reduction in the overall total.

form) or unstable (cumilus and cumalonimbus).
curve is of the form:
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Figure 9. Supercooled Cloud Moisture Curves,
Stable and Unstable.
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lating the drop-size distribution. These changes are discussed below.

a. The differential fall velocities of liquid and solid water will decrease
the total condensed moisture below the freezing level. This decrease has been
substantiated by recent measurements and is accounted for in the model. This
change in total condensed moisture at the freezing level will have the greates!
effect {n the preci;}itatim portion of a convective cloud where maximum moistur
contents in excess of 15 g/m® have dbeen observed. Below the ‘reezing level in
precipitating convective clouds, the 1iquid precipitation portion of the total
condensed moisture in the model has been reduced by a factor of .5 with a cor-

b. The thermodynamic phase of the condensed moisture initially utilized a
linear function to define supercooled water in a temperature range from O %o
-40°C. To further define the amount of supercooled liquid, curvilinear func-
tione were applied and the cloud types were stratified as either stadle (strat’

The supercooled stadle cloud

M grqr = (¢7F - 0.0263) x 1008
where B 1s 0.0909091 *C™}, X 1s the temperature in °C limited by -40 ¢ X & O,

and c"\mtor is the condensed moic
ture in percent. The ice portior
of the supercooled total condensed
moisture for stadble clouds is:

CMice = 100 - CHater

The supercooled unstadle cloud
curve ig of the form:

Hypter = (Cos 3 %) x 1008
where A 1s -B0°C, X is the tenm-
perature in °C limited by -40 =«
X £ 0. The ice portion of the
total condensed moisture for un-
atable cloud is:

CMyce = 100 - Mater

The curves are represented in
graphic form in Pigure 9.

¢. The drop-size distribu-
tions discussed by Saith in his
Technical Note and their deriva-
tion in units of number/cm?/
micron radius were generalized
by curve-fitting to all cloud
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types. This change in the specification of drop-size distridution anableg the
user to specify number density at any point on the curve. The model 1is ar-
ranged to produce number densities at all whole microns (1 through 42). The
amount of detail required by the user is & function of the applicaticn. The
normalized equation for the calculation is of the form:

Y. of arops = {(B) (o) (XB)™ exp [(8) (5B)" - 1T x io®

= point of maximum amplitude
location of the origin of the ‘curve
percent of CM in 1 micron interzal centered at (&)
= volume of a drop with a radius of (a) (micron?)
CM = amount o? CM for that calculaticn
X = drop-size (radius) for which calculation is made
S = ghape factor of the curve
m = amplitude of the curve
No. of drops = d4rop donllty/g/ncmn radius interval centered at 1.

where

< v we

A list of variables for the adove equation are given bdy cloud type in Tadle &,
The constants are such that the total amount for each molisture type ia accounte.
for within the distribution limits of each cloud type. A typlcal distridution
for each cloud type is graphically displayed in Pigures 10a through 10h. The
cloud ice always uses the cirrus drop-size distribution (Pigure 1l0g)}. Also, it
should be noted that, for convenience of display, cloud water drop-aize dis-
tribution is calculated for a cudir centimeter {cm®), whereas the calculations
for precipitation drop-size distridution concern cudic meters (a®).

Table 4. Variables Used in Curve Pitting.

CLOUD TYPE P v X s L] a B
ST .0002 65.45 0-40 .1975+ 6 2.5 0
sC .0064 65 .45 0-25 836 6 2.5 0
cu .0045 65.45 0-20 .322 6 2.5 0
NS .00C¢3 56 .45 0-40 .1575 6 2.5 o}
AC .0003 65.45 0-30 .252 6 2.5 ]
AS .0181 1767.15 0-40 .124 36 7.5 o]
cs .0068 1767.15 5-80 L1755 6 7.5 5
cI .0068 1767.15 5-40 .1755 6 7.5 5
cc .0068 1767.15 5-40 L1755 6 7.5 5
CB .0055 4178.21 0-40 .0593 36 10.0 0

€. Model Output
The output required from this environmental simulation is entirely depend-
ent upon its application. The application ~an range from a frequency distribu-

12
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tion of condensed moisture to the effects of this model environment on a pay-
load, microwave signal, or on a reentry vehicle through the use of flight simm-
lation. .

The modular construction of the model itself allows cutput at three separatc
exit points. The exit points are sequential such that, the information avail-
able at Exit 1 1s also available at Exits 2 and 3 and the information at Exit ©
is available at Exit 3. This modular concept will have g major impact on the
computer time involved if, in certain instances, exscution of the program to
the second or third exit points is not required.

All output information is for 3INEPH-layer midpoints and the model will
senerate 15-level parameter profiles for a point at each exit as shown:

- RS

EXIT PROPILE
1 Total Condensed Moisture (g/a’)
2 a. Cloud Liquid Content (g/m®)

b. Cloud Ice Content (g/m®)
¢. Rain Liquid Content (g/m?®)
4. Rain Ice Content (g/m®)
) 3 a&. Drop-Size Distridution of Cloud Water and Cloud Ice
(number/cx®/micron interval)

b. Drop-Size Distribdution of Rain Vater and Jce Water
(number/m®/micron interval)

Tables 5a and 5b indicate the cutput at each exit for a precipitating cumlo-
nimbus cloud over water for the appropriate 3DNEPH parameters and temperature
profile tabulated in Table Sc.

Tadble 5a. Model Program qu{ut at Exits 1 and 2 for
Precipitating Cumlonimbus Cloud.

Total

Migpoint Condensed Cloud Cloud Rain Rain
Height- Moisture Liquiad Ice Liquid Ice

layer ters) (g/m®) (/=) n (g/=2)
1 23 10.140 2.405 0.000 7.735 0.000
2 69 10.1450 2.4805 0.000 7.735 0.000
E IEZ 10.130 2.405 0.000 T.73% 0.000
2 10.140 2.805 0.000 T7.735 0.000
5 k58 10.1480 2.4¢c5 0.000 7.735 0.000
6 838 10.1k0 2.805 0.000 T.735 0.000
g 1295 10.140 2.405 0.000 7.735 2.000
1752 10.140 2.505 0.000 7.735 0.000

9 2514 10.130 2.405 0.000 7.735 0.000
10 2357 17.875 2.3 0.012 15.388 0.077
11 17.875 2. 0.061 15. 0.390
12 6092 12.675 3. o.gzg 8.347 v.623
1 731 12.675 3.152 0. 7.647 1.322
1 9295 6.500 2.87 2.066 0.907 0.653
15 13715 4,095 0.000 4,095 0.000 0.000
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Table S5¢c. Input Parameters. 7. Application
layer Cloud Amount 'nanpopture The input and the output forms de-
(¥o.) (Percent) (c) scribed in the preceding section have
1l 100 1 a wide ariety of applications in de-
2 1 n veloping climatologies of specific
?t 100 11 parsseters individually or in combina-
2 19 12 tions thereof. Many of the environ-
g 100 5 mental problems for a specific geo-
9 :]l_gg g graphical area and season can be ans-
10 100 -4 wered with statistical parameters
11% i% -ig derived from tabulations of variables
1 100 -22 quantified or utilized in this model.
15 igg :532 The amount of conaensed moisture
stratified by tesperature for a spe-
low cloud type -~ None cific area can produce a prodbability
ﬁ:ﬁl :l:ulzud wpe ;O:m for successful deployment of a spe-
Convective cloud type - CB cific weapons systes. The same type
Present Weather Paramster - Rain of tabulation can be used to study the

effects of water and ice on the be-
havior of passive and active electro-optical systesms.

< Another application of these paramsters is thelr use as input to payload
simulation. Wit' this approach, time-by-time environmental effects can be
measured for a specific aircraft, signal, or spacecraft and the resulting im-
pact summarizad. This would facilitate dringing specific environmental con-
siderations into the design of future systems.

8. Additional MoJsl Improvemsnts and Conclusions.

Puture development of the model can be accomplished in four distinct areas:
(a) input data accuracy; (b) additional experimental measurements in deriving
the tables, curves, and formulas; (c) improvement in the current estimates by
more elaborate uses of the data currently availadble such as wind components and
dew-point depressions; and (4) investigate time interpolation of th: input to
increase the time resolution of the estimates.

Improvemsnt that can be made at USAFETAC is related to (c), above. A spe-
cific improvemsnt will be to define the history of the air mass and the geo-
graphical location of the area in question. Air =mass history can be sgpecified
by methods noted by Feades in ETAC Report #6988 (unpublished). ILocation of the
air mass can bde defined by the geographical loca*ion of the 3IDNEPH box being
processed.

Improvements to the input data base are contimual at APGWC. With the addi-
tion of more satellite data and refinements in the cloud analyses, major im-
provements in the quality of the input have been accomplished throughout the
period of record. Noting future requirements and the increasing interest in

18
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cloud definition above 20,000 feet, a refipremsnt of the vertical resolution of
the 3DNEPH is extrsmely desirable. PForecast models currently exist at AFGWC
that could well be applied to this model, thus, giving a greater time resolu-
tion to the estimates. '

The advent of more and more complex weapons systems continually necessitate
the need for more accurate environmental definition. By coupling this model
with approvriate simulation techniques, the impact of the environment can be-
come an even more significant input in the design and testing of future syster:
that operate in and above the sarth’'s atmosphere.

Best Available Gopy
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