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Preface

Air Weather Service (AWS) requested that USAFETAC
investigate the feasibility of using a s{ppler model of
the water-vapor profile above the -40"C temperature
level in the AWS point-analysis program. This report
presents the results of that investigation.

In the event that this report is incorporated into
another report by the reguestor or any other agency,
request that USAFETAC be given credit and furnished a
copy of the new report when such dissemination is not
prohibited.

USAFETAC prepared this report to document the re-
sults of a specific study. Further questions on this or
related problems should be referred to USAFETAC for con-
sultation and study.

The author gratefully acknowledges the contributions
to the work reported herein made by Major Thomas Stanton
and Capt Harry Henderson. Their work on the MOD2 and
the regression eqguations, respectively, was done prior
to their departure from USAFETAC in 1975.

A ’v ,.v b ih g ol do B
i‘ i - Mharor.
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AN LVALUATION OF SEVEKAL MODELS FOk DESCRIBING
THE AﬁMQSPHLRIS WATER-VAPOk PROFILE ABOVE THE
-40°C TEMPERATURE LEVEL

lntroduction

Users of the Alr weather Service (AWS) poilnt-analysis program reguire reliable
water ~vapor profiles fror the surface to the lower stratosphere. However, conven~
tional raonoagnde data do not produce reliable humidity measurements in the region
above the ~40U C temperature level. 1In 1975, USAFETAC performed an analysis of Naval
hesearch Laboratory (NRL) frost-point measurements and from this analysis cog-
structed a regression model tou describe the water-vapor profile above the =40°C
temperature level. The results of this analysis and modeling effort, reported on in
USAFETAC KReport 7584 |4), were encouraging. Based on these results, particularly
those of the transmissivity analysis, customers recommended [l] that AWS incorporate
the new model i1into the operational point-analysis computer code. However, before
doing this, AWS asked USAFETAC to investigate the simplification of the model. This
report contains the results of that investigation and updates USAFETAC Report
sU35 [5]. An error analysis compares the results from each of the models with the
NMRL frost-~point soundinas used as “ground truth."

booification of the New Model

1lhe new model reported on in keport 7584 (4] used a linear-regression technigue
to estimate the frost points at the tropopause (TFOOKM), at 1 km above and below the
tropopause (TFPLS1 and TFMNS1l), and at 2 km above and below the tropopause (TFPLS2
and TFMNS2). The model also used a regression estimate of the height of the hygro-
pause (LMIXXX) and established frost-point values that vielded mixing ratios of
3 ppm at the hygropause (as defined in USAFETAC Keport 7584 (4]) and 0.5 km above
the hygropause. Tgese estimated frost points, together with the %bsetved frost
points at the -4u C temperature level and at 0.5 km below the =-40C temperature
level, were then used in an Aitken-Lagrange interpolation scheme to calculate the
frost points at 0.5 km intermediate intervals. The predictors for the regression
estimates of the frost points at the five levels at and about the tropopause
incluced:

a. 1F - (Variable No. 2) the frost points at that leveb estimated from the nine
observed frost points at 0.5 km intervals down from the -40 C temperature level,

©. DELTAH - (Variable No. 3) the distance between the tropopause and the -40°C
temperature level,

¢c. GlA - (vVariable No. 4) the average lapse rate in the first kilometer above
the tropopause (C/km),

d. G3A - (Variable No. 5) the average lapse rate in the first 3 km above the
tropopause ( C/km),

e. GIB =« (Vsriable No. 6) the average lapse rate in the first kilometer below
the tropopause ( C/km),

f. G3F =~ (variable No. 7) the average lapse rate in the first 3 km below the
tropopause ( C/km),

g. T - (Variable No. 8) the temperature at the particular level (OC).
h. P - (Variable No. 9) the pressure at the particular level (mb), and

1. ALCCE - (Variable No. 10) the natural logarithm of pressure.

The variable ALCGP accounted for most of the reduction of variance in the frost-
point estimates (see Tables 9 throuagh 13 in Report 7584 [4])). The lapse rates for
the first kilometer above and below the tropopause and for the first 3 km below the
tropopauce and the temperature at the particular level collectively served to reduce
the variance of the frost-point estimates another 5 to 20 percent. Conseguently, 1t
appearea that dropping the other predictors from the regression equations would prob-
ably not significantly affect the performance of the model. Furthermore, since the
hygropause generally occurred about 1 km above the tropopause, it appeared that we




could assign a fixed value (1 km) to it and eliminate the need to estimate the hygro-

paute hetght and the trost points at 1 and 2 km above the tropopause, TFPIKM and
TEFP2KM, respectively. Thus, the streamlined version (hereafter referred to as
MOD1A) of the new model reported on in Report 7584 (4] (hereafter referred to as
MOLCl) requires regression estimates of only the frost point at the tropopause

(1FCUKM), and at 1 and 2 km below the tropopause, TFMIKM and TFMZ2KM, respectively.
Frealctors for these predictands are as follows:

a. for TFOOKM: GlAa, G1B, G3B, T, ALOGP.
b. for TFM1KM: G3B, T, ALOGP.
(= for PEM2KM: T,

The results of the regression analysis appear in Tables 3 through 5. An explana-
tion of these tables along with the correlation matrices appears in Report 7584 [4].
The variable numbers referred to in Tables 3-5 in this report and in Tables 9-13 in
Report 7584 [4) refer to the predictors, each assigned a variable number, as given
in the 1list a. through i. on page 1. The regression equations used in MODI and
MOD1A take the form

Yy = RI + AXTF + BXDELTAH + CxGlA + DxG3A + ExG1B (1)
+ FxG3B + Gx7' + HxP + IXALOGP

where y 1is the predictand, RI is the intercept value, and A thru I are the co~
efficients for the predictors. The predictors are defined above. Table 6 gives the
intercept values and the coefficients for the predictors for each predictand used in
mMOL1 and MODI1A.

A New Mixing-Ratio Model

The current effort included an evaluation of a simple mixing-ratio model. This
model, coded by Maj Thomas E. Stanton in 1975, but not reported on 1in Report 7584
{4] , used the regression estimates for the tropopause frost point and the 3 ppm val-
ve for the mixing ratio at the hygropause, the height of which is also estimated
from regression as in the models described above. From these values, mixing (atigs
are 1nterpolated logarithmically in pressure between the tropopause and the -40°C
temperature level, and between the tropopause and the hygropause. A second version
of this model uses a fixed value of the hygropause height of 1 km above the tropo-
pause as 1in model MODlA described above. These mixing-ratio models are hereafter
referred to as MOD2 and MOD2A, respectively.

Comparison of Performance of the Models

This section describes the performance of six water-vapor models. Report
7584 (4] described the development of one of these, i.e., MODl, whiie this report
describes the simplification of that model, i.e., MODl1A, in addition to two other
models, i.e., MOD2 and MOD2A. The following summarizes the salient characteristics
of the six models:

a. Mixing ratio ~ the original moisture model used in the point analysis pro-
gram. This model interpolates logarithmically 18 pressure between the 2 ppm mixing
ratio at 150 mb and the observed value at the -40°C temperature level.

b. Frost-point depression - the model currently employed in the point-analysis
program. This model interpolates logarithmically in pressure between the frost-
point depression corresponding to & mixing ri;io of 2 ppm at the 150 mbt level and
the frost-point depression observed at the -40 C temperature level.

c. MODl - the model described in Report 7584 [4]. This model usec regression
estimates of the frost point at five levels, the tropopause and 1 and 2 km above and
below the tropopause, and a regression estimate of the hygropause height. The reqres-
sion estimates use nine predictors, one of which 1is a regression estimate at the
frost p81nt at that level, estimated from nine observed frost points at and below
the -40°C temperature level. An Aitken-Lagrange interpolation scheme "fills" in the
frost points at 0.5 km intervals.

d. MODIA - similar to MOD1l, except rearession estimates of frost points are
agone at only three levels (tropopause, 1 and 2 km below tropopause) and only five
predictors are used for the tropopause frost point, three for TFMIKM, and one foi
TFM2KM. No frost points are used as predictors,




e. MOD2 - a simple model, using the same regression estimates for the frost
point at the tropopause and for the hygropause height as used 1in MODI1. Mixing
ratios are interpolated logarithmically in pressure between a value of 3 ppm at the
hygropause ana the value estimated a& the tropopause and between the tropopause val- i
ue and the observed value at the -40C temperature level. ‘

f. MOD2A - same as MOD2 except it uses the regression estimate of the frost
point as done 1n MOD1A. Hygropause fixed at 1 km above the tropopause.

Two methods were used to compare the performance of the six models. The first
method used the cumulative precipi&able water in a vertical column from 10 km above
the tropopause downward to the -40"C temperature level. The second method uged the
transmissivity in the 2.95 um band in a slant path, i.e., zenith angle of 80 , from
l10u km to the -40°C temperature level. Two sets of data served as the references
for these model comparisons. The first set consisted of the 101 NRL frost-point
soundings, taken in 1964-1973, used to develop the regression coefficients, 1i.e.,
the dependent data set. The second set, serving as an independent data set, con-
sisted of 14 NKL soundings taken during 1974-1976. Report 7584 (4] contains detailils
of the 1instrumentation used to obtain the frost-point soundings as well as the
dates/times of the observations. The dates/times of the independent data appear 1in
Table 1 of this report, while Table 2 summarizes these data by tropopause pressure.

The results of the model comparisons for cumulative precipitq?le water in a vert-
ical column from 10U km above the tropopause downward to the -40 C temperature level
appears in Figures 1 thru 4 and in Tables 7 and 8. Results for dependent and inde-
penaent NRL frost point data,_ 1i.e., "ground truth," appear separately. Figures 1
ana 2 show the average error, € , in cumulative precipitable water as a function of
altitude for the dependent and independent data, respectively, where

¢ (percent) = €5 (2)

i=1
ei(percent) = IOO(Wm-wo)/Wo (3)

ne—o

and

Here ¢, 1s the percentage error in the cumulative precipitable water at a given
height, Wp 1s the modeled value of the cumulative precipitable water, in the verti-
cal column from 10 km above the tropopause to the given height, and W, is the cumu-
lative precipitable water in the same column calculated from the NRL observed data.
Also shown on these figures is the standard deviation of the percentage error at
selected levels and the total number of soundings used at each level. The latter
decreases with decreasing height since a sounding &s not included at a given level
1f 1ts temperature at that level is warmer than -40 C.

|For example, in Figure 1 we see that the number of soundings wused in
comparisons decreasead from the maximum available of 1lul levels at heights
hicher than 3 km above the tropopause to only nine at 5 km below the tro-
ropguce. This simply reflects the fact that for all of the soundinas the
-40°C temperature level occurred at heigh&s 3 km above the tropopause
or less but that for nine soundings the -40 C temperature level was more
than 5 km below the tropopause.]

The mean error, ¥, in the stratosphere results from the choice of the value vsed for
the constant mixing ratio and could be reduced to near zero by choosing 2.7 ppm
rather than 3 ppm as used in the four new models or the value of 2 ppm used in the
two old models. PBelow the tropopause the four new models all show relatively small
errors in the mean for the first few kilometers below the tropopause. However, for
those cases where the -40°C temperature level is more than 3 km below the tropo-
pause, the new models tend to overestimate the water vapor.

Figurec 1 and 2 show how the mean error varies with the distance from thg tropo-
pause, while Tables 7 and 8 show some statistics of the error at the -40'C temp=-
erature level, the base of the modeled region. In these tables the column thickness
varies since the heiaght of the =-40"C temperature level varies relative to the
tropopause. The one-tailed Student-t test revealed no significant difference at the
U.U05 level between the means of the four new models, but the difference in the means
between any one of the new models and each of the two old models, i.e., the mixina-
ratio and frost-point depression models, was significant at the 0.05 level. Fig-
ures 3 and 4 show &he distributions of these errors in the cumulative precipitable
water at the -40C temperature level for the dependent and independent data,
respectively.




The results of the model comparisons, using as the criterion the error in trans-
missivity 1in the 2.95 um band along a slant path (zenith angle of 80 ), appear in
Tables 9 thru 12. Details of the method used to calculate the transmissivity appear
in Report 7584A [(3]. The use of transmissivities constitutes a more meaningful com-
parison for the customer than a comparison of precipitable water since transmissiv-

1ty relates directly to system performance. The one-tailed Student-t test revealed
no significant difference at the 0.05 level between the means of the four new mod-
els. However, a significant dirfference did exist at the 0.01 level for the inde-

pendent data between the means for each of the new models and the frost-point depres-
sion model, the model cu'rently in use in the point-analysis program. Tables 10 and
12 give the distributions of the absolute value of the errors for each of the models
for the dependent and independent data, respectively.

Thus, the model comparisons just described reveal two significant facts. First,
no significant difference exists, in a statistical sense, between the mean errorec in
either cumulative precipitable water or Bransmissivity in a vertical column or slant
path, respectively, with bases at the -40°C temperature level. However, and second-
ly, the new models did demonstrate a statistically significant reduction in the mean
errors for both cumulative precipitable water and transmissivity over the means for
the two old models. Similar results can be seen for the number of cases with abso-
lute errors of various magnitudes (Tables 10 and 12).

Conclusions and Recommendations

Any one of the four new models will result in substantial improvements in defin-
ing the water-vapor profile above the -40 C temperature level over that obtained
with the currently used frost-point depression model. Using as a criterion the er-
ror in transmissivity from 100 km to the -40°C temperature level at a zenith anale
of U, the simplest model, i.e., the new mixing-ratio model, MOD2A, performs
equally as well as the more complex models, MODl, MODIA, and MOD2. However, this
model may not perform as well as the more complq§ models in describing the entire
vertical profile of water vapor above the =-40"C temperature level, (see, for
example, Fiqures 1 and 2). Therefore, for the purpose of describing the total pre-
cipitable water or, more sg@cifically, the transmissivity in the 2.95 um band in a
slant path down to the -40°C temperature level, MOD2A could be incorporated into the

point-analysis program instead of the more complex models, i.e., MODl, MODIA, and
MOD2.
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Table 1. List of NRL Frost-Point Soundings Used as Independent Data (all at

Washington DC).

No. Date Time
1 1/30/74 1500
2 4/26/74 1530
3 7/ 2/74 1530
4 9/13/74 1550
5 1/ 1/74 1645
6 2/20/75 1630
7 4/14/75 1630
8 5/14/75 1616
9 7/ 2/75 1730

10 9/30/75 1543
11 10/23/75 1540
362 YY/ S£75 2035
13 1/ 2/76 1648
14 4/ 6/76 1913

Tropopause Pressure (mb)

A

220.00
198.00
175.00
125.00
156.00 i
229.50 ;
198.00 |
196.00
158.00
135.00
188.00
178.50 |
206.00
222.00

Table 2. Distribution of Tropopause Pressures for NRL Data Listed in Table 1.

Class Interval (mb)

Number of Soundings

100<p<150
150<p<200
200<p<250
250<p<300
300<p

OO ON

Table 3. Regression Analyses for TFOOKM (Frost Point

VARIABLE ENTERED . . ¢ o o o o ¢ .
SUM OF SQUARES REDUCED IN THIS STEP
PROPORTION REDUCED IN THIS STEP . .
CUMULATIVE SUM OF SQUARES REDUCED .
CUMULATIVE PROPORTION REDUCED . .
FOR 5 VARIABLES ENTERED
MULTIPLE CORRELATION COEFFICIENT
(ADJUSTED FOR D.F.) SR
F-VALUE FOR ANALYSIS OF VARIANCE .
STANDARD ERROR OF ESTIMATE . . . .
(ADJUSTED FOR D.F.) . < « &

“ s e e
.

« e e e

« e e

o« s s e e

VARIABLE REGRESSION STD.ERROR OF
NUMBER COEFFICIENT REG. COEFF.
10 6.384 .
6 -0.843 0.290
4 0.450 0.131
8 0.418 0.109
7 -1.186 0.428

INTERCEPT -88.054

. o e s el . 7
e e s e e W s 63.608
Ci G o R R 0.015
o .« . <« o 3304.22]
o e W e © . 0.800 of 4131.246
0.894
0.890
79.906
2.876
2.932
COMPUTED PROPORTION
T-VALUE REDUCED
~2.910 9.1
3.441 1.6
3.828 Rl
~2.773 1.5

at the Tropopause)




Table 4. Regression Analyses for TFMIKM (Frost Point 1 km Below Tropopause)

VARTIABLE ENTERED . o & s « s & v & = .® s 5 # = % 3 2 » @ = @ = 8
SUM OF SQUARES REDUCEDR TN THIS STEP o o o s s & sl s a5 & o 10 = 236.739
PROPORTION REDUCED IN THIS STEP . ¢« s « s s s & o s 5 o » = » » 0.038
CUMULATIVE SUM OF SQUARES REDUCED .+ = a o o 5 5 @6 as « = 2 = 4559055
CUMULATIVE PROPORTION REDUCED o« o+ « o s o = &« = a s s a o & & o 0.802 of 5683.563
FOR 3 VARIABLES ENTERED
MULTIPLE CORRELATION COEFFICIENT o e 0.896
(ADJUSTED FOR D.F.) ks Ne e A e 0.893
F-VALUE FOR ANALYSIS OF VARIANCE . . . . . 137.845
STANDARD. ERROR OF ESTIMATE . o & o © s o 2757
(ADJFUSTED FOR DLBG)Y 0 @ o o5 We 2.869
: VARIABLE REGRESSION STD.ERROR OF COMPUTED PROPORTION
NUMBER COEFFICIENT REG. COEFF. T-VALUE REDUCED
10 4.801 3.195 1.502 »
7 =2 ¢ 531 0.275 -9.219 13.4
8 0.503 0.114 4.434 3.8

INTERCEPT -75.49

Table 5. Reqgression Analyses for TFM2KM (Frost Point 2 km Below Tropopause)

VARIABLE BNTERED, e o el cne & et e o @ & & & = & = # = = 8

SUM OF SQUARES REDUCED IN THIS STER . ¢ & &« o « & s & o o o 4724.098
PROPORTION REDUCED IN THIS STEP . « « o & o o o o o 4 = 5 & @ 0.669
CUMULATIVE SUM OF SQUARES REBUCED . o & =« o s s 5 = o s = s s 4724.008

CUMULATIVE PROPORTION REDUCED o« 2 « « ¢ s o o o « o s » & = 0.669 of 7062.250
FOR 1 VARIABLES ENTERED
MULTIPLE CORRELATION COEFFICIENT . . . 0.818
(ADJUSTED FOR D.F.) . et & @ & e s 0.818

r-VALUE FOR ANALYSIS OF VARIANCE . . . . . 210.126

STANDARD ERROR OF ESTIMATE . . ¢ o o <« = @ 4.742
(RBUBSTED FOR DIF) o S s o = & - 4.742
VARIABLE REGRESSION STD.ERROR OF COMPUTED PROPORTION
NUMBER COEFFICIENT REG. COEFF. T-VALUE REDUCED
8 0.894 0.0617 14.496 66.9

INTERCEPT -11.617
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Table 7.

Model Comparisons of Statistics of Error in Precieitable Water in
Column from 10 km Above Tropopause to the T = -40 C Level

Dependent Data - 101 NRL Soundings 1964-1973

Error Mixing Frost
(percent) Ratio Point Dep MOD] MOD1A MOD2 MOD2A
Mean -12.8 -37.0 -0.87 =12.9 -2.42 -3.08
Standard Dev 26.7 27<5 27.1 49.6 23.9 23.5
Minimum -69.2 -75.5 -71.7 -53.6 -51.7 -50.6
Maximum +68.3 +136.2 +126.9 +157.5 +61.1 +59.1
Table 8. Model Comparisons of Statistics of Error in Precigitab]e wWater in
Column from 10 km Above Tropopause to the T = -40 C Level
Independent Data - 14 NRL Soundings 1974-1976
Error Mixing Frost-
(percent) Ratio Point Dep MOD1 MOD1A MOD2 MOD2A
Mean =32.1 -47.3 - 3.9 - 6.1 ~12.09 -11.7
Standard Dev 23.8 23.8 42.1 58 .2 36.8 37.4
Minimum -75.5 -82.9 -58.u -39.3 ~60.5 -58.5
Maximum 421.3 21.1 +127.2 +172.4 +102.0 +106.1
Table 9. Model Comparissns of Statistice of Error in gransmissivity from 100 km
to the T = -40°C Level for Zenith Angle = 80 .
Dependent Data - 101 NRL Soundings 1964-1973
Error Mixing Frost- New New New New
(percent) Ratio Point Dep (MOD1) (MOD1A) (MODZ2) (MOD2A)
Mean 2.4 T2 0.9 - 0.5 V.9 1.0
Standard Dev L7 | 4.9 4.4 6.7 3.9 3.8
Minimum -10.5% - 6.3 -12.1 -16.8 ~ 8.3 - 8.7
Maximum 13:5 18.4 19.9 13.7 10.6 10.7




Table 10. Model Comparissns of Absolute Value of Error _in Transmissivity from 100 km
to the T = -40°C Level for Zenith Angle = 80 .

Dependent Data - 101 NRL Soundings 1964-1973 (Percent Frequency)

Absolute Mixing Frost- New New New New
of Error Ratio Point Dep (MOD1) (MOD1A) (MOD?2) (MOD2A)
0 to +5% 64.35 28.71 17 <22 52.47 81.18 85.14
+5% to +10% 27.72 41.58 19.80 34.65 17.82 13.86
+10% to +15% 7.92 23.76 1.98 8.91 0.99 0.00
+15% to +20% 0.00 5.94 0.99 3.96 0.00 0.00

Table 11. Model Comparisgns of Statistics of Error 1in gransmissivity from 100 km
to the T = -40 C Level for Zenith Arngle = 80 .

Independent Data - 14 NRL Soundings 1974-1976

Error Mixing Frost- New New New New
(percent) Ratio Point Dep (MOD1) (MOD1A) (MOD?2) (MOD2A)
Mean 6.4 9.8 2.1 3.3 3.3 3.3
Standard Dev Siait 6.1 5.5 6.3 Bied 5.k
Min ~2.2 -2.1 -10.5 =132 -8.5 -8.8
Max 20.9 24.5 14.8 8.9 15.4 14.8

Table 12. Model Comparisgns of Absolute Value of Error_in Transmissivity from 100 km
to the T = -40 C Level for Z2enith Angle = 80 .

Independent Data - 14 NRL Soundings 1974-1976 (Percent Frequency)

Absolute Mixing Frost- New New New New
Error Ratio Point Dep (MOD1) (MOD1A) (MOD2) (MOD2A)

0 to 45% 42.86 21.43 64.29 57.15 57.14 57.14

+5% to +10% 35.71 35.71 21.43 35.71 35.71 35.71

+10% to +15% 14.29 28.57 14.28 7.14 0.00 7.14

+15% to +20% 0.00 7.14 0.00 0.00 7.14 0.00

+20% to +25% 7.14 7.14 .00 0.00 0.00 0.00
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Figure 1. Error in Cugulative Precipitable Water from 10 km Above Tropopause to
the T = -40°C Level - Dependent Data
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the T = -40°C Level - Independent Data
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Above Tropopause to the T = =40 C Level - Dependent Data

12

, e B b -’ﬂvcw«i--m.i—w:mww«a&nw ~




Cumulative Frequency, Percent

99.94
99.8 -

‘i

T

99+
98 -

4

95'1-

MOD1A= =+ ==

MOD 2w == ==

i

Mixing-Ratio Model==—

Frost-Point Dep Model

X

A

},
\

10
60

|

|

P S S

40
30

|

'T
/2 B 2 N

20

10

—_—

4+ — 4

0.5

0.2

0.01

Error, Percent

Cumulative Frequency of Error ip
Above Tropopause to the T

Precipitable Water in Column from 10 km

-40°C Level Independent Data




