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COMPARISCONS RETWEEN NIMBUS £ SATELLITE AND RAWINSONDE

SOUNDINGS FOR SEVERAL CEOGRAPHICAL AREASY

Nine-Min Cheng and James R. Scoggins
Department oI Meteorology
Texas A&M University

Great strides have been made within the past decade toward the
measurement of astmosphevic vevtical profiles of temperature and mois-
ture from satellite radiation data. The high resclution infrared
radiometers carried by the Nimbus 3, 4, 5, and 6 satellites provided
valuahle radiation data from whinch the three-dimensional structure

of the atmnosphere ccould be determined cr inferred. In addition,

[9)]

Nimbus and 6 carried wmicrowave sensors frcm which vertical pro-
files of temperature and moisture have been determined even in the
presence of various cloud conditions.

The objective of this researxch is to examine the differences
between rawinsonde and Nimbus 6 satellite sounding data for several
geographical areas, and to determine the accuracy of the satellite

data relative to rawinsonde data. The following parameters are

considered: temperature, dew-point temperature, mixing ratio,

=

thickness, lavse rate of temperature, precipitable water, and
stability. Relative "errors" in satellite data will be presented
as a function of geographic area, synoptic conditions, and surface

characteristics.

* Research supported by . S. Armv Rescarch Office, Kesearch Trianqgle
Park. North Carolina, under Grant DAAG 29-76-0078 to *he Devartment
of Meteorology, Toxas ASM University.
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2. BACKGROUND TO RESEARCH

An objective of meteorological satellite technology has been
to measure remotely key atmospheric parameters that would permit
2 description of the atmosphere in quantitative terms. The most

desirable atmospheric parameters to observe from satellites are

those that are utilized in the basic hydrodynamic and thermodynamic

equations that apply to the atmosphere. Some of the major
parameters are pressure, temperature, moisture, and wind (Shenk
and Salomonson, 1970).

The first vertical profiles of both temperature and water
vapor were determined from measurements of two infrared spec-

trometers carried by the Nimbus 3 satellite. These data provided

the first analysis of the three-dimensional thermodynamic structure

of the atmosphere from satellite observations. The first studies
(Wark and Hilleary, 1969; Hanel and Conrath, 1969) compared
individual satellite temperature profiles with corresponding
rawinsonde profiles; relatively good agreement was found.

The Nimbus 5 satellite carried a microwave spectrometer
(NEMS) (Staelin et al., 1972) that provided temperature and mois-
ture profiles even in the presence of clouds. An investigation
of temperature profiles determined from the NEMS indicated a
root-mean-square (RMS) discrepancy between NEMS and rawinsonde
data between 2.5 and 4 K (Waters et al., 1975). Discrepancies
ranging between 1 and 4 K over an altitude range of 1 to 20 km
were found, with the largest discrepancies occurring near the
tropopause and near the surface (Staelin et al., 1973). Aanother
study (smith et al., 1975) showed that, in the troposphere, the
discrepancies between satellite and rawinsonde soundings were
generally small except in the tropopause region between 300 and
100 mb. These large differences resulted from vertical resolution
limitations of the satellite sensor. The same study indicated
that significantly better profile results could be achieved from

the combined data of infrared and microwave measurements than

could be achieved by either used individually. A case study




(Horn et al., 1975) was made comparing the Nimbus 5 satellite

sounding temperatures obtained at 1700 GMT with those obtained
from radiosonde at 1200 GMT and 0000 GMT. Since the synoptic
pattern changed quite rapidly between 1200 GMT and 0000 GMT in
this case, the sign of the difference between satellite and
rawinsonde temperatures changed for 1700 GMT Nimbus minus 1200 GMT
radiosonde, and for 1700 GMT Nimbus minus 0000 GMT radiosonde.

Satellite-derived thicknesses were compared with rawinsonde
layer thicknesses by Wilcox and Sanders (1976). Standard devi-
ations of 45, 49, and 115 m for the layers 1000-500, 500-250
and 250-50 mb, respectively, were found.

Estimates of water vapor (mixing ratio) determined from
satellite data contain errors which often exceed 30% of the values
measured by nearby radiosondes (Weinreb, 1977). However, satellite-
derived precipitable water was found to be within 0.5 cm RMS with
the horizontal distribution represented quite well (Hillger and Von der
Haar, 1977).

The Nimbus 6 satellite carries improved instruments for
sensing the temperature sounding. In this research, satellite
sounding data determined from infrared and microwave radiation
data from the Nimbus 6 satellite will be compared with the

weighted (linearly interpolated) rawinsonde data.




3. DATA

a. Satellite

Profiles of temperature and moisture determined from Nimbus 6
satellite radiation data (Smith et al., 1975; Staelin et al., 1975)
rrovided by the National Lnvironment Satellite Service arz used in
this research. The data were obtained along two different satellite
paths., Figure 1 shows the satellite sounding locations (crosses)
along the orbit from the Caribbean to Canada between 1710 and 1727
GMT cn 25 August 1975, and the rawinsonde stations (dots) for the
sare area. Ficure 2 shows the =zatellite {(crosses) and rawinsonde
(dnts) sounding locations alcng the orbit over the western Urnited
States (from north to south) betwsen 0735 and 074C GMT on 3
September 1975. Temperature and dew-point temperature data are
provided for 21 levels for each sounding at 1600, 950, 920, 850,
786, 700, 670, 620, 570, 500, 475, 430, 400, 350, 300, 250, 20C,
150, 135, 115, and 100 mb.

b. Rawinsonde

Rawinsonde data were reguested from the National Climatic
Center, Asheville, North Carc.iina, for the two areas covered by
the satellite data mentioned above. These data were requested for
1200 GMT on 25 August 1975, 000C GMT on 26 August 1975, and 00CO0
GMT and 1200 GMT on 3 September 1975. In order to obtain rawinscnde
data corresnonding to the 21 levels in the satellite sounding data,
each rawinsonde sounding was plotted on a Skew T-log p chart, and
temperature and dew-point temperature interpolated to the level as

required.
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Fig. 2.

Satellite sounding locations (crosses) along Nimbus 6
orbit between 0735 and 0740 GMT on 3 September 1975, and
rawinsonde stations (dots) for the area covered by the
satellite data.




4, AREAS ANALYZED AND SYNOPTIC CONDITIONS

a. Areas

Satellite and rawinsonde scunding data were obtained for four
geographical areas in order to compare the soundings for different
surface and synoptic conditions. Figure 3 shows the four areas
which are: (1) central United States - Area 1; (2) Caribbean Sea -
Area II; (3) central Canada - Area III; and (4) western United
States - Area IV. Areas I, II, and III are along the satellite
orbit on 25 August 1975, while Area IV is along the satellite orbit
on 3 September 1975. These four areas represent a variety of
surface conditions including flat land, water, cold surface, and

mountainsg, respectively.

b. Synoptic conditions

The surface map at 1800 GMT on 25 August 1975 is shown in
Fig. 4. A cold front extends from the Hudson Bay southwestward
through the central United States. The occluded part of the cold
front associated with a deep cyclone was located in the eastern
part of Area III. The mean surface temperature over Area III was
about 12°C. The polar air was separated from the tropical air by
the cold front extending through Area I, while Area II was covered
entirely by an mT air mass.

Figure 5 shows the surface map in the vicinity of Area IV
at 0600 GMT on 3 September 1975. The area was covered by a
modified mP or cP air mass which was dry. No significant weather

was occurring in Area IV although some clouds were present.

-4y
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four geograpitcal arca. consiacred 1o this tudy (Area
contral Cinlled Statens Arca 11 - arlbbean Sea; Ared

[T - central Canadda; aied Area 1V - western Lnited States) .




ig. 4. Surface map covering Areas I, II, and III at 1800 GMT on
25 August 1975 (contours in millibars with first one or

two digits omitted).
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Fig. 5. Surface map covering Area IV at 0600 GMT on 3 September
1975 (contours in millibars with first two digits omitted). 4
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5. METHODS OF DATA ANALYSIS

a. Pairing of profiles

For the purpose of comparison, satellite soundings were paired
with the closest rawinsonde soundings. Since there were more
satellite than rawinsonde soundings, not all available satellite
data were used. Figures 6 through 9 show the pairings of satellite
sounding locations (solid dots) and rawinsonde stations (open
circles). There are 21, 9, 7, and 23 pairs for Areas I, II, III,
and ¥V, respectively. Rawinsonde station numbersl are used to
identify each pair of soundings in each area.

The Nimbus 6 satellite sensors scan from side to side along
the suborbital path from an altitude of about 1100 km. The pro-
cessing of the satellite data was such that spatial differences
between satellite and rawinsonde soundings resulted. Table 1
shows the maximum, minimum, and mean distance? between paired

satellite points and rawinsonde stations for each of the four areas.

Table 1. Maximum, minimum, and mean distance (km) between paired
satellite sounding locations and rawinsonde stations for
Areas 1, II, III, and IV. Rawinsonde station numbers
are enclosed in parentheses.

Area I Area II Area III Area 1V
Maximum 246.9 432.0 407.4 308.6

(429) (367) (836) (576)
Minimum 24,7 111.1 222.2 24.7

(451) (001) (119) (274)
Mean 122.5 177.6 252.2 145.4
No. of pairs 21 9 7 23

Mean of all pairs for the four areas: 154.7 km

lstation names are given in Appendix A.
2pistance between each pair of soundings is given in Appendix B.




Fig. A. Pairings of satellite sounding lecations ({solid dots) and

rawinsonde stations (open circles) for Area I.

Fig. 7. Pairinags of satellite sounding locations (solid dots) and
rawinsonde stations (open circles) for Area II.




Fig. 8.

Fig. 9.

©
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Pairings of satellite sounding locations (solid dots} and
rawinsonde stations (open circles) for Area III.
Pairings of satellite sounding locations (solid dots) and

rawinsonde stations (open circles) for Area 1V.
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The smallest mean difference was 122.5 km (Area I) and the largest
mean difference was 252.2 km (Area III). The minimum distance
between any pair of stations was 24.7 km (Areas I and 1IV), and

the maximum was 432.0 km (Area II). The mean of all pairs over
the four areas was 154.7 km which approximates 1.4° latitude.

Part of the discrepancies between satellite and rawinsonde data

can be accounted for by the distances between the sounding locations.

b. Parameters considered

Seven parameters were considered in this study for both
satellite and rawinsonde data for each of the four areas. They
are temperature, dew~point temperature, mixing ratio, thickness,
lapse rate of temperature, precipitable water, and stability.
The analysis procedure for each parameter is discussed below.

1) Temperature and dew-point temperature

For the purpose of comparing satellite and rawinsonde data,
and in order to reduce the temporal difference to a minimum, the
weighted means were taken of the 0000 and 1200 GMT rawinsonde
soundings to approximate the sounding at the time of the satellite
sounding. The weighted means for the satellite path on 25 August

1975 were computed by use of the equation

R = (7/12)R1200 + (5/12)R0000
where R is a weighted mean of the rawinsonde observations, R1200
and R refer to the rawinsonde data at 1200 GMT on 25 August

0000
1975 and 0000 GMT on 26 August 1975, respectively, and weights of

7/12 and 5/12 are used because the satellite sounding time is
about 5 h after the 1200 GMT and 7 h before the 0000 GMT standard
rawinsonde observations. For the satellite path on 3 September
1975, the weighted means were computed by use of the equation

R = (4.5/12)ROOOO + (7.5/12)R

1200.
The weights are different because the satellite sounding time was
about 7% h after the 0000 GMT, and 4% h before the 1200 GMT standard

rawinsonde observations. This weighting is equivalent to linear

interpolation.
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Each weighted rawinsonde sounding was plotted on a Skew T-log
p chart, and temperature and dew-point temperature data corresponding
to the 21 levels contained in the satellite soundings extracted and
keypunched for computer processing.

2) Mixing ratio

Mixing ratio values for both satellite and rawinsonde soundings
were obtained from soundings plotted on Skew T-log p diagrams.
Values were read directly from the diagram at each of the 21
pressure levels for each satellite sounding. This was done by
interpolating for the mixing ratio corresponding to the dew-point
temperature. Also, the average mixing ratio for each layer
defined by the sounding points was obtained by the equal~area
method. Both sets of data were keypunched for computer processing.

3) Thickness

Satellite and weighted rawinsonde soundings were used to derive
layer thicknesses. The thickness, AZ, of a layer between two
isobaric surfaces is given by

Az = 5:]%ln (p,/p,)

where R is the gas constant for dry air, T* is the mean virtual
temperature of the layer between pressures p1 and Py and g is the
acceleration due to gravity.

Here T* is given by

T = T + ATm

- +
where T = 21—5—22,
ATm = w/6,
w is the mean mixing ratio in the layer, and

Ty and T, are the temperatures at pj and Pyr respectively.

4) Lapse rate of temperature

In this study, the lapse rate of temperature, Y, defined at

a level (denoted by subscript 2) is given by

v, = 13- T
27 z23 -2

where the subscripts refer to successive pressure levels, T is




Tewweracuce, and 4 1is geopotencial helignt.
L % g

J

5) Frecipitaple water
Tne precipivable water, W, was computed by use of the equatiun

W=

D1
[ -
i woap
J

el

Py

wikse w 1s The mean mixiayg racio for each layer begween 1500asic

surfaces p, ana p,. &na g is gravity.

6} Stablllty lnuexes

Two heasuies Of stabllity were conslaered including the
Snosalvers index (SI) (Showalter, 1953) and the vertlcal Tocals
lucex (V1) Miller, 1967).

Thne Showaitel Luaex LS opcalneq by ralsing a parcerl of air
ary-adlabacically fruin the 850-up level ©o tne ILALting conaedsdcion
level (iLL), tnen upwara to the 5U0-mp level along tne sacuratced
adiapat. Tne Showalter Index 1s e difrerence pecween tne Cei-~
peracure of tie environnent (1) and that of the paxcel (7)), T-T',
at 502 mo. Woen SI is +3 or less the air 1s guice unscable and
thuigerscorims lidy occur if other couditions are saclsfled.

The VT was conputed from the eguation

Vi o= 7 -7

‘8350 500
Wi Le T850 ai:a Tboo are the teiwperacures (°C) at 850 mo aund U0 wwo,
respeccively. In tne Unilvea States, a value of 26 oxr higher 1is
usuaily assoclated with tne occurrence of thunderscorms except
aiong tne coascal areas of the Gulf States and over the Gulf
Strean wnere vaites as small as 23 are often associated with

thunderstorm activily.

c. Stratification of data

Discrepancies between satellite and rawinsonde data for ail
seven parameters form the computed data sets used in this research.
Computations were made level-by-level (e.g., temperature), or
layer-by-layer (e.g., thickness), for each sounding. In addition,

the data were stratified into three layers, surface to 500 mb,
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500 to 300 mb, and 300 to 100 mb. These lavers are referred to
as lower, middle, and upper troposphere, respectively. Statistics

of the data for each layer were examined for each geographiczl

ad. Computation c¢f statistical parameters and distributions

Discrevancies were coruted between satellite and rawirsonde
ata for the seven parameters at 21 levels for temperature, 15
ievels for dew-point temperature, thicknesses for 20 lavers,
lapse rates of temperature for 19 levels, mixing ratios for 15
levels, precipitabhle water for 14 lavers. and Showalter and Vertinsal
Total Indeves for each satellite and rawinsonde sounding in each
aeoaraphical araa. The discrepancies, D, were defined by

D= (5~ R

-

whare S is the satellite value and R is the corresponding weighted
rawinso~de value.
For purnnses of compavison, the discrepancies hetween laver
thicknesses were normalized according *o
D

= —‘i x 1000
Z3

b

NZ
whove D, is the discrepancy between satellite and weighted rawinscnde
layer thicknesses, and Z; is the weighted rawinsonde laver thickness.

"

T -efore, DNZ i5 tiie thickness discrevancies per 10060 m (1 km).
Cumulative probability frequency distributions (CPF) of the

discrepancies were computed for each laver for temperature,

dew-point. temnerature, normalized tnickness, lapse rate of temper-

atuve, ard miving ratio for the ensemble of all paired points

within cach layver and for the four geographical areas.
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6. RESULTS

In this research, discrepancies between satellite and weighted
rawinsonde data, S—E, between levels or layers from the ground to
100 mb form the data sets from which the "goodness”" of satellite-~

derived sounding data is assessed.

a. Temperature

Temperature profile data are perhaps the most basic of all
information in the understanding of atmospheric structure. For
this reason temperature is the first variable considered.

A satellite sounding of temperature is obtained from radiance
data emanating from an area usually of considerable size. The
quality of the satellite data is dependent on many aspects of the
retrieval method. Because the radiance values represent areas and
not points, and smoothing by the weighting functions was used,
satellite-derived temperature profiles are smocthed to some extent,
especially in regions where the lapse rate changes rapidly with
height such as near fronts and at the tropopause. By contrast,
rawinsonde data contain all significant information and provide
detail of the vertical temperature structure (Horn et al., 1975).

Table 2 shows the extremes, means, standard deviations,
absolute magnitudes, and root-mean-square (RMS) values of dis-
crepancies between satellite and weighted rawinsonde temperatures
over an altitude range from the surface to 100 mb for the four
areas.

For Areas I, II, III, and IV, respectively, the algebraic mean
discrepancies are 0.3, 0.1, 0.2, and 0.0°C with the range of 2.2
to -1.3, 0.6 to -0.7, 2.1 to -1.1, and 2.0 to -1.3°C, respectivelv,
from which it is inferred that satellite-retrieved temperatures
may be either higher or lower than rawinsonde observed temperatures,
but each algebraic mean is a small positive number when averaged

through the vertical column from the surface to 100 mb and over

the whole area. Table 2 also shows the mean absolute discrepancies
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H

of 1.6, 0.9, 1.9, and 1.8°C for Areas I, II, III, and IV, respec-
tively, with a range between 0.8 and 3.6°C.

Staelin et al. (1973) found similar results with discrepancies
ranging between 1 and 4°C over an altitude range of 1 to 20 km. A
range in RMS discrepancies betwean 0.9 and 4,3°C is shown in Table
2, while Waters et al. (1975) indicated RMS discrenancies between
NFMS and rawinsornde data ranging between 2.5 and 4°C. The statis-
tics in Table 2 show the best aagreement batween satellite and
rawinsonde temperature data to be over water (Avea IT. Caribbean),
and the worst over mountainous terrain (Area IV, western United
States). While it is infeasible to show in detail the tervrain
featvves over the western United States the large changes in
smonthed or average elevation are illustraied in Fig. 10.

Figures 11 through 14 give examvnles cf the “clesest™ and
"poorest" agreement between paired temperature profiles for each
area. The four "closest" pailred temperature profiles show gond
agreemant evcept in the tropopause region, For examnle, the curves
for 85M (734) (Fig. 1l1) agree within a reasonahle roise level
from 950 +o0 150 mb, ahove which there is onlv minor disagreement.

Those "poorest" agreement profiles shown in (b) of Figs, 11
to 14 reveal the difference between paired curves through the
whole trowoschere. Maijor disagreement is found in the layer near
the troponause between 200 to 135 mb for LBF (562) in Area I
(Fig. 11}, and the lavgest disagreements appe~r near the tropo-
rause and near the ground for YYQ (913) in Area IIT (Fig. 13},
ard for DFN {(4693) in Avrea IV (Fig. 14). Over water, the "poorest"
raired curves for Area II (Fig. 12) exhibit onlv minor disagreement
throuogh the whole colurmin. In additicn toc the troporause, the surface
condition is another key factor which affects the accuvracy of the
satrllite data. These characteristics arve also shown in Tables
3 tirough 6 which represent the mavimuna absolute discrevancy
betwaen sarellite and rawinsonde temperatnre datra for each profile
pair for Areas I-IV, respectivelv. For the central United States
(Tahle 3), 90% of the largest discrerzancies are found within the

tropopavrse region and 10% close to the ground (850 mb). These
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Table 3. Maximum absolute discrepancy between Nimbus 6
and rawinsonde temperatures for each profile
pair for Area I (°C).

STATION MAXIMUM (deg) PRESSURE LEVEL (mb)

229 4.2 115
235 2.4 850
247 3.4 115
260 4.0 135
311 5.1 115
327 4.2 115
340 5.5 115
349 7.1 115
353 4.5 300
429 5.5 115
433 5.6 135
451 MSG MSG
456 4.9 135
532 5.5 135
553 4.1 115
562 5.9 200
645 6.0 115
654 2.8 200
655 3.3 850
734 2.6 135
747 3.1 200




Table 4. Maximum absolute discrepancy between
Nimbus 6 and rawinsonde temperatures
for each profile pair for Area II (°C).

STATION MAXIMUM (deg) PRESSURE LEVEL (mb)
201 1.7 475
202 2.1 150
210 1.9 950,200
644 3.4 100
367 2.2 950,200
397 2.8 115
501 2.4 620
806 2.2 1000
001 2.6 200

Table 5. Maximum absolute discrepancy between
Nimbus 6 and rawinsonde temperatures

for each profile pair for Area III (°C).

STATION MAXIMUM (deq) PRESSURE LEVEL (mb)
768 4.2 850
836 9.2 150
848 3.3 780
867 2.2 250
913 6.8 950,920
934 4.5 780

119 2.9 850

i e




Table 6. Maximum absolute discrepancy between
Nimbus 6 and rawinsonde temperatures
for each profile pair for Area IV (°C).

STATION MAXIMUM (deq) PRESSURE LEVEL (mb)

265 5.4 200
274 7.0 850
290 5.8 780
363 3.7 850
365 6.3 780
374 5.3 780
385 4.4 850
393 5.5 115
451 5.5 850
469 7.7 780
476 10.0 780
486 7.3 780
562 4.6 500, 300
572 6.8 780
576 6.0 100
654 5.8 950
655 7.0 135
662 4.5 115
681 4.2 250
764 4.0 115
768 2.7 200
775 5.3 850
785 4,2 200
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discrepancies range between 2.4°C at 850 mb to 7.1°C at 115 mb.
In Area II (secc Table 4) smaller values occurred with a range
between 1.7°C at 475 mb and 3.4°C at 100 mb. In this area no
obvious regular pattern is indicated by the data, but a high
percentage of the largest discrepancies occurred in the tropo-
pause region. In the Canadian area (Area III), Table 5 shows
that 702 of the maximum discrepancies are found near the ground,
and 30% in the tropopause region. The range of values is large
and varies between 2.2°C at 250 mb and 9.2°C at 150 mb. Table

6 shows for the western United States (Area IV) approximately the
same percentage frequency of the largest values but with a higher
percentage close to the ground than in Area III. In Area IV

the maximum discrepancies range between 2.7°C at 200 mb and
10.0°C at 780 mb. This is the largest range for any of the four
areas. From a comparison of all four areas, it can be concluded
that the largest discrepancies between satellite arnd rawinsonde
sounding data occur in the tropopause region or near the surface.
Staelin et al. (1973) have shown similar results, and Smith

et al. (1975) have shown that in the troposphere the discrepancies
between satellite and rawinsonde soundings were generally small
except in the tropopause region between 300 to 100 mb. Their
results are in agreement with those presented in this study.

Over the western United States (Table 6), 50% of the largest
discrepancies are found near the ground, while over the Caribbean
(Table 4), the discrepancies at all altitudes are relatively small
by comparison with other areas. These differences apparently
are due to the different surface conditions, i.e., mountains in
Area IV and water in Area II.

Figure 15 shows temperature discrepancies, (S - E), for
stations 260, 433, and 734 in Area I, for stations 202 and 001
in Area II, for stations 836 and 913 in Area III, and for stations
274, 476, and 654 in Area IV. Data for these stations illustrate

the main characteristics of the discrepancies mentioned above

for the four areas.
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The results presented above show that the magnitudes of the

temperature discrepancies vary with altitude and the type of
surface, but do not address the questions of how the statistics
of the discrepancies vary with altitude and whac are their
statistical distributions. These questions were addressed by
stratifying the discrepancies by layer, i.e., surface to 500 mb,
500 to 300 mb, and 300 to 100 mb. These layers will be referred
to as the lower, middle, and upper troposphere, and denoted by
A, B, and C, respectively. Each layer contains a sufficient
number of data points for statistical analyses which was the
primary purpose for stratification of the data.

The mean, standard deviation, and cumulative frequency dis-
tribution of the discrepancy data within each layer for temperature,
dew-point temperature, mixing ratio, normalized thickness, and
lapse rate of temperature were calculated for each area. The means
and standard deviations of temperature discrepancies for all layers
and areas are shown in Table 7, and the cumulative fregquency
distributions plotted on probability paper are shown in Figs. 16
through 19.

The algebraic means listed in Table 7 indicate that the negative
biases between satellite and rawinsonde temperature data are
found in the lower troposphere (surface to 500 mb), with the
exception of a mean of 0.1°C for the Canadian area. Very small
mean values of the discrepancies for Areas I, II, and III are
shown, which indicates a good correspondence in the means between
catellite and rawinsonde temperature data, although for Area IV
there is a negative bias of ~1.6°C. This means that the average
satellite temperature was 1.6°C lower than the average weighted
rawinsonde temperature in this layer.

The positive biases (average satellite temperature higher than
average rawinsonde temperature) are found systematically both in
the middle and upper troposphere (500 to 300 mb, and 300 to 100
mb) with values generally positive but less than 1°C with the

exception of a mean of -0.4°C in the middle layer for the Canadian

area (Area III). Curxves in Fig. 15 also show that satellite
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Table 7. Mean and standard deviation of temperature discrep-
ancies (°C) between Nimbus 6 satellite and weighted
rawinsonde data stratified by three layers:

(A) Surface to 500 mb; (B) 500 to 390 mb; (C) 300
to 100 mb.

Area 1 Area 11 Area II1I Area 1V
A B C A B C A B C A B C

Mean (°C){~-0.5 0.5 1.3|-0.1 0.5 0.3 [0.1 -0.4 0.8|-1.6 0.0 1.8

St.
Dev. (°C){ 1.8 1.3 2.3| 1.1 0.8 1.3 |2.5 2.0 2.5|2.6 1.5 1.9

No. of
data 189 124 140 90 54 55 ol 42 491 160 138 157

temperature is lower than rawinsonde temperature in the layer near
the ground with opposite conditions in both the middle and upper
tropospheric layers.

The standard deviations of 1.8, 1.1, 2.5, and 2.6°C are listed
in the table for Areas I, II, III and IV, respectively. The smallest
standard deviation occurs over water (Area II), and the larger
over Canada (Area III) and the western United States (Area 1IV).
Also, in each area the smallest value occurs in the middle tropo-
sphere, with the largest value in the upper troposphere, i.e.,
tropopause region, except for Area IV.

The cumulative frequency distributions shown in Figs. 16,

17, 18, and 19 are approximately normal (straight lines) except
neav the extremes. This is probably caused by the small data
samples which are inadequate for defining the extremes of the
distributions. The distributions in Fig. 18 are more irregular
than those in Figs. 16, 17, and 19. This may be due to the small
number of data used to determine the distributions. Even in these
cases the assumption of a normal distribution appears reasonable.
The tendency for the cumulative frequency distributions to be
straight lines when plotted on probability paper suggests that

the discrepancies between satellite and rawinsonde temperatures

are duc to ‘random errors relative to any biases that may be present
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18. Cumulative frequency distributions of
discrepancies in temperature in the layers
surface to 500 mb, 500 to 300 mb, and 300
to 100 mb for Area III (Canada).
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19, Cumulative frequency distributions of

discrepancies in temperature in the layers

surface to 500 mb,

to 100 mb for Area IV (western United States).
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in either type of data. 1If a correction were made for the bias in
a given layer the statistical distribution would be unaffected although

the standard deviation would be reduced.

b. Dew-point temperature

The Nimbus 6 HIRS and SCAMS soundings of dew-point temperature
do not appear to be as reliable as those of temperature for any
of the four areas. Table 8 shows the mean discrepancies and mean
RMS discrepancies for the vertical column surface to 300 mb for the
four areas. The mean RMS discrepancies range between 6.6°C
(Area II) and 9.1°C (Area IV). The greatest disagreement is found
for the western United States, which may be attributed to the
type of air mass sampled or terrain influences. The air masses
over the central United States above the 700-mb level and over the
Caribbean area were maritime tropical, over the Canadian area the
air mass was mixed tropical and polar air that formed the occluded
part of the cold front, while that above the western United States
was superior (dry) air. Because of the extremely low water vapor
content of the air over the western United States, the data were

considerably more variable.

Table 8. Means and standard deviations of discrepancies and the
root-mean-square of discrepancies between satellite and
weighted rawinsonde dew-point temperatures for Areas I,
11, III, and IV (°C).

Area 1 Area II Area III Area IV
Disc RMS Disc RMS Disc RMS Disc RMS
Mean 2.9 7.3 2.8 6.6 -2.0 6.8 6.0 9.1
St. Dev. 3.8 2.5 3.1 2.6 4.6 2.2 5.7 4.7
No. of
pairs 21 9 7 23

Discrepancies in dew point temperatures were examined for the

layers surface to 500 mb, and 500 to 300 mb. Means and standard

deviations of the discrepancies within the two layers for all four




36

areas are shown in Table 9. Cumulative frequency distributions

of the discrepancies for each layer and area are presented in

Figs. 20 through 23. Table 9 also shows the large biases (mean
differences) in the Nimbus 6 dew-point temperatures. In all areas,
the mean difference is smaller in the lower layer than in the upper
layer. This may be attributable to the higher moisture content

in the lower layer than that in the upper layer where the data
were considerably noisier than in the lower layer. The large
standard deviations indicate large dispersions of the discrepancies
and imply large ranges for each layer. The cumulative frequency
distributions in Figs. 20 through 23 reflect the large dispersion
by their large slopes. They also show that the discrepancies in
dew point do not follow a normal distribution nearly as well as the
temperature discrepancies. A contribution to the discrepancies
arises from errors in the rawinsonde sensors, but the primary
contribution is believed to be in the satellite data since their

reliability is highly questionable.

Table 9. Means and standard deviations of discrepancies in dew-
point temperature within the layers surface to 500 mb,
and 500 to 300 mb for all four areas (°C).

Area I Area II Area III Area IV
A B A B A B A B
Mean l.6 4.7 1.7 5.8 2.0 -=2.2 4.9 7.7
St. Dev. 5.8 8.7 6.2 7.0 5.2 9.0 7.8 9.7
No. of
data 189 120 89 51 60 32 157 127
c. Thickness

The analysis of discrepancies between Nimbus 6 and weighted
rawinsonde data for temperature and dew-point temperature are pre-
sented in previous sections. In this and following sections,

several computed variables based on temperature and dew-point

temperature are examined. The first of these is thickness, the
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i'ig. 20. Cumulative frequency distributions of
discrepancies in dew-point temperature in
the layers surface to 500 mb, and 500 to
300 mb for Area I (central United States).
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Fig. 21. Cumulative frequency distributions of

discrepancies in dew-point temperature in
the layers surface to 500 mb, and 500 to
300 mb for Area II (Caribbean).




DISCREPANCY
>

~

w
x
>
5 af
. 4
&
s 0
w
>
-4

-
z 8—— 500- 300 mb -8
e -0 9

| 4-10
z -2} 4
a |} 1-14

-8 ¢ L
1 i /I 1 1 L 1 i
o0 [+3} ] 0 30 %0 70 -] » 99 999
CUMULATIVE PROBABILITY (%)

Fig. 22. Cumulative frequency distributions of
discrepancies in dew-point temperature in
the layers surface to 500 mb, and 500 to
300 mb for Area III (Canada).
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edquations for wihilch were givern in tne sestion on data analysis.
The mean: and standard deviation. of tie discrejanclien between
Nimbus 6 satelllite and wergihted rawinsonde laver thilcknesses

determined from mean amblent temperature and mean virtual temperature
for the 20 layers contained 1n ecach profile from the surface to

170 mb and tor all four areas, are shown in Table 10. The statistics
of the discrepancies between thicknesses determined from mean

virtual temperature are larger than the values determined from

mean amblent temperature, but the differences are small. Therefore,
the effects of inaccurate measurements of satellite moisture on
computed thickress is small and the average amounts to approximately
2%.

Since the satellite temperatures are higher thar rawinsonde
temperatures on the average (Table 2), the mean discrepancies shown
in Table 10 are positive for all four areas. The mean RMS dis-
crepancy for thickness ranges between 3.51 m for Area II and
8.95 m for Area IV. These discrepancies correspond tc a range of
mean RMS temperature discrepancies of 1.1°C for Area II to 2.5°C
for Area IV. The data in Table 10, like those in Table 2, show
that the best agreement is found over water (Area II) and the poorest
agreement over mountains (Area IV).

The statistics presented in Table 10 for the layer from the
surface to 100 mb reveal no information about the statistics of the
discrepancies as a function of altitude. Therefore, the statistics
of the thicknesses were examined for three layers: surface to
500 mb; 500 to 250 mb; and 250 to 100 mb. Means and standard
deviations of the discrepancies between satellite and weighted
rawinsonde thicknesses for the three layers and for the four areas
are shown in Table 11. Also shown in Table 11 are values obtained
by Wilcox and Sanders (1976) for comparison with the data obtained
in this study. They computed thicknesses for the layers 1000-500 mb,
500-250 mb, and 250-50 mb over low-latitude ocean areas, mid-
latitude land, and high-latitude land. The results from the present
study are for the layers surface-500 mb, 500-250 mb, and 250-100 mb.

In Table 11, the results for the Caribbean area are compared with
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rasults for the Caribbean for both the mean ard stardard

deviation avre much smallor than those for low-latitude oceans,
and the algebraic signs of mean discrevancies are opposite for
the Iowar and middie lavers for the two studies. In the second

part of Table 11 (mid-latitude land), the alaebraic sians of mean

cvopancies are al=o oprosite for the two studies. Moreover,
tne standard deviations cbhtaired in the present study for the

and western nited Stares ave much smalley than those

for mid-tatitude land. The sians of the mean of the discrerancies
Jor Carada and hiagh-tatitede land also ave opposite in the two
studies. The reacons for these differences botween the twe

astudies areo unbnowm,

Pranlta from the tregeat study show a cevtain anount of

~onsictency bhotwoey, aress, Fery eyvamnle, all areong show nooiryve

average discrepancies in the laver near the aroynd, vesitive
values for the laver from 500 to 250 mh oveent the (Caradian

area, and larac vositive values for the ubnermost laver.
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thickness are presented in Table 12. The data in this table are
similar to those for temperature shown in Table 7.

The best agrecment between satellite and rawinsonde-derived
thicknesses occurs in the middle layer, and the poorest in the upper
layer (tropopause region). The smallest discrepancies occurred
over water (Area II), and the largest over the westexrn United
States and Canada. These results also can be identified in the
cumulative probability curves shown in Figs. 24 through 27.

Biases of about *2 m km_l are indicated for the lower and middle
layers of Areas I, II, and II1 in Figs. 24, 25, and 26, respectively,
and a large bias of -5.4 m is found in Area IV (Fig. 27) for the
lower layer where variations in topography caused larger errors

near the ground. The large standard deviations for the upper

layers of the four areas are refiected by the large slopes of the

curves.

Table 12. Means and standard deviations of normalized discrepancies
in thickness for the layers surface to 500 mb, 500 to 200 -
mb, and 300 to 100 mb for all areas {(m).

Area I Area 1T Area III Area IV

A B C (A B C }A B C | A B C
Mean -1.8 1.9 6.0 {-0.3 1.9 1.5 0.3 -1.5 3.6 [-5.4 -0.4 8.1
St.
Dev. 6.2 4.8 10.0 3.3 2.8 4.6 8.9 7.5 10.1 8.1 5.7 8.3
No. of
data 169 124 140 81 54 54 54 42 49 138 138 157
d. Mixing ratio

In this study, mixing ratios were obtained from plotted skew
T-log p diagrams for each of the 21 data levels for each sounding
from the surface to 300 mb. A mean RMS discrepancy of 1.34 g kg_1
was found for the ensemble of all four areas and all levels.
Because of the high variability and usual decrease in the amount

of water vapor with height through the troposphere, mixing ratio

data were stratified into two layers; surface to 500 mb, and 500
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e 300 mh.,  The results are presented in Table 13. The means

and stenaard deviations of the discrepancies in the lower layers

are c¢reater than those in the upper laver for all areas. These
results were due to the lower moisture content in the upper layer
where the data were considerably noisier than in the lower layer.
The regative biases of -0.25, -0.29 and -0.03 g kg—l, which

indizate less molsture in the satellite soundings than in the rawin-
sonde snundings, occurred in the lower laver of Areas II and III,
and the uwnper layver of Area I1I, respectively. Differences in

sign remain unexplainaed.

Takle 13. Mean and standard deviations of discrevancies (g kg_l)
terwveen Nimbus 6 satellite and woighted rawinsonde
miving ratio data stratified into two lavers: (A) surface
to 509 mb and (B} 500 to 300 mb.
I T
| Area T Area III Area IV
i i
| A B A B A B A B
Mean o.17 G.14 -0.35 0.23 -0.29 -0.03 0.79 0.22
St. Dev. 1.84 0.61 2,10 0.58 1.50 0.25 1.47 0.52
nNo. of !
data |
points i 1389 120 9GC 52 6l 33 159 127

Figures 28 through 31 show the relative cumulative frequency
distriputions for the data in Takle 13. The range of the discrepancy
Aats i tiwe 1ower laver 1s greater than that in the upper layer
for eanh area.  Arain, this resulted from the noisier satellite

Tt associated with the Jower molsture content in the upper layer.

Pyess i near e taits, the curves represent normal distributions.
Thee tatistics in Table 13 agree closelv with the curves in Figs.

2 trhroudh 31,

A owaes tre cace dn Fhe Gnalvs:

; of discrepancics in dew-point

romneratiure, svatematic aifferences between satellite and rawinsonde

Mty |
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in mixing ratio in the lavers surface to 500 mb, and
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Fig. 30. Cumulative frequency distributions of discrepancies in
mixing ratio in the layers surface to 500 mb, and 500
to 300 mb for Canada (Area III).
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mixing ratios were not found for any of the four areas. The

I

eliability of the satellite mixing ratio data is guestionable.

2

Q. Precipitable water

In addition to miwxing vatio, precipitable water is another
measure of atmosvheric water countent. Tn this study, precipitable
water was computed by integrating the moisture profile from the
surface to 200 mb. A mean RMS discrepancy between profile pairs
for &ll four areas of only 0.23 om was found. This is somewhat
hetter than the 0.5 cm RMS Sound by Hillger and Von der Haar
(1277}, presumablv because of the microwave channels available
on Nimbus 6.

Means and standard deviatiors of discrepancies in precipitable

water for the four areas are showr in Takie 14. The
“hat averaage nrocipirable water may be obtained from satellite

data with an acouraey of about 0.1 ¢cm or Tens wiich ig auite acnoii-
ahle in most cases. In two areas the means were nedgative, aond in
two they were positive. The standard deviations were aulte con-

fg

sistent with a value around 0.23 exceprt for Ares IV (westowrn

United States) where the molsture contont was low.

cle 14. Means and standard deviations ot discreras

petween Nimbus & satellite and weilaghted rawinsonde
precivitable water for all four areas.

Arva 1 Area IT

Area TII1 Aven IV

M2an 0.07 -0.03 -0.06 0,11

St. Dev. .74 0.24 0..22 .17

No. of

Aty 21 9 7 23
. Stability

In order to assess the utility of Nimbus o satellite data

Tor the det~rminatien of air mass stability, three pavameters




were computed. They are: 1) vertical lapse rate of temperatu:

2) Srnowalter index; and 3) vertical totals index.

I this research the curputed lapse rates were Horlkdllood oo
) 1 ) . .
°C kin 7. The lapse rdte data were stratitied inzo tiaree fayers:
surface tc 500 mb, 5C0 to 300 wmi, and 30V o LCU nus.

Bilases 1n the dlscrepancles Letween —at

lipse rate data shown in Table 15 are witnin
-1

[P - . ; . A
R 10 UL LOweYT Qdyel.

for Area IV where the bildas 1z ~-U.7
This large discrepancy is caused by errors in the satellite duca

near the Jground over tie noUit@lns.,  The standdrd deviacic

for each laver and area also are listed 1n Table 1o, The oiwaaloo.

stancard deviaclon occurred in the middle layer ol 22 irea

with the lowest value over water {(Area 1L:. 7Toese reoalt. ..o

can be seen from tne cunalative lrejuency disorip

LLIOLG LT

in Figs. 32 through 35. N CLULBe aygyroechent Lolwoeon balol o T

and rawinsonde data reriovtued 1o laple 15 and

attests Lo the high qualzty Of fne saeuwclilite

Table 15, Means and standard deviatlons ©F disCie; ancivy (70 w0
s

betveen Nimbus © satellite and wergiated rawinool o Lo
rate aata stratified into tnree layers: (A caricoo o
500 mb; (B) 500 to 300 mb; and (C) to luu ido.

arca L Arca 1 frcea IIT

Mean -0.1 0.0 -0.3 j~u.1 =-9.1 -0.010C.1 -¢.1 -¢.l
St. Dev. 1.3 0.7 1.4 0.9 0.4 0.8]1l.4 0.5 1.4

No. of
dara i68 123 119 81 53 44 54 42 g

2) Gnowarver Index

Tie procedure tor the computation of the Showalter index was

preseiced in the section on methods of data analysis.  Showalter
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Fig. 34. Cumulative frequency distributions of discrepancies in
the lapse rate of temperature within the layers surface
to 500 mb, 50C to 3920 mb, and 300 to 100 mb for Area III
(Canada) .
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Fig. 35. Cumulative frequency distributions of liscrepancies in
the lapse rate of temperature within the layers surface
to 500 mb, 500 to 300 mb, and 300 to 100 mb for Arca 1V
(western United States). !




o .
indices computed fromrw satellite and rawinsonae duata anha b
discrepancy for eacnh station pair for Arcas 1, 11, Iil, and IV
are shown in Tables 16 througn 172, respectively. wnalo no systematic

relationship was found between savellite and rawinsonde Showalter

indexes, it was found that all Showaltfer inaexcs colputea from

satellite data were positive. Tnis 1s not fully underszoed bt
may be related to the temperature and rolsture struvture of the
areas studied, or to the inaccuracies 1rn satellite dew-point

and ambient temperatu.es 1n the lower troposphere. The rissing
data tor Area IV resulted from the surface pressure being less

than 850 mb.

3) Vertical Totals Index

Smaller percentage errcrs in the mcan discrepanciles were found
for the vertical totals index than for the Shewalter index. Mean
discrepancies of -2.1, -1.1, 0.4, and ~-1.6 are shown in Tables
20 through 23 for Areas I, 1I, III, and IV, respectively. The
vertical totals indexes obtained from satellite date differ from
those obtained from rawinsonde data by less than 5%. This good
agreement between satellite and rawinsonde again reflects the

high quality of the satellite temperature data.

- |




Table 16. Discrepancies irn the Showaiter Index derived from satellite
and rawinsonde data for Area I (central United States).

655 4.2
220 2.1
349 2.5
Gas 3.1
247 2.0
327 2.4
56 1.9
563 3.0
654 4.0
200 1.0
212 2.1
353 1.6
429 3.0
451 1.2
562 3.4
734 2.1
KBRS
FoStatica noareer oare o gqavern in

0.
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Table 17. Same as Table 16, but for Area II (Caribbean) .

STRTTrE N0 SATILI T4
201 1.7
202 2.0
210 3.7
644 1.9
3067 3.8
397 4.2
5C1 3.9
2818 0.7
001 2.0
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Table 18. Same as Table 16, but for Area III (Canada).

STATION NO. SALELLITE RARINGONDE DIHCREPANCY

768 3.9 3.1 0.8

836 5.0 9.1 -4.1

848 6.1 5.6 0.5

867 5.3 4.3 1.0

913 2.6 1.5 1.1

934 8.5 9.3 -0.8

119 8.5 2.0 6.5
MEAN 0.7

Table 19, Same as Table 16, but for Area IV (western United States).

EATELLITE RANTNSONOE DISCHEPAICT,

2.7 0.9 1.8

1.9 0.9 1.0

5.1 8.6 -3.5

1.3 0.0 1.3

374 - 0.1 -
385 5.2 7.2 -2.0
333 3.2 20.1 -11.9
a51 2.3 -1.1 3.4
469 - - -
476 - 4.9 -
486 - - -
562 3.2 8.0 -4.8
572 ~ 8.7 -
576 - - -
054 H.6 8.2 -1.6
655 H.8 7.6 -0.8
GH2 fr.d 10.6 -1.2
631 - 9.7 -
764 6.7 11.6 -1.9
768 7.2 5.5 1.7
775 [EI 6.8 1.3
735 Ho2 7.9 ~1.7
HMEAN -1.1




Table

20

States) .

3h

i
d131
5hY
200 N
319 23.0
645 25.6
247 22.9
327 24,2
456 23.7
303 25,0
54 26,2
200 22.7
Il 23,0
353 21,3
429 24.0
4951 25,3
62 25,06
734 23.1

MEAN

Table 21.

LR N BRAREE
201 2a.5 25,5
2072 2.3 2501
210 A0 25 .4
544 2405 25,6
N7 PR | 231.8
397 23,0 2313
A L3002 SN}
YO 2304 2408
col 231 24,0

1AM

=47
-2.2

Same as Table 20, but for Area II (Caribbean).

. Discrepancies in the Vertical Totals Index derived from
satellite and rawinsonde data for Area I (central United
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7. SULMAERY AND COnCLUSIONS

a. Suisaary

An analysis was concucted of satcllite and rawis soengs sounding

data and parameters derived thereirom for Icvr yeoyra

western united States.

GisCre:

pecween satellite and weighted {Llinesrly interolated) ruwinsonde
cave for temperatdre, dew-polint texn Gy LalXailg TaTiU, pOUCclia-

table wates, thlckness, lapss rate Of rfenperature, and stasility

indexes. Mean and standerd deviations of

and Thichness woere cungiavod. Tl deatlue

o

£ discrepancy data

TemeY

TEHRaTtUre were

owelier and verticul zeTaél indexes computod

. e L . \
and welgnTed rawaenseonde daca alse wWeXe Compared.

b. Conciusions

The following conclusiciis were reached from tae resul

2

Nis rescarch:

cr
s

(1) Tne apprexinace wmeen RS of the discrepdancies Loy

profirie palrs between satellite and welghited rawinsonae luiad tor
seven paramecers are the following.

{a) Temperature: 2 C
solatiuce: Toh O

(L) Dew-point tuemn

s

(¢) Layer tnickness

{(a) Mixing ratlio:

{¢) Precipitaple woeter: 0,23 cm

. 4

(£) Lapse rate of temperature: 1.1 ¢ ke
{g) ALl Show. .cer indexes derived from sacellite data

are wosizive, andg the verticael totals index 1s within oo ol

dnd shealicr than faone compited [rom rawinsonae daa.

() L0 agrreiieine bulween satelilte and rawinsonde temperature

data was ftound, olthough satellite moisture data are highly
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questionable.
(3) The poorest agreement between satelllte and rawinsonde
temperature or temperature-derived paramcters was found either
near the tropopause region or near the yground. Average satellite
temperature is higher in the tropopause region and lower near the
ground than the rawinsonde temperature. The best agreement between
the temperatures was found in the middle troposphere. The largest
disagreement between satellite and rawinsonde dew-polnt temperatures
was found in the layer between 500 and 300 mb.
(4) Results for the four geographical areas studied show that
the best agreement between satellite and rawinsonde temperatures
and parameters derived from temperature is found over water
(Caribbean) and the poorest agreement was found over the mountains
western United States).
(5) In addition to instrument errors of the satellite sensors
and rawinsonde observations, the discrepancies between satellite
and rawinsonde data may be attributed to the following: .
(4) The distance between satellite and rawinsonde station
pairs;
{b) The smoothing of the satellite temperature profile
due to the data processing method;
(c) Moisture effects on _he satel ite sensors; and ¥

(d) The type of underlying surface; and

(e) Interpolation of the rawinsonde data. ¥
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APPENDIX A
Rawinsonde stations used in each area.
Area I - Central United States
Station Identifier Location
72229 CKL Centerville, Alabama
72235 JAN Jackson, Mississippi
72247 GGG Longview, Texas
72260 SEP Stephenville, Texas
72311 AHN Athens, Georgia
72327 BNA Nashville, Tennessee
72340 LIT Little Rock, Arkansas
1 72349 UMN Monette, Missouri
72353 OKC Oklahoma City, Oklahoma
72429 DAY Dayton, Ohio
72433 SLO Salem, Illinois
72451 DDC Dodge City, Kansas
72456 TOP Topeka, Kansas
72532 PIA Peoria, Illinois
72553 OMA Omaha, Nebraska
72562 LB}V North Platte, Nebraska
72645 GRB Green Bay, Wisconsin
72654 HON Huron, South Dakota
72655 STC St. Cloud, Minnesota
72734 SSM Sault Sainte Marie, Michigan
72747 INL International Falls, Minnesota

Area II - Caribbean

Station Identifier Location

72201 EYW Key West, Florida

72202 MIA Miami, Florida

72210 FMY Fort Myers, Florida
76644 MID Merida, Mexico

78367 MUGM Guantanamo, Cuba

78397 MKJP Kingston, Jamaica

78501 KSWA Swan Island, Swan Island
78806 MBHO Howard, Panama

80001 MCSP San Andres, Colombia




APPENDLIX

(Continucd)

tion

12768
72836
72848
728067
724313
72934

74119

station

365
L2374
T2 30
T 1y

Area IV -

Arca

- Jdhdda

Identificr

W
M

Yl
Yyl
YY)
Y

Tdentificy

AL
T

ALA
AR
INw
Uy
VB
e
DEN

T

LLedtlun

51

Muosonoe,

W, A«

Trout Laroo, Uandalds

b LFas, inL.anit

Chaarehl i, claroada

Tevd Ui PO U
PR Cia

S PO A

N

Ararilio,

Kirt.oand,
o 3

Winlow, Srioona

Yaose Claba, lovada

Jardenbarer, Coalltooaraa
Dodage Ly, Vol g
LONVeY, Uolotroad

rarad Junotion, ol rad

iy Yelland, evada

sorthy Tiate o, Tarra e
+
,
1 +
oAt Y
i ¢ I

Blomar e, Worth iy o

Slarronn, ;s
reat Palls, ot ana
S, WAt




[938)

APPLNLIX b

Distance (kn) botween cach pair of rawinsonde
ard satellite soundings for each area.

Area 1 - Central United States

Station number Distarnce
L29 8¢ .4
235 8¢.4
247 1n4.9
260 123.4
311 185.2
327 74.1
140 123.4
340 172.8
353 216.0
4.9 24¢ .9
oyt 1.7
451 2407
50 104 .9
I 14¢.1
PR 117.3
SO0 142.0
e 14200
ol 74.1
v 129.6
ol 26y, 4
a7 123.4

Area 1T - Caribbean

Jtatlcorn number Distance

201 117.3
2002 123.4

210 123.4
44 135.8
367 432.0
197 1¢.0.5
") AT
RO, 160,05

U0l 111.1




APPENDIX B (Continued)

Area 111 - Canada

Station number

768
836
848
867
913
934
119

Area IV - Western United States

Distance

246.9
407.4
234.5

98.7
308.6
246.9
222.2

Station number

265
274
290
363
365
374
385
393
451
469
476
486
562
572
576
654
655
662
681
764
768
775
785

Distance

209.

24.
148.
246.
111.
104.
185.
117.
179.
185.
234,
104.
160.

86.
308,

86.
246,

49.
185,

6l.
123.

74.
111.
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