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COMPARISONS BETWEEN NIMBUS 6 SATELLITE AND RAWINSONDE

SOUNDINGS FOR SEVERAL CEOGRAPHICAL AREAS*

Nine-min Cheng and James R. Scogqins
Department of MeteorologYv

Texas A&M University

I1 INTRODUCTION

Great strides have been made within the past decade tow. d the

measurement of atmospheric vertical profiles of temperature and rois-

ture from satellite radiation data. The high resclution infrared

radiometers carried by the Nimbus 3, 4, 5, and 6 sateilites provided

valuable radiation data from which the three-dimensional structure

of t(e atrnosuhere could be determined or inferred. In addition,

Nithous 5 and 6 carried microwave sensors from which vertical pro-

files of temerature and moisture have been determined even in the

Presence of various cloud conditions.

The objective of this research 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, lapse rate of temperature, precipitable water, and

stability. Relative "errors" in satellite data will be presented

as a funrction of geographic area, synoptic conditions, and surface

characteristics.

* Research suipportrd bv . S. Armv Resoarch Office, Research Trianqle

Park, North Carolina, under Grant DAAG 29-76-0078 to the Department
of Meteorology, 'Texas A&M 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

a 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). Another

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 use, individually. A case study
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(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 GT

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.
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3. DATA

a. Satellite

Profiles of temperature and moisture determined from Nimbus 6

satellite radiation data (Smith et al., 1975; Staelin et al., 2975)

provided by the National Environment Satellite Service ara 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

CMT on ?5 August 1975, and the rawinsonde stations (dots) for the

sarne area. FiJure 2 shows the satellite (crosses) and rawinsonde

(dots) soundinq locations along the orbit over the western United

States (from north to south) between 0735 and 0740 GMT on 3

September 1975. Temperature and dew-point temperature data are

provided for 21 levels for each sounding at 1000, 950, 920, 850,

780, 700, 670, 620, 570, 500, 475, 430, 400, 350, 300, 250, 200,

150, 135, 115, and 100 mb.

b. Rawinsonde

Rawinsonde data were requested from the National Climatic

Center, Ashevil3e, North Carolina, for the two areas covered by

the satellite data mentioned above. These data were requested for

1200 GMT on 25 August 1975, 0000 GMT on 26 August 1975, and 0000

GMT and 1200 GMT on 3 September 1975. In order to obtain rawinsonde

data corresponding to the 21 levels in the satellite soundinq data,

each rawinsonde soundinq was plotted on a Skew T-log p chart, and

temerature and dew-point temperatuie interpolated to the level as

required.
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4. AREAS ANALYZED AND SYNOPTIC CONDITIONS

a. Areas

Satellite and rawinsonde sounding 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 I; (2) Caribbean Sea-

Area 11; (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 Sep~tember 1975. These four areas represent a variety of

surface conditions including flat land, water, cold surface, and

mountains, 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.
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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 TV, respectively. Rawinsonde station numbersI 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 distance2 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 IV

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

IStation names are given in Appendix A.
2Distance between each pair of soundings is given in Appendix B.
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34~

Fig .Pairinqs of satellite sound-inq locations ',solid dots) and
rawinsonde stations (open circles) for Area I.

02

~~~~~01

4.-) ,

Fig. 7. Pairings of satel.lite sounding locations (solid dots) and
rawinsonde stations (open circles) for Area II.
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14

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 IV), and

the maximum was 432.0 km (Area II). The mean of all pairs over

the four areas was 154.7 km which approximates 1.40 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)R 1200 + (5/12)R000 0

where R is a weighted mean of the rawinsonde observations, R

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 .5/1 2 )R0 000 + (7.5/12)R120 0

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 = RT*in(P /P
g

where R is the gas constant for dry air, T* is the mean virtual

temperature of the layer between pressures p1 and p2 F and g is the

acceleration due to gravity.

Here T* is given by

= T + AT
m

where T = T r+T2
2

AT = w/6,m

w is the mean mixing ratio in the layer, and

T 1 and T2 are the temperatures at P1 and P 2 , 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

T3 - T1
2 = Z3 -Zl

where the subscripts refer to successive pressure levels, T is
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C. Stratification of data

Discrepancies between satellite and rawinsonde data for all

seven parameters form the computed data sets used in this research.

Computations were made level-by-level (e.g., temperatlure), 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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5j00 to 300 mb, and 300 to 100 ob. These layers are referred to

as lower, middle, and upper troposphere, respectively. Statistics

of the data for each layer were examined for each geographical

area.

0. Computation of statistical parameters and distributions

Discreuancies were co- outed between satellite and rawinsonde

data for the seven Parameters at 21 levels for. tenoperature, 15

iavels for dew-point temperature, thicknesses for 20 lavers,

lapse rates of temperature for 19 levels, mixinq ratios for 15

ieveia, nreciPitahle water for 14 lavers, and Showalter and Vrtioai

Total Indeves for each satellite and rawinsone soincinq in eath

P.ooraph5 cal. area. The discrenar.cies, D, were 6ef9n d bv

D (S - R)

where S is the satellite value and R is the corresponding weighted

rawirsonrle value.

For purnoses of comparison, the discrepancJes betwee(n layer

thickneses were normalized according to

D
ZDN = _ x 1000

NZ Z_R

whroe D is the discre-Pancy between satellite anrd weiqhted rawinsondeZ
layer thicknesses, and Z- is the weighted rawinsonde layer thickness.

T -efore, D is the thickness discrepancies per 1000 m (1 km).NZ

Cumulative probability frequency distributions (CPF) of the

di screpancies were computed for each laver for temperature,

dew-pint: ternneraure, normalized thickness, lapse rate of temper-

at-e, and mirinq ratio for the ensemble of all Paired points

ith..n r-ach I- 'rer and for the four geoqrarpoica. areas.
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6. RESULTS

In this research, discrepancies between satellite and weighted

rawinsonde data, S-R, between levels or layers from the ground to

i00 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 smoothed 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 0.00 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, respectively,

from which it is inferred that satellite-retrieved temperatures

may be either higher or lower than rawinsonde observed temjleratures,

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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of 1.6, 0.9, 1.9, and 1.80C for Areas I, II, III, and IV, respec-

tively, with a range between 0.8 and 3.60 C.

Staelin et al. (1973) found similar results with discrepancies

ranging between 1 and 40C over an altitude range of 1 to 20 km. A

ranne in RMS discrenancies between 0.9 and 4.3°C is shown in Table

2, while Waters at al. (1975) indicated RMS discrenancies between

NFNTS and rawinsonde data ranging between 2.5 and 40C. The statis-

tics in Tahie 2 show the best aareement between sptellite and

rawinqnonde temperarure data to be over water (Area II. Caribbean),

anrl the tnrst over mountainous terrain (Area TV, western Uited

Stetes). While it is infeasible to show in dcetail the tcrrain

feat-ec over the western United States the large changes in

snoothod or average elevation are illustrited in Fig. 10.

Fiqures 11 through 14 give examnles of the "closest" and

"ooorest" aqreement between paired temperature profiles for each

area. The fcur "closest" pa.ired temperature profiles show good

agreement cycept in the tropopause region. For example, the curves

for SS-M (734) (Fig. 11) agree within a reasonable noise level

from 950 to 150 mb, above wbich there is only minor disaareement.

Tose "poorest" aoreement profiles shown in (h) of Figs. 11

to 14 reveal the difference between Paired curves through the

whole trooosohere. Major disagreement is foiind in the layer near

the tropoapause between 200 to 135 mb for LBF (562) in Area I

(Fia. 11) , and the largest disagreements appear near the tropo-

pause and near the ground for YYQ (913) in Area iII (Fig. 13),

ar-] for DEFN (469) in Area 1V (Fig. 14). Over water, the "noorest"

raired cu:rves for Area !I (Fiq. 12) exhibit only minor disagrement

throuqh the whole colu/mun. In addition to the troponause, the surface

condition is another key factor which affects the acciracy of the

satellite data. These charcteristics are also shown in Tables

3 t-rough 6 which renresent the ma-immi absolute ,discrepancy

between sarellite and rawinsonde temDernture data for each profile

Pair for Areas I-IW, respectively. For the central United States

(Table 3), 90% of the largest discrenpncies are foLnd within the

tronooai'se region and 10% close to the ground (850 rb). These
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Table 3. Maximum absolute discrepancy between Nimbus 6
and rawinsonde temperatures for each profile
pair for Area I (0C).

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
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Table 4. Maximum absolute discrepancy between
Nimbus 6 and rawinsonde temperatures
for each profile pair for Area II (0C).

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 (0C).

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

STATION MAXIMUM (deg) PRESSURE LEVEL (b)

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 2.40 C at 850 mb to 7.10C at 115 mb.

In Area II (sc! Table 4) smaller values occurred with a range

between 1.7*C at 475 mb and 3.40C 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 70% of the maximum discrepancies are found near the ground,

and 30% in the tropopause region. The range of values is large

and varies between 2.20C at 250 mb and 9.20C 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 2.70 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 and 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 - R), 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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Fig. 15. Temperature discrepancies betwecn satellite and rawinsonde

data as a function of pressure for selected stations in

each of the four geographical 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 nib,

500 to 300 nib, and 300 to 100 nib. 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 frequency

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 nib), with the

exception of a mean of 0.10C 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

F'Jtellite and rawinsonde temperature data, although for Area IV

there is a negative bias of -1.60C. This means that the average

satellite temperature was l.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 nib, and 300 to 100

mb) with values generally positive but less than 10C with the

exception of a mean of -0.40C in the middle layer for the Canadian

area (Area III). Curves in Fig. 15 also show that satellite
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Table 7. Mean and standard deviation of temperature discrep-
ancies (0 C) between Nimbus 6 satellite and weighted
rawinsonde data stratified by three layers:
(A) Surface to 500 mb; (B) 500 to 300 rob; (C) 300
to 100 mb.

Area I Area II Area III Area IV
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 61 42 49 160 138 157

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 IV).

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

near 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 due to random errors relative to any biases that may be present
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Fig. 16. Cumulative frequency distributions of

discrepancies in temperature in the layers

surface t-o 500 mb, 500 to 300 mb, and 300

to 100 mb for Area I (central United States).
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surface to 500 mb, 500 to 300 mb, and 300

to 100 mb for Area II (Caribbean).
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in either type of data. If 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 6.60 C

(Area II) and 9.10 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,
II, III, and IV (°C).

Area I Area II Area III Area IV
Disc RMS Disc RMS Disc RMS Disc RMS

Mean 2.9 7.3 2.8 6.6 -. 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
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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 mo~isture 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 discrepan~cies

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 nib for all four areas ('C).

Area I Area II Area III Area IV
A B A B A B A B

Mean 1.6 4.7 1.7 5.8 -2.0 -2.2 4.9 7.7

St. 0ev. 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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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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Fig. 23. Cumulative frequency distributions of
discrepancies in dew-point temperature in

the layers surface to 500 mb, and 500 to

300 mb for Area IV (western United States).
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The rncai. 'In: : '-inda~lj 1. 1'1 !vi: t ')f t tAij ce a.i: ew e

Nimdu; f, L tC.l Ait d an we . t .o rwi nt I ]ve r ti.i k .es ..

deturmined tru ni i: antd L, it ttrm],,,atui ai! int:, virtual teml (rature

for tht 2 , layer. containrid ii. Cach I rofil from 1-h m-;urface to

1)0 ni and for all four areas, are shown in TaLle 10. The statistics

of the discrepancies between thicknesses deterrnind from mea;,

virtual temierature are larger than the values determin4ed from

mean ambient temperature, but the differences are small. Therefore,

the effects of inaccurate measurements of satellite moisture on

computed thickness is small and the average amounts to approximately

2%.

Since the satellite temperatures are higher than 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 to a range of

mean RMS temperature discrepancies of 1.10C for Area II to 2.50 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 rob. 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 rb, 500-250 mb, and 250-100 mb.

In Table 11, the results for the Caribbean area are compared with
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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 agreoment 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 western 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 are indicated for the lower and middle

layers of Areas I, II, and III 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 reflected 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 300
mb, and 300 to 100 mb for all areas (m).

Area I Area II 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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Fig. 24. Cumulative probability frequency
distributions of normalized thickness
discrepancies within the layers surface
to 500 mb, 500 to 300 mb, and 300 to 100 mb
for the central United States (Area I).

9999 9%9 99 90 70 50 30 0 01 001

*50-

- 40- 
-

25

22
4)20-

to- - - - - -I ---

-10- -- 5

-- 5-2I-

C --- 0100O b
-25

0

2T

004 0.1 1 t0 30 80 T0 90 99 "It9 wgg
C U MUJLATIVIE PROBABILITY (%)
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for the Caribbean (Area II).
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Fig. 26. Cumulative probability frequency distributions
of normalized thickness discrepancies within
the layers surface to 500 mb, 500 to 300 nob,
and 300 to 100 mb for Canada (Area III).
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to 0" mb. The results are presented in Table 13. The means

a:.d stan.tard deviations of the discrepancies in the lower layers

are oreater than those in the upper layer for all areas. These

rs~uls were due to the lower moisture content in the upper layer

(,re tie data were considerablv noisier than in the lower layer.

Th;e Cota i beiases of -0.35, -0.29 and -(.(03 g k - 1 , which

i~i- ,less moisture in the satellite soundings than in the rawin-

sone.e anundilngs, occurred in the lower 1aver of Areas II and III,

and the upper layer of Area III, respectivelv. Differences in

s.4gn renain unexpl ained.

Ta;le 13. Mean and standard deviations of discrepancies (g kgi
blv.een , Nimbus 6 satellite and wciuhted rawinsonde
mixinq ratio data stratified into two layers: (A) surface
to 500 mb and (B) 500 to 300 mb.

Area I Area-!I Area III Area IV

A B A B A B A B

Mean e.17 0.14 -0.35 0.23 -0.29 -0.03 0.79 0.22

St. Dcv. 1.84 0.61 2.10 0.58 1.50 0.25 1.47 0.52

No. of

data

poit t ;189 120 90 52 61 33 159 127

2P. throlgh 31 sho)w the relative cumulative frequency

d( trii)itjons for the data in Table 13. The range of the discrepancy

6t, t!. ];;.r layer is greater than that in the upper layer

fe ,-,,h ares. Atain, tlis resulted from the noisier satellite

, wffth' '2,- lower moisture content in the upper layer.

ai, the curves rerresent normal distributions.

, ,i- e 1 3-sOre closely with the curves in Figs.

2'-. irnuih 21

AwI r' in rl!, an :i i n of di. sCrear(7 .en in dew-point

r-,.rne'-u ir, , mn'-,r nt in , foferen(e i,etwoen satellite and rawinsonde

. ....... . . .. ... . ... ..... .. II.1 . ..... .. ..... I . . <. . ..
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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. Trhe

rclia'bjliity of the satellite mrixing ratio Oata is questionlOI.

L. _Precinitable water

.n addition to mixinq rL p .atio. prcitable water is another

merOof atnlos'heric water coriter,1:. -,n ch is study, preciuitable

waiter was computed by in teoyarinq the maoisture profilp from the

Surface t a 00 rib. A mean R MS disoriepanc:y benwoen profile oI rs

for)-_ all. fnour ar e as o f o n 1y 0 .2P- cm wa- s Fo 1,n<4. Thiis is somewhat

b ettor than the 0. S cm P8M1 found Ol I ocr Vn 'on der Faar

(l27~, cosmahx'because of the miLcrowave channels available

an Nimbus 6.

Means ar4 st-andard deviations of discrepancieos _Ln -rccioitabie

wtrfor te four areas arc. show- in TaIblc 14. The re:sults show

thiat averac ?prec1,iivable water may be obtained from sate]l-it-

data with; c-1o a-7ircoy of about 0. 1 cm or -lois it o is neanc-

able in :nosz cases. In tw3 areas thc ne1aucwreJa"ale Sd1

t"7o they wore [osji t(ve. 'Phe standlard deviat.iOns wer arn cn

sistent with a valuie around L2.23 ox-court for Prf-3 I',' (.o - n

O!nited State-s) where the mois ture 11-1-iwi l>.

Table 1.1. Means and] staindardl deviations f2 sr-42 sVa

netween i iea6st11io ndwe iolhtrd rw ue

precitiitahlo waterr for all. four aireais.

Area I Area !I 
7Xrea TII :'O L'J

MCh07a -0.03 -0.06 5'

St. "):Nf. C-.34 0.24 0 22 21

fO i

7 'L 3

stabili-ty

1-, )-de"r to aus;the Utility of Nibu-, s k, sate I Ito 0at- a

(3r(_' dt _,~r -';nt r O ir mass uitah 1 ity , t'O me paramrt ''m
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were Coinjited. They arec: 1) Vertical laLs aeof oi'a ;

2) hoalerinide-x: ac 3) Vt:rt4lUal totaLs l.

1.) La pe jaoe

iii thi4s rLeseorch to col jwe cs oes: i~jL!

0 kin. The lap~se rata] UAdILlO e~ tit~e :: oc ee

SUrface -cc 500 !1b, 50t-o LO, ajili 350tolu w

Bias es in tnoCi, eo'n~sw~Octh>~a!~~.

4 Pse raize data Slncwj, n 1- abj, 15 icwt 0.30k

ibi Area 1V where tne niuzs -5i i i te.~tjw

This large disa-aay c .ed by errois- in_ tu,,e

near -toe .j-t(unci cOv', t-'ic rKP LWItii. Tiio s 000w cc vwci

for each ia,- - cLd u.:eu also are 1isted in Tab,,ie 71. -'

st andard devlac-iu, ocrd iii t-i pidIe le jvelr jt ,2 na t

withl the los6est: vaiuu evur ,uuur 'La~;..ec ec

can b(3 suen f.ra o tziw YLiJOi~ r.e~c wlLw

4n Us.32 triroaco,;' 'In - L W ~ ~ iolwc~e:

alid rawineonotle clw 4 '.Ltc L IaI uw

attests t-o the ',1;,h 1, 1t ftie>nlt cip:w

Table 1-5. 1Beans a~id seejutard Jveir tc, c l.

ra-Le ato~ szratliid into three i~~: 4 c
5-0 ib; (B) 530 to 31j0" nib; uind (C) ,.L; tie ~ lu u

Area I Area- 11 Al Ca 1lLju I

c A L- C Ai

Ca 1-0. 1 0.0 -0. 3 t
1 --0) -3 0. 1 -u.-

St. Dcv. 1.3 0.7 1.4 0)0.4 0.8 1 .41 0. 14 i 1.

No. at.
datca 168 123 110 81 53 44 54 42 4 1 i 13 34

2) :no~atornd(2x

7. IIL QeLIULo r the comPutation of the sjiQewe I Or .u' IL;J

r 1c10in tiic ecttn on)r methods of data anelaii . ' I(iwaI '
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Fig. 32. Cumulative frequency distributions of discrepancies in
the lapse rate of temperature within the layers surface
to 500 mb, 500 to 300 mb, and 300 to 100 mb for Area I
(central United States).
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Fig. 34. Cumulative frequency distributions of discrepancies in
the lapse rate of temperature within t.e layers surface
to 500 mb, 500 to 300 mb, and 300 to 100 mb for Area III
(Canada).
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(western United States).



indices computed from satellite ania raw nsunuo ua caa uu

discrepancy for each station pair for Azu"6 i, ii, lii, aj:c '

are shown in Tables 16 thiougn y '), lsc', eiV. W1',i ,o sstematic

relationship was found betwun! satullite anc. ravinso..de Showaitr

indexes, it was found that Lll Snowaiter inuexus conputuc tor

satellite data were positive. This is not ful!Y u-dsroof Lt

may be related to tne temperatuie and moisture .7tructure of tne

areas studied, or to the inace:urac ies in sauellito dew-point
and ambient temperatures in the lower troposoh.re. The nissing

data ror Area IV resulted from tht surtaee pressure being less

than 850 mb.

3) Vertical Totals index

Smaller percentage errors in the moan discrepancies were foud

for the vertical totals index than for the Showalter index. Mean

discrepancies of -2.1, -1.1, 0.4, and -1.6 are shown in Tables

20 through 23 for Areas I, II, III, a d iV, respectively. The

vertical totals indexes obtained from satellite data 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.
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Table 16. Discrepancies in the Showalter index derived from satellite
and rawinsonde data for Area I (central United States).

235 1.7 1.4 0.3
747 3.4 6.1 -2.7
340 1.9 1.2 0.7
43%3 3.0 -5. 6.7
532 3.5 3.3 0.2

655 4.2 7.4 -3.2
223 2.1 -1.] 3.2
349 2.5 -2.4 4.9
645 3.1 10.6 -7.5
247 2.0 0.8 ).2

3727 2. 4 0.0 2.4
45% 1. 19 -2.0 3.9
553 3.( 9.5 -5.9
6 5,"1 4.0 .6 -1.6
2 r 2 .r. 3 0.7

2.1 1 2.
353 1 . -2.4 3.A
429 3.C ).0 3.0
42 2.2 -0.' 1.5
5(2 3.1, 9. ,(,.
734 2.1 3.5 -1.4

I"}L 'J
T

0. 3

• Elt:tiv., r :', g ,:. i:. Aji,e :.fly A.

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

;IJP' '0' V . 514A Ii,3 ] 5} P.NA f ::(00D DISCYJ.. ..... 6, ....

261 3.7 -].1 2.8
202 2. C, 0.8 1.8
210 3.7 -0.8 4.5
644 1.9 0.6 1.3
367 3.8 -1.4 5.2

307 4.2 0.6 3.6
561 3.9 6.1 -2.2
820 0,7 2.7 -2.0
001 2.6 5.2 -2.0

M AN 1.4



54

Table 18. Same as Table 16, but for Area III (Canada).

%TAT ON NO. SA 11:511, _I'E RAW I NONPDD 
I

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).

' TON NO. LA?: 1,ITE RAT ,I N 0_501' 'A: __

265 2.7 0.9 1.8

274 1.9 0.9 1. 0

2,3 5.1 8.6 -3.5

>33 1.3 0.0 1.3
365

37.4 0.1

3H5 5.2 7.2 -2.0

39'3 8.2 20.1 -11.9

451 2.3 -1.1 3.4

469 - -

476 4.9
48 6 - -

562 1.2 8.0 -4.P

572 - 8.7
576

654 6.6 0.2 -1.6

653 6. 8 7.6 -o.8

662 ., 10.6 ---1.2

6081 9.7

76, ,.7 ] . -*. f

76A ".5 .1.7

775 . B . 5 " .

785 6.2 7.9 -1.7

:NAN -1.1
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Table 20. Discrepancies in the Vertical Totals Index derived from
satellite and rawinsonde data for Area I (central United
States).

4] 2 3.3 '.5 (..3

1 3 . .- -.
3.9 2..7-

,1 2 3.5 2 7.6 - .

; 55 5.,1 25.7 .

.) 24.3 23.2 -3.9
1.) 23.0 27. -4.7

(45 25.6 21.a -2.2
.,,17 22.9 2".2 -3.3

327 24.2 25.9 -1.7

46 23.7 25.1 -1.4
,, 3 25.0 25.38 -0.0
5,54 26.2 26.5 -0.3

2 0 22.7 27,2 -1. 5

Vi 1 2 3.9 2B.5 -4.6
• 5}24.4, 2 .V -4.0;

4129 24.0 24.6 -,.,
4,51 25.3 20.0 -2.7
,02 2.6 2,.2 0.4
131 23.1 21.8 -1.7

-2.1

Table 21. Same as Table 20, but for Area II (Caribbean).

-. . . .. . .. . . .. . .. ... .. . ... . ..0 .. .. .. ... .. . . . . . . . . . ..

201 , 5 20.5 -3.0
2!32 2 3.' 25.1 -3.31
2"0 24.0 2'., -1.

34,1 2.1.5 25.! ,6 -1l.1l

3-,7 2 3.2 .3.3 -0.7

l21. 124.0 -3.
2) 23.1 24.

3! .{.5 - I. 3
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questionable.

(3) The poorest agreement between ;tuliite and rawinsonde

temperature or temperature-derived jparameturs was found either

near the tropopause region or near the ground. Average satellite

temperature is higher in the tropopausei: 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-point 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 iiuntains

,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:

(a) 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 -te 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

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 LBF 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 G-uantanamo, Cuba
78397 MKJP Kingston, Jamaica

78501 KSWA Swan Island, Swan Island

78806 MBHO Howard, Panama
80001 MCSP San Andres, Colombia

L.- - - -
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Dilstant(! (kr,) bVtw(e,. (,ach tair of rawi:o(i.hd

and ;ateilitc nourding; for eac, area.

Area L - Ceitral United States;

Station number Distance

. 29 86.4

235 80.4
24 7 PA.4*9

262 123.4
311 1W5.2

74. 1
{4'P 123.4

3,4) 172.8

4.10 246.9

41.
• 1 ,4.7

4',G 104. 9
', ,.'14 . 1

1] 7.3
142.

, 4' ]142..,

74. I
, ',129.8

P6.4

12 1. 4

A 1- Car ibbean

,t&l[ ]e, 'ujr. r Distance

8 ] 117.3
25 2 123.4

,1 ) 123.4

(44 1 15 .8
3(/7 4 i2 . 8

1 1.
414
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APPENDIX B (Continued)

Area III - Canada

Station number Distance

768 246.9
836 407.4
848 234.5
867 98.7
913 308.6
934 246.9

119 222.2

Area IV - Western United States

Station number Distance

265 209.8
274 24.7
290 148.1
363 246.9
365 111.1
374 104.9
385 185.2
393 117.3
451 179.0
469 185.2
476 234.5
486 104.9
562 160.5
572 86.4
576 308.6
654 86.4
655 246.9
662 49.4
681 185.2
764 61.7
768 123.4
775 74.1
785 111.1

slo
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