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A COMPARISON OF SATELLITE OBSERVED MIDDLE CLOUD MOTION 
WITH GATE RAWINSONDE DATA

Leroy D. Herman
National Environmental Satellite Service, NOAA 

Washington, D. C.

ABSTRACT. Satellite middle cloud vectors were compared 
with GATE rawinsondes to determine their accuracy and 
altitudes. A method was derived for the estimation of 
middle level vector heights from satellite temperatures. 
The average vector deviation of satellite vectors from 
corresponding balloon winds at the estimated altitudes 
was 9.6 kt.

1. INTRODUCTION

Cloud motion vectors measured from geostationary satellite pictures 
approximate the wind at cloud altitude. Because of this correspondence 
these vectors are used in operational wind analyses in regions of sparse 
conventional wind data. The vectors are produced by the National Environ­
mental Satellite Service (NESS) by two methods: (a) manual tracking of
clouds in satellite movies as described by Young, Doolittle, and Mace 
(1972); and (b) computer matching of clouds from two pictures as described 
by Leese, Novak, and Clark (1971).

Most of the cloud motions measured by NESS are obtained for either high 
clouds or low clouds. Few observations of cloud motion are made in the 
middle levels — 800 to 400 mb — leaving a gap in the information needed 
for weather analysis. Many surface observations indicate that middle clouds 
occur fairly frequently, but these clouds are not being tracked by present 
methods.

The purpose of this study was to determine how well the height of middle 
cloud motions can be estimated from satellite observations. Cloud vectors 
were obtained from satellite observations during the GARP Atlantic Tropical 
Experiment (GATE) in the summer of 1974. Satellite-observed cloud displace­
ments during Phase 2 (July 28 to August 16) were compared with nearby 
rawinsonde data from the GATE ship network. Only cloud motions that matched 
rawinsonde winds in the middle troposphere (800 to 400 mb) were investigated.

The apparent infrared cloud temperature as measured by the satellite 
radiometer, and the air temperature at the same altitude as measured by the 
radiosonde, may not agree. This occurs because the cloud elements may not 
completely fill the field of view of the radiometer, or the cloud may be 
partially transparent to radiation from lower levels. The relation between 
apparent cloud temperature, radiosonde temperature, and temperature of the
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underlying surface determines a quantity designated effective emissivity 
(c). This quantity, which is also a function of radiometer field of view 
and element size, is discussed in section 2. Effective emissivity together 
with other cloud characteristics, such as cloud size and visible brightness, 
were examined for utility in judging altitudes.

2. DATA AND ANALYSIS PROCEDURE

Data used in this study were radiosondes in the GATE area centered on the 
A/B scale grid, and satellite data from SMS-1. Rawinsonde data at 1200 GMT 
during Phase 2 were obtained from the "quick look" tapes for locations shown 
in figure 1. Animated satellite picture sequences in both the visible and 
infrared, covering a 2-hour period centered at the time of the rawinsondes, 
were used to measure cloud motion. After editing unsuitable and doubtful 
data, 12 days from Phase 2 were analyzed.

The satellite cloud motion vectors were compared with the corresponding 
GATE rawinsonde observations. These cloud vectors were determined by 
tracking cloud targets within 180 n.mi. of the radiosonde positions. Each 
of these vectors was compared with its corresponding radiosonde winds to 
find the level of best fit (LBF). The LBF is the pressure level at which 
the sounding wind vector deviates the least from the cloud vector. It is 
the most likely level of cloud in the case of layer clouds.

Figure 2 is an example of the comparison of a sounding with a cloud 
motion vector. It shows the hodograph of the winds at Nouadhibou and the 
corresponding cloud motion vector at an LBF of 525 mb. Direction and vector 
deviations between cloud vector and balloon winds were computed for each 
cloud vector.

Comparisons were not used where the direction deviation at all levels was 
greater than 50° or the vector deviation at all levels was greater than the 
cloud motion speed. Cases were also discarded if there were multiple LBFs 
or if the minimum vector deviations at all levels were larger than 10 kt.

Cloud targets of doubtful reliability were not tracked. Early in the 
study we found that many middle cloud motions are not reliable indicators 
of advective motion. Effects such as development or evaporation simulate 
motion that did not correspond to any observed wind, and the animated 
sequences often showed gravity waves causing cloud propagation.

After locating the LBF, the sounding temperature at that altitude was 
taken to be the temperature of the cloud. The LBF temperature, the 
apparent cloud temperature measured from the satellite, and the surface 
temperature, are related by the effective emissivity as follows:

B(Tsfc> - B(Tsat>
£

B<W ' b^tlbf^
(1)
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where e is the effective emissivity, Tsat is the cloud temperature measured 
by the satellite, Tsfc is the temperature of the underlying surface, TLbf 
is the LBF temperature, and the B terms are the radiances at the specified 
temperatures. The effective emissivity used here is not the commonly 
defined emissivity because it is influenced by the sensor field of view 
relative to the cloud element size and cloud thickness.

Normally one would expect to find e to be less than unity, which is the 
case when the apparent cloud temperature measured by the satellite is 
higher than the temperature at the LBF taken from the sounding. While a 
value of e greater than unity is not physically possible, such values can 
result from the equation. This occurs when the cloud moves at a speed 
corresponding to the wind at a lower (warmer) level instead of the wind at 
the cloud top. This is most likely to occur with convective clouds.

The cloud targets were tracked from the infrared pictures for the most 
part, but in cases where the contrast between the cloud and background was 
too small to be certain of the cloud motion, the visible picture sequence 
was also used. This occurred primarily with fields of small cumulus clouds 
Occasionally low emissivity clouds at other levels could be tracked better 
in the visible sequence.

Problems affecting the accuracy of comparisons between rawinsondes and 
cloud vectors were discussed by Hubert and Timchalk (1972) and Hasler 
et al. (1976). In the present study, special care was taken to minimize 
the errors of cloud target selection by applying the following restrictions

a. The same cloud must be seen on each frame in the sequence. The 
formation or flickering of a cloud during the sequence disqualifies 
it.

b. The cloud must remain about the same size, shape, and temperature.

c. The erosion of a cloud band edge disqualifies it.

d. Clouds that significantly change direction or speed are disqualified.

e. The cloud must be representative of motions in the vicinity; 
at least one other similar cloud must display the same motion.

In addition, it is safest to choose middle cloud motions in areas where 
the high cloud motion is known or can be deduced from differential motions.

In order to apply these rules all variations in brightness, temperature, 
and other significant variables must be observed in detail. Two methods 
of enhancing picture detail were used. One way was to enlarge the pictures 
almost to the point where cloud element definition was lost. The other 
was to use half-mile resolution visible pictures when available. This 
higher resolution usually permitted the detection of previously unnoticed 
features and allowed better discrimination of relative cloud heights.



3. RESULTS

The number of clouds tracked for each of the 12 days is shown in table 1. 
While 380 clouds of all types were tracked and their motions compared with 
radiosonde winds, the right-hand column shows that only 38 had LBFs in the 
middle levels. Study of these middle clouds led to their division into 
three classes according to their emissivities and inferred vertical extent.

Class 1 middle clouds have effective emissivities less than unity.
Table 2 shows that the LBF temperature of these clouds ranges from 256° to 
283°K. However, because of their low effective emissivity the satellite 
temperatures range from 262°to 292°K. These clouds are of primary interest 
because they probably occur in a single layer. The average vector deviation 
between the cloud motion and the wind at the LBF was only 4 kt.

Class 2 middle clouds have effective emissivities greater than unity. As 
mentioned earlier, this results from equation (1) only because each cloud 
top temperature is colder than its LBF temperature, as shown in table 3.
This indicates that these clouds had motions associated with some level 
within the cloud. It implies that vertical development, probably convective 
in nature, influenced the cloud motion. None of the class 2 cloud tops, as 
indicated by the satellite temperature, were above middle levels. The LBF 
temperature ranged from 270° to 287°K, and the temperature of the tops 
ranged from 259° to 282°K (approximately 420 to 720 mb).

The class 3 middle clouds have LBFs in the middle level but are developed 
vertically with tops extending above the 400-mb level. The 11 clouds in 
this class, shown in table 4, also had effective emissivities greater than 
unity because their LBF temperatures (258° to 283°K) were much warmer than 
their apparent temperatures (213° to 254°K). Clouds with tops as cold as 
these look like high clouds. They would not ordinarily be recognized as 
potential middle cloud targets.

Of the three classes, clouds in class 1 are the most likely to provide the 
best targets for tracking because layer clouds are more nearly passive 
tracers that can be advected by the wind. Class 2 clouds are less useful 
middle level targets due to problems of estimating their altitude not found 
with the other two classes. However, because their tops are clearly in the 
middle layers, these clouds must be considered as potential cloud targets. 
Class 3 is of little interest here because the cold tops indicate vertical 
development to high altitudes, and when seen in a satellite picture could 
not be identified as middle cloud targets. Hence, class 3 was eliminated 
from further consideration.

Several cloud characteristics were considered as possible discriminators 
between classes 1 and 2. These included size, visible brightness relative 
to apparent temperature, and apparent temperature alone. The means of the 
cloud sizes of the two classes were subjected to a student t test which 
showed that their differences were not statistically significant. There­
fore, size is not a discriminator. Visible brightness was then compared 
with apparent temperature. This was done by subjectively categorizing
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Table 1.--Cloud motion vectors close to a radiosonde station

Number of Number of middle 
Date cloud vectors cloud vectors

7-29
7-31
8-01
8-02
8-03
8-05
8-09
8-10
8-12
8-13
8-14
8-16

>

28
29
24
26
35
36
50
34
31
37
28
22

3
4
3
4 
3 
2 
2 
2 
2 
8 
2 
3

380 Total 38 Total

Table 2.—Class 1 - Single layer clouds with effective emissivities less 
than unity

LBF

Date Cloud # tlbf ^sat Station
LBF

pressure
vector

deviation e

°K °K mb kt

7-29
7-31
7-31

8
19
21

264
265
265

269
274
272

61415
EREU
UMFW

525
500
478

5
10

7

.87

.66

.73
8-01 26 266 275 EREU 489 2 .59
8-02 1 269 286 GTUC 523 1 .24
8-03 32 266 272 DBBH 478 1 .78
8-03 38 283 283 UBLF 700 2 .95
8-09 5 261 267 EREB 441 1 .84
8-10
8-12
8-13
8-16

10
2
5
4

260
272
256
265

262
274
262
276

UHQS
PWQ0
UHQS
ERE I

427
564
400
488

6
4
0
7

.96

.94

.88

.69
8-16 10 279 287 GTUC 652 1 .59
8-16 16 282 292 PXSA 720 5 .42
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Table 3.—Class 2 - Clouds with vertical development, bases and tops in 
the middle level

Date Cloud # tlbf ^"sat Station
LBF

pressure

LBF
vector

deviation
Tsat

pressure

°K mb kt mb

7-29 9 286 259 61641 733 9 422
7-31 2 284 282 EREB 779 6 721
8-02 12 280 264 UPUI 668 4 465
8-02 16 283 269 UMFW 746 3 521
8-02 22 270 264 EREB 567 4 489
8-03 34 276 268 UMFW 635 6 508
8-05 2 287 281 EREH 794 1 669
8-05 10 280 274 DBBH 665 0 590
8-09 19 280 272 WEWP 668 1 553
8-10 14 279 264 UPUI 668 3 473
8-12 17 282 262 ERES 683 1 466
8-13 14 273 263 EREH 606 6 484
8-13 16 278 268 MVAN 662 7 520

Table  4.—Class 3 - Clouds with vertical development, bases in the
middle level, and tops in the high level

Date Cloud # tlbf ^sat Station
LBF

pressure

LBF
vector

deviation

T
'sat

pressure

£k mb kt mb
7-29 11 268 248 ERES 529 3 350
7-31 10 259 244 UPUI 419 1 300
8-01 12 264 233 GUDU 440 1 257
8-01 16 263 254 UMFW 431 7 361
8-13 7 273 237 EREH 606 4 282
8-13 10 263 249 08594 540 2 343
8-13 13 261 213 UHQS 500 1 171
8-13 15 276 245 MVAN 645 1 324
8-13 31 258 239 82599 422 2 300
8-14 7 271 242 UHQS 762 5 303
8-14 10 283 218 61641 719 2 197
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each cloud as either gray or white in the visible and infrared, and 
partitioning each class separately into a four-way contingency table. 
Comparison of these tables showed the distributions were too similar to 
distinguish between the classes.

Consideration of the apparent infrared temperature as a discriminator 
proved more successful. The mean infrared temperatures of classes 1 and 
2 differed by 6.6°K, which was statistically significant at the 5-percent 
level. As a first approximation the apparent temperature is a discrimi­
nator between these two classes with the threshold between them being at 
about 271°K.

The relation between the apparent infrared temperature, Tsat» and the 
temperature at the level of best fit of the class 1 data is shown in 
figure 3. The linear regression Tine relating these two variables is:

Tlbf 50.47 + .7911 T$at (2)

Here the correlation coefficient is 0.88. A similar linear regression line 
was calculated for the class 2 data. However, its low correlation of 0.40 
indicates that the relation is too weak to be useful.

In summary, classes 1 and 2 contain cases of clouds whose motions are 
representative of middle levels. Although the sample is small and conclu­
sions must be tentative, it appears that one should seek targets from clouds 
that have apparent temperatures ranging between 259° and 292°K. The average 
pressure at the LBF for these two classes combined is 604 mb.

Three methods were tested for estimating the height of the vectors 
contained in classes 1 and 2:

(a) Assign the height to the mean pressure of all data in classes 
1 and 2, viz. 604 mb.

(b) Assign the height to the pressure level where the apparent 
satellite temperature equals the air temperature.

(c) Assign the height to the level calculated from regression 
equation (2) for apparent temperatures greater than 271°K, 
and use method (b) for colder temperatures.

The average vector deviations between cloud vector and balloon wind were 
11.9, 10.1, and 9.6 kt for the three methods (a), (b), and (c) respectively. 
The cumulative percentage frequencies of the vector deviations for these 
three methods shown in figure 4 indicates that the deviations of (c) are 
consistently smaller than (a) or (b). Student t tests based on the devia­
tion differences showed that only the combination method (c) was sig­
nificantly different from method (b) at the 5-percent level. Thus for the 
data in this sample the height of middle cloud can be determined better 
using method (c) than using the average middle level height.
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Tjjjp5 50.47 + .7911

r = .88

250 260 270 280 290

TSat (°K)

Figure 3.—Scatter diagram of the class 1 temperatures for 14 pairs of 
rawin and cloud vectors from Phase 2 of GATE.
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HEIGHT ASSIGNMENT BY *

........ (a) MEAN PRESSURE (604 mb)

------(b) APPARENT TEMPERATURE

------ (c) EQUATION (2) FOR Tgat > 271 °K;

VECTOR DEVIATION (Kt)

Figure 4.—Cumulative frequencies of vector deviation from LBF for 
heights assigned according to: (a) mean pressure, (b) apparent 
temperature, and (c) regression equation (2) for apparent tempera­
tures warmer than 271°K, and apparent temperatures for colder values.



4. DISCUSSION

This investigation was initiated to develop a means to increase the 
quality and quantity of middle level satellite winds. Many middle clouds 
do not move with the wind; this probably occurs more often with middle 
cloud than with any other type of cloud. This problem must be recognized 
and if possible avoided by anyone who attempts to measure their motion.

4.1 Interpretation of the Three Data Classes

The comparison of middle cloud motion with radiosonde data has shown that 
the class 1 data, single layer clouds, has a wide range of e, from a maxi- 
mun of 0.96 to a minimum of 0.24. Sources of this variation probably are 
partial breaks in the cloud layer not resolved by the infrared radiometer, 
and differences in cloud composition. The effect on the e due to variations 
in the cloud droplet size distribution, ice-to-water ratio, and cloud type 
require investigation.

Another important result found in the data of classes 2 and 3 is that 
clouds with various depths of vertical development have motions matching the 
middle level winds. In this sample 63 percent of the motions were of this 
variety. This is consistent with Simpson's observation (1976) that convec­
tive clouds having bases in the middle levels were common in the GATE area.

4.2 Applicability of Results

Although the results are tentative they appear to be applicable to routine 
operations. In the tropics, middle clouds will be found to have satellite 
temperatures mostly in the middle range from about -15° to +15°C. In that 
range, some cloud motions can be measured that will be representative of 
middle level winds. The method of determining their altitudes depends on 
their satellite temperature as described in the results section. However, 
there will probably be some high clouds whose low effective emissivities 
make their apparent temperatures fall in the middle cloud temperature range. 
These targets must be identified from additional information using such 
methods as comparison of the cloud appearance in the visible and infrared, 
detection of unusually high speeds, or knowledge of the synoptic situation.

5. CONCLUSIONS

Middle cloud motion in the tropics can be derived from satellite observa­
tions, provided proper care is taken in selecting targets. About half the 
middle clouds in this sample were convective. Because of the vertical 
development of so many of these clouds, useable estimates of their height 
cannot be based on estimates of effective emissivity. Instead, satellite 
cloud temperature is the best parameter for determining altitude. For 
temperatures less than 271°K, altitude is estimated from the cloud 
temperature; for higher temperatures, altitude is estimated from regression. 
Because of the small size of the sample, these conclusions must be regarded 
as tentative.
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