Avucusr 1975

W. M. GRAY, E. RUPRECHT AND R. PHELPS

685

Relative Humidity in Tropical Weather Systems
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ABSTRACT

Relative humidity and temperature information is presented for satellite-observed western Pacific and
West Indies summertime cloud clusters, cloud cluster environments, clear regions, typhoons, and pre-
typhoon cloud clusters. Information is stratified by weather system, region, and time of day. Data are
presented as differences from the Jordan (1958) mean summertime West Indies sounding. Inner weather
system deviations of humidity and temperature are also given.

1. Introduction

For a variety of reasons it is important that we know
the typical moisture amounts and variations within
tropical weather systems. The large water vapor varia-
tions between the trade wind and the equatorial trough
regions is well known. The degree of humidity variation
between and within individual region cloud clusters and
clear regions is less well understood. This journal note
describes these typical individual weather system
humidity conditions.

Deficiency in observations prevents a representative
description of individual tropical weather systems. In
order to learn of the moisture characteristics of tropical
systems one must, at this time, perform a composite
study of many systems with the same characteristics.
Jordan’s (1958) 10-year and 3-station (Miami, San
Juan, and Swan Island) mean monthly West Indies
sounding has been one of the most quoted papers in
tropical meteorology. Jordan’s data have been widely
used as data input to tropical numerical models and in
other studies. But the conditions of the mean tropical
sounding are usually not representative of the conditions
within the typical tropical cloud cluster, storm, or clear
area. The importance of humidity on cumulus convec-
tion requires that we learn as much as we can about its
usual value and variations within selective weather
systems.

2. Data sources

The data network regions in the western Pacific
(6-20°N) and West Indies (12-28°N) have been con-
sulted. These are the only satisfactory oceanic tropical
regions that have a reasonably dense upper air sounding

! Permanent position at Institute of Meteorology, University
of Cologne, FRG.

network. Relative humidity information is presented in
composited form for five different types of tropical
weather systems. These are:

1) The satellite observed 4° wide (or 2° radius) cloud
cluster [as defined in the Madison, Wis., special
GARP (1968) study report on tropical disturb-
‘ances ] in the Western Pacific and in the West
Indies.

2) Cloud cluster environment or variable cloud region
defined as the area from 2°-6° radius around the
satellite-observed 2° radius cluster center.

3) Clear regions between the cloud clusters with no
cloudiness as seen from satellite pictures.

4y Typhoons, the region 0°-8° around the typhoon
center but outside the cyclone center or eye as
determined by reconnaissance flights of the U. S.
Air Force and Navy during the five years 1966
through 1970.

5) Pre-typhoon cloud clusters, or cloud clusters which
develop into typhoons within 1-3 days in the
western Pacific. Maximum winds within these
clusters are <30 kt at the time of observation.

The positions of the centers of the cloud clusters and
clear regions were determined from U. S. Weather
Bureau ESSA satellite pictures for the two-year period
November 1966-October 1968. All available rawinsonde
data were composited with respect to the individual
weather systems, as seen in Fig. 1. This compositing
technique has been discussed previously in a paper by
Williams and Gray (1973) and Ruprecht and Gray
(1974). Humidity data have been carefully analyzed
from rawinsondes taken at 00Z and 12Z. In accord-
ance with the observed daily westward progression
of the cloud clusters and the information of Wallace
(1970) and Chang (1970), it was assumed that the
weather systems move westward at a velocity of ~6°
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F16. 1. Demonstration of method of compositing rawinsondes
(denoted by x’s) around cloud clusters and clear regions whose
centers are indicated by the open circles.

longitude per day. Station locations relative to the
satellite pictures were adjusted accordingly. The nearest
in time, nighttime rawinsonde observations were taken
7 h (~22LT or 12Z) after the satellite picture time
(~15 LT) in the western Pacific region and 5 h after
(~20 LT or 00Z) the satellite picture time (~15 LT)
in the West Indies area. Because of their prominence
during the summer portion of the year, the cloud cluster
‘and typhoon composited information is presented only
for this season. Cloud cluster and clear area information
is presented for the period June through September.
The typhoon data are given from May through Decem-
ber, the pre-typhoon data for the whole year. The
rawinsonde data are from standard U. S. sondes and
were obtained from the National Weather Records
Center, Asheville, N. C. Typhoon position reports were
obtained from the Annual Reports of the U. S. Air
Force-Navy Joint Typhoon Warning Center (1966—
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TaBLE 1. Number of rawinsonde reports in the data sample.

00Z 12Z
1. Cloud clusters (0-2° radius)
Western Pacific 74 79
West Indies 45 32
2. Cluster environment (2-6° radius from
cluster center)
Western Pacific 431 409
West Indies 301 278
3. Clear regions )
Western Pacific 72 70
West Indies 125 164
4. Typhoons of western Pacific
Eye-wall to 2° radius 28 35
4 to 8° radius 330 320
S. Pre-typhoon clusters
0-2° radius 8 26
Total 1414 1413

1970). Table 1 portrays the number of rawinsonde
reports for each weather system.

3. Results

The results of the mean humidity profiles for the
above defined weather systems are shown in Figs. 2
and 3 and Table 2. Due to the errors of the daytime
radiational heating of the hygristor, only nighttime
mean moisture values are shown. Values are presented
as differences from the summertime (June-September)
mean West Indies sounding, as published by C. L.

-Jordan in 1958. Positive values mean that the relative

humidity of the individual weather systems is greater
than the Jordan mean. Note that:

1) The relative humidity is nearly the same in the
boundary layer (up to 950 mb) for all weather
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Fic. 3. Differences in relative humidity of western Pacific weather systems
from the Jordan (1958) mean West Indies summer sounding.

systems in both regions, except for the clear areas
in the West Indies.

At middle tropospheric levels, western Pacific sys-
tems have significantly higher relative humidities
than the cluster systems of the West Indies. Up
to 400 mb the western Pacific cloud cluster relative
humidity is greater than 70%,.

The humidity of the cloud cluster environment is
nearly as high as the cloud cluster itself.

The inner typhoon (0°-2° radius) and the pre-
typhoon cloud clusters show moisture character-
istics very similar to those of the typical cloud
cluster.

a. Inner weather system humidity variability

To show the inner weather system variability of rela-
tive humidities, Table 3 and Figs. 4 and 5 have been
prepared. This table and these figures show the mean
humidity deviations within each of the classified wea-
ther systems. By assuming a normal distribution of the
relative humidity deviations, the mean deviation (~0.8
of the standard deviation) encompasses ~56% of the
observations. Except in the boundary layer where the
relative humidities are very high, the deviations closely
approximate a normal distribution. The maximum and
minimum values are an average of the three highest and

TaBLE 2. Nighttime relative humidities as differences from the mean tropical summer atmosphere of Jordan (1958).

Western Pacific (12Z) West Indies (00Z) Pre-
Jordan (1958) Cluster Cluster Typhoon (12Z) typhoon
Pressure RH Cloud environ- Clear Cloud environ- Clear
(mb) (%) cluster ment areas cluster ment areas Eye-wall-2°  4-8° 0-2°
Sfc 83 5 5 2 3 —12 7 2 5
1000 81 6 6 2 3 —13 — 6
950 81 6 6 5 0 —13 8 3 7
900 78 4 5 4 -1 ~3 —12 9 2 8
850 73 5 7 3 -2 —4 —13 15 2 9
800 66 11 11 2 -3 -3 —13 19 3 14
750 59 16 15 0 -2 -1 . —13 24 5 16
700 56 19 14 —2 -2 -2 ~15 21 5 20
650 53 23 17 0 -1 -2 —13 21 7 16
600 51 29 19 5 —1 -3 —16 24 8 17
550 48 33 22 3 -2 —4 —16 26 9 21
500 46 31, 20 1 ~5 —6 —18 30 8 25
450 44 30 17 -7 -6 -8 —-17 24 5 24
400 44 28 13 —13 -9 —10 —-19 23 1 18
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TaBLE 3. Inner weather system mean deviations of nighttime relative humidities.

Western Pacific (12Z)

West Indies (00Z) Typhoon (12Z)

Cloud Cluster Clear Cloud Cluster Clear
cluster environment areas cluster environment areas Eye-wall-2° 4-8°
Sfc 5 5 6 9 7 10 5 7
1000 4 4 5 8 7 9 — 6
950 6 6 5 7 9 11 6 7
900 9 8 10 9 10 12 7 10
850 11 10 12 12 12 14 8 12
800 10 10 16 16 15 15 9 14
750 10 1 16 17 17 15 9 15
700 - 13 13 16 20 18 14 11 16
650 11 14 17 19 20 16 13 17
600 11 .17 19 21 21 16 14 18
550 15 20 21 22 22 16 18 20
500 16 21 21 22 21 14 15 19
450 16 22 16 20 19 13 20 18
400 12 22 15 15 17 13 17 16

three lowest values. The unexpected result as seen in
Table 3 is that the mean deviations for all weather
systems are about the same—being approximately
159%,. These large relative humidity variations are
believed to be a result of :

1) The natural differences within satellite observed
tropical cloud clusters some clusters are very moist,
others are in a dying or quiescent stage where only
layered clouds are present.

2) Strong downdraft drying conditions often present
in and around areas of strong cumulus convection
within the cluster. Zipser (1969) has previously
shown examples of this type of cluster downdraft
drying.

The smaller deviation of cloud cluster humidity is
probably due to the high absolute moisture values.
Large positive deviations cannot appear. A more de-
tailed discussion of these inner weather system humidity
variations is given in a paper by Ruprecht and Gray
(1974).
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Fic. 4, Mean and extreme deviations of relative humidity within
western Pacific cloud clusters.

b. Temperature characteristics

In addition to the relative humidities, the mean
weather system temperature differences from the mean
summertime tropical West Indies sounding of Jordan
(1958) were also calculated. Temperatures values are
listed in Table 4. Below 600 mb these differences are
very small, nearly always less than 1°C. Large differ-
ences are observed only above 150 mb indicating the
height differences of the tropopause. As a systematic
feature, it can be seen that the Western Pacific weather
systems are always slightly warmer and the West Indies
cloud cluster and environment slightly cooler than the

" Jordan mean. Above 175-150 mb these temperature

features reverse. As expected, the typhoon average
temperature is much higher than the Jordan mean above
700 mb and very much cooler at 100 mb and 80 mb. The
100 mb and 80 mb cooling is believed to be due to
tropopause height increase from Cb overshooting tops.
The mean deviations of the temperatures within each
separate weather system are small and are not shown
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Fi6. 5. Mean and extreme deviations of relative humidity within
western Pacific clear regions.
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TaBLE 4. Nighttime temperatures differences from the mean summer tropical atmosphere as portrayed by Jordan (1958).
West Pacific (127) West Indies (00Z) Typhoon
Cloud Cluster Clear Cloud Cluster Clear

Jordan cluster  environment areas cluster  environment areas  Eye-wall-2° 4-8°
Stc 26.5 —04 —-0.3 0.0 —1.1 -1.8 2.6 —0.8 —0.6
1000 26.1 —-0.2 —0.1 0.4 —1.1 —1.5 2.1 -0.3 —04
950 23.1 0.1 03 0.6 —-0.9 -0.9 1.6 0.3 0.3
900 20.2 0.5 0.5 0.5 —-0.7 —-0.6 1.3 0.4 04
850 174 0.8 0.7 0.7 —-0.38 —0.6 1.2 0.6 0.6
800 14.7 0.7 0.7 0.7 -0.8 —0.7 0.9 0.9 0.8
750 11.8 0.7 0.7 1.1 —-0.7 —-0.7 0.7 1.1 1.1
700 8.6 0.8 0.8 1.3 —-0.7 —-0.7 0.5 1.5 1.4
650 5.0 0.7 0.9 1.2 -0.7 —0.7 0.6 2.0 1.7
600 1.3 0.7 0.9 1.0 -0.8 -0.7 0.5 2.2 2.7
550 —2.7 1.0 1.0 1.1 —-0.7 —0.6 0.6 2.7 1.9
500 —71 14 1.3 1.3 —0.5 —0.6 0.6 31 2
450 —12.0 1.6 1.5 1.5 —-0.7 —-0.9 0.4 3.5 2.3
400 —17.8 2.0 1.8 1.8 —-0.8 —-1.0 0.1 4.2 2.3
350 —249 2.3 21 2.0 —1.1 —1.1 0.2 4.7 2.8
300 —334 2.5 2.3 2.1 -0.5 —0.8 04 5.0 3.2
250 —434 2.1 2.3 2.0 —1.8 —-0.8 0.6 5.0 3.2
200 —55.4 11 1.3 19 -0.4 —0.3 1.2 4.2 29
175 —61.2 —04 —0.2 0.8 —-0.4 —-0.2 1.2 2.6 1.7
150 —67.6 —1.5 —1.5 —0.2 1.0 1.1 1.9 0.7 0.7
125 —719 —4.1 —44 —3.2 2.0 2.0 L7 —3.2 —2.6
100 —72.7 —4.38 —-5.3 —~6.1 1.8 2.3 0.8 —6.9 —-59
80 —69.4 -35 —35 -3. 1.3 1.7 0.7 —5.8 —48

here. They are mostly less than 0.7°C, and nearly
constant with height (see Ruprecht and Gray, 1974).

¢. Diurnal range of values

In the last few years it has become obvious that the
U. S. Weather Bureau and the military AN/AMT-R
sondes (which were used in this study) give unrealistic
humidity differences between day and night. Much of
this diurnal variation of relative humidity is likely due
to night-day difference in rawinsonde package hygristor
heating. Differences can also be partly accounted for
by the fact that Jordan used 03Z and 15Z soundings
(~22 LT and 10 LT) for his study, while this study
uses 00Z and 12Z soundings. Special tests by Morrissey
and Brousaides (1970) and Ostapoff et al. (1970)
indicate that these diurnal differences are due to direct
solar heating of the rawinsonde carbon strip. This leads
to significant decrease of the measured daytime humid-
ity values. Table 5 contains the night (12Z or ~22LT)
and day (00Z or ~10 LT) differences of relative humid-
ities and temperatures for the western Pacific cloud
cluster, clear areas, and typhoons. Except for the
surface layer, the mean temperature differences are
negligible.

By contrast, day vs night relative humidity differ-
ences were between 5 and 25%,. Only small diurnal (3
to 109,) differences in humidity are present in the
cloud clusters below 600 mb. This small diurnal
difference is apparently due to a diminution of the direct
solar radiation on the humidity sensors below the
cluster middle level cloud decks. Above 600 mb in the

cluster and in the clear areas, significant (10 to 259%)
diurnal differences are found. The smaller diurnal
humidity variations above 500 mb are believed to be
the result of the difficulty of accurate humidity mea-
surement when the values are as low as they typically
are at upper levels. The typhoon data shows, in general,
smaller night-day effects. In the lower layers the
differences are in good agreement with those of the
cloud cluster. Likewise, these smaller typhoon vari-
ations are probably due to the Cb-induced thick cirrus

TABLE §. Night minus day differences of the relative humidi-

ties (%) and temperatures (°C) for western Pacific weather
systems.

Western Pacific

Cluster Clear areas Typhoon (0-2°)
ARH AT ARH AT ARH AT
Sfc 4 —13 13 —-3.1 4 0.4
1000 3 —0.7 14 —1.9 — —
950 3 —-0.1 17 —-0.1 5 0.1
900 (4] 0.0 18 -0.1 5 0.0
850 4 0.3 19 —0.2 8 —0.3
800 5 0.0 18 —0.4 10 —0.2
750 6 0.1 14 —0.2 13 —04-
700 8 0.1 14 —0.1 12 —0.6
650 8 -0.1 15 —~04 7 —0.4
600 13 ~0.1 18 —0.4 7 —~0.2
550 19 —0.2 15 —0.5 8 —0.4
500 21 —0.2 16 —0.5 11 —0.6
450 25 —04 9 —0.5 8 —0.6
400 25 —04 7 —0.3 12 —0.3
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Fic. 6. Differences of relative humidity in typhoon/hurricane
from the Jordan (1958) mean West Indies summer sounding.

layers, which shield the rawinsonde from the direct
solar insolation.

d. Typhoon humidity and temperature

Stratification of the .typhoon data allowed averaging
by 2° radial bands extending from the eye wall to 8°.
As expected, the inner 2° radius demonstrates a higher
humidity than the 4-8° radius. Both radial belts show
higher humidity than the Jordan (1958) mean tropical
atmosphere (Fig. 3). A general increase in humidity
deviations with height also occurs (Table 3) as with
the cloud cluster. Such deviations are believed to be
due to strong downdraft drying, which is continually
occurring between areas of strong convection. Night
and day humidity differences average about 8%,
As expected, typhoon temperatures are considerably
higher at middle and upper tropospheric levels than
those shown by the Jordan mean tropical atmosphere.
A comparison of this data with other typhoon/hurricane
sounding data by other researchers is made in Fig. 6.
This includes the data of:

1) Sheets (1969), who considered ~100 soundings
within 100 n mi of hurricane centers in the West
Indjies.

2) Jordan (1937), who also studied hurricane eye
soundings. He has presented information on 39
dropsondes in six hurricanes.
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3) Bell and Kar-sing (1973), who presented informa-
tion on more than 100 upper air observations for
00Z within 185 km radius of typhoon centers.

As might be expected, all soundings were more moist
than the Jordan West Indies mean. These differences
amount to about 10~20%, in the lower troposphere
and about 20 to 309, in the middle troposphere.

Acknowledgments. This research has been financially
sponsored by the U. S. National Environmental
Satellite Center in Suitland, Md. The authors are very
appreciative of the computer data reduction assistance
of Messrs. Edwin Buzzell and Daryl Ellis. Mrs. Barabra
Brumit helped with the data reduction and manuscript
preparation.

REFERENCES

Bell, G. J., and T. Kar-sing, 1973: Some typhoon soundings
and their comparison with soundings in hurricanes. J. 4 ppl.
Meteor., 12, 74-93.

Chang, C. P., 1970: Westward propagating cloud patterns in
the tropical Pacific as seen from time-composite satellite
photographs. J. Atmos. Sci., 27, 133-138.

GARP, 1968: Report on the first session of the Study Group
on Tropical Disturbances (Madison, Wisc., 21 October—
8 November 1968). Joint GARP Organization Committee,
WMO.

Jordan, C. L., 1957: Mean sounding for hurricane eye. National
Hurricane Research Project Report No. 13. U. S. Weather
Bureau, Washington, D. C., 10 pp.

—, 1958: Mean soundings for 'the West Indies area. J. M, eteor "
15 91-92.

Morrissey, J. F., and F. J. Brousaides, 1970: Temperature
induced errors in the ML-476 humidity data. J. Appl.
Meteor., 9, 805-808.

Ostapoff, F. J., W. W. Shinners, and E. Augstein, 1970: Some
tests of the radiosonde humidity error. NOAA Technical
Report ERL 194-AOMLA4.

Ruprecht, E., and W. M. Gray, 1974: Mean characteristics
and variability in satellite observed meso-scale tropical
cloud clusters and clear areas. Proc. International Tropical
Meteorology Meeting, 1974, Nairobi, Kenya.

Sheets, R. C., 1969: Some mean hurricane soundings. J. A ppl.
Meteor 8 134-146.

U. S. Pleet Weather Control Joint Typhoon Warnlng Center,
1966-1970: Annual reports, 1966 through 1970. Available
from U. S. Navy Fleet Weather Central, Guam.

Wallace, J. M., 1970: Time-longitude sections of tropical cloudi-
ness (December 1966-November 1967). ESSA Technical
Report, NESC 56. Available from Sup. Doc., Government
Printing Office, Washington, D. C., 37 pp.

Williams, K. T., and W. M. Gray, 1973: A statistical analysis
of satellite-observed trade wind cloud clusters in the western
North Pacific. Tellus, 25, 313-336.

Zipser, E. J., 1969: The role of organized unsaturated convective
downdrafts in the structure and rapid decay of an equatorial
disturbance. J. 4 ppl. Meteor., 8, 799-814.



