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FOREWORD

The Earth Scilences Iaboratory, as well as its predecessor organizations
within the Quartermaster Corps, has long had as part of its mission the goal of
determining realistic climatic limits for consideration in the design and test-
ing cf materlel. Results of research efforts aimed at this goal are utilized i
formally in such documents as Army Regulation 70-38 (formerly AR T705-15), "Re-
search, Develomment, Test and Evaluation of Materiel for Extreme (limatic Condi- ‘
tions,™ and the research itself is reported in technical reports. Two previous |
reports have dealt with the overall topic of high humidities in conjunction with
high temperatures. This third one, based on analysis of 215 stations between

latitudes 40O N and 400 g, is far more comorehensive than the others. The report
was prepared under Project 1TO62112A129. .

Sincere appreciation is extended by the author to Miss Olive Iesueur and
Mr. Aubrey Greenwald, Jr., Chief, Cartography Office, for thelr considerable.

asslistance in the compilation of data and the cartographic preparation of msps
and graphs 1in this report.
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ABSTRACT

This report is a condensation of information urrently available

in the Earth Sciences Laboratory concerning the frequency of occurrence *

of high dew points and the temperatures that are associated with high dew
pvoints,

In the first section of the report, graphs showing the frequency of
occurrence of high dew points and temperatures at 78 stations for the mid~
season months of January, April, July, and October are presented. Tables
showing the maximum, minimum, and median temperatures associated with dew
points above 75°F suppletent the information on the frequency graphs.

This information is presented to illustrate the likelihood of occurrence
of high dew points and high temperatures.

In the second section of the report, maps showing the frequency of
occurrence each month of dew points above 76°F, 80°F, and 84°F at 215
stations between latitudes 40” N and 40° S asre presented. Data for each
station are presented on circular graphs, making possible quick compre-
hension of the seasonal pattern of occurrence of high dew points at the
individual stations, and the jnclusion of the circular graphs on the maps
gives some insight into the areal distribution of the occurrence of liigh
dew points.

The information on the association of high temperatures and high
dew points and the frequency of occurrence and areal distribution of high
dew points is necessary for realistic consideration of humidity extremes
and associated temperatures set forth in documents presenting environmental
guidance for design of military materiel. The application of the infor-
mation in this report to a revision of the humidity extremes in the new
Army Regulation 70-38 (formerly AR 705-15), "Research, Development, Test
and Evaluation of Materiel for Extreme Climatic Conditionms," is discussed
in the Appendix.
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AREAL AND TEMPCRAL OCCURRENCE OF
HIGH DEW POINTS AND ASSOCIATED TEMPERATURES

I. Purpose, Scope, Definiticns

1. Introduction

The adverse effects of high temperatures and high humidities on both
men and materiel have long been recognized, but the requisite data to delimit
where and how often stress conditions occur have not been available. As the
observation network and the availability of data around the world improve,
this situation will change, but this will take time, and therefore the data
currently available in the Natick Laboratories files were used for this
report. Graphs and maps are presented which depict the distribution of
occurrence and frequency of occurrence of high dew points at selected stations
between latitudes 40° N and 40° S. Because the stress caused by high mois-
ture content of the atmosphere is usually dependent also on the associated
temperature, graphs showing dew point and temperature frequencies and tables
depicting the joint occurrence of high dew points and temperatures are also
included.

2. Previous Related Studies

The graphks, tables, and maps in this report furnish information
supplementing three recent studies. One of these studies, "Simultaneous
Occurrence of High Temperatures and High Dew Points," has information on
dew points associated with very high temperatures (109°F and higher) for 17
stations (1). Another military study is the excellent "Atmospheric Humidity
Atlas -~ Northern Hemisphere' published in 1966 by the Air Force Cambridge
Research Laboratories (2). Records for 1500 surface stations and 400 upper-
air stations were utilized in this report. The third study, 'Die Mittlere
Wasserdampfferteilung auf der Erde," by Landsberg, includes world maps
showing the mean vapor pressure {directly related to dew point) based on
data from 2300 stations, including recent ship data (3).

3. Purpose

The purposes of the present report are: (1) to make available
information on the frequency of occurrence of high dew points and high
temperatures for 78 stations in graphical form; (2) to present in tabular
fcrm the joint cccurrence of high dew points and high temperatures for most
of these 78 stations; and (3) to show on maps the monthly variation in the
occurrence of high dew points for 215 stations around the world between
latitudes 40° N and 40° S.
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4, Basic Considerations and Humidity Nomenclature

Water vapor is water in its gaseous state and is the most impor- 0
tant of the variable constituents of the atmosphere. Very little water
vapor is present in a cold atmosphere, but a warm and humid atmosphere con-
tains up to 4 or 5 percent water vapor by volume. This is not surprising, :
since water vapor enters the atmosphere primarily by evaporation from
water surfaces, or moist ground, and also by transpiration from vegetation.
The amount of water vapor that can be present in the air* is dependent only
on the temperature. When water is evaporated into air in a closed system
at a constant temperature, there will come a point when condensation at
the air-water surface balances evaporation. At that point the maximum
possible amount of water vapor is present in the air. The air is then
said to be '"saturated.'" Stated another way, the relative humidity is 100
percent.

The amount of water vapor in the atmosphere can be expressed in a
number of ways, each expression having its advantages and disadvantages.
Absolute humidity is the mass of water vapor in a specified volume of air;
absclute humidity varies as the pressure and the volume vary and this
measure of humidity is used mainly where pressure and volume are fixed.
Specific humidity is the mass of water vapor per unit mass of moist air.

The mixing ratio is the mass of water vapor per unit mass of dry air. Since
the atmosphere contains relatively little water vapor, the specific humidity
and the mixing ratio are often considered to be approximately equal. They
are useful in meteorology because they do not change except by the actual
addition or removal of water vapor.

Vapor pressure is the pressure exerted by the water vapor in the atmos-
phere. It is a useful measure as long as the atmospheric pressure is
approximately constant. Relative humidity is the ratio of the amount of
water vapor in the air to the amount that would constitute saturation. It
is expressed as a percentage. Relative humidity is the most common expres-
sion of humidity, but it. use “as been much abused. A given relative
humidity has a far different meaning on & cool day than on a warm day. This
results because the amount of water vapor which can be present in the atmos-
phere increases with temperature. For example, the saturation vapor pressure
at 90°F equals 1.42 inches of mercury. When the temperature is 90°F and
the relative humidity is 50 percent, the actual vapor pressure is one half
of 1.42 inches of mercury or 0.71 inches of mercury - a relatively high

*Actually the water vapor present is almost entirely independent of the
amount and type of other gaseous constituents of the atmosphere.

[ET




moisture content of the atmosphere. In comparison, the saturation vapor
pressure at a temperature of 40°F equals 0.24 inches of mercury. When

the temperature is 40°F and the relative humidity is 50 percent, the actual
vapor pressure is 0.12 inches of mercury - a modest moisture content of

the atmosphere. In the first case (90°F temperature), a relative humidity
of 50 percent is a high humidity. In the second case (40°F temperature),
the same relative humidity of 50 percent is a moderate humidity. It is
apparent that relative humidity is an incomplete expression of the water
vapor present, and for most applications is a term to be avoided.

From a climatological point of view, the dew point is probably the
most convenient measure of humidity, since it can be expressed on the same
scale as the temperature. Dew point is the temperature at which satura-
tion occurs if air is cooled at constant pressure. Because it is an
actual measure of water vapor present, and because it is expressed on the
same scale as the temperature, dew point has been selected as the measure
of humidity used in this report. '

II. The Data

1. Source of Data Used

The data analyzed in this study were obtained from the National
Weather Records Center at Asheville, North Carolina (4). Three separate
data summaries were used:

a. Climatic frequencies for low-latitude stations, by
C-E-I-R, Inc. (5)

b. Temperature-dew point-wind summaries, by U.S.A.F. (6)

c. Psychrometric summaries, part E of U.S.A.F.
summaries (7)

In most cases the station name that was used by the National Weather
Records Center to identify the station is also used in this report. In
a few cases this name has been altered for the sake of clarity. The
latitude, longitude, and station elevation are included on the graphs to
identify accurately the location of the stations.

2. Limitations of Present Data

In recent inventories of geographic research of the humid tropics
and deserts, the lack of meteorological observations in tropical areas was
stressed (8, 9). In both these studies the lack of adequate data for these




areas was attributed to underdevelopment in much of the area. The com-
pilation of an adequate data base for low-latitude areas will be a long

and deliberate operation. The decision to analyze the data which are

now available was made with this in mind, since both the quality and the
quaatity of the data available are marginal for the purposes of this report.

The formats for the three summaries were not compatible in all respects
and none of the summaries had uniform periods or lengths of record. In
most cases the length of record was between 3 and 5 years. At some stations
the best records available were derived from observations taken before
World War II, while at many stations the only records available were based
on observations taken during World War II. Some records are based on more
recent observations. Another limitation of each of the summaries is the
presentation of temperature and dew point frequencies in 2 F°® classes.
This must be considered when the data are interpreted.

The amount of data available for the study is limited mainly because
dew points either are not observed or the observations are not summarized
at many weather stations in the tropical areas of the world. At some
stations dew points are taken once or twice a day, but these observations
are not adequate to define the dew point regime because of the diurmal
variation in dew point. The average diurnal variation in dew point in
some dry climates may be as much as 10 F° (10). Fortunately, the stations
where ohbservations are taken frequently are also the stations where
humidity normally is observed.

In many cases the stations are located at United States Air Force
airfields. Observations were taken by well trained Air Force observers
and were summarized at the Air Force Climatic Center, Natiomnal Weather
Records Center, Asheville, North Carolina. These data are considered
reliable*. In a few cases the National Weather Records Center obtained
data from published sources. These records are also considered reliable,
although knowledge of the original method of observation may not be known.
In most cases the temperature and the dew point were derived from psychro-
metric observations (wet bulb and dry bulb thermometer readings).

*It is necessary to qualify the term "reliable." Humidity is extremely
difficult to measure accurately. When errors are made they usually are in
the direction of values higher than the '"real" values. In the collation of
data for this report extremely high dew points which did not appear to be
likely to occur at the station in question had to be evaluated separately.
The possibility of an observational or data-reduction error must be con-
sidered as the dew point graphs in this report are interpreted. In some
cases questionable data were eliminated, while in other cases they were
Judged to be valid and were included.
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In many cases observations were missing or the records were interrupted
so that the leangth of record does not adequately describe the record. The
practice in this report is to indicate on the graphs the number of observa-

tions from which the record is derived.

3. Considerations in Selecting the Data

The quality of the data base available for this study varies con-
siderably from area to area. In a few areas hourly data for a number of
stations were available. For example, there were a number of stations in
the islands of the Caribbean with hourly data for a 5-year period. Data for
several of these stations are considered in the graphs, tables, and maps in
this report, but it is not necessary or practicable tc include frequencies
and joint occurrences of dew points and temperatures for all these statioms.

Most low-latitude areas have less data than that available for the
Caribbean, and less selectivity was necessary. Records for less than 5-year
periods and less than hourly observations (but never less than 3 times a day)
were used. For example, the Djakarta, Indonesia, record (Fig. 1.20) is
based on observations taken 3 times a day and in a 5-year period of record
there were some missing observations. In a climate characterized by more
variability in temperature and dew point, the number of observations avail-
able for Djakarta would not be acceptable.

Both temperature and dew point normally decrease with elevation and the
Joint occurrence of high temperatures and high dew points does not consti-
tute a problem at elevations above 3,000 to 4,000 feet. Only six of the
78 stations tor which temperature and dew point frequency graphs are plotted
in Figures 1.1 to 1.78 are at elevations above 1,000 feet and only three
of these stations [Khartoum (Sudan), Chiang Mai (Thailand), and Taipingsze
(China)] experienced dew points above 80°F. Only 36 of the 215 statioms
for which the frequency of occurrence of high dew points are depicted on
maps (Figs. 3-5) are at elevations above 1,000 feet.

Data were available for many more stations in the Northern Hemisphere
than in the Southern Hemisphere. To some extent, this ie a reflection of
the fact there is slightly more land in tropical latitudes in the Northern
Hemisphere, but the main reason is the lack of development of tropical
South America and tropical Africa south of the equator.
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ITI. Cumulative Frequencies and Joint Occurrences of Dew Points and
Temperatures During Midseason Months

1. Introduction

Cumulative frequencies of dew points and temperatures during
the months of January, April, July, and October for 78 stations around
the world are presented in Figures 1.1 t¢ 1.78.*% Locations of the stations
are shown in Figure 1.0. On the pages facing most graphs there are tables
which show the joint occurrence of dew point and temperature for the
occasions when dew points are high (& 76°F at all stations except Carnarvon,
Australia, where they are Z 75°F). The information on the figures and in
the tables was usually derived from the same source, but since the "Part E"
summaries (7) do not show the joint occurrence of temperature and dew
point, it was necessary to use other summaries for the tables for three
stations (Bangkok, Saint John's, and Tripoli) or to omit the tables for
three stations (Miami, Mobile, and Washington). The Part E summaries were
used only at the above six stations. The number of observations available
ior the data summaries is indicated on both the figure and the table.

As indicated in Section I, the purpose of this report is to present
data on the frequency of occurrence of high dew points and the joint occur-
rence of high dew points and high temperatures in a form for ready refereace.
It is beyond the scope of this report to discuss the temperature and hunidity
regimes at each station in detail, but it is useful to pcint out some of the
typical features of these regimes, and some of the anomalous regimes at
selected stations. This discussion 1s organized according to latitude
(high, intermediate, or low), since latitude (and related solar regime) is
the prime climatic control. Stations at latitudes outside the tropics will
be discussed first. These stations generally have the most seasonal
variation in temperature and dew point. Stations between latitudes 10° and
23 1/2° N and S will be considered next. Finally, the low-latitude stations
(between. 10° N and S) will be considered. First an example shows how
to interpret the graphs and tables.

2. Interpretation of the Graphs and Tables (Sample Station: Tripoli,

Libya)

Figure 1.76, Tripoli, Libya, Cumulative Frequencies of Tempera-
tures and Dew Points, has been selected as a sample station because it is
the station with the most observations. The cumulative frequencies of dew
points are indicated in blue for the midseason months of January, April,

*Figures 1.1 to 1.78 (listed in front pages of this report) are located
between the body of the report and the Appendix, pages 24 through 179.
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July, and October, and the cumulative frequencies of temperature are indi-
cated in black for the same months in the figure.

In order to facilitate comparisons from station to station, a standard-
ized format was adopted. This necessitated limiting the range of tempera-
ture and dew point to 80 F° between 30° and 110°F. Temperatures and dew
points below 30°F are not indicated. The maximum temperature class is indi-
cated when it is above 110°F. The maximum temperature at Tripoli is in the
117 to 118°F class.

In interpreting the curves it must be recalled that they were derived
from data summarized in 2 F° classes. This presents a cartographic problem
which requires an explanation. Near the termination of each of the dew
point frequency curves a short line and a month indicator (e.g., "J" for
January, "Jul" for July, etc.) are placed. Thus at Tripoli the highest dew
point class in July is the 81° to 82°F class and the lowest class is the
31° to 32°F class. The July indicator for termination of high dew points
is placed at 82°F, but the curve is continued to 83°F to indicate there were
0 percent occurrences of a dew point of 83°F in agreement with the heading
"percent of observations equal to or greater than the indicated value".
Indicators for termination of the temperature curves were not used because
in some cases they might be confused with the indicators for the dew
point curves.

The temperature and dew point curves based on the many observations
available for Tripoli are quite regular. At most stations there are not
as many observations available, and at a number of stations the curves are
not as smooth because of the limited number of observations.

The table which accompanies the temperature ani dew point frequency
graph for Tripoli was derived from a different summary than the graph, as
already expiained. The table shows that dew points equal to or greater
than 76°F occuorred in 71 of 3,705 observations in July with a maximum dew
point in the 8) to 81°F class. The data for August are not presented, but
August is indicated as the month with most frequent occurrence of high dew
points.

3. High-latitude Stations (23 1/2° to 40° N and S)

a. Tripoli (Libya) and Carnarvon (Australia)

As already stated, Tripoli (Wheelus Air Force Base) is the
station with the longest period of record. Hourly observations for an 18-
year period have beer summarized at this station (over 13,000 observations
per month). From inspection of Figure 1.76 it can be seen that the tem-
perature and humidity regimes at Tripoli reflect a very regular seasonal
variation typical of higher-latitude stations. The weather station is




located near the Mediterranean Sea, and the moderating effects of that sea
are apparent in the relatively mild summer temperatures. These summer tem-
peratures are considerably lower than those found inland in the Sahara
Desert. Summer dew points at Tripoli are generally higher than those in-
land aithough the maximum dew points are not higher (compare Tripoli and
Khartoum). It is apparent from the table that high dew points generally
occur at Tripoli when temperatures are not high. The most severe combi-
nation of high temperature and high humidities in July were dew points of
80° or 81°F in combination with temperatures of 89° or 90°F.

Conditions typical of the interior infrequently prevail at Tripoli.
The maximum temperature in July is in the 117 to 118°F class; however, tem-
peratures above 100°F were observed less than 1 percent of the time in that
month. Dew points below 30°F occurred in January, April, and October, and
the minimum dew point in July was in the 32“ to 33°F class.

The graph for Tripoli is indicative of the normal seasonal progression
of temperature and dew point at stations beyond the tropics (poleward from
lat. 23 1/2° N and S). As temperatures rise from the winter minimum, dew
points also rise, but there is a lag in these regimes behind the seasonal
progression of the sun, so that October is warmer and has higher dew points
than April in the Northern Hemisphere.

A station in the Southern Hemisphere which has a regime very similar
to that at Tripoli is Carnarvon on the dry western coast of Australia (Fig.
1.10). Temperature and dew point ranges and sedsonal variation at Carnar-
von are very similar to those at Tripoli and in these aspects the climates
at the two stations can be considered analogous. Dew points at Carnarvon
in April, during the southern hemisphere autumn, generally are higher
than in October. There is a more frequent occurrence of low dew points
in April, however.

b. Peking, Tokyo, and Washington

The seasonal variations evident at Tripoli and Carnarvon are
even more apparent at higher-latitude stations- Peking, Tokyo, and
Washington all have winter temperatures and dew points much lower than
those at Tripoli or Carnarvon because tiie former stations are located at
higher latitudes in areas susceptible to invasion cf (o1ld dry air. It is
important to note that at all three stations very hot and humid conditions
occur during the summer. In fact, Peking at 39° 55° N has very high
summer dew points and a large seasonal variation in temperature and dew
point. Dew points above 70°F occur during more than half the hours in
July at Peking. There are a few observations of dew points above 85°F. On
the other hand, January is very cold and dry with temperatures below 32°F

during 80 percent of the time, and ilew points below 32°F almost all the
time.
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c. Dhahran (Saudi Arabia), Abadan (Iran). and Puerto Penasco
(Mexico)

Some stations at latitudes outside the tropics have experienced
very high summer dew points because of their location near warm bodies of
water. Dhahran (Saudi Arabia) and Abadan (Iran), on the coast of the Persian
Gulf, are well known for their extremes of heat and humidity. These are
desert stations with very little rainfall during the summer season of high
humidity. The conditions at these stations are indicative of the high
humidities which occur in the summer along the entire littoral of the Persian
Gulf. Dew points above 80°F associated with temperatures above 110°F have
been reported at the Port of Abadan in July, August, and September (1).
Temperatures associated with high dew points are slightly lower at Dhahran,
but are still extreme, and indicate the severe physiological stress that
residents of this area experience in summer. It is necessary to noint out
that these extreme conditions occur only on the immediate coast. Maximum
dew points a few miles inland are approximately 20 F° lower (1). It also
should be stressed that the high humidities of the Persian Gulf coast do
not occur most of the time. For example, at Abadan, dew points are above
80°F approximately 10 percent of the time in July. However, at times dew
points can be low. The humidity regime of the Persian Gulf coast is a dis-
tinctly different regime than that of the wet tropics where relative humidi-
ties and dew points are corsistently high.

The station in North America with highest dew points is Puerto Penasco,
Mexico, on the nortnern coast of the Gulf of California (Fig. 1.59). There
is a 3-year record available at Puerto Penasco with temperatures and dew
points observed every 3 hours. '

The highest dew point in July at Puerto Penasco was in the 86° o 87°F
class, and was associated with a temperature in the 91° to 92°F class.
Higher July dew points were observed on the Persian Gulf coast, but dew
points were consistently higher at Puerto Penasco. The minimum dew poiut in
July at Puerto Penasco was in the 62° to 63°F class, and dew points of 76°
or higher occurred two-thirds of the time.

It is apparent that the high dew points at Puerto Penasco are caused
by the high water-surface temperatures of the northern Gulf of Califoruia
in the same way that the high dew points at Abadan and Dhahran are caused
by the high water temperatures of the Persian Gulf. Details on the site
of the observations at Puerto Penasco are not available, btut it can be sur-
mised that the observations were taken on the immediate coast, because an
inland location would certainly have higher temperatures than those observed
at Puerto Penasco. Yuma (Ariz.), 120 miles northwest of Puerto Penasco, has
an average maximum temperature in July of 106°F, but at Puerto Penasco the

I.ighest temperature in July was 97 or 98°F in the 3-year record. Summer
dew polnts at Yuma are much lower than at Puerto Penasco.
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There is more frequent occurrence of high dew pcints at Puerto Penasco
in August than in July although the maximum dew points were in the same

class in both months. For example, dew points equal to or greater than 80°F :

occurred 17 percent of the 741 observations in July, while the comparable
percentage for August was 30 percent.

d. Gaya (India) and Karachi (West Pakistan)

In the Indian sub-continent the normal seasonalicy in tempera-
ture and humidity is altered by the monsoonal circulation of the rogion. At
Gaya, India, the highest temperatures occur in April before the onset of the
summer monsoor, and the range of temperatures in April is larger than in
July (Fig. 1.25). The median April temperature (at the 50 percent level on
the graph) is 84°F, approximately 1 F° higher than the median July tempera-
ture. There also is a greater range in April dew points than in July dew
points at Gaya, but July clearly has higher dew points with no values below
70°F.

Karachi, West Pakistan, is normally a much drier station than Gaya,
but bcth are under the influence of the same humid air mass in July, as
indicated by the analogy of the dew point regimes in that month (Fig. 1.39).

Another important relationship between temperature and dew point in the
Indian sub-continent is revealed by inspection of the tables for Gaya and
Xarachi. At both these stations (and probably throughout the Indizn sub-
continent) tha highest dew points are usually associated with tcmperatures

below 90°F, and are always associated with temperatures below 100°F. .

e. Meshed (Iran)

Meshed, Iran, is the highest station, and also one cf the most
northerlv stations (lat. 36° 17' N) included in this study. The season-
ality associated with inland location and relatively high latitude and
altitude is apparent in the range of temperature between a cold January
and a hot July (Fig. 1.49). The relatively low dew points at Meshed must
be attributed primarily to the higher elevation of the station, but to
some extent it is also an indication that the humid monsoon maritime air
mass apparent at Karachi in July does not reach Meshed. Spring is the

rainy season at Meshed, and dew points average slightly higher in April
than in October. '

4. Intermediate-latitude Stations (10" to 23 1/2° N and S)

a. Southeast Asia Stations

The marked tendency for maximum temperatures to occur in :

spring, cviden* in India and Pakistan, is alsc apparent at stations in
Southeast Asia. Bangkok and Chiang Mai in Thailand and Saigon, South
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Vietnam, experience higher temperatures in April than in July. Farther
north at Hanoi, North Vietnam, however, July is definitely the warmest
month. The effect of latitude is also apparent in the dew point distri-
butions, for at Bangkok and Saigon high dew points occur most of the
year, while at Hanoi more seasonal variation in dew points is evident
with highest dew points in July.

b. Khartoum (Sudan)

Khartoum, Sudan, at 15° 36' N, and on the periphery of the
Sahara Desert, displays temperature and humidity regimes in some aspects
like the monsoonal regimes of Asia (Fig. 1.40). Khartoum is subject to
very high temperatures most of the year because of its relatively low
latitude and interior desert lccation. Trcpical air masses progress as
far north as Khartoum in summer, bringing rain, higher humidities, and
maximum temperatures which are not as high as maximum temperatures in
the spring. Conditions at Khartoum represent the climatic transition
between tropical and desert conditions in Africa. The records indicate
that, at times, very high dew points associated with temperatures near or
above 100°F car occur. Such extreme conditions probably are transient.
They occur when the moisture or the hot ground is evaporating after a
summer shower. The extreme ranges in dew points in all monchs, but parti-
cularly in April, indicates the differences in desert and wet tropical air
masses which alternate in this transitional area.

¢. Island Stations

Island stations normally have less seasonal and daily varia-
tion in temperature and dew point than continental stations because of
the moderating influence of the sea. Maritime stations also generally
have a considerable lag in the occurrence of mean maximum temperatures
and dew points af‘er the period of high sun, and the lag ir dew point
sometimes is longer than the lag in temperature. This is the case at
intermediate latitudes in the Caribbean, where the average highest dew
points occur as late as Octcber, as illustrated by the graphs for
Guantinamo Bay (Cuba), Kingston (Jamaica), Port-au-Prince (Haiti), and
Saint John's (Antigua). The cumulative frequency of dew points at Aguadilla
(Puerto Rico) is approximately the same in October as in July.

5. Low~latitude Stations (between 10° N and 10° S)

a. Typical Stations

The consistently warm and humid tropical environment is best
exemplified by data from stations close to the equator. The two best ex-
amples for which data were available for this study are Belém, Brazil
(lat. 1° 28' S) and Christmas Island in the Line Islands (lat. 1° 51' N).
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Dobodura, Papua (lat. 8° 46' S), and Zamboanga, Philippine Islands (lat.

6° 54' N), are examples of slightly more poleward staticns with year-round
tropical conditions. At each of the four stations, dew points are above
60°F throughout the year; dew points are above 70°F 90 percent of the hours,
and are above 80°F for a few observations each year. Extremes ot tempera-
tures do not occur in these areas. Temperatures ave rarel; belov 70°F or
above 90°F. It is the persistence of mcderately high tempcratures and high
humidities in association wit’ frequent and heavy rain which counstitutes
the warm humid tropical eavironment.

b. Anomalous Stations

There are many areas which have the temperature, hunidity, and
rainfall regimes representative of the humid tropics fur most but not ali
of the year. Accra, Ghana (05° 36' N}, is an example of such a station. Tn
"winter" (January) Accra is subject to north winds, referred “o as the
harmattan, which transport very dry and unseasonably warm air from the
Sahara. Dew points between 40° and 60°F associatad with temceratures re-
tween 85° and 90°F are typical at Accra during harmattan conditions. In
other seasons dew points are rarely below 70°F. Another anomaly in the
Accra climat~ is the occurrence of the ccolest weather in "summer” (July).
Marshall, Liberia, the other Guinea cnast station for which data were avail-
able, also has a harmattan condition in "winter" and a relatively cool summer.
The ronl summer conditions at both these stations have been ascribed to the
increased cloudiness of that season, and also to the upweliing of cold
water in the Gulf of Guinea (11).

The Galapagos Islands, astride the equatcr west of South America, are
in another low-latitude area with anomalcus conditions. Temperatures and
dew points are normally highest in April and lowest in October. At Salinas,
Ecuador, January and April are distinctly warmer and more humid than July
and October. The temperature and dew point regimes at both stations are
influenced by the upwelling of relatiely cold water near the equator from
the South American coast to well west of the Galapagos Islands (12). Even
during the warmer more humid months at these stations, temperatures and
dew points are not as high as would be expected near the equator.,

IV. Maps Showing Distribution of Occurrence of High Dew Points*

1. Description and Explaunation

Figures 3, 4, and 5 show the monthly variation in the occurrence
of high dew points by use of circular graphs overprinted on maps. Each
figure has three sections to afford world coverage between latitudes 40° N
and 40° S. Section "a'" covers Southeastern Asia and Africa; Section 'b" in-
cludes Southern Europe, Southwestern Asia, and Africa, and Section "¢" covers

*These maps are located on pages 185-201,
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North and South America. Figure 3 (a, b, and ¢) shows the monthly frequency
of occurrence cf dew points of 76°F and higher. Figures 4 and 5 similarly
show the frequency of occurrence of dew points of 80°F and higher and 84°F
ard higher, respectively. The values, 76°, 80°, and 84°F, were dictated par-
tially by the class limits of the data summeries in 2 F° classes. In a few
cases, however, the data were summarized with class limits offset 1 F° from
the selected limits. For example, at several statiocns the data were summa-
rized in classes of 75° to 76°F, 77° to 78°F, etc., rather than 76° to 77°F,
78° to 79°F, etc. Because of the inherent limitations in the data, the 1 F°
is not considered significant. At a few stations, therefore, dew points
equal to or greater than 75°, 79°, and 83°F are shown on the map, even
though they are represented as being equal to 76°, 80°, and 84°F.

The use of the circular graphs overprinted on the maps allows presen-
tation of the occurrence of high dew points on both an areal and temporal
basis. The frequency of occurrence of dew points 2 76°, 80°, and 84°F
is presented for each month in five frequency classes: no occurrence,
occurrence less than 1 percent of the time, occurrence 1 to less than 5
percent of the time, occurrence 5 to less than 10 percent of the time, and
occurrence 10 or more percent of the time. These circuiar graphs are
included for a total of 215 stations in the three sections of each figure.
Most of the stations for which data were presented are at elevations be-
low 1,000 feet. The maps, therefore, are not representative of highland con-
ditions. In evaluating the cew point regimes, it is important to know the
elevation of the higher stations. Therefore, the elevations of statioms
above 1,000 feet are indicated on the station location map included on the
back of each map. There is a brief explanation of the maps, including an
example of the interpretation of a sample circular graph on the page pre-
ceding the nine maps.

2. Severity of Dew Points Mapped

The values mapped in Figures 3, 4, and 5 were aiso selected to
represent three degrecs of severity of the occurrence of high dew points
from a physiological point of view. It is convenient to consider a simple
temperature-vapor pressure index referred to as "humiture" developed by
Lally and Watson (13) to illustrate and physiological severity of dew
points of 76°, 80°, and 84°F*. According to Lally and Watson, an index

*\:cording to the Lally and Watson index:

h = T-h where H = humiture, T = temperature (°F) and h = e-10 where e is

the vapor pressure in millibars. A dew point of 76°F is approximately
equivalent to a vapor pressure of 31 millibars; a dew point of 80°F is
approximately equivalent to a vapor pressure of 35 millibars; and a dew

point of 84°F is approximately equivalent to a vapor pressure of 40 millibars.
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of 100 is uncomfortable and an index of 115 is too severe for unrestricted
labor.

Applying the humiture equation and information in the footnote, the
humiture resulting from a dew point of 76°F concurrent with a  temperature
of 76°F is 97 - very close to the level for discomfort. If the temperature
is higher concurrent with a dew point of 76°F, the level of discomfort is
reached. A dew point of 80°F concurrent with a temperature of 80°F results
in a humiture of 105 - a severe condition. A dew point of 84°F concurrent
with a temperature of 84°F results in a humiture of 114, which is near the
point where labor must be restricted. Higher temperatures with these dew
points result in correspondingly high humitures.

Any comfort index which ignores consideration of radiation and air move-
ment is incomplete. Nevertheless, the Lally-Watson index belps illustrate
the relative severity of dew points of 76°, 80°, and 84°F.

3. Monthly Occurrence of Dew Points of 76°F and Higher

a. Figure 3a, Southeastern Asia and Australia

Dew points of 76°F or higher occur relatively frequently in
most low-latitude areas. There are more low-latitude stations depicted on
the Southeastern Asia and Australia map (Fig. 3a) than on the cther maps,
and correspondingly, there are more stations with year-round or near year-
round occurrence of dew points of 76°F or higher more than 10 percent of
the time on this map. In Figure 3a there is only one station between lati-
tudes 15° N and 15° S which does not have an appreciable occurrence of
dew points of 76°F or higher most of the year. The exception is Bangalore,
India, at an elevation of more than 3,000 feet. The lower dew points at -
Bangalore are directly attributable to the higher elevation.

The decrease in the number of months subject to the occurrence of dew
points of 76°F or higher with increasing latitude is apparent in Figure 3a.
In the Northern Hemisphere, dew points of 76°F or higher are experienced
during one to four summer months at stations north of 30° N, but the
Southern Hemisphere stations in southern Australia rarely experience dew
points at this level in any month.

b. Figure 3b, Southern Europe, Africa, and Southwestern Asia

The pattern of occurrence of dew points of 76°F or higher in
southern Europe, Africa, and Southwesternm Asia indicates a diversity of
regimes not evident on the Southeastern Asia and Australia map. This is
partly due to the lack of data for equatorial Africa, where, at low eleva-
tions, dew points of 76°F or higher 10 percent of the time would be expected
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to occur in most months of the year. The diversity of humidity regimes is
also the result of the increase in continental effects in this area.

The anomalous dew point and temperature regimes on the Guinea coast
have been discussed in Section III.5.b where seasonal variations in the dew
point of Accra (Ghana) and Marshall (Liberia) are ascribed to upwelling of
cold water near the coast. These two stations north of the equator have
a seasonal distribution of the occurrence of dew points of 76°F or higher,
which is typical of stations in the Southern Hemisphere. Farther west and
north, along the west coast of Africa, the tendency for higher dew points
during the period of low sun is reversed, and the more normal high sun
occurrence of high dew points is found. Bolama, Portuguese Guinea, experi-
ences a 6-month season with dew points of 76°F or higher more than 10 per-
cent of the time, and Dakar, Senegal, farther west and north, has this
condition for 3 months.

Dew points of 76°F or higher occur only in summer at stations north of
30° N. There are no stations in the Southern Hemisphere south of 30° S, but
the expected southward decrease in the length of the season subject to high
dew points at four sctations on the east coast of Africa is a good indica-
tion that dew points higher than 76°F are rare south of latitude 30° S.

In the limited periods of record available for this study, some Saharan
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