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CURRENT PROBLEMS IN RESEARCH

Trends in Climatology

The investigation of climates is moving from a

descriptive science to a science grounded in physics.

The aim of climatology is to abstract
from the varied and rapidly changing
weather phenomena the underlying pat-
terns that characterize the atmospheric
environment for regions of the earth and
for the earth as a whole. In recent dec-
ades climatology has gradually evolved
from a purely descriptive science to a
science that is grounded in physics. But
climatology is not confined to the study
of large-scale climatic events alone; it
is also, for example, concerned with
microclimates and with the influence of
climatic factors on the life processes of
plants and animals. The field is so broad
that it is impossible to treat more than
a limited number of topics in a single
article; accordingly, I have selected cer-
tain topics for discussion but at the same
time have tried to present a general view
of climatology.

History

The problems in this field are diffi-
cult because of the many different in-
gredients—in complex spatial and tem-
poral interrelations—which make up a
climate. The major factors affecting
climate are the sun (the primary source
of energy), the position of the earth in
the solar system, and the inclination of
the earth’s axis with respect to its orbit.
That these are the most important fac-
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tors in causing differences in climate was
recognized even by some early Greek
scientists, probably first by Eratosthenes.
The Greeks defined climate according
to the mean inclination of the sun’s rays
with respect to the terrestrial horizontal.
Thus temperature zones according to
latitude were distinguished. This gave
rise to an organization of climatic facts
into a causally related scheme of tor-
rid, temperate, and frigid zones, albeit
somewhat anthropocentric in scope.

Little was added to this concept for
over 1800 years. But then, one by one,
the complicating factors and their in-
fluence became obvious. On a large scale,
these were the distribution of land and
ocean on earth and the existence of
larger and smaller mountains. The local
influences of lakes, forests, and vegeta-
tion-covered and bare soil also became
recognized. In the atmosphere itself one
of the controlling factors is that béte-
noire of the meteorologist, the water. Its
presence in all states of aggregation—
vapor, liquid, solid—often the three of
them simultaneously, and quickly chang-
ing from one to another, complicates
matters immensely. Through evapora-
tion and condensation, cloudiness and
precipitation, it governs much of the
climate, as is discussed more specifically
later.

Historically, significant advances in
the study of climates were made after
systematic measurements of atmospheric
parameters began. Although such meas-
urements started in some places in

Europe in the 17th century, it was dur-
ing the high surge of science in the sec-
ond half of the 18th century that many
learned men the world over became in-
terested in the atmospheric environment.
Physicians, astronomers, natural phi-
losophers, and clergymen recorded the
temperature, pressure, wind, precipita-
tion, and weather conditions faithfully.
There was considerable appreciation
that knowledge about climate might be
useful and broad speculation that cli-
mate had a notable influence on health.
This last was a notion which had an
early antecedent in Greece, in the theo-
ries of Hippocrates. Equipment and pro-
cedures, though primitive in the begin-
ning, became gradually standardized.

The problem of standardization has
remained with us for nearly two cen-
turies because only with standardization
can comparisons between simultaneous
records at various localities or between
earlier data and later readings become
meaningful. Only in recent years has the
World Meteorological Organization, one
of the specialized agencies of the United
Nations, shown a modicum of success in
establishing uniform observation prac-
tices in all countries.

The interest in the atmospheric en-
vironment in the outgoing 18th century
was quite universal among the well-edu-
cated. Thomas Jefferson (1) considered
climatic observations important to “in-
crease the progress of human knowl-
edge.” From data collected at Williams-
burg, Virginia, in the years 1772 to
1777, he prepared one of the first cli-
matic summaries for North America
(Fig. 1). A cooperative venture of siz-
able proportions was initiated by the
Societas Meteorologica Palatina with
the Prince Elector Karl Theodor of the
Palatinate as sponsor. Uniformly cali-
brated instruments and observing in-
structions were distributed to 35 acade-
mies and learned societies in the then
readily accessible parts of the world.
Data were collected and published in
detail (2). These data became the raw
material for the first comparative cli-
matological studies. Twelve annual vol-
umes appeared before this pioneering
survey ceased in the turmoil of revolu-
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\January.| 8.192| 581 tods | 73| 47| 32| 10| 11| 78| 40| 46| 387
Feb. | 2049| 41 47} | 61| 52| 24| 11| 4| 63| 30| 31| 276
March. | 395| 48 54} | 49| 44| 38| 28| 14| 83| 29| 33| 318
April. | 368| 56 623 | 35| 44| 54| 19| 9| 58| 18| 20| 257
May. | 2871| 63  70p | 27| 36| 62| 23| 7| 74| 32| 20| 281
June. [8751| 71} 78L | 22| 34| 43| 24| 13| 81| 25| 25| 267
July. | 4497 77 82k | 41| 44| 75| 15| 7| 95| 32| 19| 328
August. | 9.155| 765 81 | 43| 52| 40| 30| ©|103| 27| 30| 334
Sept. | 4761| 69F 74r | 70| 60| 51| 18| 10| 81| 18| 57| 345
Oct. | 3633 61L 665 | 52| 77| 64| 15| 6| 56| 23| 34 827
Nov. | 2617| 473 53F | 74| 21| 20| 14| 9| 63| 35| 58 | 294
Dec. |2.877| 43 483 | 64| 37| 18| 16| 10| 91| 42| 56| 334
Total. |47.038|8 A. M. 4 P. M [611 |548 521 |223 109 |926 351 |409 |3698

Fig. 1. Climatic table for Williamsburg, Va.; from Thomas Jefferson (1).

tions and wars of the outgoing 18th cen-
tury.

However, the pattern was set. From
a few score stations, climatological net-
works have been expanding. Including
rainfall stations, there are presently prob-
ably about 150,000 land locations from
which some climatological information
is available. The rapid rise in stations
is well marked in the United States
(Fig. 2). The desirable end is not in
sight because station density goes hand
in hand with population density and
many areas are void of settlements. Only
since the start of the International Geo-
physical Year have we had systematic
climatological information, for exam-
ple, from the South Pole area. The un-
even coverage of the land areas with
observing posts is a handicap to climato-
logical research. It is even worse over
the oceans. There regular observations
started in the 1850’s. One of the prin-
cipal movers to obtain weather data
from the seas was the U.S. naval lieu-
tenant Matthew F. Maury. Millions of
individual readings have been gathered
in the weather archives since, but they
are bunched on the shipping lanes.
There are vast ocean areas which are
hardly ever crossed by a ship. From the
Arctic sea, ice data are also scarce. We
have no systematic measurement of rain-
fall over the ocean. Some data are ac-
cumulating from Texas Towers offshore,
but a climatological survey of the oceans,
perhaps by regularly spaced, anchored,
automatic weather floats, is still a dream
for the future (3).

Thus the climatologist is still strug-
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gling with the question, “What is there?”
For this reason the answers to the usual
second question in science—Why is it
so?—are woefully incomplete.

Climatic Energetics

At the basis of all quantitative consid-
erations in climatology are the questions
of energy balance. Presently this starts
with the assumption that income from
solar radiation and loss of heat by the
earth are equal. The income from the
sun (the so-called solar constant) is
known to be about 2 calories per square
centimeter per minute at the boundary
of the atmosphere, at the mean distance
between earth and sun, normal to the in-
cident rays. This over-all value is proh-
ably valid within 1 percent. However, in
various spectral regions, especially in the
short wavelengths, considerable fluctua-
tions in intensity can occur. The total
energy income and its spectral distri-
bution are now amenable to direct meas-
urements from satellites. This will be
one of the most valuable contributions of
these vehicles to climatology. Equally
important will be essentially extra-at-
mospheric measurements of the earth’s
albedo, that is, the portion of the in-
coming energy directly lost to space by
the planet through reflection from
clouds, snow and ice surfaces (as pri-
mary contributors to the loss), and from
land and ocean surfaces (as secondary
reflectors). The over-all albedo of the
earth has been estimated at 35 percent,
but this value might be off by several

percent either way. There are certainly
considerable seasonal variations and,
possibly, changes from year to year.
Equally important for areal climates are
the local values of albedo and the varia-
tions in different landscapes and seasons.
These values govern how much heat is
absorbed and becomes available for at-
mospheric energy transformations.
Quite unknown are the storage factors.
There is certainly the possibility that
heat energy beyond the yearly cycle is
stored in the ocean. It may then be re-
leased again over a longer period of time,
rather than be used immediately for
driving the general circulation of the at-
mosphere. Even though this question of
heat storage is open, attempts have been
made to estimate the heat balance of the
earth and of smaller portions of its sur-
face. Various approaches have been used,
most of them indirect. Among the direct
approaches are the measurements of in-
coming and outgoing radiation to estab-
lish locally the radiation balance. This
has been done at too few places as yet
to furnish significant information for the
global picture. However, net-radiometers
which measure and integrate the radia-
tion balance from day to day are becom-
ing more common equipment at observ-
ing stations. The other components of
the total heat budget—condensation-
evaporation and advection—are difficult
to observe directly. They are generally
deduced from other climatic elements.
The most comprehensive study in this
connection has been carried on by Rus-
sian investigators (4). For the earth as
a whole, and on an annual basis, they
obtained the following figures (all in
kilocalories per square centimeter per
year): total radiation received, 129;

NUMBER OF STATIONS
NUMBER OF STATIONS

Fig. 2. Number of climatic obscrving sta-
tions in the United States and possessions,
1842-1958.
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Fig. 3. Mean westerly component of the wind in meters per second in vertical section through the atmosphere along the 80th meridian
west, based on ten years of observations (38). Negative values indicate prevailing easterly winds. Left section shows values for January,
right section for July.

heat available for atmospheric transac- temperature, it is also the element which tor is important in farm management
tions and motions after reflection and has the greatest influence on plants, ani- and irrigation planning. The climatology
other direct losses, 68; lost by use in mals, and human activities. In the form of the moisture balance has become one
evaporation, 56; lost by turbulent trans- of rain or snow it governs water supplies; of the most important factors in agricul-
port, 12. The values for continents and in the form of hail it causes crop dam- tural land utilization. It is likely to stay
oceans by individual latitudes are, of age. Its lack spells desert conditions or in the foreground of interest because of
course, quite different from these means. temporary drought for afflicted areas. the world food problems engendered by
The differences between the larger sub- Even as fine droplets in clouds or fog population pressures,
divisions of the globe are the cause of it affects life processes and recreation or It is fortunate that theoretical schemes
the general atmospheric circulation and traffic on land, sea, and in the air. which underlie much of present-day pro-
its local manifestations. They cause the The water cycle - from the ocean cedures for ascertaining the water cycle
trade winds, the westerlies, the mon- through the air to rivers, streams, and can now be supplemented by tracer tech-
soons, and all the embedded eddies, such underground storage in its relation to the niques. These make use of isotope deter-
as ordinary cyclones and tropical storms. general atmospheric circulation has be- minations. Both deuterium and tritium
All of these currents, including the now come fairly well known in broad outline have recently been employed for this
famous atmospheric jet streams, are and is reflected on the climatic charts. purpose (6). Interesting new facts have
part of the energy-dissipating mecha- But as a process of atmospheric ener- been added to our knowledge by these
nism. getics, understanding has barely begun. procedures. For example, the storage
As already stated, the role of water in Considerable effort has been expended time of water in vapor form in the air
the atmosphere is of fundamental im- on the problem of evapotranspiration ranges, on an average, from 3 to 10 days.
portance. It enters actively into all heat (9). This concerns the water losses from In the central United States it also ap-
balance considerations. In a limited way land surfaces. Evaporation from open pears that the storage time of water lost
this is due to the infrared absorption water surfaces in terms of the atmos- to the soil by percolation is of an order
spectrum of water vapor. But the pri- pheric environment has at least yielded of magnitude of several years. More
mary contribution comes about by evapo- to empirical approaches, but the water work needs to be done with these tech-
ration (consuming heat) and condensa- losses from bare and plant-covered soil niques. Also, a wide geographical cover-
tion or freezing (liberating heat). The can as yet be ascertained only in rough age is desirable. This new avenue of re-
vapor phase is a means of transporting approximation. Locally it can be calcu- search will certainly supply quantitative
latent heat from one place to another. lated as a function of the heat flux and answers to many of the questions related
Last but not least, water plays a passive the turbulent transfer of mass. Such to atmospheric water transport.
role in heat transactions because, as losses, together with the gains by rain- The foregoing problem is one among
clouds and surface snow or ice, it re- fall, can be entered into a bookkeeping many that make it clear that solutions
flects large amounts of incoming short- system which indicates an approxima- in climatology can no longer be looked
wave radiation from the sun. Next to air tion of available soil moisture. This fac- for or found by reference to surface ob-
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servations alone. Great strides have been
made in the collection and summariza-
tion of upper air data. These have found
practical application in the planning for
air routes and as basic design informa-
tion for rockets. They have been used
as guidelines for estimating radioactive
fallout from various levels (7). They
also give us better insight into the three-
dimensional flow patterns of global air
currents, Among them are the swift,
meandering jet streams. The jet streams
are a dynamic consequence of momen-
tum transport into narrow zones of con-
fluence of various air currents produced
by the general circulation. The primary
seat of these fast flows is in the upper
troposphere, where they not infrequently
exceed speeds of 200 miles per hour.
The strongest jet streams are in the mid-
dle latitudes, but there are less pro-
nounced and less steady currents of this
type in the tropics and polar regions. It
even appears that stratospheric jets are

in existence. The main jet stream is quite
noticeable even in atmospheric cross sec-
tions reflecting mean conditions (Fig. 3).
The mean flow patterns are now reason-
ably well known for the Northern Hemi-
sphere, but in the Southern Hemisphere
data are still too sparse for more than
local climatological analysis (8). Also,
the fluctuations of the jet streams in
time and space are still targets of ex-
ploration. As there are close associations
between the jet stream and rainfall,
studies of the more comprehensive data
to be expected in the future will give
better insight into the broad dynamics
of global precipitation (9).

Climatic Classification
For several decades the problem of

climatic classification has created lively
discussions. More than a score of

schemes for classifying climates have

been proposed (10). None of them satis-
fies all the requirements. The basic diffi-
culty is inherent in the fact that there ex-
ist hardly any sharp boundaries between
climatic zones. Except at the crests of
high mountains (Fig. 4) and at the coast
lines, various climatic regimes gradually
fade into each other. Also, the shifts of
the general circulation of the atmos-
phere from season to season and year to
year bring fixed localities on the surface
of the earth sometimes into one climatic
zone and then into another. Hence a
strict taxonomy which separates natural
entities is not possible. All dividing lines
are essentially arbitrary. This is the more
the case when, as in most climatic classi-
fications, the class criteria are based on
mean values of climatic elements. A cli-
matological mean value is often only a
very poor representation of conditions.
The width of variation of atmospheric
elements harbors often decisive factors.
In addition, the choice of combination

Fig. 4. Major mountains act as great climatic divides. Usually their windward and lee slopes have radically different climatic conditions.
Orographic cloud formations such as those shown are frequently very spectacular. They offer a primary hope of increasing precipitation
by suitable seeding techniques. [U.S. Weather Bureau, by F. Ellerman]
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of elements represented in the classifica-
tion is usually dictated by a specific ap-
plication rather than by inherent proper-
ties of the climate itself.

For geographical purposes, climatic
classifications often have the boundaries
of types essentially governed by other
entities, such as plant cover associated
with (or perhaps caused by) a specific
combination of climatic conditions. Even
that will not yield an unambiguous an-
swer, because several combinations of
climatic factors may have the same end
result. The classical climatic classifica-
tion schemes, which essentially arranged
their limits to coincide with the major

plant provinces on earth, have didactic
value. They help in visualizing the glo-
bal distribution within a readily com-
prehensible framework.

In many climatic classifications only
temperature and precipitation are con-
sidered as climatic elements. Admittedly,
these are most widely observed. They
also generally affect human activities,
particularly agriculture. However, there
can be as many classifications with vari-
ous combinations of elements as there
are practical purposes. For air condi-
tioning, one would choose suitable com-
binations of temperature, humidity, and
air motion as classification elements. In

&

that case the class limits would be com-
fort sensations. To classify airports or
air routes in a climatic sense one has to
consider the flying weather. The class
limits are then determined by cloud
rections and speeds, and their respective
joint frequencies. Essentially, one can
arrive at a classification for every activ-
ity influenced by climate. To illustrate
this point further: Very recently a clas-
sification has been devised for refractiv-
ity of the atmosphere as it affects radio
wave transmission (/1). This incorpo-
rates the pertinent elements of pressure,
temperature, and humidity and their

Fig. 5. Climatic changes through the millenia are particularly notable in the arid and semiarid regions of the southwestern United States.
At one time heavy rainfall and run-off helped in modeling outstanding features of the landscape such as those shown in the Grand Can-
yon of the Colorado. [U.S. Weather Bureau, by Madison Gilbert]
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Table 1. Notation for climatic typing.
Mixtures of two types are indicated in
parentheses, as (CA4), (AE). A further
symbol employed is the subscript e to
designate extreme conditions.

Feature Symbol

Major circulation patterns
(primary controls)

Migrating cyclones C
Quasi-stationary anticyclones A
Equatorial convergence E
Secondary or seasonal
circulation features
Typical monsoons N
Predominant trade winds T
Major surface influences
Continental ¢
Oceanic 0
Mountain m
windward slope mw
lee slope ml
Glaciated g

normal vertical and seasonal variations.

A purely qualitative scheme of cli-
matic classification can be designed to
avoid the multiplicity and the difficulty
of fixed, yet arbitrary, numerical values.
This classification stems from the broad
meteorological aspects of climate and
the basic factors of the general circula-
tion. It is in line with attempts in recent
years to get away from the static con-
cept represented by mean values of cli-
matic elements (12). After all, there is
nothing fixed in the atmosphere, and
even such abstractions from its unending
motions as the climate should reflect the
dynamics of the system. The classifica-

tion procedure then is nothing but a de-
scriptive symbolism or shorthand nota-
tion of major types. Table 1 shows such
a notation system. In this notation the
climate of western New York State
would be designated as Cc, that of Ire-
land as Co, and that of North Dakota
as Cc, The coast of California would
be (CA)o; the Sahara, Ac,; Bermuda,
Ao; and Oahu, ATo. The central Ama-
zon valley would be labeled Ec and the
Gilbert Islands Eo. Among the mountain
climates, the Cascades have Cm, the
Australian Great Dividing Range has
Am, and the Mount Kenya area, Emn.
The various combinations of symbols
cover all macroclimates. However, they
do not reflect the local influences, usu-
ally labeled meso- or microclimates, such
as lake breezes, slope exposures, and
vegetation conditions.

Climatic Changes

Another reason why classification, in
fixed terms, is an ad hoc procedure, is
inherent in the fluctuations of climate
with respect to time. These climatic
changes are among the most fascinating
problems in climatology. Changes occur
both in short and long intervals of time.
The long intervals comprise geological
epochs; the short ones, centuries and mil-
lenia (Fig. 5). There is little point in
talking about climatic changes or fluctu-
ations when only a few years or decades
are under consideration, Usually the
fluctuations in such limited intervals are
difficult to distinguish from random
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Fig. 6. Time series of seasonal mean temperatures at Winthrop College, South Carolina,
one of the climatic reference stations (lat. 34°57’N, long. 81°03'W, elevation 690 ft).
Summer comprises the months June-August, 1900-57 ; winter, December-February, 1900-
58. Data have been smoothed by a normal-curve smoothing function of length 26=>5
years. Values are plotted at the midpoint of the smoothing interval (39). Dashed lines
show the general temperature trend of the region.
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variations, if indeed they are not such
variations. Any cyclical—or better rhyth-
mical—elements in the same decadal
intervals, if any, are masked by “noise.”
There is some evidence of weak com-
ponents of one half, one, two, and per-
haps other multiples of the sunspot cycle
in some series of climatic data, but their
amplitude is small. Other rhythmical
elements appear and then vanish again
from climatic times series.

For a great many practical purposes
the values in a climatic time series can
be treated on probability premises as if
they had occurred by chance. This
makes it possible to use climatic data
from the past with considerable confi-
dence for purposes of future planning.
Various risks can be assessed for engi-
neering construction and design as well
as agricultural use. The list of such ap-
plications is large and steadily growing.
A few examples will suffice as illustra-
tion. Many structures have to be built
with knowledge of extreme weather
events to insure adequate safety: the
maximum wind for a tower, hangar, or
bridge; the highest snow load for a roof;
the heaviest rain intensities for culvert
design. The probabilities of various lim-
its can be estimated from the observa-
tions by use of various extreme-value dis-
tributions (13). For heating or air con-
ditioning plant capacity, the knowledge
of normal and extreme loads is also es-
sential. These, too, can be efficiently
estimated from the statistical properties
of the past climatic record. Statistical
functions, such as the incomplete gamma
distribution, have been successfully ap-
plied to weekly or monthly rainfall val-
ues. This approach vyielded valuable
planning information for agricultural
purposes (I14). Similar analyses for
freeze dates have been of considerable
practical value for crop practices.

Even if we can safely assume that
for plans not exceeding a few decades
the past climatic record can be taken as
a guide to the future, this does not im-
ply the absence of trends. As more data
accumulate the evidence for measurable
climatic changes multiplies. For nearly
half a century a gradual warming of the
Northern Hemisphere has been noted.
Were we to rely on temperature read-
ings alone, the data for many areas could
be challenged. To be sure, a rise of sev-
eral degrees Fahrenheit can be noted in
many temperature series since 1900. Un-

fortunately, numerous weather observing

stations have been shifted around, and
their records are far from homogeneous.
Moreover, many are in or near growing
cities. Part of the rise of temperature

SCIENCE, VOL. 128



must be attributed to the large number
of heat-producing factors of modern in-
dustrial communities. These factors, to-
gether with air pollution, have created a
new man-made climate which has de-
veloped in parallel with any natural cli-
matic changes over the same time period.
It is hard to apportion what part of the
temperature rise has been artificial and
what portion natural. This difficulty will
be minimized in the future by establish-
ment and maintenance of climatic sta-
tions in isolated areas where man-made
cnvironmental changes will remain mini-
mal. These will be called climatic refer-
ence or “bench-mark” stations (15).
Fortunately, there exist now enough
rural data and other evidence to give us
some clues. For the moderate latitudes,
30° to 50°N, in the area around the At-
lantic, the natural rise can be estimated
at about 2°F per century. At higher lati-
tudes the value may be about twice that
amount. The rise has been particularly
pronounced in the winter scason (Fig. 6).

It is interesting to revert here for a
moment to Jefferson’s climatic table of
Williamsburg. Even though we know

little about the circumstances under
which the observations were made, com-
parison with a recent time interval shows
that no radical change of climate has
taken place. Temperatures are now
slightly higher than they were at the end
of the 18th century. But it should be
remembered that there was a marked
temperature fall between the beginning
and middle of the 19th century, which
was followed by the rise of the 20th.
Rainfall is still about the same. The
winds seem to show now a few more
southerly and less northerly components
than in Jefferson’s day.

The indirect evidence for the most
recent warming in higher latitudes is,
however, quite impressive. There are
positive trends of sea surface-water tem-
peratures in the North Atlantic of the
same order of magnitude as the long-
term air temperature changes (I6).
Also, retreats of glaciers (17), upward
migration of snow lines, lengthening of
the freeze-free season, northward migra-
tion of animal species and plants (Fig.
7), and phenological data all point in the
same direction. There is little doubt that

the past two or three decades, taken
over-all, have been among the warmest
in centuries. The question as to what
may be the causes immediately arises.
First, let me state that periods of similar
warmth have been noted in earlier his-
torical times. Even warmer intervals
have occurred since the last glaciation.
The most widely held opinion ascribes
the changes to variations in the solar
radiation. Satisfactory proof for this re-
lationship is still lacking (I8).

For the latest temperature change,
there is an important contender as cause:
atmospheric carbon dioxide. There are
some interpretations of historical and
current observations pointing toward a
gradual increase of this atmospheric
constituent (19). The increased con-
sumption of fossil fuels has brought very
large quantities of carbon dioxide into
the air. Isotope investigations attest to
this fact. Carbon dioxide is an absorber
of outgoing long-wave radiation, and
hence has an influence similar to that
of a glass cover. This phenomenon is
therefore often referred to as the “green-
house effect.” Only since the start of the

Fig. 7. The recent warming of the arctic has been particularly notable at the edges of the forested regions both in North America and

Eurasia. The tree line has been advancing gradually northward. In some areas which have been resurveyed, the forest has advanced 2
miles northward over the last 30 years. [U.S. Weather Bureau]
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International Geophysical Year have
there been sufficiently widespread and
accurate observations of atmospheric
carbon dioxide to enable us to gain per-
spective on this question. Local varia-
tions and the uncertainties in the carbon
dioxide balance between ocean and at-
mosphere make interpretations difficult.
For an answer on the role of carbon
dioxide in atmospheric temperature
trends, many more years of systematic
observations will be necessary (20).

Even if one accepts the thesis that
atmospheric pollutants, such as dust and
carbon dioxide, or terrestrially caused
changes in atmospheric water vapor
content could have an influence on the
decadal or perhaps century-long trends,
the main question still remains: What
causes the large-scale epochal changes?
Much thought has been given to this
problem in recent years. New tech-
niques, such as oxygen isotope analysis
of sea shells, have been applied to it
(21). But basically no new answers have
been obtained.

If anything has happened, the ingeni-
ous hypothesis of attributing major cli-
matic changes to the periodic elements
in the obliquity of the earth’s axis and
in the eccentricity of its path (22) has
lost its attractiveness. These path ele-
ments of the planet seem to account for
only minor changes (23). Some new
ideas have cropped up. They link pole
shifts, oceanic currents, the ice condi-
tions of the North Polar Sea, and the
land glaciations (24). There is, of
course, a much underrated relation be-
tween the oceanic heat (or cold) reser-
voir and the climatic fluctuations on
land. However no quantitative consider-
ation has as yet demonstrated that these
could account for the observed, and evi-
dently recurring, phenomena of major
ice epochs. They may perhaps be ade-
quate to explain stages within these eras.

Sooner or later most considerations
get back to the question of changes in
the solar radiation. Some astrophysicists
contend that there are simply none of
the magnitude required for major cli-
matic changes (25). Others equally
stoutly maintain that nuclear refueling
processes on the sun actually call for
periodic substantial changes in solar en-
ergy output (26). A once favored idea
that cosmic dust clouds might act as
interceptors has not been refuted but no
new supporting facts have been mar-
shaled either.

There is no unanimity about what the
effects of changes in the solar radiation
would be. Some contend that an increase
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could lead to an ice age (27). The es-
sential reasoning is that initially higher
temperature and increased circulation
would lead to more cloudiness and hence
greater albedo values. It is, however,
more logical to assume that increases in
radiation cause warmer conditions, such
as once prevailed in the Tertiary, and
that decreases in radiation produce ice
ages of the Pleistocene type. Both sides
of this question are still being vigorously
argued in current writings (28).

Climatic “Control”

Of late there has been a great deal of
publicity about controlling the climate.
The word control implies that you know
what to do, and when and where to do
it. Some of this talk about control can
be ascribed to misinterpretation of di-
mensions. Most of it glosses over the
fact that for major climatic changes one
would have to modify substantially the
tremendous amount of solar energy re-
ceived by the earth. We might note here
in passing that the energy liberated from
the total probable stores of fission and
fusion bombs would not equal the energy
of the average thunderstorm activity on
earth over a few days’ time. Albedo
changes can presently be envisaged only
on a relatively small scale. Ocean cur-
rents are hard to divert; mountains are
difficult to move. And these remain the
major terrestrial climatic controls.

Conceivably one could throw enough
dust into the stratosphere by nuclear
explosions to intercept an appreciable
amount of the solar radiation. This
might, again conceivably, cause some
changes of the general circulation. The
effect would pass off in a few years—a
short time as climatic spans go. Also,
the effect would be general over the
globe, with unpredictable effects as far
as small land segments are concerned.
It could hardly be called control.

Some talk glibly about trigger effects.
This means that a small amount of en-
ergy can set off a much larger, latent
energy store. But where is the “loaded
gun” in the atmosphere? The nearest
analogy is the latent heat of the water
vapor. If condensed in spots it could
add heat which could be transformed
into other forms of energy. Tempera-
tures might be raised, motions increased.
Here, too, in spite of the sometimes ad-
vocated spreading of hygroscopic nuclei,
little in the form of “control” can be
foreseen in the near future. There are
also some latent electric energies avail-

able in the atmosphere. These have
hardly been explored yet.

The trigger eflects, the albedo effects,
even the direct addition and subtrac-
tion of energy, can now only be envis-
aged for local modifications of climate.
The microclimate is readily manipulated
and much along this line has been ac-
complished over the last few decades.
This includes many of the horticultural
practices from frost protection to shelter
belts, from moisture-conserving mulch-
ing to irrigation. On a somewhat larger
scale, creation of artifical lakes, chang-
ing of river courses, large-scale refor-
estation, and artificial suppression of
evaporation have small, but measurable
climatic influences. Also along this line,
slight local increases of orographic rain-
fall by cloud seeding have been made
probable (29). Cloud modification, if
systematically carried on, by coalescence
of droplets or by their dissipation, is
among the potential producers of local
climatic effects. There is theoretically a
bare possibility of operating on the la-
tent energies of severe storms and caus-
ing measurable effects. Experimental
evidence has yet to be obtained in this
respect. If practical, it will have, at best,
climatic influences on a meso-scale. In
all these aspects, a little more humility
in the face of the overwhelming powers
of nature seems to be indicated for the
present.

Microclimatology and Bioclimatology

It has long been known that in the
layers close to the ground, climatic con-
ditions of wide variety can exist in close
proximity (30). These conditions are
often quite different from the general,
or macro, climate of the region. Because
they are often confined to small spaces
they have been labeled microclimates.
The term is, however, loosely used in
the literature. Some authors restrict it
to indicate climatic differences on the
smallest scale only. This might show the
comparison of the climate of a furrow
compared to that of level soil, or the
climate on the windward versus the lee
side of a small hill or hedge. It might
show the climatic difference between a
forest and bare soil in the same area.
Generally, however, climatic differentia-
tion of somewhat larger scale is usually
included in a discussion of microclima-
tology. In this broader sense the scope
of this field includes the contrasts of val-
ley, slope, and crest climates in a hilly
terrain, or it pertains to the climates of
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a settlement, town, or city as distinct
from the surroundings, undisturbed by
human activity.

The microclimatic differences are
often startling. They develop primarily
under conditions of clear sky and little
wind, but some still exist with clouds,
wind, and rainfall. Human interference,
as can be seen from the foregoing, is
important in creating and destroying
microclimates (3/). Manipulation of
microclimates is, or should be, an im-
portant adjunct to planning land utili-
zation, agricultural management, archi-
tecture, and urban development. In this
connection, it may be interesting to cite
a few figures on the major climatic dif-
ferences between cities and their sur-
roundings (Table 2).

In many instances air pollution accu-
mulations are direct consequences of mi-
croclimatic settings. Topography, source
of pollution, and general climatic condi-
tions combine in patterns which become
a typical element of local climate. It is
feasible to estimate the pollution hazards
of an area from climatic records and the
terrain features, if sources of contami-
nation come into being.

Microclimatic principles are among
the best established in climatology. The
facts are usually the most readily amen-
able to observation. Advanced instru-
mentation is available (32). Quantita-
tive theories that begin to explain the
observed facts are in a better state than
those of general climatology. Last but
not least, experimentation with test
plots, not too far removed from labora-
tory conditions, is feasible and is being
carried on.

The microclimatic conditions play an
important role in life processes. Some of
these influences operate on the smallest
scale. Bacterial, fungal, and insect life
in plant cover are governed to a con-
siderable extent by prevalent tempera-
ture and moisture conditions. Presence
or absence of dew on leaves may deter-
mine infestations of plant pests. The mi-
croclimate in a high stand of grass, for
example, may prevent extremes of heat
and cold and thus enable survival of
certain insects in otherwise lethal con-
ditions. Intricate relations between cli-
mate, plant life, and low forms of ani-
mal life exist, but much remains to be
learned about the microecological com-
plex:

A mixture of both macro- and mi-
croclimatological influences operate on
plants. These effects have been the target
of a great many investigations because
of their importance in crop ecology. In
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Table 2. Climatic changes produced by
cities (40).

Comparison with

Element rural environment

Dust and

pollution 10 to 25 times more
Radiation 15 to 20 percent less
Clouds 5 to 10 percent more
Precipitation 5 to 10 percent more
Temperature

(average) 1 to 2°F more
Relative humidity 3 to 10 percent less
Windspeed 20 to 30 percent less

its simplest aspects, photosynthesis is, of
course, a direct function of sunlight, and
hence is subjected to the climatic varia-
tions of this element. But this is where
simplicity ends in the plant-climate re-
lation. The effect of temperature is fairly
well understood, but when it comes to
water use, the problems become really
involved. In the higher plants, light,
heat, and water interact in a nonlinear
fashion. At various. stages of develop-
ment the requirements of the plant for
optimal conditions change, and the in-
terplay of climatic factors subtly shifts
(33).

Although a modicum of order for the
atmospheric environment can be ob-
tained for plants growing in phytotrons,
under field conditions it is hard to ascer-
tain the role of each climatic influence.
The only exceptions are singular, lethal
events, such as a hard freeze or absolute
drought. In their absence one has to
ascertain the complex effect of all cli-
matic elements on the development of
the plant. The use of statistical tech-
niques with multiple regressions is of
some help. More commonly, investiga-
tors have tried to condense the complex
climatic factors into single influence
indices. This is helped somewhat by the
fact that there exist fairly high correla-
tions between some of the climatic ele-
ments. Thus temperature is correlated
with sunshine, and water depletion is, to
some extent, a function of saturation
deficit and wind. These, in turn, vary
not entirely independently of tempera-
ture and sunshine. Among the influence
indices which have been used with some
success are the (i) soil temperature at
shallow depth; (ii) evaporation (from
porous bodies or open water surfaces);
(iii) heat sums (expressed in terms of
temperature excess above a given thresh-
old); (iv) potential evapotranspiration.
The first two are directly measurable;
the other two can be derived from sim-
ple climatic observations. These influ-

ence indices substitute, even if in an
incomplete fashion, for radiation, soil
moisture depletion, and transpiration
from plants. They can be used as cor-
relatives for various stages of phenolog-
ical developments of plants (34).

Similarly complex are the climatic in-
fluences on the human and animal bod-
ies (35). In the healthy organism we deal
with problems of acclimatization. Some
phases are well understood. As an ex-
ample, we can cite the reactions of the
human skin to ultraviolet solar radia-
tion. Another one is the adaptation tc
reduced oxygen tension in the atmos-
phere, resulting in increased red blood
corpuscles and thoracic capacity. Con-
siderable evidence has also been ad-
vanced that the primary differentiation
of races was caused by climatic condi-
tions (36).

The influence of climate on patho-
logical states is not well known, We find
ourselves in a vast realm of speculation.
Are there climates beneficial to older
persons? Opinion leans toward an af-
firmative answer, specifying as optimal
a “mild climate,” without extremes of
temperature and with a minimum of
change. Are climates with low relative
humidities beneficial to sufferers from
sinus disease? Again, a poorly docu-
mented “yes” sums up the present level
of knowledge, or better, ignorance.

Seasonal incidence of certain infec-
tious diseases, or geographical distribu-
tion of endemic plagues, points toward
a climatic causative factor. However, it
is not known whether the influence is
on the receptiveness of the human or-
ganism, on the pathogen, or on the vari-
ous disease-carrying vectors. Equally ill-
established is the role of climate in the
air-borne allergies.

Outlook

Let me indulge now in speculating a
little where we will go from here in cli-
matological research. It is certain that
the vast stores of accumulated climatic
observations will be tapped for their
concealed information by use of modern
electronic methods of data processing.
The phases of this work applied to vari-
ous branches of engineering will flourish.
Similarly, much progress can be ex-
pected in establishing the true climate
of the upper air. From this will be de-
rived dynamic parameters of the gen-
eral atmospheric circulation which will
define local and areal climates. Hand in
hand with this will go research on en-
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ergy transactions that determine climatic
regimes (37). As a first step, a compre-
hensive radiation climatology of the
globe is needed.

Better information on extraterrestrial
fluctuations of radiation and deeper un-
derstanding of the atmosphere-ocean re-
lations will throw new light on the prob-
lem of climatic trends. The tedious
analysis of geological evidence is likely
to leave the problem of ice ages in the
state of working hypotheses.

The greatest advances of climatology
are destined to lie in the border field of
biology, provided an adequate coopera-
tive research program is started. The in-
teractions between the physical changes
in the atmosphere and living organisms
are too great a challenge to scientific
curiosity to remain in a relatively un-
explored state. We have already pointed
to the special problems of agroclimatol-
ogy, a solution to which population in-
crease will demand. Similarly, the role
of climate in gerontology and various
pathological states begs for quantitative
studies.

It is further certain that some experi-
mentation with artificial alteration will
take place. One can only hope that the
long-range view will prevail and that
the experiments will be carefully de-
signed with a view toward physical and
statistical validation. This is a large pro-
gram which probably will take years and
permit of few short cuts. Man may not
become master of his climatic environ-
ment, but the next decades at least

promise that he will be able to under-
stand it much better than in the past.

References and Notes

1. T. Jefferson, Notes on the State of Virginia
(Carey and Lea, Philadelphia, 1825). First
published 1787.

2. Societas Meteorologica Palatina, Ephemerides-
Observationes (Mannheim, Germany, 1784—
1795), vols. 1-12.

3. P. D. Lowell, W. Hakkarinen, L. M. Allison,
Jr., “Final report: Ocean-Based Automatic
Weather Station AN/SMT-1,” Natl. Bur.
Standards U.S. 95678 (1958) .

4. M. 1. Budyko, The Heat Balance of the Earth
Surface (U.S. Weather Bureau translation,
1958) . First published 1956.

5. C. W. Thornthwaite and J. R. Mather, “The
water balance,” Lab. of Climatol. Publs. in
Climatol. 8, No. 1 (1955); T. E. A. van Hylk-
kama, “The water balance of the earth,”
ibid. 9, No. 2 (1956).

6. F. Begeman and W. F. Libby, Geochim. et
Cosmochim. Acta 12, 257 (195 =* 1. Fried-
man, D. R. Norton, D. B. Carter, A. C. Red-
field, Limnol. and Oceanog. 1, 239 (1956).

7. Federal Civil Defense Administration, “Proba-
bility of Fallout Debris Deposition,” Civil De-
fense Tech. Bull. 11-31 (1957).

8. J. Gentilli, Scope 2, 30 (1957).

9. H. Riehl, M. H. Alaka, C. L. Jordan, R. J.
Renaud, ‘“The jet-stream,” Meteorol. Mono-
graphs 2, No. 7 (1954).

10. K. Knoch and A. Schulze, Methoden der
Klimaklassifikation (Gotha, Germany, 1952).

11. B. R. Bean and J. D. Horn, “On the clima-
tology of the surface values of radio refrac-
tivity of the earth’s atmosphere,” Natl. Bur.
Standards U.S. 5559 (1958).

12. A. Giao, Geofis. pura e appl. 37, 268 (1957).

13. E. J. Gumbel, “Statistical theory of extreme
values and some practical applications,” Nat#l.
Bur. Standards U.S. Appl. Math. Ser. 33
(1954) ; H. C. S. Thom, “Frequency of maxi-
mum windspeeds,” Proc. Am. Soc. Civil
Engrs. 80, separate No. 539 (1954).

14. G. L. Barger and H, C. S. Thom, Agron. J.
41, 519 (1949).

15. J. R. Swartz, Weatherwise 9, 88-89, 106
(1956) .

16. P. R. Brown, Quart. J. Roy. Meteorol. Soc.
79, 272 (1953).

17. H. W. Ahlmann, “Glacier variations and cli-
matic fluctuations,” Bowman Memorial Lec-
tures Am. Geograf. Soc. Ser. 3, 1 (1952).

18. H. Shapley, Ed., Climatic Change (Harvard
Univ. Press, Cambridge, Mass., 1953).

19. C. Junge, Advances in Geophys. 5, 1 (1958).

20. G. N. Plass, Am. Scientist 44, 302 (1956).

Pavlov and Lamarck

The great Russian scientist once reported experiments in
support of Lamarck. Were his final views Lamarckian?

Recently Nathaniel Kleitman wrote
me: “For quite some time I have been
trying to ascertain if Pavlov ever re-
tracted the statement made in 1923, at
the International Physiological Congress

758

Gregory Razran

at Edinburgh, and elsewhere, that suc-
cessive generations of rats acquired con-
ditioned reflexes with progressively less
training. In his review of I. P. Pavlov:
Selected Works, that appeared in Con-

21. C. Emiliani, Science 125, 383 (1957).

22. M. Milankovitch, ‘“Kanon der Erdbestrah-
lung,” Veréffentl. Serb. Akad. Wiss. Belgrade
42,1 (1941).

23. E. ]. Opik, Irish Astron. J. 2, 71 (1952).

24, M. Ewing and W. L. Donn, Science 123, 1061
(1956) ; 127, 1159 (1958).

25. G. P. Kuiper, The Solar System, vol. 1, The
Sun (Univ. of Chicago Press, Chicago, Ill.,
1953) .

26. E. J. Opik, “A climatological and astronomi-
cal interpretation of the ice ages and of past
variations of terrestrial climate,” Armagh Ob-
servatory Contrib. No. 9 (1953).

27. G. C. Simpson, Quart. J. Roy. Meteorol. Soc.
83, 459 (1957).

28. I. I. Schell, “On the origin and nature of
changes in climate’ (unpublished manuscript,
Tufts University Meteorological Studies, Ref.
No. 58-1, 1958).

29. Advisory Committee on Weather Control,
Final Rept., vols. 1 and 3 (Government Print-
ing Office, Washington, D.C., 1957).

30. R. Geiger, The Climate near the Ground
(Harvard Univ. Press, Cambridge, Mass.,
1957).

31. C. W. Thornthwaite, ‘“Modification of rural
microclimates,” in Man’s Role in Changing
the Face of the Earth (Univ. of Chicago
Press, Chicago, 1956), pp. 567-583.

32. H. H. Lettau and B. Davidson, Eds., Explor-
ing the Atmosphere’s First Mile, vols. 1 and
2 (Pergamon Press, New York, 1957).

33. F. W. Went, Am. Scientist 44, 378 (1956).

34. M. Y. Nuttonson, ‘“Wheat-climate relation-
ships and the use of phenology in ascertaining
the thermal and photo-thermal requirements
of wheat” (American Institute of Crop Ecol-
ogy, 1955); J. Y. Wang, “Weather and can-
ning crops,” lecture at the Raw Products
Conference, Wisconsin Canners, Madison
(1958).

35. F. Sargent and R. G. Stone, Eds., “Recent
studies in bioclimatology,” Meteorol. Mono-
graphs 2, No. 8 (1954).

36. C. S. Coon, “Climate and race,’
Change (18, pp. 13-34).

37. M. Ye. Shvets, A. I. Voyeykov i Sovremennyye
Problemy Klimatologii (Leningrad, 1956), pp.
205-225

38. Data for this diagram were analyzed by my
collaborator, Mr. B. Ratner, whose help is
gratefully acknowledged.

39. Analysis from original data for this graph
was done by my collaborator, Mr. J. Murray
Mitchell, Jr., whose assistance is acknowledged
with appreciation.

40. H. E. Landsberg, “The climate of towns,” in
Man’s Role in Changing the Face of the Earth
(Univ. of Chicago Press, Chicago, Ill., 1956),
pp. 584-606.

’ in Climatic

temporary Psychology, Vol. 11, p. 274,
Gantt stated that Pavlov ‘rescinded this
statement about heredity when he had
more critically surveyed the original ex-
periments . . . However, when queried
by me on this subject, Gantt said: ‘I
have no reference to a retraction in
print, although there may be one.””
Analogous questions have been di-
rected at me, from time to time, at
meetings and in letters, by a number
of American scientists, and once by a
member of the State Department. Con-
sideration of the evidence on this mat-
ter in its entirety and, for convenience,
in chronological sequence, may thus be
worth while, particularly since Soviet
theorists have for some years been pro-
claiming Pavlov the true and renowned
backer of scientific Lamarckianism or,
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