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A numencal model of the almosphere with a seasonal varation of insolation and sea serface
temperature is time integrated for over 3 simulation years on o finite différence grid network having a
nearly uniform horizontal resolution of approximately 265 km, There are 11 levels in the maodel from 80 m
to 31 kmvabove the ground, The model has realistic continents with smoothed topography. In addition 1o
wind, lemperature, pressure, and water vapor, the model simulates cainfall, snowfall; and evaporation at
the surface. The runofl rate and the rates of change of soil moisture and snow depth ure determined by a
budget of liguid water, snow, and heat o1 the ground surface. The simuluted precipitation and other
hydrologic quantities are compared with those derived Trom observed data In addition, the correspond-
ence between the distribution of precipitation rate and those of other relevant quantities, such 45 sea level
pressure and kinctic energy of transient disturbances, Is examined. To obtain un overall impression of the
climate simulation, u map of Kippen climate types, which is obtained from simulated temperatures and
precipitation rates throughout the year, 1s compared with a similar map bused upon ohserved climatic
duta, 1 is shown that the model locates the major arid regions of the earth, such as the Sahars Desert in
northern Alfrica and the deserts of central Asia and Austrulia, Furthermore; the tropical rain-belt and its
seasonal movernent are well reproduced. The model approsimalely simulates the changeover fram dry
winter to wel summer canditions in southern Asia and the seasonal reversal of the monsoon wind system
aver Asia. The wet zane in middle and high latitudes, such as in Cunady, Europe, and western Siheria, s
also simulated by the model. Examination of the distribution of runofl aver continents ol the model
reveals that the watersheds of many important rivers of the waorld are correctly positioned in the simula-
tion. In general, the quality of the simulition tends to deteriorate in the neighborhiood of major mountain
ranges. Furthermore, the rate of precipitation and that of runof over continental regions in the madel
trapics s much larger than estimites of the actual rates of these quantities, Nevertheless, this study
demanstrates that the model is capable of reproducing many of the basic features of the seasanal variation

of hydralogy and chimate on & global cale

INTRODUCTION

This study presents a comprehensive description of the
scasonal variation of the hydrologic cycle obtained from a
mathematical model of the atmosphere. The ultimate goal of
studies of this kind is to construct a sufficiently realistic model
of climate so that one can perform various controlled
numerical cxperiments to investigate how climate is main-
tained or why climate changes.

Since an important factor controlling elimate and the ut-
mospheric circulation is the hydrologic cyele, it is indispen-
sable to incorporate the hydrologic processes into any
mathematicel model of the atmosphere used for the simulation
of climate. Manabe er al. [1965] constructed a model which in-
cluded a system of primitive equations of motion and highly
idealized processes representing precipitation and evaporation,
Their model has a flat and uniformly wet surface without any
heat capacity, It was shown that their model can reproduce
some of the zonal mean properties of precipitation, such as the
tropical rain belt, the dry belt in the subtropics, and the rain
Belt in middle latitudes. Leith [1965] made a model with ac-
tual distributions of contingnts and oceans in which observed
distributions of sea surface temperature are prescribed as g
lower-boundary condition. His model reproduced some of the
features of the hydrologic cycle, but the details of his resulis
are not available,

Washingion and Kasahara [1970] constructed a two-level
general circulation model with realistic orography: Assuming
the distribution of insolation and sea surface temperature in
January, they were able 10 reproduce some of the zonal mean
features of the hydrologic ¢ycle. This study was repeated by
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Kasahara and Washingron [1971] with a six-level general cir-
culation model which reproduces some of the geographical
distributions of precipitation,

The various models of climate which are mentioned above
do not take into consideration the variation of soil moisture
and snow cover, Instead, the soil is assumed to be either com-
pletely wel or completely dry throughout the time integration
of the model. Therefore these models fail 1o simulate some of
the imporiant features of the geographical distribution of the
climate which are strongly controlled by soil moisture and
snow cover. To eliminate this difficulty, Manabe [1969]
proposed a highly idealized scheme for predicung soil
moisture and snow cover for incorporation into a general cir-
culstion maodel. Although his. model has a limited com-
putational domain and idealized geography, it reproduces
some of the essential characteristics of the geographical dis-
tributions of hydrologic quantities, Encouraged by these
results, Marabe and Holloway [1970] constructed a global
maodel with the hydrologic processes mentioned above and
successfully simulated many basic leatures of the plobal dis-
tributions of precipitation, soil moisture, and runoff, during
January [Holloway and Manabe, 1971). Similar progesses of
the hydrology at the ground surface have recently been incor-
porated into the model of Washington and Kasahara
[Washingron, 1971], although the details of the gengraphical
distributions of hydrologic quantities have not been published,

This study is @ natural extension of the work of Holloway
and Manabe mentioned above, We describe how the
hydrologic cyele of the model responds to seasonal variations
of insolation and sea surface temperature. In addition, details
of the model climate are compared with the actual climate.

Preliminary results from this study were presented al the
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Climate Symposium held at Leningrad in 1971 [Manabe et al.,
1971] and at the Summer Computer Simulation Conlerence
held at Houston, Texas, July 9-11, 1974 [Holloway and
Manabe, 1974].

Some results from this model simulation, related to the
general circulation and climate of the tropics. have already
been published in a companion paper by Manabe et al. [1474),

DESCRIPTION OF THE MODEL

The numerical model used in this study is very similar to the
one described by Hofloway and Manabe [1971] with the excep-
tion that the solar radiation, concentrations of atmospherie
arone, and sea surface temperatures prescribed undergo o
seasonal variation. Therefore only 4 brief description of the
model 15 given here,

The model solves the primitive equations of molion in a
spherical coordinate system. The numerical problems in-
troduced by mountains are reduced by using the sigma coor-
dinate system in which pressure nermalized by surface
pressure is the vertical coordinate [Phiflips, 1937]. To simulate
the cffects of subgeid scale mixing, the nonlinear viscosity of
Smagorinsky [1963] is included in the model. The hnite
difference forms of the dynamical equations are similar 1o
those proposed by Kurihara and Holloway [1967]. The global
grid systent is chosen such that the horizemal grid size of ap-
proximately 265 km is-as uniform as possible. The 11 finite
difference levels are selected so that the model can simulate the
structures of both the stratosphere and the planctary bound-
ary laver. (See Table | of Manabe er al. [1974] for details.)

A global map of the smoothed continental topography used
by the model appears in Figure 1. The method used Tor deriv-
ing these mountain heights and the degree of smoothing
applied are the same as used by Holloway and Manabe [1971)
for their high-resolution (N48) model.

The scheme for computing radiative hesting and cooling s
described by Manabe and Strickler [1964] and Mangbe and
Wetherald [1967]. The solar radiation av the top of the ae-
mosphere is @ function of beth latitude and season, but iis
diurnal varation is eliminated for simplicity. The seasonal
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variation of insolation s controlled by changes in both solar
declination and distance, which are functions of the date. An
annual mean observed distnibution: of clouds, which varnes
with latitude and height but net with longitude, is used in the
computation of radiative transfer. In addition, the effects of
waler vapor, carbon dioxide, and ozone are taken into con-
sideration, The distribution of water vapor is determined by
the prognostic equations of the model: An observed distribu-
tion of czone [Hering and Borden, 1963), which varies with
seson, latitude, and height, is specified for the radiative
transfer computation. The mixing ratio of carbon dioxide by
weight s assumed to have a constant value of 0.456 % 1077
evervwhere.

The surface temperature over land s determined by the
boundary condition that no heat is stored in the ground, le.,
net Auxes of solar and terrestrial radiation and turbulent Buxes
ol sensible and latent heat locally add 1o zero. Over the oceanic
part of the- mode! the seasonal variation of surface temperature
is prescribed, 1t is determined by harmonic curve fitting over
four observed distributions of monthly mean sea surface
temperatures, i.¢., those for February, May, Augusi, and
November. Data from the World Atlay of Sea Surface
Temperatures, which has been recently revised by the LLS,
Navy Hydrographic Office [19684], are used for this purpose.
The surface temperuture of sea i¢é is computed in 8 manner
similar to the computation of land surface temperature, except
that heat conduction through ice is taken into consideration.
On the basis of various oceanographic data we assumed that
the Arctic Ocean s covered by a uniferm layer of sea ice with:a
thickness of 2 m. (For example, Newnenn and Piersan [1966]
state that the inner 70% of the Arctic Ocean is covered by pack
ice ranging from 2 to 3.5 m thick.)

The prognostic system of water vapor mainly consists of the
contributions by the three-dimensional advection of walter
vapor, evaporation from the earth’s surface, vertical mixing of
waler vapor in the planetary boundary layer, nonconvective
condensation, and a so-called *moist convective adjustment.’
For a more specific deseription of maoist convective adjust-
ment, sec Manabe e al, [165].

Fig. 1. Global map of smoothed land tepography und shorelings used by (he model, Areas huving elevalions belween |
and ¥ km are shaded with dots and greater than 3 km. with dizgonal lines.
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The schemes for computing the hydrology of the ground
surface are similar to those described by Manabe |196Y%]. The
riates of the change of soil moisture and snow depth are deter-
mined by the budget of water, snow, and heal at the ground
surface, Since the simulation of the hydrologic process is
emphasized in this study, we decided to deseribe these schemes
in some detail,

The maximum amount of water that can be stored in the
ground, called the field capacity of the soil, depends upon a
number of characteristics of the ground surface and thus varies
considerably throughout the world. For simplicity we have set
the field capacity of the soil to 13 cm over all land areas. Most
of the time the actual soil moisture falls short of the field
capacity of the soil at a given point. In the model o budget of
soil moisture is kept al each land grid peint. Changes in: soil
moisture are computed as the residunl of contributions from
processes thal increase 50l moisture (e, rainfall and
smowmelt) and those thal decrease it (i.e., evaporalion and
runoff). Runefl is prédicted a1 a grid point only if a computed
change m soil moisture would result in-a water depth ex-
ceeding the field capacity. Any moisture above |5 cm is thus
computed as runoll at the grid point where this eccurs. Runoff
is assumed to low . directly to the sea via rivers without alTect-
ing the soil messture at any other point,

The effect of soil mosture on evaporation is incorporated
into the model by a simple scheme used by Budvke [1936],
When the soil does not contain a sufficient amount of water,
the amount of evaporation issmaller than that from the sea or
a perfectly wet surface. The sea case sets an upper limit for
evaporation over a land surface under given surface wind and
humidity conditions, 17 the soil moisture 1s greater than a cer-
taimn critical percentage (75 in this study) of the maximum soil
capacity, evaporation is assumed to equal the maximum rate,
Otherwise, evaporation from land is computed (o be linearly
proportional to soil moisture up to thiscritical value. The rate
of sublimation from the surface of snow or ice is computed un-
der the assumption of waler vapor saturalion at the surface.

The rate of change of water equivalent depth of snow is
compuied as the residual of the rate of snowfall minus the sum
of the spowmelt and sublimation rates. Precipitation. which is
deduced from the prognostic system of water vapor mentioned
earlier, is regarded as snowfall il the temperature at a height of
F50 m s below reezing, The snowmett rate is calculated from
a4 surface heat buodpet under the assumptions that the
temperature of the snow surface does not exceed the (reezing
point and that the conductivity of snow is 2éro.

The numerical time integration of the model is continued lor
a period of approximately 3.5 model years. The initial con-
ditions for this integration were the mean state attained by the
long-term integration of & global model in which January in-
salation and sea surface temperatures were the imposed
boundary conditions. The first 1.5 model years were lime in-
tegrated on oa grid with approximately 530-km horizontal
resclution. A high-resolution (approximately 265 km) grid is
used for time integrating the final 2 model vears. The results
from the time integration of the final 1,75 model vears arc
analveed for this study.

Tive Means oF Mopen CLIMATIC VARIABLES

The annual means of various climatic variables presented in
this paper are based on the last vear of the lime integration of
the global seasonal model from August through July (model
dates). Since seasonal variations are important characteristics
of chimate, annual meéans naturally do not fully deseribe the
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climates of most regions of the earth. For the sakeof brevity in
our discussions we shall present only winter and summer dis-
tributions of climatic variables in this paper. Winter in the
northern hemisphere is assumed 1o include data from
December, January, and February. Data from June, July, and
August comprise the northern hemisphere summer averaging
period. These seasons, of course, are reversed in the southern
hemisphere,

Sea leve! pressure. Figure 2 presents the mean model-
simulated sea level pressure for the period December through
February compared with the observed mean pressure. The
compuied versus observed sea level pressure comparison for
June through Auguest is given in Figure 3. The ohserved mean
pressures are based on data by Crutcher and Meserve [1970]in
the northern hemisphere and by Taljgard et al. [1963] in the
southern hemisphere, The surface pressure over land in the
model results is reduced to sea level by

[ Ty ] R i

Pap Py L Tz* (1)
where pg, is the sea level pressure; g, the surface pressure; Ty,
the temperature of the lowest prognostie level: Z . the height
of the land surface above sea level; ¥, the lapse rate, assumed
to be 67K/ km everywhere; and g, the acceleration of gravity.

The pressure distribution in the northern hemisphere in
winter is well simulated by the global model, Both the Aleutian
and leelandic lows are correctly posittoned by the model, but
the infensity of the former is too greal in the model simulation.
The Asian anticyclone (*Siberian high') is- also well placed by
the model, but it is simulated to be too intense by about 10
mbar, The irregularity of the isobars at the southwestern side
of this high-pressure area results {Tom the farge reduction 1o
sca level from the great height of the Himalayvan Plateauw. The
distribution of high pressure in the northern subtropics is also
well simulated by the model at this season,

The mean pressure patterns in the model tropics during the
December 1o February period coincide well with the observed
vitlues at this season, The large region of low pressure in Lhe
maodel over the trapical western Pacific Ocean corresponds Lo
an area of maximum computed rainfall. The low centers
simulated over South Africa and South America agree well
with observation, and their positions reflect the southward
shift of the tropical rain belt over continents, discussed In the
following section.

As shown in Figure 2; the model simulates subtropical an-
ticyclones of about the correct intensity off the three southern
hemisphére continents in summer in excellent agreement with
abservation. However, the belt of low pressure just to the
noeth of Antarctica is displaced northward and s 100 weakly
developed in the model. For this resson, the strength of the
southern hemisphere mid-latitude prevailing westerlies in the
maodel is considerably below what is observed in the actual at-
mosphere. The reason for this major deficiency of the model
hias not been isolated, but it may be related to the failure of the
model to handle the orographic effects of the Antarctic conti-
nent proparly.

The distribution of mean computed sea level pressure lor the
period Jume through August, shown in Figure 3, exhibits
marked contrast with that for the opposite season, but most of
these changes also occur in the actual atmosphere. For exam-
ple. the wintertime Asian anticyelone is replaced in summer by
the extensive south Asian low, whose intensity s well
simulated by the model except in the Tibetan Plateau region.
where greatl height renders the model pressures reduced 1o sea
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COMPUTED

OBSERVED

Fig. 2,

Mean global sea level pressure lor December, January, and February computed by the madel (lop) and

abserved n the actusl simasphere (hottam) as derived from dia by Crrcher amd Meseroe [1970] and Talioard et al.

(19691,

level unreliable. This south Asian low plavs an important role
in maintaining the circulation of the Asian summer monsoon.
For a further discussion of this subject, sce Hahn and Manahe
[1975].

The model simulates 4 belt of low pressure in the tropics in
agreement with the observed mean pressure lor the period
June through August, The eastward-exténding trough in the
tropical portion of the western Pacific, both in the model
results and in nature, corresponds 1o the spawning area of
summer typhoons. In the model, however. tropical cyclones
form oo often, and their frequent passage northward along
the Chinese coast creates a mean surface pressurein this region
which is below the observed value [Manabe et al., 1974].

In the subtropics of the model an anticyclone develops off
the west coast of California in agreement with the features of

Lthe ebserved distribution. It does not, however, extend far
enough toward the west because of the excessive development
of low pressure in the western Pacific, mentioned above: The
Atlantic high is not obvious in the model resulis because it has
combined with the high-pressure center over the norlh polar
region. [n the southern hemisphere a belt of high pressurne in-
vides Australia and the southern tip of Africa and crosses
South America around 30*8, in agreement with the observed
pressure disiribution,

The surface pressure in this' model is too high over both
poles. The excessive pressare in the model Arcticappears 1o be
caused by a systematic error invelved in the finite difference
computation on the Kurihara-type irregular grid system used
for time integrating this model. A model very similar to this
one was time integrated on a repular latitude-longitude grad by
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Holloway et-al. [1973], and the tendency for the development
of excessive north polar pressures was corrected for the most
part. However, the high pressures over and around the steep
Antarctic continent were not reduced sausfactorily:
Transiedt eddy kinetic energy.  One of the important factors
which controls climate 5 the aclivity of large-scale disturb-
ances in the armosphere. Figure 4 shows the global dis-
tributions of the transient component of eddy Kinetic energy at
the 830-mbur level of the model atmosphere during the months
of January and July. The transient eddy kinetic energy (TK E)
15 defined hy
TKE = '™ + @'%) (3

where wand v denote the zonal and meridional componentsiol
the wind, respectively. The angle brackets and prime indicate

COMPUTED
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the time mican (| month) operator and the deviation {rom the
time mean, respectively.

In the middle latitudes of the northern hemisphere the
model maintains areas of relatively large-eddy kinetic energy,
such as in the north Pacific and north Atfantic oceans ‘in
Junuary. As is known. the great conirast in surface
temperatute between continents and oceans enhances air mass
modification off the east coasts of the continents and promotes
the development of cyclones there. The longitudinal variation
of TKE s less pronounced in middle latitudes of the southern
hemisphere, where the continents are smaller than those in the
nerthern hemisphere, One can identify o zonal belt of large
TKE in the latitude belt ranging from 407 10 50°5, particularty
during winter,

In low latitudes the model maimains areas of large TKE in

OBSERVED

o3
e

Fie. 3.

Same as Figure 2 but for June, July, and August
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Fig. 4. Global disinbutions of transient eddy kinetic encrgy per gram at 830 mibar in enits of squere melers: per
square second for January (top) and luly (bowom), Values greater than 25 are shaded and greater than 30, darkly

shaded.

the summer hemasphere, In July, TKE is relatively large in the
Philippine Sea, Central America, and in the Bay of Bengal. In
January it is particularly large to the east of New Guinea and
Australia. In a companion paper, which presents the general
circufation in the tropical part of the model ‘atmosphere,
Manabe et al. [1974] pointed out that the disturbances in the
model tropics are maintained against dissipation by the heat of
condensation and tend to develop in areas of relatively warm
sed surface temperdiures.

In peneral, the areas of relatively large TEKE approximately
correspond with aredas of high precipitation rale. This subject
is discussed in the following section.

Menn vertival wmotion.  Figure 3 shows the global dis-
tributions of the 3-month mean vertical p velocity at the $33-
mbar level of the model atmasphere during two seasons.ol the

year, According (o the comparisan between this figure and
Figures 2 and 3, the areas of mean downward motion (positive
vertical p velocity) correspond well with those of relatively high
st level pressure. For example, general downward motion oc-
cupics areas of subtropical anticyclones: On the other hand,
upward motion prevails in areas of surface cyclones, such us
in the Aleutian low. As expected, areas of mean downward
maotion also tend to coincide with those of meager precipita-
tion rate discussed in the following section. .

Surface air temperature:  In Figure 6 the observed distribu-
tion of mean surface ambient air temperature over the entire
carth during January is compared with the mean values of
temperature 4t the lowest prognostic level computed by the
time integration during model January. Figure 7 presents the
same comparison for observed and computed July
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temperature distribulions: The observed temperatures in the
narthern hemisphere are derived from duta by Cruicher and
Meserve [1970] and in the southern hemisphere by Taljgard e
al. [1969].

Understandably, the computed surface air temperatures
over the oceans ought (o agree well with the observed values
during both January and July because the model used ohserved
sed surface lemperatures as o lower-houndary condition. In
meddle lJatitudes of both hemispheres this does appear Lo be
true. However, in the tropics the simulated surface air
lemperatures-are up 1o 3% too caol. Some ol this discrepancy
may resull {rom inaccurate formulations of the convective
process in the Ekman boundary laver and purticularly the mix-
ing in the constant flux laver. Furthermore, the lowest
prognostic level is much higher than the so-called ship deck

DEC, JAN.FEB
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level, where ambient temperature:is wsually obsérved over
DELENS.

In peneral, the winter temperatures in the Eurasian conti-
nent and North America are well simulated by the model, For
example, the tight packing of isotherms along the east coast of
Asia-and the northwest coast of North Amenca in the madel
agrees with observation, Over the northern part of the Eura-
sian continent, surface temperature decreases progressively
from Europe to castern Siberia, where it is at & minimum, in
agreement with a feature of the aclual atmosphere. The very
low temperatures in eastern Stberia result not only from
radiative cooling but aiso from the thermul advection by cold
northerfies which prevail in the area between the semiperma-
nent Aleutian low and the Siberian high. On the other hund,
western Siberia and Europe are kept warmer in winter by

JUN,JULAUG

Fig. 5. Global distributions of vertical p veloelty at 850 mbar in onits- of millibars per day for December, Junuary,
and February (top)and June, fuly, and Augest (hottom), Arcas of positive values (downward maotion) sre shaded
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TEMPERATURE [JAN)

COMPRUTED

QBSERVED

Fig. 6. Global disteibution of mean lemperatures simulated (o the model Tor the lowest prognostie level (tup)
compared with that of the mean observed surfece gmbicnt temperature (bottom) for Janwery in degrees Celsius (derived
from data by Cricher and Meserpe |1970) and Taffeard et al. | 1969]), Areas having lemperitures ubove 2470 or belween 0

and —24°C ure shaded.

witrm air advection Behind the Askan anticyclone. Northeast
Siberidn lemperatures are lower than those over the Arctic
Qcean ice pack to the north becavse they are not lempered by
heat conduetion from an underlying ocedn,

Summertime temperatures are higher in arid régions than in
weller areds at the same latitude and altitude. For example, the
deserts northeast of the Caspian and Aral seas are warmer
than Europsan couniries 2000-3000 km due west. The high
dir lemperatures over dry territories are attnbuted 1o intense
insolation coupled with low evaporation and weak moist con-
vective activity. In arder to satisfy the condition of surface
heat balanee the ground temperature must be high so that the
resulting large heat loss from the upward Nuxes of sensible

heat and radiation ¢an compensate for the small contribution
from evaporational cooling. In general, the model reproduces
these warm temperatures over arid regions in summer not only
in the central Asian deserts and steppes but-also in the Sahira
and Australian deserls and many other dry arcas around the
world, In some areas, such as northern Africa, the model
summer @it lemperatures, however, do nol attain quite as high
values as in nature: On the other hand, simulated surface air
temperatures inJuly are too high in seuth centrul United
States and in China, but this is probahly due to the dricr-than-
zctual climate created in these areas by the model, as1s to be
discussed in the following sections,

Finally, the model correctly simulates the sirong
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TEMPERATURE [JUL)

COMPUTED

SURFACE AMBIENT TEMPERATURE [JuL)

QBSERVED

Fig. 7.

temperature gradient perpendicular to the periphery of the
Antarctic continent. This gradient is especially strong in July
during the southern hemisphere winter. This large temperature
gradient results mainly from the steep slope of the Antarctic
maountaing as well as the high surface albeda of the continent.
In fact. the packing of the isotherms is so great that south of
the 0°C isotherm, around 6078 latitude, isotherms for negative
temperatures gre drawn for only every 8°C in Figures 6 and 7.
The lowest Antarctic temperatures attained in the model are
somewhat higher than the observed values.

Meridional circularion. The annual mean state of the
meridional ecirculation of the: model atmosphere and its
seasanal variation are illustrated in Figure 8. It shows the
stream funetion of the mean meridional circulation in both the
model and the actual atmosphere averuged over the entire year

Sume a5 Figure & but for July,

and over January and July. The annuul mean stream Tunction
diagram based on the model simulation shows two moderate-
strength Hadley cells nearly svmmetrically located on each
sidde of the equator, These cetls are cantered atabout 1 17N and
15, in very good agreement with the locations denved by
Oart and Rasmusson [1970] from observed data, The weak
Ferrel cells in the model’s middle latitudes ocour in the annuul
mean meridional circulation graph at 46°N and 41°5. The
position and strength of the computed northern hemisphere
reverse circulation cell agree closely with the actual at-
mosphere. The observed distribution does not extend [ur
enough south to venly the simulation of the seuthern
hemisphere Ferrel cell,

In general, the eenters of both the Hadley and Ferrel cells of
this. model are located significantly lower in altitude than those
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in the-actual atmosphere determined by Oort and Rasmusson.
Mangbe er gl [1974] speculated that this discrepancy resulis
from the assumption of no vertical mixing of momentum
above the planetary boundary layer of the model. Further
numerical ¢xperimentation is required for evaluation of this
speculation.

The simulated meridional llow for January exhibits a huge
narthern Hadley cell having anintensity of 18 % 10" g 57! and
centered at about 5°N. This is in excellent agreement with the
location dnd strength of this cell inferred (rom observed dits,
On the ather hand, the southern Hadley cell st about 2075 s
practically nonexistent. In July it is the southern Hadley cell
which predominates in the model simulation, as shown in
Figure 8. This large cell straddles the equator with an intensity
of about 18 % 10" g 57" For further discussion of the seasonal
variation of the tropical Hadley cells; see Manabe et al. [1974];

Baroclinically unstable waves drive the reverse or Ferrel
meridional circulation [Phillips, 1954]. Therefore it is un-
derstandable that the simulated Ferrel cell is at its maximum
intensity in the winter hemisphere, when atmospheric eddy
kinetic energy in middle latitudes is greatest, The strengths of
both the simulated and the actual northern Ferrel cells are
aboat 5 X [0 g s=' in winler and approximately half this
value in summer. The locations of these Ferrel cells are
somewhat indefinite, especially in summer, but in general the
model positions are not at all inconsistent with those derived
for the actual atmosphere,
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Water vapor. The latitude-height distributions of zonal-
mean refative humidity in the model are shown in Figure 9 for
the periods December through February and June through
August. At all fatitudes the surface relative humidity is too
high. (For the observed distribution of zonal-mean relative
humidity, see, forexample, Figure 7.3 of Manabe et al. [1965].)
This bias has not been gxplained, but it may be partly at-
iributed to deficiencies in the model's maist convective adjust-
ment or vertical diffusion formulations, (Note that in this
madel the eritical relative humidity for the onset of moist con-
vection is assumed 1o be 100%, which seems to be too high.)

On the other hand, the model's stratosphere is very dry at all
seasons excepl at high latitudes in the winter hemisphere. This
5 eonsistent with moisture conditions thought to exist in the
actial stratosphere; although humidity measurements are very
inaccurate at these heights, High refative humidities at the ex-
tremely cold temperatures of the winter polar stralosphere
probably exist in the real atmosphere as evidenced by the oc-
casional development of mother-of-pearl clouds at high
latitudes in winter,

The latitude-height distribution of the zonal-mean relative
humidity, shown in Figure 9, is strongly controlled by the
meridional ¢ircubation discussed in the previous subsection,
The rising air in the Hadley cells creates a column of relatively
high humidity above the tropical rain belt, which in the mean
is near the equator in the December—February period and
around 107N in the June-August period. This rising moisture
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in the Hadley cells in the tropies spreads poleward just below
the tropopause, ereating a laver of high relative humidity in
the upper troposphere of the model, in qualitative agreément
with Mastenbrook's [1965] observations. On the poleward
sides of the Hadley cells, relative humidities are low duc to the
adiabatic heating in descending air. The humidity 1s lowestat
about 1537 latitude of the: winter hemisphere;, where air
deseends on the poleward side of the strongest Hadlev cell,
which straddles the equator. The weaker Hadley cell produces
less drying in the opposite hemisphere, The circulating air then
flows toward the equator [tom both subtropical belts, picking
up moisture from the earth’s surfuce through evaporation.
Thus the Hadley cells ¢roate moist lavers near the surlface and
high in the tropical troposphere.

The relative humidity in the model troposphere increases
markedly from subtropics to middle latitudes. The poleward
transport of moeisture by mid-latitude disturbances (shown in
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Figure 29) is responsible for the fact that the latitude of the
maximum relative humidity is higher thian the latitude of the
maximum upward motion in the Ferrel cell.

WATER BaLancCE

In thissection we shall present mean global distributions of
varipus hydrologic variables computed by the seasonal model
and compare these with climatic data.

Precipitation.  Figure 10 shows a comparnison between the
compuled annual meéan precipitation rdte and the observed an-
nual rate oblained from the Mira Aifas | 1964]). According o
this comparison the general features of the tropical rain belt
are well simulated by the model. For example, precipitation is
very intense over the Amazon River basin, A major center of
high rainfall rate straddles the equator over the western Pacilic
and Indian oceans. In the eastern Pacific of the model the
northern branch of the tropical rain belt lies just north of the
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Fig. 10, Global distribution of snnual mean rate of pregipitation simulated by the model (1op) compared with that
of ke observed annual rete (bottom) derived Trom the Mirg Aty [1964] using some smoothing,
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Fig, 11, Lativudiral distribution of the anmual mean sale of pre-
cipitation computed by model (solid line) and observed [fudika,
1936] (doshed lins),

equator, and the southern branch extends toward the southern
end of South America. In peneral, the areas’ of heavy
precipitation in the tropical oceans of the model tropics ap-
proximuately ceincide with regions of warmer sea surface
temperature. (See Figure 4.1 in the paper by Manabe er all
[1974] for the distribution of the annual mean surface
temperature of the model) On the other hand, rainfall rates
are lower where sea surface temperatures are relatively low,
For example, on the equator in the eastern Puacific, where up-
welling brings cooler water to the surface, rainfall i5 meager.
For further discussion of the relationship between the dis-
tributions of sea surface temperature and precipitation rute,
sec the companion paper by Manabe ef al. [1974].

In the subtropics of the model the rate of precipitation is
generally low  because of the adigbatc heating in the
downward-moving branch of the Hadley cell. However, 1t 15
retatively large along the east coasts of northern hemisphere
continents, where the northward advection of the warm and
menst air prevails in the summer season, The land-sea surface
pressure pradient, which results [rom the land-seq contrast in
surface lemperatures, is responsible for the southerly fow
along the east coasts of these continents. In the western parts
of the continents the model produces areas of very low rainfall
rate, such as in the Sahara and in'southwestern United States,
in agreement with nature. In the subtropics of the southern
hemisphere the general features of the distribution of
precipitation deseribed above are not as obvious, partly
hecause of the smaller size of the continents. Nevertheless, the
model semulates the major arid region in Australia and the helt
ol moderate precipitation along the east coasts of Austrlia
and Africa, To the west of the continents in the sublropics ane
generally finds aread of very meager precipitation because of
the general downward maotion in the semipermanent oceanic
anticyclones. Manabe [1969)] performed a time integration of a
model with annual mean nsolation and hghly dealized
geography. He obtained a distribution of precipitation raie in
the subtropics which s qualitatively similar to the annual
mean distribution described abowve, and his study contains an
extensive discussion of the mechanism by which such a dis-
tribution is maintained,

In middle latitudes the rate ol precipitation is relatively
large, mainly because of the [reguent passage of extralropical
cyclones. It is particularly large off the esst coast of the Eura-
sian continent a5 a result of the passage of tropical cyvelones
and the development of extratropical cyclones, Furthermore,
precipitation is enhanced by the rapid evaperation from the
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warm  Kuroshio Current during winter (Figure 16). The
precipitation rates along the western slope of the Rocky
Mountiin runge are particularly large around 30°-60°N. A
major part of this precipitation occurs during the winter
season, as discussed in the latter part of this subsection.

In both the Arctic and ihe Anarcticoregion the model
specifies low precipitation rates in good agreement with obger-
vation. This is consistent with the low water vapor content of
the cold air in these regions, In addition, the weak adiabatic
heating in 4 downward-moving braneh of the meridional cir-
culution may contribute to the reduction of precipitation
there.

Figure 11 gives the computed and observed zonul-mean an-
nual precipitation rates plotted against latitude. Notice that
the model reproduces the precipitation maximums in the
tropics and in middle latitudes. Likewise. the subiropical
minimums in rainfall are simulated. However, there is a
tendency for these middle-latitude maximums and minimums
to he shifted several degrees Lloward the equator, especially in
the southern hemisphere. This eguatorial shifl is partly refated
to the systematic bias of the irregular grid system adopted lor
this model [Holloway et al., 1973], The computed precipitation
rate in the tropics is significantly higher than the observed rate,
This subject is diseussed further in the latter part of this sec-
tion.

The zonal mean of the computed precipitation rate 1s broken
down into averages over land and over sea in Figure 12, [t s
noteworthy that in the tropics the precipitation rale is gredler
over land than over sea. This is attributed to the belt of cool
seq surface temperatures directly over the equator. For further
discussion of this effect, refer to a companion paper [Manabe
et al., 1974].

In muiddle [mitudes of the northern hemisphere the com-
puted rate of preeipilation over oceans is significantly larger
than the rate over continents. Obviously; this results partly
from the difference in surface wetness and accordingly from
the difference in evaporation rate between land and sea (Figure
183, Tv should be noted, however, that the difference is mainly a
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Fig. 13, Glabal distribution of the mean rate of precipitation computed by the model simulation (lep) compared with
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manifestation of the situation prevailing during winter, when  continents where the seasonal variation of surfice temperature
the atmospheric circulation suppresses the precipitation gver  is very pronounced. For example, over Africa and South
continents and enhances il over ocedns, as discussed in the America in the model the tropical rain belt is located just north
latter part of this subséction. In the southern hemisphere of the  of the equator in July but extends from the equator to 30°8 in
maodel 2 systematic difference of a similar kind cannol be  Junuary, in excellent agreement with abservation. The belt of
detscted, partly because of the relative small size of continents.  heavy precipitation, which is located over the Indian subconti-
in this hemisphere: nent in July, shifts back to the eqlator in January., Although

The seasonal variation of precipitation rate in the model 1s:  the mode! successfully simulates this monsoon phenomenon in
evident in Figures 13 and [4. These figures present the general, it fails to produce sulficient rainfall in northern India,
geographical distributions of precipitation rate for the 3-- This failure of the model tesults from the unrealistically weak
month pericds of Diecember, January, and February and of  monsoen trough, which fails to induce sufficient influx of moist
June, July, and August, respectively. For comparison, the dis-  air into the plain region of northern Indis. For further discus-
tributions of the actual precipitation rate, estimated by Malfer  sion of this subject, se¢ the companion paper on the South
[1951] for the same periods, are included in these figures. Asian monsoon by Hahn and Manabe [1975]. Over the western

According to these figures the latitude of the tropical rain Pacific of the model the Tate of precipitation is very high in
belt in the model changes from ‘season to season. The July to the north of the cquator. As pointed out in Lhe
amplitude of the seasonal shift is particularly large over the:  preceding discussions, this belt of heavy precipitation results
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from the frequent development of tropical eyvclongs in this
region. In January, tropical disturbances develop in the model
over the central and western Pacific Ocean just south of the
cquator and are responsible for the heavy precipitation there
These features of precipitation distribution are likewise in
good ggreement with Moller's resalts shown in the lower halves
of Figures 13 and 14,

The seasonal variation of the tropical rain belt is ilustrated
very clearly in Figure 15, which portrays the lutilude-time dis-
tributions of the zonal-mean rate ol precipitation over con-
tinents and opceans separately, As discussed by Manabe et al.
[1974], the location of the tropical rain helt over oceanic

regions of the model approsdmately follows the belt of

wiurmest sed surface temperatures, in agreement with the fined-
ings of Bferkmes er al. [1969]. Over the continents Lhe
amplitude of the migration of the tropical ram bell s much
larger than over the vcean, s pointed oul already, This is
related to the large latitodinal amplitude for the seasonal mo-
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tion of the thermal equator on continents. For further discus-
sion of the movement of tropical rain belt, see the companion
paper by Manabe et al.. [1974],

In the subtropics of the model, several regions experience
low precipitation rates during hoth winter and summer. For
example, the Sahura Desert and the Australian Desert have lit-
e ramnfall in either winter or summer. The rate of precipita-
tion isalso very low in the neighborbood of the Gireat Weslern
Desert in Morth America. This region of mesger rainlall,
however, extends too far inte Texas, as compared with the
observed distributions. We speculate that the failure of the
hnite dhfference formulation to treat the Rocky Mountains
properly may have something to de with this difficulty. Over
the eastern part of the oceans the rute of precipitation in the
subtropics is very small throughout the vedr as o resull of the
general downward metion in the oceamie anticyclones which
are situated there (Figure 57, Although precipitation is general-
Iy low in the subtropics, where the downward branch of the
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Hadley cell is: located, there are some exceptions. In July,
precipitation rates are relatively high along the east cousts of
the Eurasian and North American continents, In the southern
hemisphere, rainfall rates are relatively high wlong the east
coasts of Africa-and South Americs in January. As pointed
out already, the poleward udvection of moist air along the
periphery of the oceanic anticyclones is partly responsible ler
this phenomenon. Furthermore; it is found that intense
tropical eyclones frequently move northward ofl the east coust
of the Eurasian continent during the summer season and bring
heavy precipitation to this area.

The seasonal variation of zonal-mean precipitation rite in
the subtropics of the model is likewise very evident in Figure
I3, According to this figure the precipitation rate in the sub-
tropics is al o minimum in winter over both continents and
oceans. This result is consistent with the [lact that the
downward-moviang branch of the most intense Hadley cell is
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located in the subtropics of the:winter hemisphere (Figure %),
It is reasanable that the ares of low precipitation rate is more
extensive over the continents than over the oceans, Over the
cantinents the meager precipitation produces an area of dry
soil. The low evaporation rate in such regions suppresses
further precipitation, A similar positive feedback mechanism
does not exist over the oceans, which always have o sofficient
supply of moisture for evaporation,

Returning to Figures (3 and 14, we see that in middle
latitudes of the model the rate of precipitation is very small
over most of the Eurasian continent in winter because of the
general downward motion in the anticyelone located over this
continent. I1 is purticularly small in the eastern part of thecon-
tinent, where cold and dry northerlies prevail s indicated by
the seq level pressure map of Figure 2. On the other hand, 4
moderate amount of precipitation falls during summer over
Siberia, Europe, and the eastern part of the continent. In the
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central part of the continent the arid region extending from the
Sahars northeastward is identifiable throughout (he year,
although it is not as extensive as the observed region. Owver
MNorth America in the model, precipitation rates are very low
in the central parts of the United States and Canada in winter,

which is due to the subsidence of very dry wmr in these areas of

refatively high surface pressure. Along the western slope of the
Raocky Mountains the precipitation rate is very high as o result
of the orographic lifting of maritime air Aowing northward
around the Aleutian low (Figure 3). In summer, moderdle
amounts of precipitation fall over most of North America, ex-
cepl the southwestern part. These fedlures of precipitation
over Morth America in the model are similar to the features of
the observed distribulion with the exception of the low-
precipitation region around Texas mentioned earlier,

Referring -again to Figure 15 one finds thay in middle
latitudes of the northern hemisphere the rate of precipitation
aver the model eontinents s at a maximum in summer and al @
minimum 0 winter. However, over the model oceans the
varidlion in precipitation rate is almost out of phose with the
continental variation deseribed above, During winter the
moisture content of the continental air masses of the model js
[ow mainly because of low temperatures, Furthermore, surface
pressure is refatively high over the model continents and s
respansible Tor the general downward motion and thus meager
precipitation there. On the other hand, cyclones develop over
the north Pactfic and north Atlantic oceans (Figure 4} and thus
bring heavy oceanic precipilation. During summer Lhe con-
tinental regions of the model are characterized by low surfuce
pressure, moist air, and moderately high precipitation e,
whereas relatively high surface pressure appedrs over the
model ocesns, and, accordingly, precipltation rates dre
relatively low there

In the southern hemisphere of the model the amplitude of
the séasonal variation in the rate of precipitation is much less
than that in the northern hemisphere, These interhemispheric
differences seem to be due to the small size of the contirents
rebiative to the extent of the oceans in the southern hemisphere.

In polar regions, precipitalion is meager throughout the
yeur, This is due in part to the general downward motion
prevailing there and in part to the low moisture content Of the
cold polar air,

As mentioned previously, there is good correspondence
ketween the distribution of precipitation described in this sec-
tion and that of the kinetic enerzy of the transient eddies
shown in Figure 4. For example, in the northern hemisphere
the area of high precipitation rate, which extends from Japan
to the northwest coast of MNorth America in winter, gor-
responds well with an area of large eddy Kinetic energy. One

(GloBar MODEL OF THE ATMOSPHERE

can detect o similar correspondence off the cast voast of North
Amenca and in Europe. In the southern hemisphere the zonal
belt of relatively high precipitation rate coincides well with
that of large eddy kinetic energy in middle latitudes, In the
tropics and subtropics the areds of intense precipitation rate
approximately agrée with those of relatively large eddy Kinetic
energy, as described extensively by Manabe ¢t al. [1974]. Faor
example, note the correspondence in the Philippine Sea during
the northern hemisphere summer-and in the central Pacific
during the southern hemisphere summer, In short, precipita-
tion rate is relatively high in the areas ol intense cyclone activi-
1y, where eddy kinetic energy is great and intense vertical mo-
tion predominates. [n the model tropics, precipitation is nol
only a consequence of cyelonic activity but is. also muinly
responsible for its maintenance, Tt has been demonstrated that
the conversion of available potential energy generated by the
heat of condensation accounts for the major portion ol the
production of eddy Kinetic energy in the model iropes
[Manate et al., 1970].

Evaporation. In Figure 16 the global distribution of the an-
nual mean rate of cvaporation computed hy the maodel is com-
pared with values derived by Budvko [1963] from observed
data. In good qualitative agreement with Budyko's distribu-
tion, the masimum computed rate of evaporation occurs in Lhe
pceans of the subtropics, especially in the western parts of
these ocean basins, where the waler |5 warmest, A band of
minimum evaporation occurs on the model earth along the
equator hetween the subtropical belts in the two hemispheres.
This equatorial strip of relatively low evaporation rale resulis
from cooler sea surface wmperatures directly at the equator
than at adjacent latitudes to the north or south. 1n middle
latitudes the evaporation rate is greatest along the gast coasts
of continents, where the warm ocean currents, such as the
Kuroshio Current or the Gulf Stream, prevail. At high
lutitudes of both hemispheres, evaporation rates are computed
to he lowest because of low sea surface temperature (or weak
insalation availdble for the latent heat of evaporation),

The zonal mean of the computed rate of evaporation and
that derived from observation are plotted in Figure 17 versus
tatitude, Two maximums m the northern and southern tropics
surround a minimum of evaporation at the equator in both the
model and Budvko's distributions. However, the computed
evaporation is svstematically greater than the observed values
in the tropics. The greater compuled evaporation rate in the
tropics can be attributed to greater evaporation over both

ey

m oy

| L 0
SO o0 I oF 3 wF w0
Latpuds
Fig. 18, Lutitudinal distribution of simulated dnnual evaporation

rate broken down into means over land (solid line) and over sea
(dashed line), For comparison, valugs for lond and sea derived from
observed duta [Sudpke, 1963] are indicated by triangles and dots,
respeclively
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oceanic and continental regions, as indicated by Figure 18, in
which evaporation rates are broken down into land and sea
values. This figure also indicates that the oceanic evaporation is
solely responsible for the double-maximum mentioned above,
whereas the evaporation rate over conlinents is at a maximum
directly on the equator. The equatorial belt ol relatively low
sea surface lemperalure not only suppresses cvaporation but
also the development of tropical disturbances and thus reduces
the rate of precipitation, as discussed by Manabe er al. [1974].

Sofl moistere. The amount of soil moisture is essentially
controlled by the rate of precipitation and the amount of solar
radiation which are available as latent heat for evaporation,
This is evident in Figure |19, which shows the global distribu-
tion of computed soil moisture. For example, soil moisture is
ghundant in. the equatorial belt of Africa, Indonesia, Central
Amecrica, and in the Amazon River basin of the model. In
these regions the rate of precipitation 15 so large that it exceeds
the high local evaporation rate, The soil s also wel in the sub-
arclic regeons such as Siberia and Canada, where the rate of
evaporation 15 small due to the low values of insolation
reaching the ground surface. On the other hand, soil maisiure
of the model has very low values in greas of meager precipila-
tion and abundant insolation, such as in the Szhara Desert and
the Australian Desert. Figure 19 indicates that the model is
also capable of simulating other arid regions of the world o
some-degree. Forexample, the axis of the band of dry terriin
running from the Arabian Peninsula to Mongolia in central
Asia is well positioned by the model, but the width of this dry
ares is too small. An offshoot of this area of law soil motsture
extends too far sputh into northern India because the mon-
soon rainfall is unrealistically low in the plains ol India, as
pointed oul earlier. The model's North American sleppe
region in southwestern United States is too small, whereas the
model creates a region in southern United States which is en-
tirely too dry due to meager precipitation.

The width of the Asian arid soil belt would probably have
been much wider in the model if the specified field capacity of
the simulated surface had not been as greal as the 15 em
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chosen for all ground throughout the world, The sandy soil of
the desert tends to have a much lower water-holding ability
than the soil in wetter regions. A greater-than-actual capacity
in urid regions has the effect of prolonging the period during
which the soil has moisture and can support evaporation afler
the infrequent rains in these areas. Longer durations of
evaporation support greater precipitation in the model arid
areas, which in turn would tend to increase soil moisture,

A close examination of Figure 1% reveals that the model cor-
rectly simulated some features of localized areas. For example,
in the model the dry regions of Australia do not extend to the
east coast of the continent bul leave a narrow strip of relatively
wet ground along the east and southeastern edges of this coun-
try. The southeastern tip of South Aflrica is also moist, in good
agreement with the actual situation there. However, the detailed
features of the distribution of soil moisture in South America
are nol satisfactorily simulated, mainly because of the difficuliy
in dealing with flow around the narrow and sieep Andes Moun-
141 range.

The giobal distributions of soil moeisture during two seasons
of the vear are shown in Figure 200 In general, they are consis-
tenl with the scasonal variation of precipitation rate deseribed
in the preceding section. It was decided not o discuss this
figure in detail because it is understandable in the light of the
discussions of other hydrological guantities presented in this
paper.

Runaff. Ower the long term, runoff results from the excess
of rainfall {and-snowmelt) over evaporation. Therefore the
success of @ model in simulating the distribution of runoff
depends very much upon its skill in simulating the dis-
tributions of precipitation and evaporation, discussed in the
preceding subsections.

The global distribution of the annual mean rate of runofl is
compared in Figure 21 with the observed runoff rate derived
by Lvovitch and Quichinnikev [1964] In general, regions of
large runoff rate correspond to areas of heavy precipitation,
particularly in the tropical rain belt. For example, the model
compttes a high rate of runofl in equatorial Africa, in
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Cilobal distribution of annual mean soil moisture simulated by the model.
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qualitative agreement with the distribution of the observed
runoff, The watersheds for the Congo and Niger rivers and the
source of the Nile River are located in this region. The model-
simulited high rate of runofl’ in Indonesia and the Philippines
qualitatively agrees with observation, In the tropics of South
America the Amagon River basin is simulated by the model.
Most of the régions specified by the maodel as having no
significant runofl spproximately coinvide with the areas of
meager precipitation, with the exception of high latitudes
where runofl is not negligible because of the low evaporation
rales. For example; runofl is completely missing from the
region of the Sahara Desert and the deserts of 1the Arabian
Peninsula, as well as from most of Australia; in agresment
with observation. On the other hand, the large arca of no
runofl in the deserts and steppes-of central Asi is significantly
narrowed in the model results, The small areas of low runoff

rale in Argentina are simulated by the model, 5z well as 4 part
of the dryness of the watershed in southwest Africa,

In general, the model fails'to simulate the observed distribu-
tion of runofl in the regions where its'simulation of precipita-
ton rate 18 poor. For example, the model markedly un-
derestimates the rate of runoff in-southeastern China, southern
United States, and northern India, and it [ails 1o simulate the
small-scale features of the distribution of runof along the west
coast of South America,

The model successfully reproduces moderately large runoff
over Cunada, Siberia, and Euwrope. Although the rate of
precipitation is not very large in these high-latitude regions,
the rate of evaporation {or sublimation) is very small due 1o
the weak insolation avaitable, Therelfore a substantial amount
of water is-available in the watersheds of many major rivers,
such as the Mackenzie, Ob, Yenisel, and Lena.
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Significant parts of the runoff cccurning at high latitudes or
at high altitudes in middle latitudes can be attributed 1o
smowmelt in the spring. A comparison of the annual global dis-
tribution of computed runofl in Figure 21 with the global dis-
tribution of annual mean rate of snowmelt, shown 1n Figure
22, reveals that this isalzo tree in the model simulation, For ex-
ample, the high rate of runoff on the west coast of Canada and
the southern coast of Alaska is associated with the center of
the high snowmelt rate centered in the Rocky Mountdins of
western - Canada, Likewise, the snowmelt on the Tibetan
Plateau contributes to the center of the large runoff rate north
of India where the Indus and Ganges rivers originate, The only
significant area of snowmelt in the southern hémisphere is over
the Andes Mountaing i South America. The high rate of
snowmelt here 1s probably the chiel contributor to the ex-
cessive runofl rate computed in this area by the model.

COMPUTED
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Budpet of sofl moisture, The wiler budgel over con-
tinenial surfaces of the model is iliustrated in the upper part of
Figure 21, which includes various components of the budget,
ice., rzinfall, snowmell, evaporation, and runoff. For the sake
of comparison; the actual distributions of these quantities, as
estimated by Leovitch and OQuichinmikbou [1964], are shown in
the lower hall of the Ggare. Notice that in the observed results
the distributions of rainfall and snowfall are not shown
separately, but only the rate of precipitation (i.e., the sum of
rainfall and snowfall) is given. Excluding very high latitudes,
where snow gradually transforms into glaciers, snow eover
eventually melts and contributes Lo the runofl. Therefore the
rate of precipitation should be approximately equal to the sum
of the rates of evaporation and runoff in the long term.

According to the comparison in Figure 23, tropical rain is
far too heavy aver the continents of the model compared with
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Fig. 21,
tribution (bottom) based on data derived lrom Leovitch amd Quichinnibou [1964] using some smoothing,

Global distribietion of gnnuel mean rite of runofl ssmulated by the model (top) compared with an ohserved dis-
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uhservation. This greater rain results in greater runofl in the
model tropics, Notice that the computed evaporation in the
tropics agrees with observation. but the runodl rate in the
maodel is nearly double the rate of evaporation: This is op-
posite to that observed over the continental aress in the actual
tropies. Although the estimate of the true runoff in the tropics
may nol be very accurate, Figure 23 supgests that the model
tends to exspgerate the amount of runofl over the tropical
parts of the continents,

In the subtropics of the model, precipitation is meager and 15
almost compensated by evaporation. The small difference
between these two components accounts for very low runoft
rates in Lthe subtropics, in qualitative agreement with the es-
timate of the actual runofl, Quantitatively, the magnitude of
computed runofl i5 significantly less than that of actual runolT
estimated by Leovitch and Ovichinnikor [1964), mainly
because of the difference in the rate of precipitation.

In middle latitudes the magnitudes of various companents
of the waler budget of the model are much closer to the
observed values, The gain of water through rainfall is nearly
compensated by the loss due o evaporation and runoll.

In high latitudes of the northern hemisphere the contribu-
tion of snowmelt becomes comparable with that of rainfall.
Mear the South Pole; no liguid water exists in the model, and
therefore the water budget is zero there.

The seasonal variation of the water balance over the con-
tinents of the model cin be investigated by referring to Figures
24, 25, and 26, which present latitude-time distributions of the
simulated seasonal variation of zonally averaged runoff,
evaporation, and snowmelt rates over land areas, The remaim-
ing component of the water budget is rainfall. However, the
time graph of rainfall is not shown here for brevity, since the
land precipitation graph of Figure 13 may be used instead
because rates of rainfall and precipitation are almost identical
excepl at high latitudes, where snowlall accounts for a signifi-
cant proportion of the precipitation. (In interpreting Figure 26
one must take into decount the effects of & computer program
error which, unfortunately, remained in the model until the

Global distribution of annual mean rawe of smowmell simulated by the model

first part of Muy of the last simulated vear. As a result of this
error the snow in the model melts-almost instantly once the
temperature of the snow surface rises above freezing. This
error I8 thought to hasten the removal of snow cover in
SPTIng. )

A comparison of these time graphs shows that in the
tropics, runoff and evaporation rates are highly correlated
with the rate of rainfall. The axes of the maximums of these
hydrologic quantities follow the motion of the intertropical
convergence zone (ITCZ) near the equator, being larthest
north in August and farthest south in February. Therefore the
water falling as rain is disposed of almost immediately by
tunofl or evaporation in the tropics,

In middle and high latitudes of the northern hemisphere,
simulated runoff is greatest in spring, as shown in Figure 24,
The reason for this is apparent in Figure 26, which shows that
the shape and magnitude of the isopleths in the lattude-time
graph of snowmelt nearly coincide at these latitudes with the
patterns of runof in Figure 24, Water is stored on the ground
as snow in the wintér, and when this snow meltsin the spring.
it contributes 1o the centers of high runofl rate al this sesson,
The slope of the isopleths of snowmelt is to the upper right, in-
dicating later snow melting with increasing latitude. In Lhe
southern hemisphere the runofl rate 15 high throughout the
vear. With the exception of the Antarctic continent the tate of
runoff does net have a distinct spring maximum, partly
hecause smowmelt 15 & less important contributor to runedl and
partly because rainfall waries less with season in this
hemisphere,

Evaporation rate is mainly controlled by insolauon and
moisture available a1 the ground. Both of these factors are
high in the early summer in middle latitodes, and the lime,
graph of evaporation (Figure 23) illusirates that the model
does indeed indicate a maximum evaporation rate al this lime
of year, i.e, in June in the northern hemisphere and in
December in the southern hemisphere. Later in summer the in-
solation 15 somewhat weaker, and the ground has been dried
out by earlier strong evaporation: therefore the rate of
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Fig, 13, Zonal-mean components of the water hudget over lund
camputed by the model (top) and estimated from observed data by
Lragiteh gad Quvichinnikor [1964] (bottom),

evaporation decreases from its peak in early summer, In high
latitudes the time of maximum rate arrives somewhat liter, as
one may infer from the preceding discussions,

Budget of smow, The net rate of snow actumulation over
land is determined by the rate of snowfall and by the rates of
snowmeltand sublimation, both of which decreasesnow depth.
This is illustrated in Figure 27, which presents the [our com-
ponents of the snow budget over continents. In middle
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latitudes the contribution of snowfall is very nearly compen-
sated by the sum of the contributions of snowmell and sub-
lirnation. ‘Consequently, there is no net snow accumulation
over the long term, with the exception of latitudes having very
high mountains, such as the Himalavas or the Andes, In the
maodel the rate of depletion of snow cover by snow melting ex-
ceeds that by sublimation by about an order of magnitude,
Maost of the snow accumulation occurs at high latitudes of
hoth hemispheres. This snow accumulation in nature leads to
glacier formation, which is neglected in this model, Therefore
snow s allowed to aceumulate withowt bound during the
model integration, It is probable that the diurnal variation of
insalation enhances snowmelt during daytime and reduces the
rate of net snow accumulation, Therelore the neglect of the
effects of diurnal variation in the model could result in the
overestimation ¢f the rate of snow gccumulation. whereus the
computer program error mentioned earlier has the opposite
effect.

The seasonal variation of snow cover is ilustrated in Figure
28, which shows the latitude-time distribution of the zonal
mean of the water eguivalent of snow cover over the model
continents, This figure indicates that the snow cover ut high
latitudes tends to deepen from one year to the next, as dis-
cussed above. [n middle fatitudes of the northern hemisphere the
rate of accumulation of snow during fall is somewhai lower
than the rate of snow depletion in spring. In view of the com-
puter program-error in the computation of snowmelt discussed
eirhier, Lhis interesting tendency should be reexamined with a
corrected model. Wote that in the spring the snow cover in the
northern hemisphere subtropics of the model tends to remain
later than the snow cover in middle lattudes, This represents
the tendency of snow cover aver the Tibetan Plateau 1o persist
longer as a result of the low temperatures at high altitude.

Global water budget.  Recently, Baumgartner and Reickel
[1972] compiled a list of estimates of the glabal mean values of
annual mean precipitation by various authors, The most re-
cent estimates contained in their list compared with the annual
mean precipitation obtained from the modelare given below,

Fiiss)
Budyko [1963] 104.0
Mirie Atlas [1564] 162.0
Muather T1970] 05:5
Bricfyka | 1970) 1020
Hawmgartrer and Reichel [1973) g7.3
Present Model 1041

where # is given in centimeters per yvear, This comparison in-
dicates that the global mean rate of computed precipitation is
somewhat larger than recent cstimates of actual precipitation,
However, the magnitude of the diflerence between the com-
puted and the observed values seems to be within the range of
variability of the recent estimates of actual precipitation.

In Table 1 the earth’s surface is subdivided into simple
categories such as oceans and continemts or noerthern and
southern hemispheres. The annual mean rates of precipitation
and evaporation over each region of the model are tabulated,
together with the estimates of these quantities by Baumgartner
and Reiche! [1973].

According to this comparison the largest difference between
these two results lies in the rate of precipitation over con-
tinents; i.e., the model yields a rate which is about 305 larger
than the estimate of Baumgartner and Reichel, On the other
hand, the model simulates a rate of evaporation which is very
similar to the observed rate. Therefore the difference between
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the rate of precipization and that of evaporation averaged over
the model continents 15 about twice as large as the estimate of
the actual difference. This implies that the runofl’ over the
madel continents is nearly twice as large as that over acuual
cantinents, As discussed already, the rate of precipitation com-
puted by the model is extremely large over tropical regions of
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continents and accounts for the large difference in the rates of
precipitation and runofl mentioned above.

Over the oceanie regions of the model the rate of evapora-
tion is not very different from that of precipitation, in agree-
ment with the results of Baumegartner and Reichel, The small
excessof evaporation over precipitation results in the exporl of
water vapor from oceanic 1o continental regions. On the other
hand, continents relurn the water through runoff. Since the
area ol oceans is much larger than that of continents, the smaull
negative (P — E) over oceans is sufficient to compensate for the
large positive (£ — E} over continents, thus maintaining (he
budget of water vapor in the atmosphere over the entire globe
in the long term. Table | also reveasls that the magritude of (P
— £} over the model| oceans is about 1,7 times that over the ac-
tual dceans, a5 estimated by Baumpartner and Reichel,

As o whaole the rate of precipitation computed by the model
is slightly larger than the rate of evaporation over the northern
hemisphere, This result implies that the southern hemisphere,
mostly covered by ocean, ¢xports moisture 1o the northern
hemisphere in the model. Thi magnitude of this computed ex-
parl, however, is somewhat smaller than the magnitude es-
timated for the actual atmosphere.

Atmospheric water papor transport.  The water balance of
the atmosphere is maintined by processes which trunsport
waler vapor from where there is an excess of evaporation over
precipitation to regions where precipitotion exceeds evapor-
tion. The purpose of this subsettion is 1 point oul lhe
mechanisms important 1o the redistribution of moisture at
various latitudes ol the earth, a5 indicated by the model
simulation.

Figure 2% presents curves of the zonal-mean values of the
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Anmual Mean Precipitstion P and Evaporation E Over Various Repions in Upits &F

Cont fmeturs per Year

YR

Model [1973]
£ & —H & P =-R

Cuntinant

Globe i) 5l.1 4.1 74.8 4801 26,7

Northorn hemisphere 81,7 49.8 41,9 G679 43,5 24.4

Southern hemisphore 1103 54,5 55.9 BE.S 57,0 5.5
Ocean

Globe 1077 2 14,5 166.7 117.5 -1l.0

Northorn hemisphére 117.0 | =213 la. 1 1200 =58

Southern hemisphere og.2 7 =17.6 94,5 115.4 -16.3
Earth

Glabe 04,1 04,1 LR TiE U

Northern homisphere aT.g 132 5.8 0.8 Tl

Southern hemisphdre 101.3 105.1 -3.B & =7.2

104,

model-simulated annual mean northward transport of water
vapor by the meridionul circulation, by large-scale eddies, and
by parameterized subgrid-scale diffusion. Plotted on this same
graph are values of Lhe first two transports as oblained by Gorn
and Rasmussen [1970] from the observed data north of 1075,
According to this companson the computed and the abser-
vationally derived distributions of eddy lransporl agree very
well with each other. However, the distnbution of transport by
the meridional circulation in the model atmosphere differs
somewhat from that estimated by Oorl and Rasmusson, As

PO

described earlier, the centers of both the Hadley and the Ferrel
cetls in the model stmosphere are signilicantly lower than
those oblained by Qort and Rasmusson. Because of the rapid
decrease of the mixing ratio of water vapor with height, this
difference in the shape of the meridional circulation cells could
account for the difference in the magnitude of the transport
mentioned above,

Figure 29 shows thal the meridional circulation brings
moisture into the tropics from the north and south subtropacal
belts, whereas the large-scale eddies nre principally responsible
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Fig. 28,

Latitude-time distribution of the romal mean of watér equivident depth of snow cover simuluated by the model

aver land in units of centimeters
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for transporting water vapor poleward from the subtropics
into middle latitudes. The contribution of the suberid scale ed-
dies is negligible.

The lattudingl distributions of the various components of
the annual mean budger of water vapor in the model al-
mosphere are shown in Figure 30. The components of the
budget included in this figure are the contributions of the
transport by meridional circulation, by lurge-scale eddies, and
by subgrid scale eddies. Also shown in this figure 1§ the source
of water vapor, ie.. the rate of evaporation minus the rate of
precipitation.

According to this figure the mendional cirewlation (the
Hadley cell in this case) is responsible for supplying wiler
vapor to the tropical rain belt, where the rate of precipitation
far exceeds thal of evapeoration. The major source region of
wiler vapor is the subtropics, where the meridional circulation
plays a major role in e¢xporling waler vapor toward other
latitude belts, In middle ‘and high latitudes the precipitation
rate is significantly larger than the evaporation rate. Large-
scale eddies are responsible for supplyving water vaper by im-
porting it from lower latitudes.

The seasonal variation of the zonal mean of the northward
transport of water vapor is plotted in Figure 31 for the last
year of the time integration of the model. Notice that the
northward moisture transport across the gguator i$ 8t 8 max-
imum in August, On the other hand, the greatest southward
transport of water vapor occurs in February. In either case the
maoisture transport is being accomplished by the stronpest
Hadley cell in the tropics, i.e. the one that straddles the
equator. See the earlier discussion of the meridional circula-
tien of the model. This interhemispheric Hadley cell carnes
maisture across the equator inte the tropics of the summer
hemisphere and supplies water to the high rainfall region
along the ITCZ. Oort and Rasmusson [1970] have shown that

seasonal vanations of a similar nature occur in the actual
tropics. In middle latitudes, where the poleward moisture
transport 15 at 2 secondary maximum, the seasonal variation of
the transport is relatively small.
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SIMULATION OF CLIMATE

In the preceding sections the model described in this paper
has been shown Lo be capable of rather accurately similal-
ing the seasonal variation of variows climatic elements such
as mean temperature and precipitation. Therefore it ought to
be possible to determine the climatic type: into which -a
particular region should fall on the basis of the model-simu-
lated meteorological variables. To summarize the climatic
simulation ability. of this moedel, the mean seasonal lempers-
ture and precipitation have been used to derive a global dis-
tribution of climatic groups for comparison with o similar
distribution based on observed data, It should bhe pointed
out that this section is included o combine previously re-
poried results from he model simulation inte a form more
castly evaluated by climatalogists.

A widely accepted system of climate clussilication is that
developed by Koppen [19310 In this system, monthly
mean temperatures and precipitation ameounts are used as
criteria for subdividing climates of the earth into five major
groups (designated ‘A’ through *E" and a number of sublypes.
Group A designates tropical rainy climates; B, desert (BW)
and steppe (BS) climates; €. wet temperate regions with mild
winters; D, wel temperate climates with cold winters; and Lk,
tundra (ET) and perpetually froven (EF) areas. A lower-case
letter Tollowing the capital letter for groups A, €, und D
delineates the characteristics of the seasonal variation ol
precipitation rate: ln particular, ' indicates areas where the
precipitation is roughly -evenly distributed throughout the
year; “w' or s’ is used when the particular arsa has a dry winter
ar dry summer, respectively, Hot or cold-climates within the B
group are differentiated by lower-case letters 'h’ or 'K’ follow-
ing the BW or BS. In C and 12 groups, the progression from
hot to cool summers s indicated by lower case letters “a’
through *¢” following the precipitation distribution notation, A
lower case "d' at the end of [ climate designations indicates a
very cold winter. The quantitative definition of these climate
- categories can be found in almost any climatology textbook.
We used Hawrwitz and Awstin [1944] and Trewarcha [1968] for

Masane ann HoLLoway! GLOBAL MODEL OF THE ATMGSPHERE

adopting the most widely dceepled erieria for deriving the
Kippen types from the simulated model results,

In Figure 32 the Kdppen climatic groups and subdivisians,
derived on the basis of the model simolation, are compared
with those based on actual data [Trewartha, 1968]. The
Koppen climate classification scheme was originally designed
to delineate regions by the different types of terrestrial vegela-
tion which they can support, such as trees, grasses, ugnculiural
crops, tundra mosses, and so Torth. For this reason, (he
K appen climate classes are meaningless over the oceans, where
no land plant life grows: Therelore the computed and observed
climate groups are shown only over the continents in Figure
32. For simplicity, these maps are shaded according to the
precipitation components of the climate types. And climatic
regions (group B climates) are shaded with dots, Wel climates
without a dry season (groups Af, CT, and D) are indicated by
eross hatching, Regions with monsoon.climates and hence dry
winters are shaded with diagonal lines (Aw, Cw, and Dw
Argas having o dry summer or Medierranéan climate are
shaded with diagonals drawn in the epposite direction. Final-
Iy, tundra (ET) and frozen (EF) climate regions are lefl un-
shaded,

Figure 32 shows that the tropical rainy climates are
well simulated by the model. Notice that in the equatorial
regions of South America, Alrica, and lndonesia, Al climates
are indicated in the computed map in good gualitalive agree-
mient with the observed distribution of this climate vpe, To
the north and south of this belt of Al climute are savannu (Aw)
and monsoon CAm) climates, in which the weather is relatvely
dry during the season when the sun is in the cpposile
hemisphere. Morth of the Al climate of Indonesia, for exam-
ple. India. Indochina. and: the Philippines are correctly
covered by Aw and Am climates. The Am, or wropical mon-
soon, climate 15 midway between the Afand the Aw climates in
the Képpen classification system, but areas having thisclimate
are shaded the same as Al in Figure 32 because their yearly
rainfall amounts more closely match those of Al regions. The
distribution of the tropical savanna climate (Aw) in Adrica,
South America, and Audstralia is consistent with the séasonal
movement of the tropieal rain belt discussed earbier. The good
simulation of this climate type is merely an indication of the
ability of the model to simulate the seasonal movement of the
tropical rain belt correctly.

The most successtul simubations of subtropiesl dry climates
by the model are in Avstralia and in northern Africa. Most.of
the Australian continent 15 covercd by desert (BW) and
steppe (BS) climates, and this is well simulated by the model,
The wet regions in this country are along the northern coasty,
where an Aw climate exisis, and on the seuthern and eastern
coasts, where C elimates prevail. The broad srea of deserts in
northern Africa s flanked by narrow belts of steppes on Lhe
north and south which are transitions inte savanna (Aw)
regions to the south and a € climue to the north along the
Mediterranean coast.

The belt of arid ¢limate extending from the Sahara Desert to
deep into central Asid is in general well simulated by the
model, although the area of the arid region corresponding to
the Gobi Desert is not wide enough. Results from recent.
numerical experiments, carried out ut the Geophysical Fluid
Dynamics Laboratory, indicate that the Tibetan Platcau plays
a major role in mainigining the arid region in central Asia. For
cxample, Manabe and Terpstra [1974] have shown that in a
model without mountains the Siberian high is very weak and is
located in the southern part of the Eurasian continent in
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winter. Accordingly, a significant amount of ranfall occurs in
this no-mountain model in the otherwise arid region of middle
latitudes. Hahn and Manabe [1975] have shown thal the south
Asian low 1s shifted to the northeastern part of China in a
moauntainless model in July. Again the rate of precipitation
aver central Asia is significantly enhanced as a result of the
removal of mountaing In shorl, it may be necessary 1o take
into consideration the effects of mountains to explain the ex-
istence of the and region in central Asia.

One of the unrealistic features of the model climate s that
the B chmate in the northwesiern part of India extends. in-
correctly through the plain region of India into-south China,
where a4 Ow climate ought 10 prevail instead, These discrepan-
cies result from the unrealistically meager precipitation in these
regions during summer, &5 mentioned earlier, The BW climuate
in the southeastern part of China results from the excessive
development of tropical cyelones in the western Pacific which
prevent the maritime air from entering the continent [ Meanabe
et al, 1974]. The arid regions in southern Afnca and
southern South America are approxtmately correetly
positioned by the model, although their areal extent 15
somewhat less than occurs on the earth, The excessively dry
belt simulated along the southwestern border of Brazil may
have resulted from penetration of the subtropical dry ares of
the southeastern Pacific Ocean through the gap in the Andes
Mountains at 5°5 into the central part of the continent. This
unrealistic gap in this mountain ronge 1§ created by the
smoothing necessary in the model’s topography (Figure: 1),
The artd region in the southwestern part of North America is
not realistically located m the model. [vis shifted from ils rue
location in western Uinited States to the southern part of the
country, This error is consistent with deficiencies in the model
simulation of precipitation in southern United States, men-
tioned earlier,

The area of € climate over the southeastern part of North
Ammerico is significantly wider than that over the Eurasian ¢on-
timent (eastern part of China), in gualitative spreement with
features of the observed climate in these areas. This difference
stems from the orographic differences between the 1wo con-
tinents: Over the Eurasian continent.an intense Siberian high
prevails during winter because of the elfects of the Himalavas
[Mintz, 1965; Manabe and Terpstra, 1974). Very cold and dry
northerly winds along the castern periphery of this anticyelong
bring a dry winter to the east coast of Asia. On the other hand,
such an intense high does not develop over Morth America in
winter. Instexd, a weaker high develops in the southwestern
parl of this continent. Humid air often penetrates into the
castern hall of the United States and accounts for the
moderate wetness of the CF climate there in winter,

Cienerally, on the western sides of continents, poleward
from the subtropical arid regions (BW and BS climates), rain-
fall is moderate but is confined to the winter hall of the yvear
hecause in summer the subtropical high-pressure belt ap-
proaches these regions more closely, Therefore in these areas,
Cs clirmates prevail. Examples of these areas are the Pacific
coast of the United States and along most of the Mediterra-
nean coast, The model simulates many of these areas of Cs
climate in western United States and Canada but fails 1o
recognize the summer-dry arcas of most of the Mediterranean
coast:

The colder wet temperate climates (Df and Dw) are
reasonably well located by the model simulation excepl in
Mongolia and in the Rocky Mountain tegion of MNorth
America, where the computed climate 15 in many places D type
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rather than arid. The extensive area of Dw climate in eastern
Siberia results from very cold dry winters produced there by
the dry northerly winds around the strong Asian anticyclone at
this season. (A discussion of the mean winter pressure distribu-
tion 15 presented inoan earlier section.) On the other hand, a
Prw climate fails to oveur in Canada becavse high pressure
does not dominate North America during winter a$ i1 docsin
cast Asin. The model erroneously specified a few Dw areasin
the Uniled States and Canada. but m general it simulates the
predominance of Df elimate on the northern hall of this conti-
nent;

The temperature subtypes of the C and D climates arc well
delineated by the model, For example, there is a gradual tran-
sition from the Dfa climate in European Russia to the coldest
D climate {IDMd) as one advances northeastward into northern
Siberia. This is simulated well in the model except for w or §
replacing [in some areasin the model. This pattern of climates
is consistent with the decrease in temperature from wesi Lo eist
in the northern Eurasian continent noticed in Figure 6

Finully, the model simulates the locations of polar climates
rather accurately. For example; the model correctly specified a
tundra {ET) elimate along the northern fringes of Canada and
Siberia and even at the southern tip of South America. In addi-
tion, the model properly reproduces the perpetual rost (EF)
climate of central Greenland and Antarclica. The muodel
simulation alse correctly locatés tundra climites resulting
from high' altitude (ET} on the Tibetan Pliteau und in the
Andes Mountains of South America.

The Kippen climatic types derived in this paper are based
on means for only | model simulation vear, Somewhat
different values of temperature and precipitation means could
be expected if more than | medel year were used because the
model is probably subject to year-to-year vanations. In [dct,
the means of hydrologic quantities obtained from the previous
year's simulation exhibil some signilicant dilferences rom the
last year of the mode] experiment anialveed in this paper.
However, the first year of the time integration is probably less
representative of the model climate because of the adjustment
ta the doubling of grid network resolution immediately before
the beginning of that model vear. On the other hand, extend-
ing the time integration te obtain more stable chimatic averages
would have been very expensive.

SUMMARY anD CoONCLUSIONS

The global model of the atmosphere described here s
capable of simulating major features of the seasonal variations
of the tropospheric climute and of the hydrologic eyele. The
distribution of Kdppen climatic types, based on simulated
temperatures-and precipitation rates throughout the model
year, agrees well with that derived from observed data, in both
delineating wet and arid zones of the earth and in representing
the temperature distribution over the continents,

The mean sed level pressure patterns ereated by the model
exhibit Aleutian and leelandic lows in roughly the proper
focations, though the intensity of the Aleutian low is ex-
ageerated. The model simulates a strong Siberian high over
Asia in winter, which is replaced by a south Asian low in
summer. This seasonal reversal of pressure patterns in Asiaac:
counts for the model’s realistic winter-1o-summer shifi in the
simulated monsoon circulation over this conlinent. Owver
Morth America the model correctly reproduces the winter an-
tieyelone and summer cyclone in the southwestern part of the
contineni, These pressure systems are much weaker and less
extensive than those oveér the Eurasian continent. IU is
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sugpested that this interéontinental difference results partly
from the influence of the longitudinal barrier over the Eura-
sian conlinent, f.e. the Tibetan Plateau, In the southern
hemisphere the model approximately simulates the intensities
aned the logations of subtropical highs, particularly in the
summer season. However, it Fails 1o simulate the belt of deep
low pressure along the periphery of the Antarcilic continent. 1t
is speculated that this difficulty may result from the failure of
the model to incorporate the elfects of the steep Antarclic
mountlains properiy.,

The seasonal variation of the precipitation rate s well
simulated by the model. For example, the tropical rain belt of
the model shifts with respect to season ina manner similar to
the movement of the actual rain belt. Over eceanic regions it
tends 10 develop in areas of relatively warm sea surface
temperature, whereas on land it migrates over a wide range of
latitudes with change in season;, This.migration accounts for
the transition from a dry winter to a wet summer, which 1akes
place at both sides of the model equator {le., in regions.of
savanna climate). The rates of rainfall near the model equator
are greater over continents than over oceans partly because of
the suppression of tropical disturbances and rainfall above the
belt of cold surface water ut the model equator. Unfortunately,
the rate of precipitation in the continental region of the model
trapics 15 mich larger than the observed rate which results in
excessive runoll. The cause for tus difficulty has not been den-
tified.

The model simulates minimums of precipitation in the sub-
tropics where the downward-moving branch of a Hadley cell is
located. Accordingly, the areas of low values of simulated soil
meisture correspond Lo the major deserts of the world, such as
the Sahara of north* Africa, the Thar Desert in narthwestern
India, the Arabian Desert, and the deserts in Australia and
southwest Africa. There are, however, some significant
differences between the computed distribution of arid regions
and the actual, For example, the model produces a desert in
the southeastern part of China. Over North America the Greal
Western Desert extends too far eastward and covers. Texas.

In middle latitudes of the model the rate of precipitation on
land i greatest in summer, whereas over oceans il s a1 o mak-
imum in winter. This result is consistent with the secasonal
variation of surface pressure mentioned earlier in this section,
Owver the Eorasian continent of the model, subsiding
northerlies blow along the periphery of the intense Siberian
high during winter in @ manner similar 1o the actual outbreank
ol cold air in this region. Accordingly, the rate of precipitation
i5 very low along the east coast of the continent, On the other
hand, the computed rate of precipitation is not 4s small on the
east coast of North America during winter, in agreement with
the features of the actual precipitation. As mentioned already,
the Sibartan high extends farther eastward than the subtropical
high over Naorth America and 15 responsible for this difference.
The arid region corresponding Lo the Gobi Desert 15 correctly
located in the model at relatively high letitudes, though it is
much less extensive than the real Gobi Desert. Based upon the
results from the present simulation study and those of other
numerical experiments, it [s suggested that the Tibetan Plateau
is responsible for the maintenance of deserts extending rom
Turkestan o the Gobi Desert in middle latitudes,

In the subarctic region of the model, such as northern Eu-
rope, Siberia, and Canada, the precipitation rate [s not very
large, but a humid climate and wel soil are maintained there
because of insufficient insolation to deplete the scarce mois-
ture by evaporation. In esstern Siberia, however, precipitation
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tends 10 be low during winier, owing to the strong north-
weslerlies blowing along the periphery of the Siberian high.
These features ol the model are in excellent qualitative agree-
ment with those of the actual climate.

The global distribution of runoff of the model compares
guzlitatively with estimates of actual runoff contained in the
Mira Atlas [1965]. Iv is noteworihy that the regions in the
model having high rates of runofl correspond 1o the
wilersheds of the major rivers in the world, i.c., the Amuzon
River, the Cango River, and the rivers in the subaretic region,
such as the Mackenzie River in Canada and many large nivers
in Siberia. A major source of water for these subarctic rivers'is
snowmelt in late spring. As pointed out already, the rumof in
tropical rivers is too large. On the other hand, some of Lhe
watersheds of the model are dryer than on the real earth, For
example, the Mississippi River basin in central United States
and the Yangize River basin in the southern part of China
have low rates of runoff due to the deficiency in the simulated
precipitation cates in these areas,

In general, the model tends to perform poorly i the
neighborhood of major mountain ranges. As previously men-
tioned, the low-pressure bell along the periphery of the An-
tarctic continent is oo weak in the model simulation. The
computed rute of precipitation in northern India during the
period of the southern Asian summer monsoon issigoilicantly
less than the actual rate, which is probably due to the failure of
the model to deal with the steep southern slope of the
Himalayas [Hafn and Manabe, 1975], Over South America in
the model the simulation is relatively poor partly because of
the difficulty in coping with the steep Andes mouniain range.
As already pointed out in this section, the location of the
Greal Western Desert 1o the west of the Rockies is not
simulated properly. In view of the difficulties listed above it is
necessary to improve the technique for treating the flow over
and around steep mountains.

[ conelesion, it 18 encouraging that the model described in
this study is capable of simulating the gross features af Lhe
global digtribution of various hydrolegic guantitics despite the
extreme simiplifications of the hydrologic processes incor-
parated in the model, Therefore we feel that the model is
realistic engugh for carrying out many sets of numerical ex-
periments (o identify the facters which conirol the hydrologic
cyele and climate. For example, the model may be used to
study how major mountain ranges affect climate or how
apomalies in sea surface temperature alter the distnbution of
precipitation raie. In-addition, one can study how the distribu-
ton of soil maisture and runofl depend upon key parameters
such a5 field capacity of seil and the albedo of the earth’s sur-
face. Sensitivity studies of this sort are indispensable in deter-
mining the sirategy for further improvements of the
parameterization of hydrologic processes.
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