JOURNAL OF CLIMATOLOGY, VOL. 5, 589-606 (1985) 551.579:551.582(4/9):556

CLIMATOLOGY OF THE TERRESTRIAL SEASONAL
WATER CYCLE

CORT J. WILLMOTT AND CLINTON M. ROWE
Center for Climatic Research, Department of Geography, University of Delaware, Newark, Delaware 19716, U.S.A.

AND

YALE MINTZ

Department of Meteorology, University of Maryland, College Park, Maryland 20742, U.S.A. and Laboratory for Atmospheres,
NASA Goddard Space Flight Center, Greenbelt, Maryland 20771, U.S.A.

Received 15 January 1985

ABSTRACT

Calculations of the spatial and seasonal variations of the continental fields of snow-cover, soil moisture and
evapotranspiration are presented and interpreted. The calculations were made with a water budget analysis that is
based on observed average monthly precipitation and an estimate of potential evapotranspiration derived from
observed average monthly surface temperature, using a modified version of the method of Thornthwaite. Monthly
average water budget analyses were made for 13,332 stations over the globe and, then spatially interpolated to a
regular grid at 1° by 1° latitude-longitude intervals. From the monthly fields on a 4° by 5° subset of the 1° by 1° grid,
the annual mean and standard deviation as well as the first and second annual harmonics were extracted and are
displayed on global maps. Of the three fields, soil moisture has the largest space~time variation; snow-cover the
smallest variation; and evapotranspiration an intermediate level of variation.
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INTRODUCTION

Purpose

Investigations of the climate system continue to be impeded by the paucity of reliable global water
balance data. Monthly, seasonal and annual precipitation and air temperature data have been compiled
(e.g. Moller, 1951; Wernstedt, 1972; Jaeger, 1976; Steinhauser, 1979; Willmott et al., 1981; Spangler
and Jenne, 1984), but no global precipitation or temperature data set gives entirely satisfactory
space-time coverage of the continents. Recent reviews of global precipitation data by Mintz (1981) and
Jaeger (1983) illustrate this problem. Monthly, seasonal and annual fields of evapotranspiration, soil
moisture and snow-cover on the continents are even less well known. Baumgartner (1981), for instance,
in his review of the large-scale water balance literature, makes it clear that ‘worldwide water balances
for shorter periods than a year are not available at the moment’. The true global water balance fields,
none the less, are required for many climatological purposes, not the least important of which is the
operational and scientific evaluation of global climate model (GCM) predictions of the water cycle.
These fields may also be used as initial or boundary conditions by GCMs. Our purpose in this paper is
to augment the store of empirically derived water budget information and to interpret the relationships
among the water budget components.
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Background

About forty years ago, Thornthwaite (in Wilm ez al., 1944) proposed a relatively simple procedure for
estimating land-surface evapotranspiration and soil moisture as well as other aspects of the terrestrial
water cycle such as water surplus. Four years later, in his well-known paper ‘An approach toward a
rational classification of climate’ (Thornthwaite, 1948), he gave a comprehensive description of the
procedure and applied it. Modifications and computational instructions were given about a decade later
by Thornthwaite and Mather (1955, 1957).

When expressed in today’s notation, Thornthwaite’s soil moisture budget is governed by

owlot=P—E—S (1)

where w is the moisture available in the root zone; and P, E and S are the rates of precipitation,
evapotranspiration and surplus, respectively. Thornthwaite proposed that E be made to depend on the
rates of precipitation and potential evapotranspiration, as well as on the available soil moisture, in the
following way:

_ {P+B(w, w*)[E%(T, h)—-P], P<E%T, h) 2

BT, h), P=E%T, h)

where w* is the soil moisture storage capacity, E® is potential evapotranspiration (evapotranspiration
when the vegetation cover is not under any water stress), T is the daily average surface air temperature,
h is the duration of daylight and B is a function that relates [(E — P)/(E® — P)] to(w/w*). As required by
mass continuity, Thornthwaite considered S to include both surface and subsurface run-off from the
root zone and he let

S={P—[E+(w*—w)], P>[E+(w*-w)] 3)
0, P<[E+(w*—w)]

Elements of Thornthwaite’s soil moisture budget have been modified many times, but equations (1), (2)
and (3) continue to provide the guiding principles.

With the intention of producing a world water balance atlas, Thornthwaite and his associates at the
C. W. Thornthwaite Laboratory of Climatology began, in 1947, to assemble the required precipitation
and temperature records from stations all over the globe. During the years 1950-1957, when Thorn-
thwaite served as the President of the Commission on Climatology of the World Meteorological
Organization, the data acquisition effort became one of the Laboratory’s major activities. The
compilation was essentially complete by 1962, at which time Thornthwaite and his associates had
collected usable monthly mean records from 14,765 stations; although, the stations had a very uneven
spatial distribution and their lengths of record varied from several decades to only a few years.

Thornthwaite, Mather and their colleagues at the Laboratory subsequently used these data to obtain
average monthly totals of E° E and S, as well as end-of-the-month values of w for each station. The
station values of E°, E and w, together with mean monthly P, S and water deficit (E° — E), were
published for 1069 African stations (Mather, 1962); 1660 Asian stations—excluding the U.S.S.R.
(Mather, 1963a); 697 stations in the U.S.S.R. (Mather, 1963b); 532 stations in Australia, New Zealand
and Oceania (Mather, 1963c); 1442 stations in Europe (Mather, 1964a); 1106 North American
stations—excluding the United States (Mather, 1964b); 1228 stations in the United States (Mather,
1964c) and 831 stations in South America (Mather, 1965). For all the continents then, 8565 station
water balances were published. The temperature records were not published.

The water balance atlas of the world was never completed, although small-scale maps (1:5 X 10°) of
mean annual potential evapotranspiration (E°), surplus ($) and deficit (E® — E) were published for the
‘Red Sea’ sector (=25°E to 47°E and 14°N to 42°N) and for the adjacent ‘Persian Gulf’ sector (=45°E to
70°E and 13°N to 38°N) (both in Thornthwaite et al., 1958a) and for the ‘Eastern North American’
sector (=65°W to 97°W and =25°N to 55°N) (Thornthwaite et al., 1958b). The data were also used by
van Hylckama (1956) to estimate the total monthly water detention on the continents; and by the
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Laboratory—under contract to the United States Army Corps of Engineers—to estimate soil tractiona-
bility for various regions of the world (C. W. Thornthwaite Associates, 1954).

Many years later, Strahler and Strahler (1978, Figure 10.11) made a small-scale (1:1-3 % 10%) global
map of E® from the data tabulations of Mather (1962; 1963a,b,c; 1964a,b,c; 1965). Baumgartner and
Reichel (1975, pp. 20-25 and Plates 5, 7, 10~14, 17-20) used the same data set to obtain maps of annual
mean actual evapotranspiration, E, for the continents. Wherever Baumgartner and Reichel had a
measurement of mean annual river flow, they adjusted the evapotranspiration field over that river’s
drainage basin so that the area-averaged E would equal their own area-averaged P minus the measured
river flow.

Recently, the precipitation and temperature data for 13,332 of the Laboratory’s stations have been
edited, augmented, magnetically encoded and published by Willmott ez al. (1981).

TERRESTRIAL WATER BUDGET

Background

Inasmuch as the present study is guided by Thornthwaite’s water budget principles and makes use of
the station records that he assembled, it can be regarded as a continuation of Thornthwaite’s global
water budget work. It differs, however, from the earlier terrestrial water balances published by the
Laboratory (Mather, 1962; 1963a,b,c; 1964a,b,c; 1965) in several respects:

1. The water balance calculations are made for 13,332 stations which have complete air temperature
and precipitation records (Willmott ez al., 1981). Mather (1962; 1963a,b,c; 1964a,b,c; 1965) gave
water balances for only 8565 of the 14,765 stations assembled by the Laboratory.

2. A snow-cover budget is included, in addition to the soil moisture budget. Taking the snow
accumulation and snow-melt into account has only a minor influence on the Thornthwaite
calculation of evapotranspiration, but it gives a more realistic time variation of the soil moisture
store.

3. The evapotranspiration function B(w, w*), and storage capacity (w*) have been changed to follow
Mintz and Serafini (1984) rather than Mather (1962; 1963a,b,c; 1964a,b,c; 1965).

4. All of the monthly components of the station water balances have been interpolated (following
Willmott ef al., 1985) to a 1° of latitude by 1° of longitude lattice, and both the station and gridded
water balance fields are available in machine readable (magnetic tape) form.

A similar study of the terrestrial water balance has recently been made by Mintz and Serafini (1984)

although they use other sources for precipitation (Jaeger, 1976; Spangler and Jenne, 1984) and, like
Thornthwaite, they do not carry a separate budget for snow-cover.

Governing equations

As indicated above, we evaluate separate budgets for the moisture stored in the soil (w) and for the
water contained in the snow-cover (w®). In the higher latitudes and elevations, these two water budgets
are linked through snow-melt; therefore, we take their time rates of change, respectively, as

owsfot =P -M 4)

and
aw/ot=P*"+M—-E-S ®)
where P° is the snowfall rate (water equivalent), M is the snow-melt rate (water equivalent), P is the

rainfall rate, E is again the evapotranspiration rate and S is again the surplus rate. When the snow-melt
is taken into account, evapotranspiration (equation (2)) becomes

E- {P'+M+ B(w, wH[EXT, h)—P*~M],  (P*+M)<EXT, h)

E%T, h) (P™+M)=E%T, h) (©)
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where B now relates [(E — P*— M)/(E°— P*— M)] to (w/w*), and surplus is

S {P‘+M—[E+(w*—w)], (P*+M)>[E+(w*—w)] o
~lo, (P + M)<[E+(w*—w)]
Precipitation is either rain (P*) or snow (P®) according to
P, T=c
p= {P‘, T<c ®)
where ¢ is a constant, index temperature (°C). Snow-melt is taken to be
M(T, PY), s>
M:{ (TP, w'>0 ©)
0, wi=0

which assumes that the snow-melt can be adequately estimated from the air temperature and the
internal energy of an above-freezing rain.

The physical rationale for equation (9) is that vegetation which protrudes through the snow is heated
by insolation. The heating is especially efficient in latitudes where the solar zenith angle is large.
Beneath and adjacent to the canopy, net long-wave radiational transfer from the canopy melts the
snow. The canopy also warms the air that blows through it and this warmed air can melt the snow by
sensible heat transfer, even at some distance from the radiational influence of the canopy. Air
temperature then is an index for both of these snow-melt processes. From studies made in north-eastern
Quebec, for instance, FitzGibbon and Dunne (1983) show that sensible heat flux provides the major
energy source for snow-melt when the canopy is sparse and net radiation is the dominant snow-melt
energy source under more dense canopy. Once again, equation (9) also takes into account the
snow-melt that results from above-freezing rain.

Computational method

Potential evapotranspiration. Following Thornthwaite (Wilm et al., 1944; Thornthwaite, 1948),
monthly unadjusted potential evapotranspiration is first taken as

0, T<0°C
EY(mm/month) ={16(10T/I)%, 0=T<26-5°C (10)
—415-85+32:24T—-0-43T7, T=26-5°C

where T is the mean monthly surface air temperature (°C),

I= 122 (T/s5)r>+ (11)
and
a=6-75x10""P-7-71x107°I*+ 1-79 X 1072 + 0-49 (12)
To account for variable day and month lengths, E¥ is adjusted to
E°(mm/month) = E%[(6/30)(h/12)] (13)

where 6 is the length of the month (in days) and 4 is taken as the duration of daylight (in hours) on the
fifteenth of the month.

Thornthwaite obtained the above relationship for E° = E%(T, h) by regressing measured monthly
surface air temperature and the duration of daylight with (1) measured monthly evapotranspiration
from some well-watered grass-covered lysimeters in the eastern and central United States and (2) the
difference between measured river run-off and monthly precipitation for a few well-watered drainage
basins in the eastern United States. Thornthwaite was aware that the direct physical connection was
between E° and net radiation, rather than T, but he believed it would be a long time before a suitable
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number of radiation measurements would be available. In the meantime, he reasoned that surface air
temperature could be used as a proxy for the surface radiation flux (Thornthwaite and Hare, 1965).
Nearly 30 years after Thornthwaite specified E® (Priestley and Taylor, 1972; de Jong, 1973), and even
today, adequate information about the surface radiation fluxes is not available.

Relatively recent evaluations of performance document the collinearity between Thornthwaite-
calculated and lysimeter-derived estimates of monthly E° as well as systematic differences or bias
(Pelton et al., 1960; McGuinness and Bordne, 1971; Jensen, 1973). Jensen (1973), for example,
compared model-predicted E%’s with monthly lysimeter estimates drawn from 10 sites and he observed a
correlation between Thornthwaite- and lysimeter-derived E%s of 0-81. He also observed, as did
McGuinness and Bordne (1971), that the Thornthwaite values were consistently low. Jensen (1973)
reports an overall monthly root mean square error (RMSE) of 1-84 mm day~!. If the lysimeter-derived
values are correct, this error seems large, but we also know that lysimeter measurements can
systematically exceed the evapotranspiration from surrounding grass-covered fields (Mustonen and
McGuinness, 1968). It may be, therefore, that Thornthwaite’s values are closer to actual, regional E°
than Jensen’s RMSE suggests. In fact, if one attributes the systematic (linear) difference between
Thornthwaite’s and the lysimeter estimates of E° to lysimeter bias, the RMSE expectation reduces to
0-92 mm day™! (Willmott, 1984) which is comparable to the RMSEs of several well-known radiation-
based and combination methods (Jensen, 1973). These findings indicate that the Thornthwaite calcula-
tions provide more precise and probably more accurate estimates of monthly E° than is often assumed
(Willmott, 1984).

Water budget. Water storage is partitioned between snow-cover and soil moisture stores, and dw®/dt
and 3w/t are evaluated on a quasi-daily basis, i.e. 30 times per month (Willmott, 1977). Calculation of
the snow and soil water stores begins with the water contained in the snow-cover at the conclusion of a
day. The subscript d is used when the variable changes from day to day, whereas the subscript D
indicates daily values that are constant over the month.

Snow-cover water equivalent (in mm), at the end of day d, is

where wg_, is the water contained in the snow-cover at the end of the previous day (d — 1), P}, is the
cumulative snowfall over day D and M, is the snow-melt during day d. The calculations are made with
Py = P°/30 and P, = P*/30, where P, is the daily rainfall, and

pr T=-1°C

P(mm/month) = { ’

ps, T<-1°C (15)

following Thornthwaite and Mather (1955). Daily snow-melt (mm/day) is taken as
M, =2-63+2-55Tp +0-0912Tp,P%, (16)

where Tp = T and M, is constrained so that 0 < M, < (wg_; + Pp). Comparisons between the equation
(16) and the data from which it was derived—representing three dissimilar drainage basins and 113 daily
observations (Anderson, 1973; Pysklywec ef al., 1968; Storr, 1978)—suggest a moderately good fit, i.e.
RMSE = 6:62 mm day ™ and * = 0-59.

Evaporative demand from the surface or soil water surplus (in mm/day) is

where E) = E%30. When D, is negative, it represents a demand; when positive, it constitutes recharge,
or a surplus when the soil is at storage capacity. Following Mintz and Serafini (1984) (based on Nappo
(1975) and Davies and Allen (1973)), the evapotranspiration function is

B, = {l—exp (—6-68w,_/w*), D,;<0
=

1, D;=0 (18)



594 C. J. WILLMOTT, C. M. ROWE AND Y. MINTZ

where w,_, is the soil moisture at the beginning of day d. Soil moisture at the end of day d (in
mm) then becomes

Wy = Wyt BaDy (19)

When (w,; > w*), the difference is retained as the surplus (S,) for day d, and w, is set equal to w*. It
should be noted (see equation (6)) that M, and P}, are assumed to evaporate at the maximum rate
(B2=1), after which, if D, is negative, soil moisture is evapotranspired according to the reduced
potential, (E} — M, — P%), at the B, rate. The gain or loss of soil moisture for the month (Aw) then is
the difference between wso and its magnitude at the end of the previous month. Monthly evapotrans-
piration (E) is finally obtained as the residual from

30 30
E(mm/month)=P*+ ). My;—Aw— ). S, (20)

Balancing the water budget. When the monthly average air temperature and precipitation time series
are stationary, an annual water balance can be assumed and each w,, and w} can be iteratively adjusted
toward climatic equilibrium. Our solution to this problem begins with the assignment of an initial soil
moisture (w; = w*) and snow-cover water equivalent (w§ = P§) for 1 January. The above-described
water budget is then integrated forward in time, over the year, until w; and wi are obtained for the next
1 January. The calculations are then repeated with the new values of w; and wi until they produce
negligible changes in w; and wi (=1 mm) between two adjacent years. The most recently calculated
mid-monthly estimates of w, and w5 are taken as the climatically representative monthly soil moistures
and snow-covers, respectively.

At some high-latitude stations (principally in Antarctica), the water budget does not balance because
fyea, (P* — M) dt > 0. Where this occurs, we calculate the annual rate of accumulation instead of the
annual mean of w®.

TERRESTRIAL SEASONAL WATER CYCLE

Using the monthly air temperature and precipitation data described above, monthly water budgets were
computed for the 13,332 stations (Figure 1). The soil moisture capacity (w*) was taken as 150 mm,
following Mintz and Serafini (1984). At each station, mid-monthly snow-cover water equivalent (wis),
mid-monthly soil moisture (w;s) and monthly evapotranspiration (E) were calculated.

As an example, we show the monthly water budget for Schefferville, Quebec (54°49'N, 66°41'W)
(Figure 2). Another budget is also shown (Figure 2) that follows the governing equations given by
Thornthwaite (primed symbols, i.e. wis, E' and.S"). It treats all precipitation as rainfall. Thornthwaite’s
rationale was that almost no evapotranspiration takes place while the snow is accumulating on the
surface; consequently, it does not matter whether one lets the water enter the soil during the snow
accumulation months or during the snow-melt months. The Schefferville example supports this. In both
budgets, f is nearly 1-0 in the summer months and the two evapotranspirations, E and E’, are almost
the same. This, in turn, makes the annual mean surpluses, Sand §', very nearly the same although the
monthly surpluses are not.

Values of wis, wis and E then were spatially interpolated to the nodes of a 1° of latitude by 1° of
longitude grid. The interpolation was made using the spherically based method described by Willmott et
al. (1985), except that the number of nearby data points (stations) which influenced a grid point was
held constant at 10. To preserve map clarity, we show the interpolated fields only for a subset of the
1° X 1° lattice; that is, at the nodes of a 4° of latitude by 5° of longitude grid.

Each variable at each 4° X 5° node then was decomposed harmonically into an annual mean (Wis, Wys
and E) and the first two annual harmonics (W3s(1), Wis(2); was(1), W15(2); E(1), E(2)). This decomposi-
tion is illustrated for the Schefferville station (Figure 3).
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Figure 1. Distribution of the stations at which monthly water balances were computed

Snow-cover

Mean annual snow-cover (Wis) (given as an equivalent depth of the water) generally increases
poleward, but with several departures (Figure 4(a)). For example, a maximum occurs at about 55°N
near the east coast of North America, owing to the relatively high winter precipitation rates. Over the
Rocky, Pyrenees, Caucasus and Ural mountains, one sees the orographic effect on precipitation and
temperature. Except for Antarctica, we show very little snow-cover in the southern hemisphere;
principally because our 4° X 5° grid is too coarse to capture small areas of snow-cover, such as in the
mountains of New Zealand and the southern Andes. Over Antarctica, [yeo, (P°— M)dt>0 which
means there is not an equilibrium for the region but rather an annual accumulation. Even though one
expects fyear (P° — M) dt > 0 over the interior of Greenland, no accumulation is shown because we have
no interior station (Figures 1 and 4(a)).

The standard deviation of wis(8°) is roughly colinear with wis, since wis is bounded on the low end by
zero (Figure 4(b)). Along the east coast of North America, for example, the seasonal variance increases
with latitude to approximately 55°N and then &° begins to decrease with the latitudinal decrease in
winter precipitation and the decrease in the length of the melt season. Mountainous regions of the
northern hemisphere also show large seasonal variances (Figure 4(b)).

Over all of the continents, the variation not accounted for by the first two harmonics, [(1 — 7%)5*%]°>,
is no more than about 10 mm. The residuals associated with our two-harmonic representations of wis,
wis, and E are illustrated for Schefferville, Quebec (Figure 3).

Phase angles (times of the maxima) of the first snow-cover harmonics represent the end of an
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Figure 2. Average annual cycles of the components of the terrestrial water balance at Schefferville, Quebec. Primes are used to
indicate the water balance components (i.e. wis, E' and §') calculated from Thornthwaite’s original method, that is without our
snow-cover correction

accumulation season and the onset of melt (Figure 4(c)). In the northern hemisphere, they show a
clockwise shift—from January and February near the equatorward extent of the seasonal snow-cover to
March and April in the higher latitudes. There is also a clockwise rotation of the phases from west to
east across the United States and southern Canada. In mountainous areas (e.g. the Sierra Nevada, the
Pyrenees and the Himalayas), the phases are delayed until March or April because of the increased
depth of the snow-cover and the longer accumulation season. The largest amplitudes associated with the
first harmonic occur in the latitude band where it is cold enough for the precipitation to be in the form
of snow but not so cold that the amount of snowfall is small. Similar patterns appear in Antarctica but
they are four or five months out of phase (Figure 4(c)).
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Figure 3. Harmonic representation of the seasonal snow-cover (wis), soil moisture (w;s) and evapotranspiration (E) cycles at
Schefferville, Quebec. The water-balance estimated values of wis, w,s and E are the solid circles

Near the equatorward limit of the snow-cover, phase shifts of the second snow-cover harmonic
~ (Figure 4(d)) are approximately the same as the phase angles of the first harmonic. Angular differences
between the phases of the two harmonics, however, increase poleward with a clockwise rotation to a
maximum difference of about three months. Second harmonic amplitudes increase with distance from
the equator. When comparing the amplitudes of the first and second harmonics, note that the two
representations (Figures 4(c) and 4(d)) differ by a factor of five.

Soil moisture

Annual mean soil moisture is more spatially variable than average snow-cover (Figure 5(a)). Eastern
North America, south-east Asia, equatorial South America and equatorial Africa are regions where,
over large areas, w5 exceeds 125 mm. Narrow zones of high soil moisture are also found along the
north-west coast of North America and the south-west coast of South America. The soil is relatively dry
in a broad band that extends southward from the western plains of Canada into the south-western
United States and Mexico. A similar, but more narrow, band extends from Peru across the Andes, and
into Patagonia.



Figure 4(a). Annual mean snow-cover depth (mm equivalent water). Over Antarctica, the spatial distribution of [ye., (P* — M) dr
(mm equivalent water/year) is depicted by dashed isolines

Figure 4(b). Standard deviations of mid-monthly snow-cover depth (mm equivalent water).
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Figure 5(a). Annual mean soil moisture (mm). Intermediate isolines of 50 mm and 100 mm are given within the second and third
categories, respectively, to improve the spatial resolution

Figure 5(b). Standard deviations of mid-monthly soil moisture (mm). The 10 mm intermediate isoline is given within the first
category to improve the spatial resolution



Figure 5(c). First harmonic of mid-monthly soil moisture (mm)
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Figure 5(d). Second harmonic of mid-monthly soil moisture (mm). Note that the amplitude scale differs from that of the first
harmonic by a factor of two
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Within Europe too, average annual soil moisture is spatially variable, although few areas can be
classed as dry (Figure 5(a)). From eastern Europe and continuing into central and western Asia, annual
soil moisture decreases and the soil is very dry over much of north and central Asia. Only along the east
coast of Asia, and in south-cast Asia, are the levels of soil moisture high (>>125 mm).

Within Africa, the dry extremes are the subtropical Saharan and circum-Sahara regions which
together span most of northern Africa. South of the Sahara, over much of tropical Africa including the
Ivory Coast, Wy is >75 mm. In south-western Africa, e.g. the Kalahari region, w5 is less than 25 mm.

Australia has dry soil (w5 <25) over most of its interior as well as along its east coast (Figure 5(a)).
Only narrow bands of soil along the northern, western and south-eastern coastal regions are moist.

In general, the largest standard deviations of soil moisture fall in transition regions between large and
small values of w5 (Figure 5(b)). Brazil, subtropical Africa, the Mediterranean region, the south-west
coast of the United States and Monsoon Asia, for instance, display seasonal standard dcviations in
mid-monthly soil moisture greater than 50 mm.

When the soil moisture variance is harmonically decomposed, the first two harmonics again were
sufficient to explain most of the variance contained in the annual soil moisture cycle (e.g. Figure 3). The
variation left unaccounted for by the first two harmonics is generally less than 10 mm.

From the middle to the high latitudes of the northern hemisphere, there is a general clockwise
rotation of the phases with increasing latitude (Figures 5(c) and 5(d)). Over mid-latitude North America
and Eurasia, the soil water maximum is in March or April, and over northern North America and
northern Eurasia, it is in May or June. This shows the increasing time lag in seasonal snow-melt as the
latitude increases. Mountain and inland regions also have larger delays in the time of maximum soil
moisture, relative to other regions in the same latitude, and this is apparent in the northern Rocky
Mountains and the northern Great Plains. In the high latitudes, the effect of the late spring-time
snow-melt is reinforced by the continuation of low spring-time potential evapotranspiration rates after
the snow has gone.

Equatorward of the seasonal snow-cover, the time of the soil moisture maxima will not depend on
snow-melt (Figure 5(c)). There, the maxima are at the ends of the periods during which precipitation
exceeds evapotranspiration. Thus, in northern South America, the Sahel of Africa, India and south-east
Asia, where the source of the soil moisture is the migrating belt of intertropical convergence rain, the
maxima in the first annual harmonic of the soil moisture is August-September; in Argentina,
south-central Africa and Indonesia it is February—March. In the Mediterranean region and south-
western United States, the time of maximum soil moisture is also February-March, when the winter
rains end.

In the higher latitudes of the northern hemisphere, the second harmonic of the soil moisture has
about the same phase as the first harmonic (Figure 5(d)). This again shows the dominance of the
snow-melt. In the middle latitudes of the northern hemisphere, however, the phase of the second
harmonic is rotated clockwise with respect to the first harmonic. This represents a delay in the depletion
of the soil moisture because the potential evapotranspiration is smaller in the spring than in the autumn.

Evapotranspiration

Where there is sufficient soil moisture, the evapotranspiration follows the potential evapotranspira-
tion, which covaries with air temperature. For this reason, there is a general decrease of annual mean
evapotranspiration () with latitude (Figure 6(a)); upon this is superimposed the variation caused by
soil moisture deficits.

Annual mean evapotranspiration is about 100 mm/month near the equator and 25 mm/month in the
polar regions. Over the subtropical west coasts and across the Sahara, Arabia and central Asia, E is
25 mm/month or less.

The standard deviation of the monthly evapotranspiration (Figure 6(b)) is comparable in magnitude
to the annual mean, wherever the annual mean is small. This is true in the high latitudes, where the
available energy for evapotranspiration changes by a large amount during the year and also in those low
latitude regions where the soil moisture has a large annual variation.
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Figure 6(a2). Annual mean evapotranspiration rate (mm/month). Intermediate isolines of 50 mm/month and 100 mm/month are
given within the second and third categories, respectively
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Figure 6(b). Standard deviations of monthly evapotranspiration (mm/month). The 10 mm/month intermediate isoline is given
within the first category
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Most of the seasonal variation in evapotranspiration is accounted for by the first two annual
harmonics (Figures 3, 6(c} and 6(d)). The second harmonic explains about half as much variance as the
first and together they account for all but about 5 to 10 mm/month of the total variance. In the high and
middle latitudes, the phase of the first harmonic coincides with the time of potential evapotranspiration
(temperature) maximum: July in the northern hemisphere and January in the southern hemisphere. In
the high latitudes, therefore, the evapotranspiration phase coincides with the soil moisture phase. In the
middle latitudes, however, it is about three months later than the phase of the soil moisture maximum.
Within the tropics, where there is no large seasonal potential evapotranspiration change, the evapo-
transpiration maximum occurs near the time of the soil moisture maximum. In the northern hemisphere
tropics (Mexico, Central America, Africa and south-east Asia), this is in August or September.

The phase of the second annual harmonic of evapotranspiration is almost everywhere similar to that
of soil moisture (Figures 5(d) and 6(d)).

CONCLUDING REMARKS

Using monthly air temperature and precipitation data for the world and an empirically-based water
budget algorithm, the large-scale spatial and seasonal variations of terrestrial snow-cover, soil moisture
and evapotranspiration have been estimated. Of the three fields, snow-cover shows the greatest spatial
and temporal regularity, particularly in the higher latitudes of the northern hemisphere. Terrestrial soil
moisture is much more temporally and spatially variable than snow-cover. The magnitude of the
seasonal snow water store, none the less, can be as large as or larger than the soil moisture store.
Evapotranspiration varies less than soil moisture but more than snow-cover. This is principally because
evapotranspiration is relatively insensitive to the changes in soil moisture until the soil moisture falls to
very low values.
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