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Abstract. Global monthly climatology of available soil
moisture content is derived on a 4° by 5° grid from ob-
served precipitation and air surface temperature by use
of a simple water budget model. The governing equa-
tions and methods of calculation for deriving these
fields, which follow the formulation of Thornthwaite,
are first described and the importance of the various as-
sumptions and simplifications of this approach are dis-
cussed. The derived global fields are then presented. A
comparison of some of the derived fields with other cal-
culations is also made in order to permit an evaluation
of the results: For example, our indirect estimate of the
river run-off is generally in good agreement with more
direct estimates, except for high latitude regions where
the freezing of the soil may play an important role.

Introduction

The purpose of this paper is to describe a global month-
ly climatology of soil moisture available for evapotrans-
piration that was produced some years ago by Mintz and
Serafini (1981). These fields of soil moisture were used
in a number of published studies (Suarez et al. 1983;
Randall 1983; Serafini and Sud 1987). As one of the
very few existing data sets of soil moisture it has also
been widely used in general circulation models: for
example, it is currently used by the UCLA/GLA model
and it provides the climatological values for deep soil
moisture in the present ECMWF (European Centre for
Medium Range Weather Forecasts) operational model
(Brankovic and Van Maanen 1985). But the methods
and assumptions used to derive this soil moisture clima-
tology were never fully documented and discussed.
Land surface evapotranspiration is an important
process in the weather and climate system of the Earth,
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and soil moisture, which partly determines the evapo-
transpiration, is an important variable of the system. By
its influence on the vegetation structure, it also controls
the solar radiation flux at the surface (the albedo effect)
and the momentum flux at the surface (the roughness
effect).

Eleven sensitivity studies reviewed by Mintz (1984)
have demonstrated that the specification of albedo,
roughness and, most importantly, the soil moisture have
strong impacts in model-simulated climates. When soil
moisture availability or surface albedo is changed re-
gionally (or globally), changes in the precipitation, the
temperature and the motion field of the atmosphere
take place over the corresponding region (or over the
globe), which are clearly above the level of the natural
variability of the model simulated climates.

In spite of this, general circulation modellers have
previously made only two attempts to determine the cli-
matological soil moisture from observations. The first
attempt was by Stone et al. (1977). They parameterized
the ratio of actual to potential evapotranspiration § as a
function of the surface air relative humidity RH, so that
B=2(RH-15)/85, 0=<f<1. The July value of § was
equal or close to 1 over most of the land surface of the
globe and produced the “excessive evapotranspiration”
cases in the albedo sensitivity study by Charney et al.
(1977). The other attempt was by Miyakoda et al. (1979)
who took the observed normal precipitation from Fe-
bruary to July, and somewhat arbitrarily relabeled the
isolines of that antecedent precipitation as lines of equal
f for the month of July. Because the antecedent evapo-
transpiration was not taken into account, they obtained
a very small £ value in the forest and tundra regions of
northern Canada and Siberia, where, in fact, the soil is
wet and evapotranspiration in July is considerable.

In the present study, the normal monthly available
soil moisture and evapotranspiration are derived from
the antecedent observed precipitation and an antecedent
potential evapotranspiration. Although there are many
approximations and assumptions in the formulation of
our governing equations, they use as input data long se-
ries of observed precipitation and surface air tempera-
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ture which are among the easiest quantities to measure.
Records of them are available over the continents going
back many years. Our approach may be thought of as a
compromise between the accuracy of the parameteriza-
tion and that of the input data. In the next section we
describe the successive developments of these water bud-
get methods recently. The third section is devoted to the
description of the model parameterizations, and the
main results are shown and discussed in the penultimate
section.

Existing water budget calculations

It was one of Thornthwaite’s goals to produce a world
atlas of the normal monthly potential evapotranspira-
tion, actual evapotranspiration, and soil moisture; and
towards that end he and his associate, J. R. Mather, col-
lected the records of observed montly precipitation and
surface air temperature from a large number of stations
over the globe. By 1962, they had assembled the records
from about 14800 stations. These were unevenly distri-
buted over the globe and the length of the records varied
from many decades to only one or two years. Tables of
the monthly observed precipitation, calculated potential
evapotranspiration, calculated evapotranspiration, and
end-of-the-month soil moisture were published for 8565
of those stations (Mather 1962-1965); but the intended
World Atlas was never constructed.

van Hylckama (1936) used the calculated root zone
soil moisture from the Thornthwaite/Mather data set,
together with a simple calculation of the amount of pre-
cipitation retained as snowcover, and an estimate of
what was temporarily retained as groundwater beneath
the plant root zone, to produce, with a horizontal reso-
lution of 10° latitude by 10° longitude, the global fields
of monthly total water mass stored on the continents.

Baumgartner and Reichel (1975), in pages 20-25 and
plates, 5, 7, 10-14 and 17-20, used the calculated annual
evapotranspiration at the 8565 stations in the Thornth-
waite/Mather data set to produce a global map of an-
nual evapotranspiration. Then they adjusted that field
to make the area-averaged evapotranspiration, over
each of the principal river catchment basins of the
Earth, agree with the difference between the measured
annual precipitation over the catchment and the mea-
sured annual river flow from the catchment. Except in
the high latitudes of the Northern Hemisphere, those
adjustments were relatively small.

A global map of the annual potential evapotranspira-
tion was produced from station values in the Thornth-
waite/Mather data set by Strahler and Strahler (1978,
Fig. 10, 11). Strahler and Strahler (1978, pp 155-166)
also formulated a climate classification scheme based on
soil moisture and evapotranspiration. They used the
Thornthwaite/Mather station values of monthly and an-
nual mean soil moisture, evapotranspiration and poten-
tial evapotranspiration to construct a climate map of the
world (Strahler and Strahler 1978, Plate D.2).

The same conceptual relationship between rainfall,
potential evapotranspiration, actual evapotranspiration
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and soil moisture as those of Thornthwaite were used
independently by M. Budyko and his associates to de-
rive normal monthly potential and actual evapotranspi-
ration at about 1500 stations over the globe. They have
produced global maps of normal monthly potential and
actual land surface evaportanspiration based on those
station values (Zubenok 1965; Budyko 1963). Budyko
and Zubenok, however, used an estimated net surface
radiation flux to obtain the monthly potential evapo-
transpiration at each station. At each station location,
their calculation produced not only the monthly evapo-
transpiration but also the soil moisture amount; but Bu-
dyko apparently published neither the station values nor
maps of the calculated soil moisture.

Recently Willmott et al. (1985) produced a monthly
climatology of soil moisture content. Their governing
equations are very similar to ours, although they differ
in some points: a treatment of the interception of rain
by the vegetation is taken into account in our case, the
effect of the snow cover is parameterized in their case.
Also, an important difference between their study and
ours arises from the different input data: Willmott et al.
(1985) estimated the water budget cycle at each of the
13332 stations for which they have data, whereas we
have used long-term monthly mean climatologies of the
observed precipitation from Jaeger (1976) and surface
air-temperature from the NCAR data archive (Spangler
and Jenne 1984).

Governing equations and coefficients

Here we introduce the main notations and equations.
The various assumptions and parameterizations implied
by this approach are discussed in the following subsec-
tions.

Prognostic equation for the available soil moisture W

The soil moisture available for humidification of the at-
mosphere, which is the quantity called soil moisture by
climatologists, is derived from a water budget equation,
where its source is precipitation and its sinks are the
evaporation terms from the ground, from the plant
transpiration, or from the rain water intercepted by the
leaves.

We take the change of available soil moisture over a
day as:

AW=(P—E)—(Er+Eg), O<W=<=W* (6))
where:

W: available soil moisture (the amount of water in the
root zone of the soil in excess of that at the vegetation
wilting stage)

W*: maximum available soil moisture (the difference
between the field capacity of the soil and the amount of
water in the soil at the vegetation wilting stage)

P: daily precipitation
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E;: daily interception-loss (the water that evaporates
from the wet surface of the vegetation and soil during
and immediately following precipitation)

E;: daily transpiration (the water transferred from the
root zone of the soil to the atmosphere through the root-
stem-leaf system of the vegetation)

Eg: daily soil evaporation (the water that is directly
transferred from the soil to the atmosphere by upward
hydraulic diffusion through the pores of the soil)

In this study, the daily precipitation P is always
treated as rainfall and (P—E;)<O is the daily infiltra-
tion of water into the soil. (E+ Es+ E;)=E is the daily
evapotranspiration. When W= W*, (P—E)>0 is the
daily surplus and contribution to the annual runoff.

Diagnostic equations for the interception-loss E; and
the transporation plus soil evaporation (E¢+ Eg)

Given the precipitation P, the potential evapotranspira-
tion E*, and the soil moisture-dependent coefficient of
transpiration plus soil evaporation £, the following
equations are used to obtain E; and (Er+ Es):

EI=O
hen P=0 2
when {ET""ES:E*B (2a)
EI=E*
P=FE* 2b
when P= {ET+ES=O (2b)

E]=P
hen O<P< E*
when < {ET+ES=(E*—P)/3

Here E* is the daily potential evapotranspiration, or
the amount of water vapor transferred to the air under
the given atmospheric conditions, when the available
moisture in the root zone of the soil and/or the water on
the surface of the leaves and soil is not a limiting factor.
This definition of potential evapotranspiration is subject
to some uncertainties, since no measurement of the po-
tential evapotranspiration can be made under strictly
unchanged atmospheric conditions. By “given atmos-
pheric conditions” we will mainly consider large-scale
atmospheric conditions. How E* is estimated from the
mean daily surface air temperature and duration of day-
light is considered in the next section. f is the coefficient
that determines the ratio of (E;+ Es) to (E* —P). Later
the dependence of § on (W/W*), where (W/W*) is the
soil wetness, is described.

As indicated by Eq. (2a, b, c¢) on days when P> E*
the surface of the vegetation and soil is assumed to be
wet. On those days there is interception-loss at the po-
tential evapotranspiration rate and there is no removal
of moisture from the soil by transpiration or hydraulic
diffusion. On days when P< E* all of the precipitation,
of any, is removed as interception-loss and transpiration
plus hydraulic diffusion removes moisture from the soil
by the amount (E,+ Eg)= (E* —P) .

Since our input are monthly mean climatologies aver-
aged over large grid areas, there is some inherent diffi-
culty in trying to parameterize the various components
of the total evapotranspiration. Our methods imply a

(2¢)
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continuous repartition of precipitation over the various
days of the month. Where precipitation is time-variable
or spatially inhomogeneous, the interception-loss will be
overestimated. In regions where the ratio of actual to
potential evapotranspiration £ is equal to or not much
smaller than 1, there will be about the same compensat-
ing underestimate of the transpiration plus soil evapora-
tion (Er+ Eg) and, therefore, the total daily evapotrans-
piration E=(E;+Er+Ejg) as well as the surplus daily
contribution to the annual runoff will not be significant-
ly affected. But where £ is much smaller than 1, the as-
sumed uniform distribution of the precipitation will pro-
duce not only an excessive interception-loss but also an
excessive total evapotranspiration (E;+E;+Es), and,
consequently, an underestimation of the soil moisture
W. It may be also thought that treating all precipitation
as rainfall and none as snowfall will produce a signifi-
cant error. But that, by itself, is not the problem, as we
will see that in our case when 7,<0, E;,=0 and
(Er+E5)=0, P is then equal to the infiltration. This is
the daily increase of soil moisture as long as W< W+,
When W= W#, P is the daily surplus and contribution
to the annual runoff. Now, if (as was done by van
Hylckama 1956 and by Willmott et al. 1985) we were to
treat precipitation as snowfall when T, <0 and accumu-
late it as a snowcover which melts when T, first exceeds
zero, then the infiltration of the water into the soil, and
any contribution to the annual runoff, would take place
at the time of melting. But the daily E; and daily
(Er+ Es) throughout the year, and also the annual sur-
plus and runoff, would be exactly the same as when all
the precipitation is treated as rainfall. That this is in fact
the case was shown by Willmott et al. (1985, p. 594 and
Fig. 2). However, as discussed in the fourth section, the
reduction of the field capacity by freezing of the ground
has an important effect, which we neglect in the present
study.

T hornthwaite’s empirically -derived JSormula for the
potential evapotranspiration E* (T4, h)

Generalities. When land surface evapotranspiration
takes place at the potential rate, the equation of energy
conservation at the land surface, integrated over a day,
is:

R,—G—LE*—~H*=0, 3)
or, with a rearrangement of the terms,
LE*=(R,~G()[1+B,]"1 “)
where:

. H*

°=LE*

R,: net daily downward radiation flux at the surface,
G: pet daily sensible heat storage in the vegetation and
in the soil,

E*: daily potential evapotranspiration,

H*: daily upward flux of sensible heat at the surface,
under potential evapotranspiration conditions
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L: coefficient of latent heat, and
B, is the Bowen ratio under potential evapotranspira-
tion conditions.

Priestley and Taylor (1972) showed that if we assume
the same eddy diffusion coefficients for sensible heat
and water vapor, and consider only areas which are
large enough to neglect horizontal advection effects, we
have:

.« [A+y
i (22)
and substituting for B, in Eq. (4), we obtain:
E*=a( A > (R,—G)L! 6)
A+y
where:

A: (8g*/0T) is the rate of change of water vapor satura-
tion mixing ratio with temperature, taken at the temper-
ature of the surface air,
y: C,/L
C,: specific heat of air at constant pressure
a: unknown scaling coefficient

Another commonly used expression for E* was de-
rived by Penman (1948), who combined the equation for
energy conservation at the Earth’s surface with the aero-
dynamic (bulk mass transfer) equation for water vapor,
and applied this to a surface that is sufficiently moist for
the air in contact with the surface to be saturated. He
then found:

¥ - A R,-G
_A+y L

where R, is the net (all wavelength) downward radiation
flux at the surface, G is the flux of sensible heat from
the surface into the underlying vegetation and soil, f.(x,)
is an empirically (or theoretically) determined function
of some short period averaged wind speed at a reference
level in the air above the surface (this function depends
on the surface roughness and thermal stability of the
air), e, is the short period averaged vapor pressure of the
air at the reference level, e, =e*(7)) is the saturation
vapor pressure at the reference level air temperature 7,,
A =(de*/dT) is the rate of change of the saturation wa-
ter vapor pressure with temperature at the temperature
T,, y=C,p/(L 0.622) is the psychrometric constant, and
L is the latent heat of vaporization.

+ fe(ur) (e: - er)’ (7)

T hornthwaite’s approach

Thornthwaite knew in 1948 that the potential evapo-
transpiration depends mainly on the net radiational
heating of the land surface and, to a lesser extent, on the
surface air wind speed, temperature and relative humidi-
ty. He believed, however, that it would be a long time
before either measurements or sufficiently accurate cal-
culations of the net radiational heating of the surface
would be available from more than just a few experi-
mental sites and, therefore, that the surface radiation in-
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Fig. 1. Measured daily potential evapotranspiration normalized to
a 12-hour day, as a function of the daily mean surface air temper-
ature. A: Kissmee, Florida; B: Mesilla Valley, New Mexico; C:
Coshocton, Ohio; D: North Platte, Nebraska; £: San Luis Valley,
Colorado; F: New Fork Valley, Wyoming. (Redrawn from
Thornthwaite 1948, Fig. 2)

formation would not be available for a reliable global
climatology of the potential evapotranspiration. Indeed,
this is still the case.

As an alternative to the unavailable net radiation flux
at the surface, Thornwaite (1948) decided to use the
available surface air temperature as a substitute, which
he would empirically relate to the potential evapotrans-
piration. He compared T, the measured daily mean
surface air temperature, with E*/(h/12), the measured
daily potential evapotranspiration normalized to a 12
hour length of day at a number of test sites in the United
States. He used all available data, from lysimeter data to
water budget calculations over irrigated valleys. He
found, as shown in Fig. 1, that at each site there was a
linear increase of E*/(h/12) with increasing T,; that the
rate of change 0(E*/(h/12))/8T, increased with the av-
erage annual temperature of the test site; and that the
curves converged near 7,=26.5°C, where E*/(h/
12)=4.5 mm/day.

From these empirical relationships, Thornthwaite
(1948) obtained the regression of E* upon T4, k:

=0
E* | =0.444 h(10 T ,/1)* (8a)

= —13.862+1.0747 T, —0.01442 T>
when T,<0°C

when 0<7,<26.5°C
when 26.5< T,

12
1=, i=(Ta/5)"""™, imn=0 (8b)
1
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a=(6.75x10""1*)=(7.71 x 10 "5 ?) + (1.792 X 10 ~21) +
0.49239 (8¢)

where

E*=daily potential evapotranspiration, mm/day.
h=Ilength of the day, hours.

T, =daily mean surface air temperature, °C.
T,r=normal monthly mean of 74, °C.

I=index of the annual daily mean surface air tempera-
ture.

Figure 2a shows E*/(h/12), the daily potential evapo-
transpiration (mm/day) normalized to a 12 hour day, as
a function of the daily mean surface air temperature 74,
and the annual daily mean surface air temperature index
1. The global annual temperature index is given in Fig-
ure 2b. Figure 3a, b show the resulting global maps of
the potential evapotranspiration for the months of Jan-
vary and July. These results may be compared to those
of Zubenok (1965). The main discrepancies appear over
arid or semi-arid areas where Zubenok’s values are high-
er. This will be discussed further in the next section.
There is, however, some difficulty in estimating the po-
tential evapotranspiration in arid regions, since the
available large-scale parameters are for real conditions,
not potential ones; in this case the empirical formulae of
Thornthwaite may no longer be valid.
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Fig. 2a. Daily potential evapotranspiration normalized to a 12-
hour day, as a function of the daily mean surface air temperature
T, and the annual surface air temperature index I. (From the
Thornthwaite 1948 regression equation); b. Annual surface air
temperature index I
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Fig. 3. a Global map of the potential evapotranspiration (mm/
day) for the month of January as obtained from the Thornthwaite
method; b Global map of the potential evapotranspiration (mm/
day) for the month of July as obtained from the Thornthwaite
method

Making E* a function of T,, 4, and I, as Thornth-
waite and Hare (1965) said, is “... only an approxima-
tion, to be replaced whenever a fully rational predictor
of E* becomes available. Its success depends on the fact
that the mean air temperature does, to a considerable
extent, serve as a parameter of the net radiation ...”

Justification of Thornthwaite approach

A rationale for Thornthwaite’s method can be derived
from Eq. (4). A increases with increasing temperature
and, therefore, B, decreases and [1+B,] ! increases
with increasing 7.

In Fig. 4a (from Brutsaert 1982, Fig. 10.3) the plotted
points are measured daily values of B, as a function of
T, from open water surfaces and from land surfaces
covered with low (groundcover) vegetation that is active-
ly growing under potential (moist soil) conditions. The
two curves in Fig. 4 show B, as a function of T4 from
Eq. (5) when «=1.26 and when o=1.28. As stated by
Brutsaert (1982 pp 220), “It is remarkable that so many
land surfaces covered with fairly short vegetation, such
as grass, which is not actually wet but which has ample
water available, yield about the same value of 1.26 to
1.28 as open water surfaces.”

Figure 4b shows [1+B,] ~! as a function of T, for
a=1.27. When T,=0°C, [1+B,] ~'=0.55 and by Eq.
4), LE*=0.55 (R,—G). When T4,=30°C, 1+B,]*
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Fig. 4. a Variation of the Bowen ratio with surface air temperature
at freely evaporating surfaces. The data points (for daily values)
were collected by Davies and Allen (1973) from various field stud-
ies. The upper curve represents o= 1.26 and the lower ¢=1.28 in
the theoretical relationship derived by Priestley and Taylor (1972)
(from Brutsaert 1982); b Variation of (1—B}) ! with air temper-
ature when a=1.27

=1 and LE*=(R,—G). When T, exceeds 30°C,
B,<0, [1+B;] '>1 and LE*>(R,—G). The upper
limit is LE*=1.27 (R,— G).

In the case of tall vegetation (trees), H* and LE* are
very difficult to measure. But such field measurements
as have been made show that the corresponding « is
somewhat smaller with trees than with groundcover.
McNaughton and Black (1973) found that a=1.05 for a
young, 8 m-high Douglas fir forest, when the roots of
the trees were well supplied with water but the leaves
were not wet.

Figure 5 compares the potential evapotranspiration
as calculated with the Thornthwaite regression equation;
as calculated with the radiation-aerodynamic equation
of Penman (1948); and as measured with lysimeters
(from McGuiness and Bordne 1972, Tables 19, 29, 33).
These results are mainly illustrative since the sign of the
difference between the various estimates may vary from
one lysimeter to the other (as stated by Mc Guiness and
Bordne 1972), and Thornthwaite’s method in many
cases overestimates the potential evapotranspiration.

The top panel in Fig. 5 (McGuiness and Bordne 1972,
Fig. 1) shows the evapotranspiration measured with
deep-rooted grass-covered weighing lysimeters at Co-
shocton, Ohio (40°N, 82°W), over a 15-year period.
(The years 1948-1965, minus the years 1956, 1957 and

1964 when the grass cover was being renewed and minus
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Fig. 5. Potential evapotranspiration at Coshocton, Ohio. Top: 15
year averages of daily potential evapotranspiration E* as mea-
sured by deep rooted grass lysimeters; Center: E* as measured by
the lysimeters and as calculated with the Penman and Thornth-
waite equations; Boffom: E* as measured by the lysimeters, as cal-
culated with the Thornthwaite equation, and as read from the
maps of normal monthly potential evapotranspiration calculated
by Zubenok (1965) with the Budyko equation

the 15 to 30 days following each hay cutting; and with
an empirical correction made to the measured evapo-
transpiration whenever the measured moisture in the up-
permost 100 cm of the lysimeter showed limiting soil
moisture.) The plotted points show the 15-year averages
of the measurements made on each calendar day of the
year (which, in spite of the 15-year averaging, still show
large differences between adjacent days); and the solid
curve shows the five-term harmonic of best fit to the
daily averages. This is also the solid curve in the center
panel of Fig. 5. Mustonen and McGuiness (1968) have
shown that the lysimeter evapotranspiration values ob-
tained were too high, and in our comparison we shall
mainly retain the seasonal shape of the curve, which, on
the contrary, seems correct. The dotted curve in the cen-
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ter panel shows the potential evapotranspiration as cal-
culated with the Penman equation. It is important to
note that the dominant term in the Penman equation is
the radiation term, and that only the incident solar flux
was measured; monthly albedo from a meadow near
Vienna (Austria) was used, and the longwave (infrared)
component was taken from an empirical formula of
Penman (1948). In the bottom panel of Fig. 5 is the nor-
mal monthly potential evapotranspiration at the Co-
shocton location (40°N, 82°W), as read from the global
maps produced by Zubenok (1965), who used the Budy-
ko (1956) equivalent of the Penman equation. For both
the central and bottom panels the Thornthwaite estimate
is shown as dashed lines, as obtained by McGuiness and
Bordne (1972).

We see that the Penman calculation, the Zubenok es-
timate and the lysimeter measurements are closer in
phase to the declination of the sun than is the Thornth-
waite calculation. This phase error was noted by
Thornthwaite and Hare (1965) and attributed to the fact
that in the extratropics the mean surface air temperature
typically lags behind the sun declination by about a
month. We compared the Thornthwaite calculation with
the Budyko calculation in several regions over the
Earth, and concluded that where the soil is moist the
two calculations produce roughly the same results in the
summer season in the extratropics, and throughout the
year in the tropics; and it is only in the winter extratro-
pics (when both R, and T, are small) that the Thornth-
waite calculation is larger than the Budyko calculation.
But in regions of dry soil and desert regions, the poten-
tial evapotranspiration calculated with the Thornthwaite
method is always smaller than that calculated with the
Budyko method.

The Thornthwaite calculation of potential evapo-
transpiration is used operationally all over the world
and has been the subject of a very large number of com-
parisons with measurements. The US Weather Bureau
(NOAA) and the US Department of Agriculture use the
Thornthwaite (1948) regression equation for E*(7,, h)
to produce their weekly and monthly Palmer Drought
Severity Index (PDSI) and Crop Moisture Index (CMI)
maps for the United States (see Palmer 1965, 1968;
Mather 1974 and NOAA/USDA, Weekly Weather and
Crop Bulletin). It is also used by the Canadian Climate
Centre, Downsview, Ontario, to produce the weekly
maps of available soil moisture in Canada (see Louie
and Pugsley 1981).

Dependence of the coefficient of transpiration plus soil
evaporation f on the soil wetness W/ W *

In his initial soil moisture budget calculations, Thornth-
waite (1948) let:
ﬁ{: 1  when (W/W#*)>0
=0, when (W/W*)=0
which means that the transpiration plus soil evaporation

equals the potential evapotranspiration (or equals the
excess of the potential evapotranspiration over-the preci-
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Fig. 6. Ratio of the measured transpiration plus soil evaporation
to the measured potential evapotranspiration, (E+ Es)/E*, on
days without precipitation, as a function of the measured near-
surface soil moisture #s and the estimated root zone soil wetness
W/W* (adapted from Nappo 1975)

pitation) as long as there is any available moisture left in
the soil.

Later, Thornthwaite (1954, Fig. 1) let f=W/W*,
This was the relationship obtained by Halstead (1954)
from the measured soil moisture, the measured net ra-
diation and the calculated evapotranspiration during
five observing periods in the O’Neil, Nebraska, Great
Plains Field Experiment (Lettau and Davidson 1957). It
was this linear relationship between § and W/W#* that
was used by Thornthwaite and Mather to produce the
large data set of station evapotranspiration and soil
moisture (Mather 1962-65). For his calculations of the
evapotranspiration and soil moisture, Budyko (1963)
used a dependance of § on W/W* which varied geogra-
phically and with the season of the year.

We will use an adaptation of the relationship between
(E++ Es)/E* and soil moisture (on days without precipi-
tation) as derived by Nappo (1975) from field measure-
ments made by Davies and Allen (1973). In their field
study, which was made during a summer in southern
Ontario (42°N), Davies and Allen used the energy bal-
ance/Bowen ratio method to obtain the daily values of
(Er+ Es) from two adjacent (122 m X 67 m) fields, each
of which had a continuous cover of perennial rye grass
growing in a sandy loam soil, and where one of the
fields was irrigated. Nappo (1975) took the ratio of
(Er+ Es) from the non-irrigated field to that from the
irrigated field, both taking place under the same atmos-
pheric conditions, to be (E;+ Es)/E*, and plotted this
ratio against #s, the measure volumetric soil moisture in
the upper 5cm of the non-irrigated field. His data
points and exponential curve of best fit are shown in
Fig. 6.

We have assumed that the continuous grass cover, by
shading the soil from sun, makes the soil evaporation
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Fig. 7. f=(Er+ Es)/(E* — P) as a function of the soil wetness W/
W*. A: Thornthwaite (1948); B: Thornthwaite and Mather (1955);
C: Present study; D: Palmer (1965)

very small and, consequently, that the soil moisture is
approximately constant with depth over the root zone.
This gives as the curve of best fit

f=1—exp

As shown in Fig. 7, this dependence of # on the soil
wetness W/W* is intermediate between the two relation-
ships used by Thornthwaite, but is closer to his original
choice.

There is a large literature on the coefficient of tran-
spiration and soil evaporation and, as shown in the re-
views by Rutter (1975 pp. 147-150) and by Ward (1975
pp. 104-108), S depends on more than just the soil wet-
ness. But because the soil wetness is the main determi-
nant and closes our system of equations, we shall use
this relationship for the present calculations. For a more
realistic treatment it would probably be better not to
construct a more complex function for g, but instead to
devise a numerical model of the Earth’s vegetation cover
which is more directly based on biophysical principles,
such as that proposed by Sellers et al. (1986) and Mintz
and Sellers (1986).

—6.8(W/W*) (9)

Soil moisture storage capacity W*

There are two ways to obtain the moisture storage ca-
pacity of the root zone of the soil:

1. from the soil properties and effective root depth,

2. from the time integral of measured evapotranspira-
tion minus precipitation.

W* from the soil properties and the effective root
depth. Table 1 shows, for different types of soil ar-
ranged in the order of decreasing soil particle sizes, the
volumetric soil moisture field capacity wge; the volumet-
ric soil moisture wilting point wyp; and the volumetric
available soil moisture storage capacity w*=Wpc~
Wywp); all are in units of gm/cm? (data from Smith and
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Table 1. Water holding properties of soils

Soil type Wee Wip W= (W — W)
gcm ~? gem 3 gem ~?
Fine sand 0.125 0.033 0.092
Fine sandy loam 0.217 0.067 0.150
Loam 0.267 0.100 0.167
Silt loam 0.292 0.117 0.175
Clay loam 0.317 0.150 0.167
Clay 0.333 0.208 0.125

Average w* for all soil types=0.146 gcm 3

where wy, is the volumetric field capacity, w,, is the volumetric
wilting point, w* = (wx —w,,,,) is the volumetric soil moisture stor-
age capacity (from Smith and Ruhe 1955)

METERS

0 10 20 30 40
METERS

Fig. 8. Soil moisture (%) sampled across a line of oak trees in a
fallow field (from Miller 1977, after Rode 1969)

Ruhe 1955). We see that although both wg- and wyp
vary by more than a factor of two, w* has a much small-
er variation. In fact, w* is about 0.15+0.03 gm/cm? for
all the soils except fine sand.

Although the volumetric soil moisture storage capaci-
ty w* has only a small variation, the naturally occurring
root depths have large space and time variations.

Figure 8 is an instructive example of soil moisture
sampled across a line of oak trees in a fallow field (from
Miller 1977, Fig. 1X,2, after Rode 1969). Away from the
trees the soil moisture is depleted to a depth of about
20 cm, while under the trees the soil moisture is depleted
to a depth of about 150 cm. Therefore, with w*=20.15
gm/cm?, W* = | w*dz will be about 30 mm in equival-
ent water depth in the fallow field away from the trees,
and 225 mm under the trees. Miller (1977 pp 224) states:
“Depletion of soil moisture by woody vegetation, which
usually is deep rooted, reaches a large total over a year
because the trees or shrubs experience fewer days of lim-
ited moisture supply than does herbacious vegetation.
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Fig. 9. Numerical simulation of the extraction of soil moisture by
the roots of a field crop (from Hillel 1977). As shown by the
dashed line, the water extraction occurs deeper than the root con-
centration profile would indicate

Green trees amid an expanse of baked, sundried grass
are a familiar sight, representing continued availability
of soil moisture at depths greater than grass roots can
reach”.

Roots extract soil moisture from a greater depth than
one might at first assume from a vertical profile of the
root length density. This can be seen in Fig. 9, which
shows a numerical simulation of the extraction of soil
moisture by the roots of a field crop (Hillel 1977, pp.
168-189). The simulation prescribed a constant daily
transpiration E; of 10 mm/day, with a sinusoidal diur-
nal variation; a soil evaporation Eg that was 0.02 times
the transpiration; an initial volumetric soil moisture of
0.25 gm/cm? at all depths (the volumetric field capacity
of loam soil); a total root length of 10000 m of roots per
m? of field, with the vertial distribution shown on the
left in Fig. 9; and state of stress on the plants, producing
wilting when the crown potential falls to —30 bars.

The curves on the right in Fig. 9 shows the cumula-
tive root extraction of soil moisture (the cumulative ef-
fect of E;) as a function of depth, at intervals of 2 days
from the initial state to the end of day 10. On the elev-
enth day wilting began. Only about 5% of the roots are
below the depth of 30cm, shown by the horizontal
dashed line; but these few roots account for about half
of the 100 mm of water extracted. With w*=0.15 gm/
m?, the effective rooth depth is 100/0.15 mm, or 67 cm.
This is twice the depth reached by 95% of the roots.

W * from the time integral of measured evapotranspira-
tion minus precipitation. If we integrate Eq. (1) from a
time fZ, when W=W?* until a time ¢ when
E=(E;+Er+Eg)=0, and do this over periods without
runoff, we obtain:

3]
W*= [ (E—P)dt.

o
The starting time 7, must be one preceding which there
was sufficient rainfall (or irrigation) to be certain that W
equals W*; there must be a reliable measurement of the
subsequent precipitation (or irrigation), and a reliable
determination of the evapotranspiration (E;+ Er+ E).
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Priestley and Taylor (1972 Figs. 3, 4, 5) and Ritchie
et al. (1972 Fig. 2) give examples of W* obtained in this
way for various field crops. Their values of W* range
from about 95 mm to 240 mm, all of these being about
twice what one might expect from the apparent depth of
the roots of those crops.

W* has not been obtained in this way for forest veg-
etation, because there have been no forest measurements
of evapotranspiration from field capacity to wilting
stage. For the present study, we will use W*=con-
stant =150 mm, this being, perhaps, the average value
for all types of vegetation. Initially, Thornthwaite
(1948) used W*=100 mm everywhere, while later
Thornthwaite and Mather (1955) used W* =300 mm ev-
erywhere. Louie and Pugsley (1981) produced their
weekly soil moisture maps for Canada by letting W#*
vary with location from 100 mm to 280 mm, depending
not on the vegetation type but on the soil type.

Results

This section describes the calculation procedure and
gives the main global fields obtained. Their signification
and validity is discussed.

Calculation procedure

We calculate the soil moisture by writing Eq. (1) as
Wp=Wp_1+(P—E)p—(Er+Es)p, 0SWp<W* (10)

where W, is the soil moisture at the end of day D;
Wp_, is the soil moisture at the end of the preceeding
day; (P—E})p is the infiltration into the soil during day
D; and (Er+ Ej)p is the transpiration plus soil evapora-
tion during day D, as calculated with Egs. (2a, b, ¢) and
8a, b, ¢), using P, T4, hp and Wp_,.

If, at the end of the day, the calculated Wy exceeds
W#*, then W), is set equal to W* and the surplus is taken
as that day’s downward percolation through the base of
the root zone of the soil and, therefore, that day’s con-
tribution to annual runoff.

The precipitation P, and potential evapotranspira-
tion E}, for each day of the month, are taken as equal to
their monthly mean values. By Eq. (2), this also makes
the infiltration (P —E,),, constant over the month. How-
ever, by Egs. (10) and (2), the soil moisture W and the
transpiration plus soil evaporation (E;+ Es), change
from day to day during the month.

The solution is obtained by letting W,_; equal any
arbitrary initial value, on some arbitrary day, and then
carrying the calculation forward in one day time steps
until the difference between W, on the same calendar
day of two successive years approaches zero. As noted
earlier, this study uses as input monthly mean values of
precipitation from Jaeger (1976) and surface air temper-
ature from Spangler and Jenne (1984) on a 4° x 5° grid.
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Fig. 10. a-d. Derived soil moisture distributions for the months of
January, April, July and October, respectively. In tenths of the
field capacity. e-p Color maps of the monthly distribution of the

Description of the derived monthly fields

The derived monthly fields are available on request in
digital form (magnetic tapes for example). They were al-
ready presented in Serafini (1986) and Mintz and Sera-
fini (1989). The purpose of the present section is to show
some of the main features of these distributions.

The soil moisture distributions for January, April,
July and October are shown in Fig. 10a, b, ¢, d. More-
over color illustrations of the monthly means over the
annual cycle are shwon in Fig. 10e-p. The correspond-
ing distributions for the evapotranspiration are shown in
Fig. 11a, b, c, d, and the mean annual run-off is shown
in Fig. 12.

The soil moisture values show a strong seasonal cycle
at mid- or higher latitudes. This is mainly due to a cor-
responding variation in the potential evapotranspira-
tion: in winter it is too low to remove water efficiently
from the soil and a large part of the precipitated water
remains stored in the ground or is drained out. In sum-
mer the potential evaporation increases and produces a
larger drying. The seasonal cycle for evapotranspiration
is therefore almost inverse: the evapotranspiration rate
is very low in winter, and is mainly driven by the preci-
pitation rate in summer.

At low latitudes where the potential evapotranspira-
tion is large, the seasonal cycle also closely follows the
forcing by precipitation. It is interesting to note that, in
spite of the disagreement of many features of our poten-
tial evapotranspiration distributions with those of Zube-
nok (1965), noted in the third section, our evapotranspi-
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soil moisture over the annual cycle (courtesy of Lydia Dtmenil,
MPI, Hambourg. In fraction of field capacity

ration distributions are in somewhat better agreement
with those of Budyko (1963) which were derived using
Zubenok’s potential evapotranspiration. This is espe-
cially the case in arid regions, where the largest differ-
ence was found between the estimate of the potential
evapotranspiration by the Zubenok and Thornthwaite
methods, but where the corresponding actual evapo-
transpiration are in much closer agreement, although
our estimates remain lower than those of Budyko. Con-
versely our evapotranspiration rates tend to be larger
than Budyko’s estimate in wet regions. It should be
noted that, apart from the calculation of the potential
evapotranspiration, the parameter § and the drainage
were also specified differently in Budyko’s work. These
parameterizations varied according to the location and
were apparently never fully published.

The total runoff distribution follows closely the dis-
tribution of the precipitation fields, but with values ap-
proximately two-thirds lower, due to the evaporation
(Fig. 12). It is one of the few results that can be verified
against real data, at least at the scale of a large river ba-
sin; this is done in a later section.

Discussion of the principal assumptions and
approximations

A number of simplifying assumptions and approxima-
tions were made to obtain the closed calculation scheme
for the soil moisture and evapotranspiration. An idea of
how much these simplifications can affect the resulting
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Fig. 12. Derived annual run-off distribution (in cm/year)

climatology can be seen from the results of Serafini and short drying time is obtained, the evapotranspiration
Sud (1987). In those sensitivity studies the forcing term rate is primarily determined by the precipitation rate,
(i.e., precipitation) was set to zero and a drying time of and does not depend too much on the assumptions made
the soil was derived, starting from the climatology de- in the model: but the soil water storage depends a lot on
scribed in the present work. In all the regions where a these assumptions. This is mainly the case at low lati-
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tudes or in the summer hemisphere at mid-latitudes. Re-
versely, when the drying time is large, the soil stores or
drains out most of the precipitation, and the resulting
water storage is little affected by the model assumptions
concerning the evapotranspiration. But the rate of evap-
otranspiration, however low, is known with some impre-
cision.

The main sources of imprecision in our calculations
are the following:
1. The empirical relationship between E* and T4 and 2
was obtained from measurements made under potential
(i.e., moist soil) conditions. But when we apply Eq. (8)
to arid and semi-arid regions where the soil is dry, the
surface air temperature will be higher than that with the
same net radiational heating under potential conditions.
Consequently, the calculated £* in arid and semi-arid
regions as given by Eq. (8) may be too high.
2. The empirically derived dependence of E* upon T4
and £ given in Eq. (8) does not take into account the
phase P,, of T, relative to R, and, consequently, it pro-
duces a seasonal phase error in the calculated potential
evapotranspiration (cf. Fig. 5).
3. As already mentioned, by distributing the observed
monthly precipitation equally over all of the days in the
month, we overestimate the interception-loss E;.
4. The empirically derived regression E* (R4, &) was ob-
tained from grass cover lysimeter measurements and
from river runoff measurements in the grass covered
and forested regions of the central and eastern USA
where the surface of the vegetation is typically wet for
only a small part of the year. But in forested regions
where the surface is wet with rain a large part of the
time, and especially if the winds are strong, the regres-
sion given by Eq. (8) may produce a significant underes-
timate of the interception-loss and, therefore, a signifi-
cant underestimate of total evapotranspiration and over-
estimate of runoff. (See, for example, Shuttleworth and
Calder 1979, Mintz 1982).
5. In the high latitude soil moisture budget we do not
take into account freezing of the soil. When soil is froz-
en there is almost no infiltration, and it does not matter
whether the supply of water to the soil is an assumed
wintertime rainfall or an actual spring time snowmelt.
In both cases the water will be removed as surface ru-
noff before the soil has thawed and before the infiltra-
tion and evapotranspiration can begin. When we neglect
freezing of the soil we therefore overestimate the soil
moisture and evapotranspiration, and we underestimate
the annual runoff.

Validation of the results

The only quantitative evaluation of our results which
was possible at this stage is the comparison of the an-
nual runoff, accumulated from our results over the
largest river basins, with the corresponding river flows
as estimated from Baumgartner and Reichel (1975). Re-
sults are shown in Fig. 13 and in Table 2. What is plot-
ted in Fig. 13 is the estimated evapotranspiration (from
our model) against the annual catchment evapotranspi-
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Fig. 13, Derived annual evapotranspiration (mm/day) versus mea-
sured annual catchment evapotranspiration (mm/day) from
Baumgartner and Reichel (1975; Table 16). Numbers / to /6 indi-
cate large river catchment basins as shown in Table 2. Circles (O)
correspond to all river basins except at high latitudes; triangles (A)
indicate that the soil is frozen over most of the catchment during a
large part of the year

ration, obtained over each river basin as the difference
between the amount of precipitation received and the
river flow. At low or middle latitudes there is a very
good correspondance between the two estimates. This
means that the mean coefficients used in our governing
equations represent rather adequately the ensemble ef-
fect of the various vegetation types found in these large
river basins. It is fair to note however, that this is by no
way a validation of our results in semi-arid regions,
where such large rivers are not present. At high lati-
tudes, we underestimate the river flows in a systematic
manner. As already stated this may be related to the re-
duction of the soil field capacity due to the freezing of
the ground, which we do not take in account. A possible
source of error in our results is also, of course, the qual-
ity of the precipitation data themselves and this is espe-
cially true for high latitude regions; as emphasized by
recent compadrisons of various new data sets (Legates
and Willmott 1990, Hulme 1991) the snow precipitation
may be badly measured through conventional rain-
gauges, and systematically underestimated in some cli-
matologies. The rain measurements may also be in error
over mountain areas.

Other indirect validation studies seem promising. It
is, for example, possible (Serafini 1986) to use the num-
ber of months in which the soil wetness (ratio of W to
W#*) is larger than 0.1 as an indicator of the natural ve-
gation. In particular, a good correlation was found be-
tween regions of natural forests and regions where this
number of months was equal to 12. Also, qualitative
comparisons have revealed a close correlation between
the satellite-derived vegetation index (Tucker et al. 1986)
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Table 2. Annual mean water budget of large river catchment basins
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h
h

Basin D A b P - E,
10° m? yr ! 10° km? mmday ! mmday ! mmday ~* mmday ™!
1. Amazon 5992 7180 2.3 6.1 3.8 3.6
2. Congo 1325 3822 0.9 4.0 3.1 3.0
3. Orinoco 915 1086 2.3 4.8 2.5 3.2
4. Mekong 501 795 1.7 5.2 3.5 3.1
5. Irrawaddy 442 431 2.8 6.0 3.2 3.2
6. Ganges 489 1073 1.2 3.1 1.9 1.8
7. La Plata 615 2650 0.6 3.2 2.6 2.4
8. Brahmaputra 631 589 2.9 4.8 1.9 2.1
9. Yangtze-kiang 1104 1970 1.5 3.8 2.3 2.4
10. Sikiang 363 435 2.3 5.0 2.7 3.2
11. Mississippi 558 3224 0.5 1.7 1.2 1.3
12. St. Lawrence A 328 1030 0.8 1.0 0.2 0.8
13. Amur A 347 1843 0.5 1.6 1.1 1.4
14. Ob A 394 2950 0.4 0.9 0.5 0.8
15. Yenisei A 561 2599 0.6 1.2 0.6 1.0
16. Lena A 514 2430 0.6 1.0 0.4 0.9

where D is measured annual river flow, 4 is area of the catch-
ment, D =(D/A) or catchment area averaged measured annual riv-
er flow, P is catchment area averaged measured annual precipita-
tion, E,,=(P—D) is measured annual catchment evapotranspira-

and our ratio of actual to potential evapotranspiration.
Finally the difference between the air temperature and
the satellite radiative temperature gave a distribution
very similar to our evapotranspiration distribution
(Stowe et al. 1988, Fig. 6).

Conclusion

We have used a simple water budget model to derive
monthly climatologies of the evapotranspiration and soil
moisture distribution. Our method uses as input the
long-term climatologies for precipitation and surface air
temperature over the continents; these parameters are
easy to measure at meteorological stations and there
exist very long records of them, collected and processed
by the various national weather services.

We have discussed quite extensively the assumptions
made in deriving the model; it is clear that further pro-
gress is needed and that the same water budget experi-
ments should be made with more detailed models that
take into account more explicitly the role of the vegeta-
tion. As they stand, however, the distributions obtained
in this paper are a useful first guess against which to
compare further estimates, and may be of use in the val-
idation of climate models, as for example shown by
Gates et al. (1990) in the IPCC report.
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