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8
The Water Balance

Usefulness

Previous chapters have treated hydrologic processes more or less separately.
We are now In a position to draw together hydrometeorology, soil physics,
and groundwater hydrology by means of a very useful tool known as the
water balance. The term water balance was used in 1944 by the meteorologist
C. Warren Thornthwaite to refer to the balance between the income of
water from precipitation and snowmelt and the outflow of water by evapo-
transpiration, groundwater recharge, and sireamflow. The budget can be
computed for a soil profile or for a whole drainage basin. The method allows
the planner to compute a continuous record of soil moisture, actual evapo-
transpiration, groundwater recharge, and streamflow from a meteorological
record and a few observations on the soil and vegetation. Its use will be
illustrated by means of examples and by reference to published accounts
from various areas of the world.

The power of such a technique in planning is obvious. The water balance
has been used for computing seasonal and geographic patterns of irrigation
demand, the soil moisture stresses under which crops and natural vegetation
can survive, the prediction of streamflow and water-table elevations, the
flux of water to lakes, and therefore the variations of water level and salinity.
Because commonly available meteorologic records are the usual basis of the
method, long periods of data on soil moisture, groundwater, and streamflow
can be generated and subjected to probability analysis for studying the



economic and ecologic feasibility of various schemes for using or manip-
ulating land and water resources.

The water balance is also useful for predicting some of the human impacts
on the hydrologic cycle. The hydrologic effects of weather modification or
changes of vegetation cover can be quickly estimated at a very early stage in
the planning. Although the predictions may be approximate, they are sufii-
ciently accurate to indicate whether a scheme is hydrologically sound or
foolhardy. Also the water balance can be refined to meet the most sophisti-
ticated design needs if sufficient time and money for instrumentation are
available. Finally, the method is valuable for helping to phrase precise
questions about the chances of success, mode of operation, and environ-
mental impact of proposed changes. It is, therefore, a valuable tool in the
analysis of water problems in a region.

Direct Measurement of the Water Balance

The water balance of a small drainage basin underlain by impervious rock
at depth can be represented by Figure 8-1 and expressed in the following
equation:

P14+ AET + OF + ASM + AGWS + GWR (8-1)
P
/ 7
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Figure 8-1 Components of the water balance on a hillside or a small catchment.

P = precipitation; I = interception; AET = actual evapotranspiration; OF = overland
flow. ASM = change in soil moisture; AGWS = change in groundwater storage;

. GWR = groundwater runofl.
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where the symbols, expressed as equivalent depths of water for some time
interval, represent precipitation, interception, evapotranspiration, overland
flow, change of soil moisture storage, change of groundwater storage, and
groundwater runoff,

If time and funds are available, each of these terms can be evaluated
directly in the field by techniques that have already been discussed. Precipi-
tation gauging and the measurement of interception are straightforward.
Actual evapotranspiration can be evaluated from Equation 8-1 if ail the
other elements are measured. Small troughs below hillside plots would
catch overland flow, or this component could be estimated from the stream-
flow hydrograph by methods described in Chapter 10. Soil moisture changes
can be monitored with soil moisture blocks, a neutron meter, or a weighing-
type lysimeter; and groundwater storage changes are reflected in fluctuations
of the water table. Groundwater runoff can be calculated from Darcy’s
Law or from the streamflow hydrograph (see Chapter 10 on hvdrograph
separation). If calculations are made on an annual basis, it is often assumed
that there is no net change of soil moisture or groundwater storage over the
year and that the right side of Equation 8- 1 reduces to the sum of intercep-
tion, evapotranspiration, and streamflow.

Field measurements of this kind are valuable if the rural planner needs a
detailed understanding of moisture regimes and their controls. They also
allow the direct measurement of transpiration and the definition of the func-
ticnal relationship between potential and actual water loss as expressed in
Equation 5-13 and Figures 5-6, 5-7, and 5-8. A few weeks or years of direct
measurement of the water balance can yield a large amount of hydrologic
information about the interrelationships of climate, land use, groundwater,
and runoff. Lewis and Burgy (1964) have given an excellent description of
their field measurements of the water balance. During the International
Hydrelogical Decade {(1965-1974), the water agencies of many countries
initiated water-balance studies in their main climatic regions, and a great
deal of useful information was generated by these studies. In urbanized
regions, the method can be extended to incorporate processes such as
pumping and artificial recharge of groundwater and many other factors.
Franke and McClymonds (1972), for example, present an analysis of the
effects of urbanization on the water budget of Long Island.

Calculation of the Water Balance

A method for calculating the water balance was introduced by Thornthwaite
in the early 1940’s. It has been used for a great variety of purposes and
has been modified many times. We will describe Thornthwaite’s original
method, as outlined in a very useful handbook by Thormmthwaite and Mather
(1957). We suggest that the reader who wishes to use the water balance ex-
tensively obtain this valuable publication. In the following discussion we
suggest modifications of the basic technique that may be necessary or
prudent under some circumstances.



The method is besr explained by means of & worked example. The area
under discussion is Kericho in the hughlands of western Kenya. The problem
may be phrased as follows. The area is relatively dry from December through
February but especially wet in April and May. What is the magnitude of the
evapotranspiration demand that is not satisfied by rainfall during the dry
part of the year? When would one expect runoff derived from the excess of
moisture over the demand of evapotranspiration, and what is the magnitude
of this excess, if any exists? The results are summarized in Figure 8-2 and

Table 8-1.
Monthly precipitation values for Kericho are listed in row 1 of the table.

The next row contains values of porential evapotranspiration, calculated by
the Penman method, though any other method, including pan evaporation
data, could be used where appropriate. In row 3 the differences between
precipitation and potential evapotranspiration define two seasons: a 9-
month wet season when rainfall exceeds evapotranspiration and a 3-month
dry season when the meteorologic demand is not satisfied by precipitation
that has fallen in the same month. The severity of the dry season increases
during the sequence of months with excessive potential evapotranspiration,
and this is expressed in row 4 as the accumulated potential water loss, which
is the cumulation of negative values of ( P — PET) for the dry season only.
The summation begins at the end of the wet scason.

Available water capacity
filled after addition of

103 mm out of the 162 mm
of excess precipitation

250 - . .
Soil in April
moisture
recharge
200 —

Moisture
deficit
150

Moisture
surplus

100

Water depth (millimeters)

Soil
moisture
utilization

50

Month

Figure 82 Resulls of the monthly water balance calculation for & catch-
ment with a clay loam soil under woodland at Kericho, Kenya. Available
water capacity of the root zone is 200 mm.
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Figure 83 Water retained in the soil against an accumulated potential
water loss. The number on each curve is the available water capacity for
the soil in millimeters. (Data from Thornthwaite and Mather 1957.)

The difference between P and PET will be at least partly made up by the
withdrawal of soil water. In Chapter 5, however, we described how evapo-
transpiration falls below the potential rate as the soil dries, and here it is
necessary to choose which functional relationship to use in Equation 5-13.
The earlier discussion of this subject will help the user with his choice. We
have decided to use the method given in the original instruction manual by
Thornthwaite and Mather, Their tabulated information is summarized in
Figure 8-3, which shows how much water will be retained in the soil after
various amounts of accumulated potential water loss. The lines represent
soils with different available water capacities, which in turn depend upon
the texture of the soil and the rooting depth of the vegetation. The available
water capacity can be measured, or it can be estimated from Figure 6-9 or
Table 8-2. In humid regions, however, the rooting range of crops can be
much less than those indicated in the table, and therefore field observations
are preferable. The table tells us that the available water capacity of a clay
loam is approximately 25 percent (250 mm of water per m depth of soil).
The depth of root penetration under the brushy regenerating woodland that
we observed in the field was 0.80 m, indicating that the root zone could hold
(080 m X 250 mm/m =) 200 mm of water at field capacity.

Using Figure 8-3, we find that if a soil with an available water capacity
of 200 mm is subjected to a potential water loss of 37 mm, the amount of
water that will be retained by the soil is 166 mm. This value of soil moisture
is entered for December in the fifth row of Table 8-1, and the process is
repeated for the other dry-season months. Soil moisture values for the wet
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season are obtained by adding the e¢xcess precipilation from row 3 Lo the
soil moisture level at the end of the dry season. Thus, the 5-mm excess oc-
curring in March will raise the soil moisture storage from 92 mm at the end
of February to 97 mm at the end of March. In April 162 mm will be added
to the 97 mm. Because the soil can only hold 200 mm of water, however,
soil moisture vaiues cannot exceed this value, and so for April and succeed-
ing wet months the moisture content remains at field capacity. Surplus water
which cannot be held in the soil by capillary and osmotic forces drains out
of the oot zone. This subject will be dealt with later.

From row 5 the change in soif moisiure can be entered in row 6, When
precipitation exceeds potential evapotranspiration, the actual evapotrans-
piration in row 7 equals the potential rate because the rainwater is con-
sidered to be easily available to the plant, even if the soil moisture of the
whole root zone is not raised to the available water capacity. When the
meteorologic demand must be partially satisfied from the stored soil water,
actual evapotranspiration is the sum of precipitation and the amount of
soil moisture withdrawn from storage (95 + 34 =) 129 mm in the case
of December.

The amount by which the actual and potential evapotranspiration differ
in any month 1s called the soif moisture deficis, and is listed in row 8. In this
case, because the available water capacity is high and the dry season is short,
evapotranspiration continues almost at the potential rate throughout the
year.

Once a moisture deficit has developed. it can be reduced when excess
precipitation is stored in the soil at the beginning of the wet season. The soil
moisture will eventually attain field capacity, however, and further precipi-
tation excess must leave the soil by gravitational drainage. The amount of
water that cannot be stored (the excess from line 5) is termed the moisiure
surplus and is listed in row 9.

The moisture surpius drains to the groundwater body and eventually to
streams. It cannot all drain out in the same month that it is generated, how-
ever, and a certain proportion remains in the soil and is carried over into
later months. The fraction which will leave a river basin as runoff varies
with the depth and texture of the soil and the physiography of the basin.
Idealty this proportion should be evaluated for the region of application. It
can be obtained by direct field measurement of the water balance for a few
menths of the wet season. A less exact estimate can be made by examining
the relative amounts of streamflow during successive wet months. In some
cases the use of widely differing proportions does not lead to very different
answers, 80 there is not much reason to refine the estimate. For some appli-
cations of the water balance, however, such refinements are necessary.
Thornthwaite and Mather give only the following advice: For large catch-
menis approximately 50 percent of the surplus water that is available for
munoff in any month actually runs off. The rest of the surplus is detained in
the subsoil, groundwater, small lakes, and channels of the basin and is
available for runoff during the next month. If the water balance is calculated
for periods shorter than one month, or for catchments of only a few square
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kilometers, the proportion detained will often be less than 50 percent. In
Table 8-1, however, we have used the 50 percent figure.

Beginning in April, 39 mm of moisture surplus were available and there-
fore 30 mm should run off. Twenty-nine millimeters will be detained in the
catchment to be added to the moisture surplus of May for a total of 165 mm.
Therefore, 82 mm of water will run off during May, and 83 mm will be
detained until June, Repetition of this calculation completes rows 10, 11,
and 12.

The results of this set of calculations are portrayed in Figure 8-2, which
summarizes a great deal of information on the hydrology of Kericho. Be-
sides showing the seasonal pattern of precipitation, evapotranspiration,
and runoff, it indicates the times of moisture deficit, soil moisture recharge,
and moisture surplus. The moisture deficit indicates that the plants are
under some stress, and if the cover were a valuable crop, the calculations
would indicate the timing and magnitude of irrigation necessary to remove
the stress. The water balance is therefore valuable for understanding the
ecology, agronomy, and economics of growing crops.

Figure -1 indicates a component of the water balance that is ignored in
the Thornthwaite method, namely, storm runoff. In the region for which we
have made the calculation, this problem is not an important one; storm
runoff amounts to 3 to 5 percent of rainfall, and this abstraction is not
sufficient to lower the evapotranspiration much below the potential rate,
In other regions or other vegetation covers, however, the stormflow com-
ponent is important. To take this into account, an additional step in the
calculation should be added between rows 1 and 2 in the tables, in which
storm runoff is subtracted from precipitation. Estimation of the volume of
stormflow can be based on the infiltration capacity of the soil, or on the
Soil Conservation Service method described in Chapter 10. This requires
rainfall data from individual storms, but unfortunately, such data are often
not available. If a few continvous streamflow records are available for small
catchments in the region, monthly storm runoff can be separated from the
hydrographs, as described in Chapter 10, and expressed as a fraction of the
rainfall for each month. This method provides a rough idea of how much
rainfall should bypass the calculation of the soil-water balance and be
treated immediately as runoff.

Another modification is necessary if the climate of a place is so dry that
the soil never reaches field capacity, that is, if the available water capacity
of the root zone is never filled. Under these conditions it is not ebvious when
the accumnulation of potential water loss in row 4 should bepin. Instead, the
user must find a value of the potential water loss for the beginning of the
first month when the precipitation falls below the rate of potential evapo-
transpiration (June in Table 8-3). This is done by successive approximations
as follows.

The accumulated potential water loss is estimated for the first month with
a negative value of { P — PET) that is, for the beginning of the dry season.
We first sum the negative values of (P — PET) for the dry season; in Table



—_

0 0 0 0 0 0 0 0 oy 0

0 0 0 0 0 0 0 0 0 0 3 0 0 56

8t 6 [4 sT 19 6t 0t 6 0 0 0 I8 oL a g

0e0I L6 vl £9 ss 1% 99 06 001 01 911 39 0L LHY L

9- 0 9— 97— 87— Sr— 6L — 09+ 66+ 01+ 8- - HWSV 9

t 8¢ 8¢ 113 0L 86 £l T8l il €T £l 1z wWs s

§9¢— 0tE— 8TE— L6T— 80T— I¥1— 99— (B81-) Cee—  9b— 7. log ¥ ¥

8vE— <E— - Te— 68— L9— SL— 8 — 09 66 01 68— 18— La3d ~d €

8LET 971 Sl 88 811 06 96 66 001 0Tl 911 or1 4 Lad T

0E0I 16 24| LS 6L €7 1T ¢ 091 61T 91 s 65 d 1
gvIx o) (e} "AON 120 REEN 0Ny XInr 3NN AVH UdY IV EEES NV (W)

w0 = JMF W geT Jo yidap Sunoos v i purpoom
S1 uoneledes 1) PUR ‘WEO| APUES JUY B 1 (108 Ay RAUIY “IOIEpN 10f uonEno[Es S0urjEg 1aem Ajiuow aFRIAR unm-So <8 2qe L,



246
Hydrology

8-3 this total is —517 mm. Using Figure 8-3 with an available water capacity
of 200 mm, we find the value of soil moisture that would be retained against
this accumulated potential water loss by the end of the dry season. The value
read from the erdinate of the figure is 15 mm, which is the moisture that
would remain in storage at the end of the dry season if the soil had con-
tained 200 mm of available water at the beginning of the dry period. The
true value was less than 200 mm.

If we then add the sum of the positive (£ — PET) values to the 15 mm,
we obtain a soil moisture value of (15 + 169 =) 184 mm at the end of the
wet season. Figure 8-3 indicates that the accumulated potential water loss
up to the end of the wet season that would be necessary to result in a soil
moisture storage of 184 mm is 16 mm. If the total negative (P — PET)
value for the dry season is then added to this value, we would have an ac-
cumulated potential water loss of (16 + 517 =) 533 mm at the end of the
dry period. Entering Figure 8-3 again gives us a value of 14 mm for the soil
moisture value at the end of the dry season, and if the total positive ( £ —
PET) values are added, we estimate that the soil moisture would be 183 mm
at the end of the wet season, which would be in equilibrium with an accum-
ulated potential water loss (from Figure 8-3) of 17 mm. The negative (P —
PET) values are again added to this value, and the soil moisture retention
at the end of the dry season is found to be 13 mm. Addition of the positive
values gives a value of 182 mm at the end of the wet season, which would
require an accumulated potential water loss of 18 mm up to that time,
Therefore by the end of the dry season the accumulated potential loss would
be 533 mm and the soil moisture retention would be 13 mm, the same as it
was at the last estimate. Repetition will not change the figures, and we have
determined that the correct value of the accumulated potential water loss at
the end of the last month of the wet season is 18 mm. This value is entered
in row 4 for May, the last month with a positive value of ( P — PET). From
this point on the water balance calculation proceeds normally. The results
are shown in Figure 8-4.

The Nairobi water-balance calculation indicates large moisture deficits
and no runofl. When rainfali exceeds evapotranspiration, the excess simply
recharges the soil moisture but does not exceed the field capacity so that
no moisture surplus or runoff is generated. This does not mean that there
is no streamflow around Nairobi. First of all, stormflow occurs. We have
not included it in the computations because techniques for assessing the
volume of storm runoff will not be introduced until Chapter 10. Under
woodland in the Nairobi 1egion, however, this component accounts for 10
to 15 percent of the rainfall, generating some streamflow but increasing the
moisture deficit. A second source of runoff in the region is groundwater that
migrates through lava beds from higher, wetter regions to the west. This
should remind the planner that the hydrogeological conditions of an area
should be examined before the local water balance is blindly used to predict
runoff.
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Figure 8-4 Results of a monthly water balance calculation for woodland on
a fine sandy loam soil at Nairobi, Kenya.

Finally, water balance calculations are usually made on long-term average
climatic data in order to obtain a rough picture of the seasonal march of
rainfall, evapotranspiration, soil moisture, irrigation need, and runoff. Long-
term averages tend to underestimate extreme deficits and surpluses. In a
wetter-than-average year, a moisture surplus is often developed around
Nairobi and the groundwater receives some recharge. Even during an aver-
age year an increase in the wet-season rainfall can generate a moisture
surplus at the expense of soil moisture storage during the dry season. In
order t0 examine the probability of runoff’ generation and also the proba-
bility of various degrees of moisture deficit, a meteorological record of many
years can be processed in sequence. Moisture deficits or surpluses developed
in one year are simply carried forward into the next. The accumulation of
potential water loss is initiated after some period when runoff is known to
have occurred. The resulting long-term water balance can then be examined
statistically, by counting the frequency of moisture deficits, moisture sur-
pluses, or runofl greater than various levels. An example is shown in Figure
8-5. Such statistical statements are valuable for calculating the chances of’
irrigation demand or of crop failure. The methodology is discussed by
Yan Bavel (1953).
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Figure 8-5 Results of statistical analysis of the water
balance at Nairobi. The graph shows the frequency of
soil moisture deficits for the period 1931-1940. Other
results of the water balance calculations can be analyzed
in the same way and are useful in agricultural planning.

The water balance can be refined in several other ways. The computations
can be made on a daily basis to obtain better definition of short-term mois-
ture deficit or surplus. Daily computations are particularly useful if deficit
and surplus occur in the same month. These and other modifications to be
made at stations with two dry seasons or a snowmelt input are described
in the instruction manual of Thornthwaite and Mather, although their
method of calculating snowmelt can be improved upon with the material
in Chapter 13.

Applications

‘The most obvious use of the water balance is in a basic description of the
hydrology of a place or region. Maps can be drawn of the annual extreme
waler deficit or surplus or of the total annual trrigation need or groundwater
runoff. Spatial patterns within a region or a large river basin can be em-
ploved in planning the distribution of resources. Al-Khashab (1958) was
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Figure 8-6 Relationship between net
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able to use the water balance to define the seasonal and geographical pattern
of water supply and irrigation demand at an early stage in the planning for
the development of the water resources of the 785,000-square-kilometer
Tigris-Euphrates Basin in Iraq.

Actual evapotranspiration calculated from the water balance is correlated
with primary productivity of vegetation and so with the value of rangeland
or cropland (see Figure 8-6). Knowledge of the probable moisture deficit
is useful for planning irrigation schemes and for predicting crop yields on
lands that are not irrigated (Palmer 1964). Statistical maps of moisture
deficit can be developed to indicate drought probabilities based on how
much water is held in the soil rather than on the rainfall total. If, for
example, a critical soil moisture deficit of 100 mm for two consecutive
months in early summer is known to cause a catastrophic crop failure in a
particular soil, then the long-term water balance can be examined and the
frequency of years in which such a deficit occurred in that soil can be
counted. These figures allow the construction of contour maps of the fre-
quency of drought hazard. Such maps assist the rural planner in determining
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the economic viability of introducing new cash crops in a region, and the
value of crops to be expected.

The calculated moisture surplus is also a useful planning tool for indicat-
ing regions and frequencies of useful runoff. A large moisture surplus may
indicate conditions too wet for some crops that are susceptible to disease.
Moisture surplus is also an index of the intensity with which plant nutrients
are leached from the soil by excess precipitation. Nutrient-deficient, acid
soils are often found in regions of high surplus, and fertilizers and liming are
necessary but are leached relatively quickly in such areas. For other pur-
poses the moisture surplus can be incorporated into a simple accounting
technique for predicting the level of the water table (Boersma 1967).

It is clear then that the water balance is a valuable planning tool, one that
deserves further application and refinement.
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Typical Problems

8-1 Calculation of Monthly Runoff

Repeat the water-balance calculation of monthly
funoff for Kericho, illustrated in the text, but
assume that 80 percent of the surplus water
available for runoff in any month runs off. This
requires altering only the last three lines of Table
8-1. Plot your monthly runoff values on a tracing

of the runoff curve from Figure 8-2, and describe
the kinds of drainage basins to which the two cal-
culations might apply. Suggest an application of
the water balance for which the difference would
be impertant and another application for which
it would be unimportant,

82 Effect of Available Water Capacity on the Water Balance

From vour local library, water resources agency,
or atlas, obtain monthly values of precipitation
and potentinl evapotranspiration.

1. Go out and look at a woodland near your
home and measnre (in a road cut) the average
-depth of the root zone, and note the soil texture.
Estimate the available water capacity of the root
zone from the local soil survey report or from
Figure 6-9. Assume that the storm runoff is
negligible.

2, Calculate the water balance of a small caich-
ment underfain entirely by the single soil-
vegetation complex and by impervicus bedrock,

so that all the soil moisture surplus leaves the
basin as runoff.

Repeat the calculation for a grass cover whose
potential evapotranspiration is equal to that of
the forest, but whose root zone is only one-half
as deep. Assume that storm runoff from the grass
amounts to 4 constant ten percent of each month’s
runoff. Note that each of these approximations
could easily be refined.

3. Plot an annual graph of moisture deficit,
moisture surplus, and runoff for each cover type,
and write a short essay inferpreting your
calculations.




8-3 Modification of Weather and Vegetation Cover

Advocates of particular technologies frequently
make proposals for manipulating land and water
resources. These proposals must be carefully
reviewed before committing scarce resources or
before raising hopes about quick solutions to land
development problems.

Imagine an almost bninhabited S0-square-
kilometer drainage basin covered with savanna
woodland on a sandy loam soil having 200 mm of
soil-moisture storage capacity in the root zone.
A proposal is made to increase soil moisture levels
(i.e., decrease soil moisture deficits) and increase
runoff by a combination of weather modification
and vegetation change. Bush clearance would
allow the growth of grass for stock rearing or the
cultivation of subsistence cash crops. The in-
creased supply of precipitation should assist these
developments by reducing soil moisture deficits.
The increased runoff could be used for irrigation
of crops along the floor of the main valley or
for water spreading to improve pasture.

The proposal is one of those “very preliminary™
ones that agencies frequently become committed
to before they really know what is involved. This
is particularly common if the funds for the
weather modification are to be supplied for sev-
eral years by another organization.

As a planner, you are asked to evaluate the
feasibility and wisdom of the proposal. You
decide to begin by making some hydrologic cal-
culations of the degree to which soil moisture
deficits wouid be changed and runofl increased.
A survey of the literature in a variety of fields
indicates that the following data are relevant for
the region under study:

1. Weather modification can increase rainfail
by perhaps 10 percent when atmospheric condi-
tions are favorable during the 6-month wet season.

2. Changing the woodland to grassland would
decrease the moisture storage capacity of the
topsoil from 200 mm to 75 mm, because the root
zone would be shallower. Under maize, the most
likely crop, the soil moisture storage capacity
would be 150 mm.

3. Undersavanna woodland roughly 20 percent
of the rainfall runs off as stormflow. This would
be increased to about 30 percent with a grass
cover and to 25 percent under maize.

4. Fifty percent of the land is cultivable, and
65 percent could be used for grazing.

5. Monthly rainfall values are published, and
you are able to calculate potential evapotranspira-
tion from evaporation pan data. The data are
tabulated in Table §-4.

Compute water balances for: (a) savanna
woodland at present; (b) savanna woodland with
weather modification; (¢) grassland with weather
modification; and (d) maize with weather modifi-
cation. Plot annual graphs of your results. Sum-
marize the effect of each scheme on the maximum
s0il moisture deficit.

Predict the mean monthly discharge of the main
stream of the basin in m¥/sec if: (a) 65 percent of
the basin is converted to grassland, the remainder
being left in woodland; and (b} 50 percent of the
basin is planted to maize, with woodland on the
other haif.

After making the hydrologic calculations,

Table 84 Precipitation and potential evapotranspiration values for a

proposed region.

TAN. FEB. MAR. APR. MAY JUNE
P (mm) 52 34 17 19 38 37
PET (mm) 115 117 131 145 86 97

JULY AUG. SEPT. OCT. NOV, DEC.
P (mm} 165 175 165 155 85 133
PET (mm) 87 62 52 43 41 78




review all the other aspects of such a project that
you can think of. List the kinds of information
you would need to continue the review. This part
of the problem may best be treated in a discussion
by an interdisciplinary class with each person
being assigned a particular aspect of the proposal
to review. The problem could also be repeated
with a different set of meteorclogic data, and the
results compared and interpreted in a class
discusston.

Solution

For the savanna woodland under present
weather conditions, storm runofT is first subtracted
from the rainfall because it does not enter the soil
moisture budget. The stormflow is added into the
runoff total later in the computation. The net
amount of infiltration should be entered as a

second line in the water budget table. The third
line includes the calculated potential evapo-
transpiration. On line 4 the difference between
the water entering the soil and the potential
evapotranspiration is entered. The total poten-
tial demand of evapotranspiration exceeds the
amount of water entering the soil, and the soil
moisture content does not reach field capacity.
The successive approximation method must be
used to find an accumulated potential water defi-
ciency from which to start cumulating negative
values of (P — SRO — PET). The method,
described in detail in the text, should lead the
reader to find an accumulated potential water loss
of about 77 mm for November, the last month
of the wet season (i.e., the last month with a posi-
tive value of (P — SRO — PET).

The calculation then proceeds as described in
the text.

8-4 Water Balance for Various Soil Types

Using the data on precipitation and potential
evapotranspiration from Table 8-1, calculate the
water balance for a loam with an available water
capacity of 150 mm. Instead of using the Thorn-
thwaite and Mather curves from Figure 8-3,
obtain the actual evapotranspiration rate by the
method shown in Figure 5-8. Assume that storm
runofl is negligible.

Solution

During months of excess rainfall, evapotrans-
piration occurs at the potential rate. When po-
tential evapotranspiration exceeds precipitation,
the rainwater is evaporated at the potential rate
and the deficit is exerted as a demand upon soil
moisture. As explained in Chapter 5, this demand
is not exerted at the potential rate but at a rate
that depends on the amount of soil moisture in
storage. At the beginning of each month therefore
the ratioc of available water content (A W) to
available water capacity (A WC) must be calcu-
fated and used to modulate the potential evapo-
transpiration that is unsatisfied by rainfall. Note
that in Table 8-5 values of soil moisture content
{SM) refer to the amount of water hetd at a level

above the permanent wilting point, and thus SM
is also the numerator A W on line 3 of the table.

Line 3 in Table 8-5 lists the unsatisfied trans-
pirative demand as a4 negative value. At the end
of the wet season (beginning of December) the
soil moisture is at field capacity, the ratio
AW/AWC is one, and evapotranspiration, occur-
ring at the potential rate, withdraws 37 mm of
water from the soil during December. This value
is listed as the change of soil moisture for Decem-
ber on line 6. Actual evapotranspiration on line 7
is the sum of precipitation and the change of
soil moisture.

The change of soil moisture for December
yields the soil moisture content at the end of that
month that will control the ratio A ET/PET for
January. In January the unsatisfied transpirative
demand is 73 mm, and since the ratio A W/ 4 WC
is 0.75, Figure 5-8 indicates that evapotranspira-
tion will continue at the potential rate. The
change of soil moisture, therefore, is 73 mm.

By February 1, the soil moisture content will
have declined to 40 mm, and the ratio A W/ A WC
to 0.27. After the month’s precipitation has been
evaporated, therefore, the ratio AET/PET will
decline to 0.27 according to Figure 5-8, and the
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254 Table 85 Calculating water balance for loam.

JAN. FEB. MAR. APR. MAY JUNE
P 65 95 155 270 250 155
PET 138 138 150 108 114 114
P—PET —-73 —43 5 162 136 41
SM 113 40 28 3150 150
AWIAWC 0.75 0.27
ASM —73 12 L5 4145 0 0
AET 138 107 150 108 114 114
D 17 110 122 127 0 0
s 0 0 0 17 136 41

JULY AUG. SEPT. OCT. NOV. DEC.
i 150 180 155 140 130 95
PET 108 108 114 126 114 132
P PET 42 7 41 4 16 —37
S 150 150 150 150 150 150
AWIAWC Lo
ASM 0 0 0 0 0 —37
AET 108 108 114 126 114 132
IS 0 0 0 0 0 0
S 42 7 41 14 16 0

decline of soil moisture will be (0.27 X 43 =)
12 mm. Actual evapotranspiration (7 + ASM)
will be 107 mm. From Maurch onward, precipita-
tion exceeds the PET demand, evapotranspiration
occurs at the potential rate and the calculation
proceeds as indicated in Table 8-1.

The reader can obtain further understanding
and practice by repeating this water balance
calculation for the other soil types shown in Fig-
ure 5-8, and by using a set of data from some
other ar¢a of interest.






