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THE FIKLD WATER BALANCE

1. Introduction.

The various soll-water flow processes (e.g. infiltration,
redistribution, dralnage, evaporation and water uptake by planta) are Ln
fact strongly interdependent, as they occur sequently and simultanecusly.

To evaluate the field water cycle as a whols, and the relative
magnitudes of the varigus proceases comprising it over s perind of time, it

is necessary to conalder the field water balance. Just as a businessman

regularly summarizes the financial balance of his enterprise, including an
itemized listing of all income saurces, sxpenditures, inventory changes and
net worth, so the agricultural or environmental phyaiciats can attempt to
account for all the water entaring, leaving and remaining in a specified
volume of soil during a specified length of time.

The water balance is merely & detailed statement of the law of
conservation of matter, which states simply that matter can neither be

created nor destroyed but can anly change from one state or location to
ancther. Since no significant amounts of water are normally decomposed or
composed in the soll, the water content of a soil profile of finite volume
cannot increass without addition from the outside (as by infiltration or
capillary rise}, nor can it diminish unless transported to the atmoaphere

by evapotranspirstion or to deeper zones by drainage.

The field water balance is intimately connected with the energy
balance sihce it involves proceases that require energy. The enargy

balance is an expression of the chemical low of conservation of energy,

which atatea that, in a glven aystem, energy can be abaorbed from, or
released to the cutside, and that along the way it can change form, but 1t
cannot be created or destroyed.

The content of water In the soll affects the way the enargy
flux reaching the fiald is partitioned and utilized. Likewise, the energy
flux affects the state and movement of water. ’

The water balance and energy balance interact, since they are
both aspects of the same processes within the same environment .,
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A physical description of the soil-piant-atmosphere saystem,
thersfors, must be based on an underatanding of hoth balances together.

In particular, the evaporstion process, which is often the
principal consumer of bath water and energy in the fleld, depends, in

combined way, on the simultaneous supply of water and energy.

In the following chapters only the water balance will be
deacribed.

2. Water balance lnAthd rootzone.,

In its aimplest form, the water balance merely states that, in
a given volume of mail, the difference between the amount of watep added,
'in' and the amount of water withdrawn, uout' during a certain pericd is
equal to the change in watepr content, a'. during the same periocd:

av = I“i.l'l = Hout (1)
When gaina exceed losses, the water content change 18 poaitive

and conversely, when losses exceed gains, AW is negative,

To itemize the accretions and depletions from the gail Btorage
reservoir, one must consider the deposition of rain or irrigatton reaching
@ unit area of scil surface during a given perind of time. Rain or
irrigation water spplied to the land may in some cages infiltrate into the
80il as fast as it arrivea. In other cases, some of the water may pond
over the surface. Depending on the slope and microrelief, a portion of
this water may exit from the area as surface runoff while the remainder
will be atored temporarily as puddies in surface depressions. Some of the
latter evaporates and the rest eventually infiltrates into the soil after
cessation of the rain. Of the water Inflltrated some evaporates directly
from the soll surface, scme is taken up by plants for growth or
transpiration, some may drain downward beyond the root tone, whereaa the
remainder accumulates within the root Zone and sdds to soil moisture
storage. Additionsl water may reach the defined soil volume by'runoff from
a higher area or by upward flow from a water table or from wet layers
present at some depth. The pertinent volume or depth of soll for which the
water balance is computed, is determined erbitrarily.
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Thus, in principle, a water balance can be computed for m small
sample of soil ar for an entire watershed. From an agricultural point of
view it is generally most appropriate ta consider the water balance of the

3. EZvapotrangpication.
root zone per unit area of fisld.

. This term is defined ss the process by which water 1a evaporated
™he rootzone vater balance is cxpreseed in integral form: from wet surfaces and transpired by plants. It is scmetimes referred to as
’ comsumptive use and further defined as the quantity of water usad by either
USrdll=(Peret) -tRener. e 2) cropped or natural vegetation in transpirstion or in the building of plant
change in (gains) - {loases) tissues, together with the water evaporated from the adjacent soll, water
storage

bodles, or from intercepted precipitation. Since soll moisture may have
an effect upon evapotranspiration, Thornthwalte {1948) introduced the tera,

wherein: S: change in root zone soil mofsture storage svapotranspiratlon, to mean the evapotranspiration which would ocour were
AV: increment of water incorporated in the plants

there an adequate soll-moisture supply’ at all times.
P: preclpitation

I: irrigation Lt Ls ganerally recognized that climate s ore of the most important

U: upward capillary flow into the root zone factors deteralning the amount of water loss by evapotranspiration from the

R: runoff crop. Apart from the climatic factors, evapotranspiration for a given crop is
D: downward drainage out of the root zone also determined by the crop itself and wo are growth characteristics. Local
E: direct evaporation from the #0il Burface environment, soll and aoil water cohdltloﬂa. fertilizers, insect and disease

T: tranapiration by planta infestations, agricultural and irrigation practices and other factors may

also influencs growth rates and resulting svapotranapiration.
All quantities are epxressed in terms of volume of water per

unit area (equivalent depth unite) during the period congidered., 3.%. Maximum evapotranspiration ET-.

Since the change of plant-water (AV) is relatively unimportant,

Climate is one of the most important factors detersining the crop
and the ypward capillary flow U and the downward drainage D can be included

water requiremants needed for unrestricted optimum growth and yield. Crop water
under the symbol D being negative if capillary rise occurs or positive when

requirements are normally expressed by the rate of evapotranspiration (ET) in
dratnage is present, equation (2) can be written as follows:

wn/day or mm/period. The level of ET ia related to the evaporative demand of

the air.
85 =P+ I-R-D-E-T {3}
The approach followed was to relate nagnitude and variation or esvapo-
transpiration to one or more climatic factors (day length, temperature, humi-
Simple and readily understandable though the fisld water
dity, wind, sunshine). For this, measured evapotranspirstion dats from a grass
balance may seem in principle, it ia still rather difficult to measure in
cover were used, assuming that evapotranspiration of grass occurs largely in
practice. A mingle equation can be solved if it haa only one unknown.
response to climatic conditions. A refarence value, ET , was introduced and
Often the largest component on the field water balance and the one moat °
defined as "the rats of evapotranspiration from an extended surfacs of 8 to
difflcult to messure directly, i the evapotranspiration E + T, aleo
15 cm tall green grass cover of uniform height, actively growing, completely
degignated ET (crop evapotranspiration). . - '
cr shading the ground and not short of water*.
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Ten methods for the calculations of the reference crop evapotranspi-
ration or the potentiat evapotranspiration sr° are mentioned briefly below.

1. Blaney-Criddle method

The relatlonship recommended s ®xpreased by the following 4. Ponmin {orlginal)

formula :
" Tha basic formula for calculation of avapotranspicstion froa
ET, = c(p(0.46T + 8))  (em.day™l)
° a free water surfuce (lol is as fallows :
- /L) B 4 =1
whe e I-?l'“ T refrrenon crop evapotranspiratinn in wm. day t 8/t CRi {mm. day )

. 'o - Lay
tur thw wunth consldeced .
T = man dally tarperature ln °C owmr the month

whem ‘c = avapocation from a free water surface (-.day-l')
canu Loks rwd B, = net radtatlon tcat.cm ¥ amy™h
¥ = wan dally percantage of total annual daytime E_ = iscthermal evagoratios (-_dq'l)
x
Bour= for a qiven month and Latituds 4 = slope of the temperature - vapour pressure
€ = adjustmant factor which depends on minimus relationship at tempersturs T (mm Hg °c‘l'
. Felative husidity, sunshine hours and daytise Y = peychromstclc constant (= 0.465 mm Hq.°C'H)
_Ut.nd estimates. L = latent heat of avagocatiocn of 0.1 t.'-3 (= 39 cal}
2. Jensen and Halse method "o - 0.8 'o
The Jensen and Haise formula tg ;
5 Uncorrected Penman
n
ET, = (0.025T + 0.08)33  (mm.day”}) The form of the equation used Ln this mthod is :
whers  IT = reference crop evapotranspiration in -, aay”! ET = W.Rn 4 (1-W). f(u). (ea-ed) {mm.day ))
-2 . -1 @ -
n tacond - . -
r'h = in ng short: \u;- radiation (cal.ca “.day ') vhere “0 ® reference crop evapotranspiration in mm.dey 1
= alr te t
Tperature (0) L} = tasperature relatad weighting factor
3 Radiation method . . . Rn = nat radiation in squivalent evaporatica in
. ., day
The relaticnship recommended ts expressed as 1
£{u} = wind-related function
l.'l'o = ci{W.Rs) (-.d.y'll ‘ {ea~ed) = diffecence betwesn the saturation Vapour pressure
at mean alr temperature and the ssan actual
whe rw ETo = refarence crop evapotranspiration in vapour pressure of the alr, both in mbar
-.dq-l for the period considernd
M = soler radiation in equivalent evaporation G‘_.__.__._.___.__,c""‘c"'d Panman
-1
in mm day The Perman aquation assuses the mst common conditions where
W = weighting factor which depends .on temperature radiation Ls medium to high, maxieum relative humidity is medium to high
and al titude

€ = adjwtment factor which dapends on mean
humidity and daytime wind conditfons



and moderate daytime wind sbout double the mighttime wind. Since these
conditions are not alwzys mt, correction to the Panman equation s
. m:-_:'ro = reference crop evapotransplration (/10 days)
4 ™ precipltation (me/10 days)
Te

givon in. § is neceasary.

Reference crop cvapotransglration (R'rol can ke calculated using L = evaporitive dmmand of the atmosphere, calculated
the formula : according to :
: (1) M
Te. sh
er, = cflonmn + (2-W). £lu). ler-e0)} WTe
The adjustment factor “c” depends on the maximum relative - o awrage alr terperature %C at 2 m
humdity (RE max), solar radiation (Rs), daytims wind (U day) and the valus , .sh = incoming short-wave radlation (m.c_-z.d“-x)

of daytimm/nighttiom wind,

9. Simplified Ture
Turc sieplified the original equation into r

“.7. Pan evaporation msthod

Re ferenos crop evaporation (l:'r°1 can be chtained from :

T ’ -
a) l'l.‘u = 0.40 ol tI’hA* 50) (om.month l'l

Kp.
!'l‘o- p. B pan .

whare B pan = pan evaporation in mm day b in case the relative humidity (h) was above SO%
. T 50-h -1
Xp = pan coefficient b) ET, = 0.40 E Ly (Il.h +350) {1+ 351 (mm.oonth %}
Factors taken into account for the datsrmination of the Rp
in case h is less than S8
factors are :
~ type of pan used 10. Foromla of Thomthwalte
- short sn cropped or
location of the pan in £k gre ppe According to Thomthwalte 3
a4 dry fallow arma
- ralative mean humldity . “,o - I..Sb[lin).
- wind speed
- windward aide distance of green crop ET, ™ reference crop evapotranspiration (in cn.mnt.h_l‘.‘
o
8, Original Turc . T = average alr tesperature ( ) calculated t_m- dally

mans
I = annual heat indax 1.e. the sum of the 12 mnthly
heat indices, i, whaye :

The original formula by Turc rwads am follows

gr o FP*0O (em/10 days)
° A+ (5,2 T 1.514
I.‘l‘<: ) - i= I-s-)

a = 0.0000006751" - 0.0000771% + 0.017921 + 0.49239

b » depends on the month and latitude



Approximate valuas for rrﬂ tn m/day for different agroclisatic
reglons are given in Table 1 (Doorenbos and Kasaam, 1979),

Table 1 : Refsrence evapotranspiration (“0 in xm/day) for different
agro-climatic regloas.

Maean daily temperature, *C

Regions <10 . 20 >3
" (eool) {moderate) {warm)
TROPICS
humid J-4 4-5 5-6
subhumid 3-S5 5-6 7-8
semi-artd 4-5 6-7 8.9
arid £-5 7-8 9-10
SUBTROPICS
Swmmer rainfall:
humid J-4 4-5 5-6
subhumid 3-5 5-6 6.7
semi-arid 4-5 6.7 7-8
arid %-5 7-8 10 - 11
Winter rainfall
humid - subhumid 2.3 4&-5 5-6
semi-arid J-4 5-6 7-8
arid -4 6-7 10 - 11
TEMPERATE
humid - subhumid 2.2 3-4 S-17
semi-arid - arid 3-4 5+6 8.9

Empirlcally-determined crop coefficients (kc)} can be used to relate
E‘l'o to maximum crop evapotranapiration { E‘l'.) vhen water aupply fully meats
the water requirsments of the crop. The value of K¢ varies with crop, develop-
ment stage of the crop, and to scme extent with windspeed and humidity. For
most crops, the ke value increases from a low value at time of crop emergence

to & maximum value during the period when the crop reaches full development,
and declines as the crop matures.

For a given climate, crop and crop development stage, the maxioum
avapotranspication (E‘I‘.‘.‘ in sm/day of the pericds considered is :

ET, = ke. ET, (a)

Maximum evapotranspiration (I:T.) refers to conditions w
for unreatricted growth and development; ET. reprassnts

hen water is adaquate

the rate of maximum
svapotranspiration of n'hulthy Crop. grown in large fields under optimum
agronomic and irrigation sanagemant.

The methods presented allow prediction of ET. within 10 to 20
percent accuracy provided the meteorological data are reliable and cbtained
from a representative agricultural environment, and provided total growing

period and leangths of development stages are known. For details sse
Ocorenbos and Pruitt (1977).

Meteorological date used in the calculation of “n should prefe-
rably be collected at stations situated within an agricultural (irrigated)
area. When data are collected at stations in dry, bare areas, at atrports
or even on rooftops, the calculated ET. values should be corrected since
the data donot represent the different micro-climates found within the
irrigation schemes. In arid and semi-arid arsas with moderate wind, E‘l'm

calculated with dats obtained outaide the irrigated area may need to be
adjusted downward by 20 to 25 percent.

3.2. Actual evapotranspiration l‘l'..

The demand for water by the crop must be met by the water in the
80il, via the root systes. The actual rate of water uptake by the crop from
the soll in relation to its maximum evVapotranspiration (E‘l'-) is determined
by whether the available water in the soil ig sdequate or vhether the crop
will suffer from stress inducing water deficit,

In order to detarmine actual evapotranspiration (E‘l‘.). the lavel
of the available 80i]l water must be considered. Actual evapotranspirstion (E'l'.}

equals maximum evapotranspiration (ET.) when available soll water to the crop
is adequate, or n. - ET-.



However, !t. < IT. when lv;Llahln s0il water in }1-1tnd. Available sail
vater can be dsfined as the fraction (p) to which the totsl avalilable soll
water can be deplsted without causing !T to become less than ET+ The
magnitude of ET can be quantified for p.rlodl batween lrrigltton ar h.uvy
rain, and for monthly periods.

Total available soll water (8.) is defined here as the depth of
water in nm/m moll depth between the soil water content at fleld capaclity
(Src or at soil water tension of 0.1 te 0.2 atmosphere) and the soll water
content atwilting polnt'(S- or at soll water tension of 15 atmosphera).
Total .. .llable soil water (S ) can vary widely for soils having a similar
texture. Also, most solls are layered and integrated values of 5 over solil

de-th ahould be selected; denss layers restrict water dutrlbution.

A3 a general indication, S. mm/m for different soil texturaes is

heavy textures soil 200 mm/m
madium textures soil 140 me/m
coarse textures soll 80 mm/m

Local information on total avallable soil water in the root zone
will be required. The need for rield measurements is evident.

4. Water balance methods.

4.1. Evaluation of the parameters in the water balance equation.
The water balance of an area is glven by:
P=R+E+A5S + D {5)
where: P = precipitation
R = runoff

45 = change in water content of the sail

evaporation
D = drainage to groundwater

Depending on the size of the area and the time scale over which
the balance ia determined, different methods of measuring or eatimating the
c€nmponents can be employed.

- 11 -

The crop evapotranspiration also called evapotranspiration is
generally a fraction of ETO. belng the reference crop svapotranspiration
often called potential evapotranspiration.

The ET depends on tha degree and density of plant canopy |
coversage of the aurface, as well as on the soil moisture and ront
distribution. ET from a well-watered atand of a close growing crop will
generally approach ETO during the active growing stags, but may fall below
it during the early growth atage, prior to full canopy coverage and again
toward the end of the growing season as the matured plants begin to dry

out.
To obtaln ET from the water balance ona must have accurate

measurements of all other terms of the equation.

It is relatively essy to measure the amount of water added to
the field by rain and irpigation (P + I), though tt is necessary to
conslder possible nonuniformities in areal distribution.

The amount of runoff generally is {or at least should be) amall
in agricultural fields and particularly in irrigated fields, mo that it can
sometimes be regarded aa negligible in comparison with the ma jor components
of the water balance.

If runoff occurs it should be quantified. For short periods,
the change in soil water storage 45 can be relatively large and must be
measured. This measurement can be made by sampling periodically or by use
of specialised instruments viz. the neutron moisture meter,

During dry spells, without rain or irrigation 'i = O 80 that
equation {5) becomes:

AS = - D - ET (6}

It seems from equation (6) that the reduction in root zone

vater storage 43 equals the sum of D and ET.

Common practice in irrigation le to measure the total water
content of the root zone just prior to an irrigation and to supply the
amount of water necessary to replenish the soil reservoir to gome maximal

- 12 -



water content, generally taken to be the field capacity. Some have tended
to asaume that the deficit of soil moisturs which develops between rains or
irrigations im dus to evapotranapiration only, thus disregarding the amount
of water which may flow through the bottom of the root zone, either

downward or upward. Thias flow is not always negligible and has to be taken.

inta account in mesarching of an optical water use afficiency.

Following questions can be asked:

1. What {8 the lowsr limit af the soil water content in the profile in
order to avoid a deéresas in yleld

2. what ia the upper limit of the soll water content in the profile in
order to avoid loss of water through percolation at greater deptha.

It ahould be obvious thet Measurement of root zone or subsoil
water content by itself cannot tell us the rate and directlion of mojl water
movement. Even Lf the water content at & given depth remaina conatant, wa
cannot conclude that the water thepre is immobile since it might be ateadily
through that depth (figure 1).

Figure 1. Soil water content profiles.
- 13 -

Tenalometric measurements can, howsver, indicets the directions
and magnitudes aof the hydraulic gradients through the profile and allow uas
to locate the zones of upward and downward water movement.

4.2, Soil water content profile - Soil water storage,

The aoll water content profilea can he eatablished at different
times by lowering a neutron probe at different depths and asasuring the
counts per minute at some reference depths. Using the calibratien curve
the soil water contont‘profile. relating the messured points aa given in
figure 2, can be established.

EaR

Figure 2. Soil water content profile,

When the scil water content profile is presented in
one-dinension and moregver independent of the chosen vertical axis, the
volume of water in the vertical soil column with a cross-asction A and
limited beatwesn levels Zl and 22 (figure 2) equals:



8. dV = A 8. dz (7)

21 Zl

or per unit area, equation (7) becomes:

2
-l.z 8 .dz =35 (zl.zzl {8}

z
1
where 5 ig called the soil water storage with dimension length allowing to
compare it with precip{tation or the amount of irrigation water,

The value of the cumulative storage between the soil surface
and different depths im calculated by integrating the soil water content
profile. This integration can be easily done by associating the water
content measured at levsl %, tn the I0 cm soil mection surrounding this
level, sxcept for the meagurement done at the depth zl « 10 cm which 1s
associated to the soil section extending from O ta 15 em. If water atorage

is expressed in mm water, the atorage to depth zJ will equal therefore:

=1, a e cneeun .
Szj 15(0104— 204-030+ ¢0k+ +050J)x100 (9)

Soil water storage at 50 cm soll depth (figure 3},

550 = 150 x 010 + 100 x 020 + 100 x 630 + 100 x 340 + 50 x 950

(150 x 0.1) + (100 x 0.15) + (100 x 0.20) + (100 x 0.25)
+ (50 x 0.25)

= 87.5 mm water

= .5 8
or 550 100 (1.5 10 * 1 (020 . 030 + 040) + 0.58_)

50
Let us consider a soil layer with thickness &z at depth z (axia

0z positive downwards} and with a unit croag-section area and a so0il water
content (cma.cm_3).

Figure 3. Calculation of soil water astorage.

Transfer of water from or into that 801l column can be due to:

~ vapor diffusion from the soil and plant to the atmosphere in function
" of the energy received by the msoll and the vegetation (evapo-
transpiration)

- infiltration of rainfall or irrigation water.

If we consider water loss AS over period At as presented in
figure 4, the following questiona can be asked:

- what fraction of 45 is due to avapo{ transpi)ration
- what fraction of 45 1ia due to dralnage

- 16 -



Figure 4. S5o0il water content profiles st two different times and soil
water storage (AS) between z, and Z,-

5. Hydraulic head profile.

The basic flow equation for describing the water movement in

S

R i

Figure 5. Darcy's law describing vertical flow in the sail profile.
ssturated soila and conceived by Darcy was extended to unsaturated flow and
if we assume that the transfer ensentially occura in the vertical
and where: H=2z+h (11)
direction, Darcy's law ia exprenged as (figure 5):
dH h = matric potential or soil water preasure head
q = K{8) az {10)

z = gravitational potential or gravitational head.

where: q = the flux, which is the volume of water crossing a unit area

The negative sign in equatlon (10) indicates that the driving
per unit time

force and the ensuing flow of water are directed towards decreasing values
of the hydraulic potential.

K(8) = the hydrsulic conductivity and function of the soil water
content
dH = the difference in hydraulic potential
dz = the difference in diatance over which the difference in
hydraulic potential is measured
dH/dz = the hydraulic potential gradient or the driving force
- 17 -

Therefore upward or downward flux in the profile will depend on
the aign of the hydraulic gradient.



In figure 6 are presented the most frequent occuring hydraulie
head profiles. In this example & watertable oecurs at a shallow depth. At
that depth (Z't) there is atmoapheric pressurs, while the sail water
pressurs head equals zero so that equation {11) becomesa:

Byt = Zue
The profile in figure 6c shows that the hydraulic gradient
close to the soil surface Ls positive (dH/dz > 0}, mo that equation (10)
becomes negative (q <0).

This means upward flux-supplying the demands of #vapo-~
transpiration. Under point A the water flow is in the opposite way, namely
downward flux - repredgenting drainage to the dgroundwater table, Indeed,
dH/dZ < 0 and consequently q > 0. In A, q equals zero bacause the
hydraulic gradient dH/dz equals O and that level is callad "plane of zero

Flux", z

a=0

Such profils occurs often during redistribution following a
rainy period. Indeed, infiltration at greater dephts continues for a long
pericd, while the upperpart of the profite is subjected to evapo-
transpiration, Upward flux starts at the soil surface and extends over
greater depth with time.

6. Tranafer of water in an unsaturated soll.

Let us consider a volume of s0il of thickness & and a unit
section where the change of water content is 46 during a time interval M
(unsteady of transient flow proceas), the mass conservation law, expresged
in the equation of continuity states that if the rate of inflow into the
volume element im greater than the rats of outflow, then the volums alement
must be storing the excess and tncreasing its water content {and

conversely, if outfiow exceeds inflow, storage muat decreage).

For & one-dimensional flow with a, being the flux {n the

direction z the continuity equation in general can be written ag follows:

Figure 6. Hydraulic head profiles.



13 aqz

at " Taz (12)
where: q = flux
& = volumetric soil water content
t = time
Z = distance

Equation (12) applied to a soil element as given in figure 7
can be obtained by identifying the difference batween the mass of water
entering by one face and that leaving the other face during the interval &t
to the variation in the mass of water contained in the volume, assuming
there is no source or spring in this element. In the case of a downward
flux, this is expreased aa:

o, (q1 - q2) At = LR 48 Az (13)

where: q1 = flux entering the upper face
g, = flux leaving the lower face
Py, = density of water

or.;

(qz - "1) = - a:tu (14}

Equation (14) can aiso be written as:
%GB =9 =-35 (15}

Thia last formula clearly shows that it is not possible to
obtain the flux through sither faces or the volume of water flowing by a
unit surface of soil q.4t, from the single measurement of the variation of
water atorage in the element of volume taken into account.

Figure 7. Equation of continuity.

It is almo necessary to determine the flux flowing through the
other facs:
- either by applying equation {10) if the hydraulic conductivity K(8#) and
the hydraulic gradient dH/dz ere known in this section
= ar by fixing the level of thim face at a depth where the flux is known
{normally z where q = O viz, where dH/dz = 0).

In this case, equation (15) becomes:

The latter situstion 1ias presented in figure 8 and often occurs
in the field. It allows to estimate the evaporation and/or drainage
directly from soil water content measurements,

- 22



Figure 8. Calculation of evaporation using soll water content and
hydraulic head profiles.

If vegetation is present equation (12) ig to be written as
follows:

F] []
e - -3 - (16)

where J(z,t) i the s0il water extraction by the roots per unit velume
of soil and per unit of time

7. Water bslance under bars and cropped soil,

The field water balance equation of s certain volume of moil
during a time period &t can be written as follows:

o .
[ASJ =P¢I—-ET(orE)-qz -R (n
2 r

where: [Aélo is the change in soil weter storage between soil surface
z and z cm depth
P is the precipitation .
1 is the irrigation water applied
ET is the actual evapotranapiration in case of a cropped soil

E 1B the actual evapotranspiration in case of a bare soil]
Q, is the #oil water flux at a depth zr

R is the aurface runoff water

All variables, except Et (or E) can be measured in the field
(figure 9). The main difficulty in molving the water balance equation is
the estimation of the soil water flux component, which will depend on the
precise knowledge of the hydraulic properties of the soil profile,

Pracipitation (+) Irrigetion {+])
{r i1}

b4 L 4 ‘
v ’ !
Uvapotranepiration i-) |
{£m)
L ]
L
}
| ‘»
\

Evaporstien (-}
it)

:., % BB Loetr ()
f |

l | ]
__‘____z ________ ———b o8] eoting

dapth fx)

ll-!ol-l'lltwl)zqi -R
r

Figure 9. The field water balance equation.
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If R equals zero, the measursments af 43, P and I are
ingufficient to detarmine accurately ET (or E).

One needs, to know the flux - To solve this problem Darcy's
law for vertical flow In the unsaturated zohe ia used:

(18}

dH
q = - K{e) = i

Knowing the hydraulic conductivity of the soll at a certain
80ll water content 8 amd soil depth z, it in posaible to eatimate the
evaporation or crop evapotranspiration according to following equation:

0 dH
Erzp»r:n-[as] + K(9) 3;, At (19)
z z

We shall discuss now different ®ituations occuring under bare
as well as under cropped soila.

7.1. Bare goll.

The vertical one-dimensional water flow under bare soil is

cantrolled by following equations:

- continuity equation:

K-- (20)
- Darcy's law:
dH
Q= - K(.) H (21)

Integration of equation (20} between the moil surfeace (z = 0)

and a well defined depth z gives:
z
@ adz
-0 _
it

alz,t) - q(0,t) = -
or:

? odz

Q(0,t) = alz,t) + —o— (22)
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uhar.il.zedz repressnta the water atorage in the soll profile from the soil
[+ surface to depth z at time t and which can be calculated fros

the soil water content profiles.

q(0,t) = the evaporation flux at time t

q{z,t} = the flux at depth z and time t

Two cases are possible:

7.1.1. Exintence of a plane of zero flux in the soil profile.

From the hydraulic head profiles, measured by tenaiometers, a
plane of zero flux at time t and at depth z_ can be cbserved (figure 10).
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spaaition of e Waslommter cup
Figure 10. Diagram illustrating the calculation of soil moisture fluxes

when a plane of zero fiux (zo) exista in the rooting zone.

The average plane of zero flux during a time interval at (being
tz - tl) 18 taken as the average depth of the plans of zerc flux at the two
different times, or

i zo(tl) + zo(tz}
[} 2

Cansequently q(Z_,t) equals zero and oguation (22) becomes:
V)

- 0
Z
aJ‘ 0 o4z [As]—-
0 g
Y

[ 34
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q(0,t) =
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The evaporation is than given by:

Q
EaP+I+R-~ [? ]_
g
The varistion of the water storage between the soil surface and
the mean plane of zero flux glves directly the evaporation if P, I and R

Area zero.

The drainage flux at a depth zr below the plane of zero flux

can be calculated in two ways:

1. by means of the plane of zerc flux since the drainage will be egqual to

the change in atorage between z, and 2, during the time interval AL, or:

Z. 20
Ll adz AS
z0 - zr
9, = it at

r

2. by means of Darcy's squation, whereby:

=, dH
q = - K(8) —
z. dz 2r

The locelization of the plans of zero flux is not always very

essy. The precision of the localization can be improved by increasing the
nunber of tensiometers and the aubjectivity introduced by the reader of the
hydraulic head profiles by using spline functions.

The calculation of the soil water storage variation can also be
inaccurate when this variation in soil water content is very low and so
differs little from the statistical errors proper to the neutron probe
measurements. In order to increase the precision, the time interval could
be increased. To increase also the sccuracy of the calculation it is
desirable to measure the moil water content as near as possible to the soil
surface. Therefors a surface neutron probe ie necessary or a special
calibration for the surface layer with the normal depth probe.

7.1.2. Absencs of & plane of zero flux in the soll profile.

From the hydrauliec head profiles the plane of zero flux cannot
be located (figures 11 and 12}). The abmsnce of thia distinct plane of zero
flux in the soil profile indicates that one of the two extreme conditions
i.e.continuous drainage or continuous upward water movement occurs.
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Figure 11. Diagram 1lluatrating the calculation of soll molsture flux

under continuous drainege condition.
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Figure 12. Diagram i1lustrating the calculation of soil moiature flux

under continuous evapotranspiration (or evaporation).

To determine the evaporation one has to entimate, using equation {22), the

flux at a depth z s z,
3 edz
0 ]
q{0,t} = q(zr.t) M T
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where:

alz.t) » - k(§) B
r
The latter 'relation assumes the knouledge aof the hydrasulic
conductivity related to an average moisture content & and dHl being the
*
average hydraulic gradient during the period conaidered. The hydraulic
dradients are derived from hydraulic heads obtalned from tensiometera
situated just above and below z.. During continuous drainage the hydraulic
gradlent remains negative over the whole profile, while with continuoua
upward flow the hydraulic gradient im pomitive.

Using equation (19), tha evaporaton can easily be calculated:

z
r

E=P+T+R-8s Odz-(-K(i)% ) at
Z
0 r

7.2. Cropped soil.

In & 8oil with a vegetation the continuity equation is written
asg follows:

L -12-.1(;.:) (24)

where J{(z,t) ims the sojil water extraction by the roots per unit volume of
801l and per unit time.

The evaporation exchanges between s0il and atmosphere are due
ta:

= the evaporation through the soil surface:
q(0,t)

- 29 -

- the transpiration of the plant:

Ze(t)
T{t) = - d{z,t) dz

0

whare =r(t) is the maxisum depth of the root zone ot wall defined time.

Integration of equation (24) between the 80il surface {z = Q)

and a depth z gives:

(]

q(0,t) = qlz,t) » 3t

which can also be written as:

I (t)
q{0,t) = g{z,t} +

Zp(t)

80 that:

9(0,t) + T(t) = gqiz,t) + ﬁ sdz + Jdz

r(t)
Two cases are posaibie:

7.2.1. Existence of a plane of zero flux in the soil profile.

(25}

@, If there is a mesn plane of zero flux (z } located under the maximal

root depth (figure 13) equation (25) becomea

0

as| _

z0 zo

qQ(0,t) + Trit) = " 0dz = —5i

The crop evapotranspiration can be estimated as

follows:

(26)



wherse:

= dH
q(zn.t) = - K(8) o 2

Fi 13. Disgram illustrating the calculation of erop evapotranspiration
Zlgurs 13, ]
when the plane of zero flux im located under the maximal root
depth (zO > zr).

b. If the mean plane of zera flux (;6) is located within the root zone
{figure 14) equation {25) showe that the term
z
J{z,t)
r{t)
is unknown and couldn't be measured by a simple method.

consider a plane z, >z

One has to
et} and the integration of equation {24) gives:

AOLL) + Tr(t) = qlz_,t) ]'—t ods (27)

.,
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Figure 14. Diagram illustrating the calculation of the €rop evapo-
transpiration when the plana of zero flux is located within
the rootzone.
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Thia mesns that in order to estimats ET uaing aquation (19)
the hydraulic conductivity related to an average noil water contant | and

g% 2 ! being the mean hydraulic gradient, the change of soil water
n storage, P, I and R during the period under inveatigation, have to
be known
" = aH
ETcr=P+I:R-A Mz—(-—l((”d—z-zn)ﬂt

(8]
7.2.2. Absence of a plane of zero flux in the profile (figure 15},

If no plane of zero flux is present the situation i{s ths same
as when a plane exista but within the root zone. One has to conaider a
plane Z,, located under the root zone (z ). The 81‘ r C80 be estimated in
the faollowing way:

I'Z zPoli-E-AJ' H.z—(-l((!)dzz)dt

if:
oH
d_zlz <0 q, > 0 which means downward flux through level T
n n (figure 15a)
if:
dH
azfz * © q, < 0 which means upward flux through level z
n n {figure 15b)
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