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THE FIELD WATER BALANCE

Dr.ir. H. Verplancke
State University of Ghent
Dept. of Soil Physics
Belgium

1. Intreducticn.

The varinus soil-water flow processes (e.g. infiltration,
redistribution, drainage, evaporation and water uptake by plants) are in

fact strongly interdependent, as they occur sequently and simultaneously.

To evaluate the field water cycle as a whole, and the relative
magnitudes of the various processes comprising it over a period of time, it

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

regularly summarizes the financial balance of his enterprise, including an
itemized listing of all income sources, expenditures, inventory changes and
net worth, so the agricultural or environmental physicists can attempt to
account for all the water entering, leaving and remaining in a specified

volume of soil during a specified length of time.

The water balance is merely a detailed statement of the law of

conservation of matter, which states simply that matter can neither be

created nor destroyed but can only change from one state or location to
annther. BSince no significant amounts of water are normally decompesed or
composed in the soil, the water content of a soil profile of finite volume
cannot increase without addition from the outside {as by infiltration or
capillary rise), nor can it diminish unless transported to the atmosphere

by evapotranspiration or to deeper zones by drainage.

The field water balance is intimately connected with the energy
balance since it involves processes that require energy. The energy

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

which states that, in a given system, energy can be absorbed from, or
released to the outside, and that along the way it can change form, but it

cannnt be created or destroyed.

The content of water in the soil affects the way the energy
flux reaching the field is partitioned and utilized. Likewise, the energy

fiux 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 sams environment.

A physical description of the soil-plant-atmosphere system,

therefore, must be based on an understanding of both balances together.

In particular, the evaporation process, which is often the
principal consumer of both water and energy in the field, depends, in a

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

In the following chapters anly the water balance will be

described.

2. Water balance in the rootzone.

In its simplest form, 'the water balance merely states that, in

a given velume of soil, the difference between the amount of water added,
W. , and the amount of water withdrawn, W B
in out
equal to the change in water content, & during the same period:

during a certain period is

W'

AW = W, - W (1)
When gains exceed losses, the water content change is positive

and conversely, when losses exceed gaing, AW is negative.

To itemize the accretions and depletions from the soil storage
reservoir, one must coensider the deposition aof cain or irrigation reaching
a unit area of soil surface during a given period of time. Rain or
irrigation water applied tn the land may in some cases infiltrate into the
soil as fast as it arrives., 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 stored temporarily as puddles in surface depresaions. Some of the
latter evaporates and the rest eventually infiltrates into the spoil after
cessation of the rain. Of the water infiltrated some evaporates directly
from the soil surface, some is taken up by plants for growth or
transpiration, some may drain downward beyond the root zone, whereas the
remainder accumulates within the root zone and adds to soil maisture
storage. Additional water may reach the defined so0il volume by runoff from
a higher area or by upward flow from a water table or from wet layers
present at scme depth. The pertinent volume or depth of soil for which the
water balance is computed, is determined arbitrarily.
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Thus, in principle, a water baltance can be computed for a small
sample of sail or for an entire watershed. From an agricultural point ot
view it is generally most appropriate Lo consider the water balance ot the

) . 3. Evapotiranspiration.
ront zone per unit area of field. Lvap i

The rootzone water balsnce is expressed in integral form: This term is defined as the process by which water is evapcrated

from wet surfaces and transpired by plants. It is sometimes referred to as

(08 + 8V) = (P + T +U) - (R+D+E + T) () comsumptive use and further defined as the quantity of water used by either
cropped or natural vegetation in transpiration or in the building of plant
change in {gains} - (1lasses) tissues, together with the water evaporated from the adjacent soil, water
storage

bodies, or from lntercepted precipitaticn. Since soll melisture may have
) an effect upon evapotranspiration, Thornthwaite (1948) introduced the term,
wherein: A8S: change in rnot zone seil moisture storage

evapotranspiration, to mean the evapotranspiration which would occur were
AV: increment of water incorporated in the plants

there an adequate soil-moisture supply at all times.
P: precipitatieon

I: irrigation It is generally recognized that climate is ore of the most important
U: upward capillary flow into the roct zone

R: runoff

factors determining the amount of water loss by evapotranspiration from the

crop. Apart from the climatic factors, evapotranspiration for a given crop 1is

D: downward drainage out of the root zone also determined by the crop itself and so are growth characteristics. Local

E: direct evaporation from the soil surface environment, soil and goil water cohditicns, fertilizers, insect and disease

T: transpiration by plants infestations, agricultural and irrigation practices and other factors may

also influence growth rates and resulting evapotranspiration.
All quantities are expressed in terms of volume of water per

unit area (equivalent depth units) during the period considered. 3.1. Maximum evapotranspiration ETm'

Since the change of plant-water (AV) is relativel ni tant, .
-] P (av) atively unimportan Climate is one of the most important factors determining the crap
and the upward capillary flow U and the downward drainage D can be included

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

requirements are normally expressed by the rate of evapotranspiration (ET) in

drainage is present, equation (2) can be written as follows:
ge is p a (2) s v an/day or mm/period. The level of ET is -slated to the evaporative demand of

the air.
4 =P + I ~-R-D-E-T (3)
The approach followed was to relate magnitude and variation or ewvapo-
Simple and readily understandable though the field water transpiration to one or more climatic factors (day length, temperature, humi-
balance may seem in principle, it is still rather difficult te measure in dity, wind, sunshine). For this, measured evapotranspiration data from a grass
practice. A single equation can be solved if it has only one unknown. cover were used, assuming that evapotranspiraticn of grass ogcurs largely in
0ften the largest component on the field water balance and the one most response to climatic conditions. A reference value, ETO, was introduced and
difficult to measure directly, is the evapotranspiration E + T, also defined as "the rate of evapotranspiration from an extended surface of B to
designated ET (crop evapotranspiration). 15 cm tall green grass cover cf uniform height, actively growing, completely
: cr
shading the ground and not short of water".
- 3 -



Ten methods for the calculations of the reference crop evapctranspl-

ration or the potential evapotranspiration ETo are menticned briefly below.

1. Blaney-Criddle method

The relationship recommended is expressed by the following

formula :

1

ET = ¢(p(0.46T + 8)) (mm.day )

whe e I-‘.'rn T roferenon crop elvapor.rn.nspiratinn in mm, day_l
tur rhe munth onsidered
T = mran dally temperature in oC over the month
considered
P = mean dally percentage of total annual daytime
hours for a glven month and latitude
c = adjustment factor which depends on minlimum
. relative humidity, sunshfine hours and daytime
" wind estimates.

2. Jensen and Halse method

The Jensen and Haise formula i3 ;

ssh -1
ET = (0D.025T +o.oB)——5—g- (mm. day )
. 1 .
-2 -1
B,y = incoming short-wave radiation {(cal.cm = .day )
T = alr tempercature (QCJ

where ETo = referance Crop evapotranspiration in m.day-

"3 Radiation methad
‘The relationship recommended 18 expresssd as 1°

E’ro = c(W,Re) (m.daydll

whe re E'l'o = reference crop evapotransplration in

mm, day-l for the pericd considered

Rs = solar radiation in equivalent svaporation
in mm. day_l

W = welighting factar which depends on temperature
and al ti tude

€ = adjustment factox which depsnds on mean
humidity and daytime wind conditions

4. Peanan lordginal)

The basic formula for calculation of evapotranspirstion frowm

a free water surface tEol 18 a3 follows :

where

1

{A/L) HQ +y zx (ma. day L)

L+

evaporation from a free watar surface (m.day']"l

net radiation (cal.cm—z.day-")

isothermal swvaporation (m.dqr-l)

slope of the tenperature - vapour pressure
relationship at temperature T (mm Hg oc-x,
psychrometrle constant (= 0,485 mm. Eq.uc-l)

latent heat of evaporation of 0.1 cn3 (= 59 cal)

ET = 0.8E
Q ]

5+ Uncorrected Penman

The fcrm of the equation used i{n this mthod is :

ET
L]

where ET
[}
w
Rn

£lu)

{ea-ed)

= W.Rn + (1-W). £{u}). (ea-ed} (om.day

L

= referance crop evapotranspliration in mm. day"l
= temperature related welghting factor
= net radiation fn squivalent svaporation in

. day_l

= wind-related function

= differenca hetween the saturation vapour pressure

at mean air temperature and the mean actual

vapaur pressure of the alr, both in mbar

6.Corrected Penman

The Penman equation assumes the most common conditions where

radiation 18 medium to high, maxiwmum relative humidity is mediws to high
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and moderate daytime wind about double the nighttime wind, Since these
conditions are not always met, correction to the Penman esquation as

given in $ is necessary.

Re ference crop svapotranspiration (ETO) can be calculated usirg
the formula :
ET, = cl(H.Rn + (1-#). £{u). {sa-ed)]}

The adjustment factor "z" depends on the maxiopum relative
humidity (RE max}, solar radiation (Rs}, daytime wind (U day) and the value
of daytime/nighttime wind.

-.7. Pan evaporation msthod

Re ference crop evaporation (ET } can be obtained from :
o

ET = Kp. E pan
o

-1
where E pan = pan evaporation in mm, day
Kp = pan coefficlent
Factors taksn into account for the datarmination of the Xp

factors are :

- type of pan used

- locatlion of the pan in short green cmopped or
a dry fallow area

- relatlve mean humidity

- wind sp?ﬂd

_ windwartd side distance of green crop

8, Original Turc

The ariginal formula by Turc reads as follows :

£T = —rr®_ (mm/10 days)
N+ (P:QS)T
e

whe re I-Z'I‘o = reference crop evapotransplratton (mw/l10 days)
4 = precipttation {m/10 days)

L a evapcrative demand of the atmosphere, calculated
accarding to @
"
[T (T+2} Aash
=
16
= awerage alr temperature cat2m
-2 -
Hsh = incoming short-wave radiation (cal.cm .day 1!

9. Simplified Turc
Turc simplified the orlginal equatien into :

- T -1
a) ETO 0.40 T+i% (Hsh + 50) (mm.month )

in case the relative humidity (i} was above 50%

- T 50-h =1
b ET, 0.40 TS (Hsh + 50 (1 + 5 ) (mm.vwonth )
in case h is less than 50%
10. Formula of Thomthwalte
According to Thormthwaite :
er = L.enldhH®
& I
ETQ 2 referance crop evapotransplration {in cm.m:!nt_h_l!

T = awerage alr temperature (OC) calculated from daily
me ans
I =, ,annual heat index i.e. the sum of the 12 monthly

heat indices, 1, where :

_ T, 1.514
1= (g

2 = 0.0000006751° - 0.0000771% + 0.0L792I + 0.49239

b = depends on the month and latitude



Approximate values for ETo in mn/day for different agroclimatic

regions are given in Table 1 (Doorenbos and Kassam, 1979).

Table 1 : Reference evapotranspiration (ETo in mm/day} for different

agre-climatic regions.

Mean daily temperature, °C

Regions <10 20 >3
= {cool) {moderate) {warm)
TROPICS
humid J-4 4 -5 5-6
subhumid 3-5 5-6 7-8
semi-arid 4-5 6-7 8-9
arid L5 7-8 9-10
SUBTROPICS
Summer rainfall:
humid 3-4 4-5 5-6
subhumid 3-5 5-6 6-7
semi-arid 45 6-7 7-8
arid 4-5 7-8 10 - 11

Winter rainfall

humid - subhumid 2-3 4 -5 5-6

semi-arid 3-4 5-86 7-8

ard 3-4 6-7 10-11
TEMPERATE

humid - subhumid 2-3 -4 5-7

semi-arid - arid 3-4 5-6 8§-9

Empirically-determined crop coefficients (kc) can be used to relate
ET  to maximum crop evapotranspiration (ETm) when water supply fully meets
th: water requirements of the crop. The value of K¢ varies with crop, develop-
ment slage of the crop, and to some extent with windspeed and humidity. For
most crops, the ke value increases from a low value at time of crop emergence
ta a 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 maximum
evapotranspiration (ETm) in mm/day of the periode considered is

ETm = kc. ETO (4)

Maximum evapotranspiration (ETm) refers to conditions when water la adequate

for unrestricted growth and development; E‘l‘m reprasents the rate of maximum

evapotranspiration of a healthy crop, grown in large fields under optimum
agronamic and irrigation management.

The methods presented allow prediction of ETm within 10 to 20
percent accuracy provided the meteorclogical data are reliable and obtained
from a representative agricultural enviromment, and provided total growing

period and lengths of development stages are known. For details see
Doorenbos and Pruitt (1377).

Meteorciogical data used in the calculation of ET should prefe-
rably be collected at stations situated within an agricultural (irrigated)
area. When data are collected at stations in dry, bare areas

, At airports
or even on rooftops, the calculated ET .

n values should be corrected since
the data donot represent the different micro-climates found within the

irrigation schemes. In arid and semi- arid areas with moderate wind, ET

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

3.2, Actual evapotranepiration ETa'

The demand for water by the crop must be met by the water in the
soil, via the root system. The actual rate of water uptake by the crop from
tne soil in relation to its maximum evapotranspiration (ET ) is determined
by whether the available water in the soil is adequate or whsther the crop

will suffer from stress inducing water deflcit.

. In order to determine actual evapotranspiration (ET }, the level
of the available soil water must be congidered. Actual evapotranspxration (E‘l‘ }

equals maximum evapotranspiration (ET ) when available soll water Lo the crop
is adequate, or ET = ET .
a n
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However, ETa < ET when avéilable scil water is limited. Available soil
water can be defined as the fraction (p} to which the total available soil
water can pe depleted without causing ETa ta become less than ETm. The
magnitude of ETa can be quantified for pericgds between irrigation or heavy

rain, and for monthly periods.

Total available soil water (Sa) is defined here as the depth of
water in mm/m soil depth between the soil water content at fleld cdpacity

(s or at soil water tension of 0.1 to 0.2 atmosphere) and the soil water

fe
content atwilting point (Sw or at soil water tension of 15 atmosphere).

Total .. :ilable soil water (Sa) can vary widely for soils having a similar

texture. Also, most soils are layered and integrated values of Sa over soil

de-th should be selected; dense layers restrict water distribution.

As a general indication, Sa mn/m for different soil textures is :

heavy textures soil 200 mm/m
medium textures soil 140 mm/m
coarse textures soil 60 mm/m

Local information on total available soil water in the root zone

will be required. The need for field 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 given by:

P=R+E +45 + D {5)

where; P = precipiﬁation
R = runnff
E = evaporation
AS = change in water content of the soil

0 = drainage te groundwater

Depending on the size of the area and the time scale over which

the balance is determined, different metheds of measuring or estimating the

components can be employod,

The crop evapotranspiration also called evapolranspiration is
generally w fraction of HTO’ heing Lhe reterence erop evapniransprrat.ion

ot ten called potential evapolranspiral:on.

The ET depends an the degree and density of plant canopy
caoverage of the surface, as well as on the sail moisture and root
distribution. KT from a well-watered stand of a close growing erop will

generally appreach ET, during the active prowing stage, but may fail below

0
it during the early growth stage, prior to full canopy coverage and again
toward the end of the growing season as Lhe matured planis begin tn dry

out .
To obtain ET from the waler balance one must have accurate

measuremnants of all other terms of the equation.

It is relatively easy to measure the amount of water added to
the field by rain and irrigation (P + I}, though it is necessary to

consider possible nonuniformities in areal distributien,

The amount of runoff generally is {or at least should be) small
in agricultural fields and particularly in irrigated fieids, so that it can
sometimes be regarded as negligible in comparison with the major components

af the water balance.

If runoff nccurs it should be quantified. For short periods,
the change in snil water storage A5 can be relatively large and must be
measured. This measurement can be made by sampling perindically or by use

of specialisged instruments viz. the neutron moisture meter.

During dry spells, without rain or irrigation win = 0 so that

equation {5) becomes:
45 = - D - ET (6)

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

water storage 83 equals the sum of D and ET.

Common practice in irrigation is te measure the total water
rontent of the root zone just prior te an irrigation and to supply the
amount of water necessary to replenish the soil reservoir to some maximal

12 -



wiaker conlent, generally tuken to b the field capacity. Some have tended
Lo assume that the delicit ol so1l woisture which develops betwean rains or
irrigations is due Lo evapotranspiration only, thus disrepgurding the amount

of water which may flow through the battom of the root zone, either
downward or upward. This flow is not always negligible and has to be taken

inta account in searching of an optimal water use efficiency.

Following questions can be ausked:

1. What is the lower limit of the soil water content in the profile in
order to avoid a decrease in yield
2. What is the upper limit of the s0il water content in the prafile in

order te aveoid lnss of water through percolation at greater depths.

It should be ocbvious that measurement of root zone or subsoil
water content by itself cannot tell us the rate and direction of soil water
movement. Even if the water content at a given depth remains constant, we
cannot conclude that the water there is immobile since it might be steadily
through that depth (figure 1),

3 -3
soil water content 8 {em”.cm 7)

4

roaot zone
depth

water last te evaporation
and drainage?

I1 : water lost to evaporation
and/or drainage?

depth z (cm)

Figure 1. 5eil water content profiles.

- 13 =

fynulumyLrir measurements can, however, indicate the directions

and magnitudes of the hydraulic gradients through the profile and allaw us

to locate the zones of upward and downward water movement:.
4.2. S0il water content profile - Soil water storage.

The snil water content profiles can be established at different
times by lowering a neutron probe at different depths and measuring the
counts per minute at some reference depths. Using the calibration curve
the soil water content profile, relating the measured points as given in

figure 2, can be established.

s0il water content § (cm3.cm_3)

—

(cm)

z

Depth

[ —

Figure 2. Soil water content profile.

When the soil water content profile is presented in
one-dimension and moreover independent of the chosen vertical axis, the
volume of water in the vertical soil column with a cross-section A and

limited between levels 21 and 22 (figure 2) equals:
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6. v A 0. dxz Ml

Y.l 'ﬂl

ar per unit area, equation (7} becomes:

Z.,
:

8 . dz = 5 (zl.zg) (8)

%1

where S is called the soil water storage with dimension length allowing to

compare it with precipitalion or the amount of irrigation water.

The value of the cumulative storage between the soil surface
and different depths is calculated by integrating the soll water content
profile. This integration can be easily done by asgsociating the water
content measured at level 7, to the 10 cm seil section surrounding this
level, except for the measurement done at the depth z, = 10 cm which is
associated to the soil section extending from 0 to 15 cm. "If water storagé

is expressed in mm water, the storage to depth zj will equal therefore:

=1, 3] ] @ cesaa ] e 58, 9
Sz‘j 1.5 1w Pt Pt L + 0.5 J) x 100 (9}
Example

Soil water storesge at 50 cm soil depth (figure 3)
SSO = 150 x 610 + 100 x 820 + 100 x 630 + 100 x eAO + 50 x 950

= (150 x 0.1) + (100 x ©.15) + (100 x 0.20) + {100 x 0.25)}
+ (50 x 0.25)

= 87.5 mm water

or 5_. = 100 {1.5 8 )

0 8
50 AL LYo

=} .58
+ 40) + 0.5 5

10 30 G

Let us consider a soil layer with thickness 4z at depth z {axis

02 positive downwards) and with a unit cress-section area and a soll water

content’ @ (cm3.cm_3l.

501l

f =
deptr

v e
o
0
5
¥ -
I -
Som o
oW vl
i _ 1
(0 0.10 SN AN .20 0.25 B (oem’
Y —
150
0 1
100 20
g -
100 +
30
]
2
100
v T
50
¥ e b o e e e e

VZ {cm)

Figure 3. Calculation of soil water storage.

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

~ vapor diffusion from the soil and plant to the atmasphere in function
of the energy received by the soil and the vegetation {evapo-
transpiration}

- infiltration of rainfall or irrigation walter.
If we consider water logs AS over period 4t as presented in
figure 4, the fnllowing questions can be asked:

-~ what fractinn of 85 is due to evapa(transpilration

- what fraction of 45 is5 due Lo drainage

L0
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ol waler contoent o
-
S D 7
4;2%2;52;)
22 _— e e — = e
o
=
33
o
@
o
\
t + At t

Figure 4. Soil water content profiles at two different times and soil

water storage (AS) between z, and Z,e

5. Hydraulic head profile.

The basic flow equation for describing the waler movement in
saturated soils and conceived by Darcy was extended to unsaturated flow and
if we assume that the transfer essentially occurs in the vertical

direction, Darcy's law is expressed as (figure 5):
dH
= 8) —
q = K(e) az (10)

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

per unit time

K(8) = the hydraulic conductivity and function of the soil water
content

dH = the difference in hydraulic potential

dz = the difference in distance over which the difference in
hydraulic potential is measured

dH/dz = the hydraulic potentiul gradient or the driving force

- 17 -

Az

Figure 5. Darcy's law describing vertical flow in the soil profile.

and where: H=12z+h (11}

p=3
I

= matric patential or soil water pressure head

z = gravitational potential or gravitational head.

The negative sign in equation (10) indicates that the driving
force and the ensuing flow of water are directed towards decreasing vzlues

of the hydraulic potential,

Therefore upward or downward flux in the profile will depend on

the sign of the hydraulic gradient.
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n figure & oare presented Lhe most feequent ocouring hydeaadie
head profiles.  In this example a watertable occurs at a shallow depih. At
that depth (Z t.l there 15 atmospheric preassure, while the soil waler

“

pressure head eguals zero so that equation (11} becomes:

Hwt T
The profile [n figure 6c shows that the hydraulic gradient
close to the soil surface is positive (dH/dz > 0), so that equation (10)

becomes negative (g <0).

This means upwnrd flux-supplying the demands of evapn-
transpiratinon. Under point A the water flow is in the opposite way, namely
downward flux - representing drainage to the groundwater table. [ndeed,
dH/dZ < 0 and cnnseguently g > 0. In A, q equals zero because the

hydrauiic gradient diH/dz equals O and that level is called "plane of zern

flux" .
flux", z

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

greater depth with time.

6. Transfer of water in an unsaturated soil.

Let us consider a volume of scil of thickness fz and a unit
section where the change of water content is 48 during a time interval &t
{unsteady of transient flow process), the mass conservation law, expressed
in the equation of continuity states that if the rate of inflow into the
volume element is greater than the rate of outflow, then the volume element
must be storing the excess and increasing its water content (and

conversely, if outflow exceeds inflow, storage must decrease).

For a one-dimensional flow with a, being the flux in the

direction z the contipuity equatien in general can be written as follnws:

Hicm) er [ tieml le
- . &
=y &

q < 0

unsaturated
zone

o

=
[}
El
=+
o

q <0

Al-----

q> 0

R S 3

wt

N

Hydraulic head profiles.

Figur

f = {cm)

wi

¥z (cm)
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e (12) -

where: g - flux

6 = volumetric soil water contuent

t = CLime e | ____

z = distance

Equation (12) applied to a soil element as given in figure 7
can be oblained by identifying the difterence between the mass of water z,
entering by one face and that leaving the other face during the interval At
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 expressed as:
ﬂw (ql - qz) At - pw AR Az (13)
z #, t + AL

where: Q, = flux entering the upper face

q2 = flux leaving the lower face

B, density of water

Figure 7. Equation of continuity.
or:
A8 Az It is alse necessary to determine the flux flowing through the
(Q2 ) ql) TToar (s other face:
Eguation (14} can also be written as: : - either by applying equation (10) if the hydraulic conductivity K(8) and
the hydraulic gradient dH/dz are known in this section
45 ~ or by fixing the level of this face at a depth where the flux is known
9 74 2R (15)

{normally z where g = 0 viz. where dH/dz = 0).
Th ‘mul sh hat it i ible t
tis last formula clearly shows that i s ?ot pnssible to In this case, equation (15) becomes:
obtain the flux through either faces or the volume of water flowing by a
unit surface of soil gq.at, from the single measurement of the variation of

q, =
water storage in the element of volume taken into acceunt. 1 at

The lalter situation is presented in figure 8 and often ocours
in the field. 1t allows to estimate the evaporation and/or drainage

directly from soil wzter content measurements.
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Figure 8. Calculation of evaporation using soil water content and
hydraulic head profiles.

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

follows:

LN
T3 -z {186)

where J{z,t} is the soil water extraction by the roots per unit volume

of soil and per unit of time

7. Water balance under bare and cropped sail.

The field water balance eguation of a certain volume of snil

during a time perind At can be written as follows:

3]
[AS] .- P+ I -FET {or £) - q? - R (17}
= - r

I
whiere ["\?] is the change in soo ) waler ctarage between son ] surface
YA
and 2 oemodepth
P s the precipitation
I 1s the irrigation water applined
ET is the actual evapotrunspiration in case of a cropped soil

E is the actual evapotranspiration in rass of a bare s0il
a, is the s0il water flux at a depth Z

R 15 the surtace runolf wite

ALl variables, soxcept Et {or K] can be measured in the field
(figure 9). The main difficulty in solving the water balance equatinn is
the #stimation ot the soil water flux component, which will depend on the

precise knowledge of the hydraulic properties of the snil profile.

Prccl:ﬂt-llan {+) freigation [+)
Pl

. (1}
4
] L
Evapotranapiration {-}
(ETR)

Evaporation {-)
Runarf {-)
: > (R}

.._._._{ _____ -y Roating
[ depth {z_)

85 - P + 1 - ETR for E} » q_ - R
- ]
T

Figure 9. The tield water balance equabion.
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11 H equals wero, Lhe acusaremants ot 85, P oand 1 are

insutticlient too determine accorately F1 (opr E).

One needs, Lo know the tiux qz. T solve this problem Darcy's

law for vertical flow in the unsaturuted zone is used:

dH

q, = - K(8) G (18)

Z

Knowing Lhe hydraulic conductivity of the soil at a certain
50i) water content 8 and soil depth z, it is possible to estimate the

evapnration or crop evapolbranspiration according te following equation:

At (19)

0
ET:P+I+R—[AS] +l-<(ti)gﬂ
- dz
o z z

We shall discuss now different situations occuring under bare

as well as under cropped sails.

7.1. Bare snil,

The vertical one-dimensional water flow under bare soil is

controlled by following equations:

- continuity equation:

¢ 3g
it T az t20)
- Darcy's law:
dH
q = - K(®) a9z {21)

Integration of equation (20) between the so0il surface (z = 0}

and a well detined depth z gives:

q{z,t) -~ g{0,t) = -

] édz

al0,1) = qlz,t) + ——g— (22)

P2
where: odz represents Lhie walepr slorage tn the soil profile from the soil
9] surtace to depth ¢ at Lime t and which can be caleulated from
Lhe soil water content profiies.
qf{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. Existence of a plane of zero flux in the soil prefile.

From the hydraulic head profiles, measured by tensiometers, a

plane of zero flux at time t and at depth z. can be observed (figure 10).

Q

-150 -100 -s0 o tl .32 0.8
. o, aay®
. =2 N . -—in
z * 2%
- - “ﬂia
b e - (RO
g ity .
- '-tua"’
L] -
- | }
,, . s s
I =,
. / / ¢/ i Y
1y b1 .
or g —llllg

epoaition of tha tanslomeiber cup

Figure 10. Diagram illustrating the calculation of snil moisture fluxes
when a plane of zero flux (zo) exists in the reoting zone.

The average plane of zero flux during a time interval At (being
t2 - tl) is laken as the average depth of the plane of zero flux at the two

different times, or

- zo(tl) + ZO(t2)
0 2

Consequently q(Eo,t) equals zerc and equation (22} becomes:

z o]
3 0 6dz [ﬂ ]—
0 ) %o
at - AT (23)
- 26 -
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The evaporalion is than given by

i

“,

0

The variation of the waler storage between the soil surface and
the mean plane of zern flux gives directly the evaporatinn if P, [ and ¥

are 7ero.

The drainage Tlux at a depth z, below the plane of zero flux

can be calculated in Lwo ways:

1. by means of the plane nf zero flux since the drainage will be egual to

the change in storage between zO and zr during the time interval at, or:

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

—, dH
a, = - ko) dzl,
r r

The locaiization of the plane aof zero flux is not always very
easy. The precision of the localization can be improved by increasing the
number of tensiometers and the subjectivity introduced by the reader of the

hydraulic head profiles by using spline functions,

The calculation of the soil wnter storage variation can also be
inaccurate when this variation in snil water content is very low and so
differs little from the statistical errors proper to the neutron probe
measurements. In order to increase the precisicn, the time interval could
be increased. To increase also the accuracy of the calculation it is
desirable to measure the snil water content as near as possible to the soil
surface. Therefnre a surface neutron probe is necessary or a special

calibration for the surface layer with the normal depth probe.
7.1.2. Absence of a plane of zero flux in the sail profile.

From the hydraulic head profiles the plane of zeran flux cannot
be located (figures 11 and 12). The absence of this distinct plane of zero
Plux in the so0il profile indicates thal one of the two extreme ronditions
iL.e,continunus drainage or continunig upward water movement oocours.
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Figure 11. Diagram illustrating the calculatien of snil moisture Flux
under continuous drainage condition.
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Figure 12, Diagram illustrating the calculatien of so0il moisture flux
under continucus evapetranspiration {or evaporation).

To determine the evaporation one has to estimate, using equation (22), the

flux at a depth zr: z

al0,t) = qlz b} 4 i



whiere s

r -0
u gz [AS}
- Z

[} . r
at ) At
and:
—, di
alz b)) - - K{8) az
z
r
The latter relation assumes the knowledge of the hydraulic
conductivity related to an average moisture content 8 and gﬂ being the
z

z
r

average hydraulic gradient during the period considered. The hydraulic

gradients are derived from hydraulic heads cbtained from tensiometers

situated just above and below zr. puring continuous drainage the hydraulic

gradient remains negative over the whnle profile, while with continuous

upward flow the hydraulic gradient is positive.

Using equation (19}, the evaporaton can easily be calculated:

Z
. —
E=b+L+K=~& sdz - (-K(®) 0| )at
%
L8] r

7.2. Cropped soil.
In a soil with a vegetation the continuity equation is written
as follows:

]
3

@

- ERITR? (24)
Az

o

where J(z,t) is the scil water extraction by the roots per unit volume of

scil and per unit time.

The evaporation exchanges between wsoil and atmosphere are due

to:

- the evaporation through the soil surface:

q(0,t)

- 29 -

— the transpiralion ot Lhe plant:

Zr(t)
T(L) - - Jiz, L) dz

-

™

where zr( is the maximum depth of the root zone at well defined time.

t)

Integration of equation (24) between the soil surface (z = 0)

and a depth z gives:

O
a,t) = M
q(o,t) glz,t) + it + Jdz

which can also be written as:

] ad
2 zr(t) z

gqlo,t) = giz,t) + —

+
G
[
3]
+
[
c
&

so that:

q(0,t) + T(t} = qlz.,t) + EE adz + Jdz (25)

Two cases are pessibles

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

a. If there is a mean plane of zern flux (Eb) located under the maximal

root depth (figure 13) equation (25) becomes:

iy aS _
Q z
3 8dz - 2 (26)

q(0,t) + Trit) = a3t . ot

The crop evapatranspiraticn can be estimated as follows:
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Figure 13. Diagram illustrating the calculation nf crop evapotranspiration
when the plane of zero flux is located under the maximal root

depth (zO > zr).

b. If the mean plane of zera flux (Eb) is located within the ront zone
(figure 14} equation (25) shows thal the term
Z
J{z, t)
zr'(t)
is unknown and couldn't be measured by a simple method. One has to

consider a plane 2 > zr(t) and the integration of equation (24) pives:

ql0,t) v Te(t) - gl L) 4 ;~ fdz (27)

Wi

qlz o t) - - ¥in)
mn

dt

s 3
and:
&)
Z .
3 ! 0ds . o
st - X
:
E
H ¢l
P —— 6
~ : >
- - \ ﬁ__T_ !
\ 1
zZn T
t? tl
Y-
Figure 14. Diagram illustrating the calculation of Lhe Crop evapo-

trangpiration when the plane of zero tlux is localed within

the roolzone.
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This meuns thal in order Looestimnate H'l'(T using equation (19}

thee hpdranlie conductivity relbaten Tooan averape soill water content g oand

il

E ”
, being the mean hydraulic gradient, the change of soil water 4 h
dzlz ,-d > v
" storage, P, [ and K during the period under investigation, have tn 3
be known
“n — @ '
E[‘CF:P+ILH~A hdz—(—K(B)az)At
0
[
7.2.2. Absence of a plane of zerc Clux in the profile (figure 18). :
If no plane of zern flux is present the situation is the same
as whepn a plane exists but within the root zone. Cne has tn consider a
plane z, located under the root zone (zr). The ETcr can be estimated in
the following way: n a. = - K@) :_H W
--- z]|z k
f
z — - > 0 'Y
n _ d_H o —_ V ]
ET_ =P+ T 18- Wz - (- K(8) dzhz ) ot H delz 2 . K
o 2 1
1if
a
dH . . ,
3z |2 <0 a, > 0 which means downward flux through level z, i
n n . . Tr
{figure 1%a)
ifs &
dit
az |z > 0 q, < 0 which means upward flux through level z,
n n .
{figure 15b) E
H ]
ol h. .
3 I
! . .
di k
-4 = - K(@) =— »
%n K(e) dz |z *
- 33 - n
< 0




COMPUTATION OF SOIL WATER FLUX

Dr. ir, H. Verplancke

The tlow of moisture through the soil can be calculated by Darey’s equation

sh
q=-K -

§5Z
h=yp+z

given measurements of mateic head y at different depths z in the soil and knowledge of the
relationship between hydrautic conductivity K and .

Fig. 1 shows profiles through time of moisture head measured by tensiometers
located at soil depths 0.8 m and 1.8 m. The total bead h is found by adding the measared
matric polential head  to the depth 2 at which it was measured. These are bath negative @ z
because it is tiken as positive upward with 0 at the soil surface, and ¢ because it is a suction
force which resists tlow of moisture away from the focation.

Example
Calawdate the soil moisture flux g (cm/day) between depths 0.8 m and 1.8 my in the soil. The data

for the total Tead at these depths are given @1 weekly time intervals in columns 2 and 3 of Table 1. For this
sodt the relationship between the hydrondic conductivity and matric head is

K o250 (9t
where K is in contimeters por day and 3 is in centitneicrs.

Solution

Darey's equation is rewritlen for an average flux g, between measurement points |
and 2 as

h, - h,
Gy = - K omemeeees
7 -y
In this case, measurement point 1is at G8 moand potmet 2 at 18 m, so 7 = 80 am,
7, = -1 em, and 7z -7, = 80 - (-18) = 100 cm.
‘The matric head at cach depth is ¢ = h - z. For example, for week Tat 0.8 m, h) =
- 145‘ S0

¥, = hy-z; = -145 - (-B0) = -065 cm, and s, = -230 - (-180) = =50 ¢, as shown i columns
4 and 5 of the table

The hydrlic conductivity K varies with g so the value corresponding 10 the
average of the i vidues at 08 moand L8 m s used,

1

Far week 1L the average matric head is ¢, = [(-530) + (-05)]/2 = -57.5 con; andl the
corresponding hydraubic conductivity is K = 250(-y TV o 0L.0dK4 cm/day, as hown in
column 6.

nv)

The head diiference hy - hy = (~145)-(-230) = 85 cm.

The soil moisture flux between 0.8 and 1.8 m for week 1 s

85
= - DO4RY —e-

= - 00412 em/day
as shown in column 8. The flux is negative because the moisture is flowing downward.
The Darcy Nux has dimensions [L/T] because it is a flow per unit aren of porous
medium. If the Hux is passing through a herizontal plane of area A = 1 m?, then the volu-

metric flow rate in week 1 is

Q=qA

H

- 0.0412 em/day x 1 m?

|13

42x w0t m!/dzly

- 0.412 liters/day

Table 1 shows the Hux calculated for all time periods, and the computed values of ¢,
K and
hy - hy are ploted in Fig. 2. In all cases the head at 08 mois greater than that at 1.8 m so
maisture is always heing driven downward between these two depths dn this example. Tt can
he scen that the flux reaches a maximum in week 6 and diminishes thereafter, because both
the head difference and the hydraulic conductivity diminish as the soil dries out. The figure
shows the importance of the variability of the unsaturated hydraulic conductivity K in
affecting the maoisture flux g. As the soil hecomes wetter, its hydraulic conductivity increases,
because there are more continuous fluid-filled pathways through which the flow can move.

The complete picture of rainfall on the soil and the soil moisture head at various
depths is presented in Fig.d. Rainfall during Aprit and May flows down into the soil, reduc-
ing the soil matric head, but later the soil dries out by evapotranspirition, causing the matric
head o increase again, The head profile at the shallowest depth (b4 m) shows the greatest
variability and the fact that it falls below the profile at 0.8 m from the heginning of June
onwards shows that during this period, soil maisture flows upwards between these two depths
to supply moisture for evapotranspiration.
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Fig. 2 Computation of the soil moisture flux
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Computation of soil moisture flux between 0.8 m an

Table 1

d 1.8 m depth

1 2 3 4 3 b 7 3
Total Total Suction  Suction Unsaturated Head Moisture
head h, head f; head gy Ui hvdraulic difference flux g
4t0.8m ati.8m at08m atl8m conductivity K hy —hy
Week (cm) {cm) vcm) {cm) cm/day) (cm) {cm/day)
] — 143 =23 - 63 —30 T 0484 83 ~0.0:12
2 — 1A5 -1 -3 —33 T30 70 —0.0224
: —-130 — - -0 ~60 10532 110 - —0.038:
3 - 140 — 22 - 60 —60 20443 100 —0.0123
3 -125 —-2:0 —45 —60 10587 115 —-0.067:
6 — 105 230 —125 -30 31193 125 -0.1192
* —133 — 215 —53 —135 20812 80 —0.0630
g — 130 —230 -0 —-30 2.0443 80 —0.033<
9 — 163 —20 -85 —60 0.0297 75 —0.0223
10 - 190 —2:3 -110 - 65 J.0200 53 —0.01i0
i1 -220 —2:3 -130 —-15 3.0129 35 —0.0045
12 ~230 — 263 —150 —85 3.0107 35 -0.003%
13 - 255 —271 — 173 —95 7.0080 20 —0.001%
14 -280 - 283 =200 —105 7.0062 5 —0.0003
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