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1 Infroduction

1.1 Purpose

The continuing interest in water relations between soil and plant has
stimulated many studies on the factors that control the water balance
of the soil. Especially the processes that govern water storage and move-
ment in the soil below and above the watertable, the evapotranspiration
of green surfaces, the status of the water in the plant and the opening
condition of the stomata have been studied extensively and with con-
siderable success,

Still badly understood are the factors that control the exploration for
water of the soil by roots, both with respect to the growth and develop-
ment of the root system and the movement of water towards the roots
and its uptake.

Nevertheless, there is sufficient information to make it worthwhile
simulating the water balance of the soil. Then the depth of the water-
table and the amount of water in the soil above this table can be con-
tinuously computed based on macrometeorological data, the physical
proporties of the soil, the hydrological situation of the field and some
pertinent data on the crop cover throughout the year.

This monograph present such a simulation, which includes the physical
and plant physiological aspects as far as possible, but in which also
some bold assumptions are made where this is necessary.

Simulation is a very unsatisfactory tool, if validation is impossible.
However, this is possible here because the water balance of a small
polder in the Netherlands has been recorded and analysed for many
years,

1.2 'The Rottegats Polder

Already 30 years ago, a committee was set up in the thherlands to
study the water relations of cropped areas and so increase knowledge
about evapotranspiration from vegetation and bare soil surfaces. As
a first experimental tool, the water balance method was chosen, The
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Rottegats Polder in the North East of the country was a suitable iso-
lated unit because it contained no underground water sources or sinks,
the in and outflow of water could be determined at a pumping station
and the watertable was very uniform. Thus the whole polder of 86 ha
could be used as a lysimeter. In addition 4 plots of 25 x 25 metre were
laid out on an experimental field of 1.5ha as smaller lysimeters.
Drainage pipes were laid 5 metres apart and each plot was surrounded
by a closed main drain. Since it was found that in this way the plots
were not sufficiently isolated, each plot was surrounded in 1950 by a
wooden wall to a depth of 3.5 metre in an impermeable clay layer. The
whole field, including the plots, was covered with the same crop, which
varied from year to year. It turned out, however, that in the plots the
wateriable fluctnated considerably.

The inflow and outflow of water, the soil moisture content, the depth
of the watertable and the relevant meteorological data were recorded.
The meteorological observations were done several times a day and the
inflow and outflow through the pumps were also recorded continuously.
At first soil moisture content was determined every month by sampling
in the proximity of the plots, but from 1960 it was determined every
14 days by a neutron moisture meter in access tubes on the plots
themselves, :

The watertable has been recorded twice a week since 1958. The lysi-
meters and methods have been described and a vast mass of data have
been analysed in a series of publications by Bloemen (1966), Deij (1955,
19.§6), Hooghoudt (1952), Makkink et al. (1966), Peerikamp (1955),
Rijtema et al. (1968), Stam (1946, 1952), Wind (1958). Evapotranspi-

ration. as the final unknown, was calculated from the water balance
equation: : : -

Evapotranspiration = rain + infiltration — run-off — difference in soil
. moisture content at begin and end of the period.

In addition, the Royal Netherlands Meteorological Institute (KNMI)
equip?cd the observation field in the Rottegats Polder for the deter-
mination of evapotranspiration by means of the vapour transfer
: methf)c_i through the air. This was done by measuring wind speed and
2;1m1d1ty at 25, 50, 100 and 200 cm above the soil or the top of the
op_ s . . i . . . . : :
In t‘his mono graph, the data from the lysimeters are used for evaluating
a simulation model of the water balance, which is constructed from
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information about the processes that take part. As input it only needs
the macrometeorological weather data, soil physical parameters, the
crop rotation and a few measurements of crop height.

1.3 The simulation approach

The plant soil system is subdivided in compartments, which may con-
tain water, The rates of transfer between the compartments is dependent
on a quantitative formulation of the relevant processes. At any mo-
ment these rates depend on variables such as: the meteorological data,
the crop cover and height, and the water content of the compartments,
When at an instant of time, the rates of transfer are computed, they
hold for a small time interval, after which the new state of the system
can be calculated. The principles of the simulation of such state deter-
mined systems are described in another monograph of this series (de
Wit & Goudriaan, 1974).

However, the present approach differs in various respects. The first
difference concerns the choice of time interval. The processes with
small time constants, like the change in adhering water on the crop or
in standing water on the soil surface are rapid. Their time constant,
defined as the ratio of amount of water and the rate of change may be
of the order of minutes. In systems that are really state determined the
time interval of integration would also be of the order of minutes.
Hence far too many steps would be needed to simulate the water
balance throughout a year. A good compromise would be a time inter-
val of integration of 0.2 days, but this necessitates the introduction of
some artificial procedures to treat processes requiring a smaller time
constant. In order to avoid that within such a time step more water is
removed from a compartment than it contains or that more water is
stored than is possible, limiting funcﬁons of the following kind are
introduced: :

ES = MIN(S, /DT, EOS) -

where

ES . is evaporation of snow (mm/day) S

S,_; is the content of the compartment for snow at time t— 1 (mm)
DT . is the time interval of integration (day)

EOS is evaporation from snow according to the Penman formula

. {mm/day)



MIN determines the minimum of the values between brackets.
Hence, if EOS is greater than 8,-,/DT, the integration is performed
according to

S = 8,1 +(8;~,/DT)* DT = §,., —8,-, = 0.

In this way the compartment is emptied. This occurs within a part of
the time interval, which equals (ES/EOS) * DT. In the remaining part,
i.c. (1 —ES/EOS) * DT, the soil is then free from snow, and water may
evaporate at its computed rate from bare soil. Hence, it is essential to
compute first the evaporation rate from the snow and then that from
the bare soil. This consecutive computation rather than parallel
computation, which is done in simulation programs with small time
intervals, is the disadvantage of using too large a DT,
The second difference concerns the division of the soil in compartments.
If there are many small compartments the time interval of integration
is of the order of seconds. In each small compartment it may be as-
sumed that the water is equally distributed. This is not so in a large
compartment and therefore some assumptions are necessary about the
water status in the soil.
To describe the condition of water in the soil only thc mechanical
forces moving water through the soil are considered. At a specific point,
water in unsaturated soil is under a negative pressure compared with
free water. By using the term suctlon for negative pressure, the minus
sign is avoided.
The average moisture retention curve (pF curve) of the soil gives the
relationship between r.oisture content and suction. The water in the
soil is at hydrostatic equilibrium when there is no flow of water in the
soil, i.e. when at every point in the soil the moisture potential in cm
water suction equals the distance to the watertable (Fig. 2a). From the
pF curve are derived the equilibrium curves of Fig. 27 (the saturation
capacity), Fig. 8 (the water missing from the soil, that is the difference
_in water content between saturation and hydrostatic equilibrinm),
Fig. 13 (the available moisture capacity) and Fig. 25 (the capacity of
available water).
When there is more water in the soil than at hydrostatic cqulhbrmm,
this water can be anywhere in the unsaturated soil (Fig. 2b) Because it
is pot possible to ascertain the position of this amount, it is assumed to
be equally distributed over the unsaturated soil, When there is less water
than at hydrostatic equilibrium, it is assumed that this missing water
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has left the soil by evapotranspiration and comes from the layer of the
unsaturated soil in which the plant is assumed to root (Fig. 2¢).
The plant can not extract all the water from the soil, When the suction
of the soil moisture is at a value of 16 atm. (pF = 4.2, the permanent
wilting point), the plant is unable to extract water from the soil
(Fig. 2d).
The water in the soil can be further divided into capillary and micellar
waler, the micellar water being between the particles of the clay minerals.
When the clay dries out, it shrinks and the space between the particles
becomes less. When the soil is rewetted, the entry of water into the
spaces becomes very slow.
The third difference is in the use of the programrmng system in various
monographs of this series the programming language (CSMP) Con-
tinuous System Modeling Program has been used. This language was,
however, not available for the Controle Data Computer that we used
when this programming work started. Moreover, by introducing a few
subroutines and organizing the program to ensure that integrations
were semi-parallel and rectilinear, we found FORTRAN to be very
practical for the present book-keeping program. These subroutines are;’
the minimum function, MIN(A, B) which determines the minimum of
the values between brackets, '
the maximum function, MAX (A, B) which determmes the maximum
of the values between brackets,
the interpolation function, INPOL(Y, X) which determines by lmear
interpolation in a graph Y, X, the Y value of the point for which the
X value is given. The graph Y, X is given as a table of Y values at
equal intervals of X,
The inswitch function, Y = INSW (X, X,, X;), which means:

Y = X, when X, <0, Y=X; when X, >0. ,
The semi-parallel integration is ensured by distinguishing the contents
at time (t— 1) and time t. The rates of transfer are calculated, based on
the contents at time (t— 1). Subsequently the integration is done accord-
ing to

CONTENT, = CONTENT,_ 1+RATE*DT

for all compartments.
This notation is followed in the text, but in the computer program
itself the subscripts are omitted.



The relevant rates were converted into amounts of water and totalized
and the iteration procedure was repeated. The output was printed out
after the rate calculations and before the integration,

The fourth difference is that some processes had to be simplified. In
general rate calculations are based on knowledge of the processes
involved as far as possible, but here some parameters were taken from
field observations and others were calibrated by comparing observed
and simulated results.

For this purpose, only the data of 1959 were used, this being a year
with wet and dry periods that were long enough. The parameters were
calibrated within periods where their influence was decisive.

Without adaptating the parameters further, the whole program was
then validated by comparing observed and simulated results for the
year 1958, which had quite different weather and another crop.
Moreover, the program was evaluated by simulating the water balance
in years under grass and its results were compared with observations.
Parameters were independently evaluated from a water management
study carried out by the Province of Gelderland. In this Province a
detailed hydrological study was made of the catchment area of a small
river, which is fairly represcntative for the sandy area in the Eastern
part of the Province. The program was the same as that developed for
the Rottegats Polder. The 1965 data were used here to calibrate soil
parameters and then the program was again evaluated from 1964 data.



2 Program description

2.1 Compartmentalization

The plant soil system is subdivided in compartments for water storage
as follows (Fig. 1):

OEEEHEE
B

Fig. 1 | Compartments for water storage.

Solid precipitation (S) such as snow and hoary frost. This remains
much longer on the field than rain before it ends up in drainage water
and prevents evaporation from the bare soil and transpiration from
the crop. The capacity of S is unlimited.

Water adhering 1o the vegetation (A). The adhering water comes from
the dew that is formed at night and the part of the precipitation that
does not reach the soil. The evaporation of this adhering water reduces
transpiration. The capacity of A depends on quantity and type of crop.
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Puddles (P) that are frequently formed on heavy clay. They drain also
slowly by surface run-off to the ditches. The capacity of P is set at
1.5 mm,

Unsaturated soil (U) is that part of the soil above the watettable. From
here the crop removes water for transpiration.

"The capacity of U depends on the kind of soil and the depth of the
watertable. The depth of the watertable is changing continuously and
therefore the capacity of U also changes every time interval. :

Saturated soil {G) is that part of the soil beneath the watertable down
to an assumed basic surface below the lowest water depth. The content
of this part of the soil is required for the calculation of the watertable.
The capacity of G is changing for the same reason as for U.

Micellar water ( M}. In heavy clay water is present in the capillaries and
between the particles of the clay minerals. The latter is the micellar
water. The flow of micellar water to capillary water is a rapid process,
in the opposite direction it is a very slow process (Makkink & van
Heemst, 1965). The capacity of M is constant for a specific soil.

Transpiration zone (T) is that part of the unsaturated soil in which the
crop is supposed to extract water. The content is required for the cal-

culation of the transpiration. The capacity of T changes w1th the
development of the crop,

Evaporation zone (E} is the bare part of the unsaturated soil which can
be depleted by evaporation. The capacity is set at 10 mm.

The available content of the unsaturated soil (UAV) and the transpi-
ration zone (TAV). The content consists of water held at a suction
lower than 16 atm. in the unsaturated soil and the transpiration zone.

The capacity of UAV is changing with the capacity of U, the capacity
of TAV is changing with the capacity of T,

The unavailable content of the unsaturated soil (UNAV) and the tran-

.s'plranon zone (TNAV). The water held at a suction of 16 atm. or more
is unavailable for the crop. .

The capacity of UNAV is changmg with the capac;ty of U, the
8



capacity of TNAV is changing with the capacity of T.

The content at hydrostatic equilibrium of the unsaturated soil (UEQC),
the transpiration zone (TEQC) and the evaporation zone (EEQC).
For a description of the equilibrium content see section 1,3 and Fig. 2a.

The missing water from the unsaturated soil (UEQA), the transpiration
zone (TEQA) and the evaporation zone (EEQA) when these compart-
ments are at hydrostatic equilibrium,. '

For a description of this missing water see Section 1.3, and Fig. 2a.

The deficit (UEQD) and surplus (UEQS) with respect to the equilib-

rium content of the unsaturated soil. For a description of these com-
partments see Section 1.3 and Fig. 2b and 2c.

su

DeT

! o
s EOD

EQA
pPT —
06T

Fig. 2 | The water status in the unsaturated soil. (SU = surface, DGT =
depth of watertable, DPT=depth of transpiration zone, EQC = water
content at hydrostatic equilibrium, EQA = difference in water content
between a soil at saturation and at hydrostatic eqguilibrium, EQD = deficit
above the deficit at hydrostatic equilibrium, NA = not available water,
AVC = available water at hydrostatic equilibrinm),



The amount of water entering the unsaturated soil at time t (WT), This
amount is necessary to calculate the immediate percolations,

The micellor surplus (MS)
This amount of water is necessary to calculate the dehydration.

The water refilling the unsaturated soil (RFU)
This amount is necessary to calculate the rehydration.

2.2 Computation of contents

The symbols of the compartments for waterstorage are used as
‘contents’ in this chapter,

221 Snow (S, mm, Fig. 3)

AT
SPR ES

(s ]

f o Msv\ -
MSP 3
A MSU

E ;

Fig. 3 | Relational diagram for the snow compartment.

The compartment for snow is filled with solid precipitation {(SPR)
either snow or hoary frost. The snow disappears by evaporation (ES)
and by'melting. The melting snow ends up as water adhering to the
vegetation (MSYV), in the pools on the bare soil (MSP) or when there
are no pools, in the unsaturated soil (MSU). The balance equation is:

S, = 8,4+ DT » (SPR—ES—MSV—MSP—-MSU) .
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Sp being measured or set at zero.

2.2.2  Adhering water (A, mm, Fig. 4)

FPRV EA
MsV _

Fig. 4 | Relational diagram for the compartment of adhering water.

The compartment for adhering water is filled by fluid precipitation
(FPRYV), including dew and by water from the melting snow which may
have settled on the vegetation (MSV). The adhering water disappears
by evaporation (EA) and by dripping into the pools (DRP), or in .the
absence of pools in the unsaturated soil (DRU). The balance equation
is: .

A;=A,_;+DT * (FPRV+MSU—EA~DRP-DRU)
With A, set at zero.

2.2.3 Pools (P, mm, Fig. 5)

The compartment for pools is filled by fluid precipitation, mcludlng
. dew (FPRP), by water from the melting snow (MSP), the water
dripping from the vegetation (DRP) and water rising from the saturated
soil when the watertable reaches the surface (GP). The content of the
pools disappears by evaporation (EP), by surface run-off into the ditch
(OFLD) and by infiltration into the unsaturated soil (IU) or when the
watertable reaches the surface by infiltration into the saturated soil
IG).

11



AT

MSP, EP
FPRP A
[P ]
U
GP
¢
OFLD G
BITCH

Fig. 5 | Relational diagram for the compartment of the pools.

The balance equation is:

P,=P,.,+DT * (FPRP+MSP+DRP+GP—
-OFLG-IU-1G-EP)

P, being estimated or set at zero.

- 2.24 The unsaturated soil (U, mm, Fig. 6)

Fig. 6 | Relational diagram for the combartmeﬁt of the unsaturated soil.

12



The compartment for the unsaturated soil is filled by fluid precipitation,
including dew (FPRU), by melting snow (MSU), by water dripping
from the vegetation (DRU), by water infiltrating from the pools (IU),
by water from the dehydration of the compartment for micellar water
(DHY) and by water from the saturated soil by capillary rise (CAP).
When the watertable is falling the remaining water content of the layer
between two consecutive watertables is transferred to the unsaturated
soil. We assume that this content is at hydrostatic equilibrium. When
the watertable is rising the appropriate amount of water is transferrred
to the saturated soil. This is an apparent transport (APTR), because
the water is not flowing but the boundery line between saturated and
unsaturated soii is changing.

When ice forms and melts in the unsaturated soil, the content of the
compartment is not changed and there is no transport. '

The content of the unsaturated soil disappears by evapotranspiration
(ETR), water dehydrating from the capillaries to the compartment for
micellar water (RHY) and water percolating to the saturated soil
(PER). The balance equation is:

U,=U,_;+DT » (FPRU+MSU+DRU+IU+ CAP+
+DHY +APTR -ETR—~RHY —FPER)

U, is caleulated under the assumption that the unsaturated soil is at
hydrostatic equilibrium by subtracting the water that is missing at
hydrostatic equilibrium (UEQA) from the content at saturation
(CSCUy). Where USC, is the capacity of the unsaturated soil at time 0,
(mm) UEQA, is the missing water from the unsaturated soil at hydro-
static equilibrium, at time 0, (mm)

U, = USC,~UEQA,

2.2.5 The saturated soil (G, mm, Fig. 7)

The compartment of the saturated soil is filled by percolation water -
from the unsaturated soil (PER) and by water infiltrating from the
Pools when the watertable is at the surface (IG). :

Th? Compartment js emptied by underground flow of water (GFL), by
capillary rise into the unsaturated soil (CAP) and by water puddling
$e land when the watertable reaches the surface (GP). A crop growing

ith its roots in the groundwater will transport water directly to the

13
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pr
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GFL

DITCH

Fig. 7 | Relational diagram for the compartment of the saturated soil.

atmosphere (TG). Then there is the apparent transport (APTR) as
mscussed under Section 2.2.4. The water balance equation is:

' G;=G,_;+DT + (IG+PER—CAP~TG~GP—GFL— _APTR)

G, is calculated as the difference between the capillary capacity of the
whole proﬁle and the capillary capacity of the unsaturated soil,

226 The mzcellar water (M, mm, Fig. 6 )

The compartment of the micellar water is. ﬁlled by the rehydratlon
water from the unsaturated soil (RHY) and emptied by the dehydration
water into the unsaturated soil (DI—IY)

- The balance equation is:

M, =M,.,+DT » (RHY —DHY)

M, is calculated under the assumption that the water in the compart-

ments of micellar and capillar water are in equilibrium with each
other.

) Mo=wo+Go')*FM'ch' |
where

U, is the initial water content of unsaturated soil (mm)
G, is initial water content of saturated soil (mm)

FM is fraction of micellar capacity of total capacity

FC is fraction of capillar capacity of total capacity

14



2.2.7 The whole profile (TP, mm)

When adding the balance cquation of these 6 compartments only the
marginal transports remain.

TP, =TP,_, +DT » (SPR+FPRV+FPRP-+FPRB— ES EA—
-EP— ETR TG—OFLD-GFL) '

The 4 transports containing the symbol PR can be replaced by preci-
pitation PR, the 5 transports whose symbol begins with E or T can be
summarized as evaporation E, the 2 remaining symbols conta.mmg FL
are the surface or underground run-off,

2.2.8 The watertable (DGT, cm)

The watertable is found by interpolation of the graph in Fig, 8 with
UEQA as the independent variable.

EQAT
mm
500+
I Sandy sofl
Leerinkbeek
. Clay
/ Rottegut :
1] L] . []
0 100 . 200 _ 300

bGT,cm

Fig. 8 | The difference in water content between saturation and hydrostatic
equilibrium in relation to the depth of the watertable. -
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2.2.9 The transpiration zone (T, mm)

The content of the transpiration zone is not kept track of, only that of
the unsaturated soil. The calculation of the content of transpiration
zone differs according to that of the unsaturated soil. If there is a deficit
with respect to the hydrostatic equilibrium, this deficit is assumed to be
present in the transpiration zone (Fig. 9a), whereas a surplus with
respect to the hydrostatic equilibrium may occur in the transpiration
zone as well as in the remaining part of the unsaturated soil (Fig. 9b).
T =INSW(UEQD, TEQC—-UEQD, U,_; * TEQC/UEQC)
UEQD is the positive difference between the content of the unsaturated
soil at hydrostatic equilibrinm and the actual content (mm)
TEQC is the content of the transpiration zone at hydrostatic equili-
© brium (mm)
"UEQC is the content of the unsaturated soil at hydrostatic equilibrium
(mm)
U,_, is the content of the unsaturated soil at time t—1 (mm)

2.2.10 The evaporation zone (E, mm)

The content of the evaporation zone is calculated in a similar way to
the content of the transpiration zone.

E = INSW(UEQD, EEQC-UEQD, U,_, * EEQC/UEQC)
in which
EEQC is the content of the evaporatlon zone at hydrostatic equilib-
rium (mm).

2.2.11 The available content of the unsaturated soil (UAV) and of the
transpiration zone (TA) (mm)

The available content of a compartment is the actual content of that

compartment minus the unavailable content of that compartment.

UAV = MAX(0., U,_,—~UNAV)
TAV = MAX(0., T,_, —~TNAYV)

UNAY is unavailable water in the unsaturated soil (mm). -
T,~1 is content of the transpiration zone at time t—1 {mm)
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Fig. 9 | The water status in the transpiration zone. (SU = surface, DGT =
depth of watertable, DPT = depth of transpiration zone, TEQC = content
of the transpiration zone at hydrostatic equilibrium, T =content of the
transpiration zone, UEQD = deficit in the unsaturated soil with respect to
the content at hydrostatic equilibriurm, UEQC = content of the unsaturated
soil at hydrostatic equilibrium, UEQS = surplus in the unsaturated soil
above the content at hydrostatic equilibrium, UEQA = difference in water
content of the unsaturated soil between saturation and hydrostatic equi-
librium, pastly in the transpiration zone (UEQT) and between DPT and
DGT (TGEQA)).
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TNAV is unavailable water in the transpiration zone (mm)

2.2.12 The unavailable content of the unsaturated soil (UNAV) and
the transpiration zone (TNAY) (mm)

The unavailable content of a compartment is the capacity of the com-
partment at saturation minus the capacity of the available content.

UNAV =USC-UAVC
TNAYV = TSC-TAVC

USC is capacity unsaturated soil (mm)

UAVC is capacity available water in unsaturated soil (mm)
TSC is capacity transpiration zone (mm) '

TAVC is capacity available water in transpiration zone (mm)

2.2.13 The content at hydrostatic equilibrium of the unsaturated soil
(UEQC, mm), the transpiration zone { TEQC, mm) and the evaporation
zone (EEQC, mm) o

The content of these compartments is found by subtracting the missing
water of the compartment at hydrostatic equilibrium from the capacity
of the compartment. :

UEQC = USC—-UEQA
TEQC =TSC~-TEQA
EEQC = ESC~EEQA

where

USC is capacity of the unsaturated soil (mm)

TSC is capacity transpiration zone (mm)

ESC is capacity of the evaporation zone (mm)

UEQA is the difference between the content at saturation and at
N hydrostatic equilibrium for the unsaturated soil (mm)

TEQA as UEQA, but for the transpiration zone (mm)

EEQA as UEQA, but for the evaporation zone (mm).
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2.2.14 The missing water from the unsaturated soil {UEQA, mm), the
transpiration zone (TEQA, mm) and the evaporation zone (EEQA,
mm) when the content of theze compartments is at hya'rostat:c equilib
rium .

UEQA, is found by interpolation of the graph in Fig. 8 with DGT, as
the independent variable,

The amount of missing water in the unsaturated soil at hydrostatic
equilibrium is found by subtracting the water that is responsible for a
change in the watertable (DELWG) from the missing water in the
unsaturated soil at hydrostatic equilibrium at time t—1.

UEQA =UEQA,_,-DT » DELWG

The calculation of TEQA is easy when the watertable reaches the
transpiration zone. Then the missing water of the transpiration zone at
hydrostatic equilibrium equals that of the unsaturated soil. When the
watertable is below the transpiration zone, the missing water of the
transpiration zone at hydrostatic equilibrium is the missing water of
the unsaturated soil at hydrostatic equilibrium (UEQA) minus the
missing water at hydrostatic equilibrium of the part of the unsaturated
soil between the transpiration zone and the watertable (TGEQA)
(Fig. 9c). When the soil is homogeneous the latter can be calculated
using the distance between the bottom of the transpiration zone and
the level of the watertable as the independent variable by interpolation
of the graph in Fig. 8. EEQA is calculated in the same way as TEQA.

TEQA = INSW((DGT,_, ~DTP,_,), UEQA, UEQA~TGEQA)
EEQA = INSW((DGT,_, - DEP), UEQA, UEQA —EGEQA)

2215 The deficit (UEQD, mm) and surplus (UEQS, mm) with
respect to the equilibrium content of the unsaturated soil '

The deficit with respect to the equilibrium cénteﬁt of the unsaturated
soil is the content of the unsaturated soil minus the actual content.
UEQD = MAX(0., UEQC-U,.))

The equilibrium surplus is the actual content of the unsaturated sml
minus the equilibrium content. . .

UEQS =MAX (0., U,_,—UEQQC)
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2.2.16 The amount of the newly entered water (WT, mm)

This is the sum of all the water that the unsatured soil has acquired
at time t.

WT=DT» (DRU+IU+MSU+ FPRU)

where

DT is the time interval of integration (day)

DRU is the water dripping from the vegetation onto the unsaturated
soil (mm/day)

1U is the infiltration from the pools on the unsaturated soil (mm/day)

MSU is the water from the meltmg snow on the unsaturated soil
{mm/day)

FPRU is the fluid preclpltatlon on the unsaturated soil (mm/day)

2 2 17 The micellar surplus (MS, mm}

It has been determined that in the Rottegats Polder 39% of the water
capacity of the clay is located between the particles of the clay minerals
(Makkink & van Heemst, 1965). The flow of the water between these
particles to the capillaries is a rapid process. So when the soil is drying -
out there is an equilibrium between these two kinds of water. The
micellar surplus is the amount of water that fiows to the capillaries until
the amounts of water in the capillaries and between the particles of the
clay minerals are in equlhbnum

MS=M, . ~FM *TP,_,
M;., is the content of the compartment of micellar water at tlme t—1
(mm)

FM is the fractlon of micellar capacity of total capacity
TP, 1 is the content of the proﬁle at time t<1 (mm)

%

2.2.18 Water reﬁllmg the unsaturated soil (RFU, mm}

This is the deficit of the unsaturated soil (DU) subtracted from the
maximum deficit of the unsaturated soil (MDU)

FRU = MDU-DU
MDU = MAX(MDU, DU,_,) .
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The maximum deficit of the unsaturated soil is the greatest deficit in
the course of the season.

22,19 Capacities

a  Adhering water capacity (AC, mm)
AC=FRC*FACx* FWC

FRC is fraction of coverage of the crop, found by interpolation of the
graphs in Fig. 10 or 11, with HC as the mdependent vanable
{crop no. 1: Fig. 10, crop no. 2: Fig. 11)

HC is the height of the crop (cm)

FAC is the fraction adhering water capacity (mm/g)

FWC is the fresh weight crop (kg/mz) .

The capacity of the adhering water is calculated as a fraction of the

fresh weight of the crop. According to data of Jagtenberg (1962) the

capacity of the grass for adhering water is half that of the fresh weight.

The fresh weight is derived from the crop height by interpolation of the

graph in Fig, 12,

FRC
1"‘ . @ s——r—
— '/
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./
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Fig. 10 | Fraction of coverage of Crop 1 in relation to crop hclght.
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Fig. 11 | Fraction of coverage of Crop 2 in relation to crop height.
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Fig. 12 | Fresh welght of the crop in relatlon to crop helght (l = CIOP 1,
2= Cl'Op 2. -
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b The capacity of the saturated soil (GSC), the unsaturated soil
(USC), the transpiration zone (TSC) and the evaporation zone (ESC)
are found by interpolation of the graph in Fig. 27 with DBL, DGT,.,,
DTP,_, or DEP as independent variable. The result is then increased
by CIPL.

DBL is the depth of basic level (cm)

DGT,_, is the depth of watertable at time t—1 (cm)

DTP,_, is the depth of transpiration zone at time t—1 (cm)

DEP is the depth of evaporation zone (cm)

¢ Capacity increase by ploughing (CIPL, mm)

There is the possibility to include a capacity increase as a result of
ploughing. On the ploughing date a number of mm are added to the
capacity, which during a period of weeks gradually decreases to zero.

CIPL = MAX(0., CIPLM » (1. - (DAY —DAYPL)/DPLEF))
where

CIPLM is the maximum capacity increase by ploughing (mm)
DAY concerns day (day)

DAYPL is the day of ploughing (day)
DPLEEF is the duration of the effect of ploughing (day)

d Capacity of available moisture in unsaturated soil (UAVC, mm)
and transpiration zone (TAVC, mm) are found by interpolation of the
graph in Fig. 13 with DGT,_, or DPT,_, as the independent variable
and then increased by CIPL.

DGT,., is the depth watertable at time t—1 (cm)

DTP,_, is the depth transpiration zone at time t—1 (cm)
CIPL is the capacity increase by ploughing (mm) '

23 Computation of rates

For _the galculation of potential evaporation of crop and wet soil a
modification of the formula of Penman for open water is used, taking
Into account the following factors: '

a the reflection coefficient of the evaporating surface,

b thf: surface roughness of the crop in relation to crop height aﬁd
wind velocity, - '

¢ the influence of light intensity on the stomatal opening,
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Fig. 13} Capacity of available moisture in the soil in relation to depth.

The formula used is:

EO =(DEL + NRAD/LHV+GAM  FZO # VPD)/(DEL-+
+GAM » (1. +FZO » W  RSC))

EO is the poteutlal evaporation (mm/day) (EOS for snow, EOA for
adhermg water, EOB for bare soil, PTR for vegetatlon)

NRAD is the net radiation (cal/(cm?.day))

LHYV is the latent heat of evaporation, equal to- 590 caljem®

GAM is the constant of wet and dry bulb hygrometer equation {(psy-
chrometer constant) (mm Hg/C®)

FZO is the factor related to ZO (ZO is roughness length of the evapo-
rating surface) (cm)

W is the wind velocity at 2 m height (m/sec) (data per day)

VPD is the vapour pressure deficit (mm Hg)

RSC is the apparent diffusion resistance of the crop (h atm/mm Hg),
found by interpolation of the graph in Fig. 14 w:th RGINT as
mdependent variable (Rijtema, 1965)

RGINT is the global radlauon calculated per mmute as mtens1ty
(cal/min.cm?) -

RGINT=RG/(DAYL#60.) . -
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Fig. 14 | Apparent diffusion resistance of the crop in relation to radiation
intensity,

RG is the global radiation (cal/(day.cm?)) (data per day)

DAYL is daylength (h) found by interpolation of the graph in Fig. 15
with QN as the independent variable

QN is radiation outside the atmosphere (cal/(day.cm?)) (data per day)

DEL is the slope of the curve of temperature against vapour pressure
at air temperature (mm Hg/C"), found by interpolation of the graph
in Fig. 16 with TEMP as the independent variable.

TEMP is the temperature average per 24 hours at 2 m height (C°)
(data per day).

NRAD =IN-OUT

IN is the incoming radiation (cal/(day.cm?))
OUT is the outgoing radiation (cal/(day.cm?))

IN=RG * (1. —RC)

RG is the global radiation (cal/(day. cmz)) (data per day)
RC is the reflection coefficient (RCS for: snow, RCB for bare soil,

RCC for a crop)
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Fig. 15 | Daylength in relation to radiation outside the atmosphere.
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Fig. 16 | Slope of the temperatura-vapour préssure curve in relatlon to
temperature :
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