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ARTICLE INFO ABSTRACT

Handling Editor - Dr. B.E. Clothier This paper highlights the evolution and impact of the SWAP model (Soil — Water — Atmosphere — Plant), which
was initiated by R.A. Feddes and colleagues fifty years ago, in 1974. Since then, the SWAP model has played a
crucial role in the advancement of agrohydrology. This paper highlights some major advances that have been
made, especially focussing on the last fifteen years. The domain of the SWAP model deals with the simulation of
the soil water balance in both unsaturated and saturated conditions. The model solves the Richards equation
using the water retention and hydraulic conductivity functions as described by the Van Genuchten — Mualem
equations. Bimodal extensions of the Van Genuchten - Mualem relationships have been implemented, as well as
modifications near saturation and addressing hysteresis. An important sink term in the Richards equation is root
water uptake. Crop development plays an important role in a robust simulation of root water uptake. That is why
a link has been made with the dynamic crop growth model WOFOST. Instead of using a prescribed crop
development, a distinction between potential and actual crop development is calculated by reducing the po-
tential photosynthesis as a result of water or oxygen stress. Since the early days of SWAP, empirical and
macroscopic concepts have been used to simulate root water uptake. Recently two process-based concepts of root
water uptake and oxygen stress have also been implemented. Another important sink-source term in the Richards
equation is the interaction with artificial drains. In SWAP, drainage can be simulated by either using prescribed
or simulated drain heads and simulation of controlled drainage with subirrigation is possible. Finally, we briefly
elaborate on three studies using SWAP: water stresses in agriculture in the Netherlands, regional water pro-
ductivity in China, and controlled drainage with subirrigation. We finish discussing promising developments for
the near future.
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1. Introduction, history and context

Fifty years ago, R.A. Feddes and colleagues published a scientific
paper on the numerical modelling of root water uptake in soils (Feddes
etal., 1974). This paper marked the start of a fascinating development of
numerical modelling of soil-water interactions in the Netherlands.
Feddes and colleagues realized the large potential of numerical models
in the biosphere, where numerous nonlinear interactions between
vegetation, soil, water, and atmosphere occur under continuously
changing conditions and often in scenarios with a large vertical het-
erogeneity. The agrohydrological model they developed combined soil
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water movement, crop growth, and atmospheric conditions. Initial ac-
ronyms were SWATR, SWATRE, SWACROP, and in 1997 the name
SWAP was introduced: Soil — Water — Atmosphere — Plant.

It is not a coincidence that agrohydrological models are developed
and maintained in The Netherlands. The country is located in the delta
of large European rivers and is characterized by intensive agriculture, a
high population density, deep permeable soils, large aquifers, often
(very) shallow groundwater levels, and a large rainfall surplus. Shallow
groundwater levels may cause flooding issues, but not always prevent
drought stress (Bartholomeus et al., 2023).

Numerical modelling is very versatile in simulating the numerous

Received 22 March 2024; Received in revised form 14 May 2024; Accepted 14 May 2024

Available online 17 May 2024

0378-3774/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:marius.heinen@wur.nl
www.sciencedirect.com/science/journal/03783774
https://www.elsevier.com/locate/agwat
https://doi.org/10.1016/j.agwat.2024.108883
https://doi.org/10.1016/j.agwat.2024.108883
https://doi.org/10.1016/j.agwat.2024.108883
http://crossmark.crossref.org/dialog/?doi=10.1016/j.agwat.2024.108883&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M. Heinen et al.

water flow and solute transport situations occurring in the Dutch envi-
ronment. Therefore, SWAP combines flow in the unsaturated and satu-
rated zone, has extensive options for drainage and surface water
management, and includes a generic crop growth model. As advocated
by Jarvis et al. (2022), the SWAP developers were convinced that
physical-based numerical models combining soil water flow, root water
uptake, and crop growth are the most appropriate tools to address
agrohydrological problems in modern society.

In any agrohydrological model, the proper simulation of root water
extraction under dry, wet, and saline soil conditions plays a key role.
Root water uptake was at the focus of Feddes et al. (1974) and stayed
important afterward. Feddes et al. (1978) introduced a piecewise linear
macroscopic root water extraction function which became the standard
for several agrohydrological models worldwide (see 2.3.1). Although
this function is frequently applied, more versatile microscopic root
water extraction functions have become available (De Willigen, van
Noordwijk, 1987; De Jong van Lier et al., 2013; see 2.3.2). Macroscopic
and microscopic root water extraction functions show differences in
simulations under dry conditions (De Willigen et al., 2012). Addition-
ally, progress was made on the process-based modelling of oxygen stress
and root water uptake under wet conditions (see 2.4).

In 2004, a symposium was held on progress, challenges, and appli-
cations concerning vadose zone modelling (Feddes et al., 2004).
Important topics were the concepts and dimensionality in unsaturated
flow modelling, system parameterization, upscaling, and observations of
the soil-vegetation system. The symposium showed that in the period
1974-2004, agrohydrological models had matured, but many chal-
lenges remained (Feddes et al., 2004).

From the start, the SWAP program, its source code, and documen-
tation were freely available (https://swap.wur.nl). Intensive SWAP
courses were given in several countries around the globe. This stimu-
lated the use of SWAP, model calibration, and concept validation in
different climate zones. Currently, more than 290 scientific papers are
available which show the capabilities of the program. In education, the
model is used in bachelor and master courses to make students familiar
with soil hydrology and its impact on vegetation and groundwater
(Moene, van Dam, 2014).

Van Dam et al. (2008) described important features of SWAP con-
cerning the numerical solution of the Richards equation, macropore
flow, evapotranspiration, and vadose zone — groundwater interactions.
Since then, the model has been applied in many international studies
and has been developed further. In this paper, we describe advances in
simulating crop-soil-water interactions, soil hydraulic properties, and
root water uptake concepts. We give an overview of typical case studies
and describe applications in The Netherlands and China, and one
example regarding climate-adaptive drainage with subirrigation. We
conclude with developments we foresee in the near future.

2. Developments in SWAP in the past 15 years

In this section, we describe some major advances in the SWAP model
implemented since 2008. Detailed information can be found in the
model manual (Kroes et al., 2017) and other documentation included in
the download package of SWAP (https://swap.wur.nl).

The core of the SWAP-model pertains to the water balance in the
unsaturated — saturated top part of the soil. It solves the well-known
Richards (1931) equation here given as

aeg? b_ a% <K(h; 0 (% + 1) ) —Su(hst) £ Sa(h:t) o)

where h is the pressure head with h > 0 when the soil is saturated and h
< 0 when it is unsaturated (cm), 0 is the volumetric water content (cm®
cm’g), K is the hydraulic conductivity (cm d’l), z is the vertical coor-
dinate (cm; positive upward), the term 1 accounts for gravity (cm cm ! ;

note: 1 stands for dz/02), t is the time (d), S; is a sink term referring to
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root water uptake (em® cm ™3 d’l), and S4 is a source or sink term
referring to the interaction with drains (em® em =2 d~1): removal of soil
water via the drains is considered as a sink (-), whereas water infiltration
from drains into the soil is a source (+). The Richards equation is solved
numerically for specific boundary conditions at the top (determined by
the atmosphere) and at the bottom, for given relationships between h, 6,
and K, and for given sink-source terms S; and S4. The numerical solution
was described in detail in Van Dam et al. (2008). In the following sec-
tions details are given regarding the relationships between h, 6, and K
(Section 2.1), and the sink-source terms S; (sections 2.2, 2.3, 2.4) and Sq4
(section 3.3). Salinity stress is not discussed in detail in this paper. SWAP
has the option to consider the piecewise linear reduction function
following Maas and Hoffman (1977). Salinity stress can also be included
in the process-based root water uptake models as was done by Heinen
(2001) and De Jong van Lier et al. (2009). However, the latter option is
not yet operational in SWAP.

2.1. Soil hydraulic properties

As indicated, the three variables h, 0, and K are related to each other.
The relationship 6(h) is the water retention function and K(h) or K(0) is
the hydraulic conductivity function. These functions can be determined
on individual soil samples. It appears that such data can be well
described by analytical expressions. Many examples of such expressions
exist in the literature (e.g., Leij, et al., 1997). The most often-used re-
lationships are those given by Van Genuchten (1980). The water
retention function is given by

6(h)—6: (1 0<h
St =40, ~ { (1+]ah)™ h<0 @

Based on the hydraulic conductivity theory of Mualem (1976), Van
Genuchten (1980) derived the following hydraulic conductivity function
(provided m =1 - 1/n)

K(S) = KS"(1- (1~ sl/m)"‘)2 3)
or
K 0<h
KW =< ((+]ah)" ~[ah™ )’ @
h<o0

(1 + |ah|n)m(x+2)

In these Van Genuchten — Mualem (VGM) functions, S is the effective
degree of saturation (dimensionless; [0..1]), 6, is an asymptotic residual
water content (cm® cm’s), 0; is 0 at saturation (em® cm’s), K is K at
saturation (cm d~ 1) and o (cm’l), n, m and A (all three dimensionless)
are shape parameters. These relationships have been implemented in
SWAP, and the user should supply the corresponding parameters (6,, 65,
K;, o, n, M) for each soil layer.

If no information on these parameters is available or the measured
data suggests a different relationship, tabulated h-6-K data can be pro-
vided for each soil layer. SWAP performs interpolation in these tables
during the simulation. Tabulated input allows for great flexibility.
However, the numerical solution of the Richards equation requires also
data on the first derivative of the water retention function: C(h) = d6/dh
(cm’l). For the Van Genuchten relationship (Eq. (2)) this can be given
by the analytical expression,

0 0<h

Cth) = { (6, — 0,)anm|ah" (1 + |ah/) ™ h <0 )

whereas from the tabulated input data C can only be approximated and

is likely not smooth at the input values. A non-smooth relationship for C

might cause numerical problems and/or additional iterations might be
needed.

For more complex soils, analytical expressions might be preferred
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above tabulated input data to describe these physical properties. In
SWAP, the bimodal equivalent of the VGM relationships according to
Durner (1994) and Priesack and Durner (2006) is available, given by

1 0<h

_ 2
S =1 w1+ |wh™ ™ h<o
i=1

(6)

2

) A iwiai<l — (Si)l/m‘>ml
K(S) =K, (Z a)isi> 1-= )
i=1

2
> Wi
i=1

where i is a counter for the two pore size subsystems that make up the
overall hydraulic properties as a linear superposition of the underlying
subsystems and o is a dimensionless weighting factor for the two sub-
systems with @; + 0z = 1. The expression for C is

0 0<h

c(h) = (8)

2
(0 — 0 > wammylash* ' (1 + ah™) "™ h<0
i=1

For the bi-modal option, the user should supply the corresponding
set of parameters for each soil layer (6, 0, K;, a1, 02, N1, Ng, A, ®1).

Furthermore, extensions for the VGM relationships have been pub-
lished by Peters (2013), Iden and Durner (2014) and Peters (2014) (the
Peters-Durner-Iden model or PDI model). In the PDI-model the (capil-
lary) water retention function is extended with an adsorption compo-
nent, and the (capillary) hydraulic conductivity relationship is extended
with water film transport (related to the adsorption component in the
water retention extension) and optionally with water vapour transport.
Both mono- and bimodal expressions are provided. Disregarding
adsorption, film, and vapour transport results in the original VGM re-
lationships. Another extension provided in the PDI-model is the possi-
bility to scale the 6(h) such that 6(hg) = O (instead of the asymptotic
value 6,), with hg referring to oven-dry conditions (~ —~10%8 cm). The
PDI model is implemented in SWAP; however, it has not been used
extensively so far.

Modifications of the VGM model near saturation have been sug-
gested in the literature. In SWAP, the modification as described by
Ippisch et al. (2006) is implemented. This modification introduces an
air-entry value hg, (cm). This affects the shape of 0(h) only minimally,
but the impact on K of fine-textured soils can be large. To avoid nu-
merical instabilities of the solution scheme, the 8(h) curve in the range
—0.01 > h > 1.05h, is approached by a cubic spline of which the pa-
rameters preserve the continuity of 8(h) and C(h). A second modification
near saturation concerns K at saturation. The parameter K of the K
(S)-relation is usually derived from experiments with unsaturated flow.
These experiments may yield a poor estimate of K at saturated condi-
tions where soil structure usually dominates over soil texture. However,
to accurately simulate runoff conditions and drainage, a correct value of
K at saturation is essential. Therefore, SWAP users may specify in
addition to the parameter K; the experimentally determined value of the
K at saturation, K exp (cm d™1. Close to saturation, in the range 0 > h >
—2 cm, SWAP will linearly interpolate between Kj .., and K(S) at h =
—2 cm.

Computers may not accurately calculate values of K at very low
values of h (or S). To increase accuracy at low values of h (or S) one can
approximate the Mualem expression by a power-expression. For
example, Heinen (2023) suggested
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K, 0<h
2
((1+ Jahf)" ~ Jah )

(1 + ‘ahln)m(uz) hc <h<0

K(h) = ©

h (2+mi)n
K:m?|ah|"*™" = K, (ﬂ h<h,
where h, is the pressure head below which the power expression is valid.
Heinen (2023) provides expressions from which h, can be determined; it
is dependent on the parameters a and n. Similar approximations were
already proposed in the SOHYP and RETC computer codes (Van Gen-
uchten, 1978; Van Genuchten et al., 1991).

The relationships 0(h) and K(h) differ for drying and wetting pro-
cesses, i.e., they are hysteretic (Miller and Miller, 1956). Topp (1969)
showed experimentally that 6(h) is hysteretic and that K(6) has negli-
gible hysteresis. In SWAP, the scaling method of Scott et al. (1983) is
implemented to account for hysteresis, but only for the monomodal
version of the VGM equations. If hysteresis is to be considered in the
simulation, one additional parameter needs to be supplied, the o
parameter for the main wetting curve: oy (cm ™). The main drying curve
is then described by the set (8, 65, a4, n) and the main wetting curve by
the set (6, 05, oy, 1), with oy > 0g. Often only information regarding the
main drying curve is available. If hysteresis is to be considered then one
could use oy, = 204 as suggested by Kool and Parker (1987).

Experience shows that the exact shape of the 6(h) and K(6) functions
have a great influence on the solution of the Richards equation. So, this
information should be supplied as accurate as possible. The best infor-
mation comes from measured relationships. If these are lacking, one can
take data from the literature that best matches the study site under
consideration. This can be done via pedotransfer functions or tabulated
data that describe the VGM parameters (see, e.g., Nemes et al., 2001;
Schaap et al., 2001; Téth et al., 2014; Wosten et al., 1999). Heinen et al.
(2022) described the averaged VGM parameter sets for different soil
texture classes in The Netherlands. They also combined this information
with the Dutch soil map, consisting of 368 standard soil profiles to
derive a national soil physical units map.

2.2. Crop growth in interaction with soil, climate and water management

Root water uptake is a sink term in the Richards equation, important
for the prediction of evapotranspiration, and generally a large compo-
nent in the water balance. The amount of water extracted from the soil
by roots is determined by the conditions and characteristics of the at-
mosphere, the plant, and the soil. To correctly simulate root water up-
take, a proper estimation of the actual crop development is necessary.

In hydrological models, crop development is often simulated using a
static approach, which means that crop development during the growing
season is predefined and not influenced by climate conditions or
unfavourable growth conditions. For the simulation of root water up-
take, a dynamic crop development simulation is desirable. In SWAP, two
options for dynamic crop growth modelling are available: i) WOFOST
(Van Diepen et al., 1989; Boogaard et al., 2014) for arable crops and ii)
an adapted version of WOFOST for the simulation of grassland (Kroes
and Supit, 2011).

The dynamic crop growth model WOFOST was developed by the
Centre for World Food Studies in Wageningen and has been applied for
many years as part of operational crop yield forecasting systems (De Wit
et al., 2019). The basic processes simulated by WOFOST are phenolog-
ical development, biomass growth, partitioning over plant organs, and
root growth. The most important external drivers for crop development
are daily weather data and initial crop conditions. The most important
internal driver is the leaf area index (LAI) which is the result of leaf area
dynamics controlled by photosynthesis, allocation of biomass to leaves,
leaf age, and development stage. In turn, LAI controls the daily rates of



M. Heinen et al.

photosynthesis and evapotranspiration (Fig. 1).

The radiation energy absorbed by the canopy is a function of
incoming radiation and crop leaf area. Potential photosynthesis is
calculated using the absorbed radiation and taking into account
photosynthetic leaf characteristics. A part of the produced carbohy-
drates (CH,0) is used to provide energy for the maintenance of the living
biomass (maintenance respiration). The remaining carbohydrates are
converted into structural matter. In this conversion, some mass is used
for growth respiration. The dry matter produced is partitioned among
roots, leaves, stems, and storage organs, using partitioning factors as a
function of the crop development stage. The mass partitioned to the
leaves determines leaf area development and hence the capacity for light
interception. This interaction of light interception and leaf area growth
causes an important positive feedback in WOFOST. The dry mass of the
various plant organs is determined by integrating their growth rates over
time. The WOFOST model further considers that part of the living
biomass dies due to senescence during crop development.

In dynamic crop growth models, as described by Boogaard et al.
(2014) and Kroes et al. (2017), the distinction between potential and
actual crop development is calculated by reducing the potential photo-
synthesis due to water, oxygen and/or salinity stress, as a function of
relative transpiration (Tact/Tpor), Which yields actual photosynthesis.
Unlike the static approach, the reduction in root water uptake will then
affect the crop development and thus the crop water demand in the
remaining part of the growing season. Actual transpiration equals cu-
mulative root water uptake over the root zone. In the next sections, we
discuss the effect of drought (2.3) and oxygen stress (2.4) on root water
extraction.

2.3. Drought stress: macroscopic (empirical) and microscopic (process-
based) concepts

Plants take up water from the soil via their root system, almost all of
which is subsequently transpired via the leaves. If the root water uptake
cannot match the required atmospheric demand, plants increase the
canopy resistance to vapour flow by (partly) closing their stomata, thus
reducing gaseous exchanges (mainly H>O and CO,) via the leaves. This

Agricultural Water Management 298 (2024) 108883

results in reduced metabolism and growth. Therefore, from a soil water
balance and crop modelling standpoint, a good description of root water
uptake, the sink term S in Eq. (1), is essential. Root water uptake is a key
process in the global water cycle (Jasechko et al., 2013; Rothfuss and
Javaux, 2016).

2.3.1. The macroscopic or empirical concept of Feddes

Since the early beginning of the SWAP model, root water uptake has
been described by the empirical and macroscopic concept proposed by
Feddes et al. (1978). According to this concept, the reduction of root
water uptake due to drought and oxygen stress is described by a piece-
wise linear function (Fig. 2, left):

0 hy <h
h—h
hz—hl h2<h<h1
ape = ¢ 1 hs <h<h, (10)
h—hy
h3—h4 h4<h<h3
0 h<h,

where o is the Feddes reduction function (dimensionless) and hy, hs,
hs, h4 are crop-dependent input variables (cm). For hs < h < hy no
reduction in water uptake occurs. For hy < h < h3 a linear decrease in
root water uptake occurs due to drought stress. For hy < h < hj a linear
decrease in root water uptake occurs due to oxygen stress; an alternative
for oxygen stress is discussed in section 2.4.

The total water demand (Tpot, cm d™1) is divided over all soil layers
proportional to a given root distribution. For each soil compartment, the
actual water uptake is calculated based on Eq. (10). The sum uptake
from all the compartments (T, cm d™1) is then compared to the total
demand to determine the amount of reduction (if any). Compensation, i.
e., more uptake from a wet layer if one or more other layers present a
reduced uptake, may be included according to Jarvis (1989); (2011),
which is visualized in Fig. 2 (right). If dtcrit < Tact/Tpot < 1, where oricis a
user-defined value in the range [0..1] (e.g., Ouit = 0.7), complete

Atmosphere
(e
Soil Water Plant )
Intercepted
_ Water light
demand Potential gross
assimilation
pmmm—d e e d e rate
1 1
1 Ratio : Actual gross
: actual/,.. ! ial :— imilati
Root water 1 transpiration : rate Maintenance
uptake L l| respiration
sl s A th X Growth
As i S respiration
moisture ¥
conditions
e e L EEEE LI Partitioning
H 1
1
:I Root : 2 :
1 development Il -
; 1
' / —
B e
. 4 A

Fig. 1. Flow chart of dynamic crop growth as simulated by WOFOST (adapted from De Wit et al., 2019).
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Soil compartment
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hy hs) hsn h, hy

Rootzone
Zy
1.0
n
Upe D Tpot = Z Spot,i
iil
Tact = Z Sact,i
i=1
n
0.0 V/
0.0 %// T.= z Se,i
i=1
. Tred = Tpot - (Tact + Tc)

Fig. 2. Transpiration reduction factor as a function of soil water pressure head (left) and explanation on Jarvis compensation (right); see text for further explanation.

compensation is simulated and for each soil compartment the actual root
water uptake is multiplied by the factor Tpot/Tact, such that Tacr,c = Tpot
(subscript c refers to the result after applying compensation; Tact,c = Tact
+ T, see Fig. 2 with T, given by the hatched area). If Tact/Tpot < Otcrit,
partial compensation is simulated: for each compartment, the uptake is
multiplied by 1/0crir, which results in Tact,e = Tact/Ocrit < Tpor- The
transpiration reduction is given as Treq = Tpot — Tact,c (red area in Fig. 2).

The robustness of the Feddes model has been questioned. For
example, De Melo and de Jong van Lier, (2021) stated that the number of
calibrations and validations of this concept is limited. Therefore, using
this concept in a wide spectrum of soil-crop-climate scenarios should be
questioned.

We will refer to the Feddes-concept without compensation by Fe_0
and with compensation by Fe_1. Note that in some studies the Feddes
reduction factor o also causes reduction under wet conditions. An
alternative for the modelling of reduction in water uptake due to oxygen
stress will be discussed in section 2.4.

2.3.2. The microscopic or process-based concepts

Besides the macroscopic root water uptake model by Feddes, several
process-based models describing root water uptake have been devel-
oped. Two of these have recently been implemented in SWAP. De Wil-
ligen, van Noordwijk, (1987) described the process of uptake by roots;
not only of water but also of oxygen and nutrients. A cylindrical soil
column can be assumed around each root with root radius Ry (cm); the
radius of this soil column is inversely proportional to the root length
density according to (Fig. 3; left)

Ry = (nLy)™%° 11

where R; is the radius of the soil cylinder (cm) and L,y is the root length
density (cm cm_s). Water will flow from the outside of the cylinder
toward the root in the middle due to a gradient in pressure head (h)
(Fig. 3; right).

De Willigen, van Noordwijk, (1987) showed that the physical state in
the soil column can be described very accurately with an analytical,
steady-rate formulation. This formulation is not based on h but on the
matric flux potential, M(h) (cm? d’l), defined as the integral of K(h)
(Raats, 1970). Any profile described in terms of M can be transformed in
hor 6. The analytical solution provides an expression for the water flux g
(ecm® em ™2 d!) toward the root wall and can be upscaled to an entire
root system. Here, De Willigen, van Noordwijk, (1991), Heinen (2001),

Tpot or Tact

hy
t
m
hg =
o
Ro ho
!
Ry=(mL,)?°* g,
LA e
ad:
— divL
T I |
0R, R, aR, R,

Fig. 3. Top view of a single root with radius Ry surrounded by a cylinder of soil
with R; given by Eq. (11) (left), and (right) vertical cross-section of the root and
radial soil cylinder showing the gradient in h(R) towards toe root wall and the
fluxes considered in the dW and dJvL concepts (see text for further
explanation).

and De Willigen et al. (2011); (2012) (further denoted as the dW
concept) used two fluxes: a water flux in the soil column toward the root
wall (q1) and a water flux across the root wall (g2) (Fig. 3). For the dW
concept, the equations involved are given by

q1j = AZpaw; (Ms; — Moy) (12)

where q; is the flux from the bulk soil (s) toward the root-soil interface
(0) (cm d’l), Az is the thickness of the soil compartment (cm), M is the
matric flux potential (cm? d™1), j is the soil compartment sequential
number, and pgw is a geometry factor (cm™2) given by

Paw = rol , with r= & 13)
0.5R? (0.25(1 —3r2) 4 r41n(r21 1) ) Ro
The water flux across the root wall g5 (cm d 1) is given by
q2j = Aszrv.jKr (hOJ - hr) a4

where K, is the hydraulic conductivity of the root wall (cm d™1, and b, is
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the pressure head inside the root (root water potential; cm). The h; is
related to the leaf water potential h; via a relationship taken from
Zhuang et al. (2001)

Tpot

By =h ——P
- ' a0+a1Tpot

(15)

with ag = 3.1844 107° d! and a; = 1.7768 10~ ecm™! (De Willigen
etal., 2011). The transpiration reduction function is given by (Campbell,
1991)

b \P\ 7
Tact = Tpot (1 + ( > ) (16)
hii/2

where hy, /2 is hy, where Taer = 0.5Tper, and p is a dimensionless curve
shape parameter, usually in the range 5-10; a step function can be
approximated by taking a large value for p (e.g., p = 250) (Fig. 4). The
sum for all computational layers of all g; and that of all g must be equal
to each other and equal to the (actual) water uptake Tyet.

De Jong van Lier et al. (2013) used the same steady-rate solution
(further denoted as the dJvL concept). They defined an alternative
expression for the water flux from the soil column directly into the root
(qo) which also includes gq;. For the dJvL concept, the main equation is
given by

T,
hoj+ dayLiMoj = hi + Pase ;M + Ta < a7
1

where L, is the conductance in the pathway root-stem-leave @b and
davr is a geometry factor (d cm™?) given by

21 [ R
Riln( g

Gart. = TdevL (18)

where Ry is the radius of the xylem vessel (cm) and pqyvi, is a geometry
factor (cmfz) given by

4

Pant = 19
2 2 2 2 aR
<R0 —aR? + 2(R; + R})In (ﬁ))

where a is a dimensionless fraction indicating where in the soil cylinder
the pressure head equals the value hs. According to de Jong van Lier
etal. (2006); (2008); (2013), a = 0.53 is a good approach in monomodal
Van Genuchten-type soils. The water flux inside the soil cylinder is given
by

G1j = AZiPyy; (Msj - MOJ) (20)

Both dW and dJVL concepts result in a set of N nonlinear equations
with N unknowns, with the requirement that the sum of water uptake
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Fig. 4. Relative transpiration as a function of leaf water potential according to
the Campbell (1991) function for three values of exponent p with hy i/,
= —16000 cm.
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from all soil compartments is equal to Ty, the latter being a function of
the additional unknown h;. The N unknowns are hg (observe that My is a
function of hy) and the nonlinearity is a consequence of the nonlinear
functions M(h) and Tyc¢(hy). This equation system is solved via a double,
nested iteration procedure as given in Appendix A.

For both dW and dJvL microscopic concepts, implicit compensation
occurs. By simultaneously solving the system for all computational
layers in the root zone, a thermodynamically most favourable distribu-
tion of water uptake is simulated: more water uptake will implicitly be
simulated from zones where hydraulic conditions are more favourable,
and no subsequent computational step is needed to deal with this
compensation.

2.3.3. Example

SWAP-WOFOST simulations were performed for a 30-years period
(1991-2020) using the root water uptake concepts Fe_0, Fe_1, dW, and
dJvL. Simulations were performed for four representative Dutch soil
profiles, either with a shallow groundwater level (mean highest (MHG)
and mean lowest (MLG) groundwater level in ranges [27-39] and
[57-71] cm below the soil surface) or with a deeper groundwater level
(MHG and MLG in ranges [71-127] and [204-222] cm below soil sur-
face). The VGM parameters for these soil profiles are given in Appendix
B. The simulated reduction in grass yield is shown in Fig. 5. In general,
Fe_1 results in lower yield reductions than Fe 0. The yield reductions
according to dW and dJvL are very similar but lower than Fe_0 or Fe_1.
This means that, according to the process-based concepts of dW and
dJvL, plants experience less difficulty in taking up water from the soil.
This is largely due to the implicit compensation resulting from these
concepts, leading to an enhanced uptake from wetter layers, often at the
bottom of the root zone (Fig. 6).

2.3.4. Discussion

While the process-based reduction functions (dW and dJvL) contain a
physical description of the process of water transport, they require some
additional parameters. All of these have a physical or physiological
meaning and can be independently measured or their values can be
retrieved from literature. Publications dealing with the concepts of dW
and dJVL provided data on these parameters (including ranges). These
were summarized by Heinen and Mulder (2023), including literature
data collected by De Willigen, van Noordwijk, (1987).

Despite these advantages, the Feddes reduction function is by far the
most popular among users of the SWAP model due to its apparent
simplicity. Would it be possible to calibrate the Feddes limiting pressure
heads using a process-based reduction function?

In their attempt to do so by applying the dJvL model, Dos Santos
et al. (2017) were not successful. A moderate agreement could only be
obtained in case there is hardly any compensation occurring in the root
zone. The only simple way to compare the Fe-concept and a
process-based concept is by considering a monolayer root zone. From
the dW-concept, it then follows that the relationship between Tact/Tpot
and hs is nonlinear as opposed to the linear decrease according to the
Feddes-concept. This nonlinearity is caused by the nonlinear M(h)
properties of the soil layer (Heinen and Mulder, 2023).

Since only a single root (or leaf) water potential is considered in the
microscopic concepts, the implicit (intrinsic) compensation effect may
be overestimated. Hydraulic redistribution of water in the soil via the
root system (hydraulic lift) may also be simulated, although this is
sometimes not seen as realistic. Models have been developed for the
three-dimensional analysis of water flows in the soil-root system (e.g.,
Javaux et al., 2008), and recently an upscaled one-dimensional version
of this model has been proposed by Vanderborght et al. (2023).

2.4. Oxygen stress

The metabolic processes occurring in roots require oxygen. In (near)
water-saturated soil conditions, where oxygen diffusion is limited, most
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Fig. 5. Simulated grass yield reductions for four soil profiles (top panels) and two groundwater levels (GWL; right panels) according to the four concepts Fe_0, Fe_1,
dW, and dJvL. Yield reductions are given as thirty-year averages (30-yr: 1991-2020) and for a wet year (1998) and a dry year (2018). The soil profile codes refer to

the BOFEK soil profiles given by Heinen et al. (2022).
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Fig. 6. Time-depth distributions of root water uptake (RWU, cm d™!) for the case of grass on soil profile 1018 (peat + heavy clay layer) and a relatively deep

groundwater level according to Fe_1 (top) and dW (bottom).

terrestrial plants suffer from a lack of oxygen. The effect of insufficient
soil aeration on the functioning of plants has been an important field of
research for a long time, e.g. in (1) agriculture, as oxygen stress reduces
yields (Dasberg and Bakker, 1970), (2) ecology, since water logging
affects plant species composition (Runhaar et al., 1997), and (3) hy-
drological modelling, as water logging reduces root water uptake
(Feddes et al., 1978).

Oxygen stress depends on various abiotic and biotic factors. For
many years, procedures for root water uptake simulation, including the
Feddes function (Fig. 2), did not combine both plant physiological and
soil physical processes to predict the reduction of root water uptake in
scenarios of insufficient soil aeration. In SWAP, a more process-based
approach was included.

Oxygen stress, defined as the daily respiration reduction (i.e. po-
tential minus actual respiration) is calculated with the process-based
model of Bartholomeus et al. (2008) for oxygen transport and con-
sumption. The model combines interacting physiological processes (i.e.
root respiration and microbial respiration) and physical processes (i.e.
macro-scale and micro-scale oxygen diffusion) to simulate daily respi-
ration reduction, using generally applied physiological and physical

relationships. Oxygen stress occurs when the actual root respiration is
lower than the potential root respiration, i.e. when the oxygen supply
cannot meet the oxygen demand of plant roots. Root respiration is
determined by interacting respiratory (i.e. oxygen consuming) and
diffusive (i.e. oxygen providing) processes in the soil and to the roots.
The model of Bartholomeus et al. (2008) is applied to all rooted soil
layers of SWAP, to account for layer-specific soil physical properties,
moisture contents, and temperatures. The process-based description of
oxygen uptake has a great analogy with the process-based root water
uptake concepts described above.

Bartholomeus et al. (2008) showed that assuming constant values for
h; and hy in the Feddes-model (see Eq. (10) and Fig. 2) is inappropriate
for an accurate determination of oxygen stress. Reduction of root water
uptake due to oxygen stress may start already under drier conditions and
it is not only crop-dependent but also depends strongly on soil type and
soil temperature.

3. Case studies

Over the last five decades, the SWAP model has been used in many
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research projects. Van Dam et al. (2008) catalogued studies with SWAP
until 2008. In addition to that, Table 1 lists studies with SWAP in recent
scientific literature. Below, we briefly describe three case studies: 1.
Water stresses in agriculture (Netherlands); 2. Regional water produc-
tivity (China); 3. Controlled drainage with subirrigation.

3.1. Agricultural yield reduction due to water and oxygen stress

Many of the more recent additions and improvements in SWAP are
due to a large project (‘Watervision Agriculture’) in the Netherlands
dealing with predicting agricultural yield reductions due to water and
oxygen stress (Hack-ten Broeke et al., 2016; 2019). The integration of
the WOFOST dynamic growth model in SWAP (Section 2.2) and the
addition of oxygen stress as a driver for actual growth (section 2.4) are a
result of this study. In parallel, the option of process-based root water
uptake was taken into account (Section 2.3).

The main aim of this study was to develop an instrument for prac-
titioners (policymakers, water authorities, water management engi-
neers, drinking water companies) to allow for studies to determine the
impact of regional or local hydrological interventions (e.g., changes in
groundwater level management due to surface water management or
activating groundwater pumping wells) or climate change on hydro-
logical conditions and agricultural crop production. This outcome can
then be used to decide on management options or (financially)
compensate farmers for loss of yields due to such hydrological in-
terventions. It appears that the impacts on yield are determined by soil
profile properties such as the water retention and hydraulic conductivity
functions (see Section 2.1), crop type (see Section 2.2), meteorological
conditions, and groundwater dynamics. ‘Watervision Agriculture’ con-
sists of three modes of usage. For the first mode, about 1 million simu-
lation runs with SWAP-WOFOST were performed for which the
simulated yield reductions were summarized by a random forest model.

Table 1

Studies with SWAP as reported in recent scientific literature.

Citation Location Primary study Special feature used
objective
Bontenetal. (2012)  Netherlands Transport heavy Lateral drainage
metals options
Bonfante et al. Lebanon Agricultural Soil heterogeneity
(2017) production
Kroes et al. (2018) Netherlands Soil water Upward and
recirculation downward flow
Mokhtari et al. Iran Crop yield Assimilation
(2018) prediction satellite data
Pinto et al. (2019) Brazil Intercropping Interaction 2 SWAP
competition columns
Bonfante et al. Italy Soil quality and Surface runoff
(2019) health
Taufik et al. (2019) Indonesia Peatland Extensive drainage
management options
Hack-ten Broeke Netherlands Water stress in Crop-soil-water
et al. (2019) agriculture interaction
Kroes et al. (2019) Argentina Land use change Distributed
modelling
Li, Ren, (2019a), Li, China Crop water Irrigation options
Ren, (2019b)) productivity
Da Silva et al. Brazil Irrigation Soil hydraulic
(2020) management properties
Eberhard et al. Germany Salinization Water and salt
(2020) marshland interaction
Maleki Tirabadi Iran Regional Combination with
et al. (2022) salinization SWAT
Pinheiro and Nunes  Brazil Soil tillage effects Dynamic maize
(2023) growth
De Melo et al. New Land and water Microscopic root
(2023) Zealand productivity water uptake
De Wit et al. (2024) Netherlands Drainage with Extensive drainage
subirrigation options
De Jong van Lier Brazil Water balance Stochastic interface
et al. (2024) components
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The user can access these tabulated data for combinations of soil type,
crop type, weather station (historic data or climate prediction) and
classified groundwater level information. The second mode allows the
user to select one specific SWAP-WOFOST simulation run out of the 1
million that were used to generate the tabulated data of the first mode.
The user can than tailor the input data to the conditions at hand. The
third mode refers to the possibility to run multiple SWAP-WOFOST
simulations for a specific region to allow regional-specific simulations.
The second and third modes use the SWAP-WOFOST model directly,
making it possible to analyze the simulated crop yield in detail. Exam-
ples can be found in Hack-ten Broeke et al. (2019).

3.2. Regional water productivity in the North China Plain

The North China Plain (NCP) is sometimes denoted as the bread-
basket of China as it produces a large part of all Chinese wheat and
maize. However, the widespread wheat-maize rotation in NCP consumes
700-1000 mm yr~ ', much more than the annual average rainfall of
500-600 mm. The extraction of groundwater for irrigation has caused a
groundwater table decline of nearly 1 m yr~! during the past forty years
(Yang et al., 2022). This groundwater decline has a huge detrimental
impact on the environment. Therefore, in NCP no longer land produc-
tivity (crop yield/land surface area, kg ha™') is a main goal, but water
productivity (crop yield/water consumed, kg m~). A higher water
productivity is urgently needed to decrease groundwater mining in NCP
and might be achieved by more effective irrigation and crop
diversification.

Li, Ren, (2019a) applied SWAP-WOFOST in a distributed way in NCP
for evaluating agrohydrological cycles and irrigation strategies. They
started with a global sensitivity analysis to identify the most important
calibration parameters. These parameters were calibrated and validated
using experimental data from six stations spread over NCP. For regional
simulation, they overlayed 12 maps for regional simulations involving
meteorology, soil, crops, land use, water resources, and administrative
divisions. The simulated yields of winter wheat and summer maize were
consistent with statistical values, and the simulated evapotranspiration
matched the remote sensing data. Li, Ren, (2019b) used the calibrated
models to evaluate 11 limited irrigation scenarios and their effect on
land and water productivity. Li and Ren (2023) further extended the
water productivity analysis with differences between sprinkler irrigation
and surface irrigation.

The diversification of the traditional monoculture of wheat and
maize in NCP with cash crops (e.g. potato) and legumes (peanut and
soybean) can be beneficial for farmers, society, and the environment.
For instance, crop diversification may increase the equivalent yield,
reduce N,O emissions, and stimulate soil microbial activities (Yang
et al., 2024). Investigations on the water productivity of alternative
cropping systems in NCP using SWAP-WOFOST are ongoing.

3.3. Controlled drainage with subirrigation

In Eq. (1) a sink-source term was used for the interaction with drains
(drain pipes, ditches, or other open water bodies). Traditionally drains
are regarded as sinks for soil water in the saturated part of the soil and
the drain flux is set equal to the difference in soil water pressure head
and the drain level (depth) divided by a drain resistance. In SWAP, this
option is extended via the possibility of using a time-variable drain head.
Outflow only occurs when the soil water head exceeds that inside the
drain. By adjusting the drain head, one can also allow water to flow from
the drain into the soil in case the soil head is less than that inside the
drain (infiltration from drains or subirrigation). Here we describe a
recent study on controlled drainage with subirrigation.

Controlled drainage with subirrigation (CD-SI) could be an appro-
priate measure to address the imbalance in water demand and supply in
groundwater dependent regions. CD-SI has the potential to anticipate
both dry and wet weather extremes, as it can i) retain, ii) recharge and
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iii) discharge groundwater (De Wit et al., 2024). De Wit et al. (2024)
showed that the implementation of CD-SI systems may alter several
water balance components (Fig. 7). The groundwater level may rise, and
depending on both soil physical conditions determining capillary rise,
and crop rooting depth, crop water availability and crop yield may
increase.

A challenge in modelling the hydrological effects of CD-SI systems is
the dynamic modelling of both the water level in the control pit and the
water supply rate, rather than considering these as constants. As these
factors depend on the drainage threshold in the control pit, groundwater
level, maximum available external water supply, drainage resistance
and infiltration resistance, dynamic modelling is required for correct
insights in the water balance components and effective implementation
of subirrigation (Evans, 2008).

CD-SI systems can be modelled in SWAP via either the basic or the
extended drainage module. Basic drainage is used when the water level
in the control pit is fixed or given as input from measurements. The
extended drainage option in SWAP allows for the dynamic simulation of
the water level in the control pit, using the controlled drainage system as
the ‘secondary drainage system’ of the extended drainage module.

SWAP simulations for four experimental CD-SI fields in the
Netherlands (De Wit et al., 2024) showed that the use of CD-SI systems
leads to an important increase in actual plant transpiration only in dry
years. Corresponding results for one site (their site A) are shown in
Fig. 8. For meteorologically average and wet years the differences be-
tween subirrigation and no subirrigation are less pronounced or even
negligible. A comparison of the four experimental fields also showed
that hydraulic resistance to downward seepage is needed to prevent
excessive downward seepage. Together with drainage towards surface
water, these losses significantly increase the required water supply.
However, ditch drainage losses can be limited by adapting the surface
water level to the groundwater level.

Field experiments combined with process-based model simulations
are required to understand the real-world situation better, leading to
better models in terms of schematization, modelled processes, and
parameter values. The calibration of SWAP by inverse modelling using
the PEST software (Doherty, 2010) allowed to reproduce the data of the
field experiments with CD-SI systems (De Wit et al., 2024). Both the
required water supply and the water level in the control pit of the CD-SI
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system were simulated dynamically, which appeared to be a key element
in understanding the functioning of CD-SI systems. Process-based
modelling led to insight into the water balance components, also those
components that can hardly be measured in the field, or occur in con-
ditions that were not part of the experimental periods, like extremely dry
or wet meteorological conditions. The SWAP-modelling procedure can
support the design of CD-SI systems for a range of geohydrological set-
tings, including quantification of required water supply rates for
different management strategies of CD-SI systems, crop characteristics,
and meteorological conditions.

4. Promising developments in the near future

The SWAP model described in this paper is a research model that is
often used for studies on the effects of climatic or hydrological changes
in agriculture. As a research model, its main relevance relates to
increasing the process-based understanding of soil-water-plant-
atmosphere interactions. Scientific advances in modelling the flow of
energy and matter in the soil-plant-atmosphere continuum help to un-
derstand these interactions. In this paper, several examples of scientific
improvements were presented, including the process-based modelling of
root water uptake and oxygen stress. Working on these improvements
and additions showed that a more precise simulation of root growth is
needed to correctly simulate the root response to the soil-water condi-
tions. This includes adaptive root growth simulation, planned to be
included in SWAP shortly.

Climate change results in higher temperatures, and more pro-
nounced weather extremes resulting in severe drought, water excess,
and prolonged heat waves. The cumulative effects of these extreme
conditions on crops are not well known and the development of model
features to address these issues is needed.

Soil subsidence and salinization are becoming a growing threat to
society, especially in delta areas and areas with peat soils. Underlying
processes are only slightly part of the SWAP model as yet, but with the
increasing relevance of these issues, the required model development
seems obvious. The combination of physical soil processes resulting in
subsidence and the effect of sometimes temporal salinity due to seepage
or irrigation with saline or brackish water on root development and crop
response should receive attention in the near future.
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Fig. 7. The soil water column at field scale with the water balance components in the (un)saturated zone (source: De Wit et al#, 2022).
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Fig. 8. Hydrological consequences of controlled drainage with subirrigation for a wet year 1998 (I, left side), an average year 2012 (II, middle) and a dry year 2018
(I11, right side), as modelled with SWAP for field site A from De Wit et al., (2024). Precipitation (input, A), water supply (modelled, B), water level in the control pit
(modelled, C), groundwater level (modelled, D), soil moisture content at 20 cm-ss (modelled, E), and potential and actual transpiration for a field with subirrigation
(modelled, F) and a field without subirrigation (modelled, G). Precipitation and water supply are given on daily (‘Daily’) base and cumulative (‘cum’) amounts.
Transpiration is given as cumulative potential transpiration (dotted, orange lines) and cumulative actual transpiration (solid, orange lines). Water level in the control
pit, groundwater level, and soil moisture content at 20 cm-ss are given for a situation without subirrigation (‘no sub’) and with subirrigation (‘sub’). The grey blocks
represent the subirrigation period @ast April 30t September) (source: De Wit et al., 2024)).
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Appendix A. Solution procedure process-based root water uptake models

The equation systems for both the dW and dJvL concepts are solved via a double, nested iteration procedure. First, two estimates for hy, are searched
for such that

F(h) = U(hy) = Tact (he) (A1

results in a positive and a negative value for the function F. Then the final value for h;, can be found such that F = 0 (or less than some small
convergence criterion). The function U(hy) is the solution of the inner iteration loop in which the set of N equations with N unknowns is solved. For the
concept of dW it is given by

u =Qi(x; —h)—S; EMS,I - Mo,lg =0
Uy = Qa(x2 —hy) — S (M2 — Mpz) =0 (A.2)

uy = Qu(xy — h) — Sy (Msn — Mox) =0

where x = hg and Q = AzL K, (d™!) and S = Azpgw (cm ™). In matrix notation this is given by U(x) = 0. For the concept of dJVL it is given by
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T,
u = hL — X1 +SSl (Ms.l _MO,l) +L—a: 0
1

T,

Uy = hL — Xz + SS, (Ms‘z — Mo‘z) + E =0 (A3)

T,
uy = hy — Xy + SSx (Msn — Mon) + f =0
1
Where x = hy and SS = ¢qgvr, (d em ™). In matrix notation this is given by U(x) = 0. So, for both concepts the solutions are found in a similar way.
Following a Newton-Raphson method (Press et al., 1992) the problem U(x) = 0 is rewritten based on a Taylor expansion as

U(x+6x) = U(x) +J-6x + O(5%?) (A9
Disregarding the second-order term on the right-hand side and requiring that U(x+8x) = 0, the problem reduces to

Jox=-U (A.5)
This matrix problem can be solved and the estimate for x can be updated as

Knew = Xold + 0X (A.6)

This continues iteratively until 5x — 0, or the sum of all |5x]| is less than a convergence criterion. The Jacobian J contains the derivatives du/dx. For
the concept of dW this is given as (note: dM/dh = K)

Q + 51K, 0 0
J— 0 Q:+S:Ky ... 0 (A7)
Similarly, for the concept of dJVL this is given by
-1 -S85Ky 0 0
J— 0 -1 -8S:K, ... 0 (A.8)
0 0 .. —1- 85Ky
Since J only contains non-zero entries on the main diagonal, its inverse can be obtained directly. All diagonal elements of J~! are equal to the
reciprocal of the diagonal elements of J. Thus, Eq. (A.5) can be solved directly: 6x = — J'-U.

Appendix B. Soil hydraulic properties of soil profiles used in 2.3.2

In section 2.3.2 simulation results are given for four soil profiles. Each soil profile consists of 2 or 3 soil layers for which the VGM parameters are

listed Table B-1.

Table B-1

Values for the Van Genuchten — Mualem parameters 0;, 05, @, n, A and K for four soil profiles for the indicated soil layers (depth)

Profile Depth Or O o n A Ks
(cm) (cm3 cm’B) (crn3 cm’z) (cm’l) - “) (cm d’l)
1001 0-15 0.0 0.7186 0.01906 1.1367 0.0001 4.4837
15+ 0.01 0.8486 0.01193 1.2715 -1.2493 3.4020
1018 0-7 0.0 0.7186 0.01906 1.1367 0.0001 4.4837
7-35 0.01 0.5733 0.02785 1.0800 -6.0913 9.6893
35+ 0.01 0.8486 0.01193 1.2715 -1.2493 3.4020
3015 0-25 0.02 0.4339 0.02165 1.3488 7.2021 83.2416
25-60 0.02 0.3871 0.01608 1.5244 2.4397 22.7618
60+ 0.01 0.3658 0.01599 2.1628 2.8680 22.3222
4001 0-20 0.01 0.4481 0.01283 1.1353 4.5805 3.8323
20-40 0.0 0.4436 0.01432 1.1260 2.3571 2.1224
40+ 0.01 0.5607 0.00881 1.1581 -3.1723 1.0797
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