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Stochastic modeling of salt accumulation in the root zone due to
capillary flux from brackish groundwater

S. H. H. Shah,1 R. W. Vervoort,2 S. Suweis,3 A. J. Guswa,4 A. Rinaldo,3,5

and S. E. A. T. M. van der Zee1

Received 23 July 2010; revised 9 July 2011; accepted 25 July 2011; published 7 September 2011.

[1] Groundwater can be a source of both water and salts in semiarid areas, and therefore,
capillary pressure–induced upward water flow may cause root zone salinization. To identify
which conditions result in hazardous salt concentrations in the root zone, we combined the
mass balance equations for salt and water, further assuming a Poisson-distributed daily
rainfall and brackish groundwater quality. For the water fluxes (leaching, capillary upflow,
and evapotranspiration), we account for osmotic effects of the dissolved salt mass using
Van‘t Hoff’s law. Root zone salinity depends on salt transport via capillary flux and on
evapotranspiration, which concentrates salt in the root zone. Both a wet climate and shallow
groundwater lead to wetter root zone conditions, which in combination with periodic
rainfall enhances salt removal by leaching. For wet climates, root zone salinity
(concentrations) increases as groundwater is more shallow (larger groundwater influence).
For dry climates, salinity increases as groundwater is deeper because of a drier root zone
and less leaching. For intermediate climates, opposing effects can push the salt balance
either way. Root zone salinity increases almost linearly with groundwater salinity. With a
simple analytical approximation, maximum concentrations can be related to the mean
capillary flow rate, leaching rate, water saturation, and groundwater salinity for different
soils, climates, and groundwater depths.

Citation: Shah, S. H. H., R. W. Vervoort, S. Suweis, A. J. Guswa, A. Rinaldo, and S. E. A. T. M. van der Zee (2011), Stochastic

modeling of salt accumulation in the root zone due to capillary flux from brackish groundwater, Water Resour. Res., 47, W09506,

doi:10.1029/2010WR009790.

1. Introduction
[2] Recently, a system analysis framework [Rodriguez-

Iturbe and Porporato, 2004] has been developed for the
stochastic modeling of the soil water balance, in particular
for rain-fed semiarid ecosystems. This framework initially
did not consider feedback of the groundwater with the root
zone soil water dynamics. However, it is apparent that
groundwater can be an important and even dominant factor
with regard to vegetation development and patterning [e.g.,
Lamontagne et al., 2005; Mensforth et al., 1994; Scott et al.,
2006; Thorburn and Walker, 1994; Walker et al., 1993].

[3] During the past 2 years, interactions between
groundwater and the root zone have been taken into con-
sideration by Vervoort and van der Zee [2008, 2009],

Ridolfi et al. [2008], Laio et al. [2009], and Tamea et al.
[2009]. Vervoort and van der Zee [2008, 2009] considered
the water balance for a vegetated soil, but without account-
ing for the impact of drainage on groundwater levels. This
influence of drainage on groundwater levels was taken
into consideration by Ridolfi et al. [2008], Laio et al.
[2009], and Tamea et al. [2009] for unvegetated and vege-
tated soil.

[4] Whereas determining the influence of capillary
upflow from the groundwater towards the root zone is of
interest, in particular for semiarid regions, the related haz-
ards of salt accumulation in the root zone cannot be
ignored. Water moving upward from the groundwater to-
ward the root zone due to capillary forces is known to
imply a salinization hazard [Bresler et al., 1982; Howell,
1988], and therefore, shallow groundwater and water log-
ging situations need to be avoided [Berret-Lennard, 2003;
Datta and Jong, 2002; Pichu, 2006]. This understanding
as such is not new. For instance, in Hungary, the depth of
the groundwater level is a major factor in assessing the
risk of root zone salinity and sodicity [Szabolcs, 1989;
Toth, 2008; Toth and Szendrei, 2006; Van Beek et al.,
2010; Varrallyay, 1989]. The awareness that salts need to
be leached to avoid soil salinity is expressed in the concept
of leaching fraction as given in the famous work by Rich-
ards et al. [1954]. This concept has continued to be inves-
tigated throughout recent past decades [Corwin et al.,
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Copyright 2011 by the American Geophysical Union.
0043-1397/11/2010WR009790

W09506 1 of 17

WATER RESOURCES RESEARCH, VOL. 47, W09506, doi:10.1029/2010WR009790, 2011

http://dx.doi.org/10.1029/2010WR009790


2007; Rhoades, 1974; Rhoades et al., 1973]. Besides the
leaching fraction, both analytical and numerical modeling
approaches for soil salinization have been elaborated,
which are complementary in that they emphasize different
aspects of the transport phenomena. For instance, Raats
[1975] considered depth-time trajectories of water particles
analytically, considering root water uptake (RWU) and the
effect of RWU on salt concentrations. In this analysis, he
calculated the depth-time trajectories of elements of water,
steady and transient salinity profiles, and responses of sa-
linity sensors at various depths following a step increase
and a step decrease of the leaching fraction. An analysis
with similarities to that by Raats for linearly adsorbing sol-
utes was presented by Schoups and Hopmans [2002] for
different scenarios.

[5] In addition to such analytical, or analytically inspired,
numerical modeling, fully numerical models have been
developed such as UNSATCHEM [Simunek et al., 1996],
SWAP [Kroes et al., 2008], and HYDRUS [Simunek et al.,
1998, 1999; Somma et al., 1998]. With these tools, it is pos-
sible to assess in detail how water flow, solute (salt) trans-
port, and root water uptake affect each other. Although they
are computationally more demanding than analytical mod-
els, computational power rapidly increases, and this makes
this constraint less important.

[6] The scope of this paper is to assess, for a root zone in
hydrological contact with groundwater, how salt accumula-
tion is related to root zone water dynamics, with the
emphasis on the variability of these dynamics caused by
atmospheric forcing. We are interested in the impact of cli-
mate drivers such as rainfall intensity, precipitation fre-
quency, and evaporative demand, along with the influence
of capillary upflow from the water table. In this work, we
presume that the primary source of salt is from ground-
water rather than irrigation water, as in the case of Suweis
et al. [2010].

[7] To keep the emphasis on precipitation timing and in-
tensity, we follow the framework presented by Rodriguez-
Iturbe and Porporato [2004] and consider the root zone as
a single layer without resolving the dynamics of infiltra-
tion. Guswa et al. [2002, 2004] examined conditions where
such a simplification is appropriate ; they found that when
vegetation has the ability to compensate for heterogeneous
distributions of soil moisture, either through hydraulic
redistribution or through compensatory uptake, the single-
layer and spatially explicit models gave similar results.
Such compensation ability has been demonstrated for
plants in many different ecosystems [Caldwell et al.,
1998; Dawson, 1993; Domec et al., 2010; Green et al.,
1997; Katul and Siqueira, 2010; Nadezhdina et al., 2010;
Oliveira et al., 2005].

[8] To understand the development of the salinity of the
root zone, we consider a conceptual model of a homogene-
ous root zone with thickness Zr (cm), porosity �, and
groundwater Z (cm) below the soil surface (Figure 1). The
root zone water balance is studied in the probabilistic
framework of Vervoort and van der Zee [2008] in view of
the random character of rainfall. The random fluctuations
of root zone water saturation affect the fluctuations of salin-
ity through the contribution of the various fluxes into and
out of the root zone, and this balance is the primary scope
of this paper.

2. Methods
2.1. Background Theory

[9] Our point of departure is the ecohydrological model
including capillary upflow described by Vervoort and van der
Zee [2008]. Evaporation and rainfall occur at the soil surface
and affect mainly the water storage in the root zone. No hys-
teresis occurs, and the soil water profile below the root zone
has a steady state. We assume that the groundwater level is
constant, which means that the fluctuations in the groundwater
level occur at a much larger time scale than the fluctuations in
climate drivers (i.e., years versus days and weeks). We further
assume that the soil is initially free from salts and that all salt
originates from the groundwater in what commonly is called
primary salinization [Szabolcs, 1989; Varrallyay, 1989].

[10] We have water flow due to rainfall or irrigation P,
leaching L, capillary upflow U, and evapotranspiration (ET).
This leads to the water balance equation

�Zr
ds
dt
¼ P� ETðsÞ þ UðsÞ � LðsÞ; ð1Þ

where s is the soil saturation (0 < s < 1), and we distin-
guished all inflow and outflow water fluxes, instead of just
a loss function, as they may carry different salt loads.

[11] Rainfall is modeled as a marked Poisson process
with a mean storm arrival rate � (events d�1), and each
storm carries a random amount of rainfall [Rodriguez-Iturbe
et al., 1999]. Following Laio et al. [2001], the climate is
subsequently defined by the parameters �0 and �, which
arise from the Poisson distributed daily rainfall. The param-
eter �0 is equal to �e��=�, where � is the interception
depth (cm) and � is the mean storm depth (cm event�1).
The parameter � is equal to �Zr=�, or equivalently, 1=� is
the root zone weighted mean storm depth.

[12] The effective normalized water loss function of the
root zone (i.e., � ¼ ½ETðsÞ þ LðsÞ � UðsÞ�=ð�ZrÞ), which

Figure 1. Conceptual model for groundwater uptake by
vegetation in a semiarid system.
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also takes into account the effect of the interaction with the
groundwater, is [Vervoort and van der Zee, 2008]

� ¼

� � m2ð Þ s� scr

s� � scr

� �
scr < s � s�

� � m1 1� e� s�slimð Þ� �
s� < s � slim

� þ m e� s�slimð Þ � 1
� �

slim < s � 1

8>>>><
>>>>:

;

m2 ¼
KsG
�Zr

;

m1 ¼
m2

1� e� s��slimð Þ½ � ;

m ¼ Ks

�Zr e� 1�slimð Þ � 1½ � ;

� ¼ Emax

�Zr
;

ð2Þ

where the dimensionless parameter G is a function that
describes the relationship of the capillary flux with the
groundwater depth, the bubbling pressure hb, and the hy-
draulic shape parameters �e and b and has the following
functional form [Eagleson, 2002]:

G ¼ �e
hb

Z � Zr

� �2þ3=b

: ð3Þ

[13] The parameters m2 and m1 are constants, where m2
represents the maximum capillary flux for a given ground-
water depth and hydraulic properties (encapsulated in G),
while m1 is equal to m2 normalized for the reduction in cap-
illary flux with increased saturation. We use � as a soil hy-
draulic shape parameter, which is related to b, the slope of
the water retention curve.

[14] The first important boundary is slim, which defines
the point where, coming from the saturation end, the soil

storage moves from leaching L to capillary upflow U, i.e.,
the point where L ¼ U¼ 0. In other words, at any point wet-
ter than slim, U ¼ 0, and at any point drier than slim, L ¼ 0.
If we move from slim towards drier conditions, we will reach
an important boundary scr, which depends on the water
table depth. This point is the soil saturation for which
U ¼ ET and thus the resultant loss from soil storage is 0.
The soil will never dry out below this level of soil saturation
because at this point (and below) the potential capillary flux
is either equal to or greater than the actual evaporation
losses and thus all evaporation demand can be supplied
by the capillary flux. Further, s� is the soil saturation level at
which the transpiration becomes limited by available soil
moisture, and sw is soil saturation at wilting point, which
is used for calculating scr. Finally, Emax is the maximum
evapotranspiration [Rodriguez-Iturbe and Porporato, 2004],
and � is the root zone depth normalized version of Emax.

[15] Because the loss function (2) is fundamental for this
work, we show it in Figure 2 for different groundwater
depths from soil surface (Z, in cm) and one combination of
‘‘other’’ parameters such as soil type, climate, and vegeta-
tion. Note that this loss function represents net loss of water
from the root zone since it incorporates the effect of capil-
lary upflow, which is a gain to the root zone.

[16] In contrast to the more traditional Eagleson [1978]
approximation (which we applied in the work by Vervoort
and van der Zee [2009]), drainage and capillary upflow
never occur simultaneously in this function; more specifi-
cally, it contains a switching behavior for which the switch-
ing point slim is dependent on the groundwater depth. In
order to separately calculate the capillary upflow U, we
have used equation (4) [Vervoort and van der Zee, 2008],
and the leaching flux has been calculated by using the
lower limit of soil saturation (excluding the � parameter) of
equation (2). The maximum evapotranspiration Emax has
been calculated by using Teuling and Troch’s [2005] equa-
tion. We checked that the sum of the separate loss function

Figure 2. Graphical representation of equation (2) (net loss of water as a function of soil saturation) for
sandy clay loam soil (SCL, Table 1) under three different groundwater depths (Z ¼ 150 cm, Z ¼ 200 cm,
and Z ¼ 250 cm). Emax ¼ 0.37 cm d�1, and vegetation is trees (Table 2).
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and combined calculation of the fluxes combined in (2)
indeed gave the same result:

qtotalðsÞ ¼
�m2 scr < s � s�

�m1 1� e� s�slimð Þ� �
s� < s � slim

(
;

m2 ¼
KsG
�Zr

;

m1 ¼
m2

1� e� s��slimð Þ½ � :

ð4Þ

[17] Also in Figure 2, the impact of ET can be seen when
the groundwater level is deep and cannot be observed for
shallow water tables. For shallow water levels, the effect of
ET is not visible because capillary upflow is in balance
with ET losses. Basically, the impact of capillary upflow is
that at some value of s the total loss (ET � U) from the
root zone actually equals zero. The soil will never dry out
below this level of soil saturation because at this critical
saturation scr and below, the potential capillary flux is
either equal to or larger than the actual evaporation losses,
and thus, all evaporation demands can be supplied by the
capillary flux. In reality, below scr the potential capillary
upflow will be reduced until capillary upflow matches the
actual ET. This also implies that scr is the minimum soil
saturation level that the soil will reach a particular ground-
water level, ET demand curve, and soil type, and therefore,
these factors depend on scr. For shallow groundwater
tables, scr is equal to s�, and for deep groundwater tables,
scr is equal to sw. As a result, the ET signal is more clearly
visible for deep groundwater tables in Figure 2.

[18] The model as formulated in equations (1) and (2)
can be solved analytically to give the soil saturation proba-
bility density function [Vervoort and van der Zee, 2008],
but all other salt-related variables and the separate fluxes
(i.e., U, L, and ET) must be calculated numerically. In this
study, we will concentrate on the situation where the capil-
lary fluxes supply sufficient moisture so scr � sw and
m2 > Ew=�Zr, where Ew is the residual soil evaporation.
Strictly speaking, equation (2) only applies in the case that
m1 < �, which means scr < s�, or where the capillary fluxes
are too small to maintain evapotranspiration at maximum
capacity [Vervoort and van der Zee, 2008].

[19] A different situation arises for very shallow water
tables, where m1 > �. In this case, scr > s�, and equation (2)
simplifies to two piecewise linear sections [see Vervoort and
van der Zee, 2008, equation (11)], which means the capillary
fluxes allow evapotranspiration to always be at its maximum
capacity and soil water saturation never drops below s�.

2.2. Salt Transport Equation
[20] Whereas, in general, each of the water fluxes implies

salt transport, some of these dominate salt accumulation.
Except for special cases such as coastal regions that experi-
ence salt spray [Suweis et al., 2010], the salt flux involved
with atmospheric deposition and rainfall may be often
ignored. Irrigation with water containing salts means salt
fluxes at the soil surface are important [Bresler, 1981; Run-
yan and D’Odorico, 2010; Isidoro and Grattan, 2011],
where the use of wastewater for irrigation is a special case
[Jalali et al., 2008]. Still, in this paper, we disregard both
poor-quality irrigation water and salt deposition via rainfall.
Plants may uptake salts, and dicotyledonous halophytic plants

and crops may even require some NaCl for optimal growth
[Rozema and Flowers, 2008; Flowers and Colmer, 2008].
However, the mass fluxes involved in salt uptake and re-
moval from the field in harvested products are generally quite
limited [Shani et al., 2007]. For the present case, we therefore
only consider the salt mass fluxes due to capillary flux from
groundwater, which in this study has a constant concentration
CZ (for our reference case equal to 0.02 molc L�1, where
molc is mole charge) and is unaffected by the processes in
the root zone, and the leaching toward groundwater of salts
that have accumulated in the root zone. We obtain the fol-
lowing balance equation for the salt mass M:

dM
dt
¼ �Zr

dsC
dt
¼ UðsÞCZ � LðsÞC; ð5Þ

where C is the salt concentration in the root zone in molc L�1,
Cz is the salt concentration of the groundwater at depth Z in
molc L�1, M is the salt mass in molc m�2, and s is the soil
saturation. As (5) shows, we disregard chemical interac-
tions such as sorption and precipitation or dissolution
[Shani et al., 2007; van der Zee et al., 2010]. Since we
focus on easily soluble salts such as NaCl that dominate
seawater and are often the most important salts for ground-
water [Appelo and Postma, 2005], the omission of chemical
interactions is appropriate. We recognize that even for so-
dium, this is an approximation [Bolt, 1982; Kaledhonkar
et al., 2001; van der Zee et al., 2010]. The coupled equa-
tions (1) and (5) are solved numerically to provide root
zone saturation, salt mass and concentration, and the contri-
bution of various water and salt fluxes.

[21] The matric potential h(s) of the root zone controls
the water fluxes. In the analysis of Vervoort and van der Zee
[2008], however, the main variable is the soil water satura-
tion s, which is uniquely related to the matric potential. In
the present case, besides the matric potential that predomi-
nantly reflects capillary forces, the osmotic potential is also
important, given the presence of salts. Therefore, we need
to combine the matric and osmotic potentials and, following
the concept of chemical potential, determine a ‘‘virtual’’ sat-
uration sv using s(h), which then controls evapotranspiration
and capillary and leaching fluxes. Assuming validity of
van‘t Hoff’s law, we used a salinity correction based on the
additive properties of matric and osmotic potentials [Bras
and Seo, 1987; De Jong van Lier et al., 2008] even though
this convention can be disputed. The osmotic potential fol-
lows the van‘t Hoff’s law. Once the ionic components of the
salt solution in the root zone is known, 	(C) is a linear func-
tion of the salt concentration C, which can be written as

	ðCÞ ¼ kC; ð6Þ

where 	 is osmotic potential (MPa), C is the salt concentra-
tion expressed as molc L�1, and k is a coefficient that
includes the effect of temperature, electrolyte properties, and
a unit conversion factor, which is equal to 3.6 MPa L molc

�1.
The osmotic potential can subsequently be combined with
the Brooks and Corey [1966] equation, which describes the
matric potential relationship with soil saturation:

hðsÞ ¼ hð1Þ s
ss

� ��b

; ð7Þ
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where h(1) is the saturated soil matrix potential (MPa), b is
a parameter related to conductivity and tortuosity (pore size
distribution index and related to the previously mentioned
parameter �), and ss is soil saturation (ss ¼ 1). We can
combine (6) and (7) and rearrange to obtain the virtual satu-
ration sv [Bras and Seo, 1987]:

sv ¼ sshð1Þ1=b hð1Þ s
ss

� ��b

þ kC

" #�1=b

: ð8Þ

The resulting virtual soil saturation is the soil saturation
available to plants taking into account both matric and
osmotic effects.

2.3. Calculations
[22] Numerical simulations were based on a similar

parameterization to the one by Vervoort and van der Zee
[2008] (Tables 1 and 2) and therefore allow for comparison
with their results (which were focused towards analytical
probability density functions (pdfs) of the root zone water
saturation).

[23] Different Australian soils were considered where the
porosity � was set equal to 
s as estimated with the van
Genuchten pedotransfer functions in Neurotheta [Minasny
and McBratney, 2002]. Some representative climate param-
eters were calculated from long-term rainfall data for sev-
eral locations in Australia [Vervoort and van der Zee,
2008], and this defined the range of possible values for �
and � used in this paper. The climate is characterized by
��=Emax, which gives dimensionless values of 0.89, 1.35,
and 1.89 for dry, semiarid, and wet climates, respectively.
These dimensionless values are calculated on the basis of
input values of � and � used in the rainfall model. Maxi-
mum evaporation Emax was calculated using the Teuling
and Troch [2005] equation, and values are listed in Table 3.

[24] In the model, we assume that only part of the real
rainfall may enter the root zone. Note that real rainfall is
not exactly the same as rainfall input (input values of ��)
because the rainfall model generates relatively less rainfall
than the rainfall input taking into account interception. The
modeled rainfall is also called achieved rainfall or actual
input. If the amount of rainfall is greater than the current
storage capacity, which is related with 1 � s, then the
excess rainfall is lost because of runoff, and the remaining
rainfall enters the system for soil saturation calculations
(following the original model by Laio et al. [2001]). Sur-
face runoff due to a limited infiltration capacity could also
be considered [Appels et al., 2011] but will not affect the
main message of our paper, especially for larger root zone

thicknesses. Model calculations were done for a simulated
time of 100 years, as this was needed to reach a steady state
salt concentration. In view of the boundary conditions that
change with time, this refers to a steady state in the trend of
erratically fluctuating state variables, such as saturation,
salt mass, concentration, and various fluxes. In our analysis,
the first simulated year was ignored as a warm-up period,
and results were therefore obtained for a 99 year period,
and means were stabilized during this period as shown in
Table 4. For the period after the initial conditions had
decayed, long-term (pseudosteady state) statistics were cal-
culated. Typically, statistics and pdfs required computed
times larger than 20 years. We determined these properties
for the period ranging from about year 30 to year 100, but
for comparison with the analytical solution for saturation in
Figure 3, about a threefold larger period was considered to
more accurately determine the pdfs. All the values under
each climate are calculated for one realization of rainfall
function as different realizations only cause small varia-
tions in the numerical outcomes.

3. Results
3.1. Comparison of Analytical and Numerical pdfs of
Soil Saturation

[25] For the water balance, only one factor differs com-
pared with the situation considered by Vervoort and van
der Zee [2008], which is the effect of the osmotic potential.
In Figure 3, we show the pdfs of root zone water saturation
for the cases with and without accounting for osmotic effects
for three groundwater depths (Z ¼ 150 cm, Z ¼ 250 cm, and
Z ¼ 350 cm) under a dry climate ð��=Emax ¼ 0:89Þ and a
wet climate ð��=Emax ¼ 1:89Þ. The actually achieved rain-
fall was 0.219 and 0.426 cm d�1, respectively (Table 4).
First, we compare the numerically determined pdfs for dif-
ferent climates and groundwater levels Z with the analytical
results without osmotic effect from Vervoort and van der
Zee [2008]. This comparison was not done in that paper,
and in fact, we found little evidence of the accuracy of such

Table 1. Soil Properties Used in the Simulationsa

Soil Type
Porosity

�
Ks

(cm d�1) b
��s

(MPa)
�s;sh

(MPa) Sfc

Heavy clay 0.45 2.82 16.2 �1.4 � 10�3 �10 0.88
Medium clay 0.44 6.04 13.5 �1.7 � 10�3 �10 0.87
Light medium clay 0.42 3.51 13.5 �1.5 � 10�3 �10 0.86
Sandy clay loam 0.37 52.08 6.41 �1.2 � 10�3 �10 0.73
Loamy sand 0.37 175.3 4.52 �0.7 � 10�3 �10 0.57

aSoil hydraulic data are based on standard Australian soils in Neurotheta
[Minasny and McBratney, 2002].

Table 2. Vegetation Properties Used in the Simulations Following
Porporato et al. [2001]

Trees

Zr (cm) 100
� (cm) 0.2
Emax (cm d�1) 0.5
Ew (cm d�1) 0.01
 s;s� (MPa) �0.12
 s;sw (MPa) �2.5
Leaf area index � 2.5a

aFrom Whitehead and Beadle [2004].

Table 3. Climate Properties Used in Simulationsa

Climate
�

(cm event�1)
�

(events d�1)
Modeled Rainfall

Input (cm d�1)
Emax

(cm d�1)

Dry 1.1 0.3 0.33 0.37
Semiarid 1.25 0.4 0.5 0.37
Wet 1.4 0.5 0.7 0.37

aThese properties were calculated using the methods described by
Rodriguez-Iturbe et al. [1984].
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analytical solutions in the literature cited in that paper. For
the comparison, we used the numerically achieved values
of � and �. The general agreement between numerical and
analytical pdfs is quite good. The numerical pdfs (for all
climates) slightly underestimate the analytical pdfs of soil
saturation, especially for deeper groundwater levels, where
they shift somewhat to the dry end compared to the analyti-
cal solutions. The first main reason for this difference is the
bias caused by the small sample on which the pdfs of the
numerical results are based. This bias decreases as the sam-
pling period increases and the moments stabilize. The sec-
ond reason is that the actually achieved rainfall taking into
account interception from the rainfall model is relatively
less than the input rainfall, and this error increases as the
climates switches from dry to wet climate. The numerical
results of Figure 3 are based on 100K day simulation, but
still demonstrate some differences between the analytical
and numerical results that are due to underprediction of
rainfall from the rainfall model.

[26] Figure 3 also reveals that the osmotic effect moves
saturations to higher values. This is logical, as the salt
effects decrease evapotranspiration losses as well as leach-
ing losses, whereas they increase capillary influxes (hygro-
scopic effect). On average, larger s values favor larger
leaching losses, but apparently this feedback is limited, par-
ticularly for deeper groundwater. Still, as leaching prevents
saturation from moving much past slim (see Figure 3), the
pdfs become a bit more peaked.

3.2. Salt Mass and the Related pdf
[27] For a sandy clay loam soil type (SCL) and a root

zone thickness Zr of 100 cm, the evolution of the salt mass
and the related pdfs are shown in Figure 4. The temporal
development of salt mass is shown for three climates (dry
ð��=Emax ¼ 0:89Þ, semiarid ð��=Emax ¼ 1:35Þ, and wet
climates ð��=Emax ¼ 1:89ÞÞ and three groundwater depths
(Z ¼ 150 cm, Z ¼ 200 cm, and Z ¼ 250 cm). The primary
results of the numerical calculations are the patterns of salt
mass as a function of time, but it is easier to observe the
differences between different groundwater levels and cli-
mate from the pdfs of salt mass. These are shown for six
groundwater depths (Z ¼ 150–400 cm in 50 cm incre-
ments). The dynamics of the salt mass lead to three major
observations: (1) A wetter climate leads to a smaller salt
mass in the root zone. (2) The salt mass is larger for a shal-
low groundwater level than for a deeper groundwater level.
(3) In relative terms, the variability between groundwater
depths is greater for the wet climate; however, in absolute
terms the opposite is true: the means differ by 5 molc m�2

in the dry case but only by 3 molc m�2 for the wet case.

3.3. Salt Concentration and the Related pdf
[28] For the same combinations as in section 3.2 (and

Figure 4), the results are shown in Figure 5 as the salt con-
centration and the related pdf. The behavior of salt concen-
tration leads to three major observations: (1) For a wet
climate, the salt concentration is smaller than for the other
climates. (2) The largest concentrations are found for a dry
climate, with a maximum for groundwater levels of about
3 m below the soil surface (i.e., 2 m below the 100 cm thick
root zone). (3) For a wet climate, the salt concentration has
a maximum at shallower groundwater level, whereas forT

ab
le

4.
L

on
g-

T
er

m
A

ve
ra

ge
V

al
ue

s
of

Sa
lt

C
on

ce
nt

ra
tio

n,
So

il
Sa

tu
ra

tio
n,

Sa
lt

M
as

s,
C

ap
ill

ar
y

Fl
ux

,L
ea

ch
in

g
Fl

ux
,E

va
po

tr
an

sp
ir

at
io

n
(S

oi
lS

at
ur

at
io

n)
,C

ha
ng

e
in

So
il

Sa
tu

ra
tio

n
St

or
-

ag
e,

an
d

R
un

of
f

fo
r

Si
x

G
ro

un
dw

at
er

D
ep

th
s

an
d

T
hr

ee
C

lim
at

es
a

G
ro

un
dw

at
er

D
ep

th
(c

m
)

Sa
lt

C
on

ce
nt

ra
tio

n
C

(m
ol

c
L
�

1 )
R

el
at

iv
e

Sa
tu

ra
tio

n
s

Sa
lt

M
as

s
(m

ol
c

m
�

2
)

C
ap

ill
ar

y
Fl

ux
(c

m
d�

1 )
L

ea
ch

in
g

Fl
ux

(c
m

d�
1
)

E
T

(s
)

(c
m

d�
1
)

dS
(�

10
�

5
cm

d�
1
)

R
un

of
f

(�
10
�

5
cm

d�
1
)

A
ct

ua
l

In
pu

t(
cm

d�
1
)

N
um

er
ic

al
E

rr
or

(�
10
�

5
cm

d�
1 )

15
0

0.
05

4
0.

77
1

15
.2

20
�

0.
13

7
0.

05
8

0.
29

8
�

3.
04

0
8.

18
0

0.
21

9
�

0.
11

20
0

0.
05

6
0.

69
7

14
.4

23
�

0.
11

7
0.

04
8

0.
28

8
�

3.
27

0
0.

00
0

0.
21

9
�

0.
13

5
25

0
0.

06
2

0.
64

3
14

.6
81

�
0.

08
3

0.
03

3
0.

26
9

1.
45

0
0.

00
0

0.
21

9
�

0.
01

8
30

0
0.

06
6

0.
59

2
14

.3
42

�
0.

05
5

0.
02

2
0.

25
2

8.
51

0
0.

00
0

0.
21

9
�

0.
08

6
35

0
0.

06
5

0.
55

2
13

.1
57

�
0.

03
7

0.
01

5
0.

24
0

8.
37

0
0.

00
0

0.
21

9
�

0.
10

9
40

0
0.

06
1

0.
52

4
11

.6
75

�
0.

02
6

0.
01

2
0.

23
3

6.
49

0
0.

00
0

0.
21

9
�

0.
12

4
15

0
0.

03
4

0.
77

2
9.

74
1

�
0.

13
4

0.
09

0
0.

35
4

�
1.

25
0

31
.9

00
0.

31
0

�
0.

51
6

20
0

0.
03

5
0.

70
0

9.
05

0
�

0.
11

2
0.

07
6

0.
34

7
�

1.
09

0
5.

20
0

0.
31

0
�

0.
52

4
25

0
0.

03
7

0.
64

7
8.

70
1

�
0.

07
8

0.
05

4
0.

33
4

�
0.

78
6

1.
83

0
0.

31
0

�
0.

49
7

30
0

0.
03

6
0.

60
0

7.
87

1
�

0.
05

0
0.

03
8

0.
32

2
0.

67
1

0.
91

0
0.

31
0

�
0.

53
6

35
0

0.
03

3
0.

56
7

6.
76

1
�

0.
03

3
0.

02
9

0.
31

4
�

0.
39

6
0.

17
4

0.
31

0
�

0.
55

4
40

0
0.

02
8

0.
54

3
5.

67
7

�
0.

02
3

0.
02

3
0.

30
9

�
1.

80
0

0.
00

0
0.

31
0

�
0.

55
3

15
0

0.
01

5
0.

78
0

4.
43

7
�

0.
10

7
0.

16
1

0.
37

1
�

1.
37

0
53

.5
00

0.
42

6
2.

15
20

0
0.

01
5

0.
71

1
3.

84
3

�
0.

08
4

0.
13

8
0.

37
1

�
1.

34
0

2.
01

0
0.

42
6

2.
12

25
0

0.
01

3
0.

66
6

3.
21

6
�

0.
05

5
0.

10
9

0.
37

1
�

4.
53

0
0.

00
0

0.
42

6
1.

95
30

0
0.

01
0

0.
63

1
2.

42
6

�
0.

03
3

0.
08

9
0.

36
9

�
8.

15
0

0.
00

0
0.

42
6

1.
8

35
0

0.
00

8
0.

60
8

1.
71

0
�

0.
02

0
0.

08
0

0.
36

5
�

10
.5

00
0.

00
0

0.
42

6
1.

76
40

0
0.

00
5

0.
59

5
1.

18
4

�
0.

01
3

0.
07

6
0.

36
3

�
11

.9
00

0.
00

0
0.

42
6

1.
74

a T
he

ac
tu

al
in

pu
tr

ep
re

se
nt

s
th

e
pr

ec
ip

ita
tio

n
(P

)
ge

ne
ra

te
d

by
th

e
Po

is
so

n
m

od
el

us
in

g
th

e
st

an
da

rd
�

an
d
�

pa
ra

m
et

er
s

(T
ab

le
3)

,t
ak

in
g

in
to

ac
co

un
ti

nt
er

ce
pt

io
n

[L
ai

o
et

al
.,

20
01

].
T

he
el

ev
en

th
co

lu
m

n
re

pr
e-

se
nt

s
th

e
w

at
er

ba
la

nc
e

cl
os

ur
e

er
ro

r
in

th
e

m
od

el
fo

r
th

e
99

ye
ar

si
m

ul
at

io
ns

pr
es

en
te

d
he

re
.

W09506 SHAH ET AL.: STOCHASTIC MODELING OF ROOT ZONE SALT ACCUMULATION W09506

6 of 17



the other climates, the largest concentrations are found for
intermediate groundwater depths. This pattern is consistent
with the patterns for the salt mass. That the salt concentra-
tion is not necessarily dependent on the groundwater depth
in a monotonous way is indicative of the counteracting
effects of rainfall and capillary upflow.

3.4. Effect of Varying Soil Type
[29] Besides different climates and groundwater levels, pa-

rameters such as soil type, root zone depth, and groundwater
salinity affect the concentration in the root zone. For this rea-
son, we considered different soil types listed in Table 1,

where we observe that these soils differ in several hydraulic
parameters, but mainly in the hydraulic conductivity. The
long-term average root zone concentration was calculated
and is presented as a function of the hydraulic conductivity
of the five soils in Figure 6. For all three climates and larger
Z, the average root zone concentration increases as the hy-
draulic conductivity increases, with one exception (loamy
sand (LS), which has the largest hydraulic conductivity).
However, as the climate becomes drier, a reversal is seen for
shallow groundwater: the average root zone concentration
increases as hydraulic conductivity decreases. In interpreting
Figure 6, it is necessary to appreciate that the above

Figure 3. Probability density function (pdfs) of numerical saturation without osmotic effects, analyti-
cal saturation, and the numerical saturation with osmotic effects for (left) a dry climate ð��=Emax ¼
0:89Þ and (right) a wet climate (��=Emax ¼ 0:89 cm d�1) under three groundwater depths (Z ¼ 150 cm,
Z ¼ 250 cm, and Z ¼ 350 cm). The vegetation is trees (Table 2), and the soil is a SCL (Table 1).
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observations are all based on long-term average concentra-
tions. Particularly for the leaching process under dry condi-
tions, short-term, high-intensity showers may control leaching,
rather than the average, and may be dominant in how the con-
centration level develops.

3.5. Effect of Root Zone Thickness and Groundwater
Salinity

[30] Besides the differences between soil type, ground-
water level, and climate (evapotranspiration demand and

rainfall), vegetation is a further important aspect to salt
accumulation. A range of properties of vegetation can be
important, e.g., those of Table 2. To focus on the system
behavior, we varied the root zone thickness Zr and the
groundwater salinity (i.e., the impact of osmotic stress). To
separate the effect of root zone thickness from groundwater
depth, we varied Zr for different distances of capillary
upflow: Z � Zr [Vervoort and van der Zee, 2008, 2009]. In
Figure 7, we show the results of varying root zone thickness
for a wet climate and for a dry climate.

Figure 4. Development of the salt mass during 99 years for three different groundwater depths (Z ¼
150 cm (black), Z ¼ 200 cm (red), and Z ¼ 250 cm (green)) below the soil surface. The pdfs of salt mass
are shown for six groundwater depths (Z ¼ 150 cm (black solid line), Z ¼ 200 cm (red dashed line), Z ¼
250 cm (green dotted line), Z ¼ 300 cm (blue dashed-dotted line), Z ¼ 350 cm (turquoise dashed line),
and Z ¼ 400 cm (pink dashed-dotted line)). Both salt mass and related pdfs are plotted for three different
climates (dry climate ð��=Emax ¼ 0:89Þ, semiarid climate ð��=Emax ¼ 1:35Þ, and wet climate
ð��=Emax ¼ 0:89Þ). The vegetation is trees (Table 2), and the soil is a SCL (Table 1).
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[31] The concentration of salt in the groundwater CZ

was varied as follows: CZ ¼ 0.02 molc L�1 (reference),
0.01 molc L�1, and 0.04 molc L�1 for a dry climate, and for
a wet climate. For the wet climate, the average salt concen-
tration in the root zone decreases monotonically with
increasing Z � Zr (distance of groundwater to below root
zone), which has been observed already in Figure 5. As
Figure 7 indicates, such a monotonic decrease does not
occur for the dry climate.

[32] Considering that for Figure 7 the root zone thickness
decreases by a factor of 4, whereas the involved relative
concentration change increases by a factor of 1.5 for the
wet climate, this indicates that root zone thickness has a
modest effect. For the dry climate, the relationship between
C/CZ and the distance between root zone and groundwater
is nonmonotonic, and the impact of root zone thickness is
larger than for the wet climate. Larger salinities are found
as root zone thickness increases (as opposed to the wet

Figure 5. Development of the salt concentration during 99 years for three different groundwater
depths (Z ¼ 150 cm (black), Z ¼ 200 cm (red), and Z ¼ 250 cm (green)) below the soil surface. The
pdfs of salt concentration are shown for six different groundwater depths (Z ¼ 150 cm (black solid line),
Z ¼ 200 cm (red dashed line), Z ¼ 250 cm (green dotted line), Z ¼ 300 cm (blue dashed-dotted line),
Z ¼ 350 cm (turquoise dashed line), and Z ¼ 400 cm (pink dashed-dotted line)). The horizontal and
vertical thick solid black lines show the groundwater salt concentration (Cz ¼ 0.02 molc L�1). The
vegetation is trees (Table 2), and the soil is a SCL (Table 1). Other conditions are as in Figure 4.
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climate), and in particular, the impact of salinity of ground-
water is much larger than for the wet climate.

3.6. Mapping the Root Zone Salinity as a Function of
Climate Parameters

[33] Practically, it is of interest to recognize which com-
bination of factors lead to adverse salinity levels in the root
zone. Therefore, we map the combinations of two climate
parameters (� and �) that result in a particular salinity in
Figure 8. For a range of rainfall parameters (� ¼ 1:1� 1:4
cm event�1, � ¼ 0:3� 0:5 event d�1), the SCL soil, root
zone thickness (Zr ¼ 100 cm), and a groundwater level
equal to Z ¼ 300 cm, we calculated the resulting (99 year
average root zone) salt concentrations of Figure 8a. This
range of rainfall parameters covers the three values of ��
(climate parameters) that have so far been considered in this
paper (with �� ranging from 0.33 to 0.70 cm d�1; Table 3).

[34] Since the critical groundwater depth Z (where salt
concentration is maximum) is 300 cm for sandy clay
loam soil (Z ¼ 300 cm, �� (actual input) ¼ 0.219 cm d�1 in
Table 4), we have selected this groundwater depth in order
to visualize the effect of small and large frequent events on
the range of root zone salt accumulation. The range of
numerically obtained salt concentrations in the root zone as
shown in Figure 8a exceeds the critical value (0.04 molc L�1)
where production of sensitive plants decreases. For these con-
ditions, concentrations increase as the climate becomes drier,
which is in agreement with Figure 4. In addition, rainfall fre-
quency affects the salinity that will develop. As rainfall
occurs less frequently, salinity increases to greater levels.

[35] At a first glance, frequency seems to have a lesser
effect on salinity than other parameters like rainfall quan-
tity, root zone thickness, and groundwater depth. Therefore,
the results of Figure 8b are also sensitive to other parame-
terizations. For instance, we conducted calculations that are

parameterized for a wheat crop, with Zr ¼ 65 cm and a
matric potential where transpiration becomes limited that is
representative for wheat ( s;s� ¼ �0:09 MPa [Kroes et al.,
2008]), a groundwater level of Z ¼ 200 cm, and a range of
� (1–1.2 cm event�1) and � (0.1–0.2 event d�1) parameters.

[36] The results shown in Figure 8b indicate that the av-
erage salt concentrations are greater than for Figure 8a and
are also comparable with the critical levels derived from
Richards et al. [1954]. In addition, the contour lines of av-
erage salt concentration are almost vertically oriented in
Figures 8a and 8b. As the climate becomes strongly drier,
the salt concentration increases, and subsequently, contour
lines become almost horizontally oriented (not shown). In
these severe conditions, average salt concentration exceeds
the critical value (0.08 molc L�1) where only tolerant plants
can show good primary production.

3.7. Analytical Approximation
[37] The erratic patterns of concentration as a function of

time are caused by the Poisson rainfall and can be con-
ceived as resulting from an input of salt mass due to capil-
lary flow from groundwater and the leaching due to
rainfall. Assuming constant salt inputs Y in terms of con-
centration units (i.e., input of mass of salt divided by root
zone water volume) occurring instantaneously with a recur-
sion time of �t and followed by periods of leaching, with a
leaching flow rate equal to jl, a root zone water volume
equal to V, and a number of years equal to n, the maximum
concentrations of the developing sawtooth pattern can be
approximated by [van der Zee et al., 2010]

Cmax ¼ Y
1� exp � jl

V
�t

� �� �

1� exp � jl
V

�t

� �
n8>><

>>:

9>>=
>>;: ð9Þ

Figure 6. Long-term average salt concentration as a function of six different groundwater depths (Z ¼
150 cm, Z ¼ 200 cm, Z ¼ 250 cm, Z ¼ 300 cm, Z ¼ 350 cm, and Z ¼ 400 cm) under different soil types:
heavy clay (black solid line), medium clay (red dashed line), light medium clay (green dotted line),
sandy clay loam (blue dashed-dotted line), and loamy sandy soil (turquoise dashed line) (Table 1). Other
conditions are as in Figure 4.
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The minimum salt concentration is calculated by subtract-
ing the salt input Y from the Cmax value:

CminðnÞ ¼ Cmaxðnþ 1Þ � Y : ð10Þ

To check whether this simple approach captures the dy-
namics of the random patterns presented earlier, we use the
annual averages of the numerically determined drainage
rates and capillary flux to approximate the water flux,
jl (cm yr�1), and capillary flux (cm yr�1), and with the long-
term averaged water saturation and the root zone porosity �,
we estimate the root zone water volume as V ¼ �Zr hsi. The
recursion time is set equal to 1 year, and the applied salt
mass (in concentration equivalents) is equal to Y ðmolc L�1Þ
¼ ðhUiCZÞ=ð�ZrhsiÞ, where the mean capillary flux and
water saturation were again taken from the numerical calcu-
lations. In all cases, we used averages for simulation times
exceeding 10,000 days. Using equations (9) and (10), we
calculated the maximum concentrations and the minimum
concentrations for the erratic patterns of salt concentration
(Figure 9). Whereas for the dry climate the agreement is not
good, particularly for deeper groundwater levels (not
shown), for the semiarid (Figure 9) and wet climate (not
shown), the agreement is reasonable to good for the time pe-
riod exceeding 10,000 days, and the average of minimum

and maximum concentrations gives a good impression of
the long-term mean C value.

[38] In equation (9), the term to the power n decays rap-
idly. Therefore, we can simplify this equation further by
ignoring this decaying term to obtain

Cmax ¼ Y 1� exp � jl

V
�t

� �� ��1

¼ YX : ð11Þ

We can approximate Cmax with the 84th percentile C value
in the numerical concentration pdfs, and

YX ¼ Uh iCZ

�Zr sh i X ; X ¼ 1� exp � jl

V
�t

� �� ��1

;
jl

V
¼ Lh i
�Zr sh i :

[39] For five soil types and different groundwater depths
and climates, we calculated YX and plotted the approxi-
mated maximum concentration as a function of this product
in Figure 10. Considering the coarse approximation, the
agreement is quite good. As the climate becomes wetter,
soil saturation, evapotranspiration, and leaching increase,
but the capillary upflow decreases.

[40] Since salt transport is caused by the capillary flux,
less salt enters the root zone for a wetter climate, and this

Figure 7. The long-term average salt concentration as a function of Z � Zr for different root zone
thickness (red, Zr ¼ 25 cm; green, Zr ¼ 50 cm; blue, Zr ¼ 100 cm) under different groundwater salinities
(solid lines, Cz ¼ 0.01 molc L�1; dashed lines, Cz ¼ 0.02 molc L�1; dotted lines, Cz ¼ 0.04 molc L�1)
and two climates (dry climate ð��=Emax ¼ 0:89Þ and wet climate ð��=Emax ¼ 0:89Þ). The vegetation is
trees (Table 2), and the soil is a SCL (Table 1).
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leads to smaller values of Cmax. Therefore, the Cmax values
for a wet climate are small and are in the bottom left corner
of Figure 10, and for a dry climate they are relatively large.
An even coarser approximation is gained by directly
comparing the capillary flux U with the leaching flux L.
Although these fluxes vary as a function of time, on average,
if U is larger than L, it is probable that the concentration in

the root zone becomes larger than in the groundwater,
whereas if U < L, it is likely that salts enter the root zone
but are flushed effectively. Hence, in the latter case, concen-
trations in the root zone remain below Cz (not shown).

4. Discussion
[41] In Figure 3, the pdf of water saturation of the root

zone is shown for dry and wet climates. Of interest is that
for the wet climate, the pdf including osmotic effects is not
much different from those where these effects are ignored.
Quite different is the case for the dry climate, where os-
motic effects have a major impact on the wetness of soil.
Not shown is the pdf for the semiarid climate, but there, os-
motic effects are still minor and only slightly larger than
for the wet climate. Considering (Figure 5) that long-term
average root zone salinities change from wet to dry, from
about 0.01 to 0.03 to 0.06 molc L�1, respectively, it is clear
that osmotic effects for the present parameterization may
affect the water and salt balances only if concentrations
exceed approximately 0.04 molc L�1.

[42] The salt concentration and salt mass trajectories
through time are quite erratic, and where a long-term trend
is absent or insignificant, the short-term fluctuations easily
cover 50% of the concentration range and even more for
the range of salt mass, for each of the climates considered.

[43] To appreciate the effects of two dominant factors,
i.e., climate and groundwater depth Z, the probability den-
sity functions of salt mass and salt concentration enable a
better comparison than the trajectories. For salt mass, the
trends are quite simple: salt mass increases as the climate
becomes drier and as the depth to groundwater decreases.
Both tendencies can be readily understood by considering
that as climate becomes drier, root zone water used for
evapotranspiration is replenished by brackish water capil-
lary upflow from groundwater, whereas leaching of salt
decreases. As groundwater becomes shallower, capillary
upflow increases, and salt concentration in the root zone
decreases because of the dilution effect, and this dilution
effect decreases with the increase of groundwater depth.
Therefore, salt concentration is maximum at intermediate
groundwater level. Furthermore, as the climate switches
from wet to dry, the shift of the pdf of salt mass to the right
becomes gradually smaller. Relatively speaking, the shift is
largest for the wet climate, which is due to rainfall surplus
(Table 4: P � ET � R, where R is runoff). However, for
the considered cases the absolute shift of the pdf is rela-
tively constant for all climates (about 4–5 molc m�2).

[44] For concentration, which is the result of combining
the pdfs of salt mass and water storage in the root zone, the
shift of the pdf cannot be related to climate and ground-
water level quite so easily. The reason is that for the dry
and semiarid climates, the pdf shifts more to larger concen-
trations for the groundwater depths of 300 and 250 cm;
that is, the distance between groundwater and the root zone
has a nonmonotonous impact on the long-term average root
zone concentration.

[45] This more complex behavior than for salt mass must
be due to counteracting processes, and two logical candi-
dates are (1) leaching and (2) dilution. Leaching removes
salts that have accumulated in the root zone, and the condi-
tion necessary for this to happen is a sufficiently large

Figure 8. (a) Contour lines of average salt concentration
(molc L�1) as a function of rainfall (��, mm yr�1) and rain-
fall frequency (� ¼ 0:3� 0:5 event d�1). The groundwater
depth Z is 300 cm, and vegetation is trees (Table 2). (b)
Contour lines of average salt concentration (molc L�1) as a
function of rainfall (��, mm yr�1) and rainfall frequency
(� ¼ 0:1� 0:2 event d�1). The groundwater depth Z is
200 cm, and Zr ¼ 65 cm. The vegetation is a wheat crop
(except for the root zone depth and  s;s� ¼ �0:09 MPa, all
parameters are from Table 2). The soil is a SCL (Table 1).
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amount of rainfall that exceeds the available (unused) water
storage capacity. Hence, wet conditions due to antecedent
rainfall or close proximity of groundwater favor leaching
under modest rainfall quantities. A thin root zone also
favors leaching, as it implies a small water storage capacity
of this zone.

[46] For the wet climate, the frequent rainfall leads to a
pdf of water saturation at the wet end, which is quite sym-
metrical for all groundwater depths (only shown for three
groundwater depths in Figure 3). This leads to pdfs of salt
mass and concentration that are not much different in shape
and that show the same sequence: a shift to the higher val-
ues as groundwater is shallower and root zone conditions
are wetter. For the dry climate, the water saturation pdf
(including osmotic effects) has shifted to smaller satura-
tions for all groundwater depths, and as groundwater levels
are deeper, the pdf of saturation is centered around smaller
s values, with a few excursions to larger s values. The salt
mass pdfs for the dry climate and shallow groundwater lev-
els almost collapse, but the water stored in the root zone
decreases rapidly as groundwater levels drop, which causes
larger concentrations. For levels of 350–400 cm, the water
saturation does not change appreciably compared to 250–

300 cm, yet salt mass does, and this is reflected by the pdf
of the concentration that has shifted to largest values for
the intermediate 250–300 cm groundwater levels. The
semiarid climate also shows this nonmonotone behavior of
the pdf of salt concentration, though less distinctly than the
dry climate.

[47] For the wet climate, groundwater with a salinity of
0.02 molc L�1 enters the root zone and is diluted by mixing
with infiltrating rain water. Despite fluctuations over the
years, salt inputs from below are on the longer term balanced
by salts that are leached in a volume of water that is larger
than capillary upflowing water and a concentration that is
less than that of groundwater. Whereas leaching can explain
the salt accumulation for the wet climate, for the dry climate,
little water leaching occurs as there is a rainfall deficit on av-
erage. The numerical results indicate that on average, the
capillary upflow rate for the dry climate is larger than the
leaching rate, yet over the long term, salt fluxes balance. For
a groundwater salt concentration of 0.02 molc L�1 (reference
case) and average root zone salinities that are approximately
3 times as large as Cz, the capillary upflowing water dilutes
the root zone water, particularly if capillary upflow is rela-
tively large, for shallow groundwater levels (Figure 7). This

Figure 9. Comparison of long-term concentrations with analytical approximation (Cmax and Cmin) for
semiarid climate ð��=Emax ¼ 1:35Þ. The vegetation is trees (Table 2), and the soil is SCL (Table 1).
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dilution is appreciable and is counteracted by removal of
root zone water during dry spells. Incidental showers on a
root zone with highly concentrated water after dry spells
lead to a rapid loss of salts amounting to 25%–50% of the
stock before the shower (Figure 4). Hence, the nonmonotone
behavior of C as a function of Z is due to smaller concentra-
tions in the root zone C by dilution with less saline ground-
water if capillary upflow U is large (shallow groundwater) or
due to small values of U (at deep groundwater) and leaching
of saline root zone water. At groundwater depths where the
dilution effect by upflowing groundwater becomes negligi-
ble, the largest concentrations are found as this volume
becomes less significant (around Z ¼ 250–300 cm) com-
pared with root zone stored water but is still comparable to
the leached water volumes.

[48] Looking at the long-term average concentrations in
the root zone for different soil types, in Figure 6, a
sequence is found for deeper groundwater levels that shows
larger concentrations if the saturated hydraulic conductivity
increases. The differences in the retention curves appear to
be of secondary importance, as can be seen from the LMC
and MC soils, which have virtually the same water reten-
tion curve but are shifted with regard to each other in
Figure 6. Furthermore, the sequence is the same for deeper
groundwater levels for all three climates. It is apparent that
the soils with a larger saturated hydraulic conductivity (the
main parameter in which these soils differ) show largest

concentrations (the loss function of all soil types also con-
firms that net loss of water increases with the increase of
hydraulic conductivity and subsequently causes larger con-
centrations), both for conditions where the root zone is
more concentrated (C/CZ > 1) and for conditions where
concentrations are diluted compared with groundwater sal-
inities (mainly wet climates). This suggests that the hydrau-
lic conductivity is limiting with regard to upflow of
brackish water, and the more limiting it is, the smaller root
zone concentrations become.

[49] For shallow groundwater depths with wet conditions
and for very large hydraulic conductivity (i.e., the LS
soils), the hydraulic conductivity is not limiting. Here the
salt accumulation becomes indifferent with respect to the
soil type, or the reverse happens: larger hydraulic conduc-
tivities lead to smaller concentrations as less runoff and
more infiltration occurs that dilutes root zone water and
leaching is more efficient.

[50] As was mentioned before, the thickness of the root
zone affects the leaching potential, as it is linearly related
to the water volume as well as the salt mass that can be
stored by the root zone. Because of this relationship, root
zone thickness Zr also influences surface runoff, which
depends on the water storage volume that is still available
to infiltrating water. We conducted simulations where we
considered two alternatives: (1) runoff occurs as in all
other calculations (default), or (2) runoff is added to

Figure 10. Comparison of Cmax (the 84th percentile C value in the pdf) and YX (equation (11)) for six
different groundwater depths and five different soil types (heavy clay soil, medium clay soil, light me-
dium clay soil, sandy clay loam soil, and loamy sand soil ; Table 1) under three different climates (dry
climate, ��=Emax ¼ 0:89; semiarid climate, ��=Emax ¼ 1:35; and wet climate, ��=Emax ¼ 1:89). The
vegetation is trees (Table 2).
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leaching. It appeared that runoff does not result in a signifi-
cant effect. For thin root zones, where the water storage
capacity is smallest and runoff should be most significant,
changes were only up to 20% of the long-term averaged
concentration in the root zone. For thicker root zones (50 or
100 cm), effects were negligible. Hence, runoff is discarded
in the present analysis as a factor that might affect the salt
accumulation. The insignificant effect of runoff on the root
zone salt concentration can be explained by the low-fre-
quency intensive showers that effectively decrease the root
zone salt concentration. Adding runoff to the leaching flux
(as a check on its impact) hardly increases salt leaching, as
the root zone has already been rinsed.

[51] Also of importance is the impact of osmotic effects
on the calculations. For the wet climate (Figure 7), it was
ascertained that runoff explained about 50% of the relatively
small C/CZ difference between the root zone thickness of
25 cm and greater (50 or 100 cm). The remainder, which is
only significant for groundwater salinities changing from
0.02 to 0.04, is due to osmotic effects. Hence, it is clear that
osmotic effects start to play a role at a concentration of
about 0.04 molc L�1, as was mentioned earlier. For the dry
climate, where salinity levels are larger, it is clear that
besides the root zone thickness effect, the osmotic effects are
also important (Figure 7): they shift the concentration levels
up to larger values yet to smaller relative values (C/CZ). This
latter effect is due to osmotic effects on different water
fluxes leading to larger root zone wetness and hence larger
dilution (Figure 3).

[52] Although runoff does not appear to affect the results
much, the reservoir size Zr is important as fluctuations in
fluxes become more attenuated when the reservoir
increases. For the wet climate, it is plausible that ‘‘extreme
events’’ are drought periods, and for the dry climate,
extreme events would be wet, leaching periods. The impact
of Zr are consistent with that picture: in wet climates,
thicker root zones attenuate drought effects and decrease
the salinizing impact of large U and small L (evapotranspi-
ration being quite constant). In dry climates, thicker root
zones attenuate the capability of rain showers to rinse salts,
leading to more saline conditions.

[53] We compared Figure 8 with the related analysis by
Suweis et al. [2010]. Their Figure 2 showed the long-term
average salt accumulation (in terms of salt concentrations)
as a function of annual rainfall and rainfall frequency. As
they ignored groundwater influences on the root zone water
saturation and salinity, salt concentration levels depend
only on the leaching potential of rainfall events. For their
case, small showers may rewet the root zone but have little
salt leaching potential, whereas large showers have a large
leaching potential. In their analysis, salt enters the root
zone through precipitation only. In our work, the rain is
considered free of salt, and capillary flow from ground-
water brings both water and salts to the root zone. Hence, if
groundwater is sufficiently shallow to wet the root zone,
most rain showers will cause leaching, and the leaching ef-
ficiency will improve if precipitation is distributed over
more events. With larger and less frequent events, the sys-
tem is less efficient at removing salts. Large events supply
more water than is needed to flush the root zone, and the
lower frequency of these events leads to a net increase in
the salt concentrations. This implies that with increased

climate variability (decrease in � and increase in �) the
influence of runoff becomes greater [Entekhabi et al.,
1992; Kim, 2005; Milly, 2001].

[54] Figure 9 shows that with a relatively simple
approach, the dynamics (in terms of a mean concentration
and a bandwidth around this average) can be reasonably
approximated. Hence, if a rough indication is all that is
needed, the demanding numerical computations may not be
necessary. The limitation of this analytical approach is
obvious: input was needed that can only be obtained by
those demanding numerical computations, which one might
want to avoid. This limitation may not be as prohibiting as
it seems. If crops are concerned, the yield, which is easily
measured, is well correlated with relative transpiration
[Rodriguez-Iturbe and Porporato, 2004; Shani et al.,
2007]. This transpiration plus evaporation (controlled by
irradiation, air humidity, leaf area index, and soil water sat-
uration) should, over the long term, be derived from rainfall
and capillary flux, where the first one can be measured
relatively simply, evaporation can be reasonably well pre-
dicted, and the latter can therefore be calculated. Further-
more, the soil water status can be easily monitored.

[55] The pdfs of M and C react differently on Z and cli-
mate, and both are the result of opposing effects : wetness
due to a wet climate or due to the proximity of groundwater
favors leaching, the proximity of groundwater level also
favors salt import by the root zone layer, and the water bal-
ance determines whether the capillary upflowing water U
will concentrate or dilute the root zone with regard to salt
concentration. For the long-term average fluxes, salt con-
centrations and mass converge to a mean value with irregu-
lar variations around this mean. However, salt inputs and
outputs will balance; hence,

UCz ¼ LC $ C
Cz
¼ U

L
;

and therefore, the values of these fluxes determine whether
root zone concentrations will become larger or smaller than
those in the groundwater. Many factors affect these fluxes,
such as climate, groundwater depth, and soil type, and in
view of opposing effects, salt accumulation in the root zone
is a complex issue for sustainable planning of crop, soil, and
groundwater, especially in semiarid regions [Corwin et al.,
2007]. In agreement with Richards et al. [1954], concentra-
tions of 2, 4, and 8 mS cm�1 in terms of electrical conduc-
tivity (or 0.02, 0.04, and 0.08 molc L�1 in terms of
concentration or 1 � 105, 2 � 105, and 4 � 105 Pa in terms
of osmotic pressure) are indicative of salt stress. These con-
centrations refer to salinity ranges in the saturated extract
[see Richards et al., 1954] for no adverse effects (C <
0.02), adverse effects for sensitive (0.02 < C < 0.04) and
many plant species (0.04 < C < 0.08), and severe adverse
effects where only tolerant plants show a good primary pro-
duction (C > 0.08). The soil saturation in our analysis varies
as a function of time, and moreover, the relationship
between water content in the field and in the saturated
extract depends on several soil properties in addition to soil
saturation. For an impression, we indicate the gravimetric
water content of the saturated paste extract (75% by weight
of dry soil) and field capacity (25% by weight of dry soil
[see also Richards et al., 1954, Table 9.1]) as given by Bolt
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and Bruggenwert [1976]. Apart from osmotic effects, root
zone salinity cannot be considered to be a simple function
of other factors, such as groundwater depth, root zone thick-
ness, climate, and soil. However, if a rough indication suffi-
ces, a simple analysis may give a sufficiently accurate
prediction.

[56] Though root zone fluxes vary as a function of time,
on average, if capillary upflow is larger than leaching flux, it
is probable that the salt concentration in the root zone
becomes larger than the concentration in the groundwater. If
capillary upflow is less than the leaching flux, salts entering
the root zone may be flushed out effectively, and the concen-
tration in the root zone remains below groundwater salt con-
centration. We conclude that if we know the groundwater
depth, groundwater salinity, climate, and soil type, we can
do a quick assessment of whether capillary upflow would be
greater or less than the leaching flux and the resulting root
zone salt concentration. Runoff may affect the overall water
and salt balances. For a shallow root zone, the impact of run-
off is larger than for a large root zone. For the presently con-
sidered cases, runoff was insignificant for the salt balance.

5. Conclusions
[57] Capillary groundwater fluxes influence the soil

moisture balance in a limited range of groundwater levels,
as was discussed by Vervoort and van der Zee [2008]. In
their analysis, the impact of salt on the water balance was
not considered. If groundwater is brackish or saline, the
upward capillary fluxes carry along salt that may accumu-
late in the root zone. These salts may lead to a reduced
transpiration because of the moisture stress caused by os-
motic effects. In this paper, we consider the salt dynamics
in the root zone and take osmotic effects on the water
fluxes into account.

[58] The upward transport of salts from groundwater into
the root zone is larger if the upward water flow rate is larger,
but since it may also induce the root zone to become wetter
on average and more prone to solute leaching events, the
salt concentration that develops depends in a complex way
on capillary upward flow. The long-term salt concentration
is not a monotonically increasing or decreasing function of
the various system parameters such as hydraulic conductiv-
ity, groundwater depth, or climate parameters. Dependen-
cies can be different, as was shown by comparison of
effects with those found by Suweis et al. [2010], where salt
inputs were derived only from atmospheric deposition.

[59] Salt accumulation in the root zone is characterized
by very erratic patterns of concentration and salt mass as a
function of time, caused by the Poisson distributed daily
rainfall. If we allow these patterns to stabilize, it is possible
to determine the pdfs of important variables. If the stochas-
ticity of weather is replaced by the average root zone water
fluxes, a simple analytical approximation is feasible.
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