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Simulating surface soil moisture on sandy beaches 
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A B S T R A C T   

A model that simulates surface moisture content on sandy beaches for aeolian transport applications is developed 
and integrated into the aeolian transport model AeoLiS. The moisture content of a thin surface layer (≈2 mm 
thickness) is computed as a function of wave runup, precipitation, evaporation, percolation, and capillary rise 
from the groundwater table. The groundwater table is simulated using a modified Boussinesq equation ac-
counting for the overheight due to wave runup. The surface moisture due to capillary rise is simulated with an 
experimentally determined soil water retention (SWR) curve of the “van Genuchten” type. Hysteresis is 
accounted for by differentiating between SWR curves for drying and wetting conditions. The model is tested 
against a data set of 221 point observations of surface moisture from Noordwijk beach in the Netherlands. The 
measured surface moisture within the study area displays large spatial and temporal variability. The model 
results display an expected cross-shore gradient of moisture content, but also a large scatter when compared to 
the data. The scatter may partly be explained by local variability of hydraulic properties that are not accounted 
for within the model. Despite the scatter, the proposed surface moisture model is a starting point to integrate the 
transport limiting effect of surface moisture into meso-scale aeolian transport models. To facilitate model setup 
and the use of this surface moisture model, the soil water retention data from 10 beaches with variable grain size 
characteristics are provided in this study. Future studies may focus on additional model validation against data 
sets with variable meteorological conditions and simultaneous moisture and aeolian transport observations.   

1. Introduction 

Coastal dunes have important functions for flood safety, ecology, 
recreation, and drinking water production; but at the same time, they 
are commonly threatened by coastal development, sea-level rise, and 
erosion (Bilskie et al., 2014; Doody et al., 2004; Line et al., 2014; 
Nordstrom, 2000; Wong et al., 2015). The development of coastal dunes 
depends on an interplay of destructive and constructive forces; in simple 
terms, storm surges and large waves erode the dunes, and aeolian 
transport builds up the dunes. Previously, research efforts have pri-
marily been put into estimating dune erosion during storm events 
(Kriebel and Dean, 1985; Larson and Kraus, 1989; Nishi and Kraus, 
1996; Overton et al., 1988; Roelvink et al., 2009; Steetzel, 1993; Vel-
linga, 1986). But in recent decades, since natural processes started to 
play a more central role in coastal management, numerical models 
simulating aeolian transport and dune build-up have received increasing 
attention (Durán and Moore, 2013; Groot et al., 2011; Hage et al., 2020; 
Hoonhout and de Vries, 2016; Luna et al., 2011; Roelvink and Costas, 

2019; Sauermann et al., 2001; van Dijk et al., 1999; van Rijn and 
Strypsteen, 2020; Zhang et al., 2015b). The challenge for these models is 
that the commonly used formulas for wind transport (Bagnold, 1937; 
Hsu, 1971; Kawamura, 1951; Lettau and Lettau, 1978; Owen, 1964; 
Zingg, 1953) tend to overestimate the transport rate when compared to 
field observations (Barchyn et al., 2014; de Vries et al., 2012; Sherman 
and Bauer, 1993). For realistic simulations of dune growth, 
supply-limiting factors, such as fetch length (Bauer et al., 2009; Delga-
do-Fernandez, 2010), armour layers (Nickling and Mc Kenna Neumann, 
1995), grain size (Bagnold, 1937), and surface moisture (Chepil, 1956; 
Namikas and Sherman, 1995), need to be included in the models. In this 
paper, we propose a new model to predict the surface moisture on sandy 
beaches for aeolian transport applications. 

Surface moisture content is important for aeolian transport appli-
cations because it increases the critical shear velocity for initiation of 
aeolian transport (Chepil, 1956). Surface moisture causes intergranular 
cohesion and adhesion of water particles to the sand grains. Studies that 
relate moisture content to thresholds for aeolian transport give a range 
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of results. In the field, volumetric moisture contents from 2 to 10% have 
been observed to cease aeolian transport (Delgado-Fernandez, 2010; 
Namikas and Sherman, 1995; Wiggs et al., 2004). Typically, lower 
threshold values are observed in the field compared to the laboratory; 
probably because saltating grains from drier areas set off the transport in 
the moist area (Davidson-Arnott et al., 2005; Wiggs et al., 2004). The 
wide range of results may partly be explained by differences in moisture 
observation techniques and measurement depth. 

The vertical gradient in moisture content in the upper centimetres 
close to the surface can be steep (Edwards et al., 2013; Schmutz, 2014; 
Wiggs et al., 2004). Since the aeolian transport takes place at the sand 
surface, moisture measurements related to aeolian transport should 
preferably span only the upper millimeters of the sand (Uphues et al., 
2022). The moisture content at the sand surface can be measured by 
scraping off a thin sediment layer that is weighed before and after 
drying. However, this gravimetric measurement technique is 
labour-intensive and only allows for invasive observations that are 
discrete in time (Edwards et al., 2013). Furthermore, scraped samples 
can easily be disturbed and lose moisture when transported (Paprocki 
et al., 2022). As an alternative, continuous in situ observations can be 
achieved with moisture probes. However, they typically penetrate 2–6 
cm into the ground and can not measure the upper millimeters of the 
sand surface (Davidson-Arnott et al., 2005; Edwards et al., 2013). In 
recent years, remote sensing techniques for observations of beach sur-
face moisture have been developed using, e.g., cameras, satellite imag-
ery, and terrestrial laser scanners (Di Biase et al., 2021; Nolet et al., 
2014; Paprocki et al., 2022; Smit et al., 2018, 2019; van der Werff, 
2019). They are less accurate than the gravimetric moisture samples but 
allow for a more extensive spatial and temporal coverage that can pro-
vide useful information about beach surface moisture variability (Pap-
rocki et al., 2022). 

On the one hand, soil moisture processes on beaches are less complex 
than in other environments due to the lack of vegetation and relatively 
homogenous hydraulic properties of native beach sand (Namikas and 
Sherman, 1995). On the other hand, the beach soil moisture content is 
sensitive to spatially and temporally variable porosity, and governed by 
additional moisture processes that are not present in other terrestrial 
environments (Heiss et al., 2014; Paprocki et al., 2019). The most 
important processes and forcings are tide-, surge-, and wave-induced 
groundwater variations, wave runup, capillary transport, precipita-
tion, percolation, and evaporation (Schmutz, 2014, Fig. 1). On the upper 
beach, the surface moisture is dominated by precipitation and evapo-
ration, and on the lower beach, by the capillary rise from the ground-
water head that fluctuates in response to the tide, surge, wave setup, and 
swash (Heiss et al., 2014; Horn, 2006; Schmutz, 2014). The capillary rise 
from groundwater can be described with a soil water retention function 
(SWR), relating the moisture content to the negative pressure caused by 
soil water suction (Tuller and Or, 2005). The tidal cycle causes alter-
nating wetting and drying of the beach, which gives rise to hysteresis. 
Hysteresis implies that negative pressure due to soil water suction leads 
to different volumetric moisture contents depending on whether the soil 
is wetting or drying. The explaining mechanism is that water during a 
drying phase may be trapped in pore spaces as a “memory” of a previous 

wetter stage. The difference between wetting and drying SWR can be 
significant, especially on more fine-grained beaches, where surface 
moisture typically also has a larger influence on aeolian transport 
(Schmutz, 2014). 

State-of-the-art models used for soil moisture computations, e.g., 
HYDRUS (Šimunek et al., 1998), MARUN (Boufadel et al., 1999), and 
Hydrogeosphere (Therrien et al., 2010), are typically not developed for 
beaches. Still, they have proven to be useful also in beach settings, 
simulating, e.g., groundwater gradients that may cause beach surface 
instability (Paldor et al., 2022) and subsurface flow and moisture con-
tent in the swash zone (Geng et al., 2017). Specific models have been 
developed for swash zone sediment transport that simulates 
non-hydrostatic groundwater flow and compute vertical flow velocities 
in the swash zone, e.g., XBeach (McCall et al., 2014) and BeachWin (Li 
et al., 2002). 

However, simulations of swash and vertical resolution of the soil 
moisture profile are unnecessary for aeolian transport applications. 
Instead, several aeolian transport and dune evolution models have 
implemented reduced complexity approaches. For example, the aeolian 
transport model Psamathe simulates the groundwater level and surface 
moisture due to tide-induced groundwater variations and capillary rise 
(Brakenhoff et al., 2019; Hage et al., 2020; Ruessink et al., 2022). In the 
cellular automata model Dubeveg (Groot et al., 2011), groundwater is 
included as a transport limitation. The groundwater level is not simu-
lated within the Dubeveg model but is defined as an elevation propor-
tional to a defined equilibrium profile, ranging from 0 to 1 (Silva et al., 
2017). In another cellular automata model by Zhang et al. (2015), a 
moisture condition based on the daily precipitation modifies the trans-
port mode. In the Coastal Dune Model (CDM by Durán and Moore, 
2013), the threshold shear stress is modified for moist conditions 
depending on the distance to the groundwater table. The aeolian sedi-
ment transport and dune evolution model by van Dijk et al. (1999), 
multiplies the threshold velocity by correction factors to account for 
relative humidity and precipitation. However, none of the existing 
aeolian transport models includes all the relevant moisture processes to 
describe beach surface moisture from the waterline to the dune toe, as 
identified in the fundamental work by Schmutz (2014). 

This study proposes a model dedicated to simulating surface mois-
ture content for aeolian transport simulations with coastal engineering 
applications. Included processes are tide and wave-induced ground-
water variations, wave runup, capillary rise with hysteresis, percolation, 
precipitation, and evaporation. The new surface moisture model is in-
tegrated into the process-based aeolian transport model AeoLiS 
(Hoonhout and de Vries, 2016). The model is tested against surface 
moisture data from a beach in Noordwijk in the Netherlands, sampled 
with a novel instrument that allows for the extraction of 2 mm thick 
increments of the sand surface (van IJzendoorn et al., 2022). The soil 
water retention curve is experimentally established from four samples 
from the study site. Soil water retention data from additionally 10 
beaches in Sweden and the Netherlands with different sediment prop-
erties are provided in Appendix C to facilitate the model application at 
other sites. 

The next section explains the surface moisture model and outlines 
the equations for the included processes. The model functionality is 
illustrated with a demonstration case. After that, the model is applied to 
the case study, including a sensitivity analysis. The paper ends with a 
discussion and conclusion about the model result and applicability. The 
model code and demonstration case are available at GitHub (github. 
com/openearth/aeolis-python). 

2 Surface moisture model 

Before introducing the proposed model, some basic concepts are 
defined since beach groundwater and soil moisture dynamics are studied 
within several disciplines with varying terminology (Horn, 2002, 2006). 
In this study, we use the term groundwater table to describe the phreatic Fig. 1. Processes influencing the surface moisture on sandy beaches.  
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surface. The subsurface water above the groundwater table is referred to 
as soil water or soil moisture. The groundwater table in unconfined 
sandy aquifers is equivalent to the phreatic surface, where the pore 
water pressure equals the atmospheric pressure. The groundwater table 
divides the phreatic zone with positive pore pressures from the vadose 
zone with negative pore pressures. The vadose zone is sometimes called 
the unsaturated zone. A capillary fringe may develop between the 
groundwater table and the unsaturated zone, where the soil is saturated 
while pore pressures are negative. 

A surface moisture model designed for aeolian transport simulations 
with coastal engineering applications requires specific domains and 
resolutions. In the vertical, the surface moisture content is simulated 
within a thin layer (Δz≈2 mm) at the beach surface (Fig. 2). This layer 
represents the active layer for aeolian transport, a few grain sizes thick. 
The horizontal model domain ranges from the water line to the dune 
foot. The spatial resolution in the horizontal plane is in the order of 1 m, 
and the temporal resolution is 10 min to an hour. The model can be 
applied in 1D, cross-shore transects (x-direction), or 2D, horizontal grid 
(x- and y-direction). 

The structure of the surface moisture module and included processes 
are schematized in Fig. 3. The resulting surface moisture is obtained by 
selecting the largest of the moisture contents computed with the water 
balance approach (right column) and due to capillary rise from the 
groundwater table (left column). The proposed method is based on the 
assumption that the flow of soil water is small compared to the flow of 
groundwater and that the beach groundwater dynamics primarily is 
controlled by the water level and wave action at the seaward boundary 
(Raubenheimer et al., 1999; Schmutz, 2014). Thus, there is no feedback 
between the processes in the right column of Fig. 3 and the groundwater 
dynamics described in the left column. 

2.1. Runup and wave setup 

The runup height and wave setup are computed using the Stockdon 
formulas (Stockdon et al., 2006). Their parameterization differs 
depending on the dynamic beach steepness expressed through the Irri-
baren number, 

ξ= tan β
/ ̅̅̅̅̅̅̅̅̅̅̅̅̅

H0/L0
√

(1)  

where H0 is the significant offshore wave height, L0 is the deepwater 
wavelength, and tanβ is the foreshore slope. 

For dissipative conditions, ξ < 0.3, the runup, R2, is parameterized 
as, 

R2 = 0.043
̅̅̅̅̅̅̅̅̅̅
H0L0

√
(2) 

and the wave setup as, 

< η >= 0.02
̅̅̅̅̅̅̅̅̅̅
H0L0

√
(3) 

For ξ > 0.3, runup is paramterized as, 

R2 = 1.1

⎛

⎝0.35tanβ
̅̅̅̅̅̅̅̅̅̅
H0L0

√
+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

H0L0
(
0.563tanβ2 + 0.004

)√

2

⎞

⎠ (4) 

The wave setup is, 

< η >= 0.35ξ (5)  

2.2. Tide- and wave-induced groundwater variations 

Groundwater flow under sandy beaches can be considered as flow in 
shallow aquifers, with only horizontal groundwater flow so that the 
pressure distribution is hydrostatic (Baird et al., 1998; Brakenhoff et al., 
2019; Nielsen, 1990; Raubenheimer et al., 1999). The cross-shore flow 
dominates temporal variations of groundwater levels. Alongshore, 
groundwater table variations are typically small (Schmutz, 2014). 
Therefore, the groundwater simulations are performed for 1D transects 
cross-shore to ensure numerical stability at the seaward boundary and 
reduce computational time. 

The beach aquifer is schematized as a sandy body, with saturated 
hydraulic conductivity, K, and effective porosity (or specific yield), ne. 
The aquifer is assumed to rest on an impermeable surface, where D is the 
aquifer depth. The groundwater elevation relative to the mean sea level 
(MSL) is denoted η, and the shore-perpendicular x-axis is positive 
landwards, with an arbitrary starting point. The sand is assumed to be 
homogenous and isotropic. In this context, isotropy implies that hy-
draulic conductivity is independent of flow direction. 

The horizontal groundwater discharge per unit area, u, is then gov-
erned by Darcy’s law, 

u= − K
∂η
∂x

(6) 

and the continuity equation (see e.g., Nielsen, 2009), 

∂η
∂t

= −
1
ne

∂
∂x

((D+ η)u) (7)  

where t is time. 
At beaches, the infiltration of wave runup increases the groundwater 

level locally (Nielsen et al., 1988). In field experiments, rapid changes in 
the groundwater table have been observed over swash cycles, especially 
when a capillary fringe is present close to the sand surface (Heiss et al., 
2014, 2015; Turner and Nielsen, 1997). The soil moisture dynamics at 
the timescale of swash cycles are important for, e.g., chemical ground-
water dynamics and hydraulic sediment transport. However, the swash 
zone is too wet for aeolian transport, and simplified approaches can be 
applied to predict the time-averaged effect of swash on the groundwater 
table (Brakenhoff et al., 2019). 

In a field experiment on beaches north of Sydney, Australia, it was 
found that when comparing two beaches with the same tidal regime, the 
beach that was exposed to waves had a groundwater table that was 
locally up to 0.7 m higher compared to the sheltered beach (Kang et al., 
1994). The groundwater overheight due to runup, Ul, is computed by 
(Kang et al., 1994; Nielsen et al., 1988), 

Ul =

{
ClKf (x) if xS ≤ x ≤ xR
0 if x > xR

(8)  

where Cl is an infiltration coefficient (− ), and f(x) is a function of x 
ranging from 0 to 1. xs is the horizontal location of the intersection 
between the beach face and the still water level, including wave setup. 
xR is the horizontal location of the runup limit. 

Different forms of the equation f(x) have been proposed, e.g., nega-
tive exponential (Nielsen et al., 1988) and linearly increasing 

Fig. 2. Processes influencing the volumetric moisture content θ at the beach 
surface in a grid cell with the dimensions ΔxΔyΔz located h centimetre above 
the groundwater table. 
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(Brakenhoff et al., 2019) with distance to the shoreline. When compared 
to field data, Kang et al. (1994) found that f(x) had a maximum at x =
2/3(xru-xs). The distribution likely depends on several factors, e.g., the 
moisture content, the hydraulic conductivity (which also depends on the 
moisture), and the distribution of runup. We propose the following 
linear equations for f(x), with a maximum of 1 at x = 2/3(xru-xs) and 0 at 
xru and xs, 

f (x) =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

x − xs

2
3
(xru − xs)

if xs < x ≤ xs +
2
3
(xru − xs)

3 −
x − xs

1
3
(xru − xs)

if xs +
2
3
(xru − xs) < x < xru

(9) 

Substitution of u (equation (5)) in the continuity equation (equation 
(6)) with the addition of Ul/ne gives the nonlinear Boussinesq equation, 

∂η
∂t

=
K
ne

∂
∂x

(

(D+ η) ∂η
∂x

)

+
Ul

ne
(10) 

The Boussinesq equation is solved numerically with a central finite 
difference method in space and a fourth-order Runge-Kutta integration 
technique in time (see, e.g. Brakenhoff et al., 2019; Liu and Wen, 1997; 
Schmutz, 2014; Raubenheimer et al., 1999). The numerical solution is 
detailed in Appendix A. 

The seaward boundary condition is defined as the still water level 
plus the wave setup (Raubenheimer et al., 1999). If the groundwater 
elevation is larger than the bed elevation, the groundwater elevation is 
set equal to the bed elevation (Baird et al., 1998). On the landward 
boundary, either a no-flow condition, dη/dx = 0 (Neumann condition), 
or constant head, η = constant (Dirichlet condition), can be prescribed 
(Brakenhoff et al., 2019; Raubenheimer et al., 1999). 

2.3. Capillary rise 

SWR functions describe the surface moisture due to capillary trans-
port of water from the groundwater table. The resulting surface moisture 
is computed for both drying and wetting conditions, i.e., including the 
effect of hysteresis. An effective saturation Se is defined as, 

Se =
θ − θr

θs − θr
(11)  

where θ is the volumetric moisture content; θr is the residual moisture 
content due to water being trapped in pores or otherwise so strongly 
held that it is unavailable for flow, and θs is the moisture content at 
atmospheric pressure, i.e., the saturated moisture content. 

A commonly used and widely accepted relationship between the 
effective saturation and soil water suction is the one proposed by van 
Genuchten (1980) (Brakenhoff et al., 2019; Schmutz, 2014; Zhu, 2007), 

Se =(1 + (αh)n
)
− m (12)  

where h is the groundwater table depth, α and n are fitting parameters 
related to the air entry suction and the pore size distribution. The 
parameter m is commonly parameterised as m = 1-1/n. Substituting the 
equation for effective saturation into van Genuchten’s equation and 
solving for the moisture content as a function of matric suction, θ(h), 
yields, 

θ(h)= θr +
θs − θr

[1 + |αh|n]m
(13) 

The moisture contents computed with drying and wetting SWR 
functions are denoted θd(h) and θw(h), respectively (an example of 
drying and wetting SWR functions can be seen in Fig. 11). When moving 
between wetting and drying conditions, the soil moisture content can be 
described with an intermediate SWR function called a scanning curve. 

Fig. 3. Implementation of the surface moisture processes in the model.  
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The drying scanning curves are scaled from the main drying SWR 
function and wetting scanning curves from the main wetting SWR 
function. For engineering purposes, Pham et al. (2005) recommend the 
method Mualem model II to derive the scanning curves. The drying 
scanning curve is then obtained from (Mualem, 1974): 

θd(hΔ, h)= θw(h) +
[θw(hΔ) − θw(h)]
[θs − θw(h)]

[
θd(h) − θw(h)

]
(14)  

where hΔ is the groundwater table depth at the reversal on the wetting 
curve. 

The wetting scanning curve is obtained from (Mualem, 1974): 

θw(hΔ, h)= θw(h) +
[θs − θw(h)]
[θs − θw(hΔ)]

[
θd(hΔ) − θw(hΔ)

]
(15)  

where hΔ is the groundwater table depth at the reversal on the drying 
curve. 

The resulting surface moisture due to capillary rise is determined by 
selecting the largest of θw(h) and θw(hΔ,h) during wetting conditions 
(rising groundwater levels) and the smallest of θd(h) and θd(hΔ,h) during 
drying conditions (falling groundwater levels). 

Sometimes there is a reversal between wetting and drying conditions 
while the moisture content is computed with a scanning curve. In that 
case, the moisture content is computed from the other scanning curve in 
the consecutive timestep. If the moisture content is computed from a 
wetting scanning curve when there is a reversal to drying conditions, an 
equivalent hΔ,hΔ,eq, is solved from the drying scanning curve for which 
θd(hΔ,eq,h) = θw(hΔ,h), and vice versa if there is a reversal on the drying 
scanning curve. 

2.4. Percolation 

Percolation is accounted for by assuming that excess water drains 
until the moisture content reaches field capacity, θfc. The moisture 
content at field capacity is the maximum amount of water that the un-
saturated zone of soil can hold against the pull of gravity. For sandy 
soils, the matric potential at this soil moisture condition is around - 1/10 
bar. In equilibrium, this potential would be exerted on the soil capil-
laries at the soil surface when the water table is about 100 cm below the 
soil surface, θfc = θd(100). 

The percolation rate is assumed to follow an exponential decay 
function, 

dθ
dt

=
(
θ − θfc

)(
e− ln(2) dt

Tdry

)
(16)  

where Tdry is the time it takes for half of the excess moisture content, θ - 
θfc, to drain. 

2.5. Precipitation and evaporation 

A water balance approach accounts for the effect of precipitation and 
evaporation, 

dθ
dt

=
(P − E)

Δz
θr ≤ θ ≤ θs (17)  

where P is the precipitation, E is the evaporation, and Δz is the thickness 
of the surface layer. Evaporation is computed with the Penman equation 
following the method outlined in Shuttleworth (1993) (see Appendix B). 

2.6. Demonstration case 

To demonstrate the functionality of the surface moisture model, the 
model is applied to a simple test case. The test case consists of a 1 D 
profile with a uniform slope of 1:100 (Fig. 4a). The profile is exposed to a 
semi-diurnal tide with a 2 m range and constant waves with 1 m wave 
height and 5 s period (Fig. 4c). The hydraulic properties of the sand are 
taken from a study at a beach with a mean grain size of 0.13 mm 
(Schmutz, 2014): θr = 0.09 m3/m3, θs = 0.4448 m3/m3, n = 4.931, m =
0.797, K = 8.5 × 10− 5 m/s, αd = 0.019 cm− 1, and αw = 0.034 cm− 1. The 
meteorological properties are constant with 20 ◦C air temperature, 1013 
kPa air pressure, 70 MJ/m2/d global radiation, 70% relative humidity, 
and 10 m/s wind speed. After 20 h, there is a 2 mm/h rainfall with 2 h 
duration. 

The results show that at the cross-shore location at 0 m above MSL, 
the moisture content of the beach is constantly saturated (Fig. 4b). The 
surface moisture at 0.8 and 1 m above MSL fluctuates with the tide, but 
the more seaward location is wetter. The jump in the 1 m curve when 
moving from drying to wetting conditions occurs due to a shift from the 
drying to the wetting SWR curve. During the rising tide, the surface 
moisture responds faster than during the falling tide. The groundwater 
table drops slower than the water level at the seaward boundary and 
results in a decoupling that is typical for beach groundwater (Fig. 4a; 
see, e.g., Horn (2006)). Additionally, at the same matric suction in the 
unsaturated zone, more soil water is being held during drying conditions 
than during wetting conditions. 

At the most landward cross-shore location at 2 m above MSL, the 
surface moisture is not influenced by the beach groundwater. It is 
constantly equal to the residual moisture content except during the 
rainfall and subsequent drying. 

3. Field site and data 

Noordwijk beach is located on the Holland coast in the Netherlands 
(Fig. 5). The beach has a mean tidal range of 1.6 m and a spring tide 
range of 1.8 m (Wijnberg, 2002), and during storm surges, the water 
level reaches about 2–4 m above MSL (Baart et al., 2011). The annual 
mean significant deepwater wave height is about 1 m, and storm wave 

Fig. 4. Result of demonstration case showing: a) Tide and groundwater level at t = 35 h. b) The surface moisture content at four different cross-shore locations with 
bed levels 0, 0.8, 1, and 2 m above MSL. After 20 h, there is a rainfall of 2 mm/h and 2 h duration. c) Tide during simulation. 
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heights reach 5 m (Wijnberg, 2002). 
Since 1990, the beach in Noordwijk has been nourished with 

approximately 1000 m3/m, mostly as shoreface nourishments and partly 
as beach nourishments (Brand et al., 2022). The Holland coast has a 
negative sediment budget and was eroding during the last 2000 years 
until the coast was stabilised by nourishments (Stive et al., 1990). 
Currently, the beach has an approximate width of 100–150 m, and the 
dune toe is located at about 3 m above MSL (van IJzendoorn et al., 
2021). It has a dynamic bar behaviour with bar cycling and switching 
(Ojeda et al., 2008; Wijnberg and Terwindt, 1995). The intertidal zone is 
occasionally characterised by ridge and runnel morphology (Fig. 6). The 
beach sand is medium-sized and influenced by the nourishments 
(Wijnberg, 2002). Fig. 7 displays a characteristic grain size distribution 

from the study site with a median grain size, D50, of 0.3 mm (van 
IJzendoorn et al., 2022). 

3.1. Surface moisture observations 

The surface moisture was measured in 221 sediment samples from 
the upper 2 mm distributed over an area measuring approximately 100 
× 200 m (Fig. 8). The samples were spread out in time during three 
sampling occasions; 30 January 2020 (8 a.m.–3 p.m.; 74 samples), 24 
March 2020 (8 a.m.–3 p.m.; 73 samples), and 24 April 2020 (9 a.m.–3 p. 
m.; 74 samples). 

The samples were collected using a sand scraper with a dialling 
mechanism that allows sampling with 2 mm depth increments (van 
IJzendoorn et al., 2022). The samples covered an area of 0.04 m2 and 
had a dry weight of about 150 g. The samples were collected in sealed 
plastic bags and weighed before and after they were oven-dried at 
100 ◦C. The gravimetric moisture content, w [kg/kg], i.e., the percent-
age of water mass divided by the dry mass of the soil, was converted to 
volumetric moisture content, θ [m3/m3], i.e., the percentage of water 
volume divided by the volume of the soil, by, 

θ=
wρb

ρw
(18)  

where ρw [kg/m3] and ρb [kg/m3] are the water and bulk density, 
respectively. It was assumed that ρw = 1025 kg/m3. The volumetric 
moisture content in the samples was distributed between 0.0017 and 
0.40 m3/m3 with an average of 0.20 m3/m3 and a standard deviation of 
0.11 m3/m3 (Fig. 9). 

The grain sizes of the samples from Noordwijk were determined by 
dry sieving with ten sieve screens ranging from 0.063 mm to 3.350 mm, 
based on British Standard BS1377-2 (1990). The average D50, was about 
0.29 mm, with a standard deviation of 0.04 mm. The 10th and 90th 
quantiles, D10 and D90, were 0.18 and 0.44 mm on average, with stan-
dard deviations of 0.03 and 0.06 mm, respectively. The grain size 
samples showed considerable spatial variations, with the D50 of samples 
varying between 0.2 and 0.5 mm. Coarser sand was found on the 
landward side of the runnel related to the presence of sand bars (Fig. 6), 
but the samples did not display a clear cross-shore trend. 

In addition, six vertical profiles with samples at 2, 4, 8, 14, 20, 26, 
32, 38, 44, and 50 mm soil depth were collected on 5 February 2020 and 
analysed with the same methods. The average moisture content of these 
samples was 0.25 m3/m3 and a standard deviation of 0.10 m3/m3. The 

Fig. 5. Overview map of the study area with wave buoy, wave data extraction 
point from wave model, water level (WL) gauges, and weather station. 

Fig. 6. Study site at Noordwijk beach on 24 March 2020. Photo: Christa 
van Ijzendoorn. 

Fig. 7. Typical grain size distribution from the study site.  
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grain size and moisture content were normalized against the average 
values within each vertical profile. Within this depth range, 0–5 cm, 
there was a weak negative correlation (R2 = 0.08; <5% significance 
level) between sample depth and moisture content (Fig. 10). However, 

Fig. 8. Digital elevation models from the study area at the different sampling occasions. Sample points are marked with black circles.  

Fig. 9. Histogram of surface moisture observations.  

Fig. 10. Normalized moisture content from vertical sampling profiles plotted against sample soil depth (left panel) and normalized median grain size (right panel). 
The moisture content and median grain size were normalized by dividing the value of each sample by the average value of the vertical set of samples to which 
they belong. 

Fig. 11. Setup of the sandbox experiment.  
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moisture content had a stronger negative correlation (R2 = 0.51; <1% 
significance level) with the grain size (Fig. 10). The samples from >2 
mm depth are not included in the model evaluation and are only pre-
sented here to illustrate the grain size and moisture variability in sur-
face sediments. 

3.2. Bathymetry and topography 

For each sampling occasion, digital elevation models (DEMs) with 1 
× 1 m resolution were constructed based on data from a Terrestrial 
Laser Scanner (TLS). The TLS Riegl VZ-2000 has a vertical accuracy of 8 
mm and was mounted on top of a building about 200 m behind the 
beach (Di Biase et al., 2021; Vos et al., 2017). The TLS point clouds had 
a density of approximately 9 points/m2 and were measured during low 
tide. The point clouds were corrected based on georeferenced points in 
the field of view of the laser scanner and cleaned manually to remove 
disturbances (e.g., vehicles, humans). Subsequently, a DEM was made 
of the TLS point cloud and combined with bathymetry from a JARKUS 
grid measured in 2020 (Rijkswaterstaat, 2020). The transition between 
the bathymetry and DEM was smoothed by applying a 10 × 10 m 
moving average window to the area within 20 m of the boundary. To 
align with the coastline, the DEMs were rotated 30◦ counter-clockwise 
and resampled to a local 1 × 1 m grid with origin in N 52.24222◦, E 
4.42235◦ (Fig. 8). The elevation is presented relative to Dutch Ordnance 
Datum (NAP), which is approximately equal to the mean sea level. 

The intertidal area of the study site has a dynamic morphology. A 
ridge and runnel system is present on all sampling occasions. The runnel 
was filled with water during the last two sampling occasions, 24 March 
2020 and 24 April 2020 (Fig. 6 display a photo of the runnel on 24 
March 2020). 

3.3. Soil hydraulic properties 

On 9 November 2020, two sets of duplicate soil samples were 
collected on the study site at N 52.24204◦, E 4.42428◦ and N 52.24240◦, 
E 4.42460◦ using a sampling ring of 100.14 cm3, sampling to 5.1 cm soil 
depth from the beach surface. The bulk densities of the samples ranged 
from 1.58 to 1.65 g/cm3. The drying and wetting curves of soil water 
retention were determined using a sandbox experiment (Fig. 11), set up 
according to the method outlined by Dirksen (1999). The sampling 
rings containing the soil were placed in a box on top of synthetic wetted 
sand covered with a filter cloth. The box was connected through a tube 

Fig. 12. Drying and wetting soil water retention functions fitted to the ob-
servations from the sandbox experiment. 
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to an adjustable steady water head (suction regulator). When the water 
level was below the reference level for the samples, suction was applied 
to the samples. The amount of suction corresponded to the difference 
between the middle of the soil sample and the water head. For deriving 
the drying curve, the suction was stepwise increased from 0 pF to 2 pF, 
while for the wetting curve, the suction was decreased from 2 pF to 0 pF. 

After each increment, the samples were weighed to record the wet 
weight of the soil at the respective water head. Once the measurements 
were finalised, all samples were oven-dried at 105 ◦C for more than 24 h 
to determine the dry weight of the soil. Finally, the wet weight of the 
disturbed soil samples at a pressure potential of pF 3.0 was estimated 
using a pressure plate. 

Per sample, the gravimetric moisture content w [kg/kg] corre-
sponding to the different pressure potentials (pF 0–3, wetting and dry-
ing) was calculated and converted to volumetric moisture content θ 
[m3/m3]. 

Soil water retention functions (SWR) of the van Genuchten-type were 
fitted to the observations from the sandbox experiment (Fig. 12). The 
residual and satiated moisture content were determined by the mini-
mum and maximum volumetric moisture content. The wetting SWR did 
not converge when all the other parameters were free; instead, m was 
defined by the commonly used relationship m = 1–1/n. The fitted van 
Genuchten parameters for the drying (d) and wetting (w) conditions, 
respectively, were, θr = 0.01 m3/m3, θs = 0.35 m3/m3, αd = − 0.035, αw 

= − 0.070, nd = 4.5, nw = 2.3, and md = 0.42. 

3.4. Weather, waves, and water levels 

Weather data with an hourly resolution, consisting of temperature, 
global radiation, precipitation, air pressure, relative humidity, and wind 
speed, were collected from the weather station at Hoek van Holland 
(KNMI, 2022) (Fig. 5). The weather data during the sampling periods are 
summarized in Table 1. 

Water levels were taken as the average value of observations with 10 
min frequency from the gauges in IJmuiden Stroometpaal and Scheve-
ningen operated by Rijkswaterstaat (2022) (Figs. 5 and 13). 

Deepwater significant wave height, period, and direction were 
collected from an offshore wave buoy (Fig. 5) and transformed towards 
the coast using a SWAN wave model (Booij et al., 1999) for the Holland 
coast. Nearshore transformed waves - significant wave height, period, 
and direction - were extracted at 14 m depth (Fig. 5). Only the onshore 
component of wave energy was accounted for in the runup and setup 
equations according to H0 = H′

0
̅̅̅̅̅̅̅̅̅̅̅cos φ√ , where H′0 is the non-corrected 

wave height, H0 is the wave height representing the onshore energy 
flux, and φ is the offshore incident wave angle from the shore normal 
(Hanson and Larson, 2008) (Fig. 13). 

4. Model setup and evaluation 

The topographic data, forcing, and soil hydraulic parameters were 
based on the data described in the previous section. Based on geological 
maps, the aquifer depth under the beach was estimated to be 12 m (TNO, 
n.d.). The effective porosity, ne, was set to the commonly assumed value 
of ne = 0.3. The saturated hydraulic conductivity, K, was calibrated to K 
= 2 × 10− 4 m/s. The dimensionless infiltration coefficient, Cl, was set to 
generate a groundwater table overheight of about 0.2 m. The landward 
boundary condition for the groundwater model was set as a no-flow 
(Neumann) condition. The drying timescale for the percolation, Tdry, 
was set to 1.5 h. The water-filled runnels that were present on the beach 
during the two last sampling occasions, 24 March 2020 and 24 April 
2020, were implemented as a static head of +1.1 m (relative NAP) and 
+1.35 m (relative NAP), respectively. 

The model was set up for a rectangular area, measuring 200 m in the 
longshore direction and 170 m in the cross-shore direction (Fig. 8). The 
initial groundwater level was set to 1 m over the entire model domain, 
and the model was run for 8 days prior to the sampling dates to warm up. 
The landward boundary was set back 200 m to avoid influence on the 
groundwater levels within the model domain. The computational grid 
had a resolution of 1 × 1 m, and the time step was 1 min with an output 
of results every 10 min. The timestep in the groundwater module was 
increased 30 times to assure numerical stability. The input data had a 
temporal resolution of 10 min for the water level data, 1 h for the 
meteorological data, and 3 h for the wave data. 

The model’s predictive capability was evaluated based on the coef-
ficient of determination, R2, the Brier Skill Score, BSS, the mean error, 
ME, and the mean absolute error, MAE, defined according to, 

R2 = 1 −

∑n

i=1
(mi − ci)

2

∑n

i=1
(mi − m)

2
(19)  

BSS= 1 −

∑n

i=1
(ci − mi − (c − m))

2

∑n

i=1
(mi − m)

2
(20)  

ME =
1
n
∑n

i=1
(mi − ci) (21)  

MAE=
1
n
∑n

i=1
|mi − ci| (22)  

where c is the computed value, m is the measured value, and n is the 
sample size. 

R2 describes the proportion of the measured variability that the 

Fig. 13. Water levels and wave heights (corrected for their angle against shore-normal). On 24 March 2020 (mid panel), the waves were offshore directed and are 
therefore not included in the plot. 
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model explains. R2 = 1 means that all variability in the data is described 
by the model, i.e., a perfect fit. BSS relates the variance of the difference 
between the measured and modelled values to the variance of the 
measured values. BSS = 1 means perfect skill, and BSS = 0 means no 
skill. ME and MAE describe the average difference and the average ab-
solute difference between the computed and measured values. 

5. Results 

The observed and simulated surface moisture display a large spatial 
variability within the model area. Fig. 14 illustrates the simulated and 
observed surface moisture during the falling tide every full hour be-
tween 10 a.m. and 3 p.m. on 30 January 2020. The model results reflect 

the spatial variability of the surface moisture, although there is some 
offset between observations and model results. The gradient in the upper 
intertidal area, at a cross-shore distance of about 130 m, is generally well 
captured. The moisture at the intertidal bar is well-described at 12 and 1 
p.m. but displays more spatial offset at 2 and 3 pm. 

At 3 p.m., there is a rainfall wetting the surface. The deviations be-
tween observations and simulations around 150 m cross-shore are 
related to the timing of the observations and model output. The samples 
were collected before the rainfall started but are moved from 10 min 
output to the full hour in this illustration. 

When visualized in scatter plots, the simulations show large de-
viations compared to the observations (Fig. 15). The mean absolute 
error ranges from 0.06 to 0.08 m3/m3. The simulations of 24 March 

Fig. 14. Simulated (colour map) and observed (circles) surface moisture content from 10 a.m. to 3 p.m. on 30 January 2020.  
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2020 and 24 April 2020 have a mean error of − 0.03 and − 0.02 m3/m3, 
meaning that the model, on average, overestimates the moisture. On the 
contrary, the simulated moisture content of 30 January 2020 was drier 
than the observations, with a mean error of 0.01. Compared to the ob-
servations, which have an almost uniform distribution of moisture 
contents ranging from 0.01 to 0.40 m3/m3, the distribution of the model 
output overestimates the occurrence of the low (<0.10 m3/m3) and high 
(>0.30 m3/m3) moisture contents. These errors are probably related to 
the uncertainty and heterogeneity of the SWR relationship and the 
assumption of homogenous porosity. 

The simulation of 24 March 2020 has the best fit to the data with R2 

= 0.62 and BSS = 0.66. The simulation of 30 January 2020 has negative 
values of R2 and BSS, indicating that a random distribution of the 
simulated values would give a better result than the model. The model 
reproduces the gradient from dry to wet, but since the moisture content 
is underestimated for the drier observations (<0.20 m3/m3) and over-
estimated for the wetter observations (>0.20 m3/m3), the fit remains 
poor. For observed moisture contents below which aeolian transport 
could occur, <0.10 m3/m3, the model predicts contents <0.10 m3/m3 in 
79% of the cases. The model sometimes predicts moisture contents 
<0.10 m3/m3 for observations >0.10 m3/m3, this especially occurred in 
the first simulation from 30 January 2020 (Figs. 14 and 15). 

5.1. Sensitivity analysis 

The model’s sensitivity to parameter settings and included processes 
was investigated in a sensitivity analysis. The sensitivity analysis is 
summarized in Table 2 and compared to the performance of all models. 
The model was most sensitive to changes related to the soil water 
retention function and to excluding the runnel from the model setup. 

Overall, the sensitivity analysis indicates that the model is stable and 
that small changes to the parameter setting have a limited influence on 
the model output. This is important for engineering applications with 
commonly limited access to data. 

6. Discussion 

This study proposes a new surface moisture model including all 
processes that have been identified as relevant drivers for soil surface 
moisture in the fundamental work by Schmutz (2014). The proposed 
model includes more processes and complexity than previous surface 
moisture descriptions in aeolian transport models (Brakenhoff et al., 
2019; de Groot et al., 2011; Durán and Moore, 2013; Hage et al., 2020; 
Silva et al., 2017; van Dijk et al., 1999; Zhang et al., 2015a). Still, it is 
less complex than many other groundwater and soil water models that 

Fig. 15. Result of simulated moisture content compared to observed.  

Table 2 
Sensitivity analysis with evaluation of coefficient of determination, R2, the Brier Skill Score, BSS, the mean error, ME, and the mean absolute error, MAE. The 
evaluation of the model performance should be compared to the original models with R2 = 0.32, BSS = 0.33, ME = − 0.01 m3/m3, and MAE = 0.07 m3/m3.  

Modification R2 BSS ME MAE 

Hysteresis excluded (wetting SWR) 0.24 0.28 0.02 0.07 
Hysteresis excluded (drying SWR) 0.29 0.33 − 0.02 0.07 
Increased hydraulic conductivity, K = 10 × 10− 4 m/s (original 2 × 10− 4 m/s) 0.31 0.33 − 0.02 0.07 
Decreased hydraulic conductivity, K = 0.5 × 10− 4 m/s (original 2 × 10− 4 m/s) 0.30 0.31 − 0.01 0.07 
Increase grid size 10 × 10 m 0.31 0.33 0.02 0.07 
Runnel excluded 0.25 0.28 0.02 0.08 
Groundwater overheight due to runup 0.7 m (original 0.2 m) 0.32 0.33 − 0.01 0.07  
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have been applied to the intertidal area (e.g., Geng et al., 2017; Li et al., 
2002; McCall et al., 2014). The model complexity should ideally be a 
balance between an accurate representation of relevant physical pro-
cesses, computational efficiency, and feasibility of model application for 
the specific engineering and scientific purposes. 

This proposed model is intended to predict surface moisture content 
for aeolian transport simulations. The motivation is that the intertidal 
area is the wettest area on the beach but simultaneously an important 
source area for aeolian-transported sediment (Delgado-Fernandez, 
2010; Hoonhout et al., 2015). Sediment sorting due to transport results 
in armour layer development on the dry beach (Hoonhout and de Vries, 
2019); whereas, in the intertidal area, armour layers can be broken by 
hydraulic mixing in the swash zone (Hoonhout et al., 2015). Thus, 
simulations of dune build-up at yearly to decadal timescales may be 
highly dependent on realistic representations of the beach surface 
moisture. It is particularly important that the lower surface moisture 
contents (<0.10 m3/m3) are simulated with high accuracy since aeolian 
transport is assumed to cease at larger moisture contents (Delgado--
Fernandez, 2010). At the higher moisture contents (>0.10 m3/m3), 
deviations above the transport threshold will not influence transport 
simulation results. 

The proposed surface moisture model performed relatively well 
within the low range of observed surface moisture contents. The overall 
performance of the model was less satisfactory (Fig. 15). Although the 
spatial moisture gradients over the intertidal area were reflected in the 
model results, the large variability of the moisture content caused small 
spatial offsets to result in large errors. All three simulations resulted in a 
mean absolute error of 0.07 m3/m3. Possible explanations for these er-
rors are related to uncertainties in the wave simulations, the distance 
from the study area to the weather and water level gauges, DEM accu-
racy and resolution, the estimated hydraulic conductivity, and other 
processes that are not included in the model, such as overland flow. Also, 
the moisture observations include errors related to sampling and 
transport, especially for large moisture contents close to saturation 
which are difficult to sample without applying suction (Paprocki et al., 
2022; Stark and Brilli, 2021). 

A large part of the error may be attributed to the observed hetero-
geneity of hydraulic properties of the beach sand that is not accounted 
for in the model. The surface moisture samples and the four samples 
used for the analysis of soil water retention displayed a large variability 
of hydraulic properties. This effect is likely related to small-scale vari-
ability of grain size and porosity. The moisture content within 2 mm 
thick layers deviated from − 50% to +80% in relation to the average 
moisture content in a 50 mm deep soil column (Fig. 10). The surface 
moisture variability correlated with the grain size but not with the 
sample depth within the column. 

Additionally, the fit of the SWR function to the data derived from the 
laboratory analysis resulted in an MAE of 0.04 m3/m3, which could 
explain a large part of the model errors. The scatter in Fig. 12 can be 
attributed to errors related to the analysis, compaction during transport, 
or actual heterogeneous sediment properties at the study site. Similar 
spatial variability of hydraulic and geotechnical sediment properties has 
been observed in previous field studies (Stark and Brilli, 2021), and 
numerical simulations show that local heterogeneity of hydraulic con-
ductivity and capillarity can significantly affect soil moisture contents 
and groundwater dynamics on beaches (Geng et al., 2020). 

In an area with such a large spatial variability of surface moisture, it 
is inherently difficult to obtain a good fit when comparing spatially and 
temporally averaged model results to point data. Despite large absolute 
errors in the model simulations, the mean error was only − 0.01 m3/m3. 
This result is promising, considering that the model parameters were not 
calibrated except for the hydraulic conductivity; the other values were 
derived from data or the literature. Furthermore, in mesoscale aeolian 
transport simulations, the small spatial offsets that resulted in large 
deviations between model redults and observations are typically negli-
gible. At decadal timescales, the high-resolution bathymetry that was 

available for this study is typically not available, and local variability of 
porosity is not accounted for. 

The sensitivity analysis indicated that the model is stable for a range 
of parameter settings, and most of the model inputs are commonly 
available data. However, estimation of the soil hydraulic properties can 
be resource-demanding and are typically not available for coastal en-
gineering applications. To facilitate application of the model, sediment 
samples have been collected from ten beaches in Sweden and the 
Netherlands. Their drying and wetting soil water retention have been 
analysed using the same method outlined in this paper. The data is 
presented in Appendix C together with sieving protocols to facilitate 
model application at beaches with similar grain size distributions. All 
samples are duplicates to allow for an estimate of the uncertainty related 
to the analysis method and sediment heterogeneity. 

When applying the proposed surface moisture model in AeoLiS, it is 
important to select hydraulic properties that are representative of the 
local beach sand since they greatly influence surface moisture, specif-
ically in the intertidal area (Schmutz, 2014). Finer-grained beaches 
typically have higher capillarity, lower hydraulic conductivity, and 
milder beach slopes, which all contribute to higher surface moisture 
content (Schmutz, 2014). At the same time, finer-grained beaches 
typically display larger potential transport rates due to lower threshold 
shear velocities for initiation of aeolian transport compared to 
coarser-grained beaches (Bagnold, 1941). Thus, when simulating 
aeolian transport rates on beaches, it is important to account for grain 
size effects on both transport rates and surface moisture contents. 

Future studies should focus on validating the proposed surface 
moisture model with data sets displaying more variable meteorological 
conditions. Longer time series could be used to investigate the influence 
of surface moisture on yearly to decadal transport rates towards the 
dunes. However, further research is needed on how to include snow and 
frozen conditions (McKenna-Neuman and Nickling, 1989; Ollerhead 
et al., 2013; van Dijk and Law, 1995), as well as how the surface 
moisture influences the aeolian transport rates (Cornelis and Gabriels, 
2003; Namikas and Sherman, 1995; Zambrano-Cruzatty et al., 2019). 

7. Conclusions 

In this study, a new surface moisture module was implemented in the 
aeolian transport model AeoLiS. The model includes the relevant pro-
cesses to describe surface moisture at sandy beaches from the water line 
to the dune toe: tide and wave-induced groundwater variations, wave 
runup, capillary rise, percolation, precipitation, and evaporation. The 
model was tested against a data set of 221 observations from three 
sampling occasions at Noordwijk beach in the Netherlands in January, 
March, and April 2020. The results were partly poor, where large de-
viations occurred between observed and simulated moisture contents 
(MAE = 0.07 m3/m3). The complexity of the intertidal area at the study 
site causes large local gradients in moisture content, meaning that a 
small spatial offset can result in a large error. Furthermore, the 
measured surface moisture data indicates that local variability of hy-
draulic properties can have a significant impact on the surface moisture. 
This variability was not accounted for within the model, which assumed 
uniform hydraulic properties. Still, with limited calibration, the model 
represented the average moisture conditions well (ME = − 0.01 m3/m3) 
and described the cross-shore moisture gradient. The proposed model 
provides a promising starting point to further explore surface moisture 
processes on sandy beaches and to include surface moisture in mesoscale 
aeolian transport simulations. 
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Appendix A. Numerical solution of the Boussinesq equation 

The Boussinesq equation is solved numerically with a central finite difference method in space and a fourth-order Runge-Kutta integration 
technique in time, 

f (η)= K
ne
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The Runge-Kutta time-stepping, where Δt is the length of the timestep, is defined as, 

ηt+1
i = ηt

i +
Δt
6
(f1 + 2f2 + 2f3 + f4)

f1 = f
(
ηt

i

)

f2 = f
(

ηt
i +

Δt
2

f1

)

f3 = f
(

ηt
i +

Δt
2

f2

)

f4 = f
(
ηt

i + Δtf3
)

where, i is the grid cell in x-direction and t is the timestep. The central difference solution to f(η) is obtained through discretisation of the Boussinesq 
equation, 

ai =
ηi+1 − 2ηi + ηi− 1

(Δx)2  

bi =
ηi(ηi+1 − ηi− 1)

Δx  

ci =
(bi+1 − bi− 1)

Δx  

Appendix B. Penman equation 

The evaporation E (mm/day) is computed with the Penman equation following the method outlined in Shuttleworth (1993), 

E =
mvRn + 6.43γδe(au + buu2)

λ(mv + γ)

where Rn is the net radiation (MJ/m2/d) (obtained directly from meteorological data: “global radiation”), λ is the latent heat of vaporisation (esti-
mated to be about 2.26 MJ/kg), mv is the gradient of the saturation vapour pressure (kPa/◦C), γ is the psychrometric coefficient (kPa/◦C), δe is vapour 
pressure deficit (kPa), u2 is the wind speed at 2 m height (m/s) and au and bu are coefficients. In the original Penman equation, au = 1 and bu = 054. 
However, a value of bu = 0.86 following Doorenbos and Pruitt (1975) has been found to give better results on beaches (Zhu, 2007) and is subsequently 
used here. 

The vapour pressure deficit, δe, is computed as the difference between the saturated pressure, es and actual pressure, which is computed from the 
relative humidity, RH (%), 
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δe = es

(

1 −
RH
100

)

Following Shuttleworth (1993), the saturated vapour, es (kPa), is estimated by the Tetens equation, 

es = 0.6108 exp
(

17.27T
T + 237.3

)

where T is the air temperature (◦C). The gradient of the saturation vapour pressure, mv = des/dT (kPa/◦C), is computed through (Shuttleworth, 1993), 

mv =
4098es

(237.3 + T)2  

According to Shuttleworth, the psychrometric coefficient (kPa/◦C) is estimated as, 

γp =
cpp
ελ

⋅10− 3 = 0.0016286
p
λ  

where cp is the specific heat of moist air (=1.013 kJ/kg/◦C), p is the atmospheric pressure (kPa), ε is the ratio of molecular weight of water vapour to 
that of dry air (=0.622), and λ is the latent heat of vaporisation of water (MJ/kg). 

Appendix C. Soil water retention data 

The soil water retention and grain size distribution have been analysed for duplicate samples from ten beaches in Sweden and the Netherlands. The 
results are summarized in the following tables.  

Table C 
1 Description of sediment samples.  

No Location Date Lat Long 

1 Knäbäckshusen 2020-10-25 55.640455 14.277987 
2 Knäbäckshusen 2020-10-25 55.640455 14.277987 
3 Vik-Baskemölla 2020-10-25 55.609688 14.298151 
4 Vik-Baskemölla 2020-10-25 55.609688 14.298151 
5 Tobisvik 2020-10-25 55.570823 14.339082 
6 Tobisvik 2020-10-25 55.570823 14.339082 
7 Kyhl 2020-10-25 55.437513 14.239806 
8 Kyhl 2020-10-25 55.437513 14.239806 
9 Sandhammaren 2020-10-25 55.385173 14.198745 
10 Sandhammaren 2020-10-25 55.385173 14.198745 
11 Ystad Sandskog 2020-10-25 55.425476 13.851464 
12 Ystad Sandskog 2020-10-25 55.425476 13.851464 
13 Zandmotor (intertidal area) 2020-11-06 52.051010 4.1828037 
14 Zandmotor (intertidal area) 2020-11-06 52.051010 4.1828037 
15 Zandmotor (dry beach) 2020-11-06 52.0513113 4.1834702 
16 Zandmotor (dry beach) 2020-11-06 52.0513113 4.1834702 
17 Texel Hors 2020-11-07 52.9870096 4.7327457 
18 Texel Hors 2020-11-07 52.9870096 4.7327457 
19 Terschelling Midsland 2020-11-08 53.4104718 5.2906955 
20 Terschelling Midsland 2020-11-08 53.4104718 5.2906955 
21 Noordwijk (south) 2020-11-09 52.2420398 4.4242766 
22 Noordwijk (south) 2020-11-09 52.2420398 4.4242766 
23 Noordwijk (north) 2020-11-09 52.2423986 4.4245955 
24 Noordwijk (north) 2020-11-09 52.2423986 4.4245955   

2 Sieve protocols. Mask size in μm, weights in g.  

No >2000 2000–420 420–210 210–150 150–105 105–63 63–50 <50 

1 0.06 6.71 127.04 4.24 0.13 0.01 0.00 0.00 
2 0.00 6.19 126.70 4.73 0.10 0.00 0.00 0.00 
3 0.00 133.63 0.09 0.25 0.04 0.04 0.00 0.00 
4 0.02 134.65 0.13 0.07 0.01 0.00 0.00 0.00 
5 1.14 131.40 0.00 0.00 0.00 0.00 0.00 0.00 
6 2.40 124.60 0.00 0.00 0.00 0.00 0.00 0.00 
7 0.08 0.22 39.85 86.70 4.23 0.06 0.00 0.00 
8 0.00 0.32 40.66 77.63 4.48 0.05 0.00 0.00 
9 0.00 0.73 107.87 27.12 0.80 0.04 0.00 0.00 
10 0.00 0.76 109.25 18.89 0.53 0.03 0.00 0.00 
11 0.00 0.66 66.52 44.96 3.35 0.26 0.01 0.00 
12 0.00 0.40 66.62 49.85 3.84 0.21 0.00 0.00 

(continued on next page) 
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(continued ) 

No >2000 2000–420 420–210 210–150 150–105 105–63 63–50 <50 

13 0.00 18.14 110.51 8.69 0.77 0.03 0.00 0.00 
14 0.00 36.37 91.42 3.06 0.30 0.01 0.00 0.00 
15 0.76 30.13 88.32 23.24 7.21 1.27 0.00 0.00 
16 1.62 30.37 83.00 22.76 6.76 1.39 0.00 0.00 
17 0.00 2.31 86.54 40.78 0.77 0.02 0.00 0.00 
18 0.00 4.25 97.79 40.05 0.84 0.01 0.00 0.00 
19 0.00 0.02 66.66 56.87 1.48 0.07 0.00 0.00 
20 0.19 0.06 76.33 54.52 1.82 0.09 0.00 0.00 
21 0.06 2.10 65.17 56.47 7.37 0.16 0.00 0.00 
22 0.03 2.52 71.01 55.24 9.45 0.18 0.00 0.00 
23 2.91 42.09 45.31 87.39 8.60 1.18 0.02 0.00 
24 0.54 31.17 99.35 13.38 2.07 0.03 0.01 0.00   

3 Wetting soil water retention. Suction in pF and moisture content in m3/m3.  

No 1.8 1.6 1.5 1.4 1.2 1 0.7 0.4 0 

1 0.02 0.02 0.04 0.07 0.23 0.27 0.29 0.31 0.35 
2 0.05 0.04 0.04 0.04 0.23 0.27 0.28 0.30 0.36 
3 0.03 0.03 0.03 0.03 0.03 0.05 0.19 0.26 0.32 
4 0.03 0.03 0.03 0.03 0.03 0.06 0.18 0.26 0.31 
5 0.02 0.02 0.02 0.02 0.02 0.02 0.08 0.22 0.31 
6 0.02 0.02 0.02 0.02 0.02 0.02 0.07 0.22 0.30 
7 0.03 0.09 0.18 0.30 0.32 0.32 0.33 0.35 0.38 
8 0.04 0.09 0.16 0.28 0.30 0.31 0.31 0.33 0.38 
9 0.11 0.11 0.14 0.18 0.31 0.32 0.33 0.34 0.39 
10 0.05 0.05 0.09 0.16 0.31 0.32 0.33 0.34 0.39 
11 0.12 0.13 0.15 0.20 0.25 0.26 0.27 0.30 0.34 
12 0.04 0.04 0.08 0.19 0.27 0.28 0.28 0.31 0.36 
13 0.03 0.03 0.04 0.07 0.20 0.28 0.30 0.31 0.34 
14 0.03 0.03 0.03 0.05 0.15 0.26 0.32 0.34 0.36 
15 0.03 0.04 0.09 0.14 0.24 0.26 0.27 0.28 0.31 
16 0.03 0.04 0.08 0.13 0.24 0.26 0.27 0.28 0.33 
17 0.05 0.07 0.09 0.16 0.26 0.27 0.28 0.30 0.34 
18 0.06 0.07 0.10 0.18 0.27 0.28 0.29 0.31 0.36 
19 0.26 0.26 0.26 0.28 0.30 0.30 0.30 0.31 0.35 
20 0.23 0.23 0.23 0.25 0.28 0.28 0.28 0.30 0.34 
21 0.09 0.12 0.16 0.24 0.28 0.29 0.29 0.30 0.35 
22 0.06 0.09 0.15 0.24 0.28 0.29 0.29 0.31 0.35 
23 0.02 0.02 0.03 0.06 0.22 0.25 0.27 0.28 0.32 
24 0.07 0.07 0.08 0.11 0.26 0.28 0.29 0.30 0.35   

4 Drying soil water retention. Suction in pF and moisture content in m3/m3.  

No 0.4 0.7 1 1.2 1.4 1.5 1.6 1.8 2 3 

1 0.34 0.34 0.31 0.30 0.24 0.12 0.06 0.04 0.03 0.02 
2 0.36 0.34 0.29 0.29 0.25 0.12 0.06 0.06 0.05 0.02 
3 0.30 0.29 0.11 0.05 0.03 0.03 0.03 0.03 0.03 0.02 
4 0.29 0.29 0.11 0.04 0.03 0.03 0.03 0.03 0.03 0.03 
5 0.29 0.21 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.02 
6 0.29 0.22 0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.03 
7 0.37 0.37 0.36 0.36 0.36 0.36 0.35 0.05 0.04 0.02 
8 0.37 0.36 0.34 0.34 0.34 0.34 0.33 0.08 0.04 0.02 
9 0.38 0.37 0.37 0.37 0.36 0.30 0.19 0.16 0.14 0.02 
10 0.38 0.37 0.36 0.36 0.35 0.30 0.14 0.05 0.05 0.02 
11 0.33 0.31 0.29 0.29 0.28 0.28 0.20 0.14 0.13 0.02 
12 0.35 0.34 0.31 0.31 0.31 0.30 0.20 0.04 0.04 0.02 
13 0.33 0.32 0.28 0.27 0.17 0.09 0.05 0.03 0.03 0.01 
14 0.35 0.34 0.27 0.24 0.11 0.07 0.04 0.03 0.03 0.01 
15 0.30 0.29 0.26 0.26 0.23 0.16 0.10 0.05 0.03 0.01 
16 0.32 0.31 0.27 0.26 0.22 0.15 0.10 0.04 0.03 0.01 
17 0.33 0.32 0.30 0.30 0.30 0.28 0.20 0.06 0.05 0.02 
18 0.35 0.34 0.32 0.32 0.32 0.31 0.22 0.06 0.06 0.02 
19 0.33 0.32 0.31 0.31 0.31 0.31 0.29 0.26 0.26 0.02 
20 0.34 0.31 0.30 0.30 0.30 0.29 0.25 0.23 0.23 0.03 
21 0.33 0.33 0.33 0.33 0.32 0.32 0.29 0.13 0.11 0.02 
22 0.34 0.34 0.33 0.33 0.32 0.32 0.28 0.06 0.06 0.02 
23 0.31 0.30 0.30 0.29 0.26 0.12 0.04 0.02 0.02 0.01 
24 0.33 0.32 0.33 0.33 0.32 0.20 0.09 0.06 0.07 0.01  
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