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Abstract

Soil moisture plays a crucial role in land-atmosphere interactions through its ability to divide the incoming
radiation into latent heating and sensible heating. Accurate modelling of soil moisture could significantly
improve numerical weather prediction, but observational data is difficult to obtain. In this research, the Tiled
ECMWF Scheme for Surface Exchanges over Land (TESSEL) is coupled to Whiffle’s large eddy simulation model
called GRASP and the behaviour of this system is explored. It is concluded that TESSEL is highly sensitive to
initial conditions of soil moisture and soil parameters. In 6 months of model runs, rain-soil moisture coupling
improves the model results through increased latent heating. Differentiation between soil types in Cabauw and
Gilze-Rijen also increases the model skills, concluded from decreased biases and increased correlations with
observations of surface fluxes, temperature, humidity and wind speed. This effect is strongest in summer and
also influences wind speed and cloud formation. In a radiation fog case study, initialization with atmospheric
observations produced a fog layer close to observations in depth, with the dissipation delayed by an hour. For
this model set-up, it is recommended to permanently add differentiation between soil types, so that the initial
soil moisture matches the soil parameters. Some improvements made to TESSEL should be added such as
the conductivity formulation, the bare soil evaporation and the addition of surface run-off. In future research
the behaviour of the system during heavy rainfall could be studied, as well as the influence of open boundary
conditions and the use of other data sources for initialization.
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1 Introduction

Land surfaces and the atmosphere interact in complex and non-linear ways, on timescales ranging from seconds
to years. The moisture present in the top layers of the soil plays an important role in the coupling between
land and atmosphere, by affecting the evaporation from the surface. This indirectly links soil moisture to cloud
formation, precipitation, near-surface temperatures [Hirschi et al., 2011] and fog formation [Bergot and Guedalia,
1994] [Guedalia and Bergot, 1994]. Soil moisture has a memory that can last months [Seneviratne et al., 2006],
which means deviations on seasonal timescales have a large effect on weather prediction. For example, spring
soil moisture conditions can greatly influence the development of heat waves in summer [Fischer et al., 2007]. As
climate change is causing more extreme droughts and higher chances of flooding [Grillakis, 2019] [Seneviratne
et al., 2010], an accurate representation of the land-atmosphere coupling becomes increasingly critical. Beyond
the impact soil moisture has on the atmosphere, an accurately estimation is also essential in the field of water
management, food production, water quality, and safety.

Land-atmosphere interactions

The interaction between the surface and the atmosphere, combined with the diurnal cycle of radiation, forms a
complex system consisting of multiple feedback loops. The most important aspects for this research are shown
in figure 1.1.

The energy source that drives the atmospheric dynamics is the sun, which provides energy to the earth
surface. The soil moisture plays a part in determining how this energy is used, which is either for latent heating
(evaporation) or sensible heating (increasing temperature). This division of energy, quantified by the Bowen
ratio, therefore makes the atmosphere either more humid or warmer. The temperature and humidity in the
atmosphere cause a wide range of effects like increasing the boundary layer height and causing cloud formation
and rain. The wind speed is also affected through the drag at the top of the boundary layer and the stratification
strength and lastly, the diurnal cycle of the radiation can cause radiation fog, which depends on the temperature
and humidity at night.

Figure 1.1: Schematic of the influence of soil moisture on the boundary layer.

These processes give a rough picture of the land-atmosphere interaction but are determined by many factors
such as surface properties: vegetation and soil type, soil temperature, vegetation structure and the state of the
free troposphere, which can be influenced by large scale atmospheric processes. Koster et al. [2004a] showed
that the strength of land-atmosphere coupling is largely dependant on location by comparing outputs from a
dozen models. Their results showed that this coupling is strongest in transition zones between wet and dry
climates.
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Soil moisture data

Most weather prediction models and general circulation models use intricate sub-surface schemes that take into
account processes like dew collection, surface runoff, and water extraction by plant roots. The current challenge
is a lack of observational data to feed these models for initial conditions and validation. Studies have shown
that using observational data to initialize the sub-surface scheme in weather models results in significantly
improved forecasts, particularly during the summer (Ardilouze et al. [2017], Koster et al. [2004b]). While there
are individual locations where soil is sampled or continuously measured, the spatial variability in soil moisture
can be high and measurement techniques are susceptible to various factors and disagree on the type of soil
moisture measured [SU et al., 2014].

Another approach for obtaining soil moisture measurement is remote sensing. There are two primary remote
sensing products that provide soil moisture data. The European Space Agency (ESA) launched the Soil Moisture
Ocean Salinity (SMOS) mission in 2009, with a 35-50 km resolution and a temporal revisit of 3 days. The Soil
Moisture Active Passive (SMAP) mission was launched in 2015 by NASA, which has a spatial and temporal
resolution similar to SMOS (35 km, 3 days). SMOS uses a passive microwave radiometer, while SMAP has
both a passive radiometer and an active radar that are combined. Microwave radiometers allow soil moisture
to be observed under all weather conditions, including rain and clouds. Vegetation influences are minimized by
using L-band frequencies (low, 1-2 GHz). The output of these instruments is used in algorithms that calculate
soil moisture, but only for the top 5 cm of the ground [Das et al., 2010]. Burgin et al. [2017] compared the two
products with several others and concluded that SMAP and SMOS were very similar, with SMOS providing
slightly higher soil moisture values than SMAP. Mohanty et al. [2017] noted that the algorithms used do not
work optimally in heterogeneous landscapes and that the calculated soil moisture is sensitive to several other
properties (e.g. roughness, vegetation water content)

The data retrieved from remote sensing is used in many studies to obtain soil moisture data with higher
resolutions and in deeper soil layers. Das et al. [2010] developed an algorithm that combines the data from the
passive and active SMAP instruments and produces 9 km resolution soil moisture data. This output has been
used by many others to obtain even higher resolutions.

For example, Fang et al. [2020] used a downscaling algorithm based on thermal inertia theory to convert
the 9 km SMAP soil moisture data to 1 km resolution. They used surface skin temperature and soil moisture
measurements to build a model, which is then used to convert the SMAP soil moisture to a 1 km resolution grid.
The results showed improved correlation with observations, and maps showed smaller scale features not present
in the original SMAP data. Lee et al. [2019] calculated soil moisture at 4 km resolution in the Korean Peninsula
using satellite observations of energy fluxes, mass fluxes, and vegetation properties combined with in situ-
measurements of precipitation, 2 m air temperature, humidity, soil moisture, elevation and slope information.
All this data was fed into a deep neural network to build a soil moisture estimation model. The trained model
achieved a high correlation (> 0.87) and low RMSE (<4.15%).

Set-up and questions

The sub-surface scheme used in this study is the Tiled ECMWF Scheme for Surface Exchanges over Land
(TESSEL) [Viterbo and Beljaars, 1995], an extensive model that includes four soil layers and surface flux
parameterizations, depending on the tile type. This scheme has been tested with observations in various studies
using datasets from around the world (van den Hurk et al. [2000], Gustafsson et al. [2003], Balsamo et al.
[2009]). Over the years, some important modifications were done, like the revision of the hydraulic properties
to accommodate different soil types, the enhancement of runoff, the addition of variable leaf area index (LAI)
[Boussetta et al., 2013], and the change of bare soil evaporation in dry conditions [Balsamo et al., 2011].

While all the research mentioned above has used global or regional weather forecasting models, this study
uses Large Eddy Simulations (LES) that are coupled to the ERA5 re-analysis data and the TESSEL scheme.
The model used is called GRASP and was provided by Whiffle, a scale-up company based in Delft that produces
precision weather forecasting. LES models can produce high resolution results while resolving turbulence close
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to the surface. Since the TESSEL scheme was created for ECMWF’s Integrated Forecasting System (IFS)
[ECMWF, 2020], the main focus of this research is to investigate how this scheme behaves when coupled to an
LES model such as GRASP, to see what capabilities it has in predicting several weather phenomena and to
identify improvements. The research questions are formulated as follows:

1. How does TESSEL capture the role of soil moisture in land-atmosphere interactions?

2. Does rain-soil moisture coupling and soil type differentiation improve modelling skills in LES runs?

3. How accurately is radiation fog reproduced and how can this be improved?

A description of the LES model GRASP and TESSEL is given in section 2, which will answer question
1 theoretically. An overview of the data used in this research is given in section 3. The rest of this report
consists of 3 parts each containing a set-up section and results. Question 1 is further answered with a sensitivity
analysis in section 4. A large amount of model runs are used to answer question 2 in section 5 and a case-study
of radiation fog is presented to answer question 3 in section 6. Finally, conclusions of all the results are drawn
in section 7, and recommendations and an outlook are given in section 8.
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2 Model Description

2.1 GRASP

The LES model used in this study is the
GPU-Resident Atmospheric Simulation Platform
(GRASP), provided by Whiffle. The most important
equations in the model are described here. As this
model is closely related to the Dutch Atmospheric
Large-Eddy Simulation (DALES), for a detailed de-
scription Heus et al. [2010] and Schalkwijk et al.
[2015] can be consulted.

2.1.1 Governing equations

In general, atmospheric models solve the equations
of motion, consisting of conservation equations for
mass, momentum and scalar variables. LES mod-
els are set apart by their ability to resolve turbulence
where large-scale models fully parameterize it. Be-
fore solving the equations of motion, a spatial filter is
applied to the prognostic variables resulting in a re-
solved part and a subgrid part. This subgrid part of
the variables is solved using an eddy-viscosity model,
while the resolved part enters the equations of motion
given below.

In GRASP, a reference density profile ρb(z) is used
following from the anelastic approximation [Böing
et al., 2012]. The equations of motion after LES fil-
tering then become

∂ρb(z)uj
∂xj

= 0, (2.1)

ρb
∂ui
∂t

= −∂ρbuiuj
∂xj

− ∂p

∂xi

+ ρbbδi3 + fi −
∂τij
∂xj

+ ϵij3fc(uj − ugj ), (2.2)

ρb
∂ϕ

∂t
=
∂ρbujϕ

∂xj
−
∂F q

j

∂xj
+ Sϕ. (2.3)

Here uj denotes the LES-filtered velocities in x,y,z
direction. p is the pressure, b is a representation of
the buoyancy, δi3 is the Kronecker delta, fi represent
external forcing, τij is the subgrid-stress tensor, ϵij3
is the Levi-Civita symbol, fc is the Coriolis parameter
and ugj are the components of the geostrophic wind.

In equation 2.3, ϕ denotes a prognostic variable,
Fϕ
j its subgrid fluxes and Sϕ its local sources and

sinks. The prognostic variables governed by this
equation are {u, v, qt, θl}. The latter two are the total
specific humidity and a temperature derived from liq-
uid/ice static energy, thermodynamic variables that
are conserved under water phase changes. The to-
tal specific humidity consists of the mixing ratio’s of
water vapor qv, liquid water ql and ice qi:

qt = qv + ql + qi. (2.4)

The temperature derived from liquid/ice static en-
ergy can be written as

θl = −T0 + T +
g

cp
z − Lv

cp
ql −

Li

cp
qi, (2.5)

where (T − T0) is the temperature in Celsius, g is
the gravitational acceleration, cp is the specific heat
of water and Lv, Li are the latent heat of vaporization
and sublimation, respectively.

Integration The governing equations are numeri-
cally integrated in GRASP using a third order Runge-
Kutta scheme. The timestep is determined during
runtime so that the Courant–Friedrichs–Lewy condi-
tion is met as follows:

∆t = min

(
∆tmax, Cmin

(∆xi
ui

))
. (2.6)

∆tmax is set to 20 seconds, ∆xi is the grid cell size
in the direction of the largest velocity and C is the
Courant number, which is set to 0.8.

Advection is discretized using the flux-form,
where the prognostic variables are approximated us-
ing a second order central difference scheme.

2.1.2 Model boundary conditions

In all runs in this study, periodic boundary conditions
are used for the sides of the domain. At the top of
the domain, following boundary conditions are used:

∂u

∂z
=
∂v

∂z
= 0, (2.7a)

w = 0, (2.7b)

∂ϕ

∂z
= cϕ, (2.7c)

where cϕ is a constant set per run and per variable.
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2.1.3 Large-scale coupling

The source term Sϕ in equation 2.3 consists of three
parts set by large-scale conditions. These large-scale
conditions, as well as the initial conditions, can be
taken from large-scale products such as the ERA5 re-
analysis or input profiles can be provided. The first
source/sink term is the subsidence W , which enters
the source term as

Ssub
ϕ = −W ∂ϕ

∂z
. (2.8)

Secondly, large-scale advection is added as

Sadv
ϕ = U

∂Φ

∂x
+ V

∂Φ

∂y
, (2.9)

where U, V,Φ are the large-scale variables.

These large-scale variables can also be nudged to-
wards during the run, by adding the final source term,
called ’relaxation’, which scales with the difference
between the large scale variable and the horizontally
averaged LES variable ϕ as

Srel
ϕ = −1

τ

(
ϕ− Φ

)
. (2.10)

This can be done at different heights in the domain
and the strength is controlled by the time-scale pa-
rameter τ .

2.2 TESSEL

The Tiled ECMWF Scheme for Surface Exchanges
over Land (TESSEL) was first introduced by Viterbo
and Beljaars [1995] to solve several problems that
were found in the ECMWF’s forecasts at the time:

• Too much evaporation in wet conditions and too
little evaporation in dry conditions

• A large positive bias in surface temperature in
summer daytime

• Inaccuracies in the land hydrology

The first version of this model was kept simple,
using a single type of soil and vegetation. The model
consists of four soil layers with varying depths (7 cm,
21 cm, 72 cm, 189 cm), and different types of tiles at
the surface. In the first model proposed there were
three tile possibilities: bare soil, vegetation and an

interception reservoir. Some years later, the vegeta-
tion was split into low and high vegetation and snow-
covered land was added.

A revised TESSEL scheme (H-TESSEL) was in-
troduced by Balsamo et al. [2009], in which soil types
are varied spatially, the soil hydraulic properties were
improved and the surface runoff term was refined to
be dependent on soil type and topography. ECMWF
[2020] documents that the runoff is a significant fea-
ture that can vary between 1% to 50% of the rainfall.

The top boundary condition for heat is deter-
mined by a zero-depth skin layer that exchanges en-
ergy with the atmosphere and the top soil layer. The
top boundary condition for water is determined sep-
arately for the various tiles and the lower boundary
condition is free drainage.

2.2.1 Soil heat and moisture processes

Soil heat transport

Heat is transported between the soil layers following
Fourier’s law of diffusion, which gives the heat flux
FT as a function of the soil heat conductivity λT and
the vertical temperature gradient, which is defined
positive downwards.

FT = −λT
∂T

∂z
. (2.11)

This heat flux results in local heating within the
soil layers to maintain conservation of energy. The
temperature change in time thus depends on the ver-
tical gradient of the heat flux, given by the differential
equation

∂T

∂t
=

1

(ρC)s

∂

∂z

(
λT

∂T

∂z

)
, (2.12)

with (ρC)s the soil heat capacity which is parameter-
ized, following Johansen [1977], as

(ρC)s = (1− qs,sat)(ρC)dry + qs(ρC)water. (2.13)

(ρC)dry, (ρC)water are the heat capacities of dry soil
and water, respectively.

The heat conductivity is parameterized according
to Peters-Lidard et al. [1998]:

λT = Ke(λT,sat − λT,dry) + λT,dry, (2.14)
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Figure 2.1: Schematic of the soil moisture and heat processes in TESSEL.

where Ke is the Kersten number:

Ke = log10

(
max

(
0.1,

qs
qs,sat

))
+ 1. (2.15)

λT,sat, λT,dry are the heat conductivity’s of saturated
soil and dry soil, respectively. The saturated soil con-
ductivity is given by

λT,sat = λ1−qs
T,s λqsT,water, (2.16)

with λT,s the soil solids thermal conductivity and
λT,water is the heat conductivity of water.

Soil water transport

The water flux between the soil layers is calculated
using Darcy’s law:

Fw = −ρw
(
λq
∂qs
∂z

− γ
)
, (2.17)

where ρw is the water density at room temperature,
λq is the hydraulic diffusivity and γ is the hydraulic
conductivity.

The change in soil moisture content in time within
the layers is calculated as

ρw
∂qs
∂t

= −∂Fw

∂z
+ ρwSqs , (2.18)

where the volumetric water content qs change de-
pends on the gradient of Fw and Sqs , the root water

uptake. Equation 2.17 can be substituted to find a
partial differential equation for qs:

∂qs
∂t

=
∂

∂z

(
λq
∂qs
∂z

− γ
)
+ Sqs . (2.19)

The hydraulic diffusivity and conductivity, λq and
γ, are function of the soil water content. Several for-
mulations for these variables can be found in litera-
ture. The original TESSEL scheme uses the Clapp
and Hornberger [1978] formulations:

γ = γsat

( qs
qs,sat

)2bc+3

(2.20a)

λq =
bcγsat(−ψsat)

qs,sat

( qs
qs,sat

)bc+2

, (2.20b)

with constants γsat = 0.57e − 6 m/s, bc = 6.04 and
ψsat = −0.338 m.

In H-TESSEL one of the extensions was the differ-
entiation between soil types. Therefore the Clapp and
Hornberger conductivity formulation was replaced by
Van Genuchten [1980]:

γ = γsat

(
(1 + αh2)1−1/n − αhn−1

)2
(1 + αhn)(1−1/n)(l+2)

, (2.21)

where α, n, l are soil-dependent parameters. h is the
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pressure head, which is in turn linked to soil moisture
as

qs(h) = qs,r +
qs,sat − qs,r

(1 + αh)(1−1/n)
. (2.22)

The root extraction is per soil layer k using

Sqs,k =
Rkqs,k∑4
j=1Rjqs,j

cvLEv, (2.23)

where the vegetation evaporation Ev, the coverage cv
and the root fraction Rk all will be defined later in
this section. The sum over j is a sum over soil layers.

2.2.2 Boundary conditions

Surface energy balance

The top boundary condition for the heat transfer
equations is the energy balance in the skin layer,
which has zero thickness and therefore cannot store
heat. The surface energy balance becomes

RSW,net +RLW,net −H − LE −G = 0, (2.24)

where RSW,net, RLW,net are the short wave and long
wave net radiation, respectively. H is the sensible
heat flux, LE is the latent heat flux and G is the
ground heat flux going into the first soil layer, all in
[W/m2]. The net radiation fluxes are calculated us-
ing the albedo α, the Stefan-Boltzmann constant σ
and and the surface emissivity ϵ and the temperature
of the skin layer Tsk:

RSW,net = (1− α)RSW↓ (2.25)

RLW,net = ϵ
(
RLW↓ − σT 4

sk

)
(2.26)

The ground heat flux depends on the temperature
difference between the skin layer and first soil layer
according to

G = Λsk

(
Tsk − T1

)
, (2.27)

where Λsk is an empirical coefficient and T1 is the soil
temperature in the topmost layer.

The sensible heat flux is given by the Penman re-
sistance equation:

H =
ρaCp

rah

(
θs − θ0

)
, (2.28)

where ρa is the surface air density, Cp is the specific
heat capacity of air, rah is the aerodynamic resistance
to heat and θs, θ0 are the potential temperatures of
the surface and lowest atmospheric level, respectively.

The evaporation E [kg/m2/s] is calculated seper-
ately per tile type and added using the coverages as
weights:

E = clEl + (1− cl)cvEv + (1− cl)(1− cv)Es, (2.29)

where cv, cl are coverages of vegetation and the liq-
uid interception reservoir. cv is prescribed, while cl
is calculated every timestep.

In order to calculate the total evaporation from a
skin layer grid box using equation 2.29, formulations
for the separate tile types are necessary.

Bare soil evaporation

The evaporation from bare soil Es is parameterized
as

Es =
ρa

raq + rs,s

(
qsat − q0

)
. (2.30)

Here raq is the atmospheric resistance to moisture,
rs,s is the bare soil surface resistance, qsat is the sat-
uration specific humidity at the surface, and q0 is the
specific humidity at the lowest atmospheric level.

The bare soil surface resistance depends on the
soil moisture through the bare soil water stress func-
tion f2

rs,s = rs,s,minf2,s(qs,1) (2.31)

1

f2,s(qs,1)
=


0, qs,1 < qs,pwp
qs,1−qs,pwp

qs,cap−qs,pwp
, qs,pwp ≤ qs,1 ≤ qs,cap

1, qs,1 > qs,cap
(2.32)

where qs,cap is the field capacity soil moisture, which
is the point where water does not drain from the soil
by gravity anymore. qs,pwp is the wilting point soil
moisture, which is the point where plants cannot take
up water from the soil anymore and plant evaporation
therefore stops. qs is the root-averaged water content,
which depends on the vegetation type.

In 2010, the wilting point water content for bare
soil was lowered in IFS, resulting in lower water stress
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Figure 2.2: Schematic of the water processes at the surface in TESSEL.

and more realistic soil moisture for dry lands [Bal-
samo et al., 2011]. The scheme used in this study
does not contain this adjustment.

Interception reservoir evaporation

The interception reservoir represents the collected
water on top of the soil from precipitation and wa-
ter dew. The evaporation from this reservoir is given
by

El =
ρa
raq

(
qsat − q0

)
. (2.33)

The coverage of the interception reservoir is vari-
able, calculated as

cl =
( Wl

Wl,max

)
, (2.34)

with Wl the water content in the interception
reservoir and Wl,max the maximal water content.
El, Ev, Es are the evaporation components of the in-
terception reservoir, vegetation and bare soil, respec-
tively. The water content Wl, is determined every
timestep by integrating

ρw
∂Wl

∂t
= clEl + I +D, (2.35)

where I is the interception of precipitation by the in-
terception reservoir and D is the dew deposition from
the other tiles (bare soil, high and low vegetation).

Since the interception reservoir coverage is needed
for the integration of equation 2.35 but is dependant
on the water level (see equation 2.34), this integration
is done in three steps. First the upward evaporation
is calculated by linearizing clEl, resulting in a new
value of the water level after evaporation, W ∗

l :

ρw
W ∗

l −W t
l

∆t
= cl(W

t
1)El +

El

Wl,

(
W ∗

l,max −W t
l

)
.

(2.36)

The evaporative flux effectively seen by the inter-
ception reservoir E∗

l is

E∗
l = ρw

W ∗
l −W t

l

∆t
(2.37)

When the evaporative flux is positive (down-
wards), condensation takes place. For all the tiles,
the dew collects in the interception reservoir until the
interception reservoir is full:

W 2
l =W ∗

l +min
(
Wl,max −W ∗

l ,
∆t

ρw
ciDi

)
, (2.38)

where Di is the dew collection per tile i calculated as

Di = ρw
W 2

l,i −W ∗
l

∆t
. (2.39)

Lastly, the precipitation is partly intercepted,
where the interception depends on the a factor k =
0.5 which is the fraction of precipitation covering the
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grid box and bI = 0.5 which is the interception effi-
ciency of precipitation.

I = min
(
bIcvP/k, ρw

Wl,max −W 2
l

∆t

)
(2.40)

The remainder of the precipitation enters the top
layer of the soil as throughfall T = P − I.

Vegetation evaporation

The evaporation from (dry) vegetation depends on
similar variables and an additional vegetation canopy
resistance rv as follows

Ev =
ρa

raq + rv

(
qsat − q0

)
. (2.41)

The canopy resistance was parameterized by
Jarvis [1976] as

rv =
rs,min

LAI
f1(RSW↓)f2,v(qs)f3(Da), (2.42)

where rs,min is the minimal stomatal resistance of a
single leaf, dependent on vegetation type and LAI is
the leaf area index. In 2010 a variable leaf area index
over the year taken from satellite observations was
added to the model, which had a positive impact on
model output, especially in spring [Boussetta et al.,
2013].

f1, f2, f3 are vegetation stress functions, the first
of which is defined as

1

f1(RSW↓)
= min

[
1,

bRSW↓ + c

a(bRSW↓ + 1)

]
, (2.43)

with a = 0.81, b = 0.004 W-1m2 and c = 0.05. The
second stress function is inversely linear between the
permanent wilting point and field capacity:

1

f2,v(qs)
=


0, qs < qs,pwp

qs−qs,pwp

qs,cap−qs,pwp
, qs,pwp ≤ qs ≤ qs,cap

1, qs > qs,cap.

(2.44)

Equation 2.44 is analog to equation 2.32, the only
difference being the dependence not on the moisture
in the top layer but on the root-averaged soil moisture
qs, defined as

qs =

4∑
k=1

Rk max
[
qs,k, qs,pwp

]
. (2.45)

Rk is the root fraction which depends on vegetation-
dependent parameters ar, br according to Zeng et al.
[1998] as

Rk = 0.5
[
exp(−arzk−1/2) + exp(−brzk−1/2)

− exp(−arzk+1/2)− exp(−brzk+1/2)
]
, (2.46)

where zk+1/2 is the bottom of layer k.

The third stress function depends on the atmo-
spheric humidity deficit Da = esat − eL (e is water
vapour pressure) through

1

f3(Da)
= exp(−gDDa), (2.47)

where gD is another parameter dependent on vegeta-
tion type.
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3 Field Sites & Data

3.1 In-situ observations

Brief history on the Cabauw measurement site

Following the growing attention to air pollution in the
1950’s and 1960’s, the interest in boundary layer pro-
cesses increased. The scientific world became more
and more aware of the importance of the atmospheric
boundary layer for meteorology, climate and air qual-
ity and simultaneously policy makers realized the sig-
nificance of boundary layer research for aviation, con-
struction of high rise buildings and energy produc-
tion[Bosveld et al., 2020]. This led to the plan of con-
structing a tall measurement tower in Cabauw, able
to reliably and continuously observe the boundary
layer at several heights. In 1972 the tower in Cabauw
was constructed and measurements started, which
have gone on with few interruptions until present time
[Driedonks et al., 1978].

Description of sites

The Cabauw tower is located at 51.971 °N, 4.927 °E,
0.7 m below sea level. The surroundings of the tower
are agricultural, with no surface elevation higher than
20m in the vicinity [Driedonks et al., 1978]. The tall
tower has instruments at 10 m, 20 m, 40 m, 80 m,
140 m and 200 m, measuring wind speed and wind
direction, temperature and humidity. Beside the tall
tower there are two smaller masts to measure wind
close to the surface without disturbances and tem-
perature and humidity are measured at 1.5 m height
at the tall tower. In the near vicinity there are other
measurement sites where surface fluxes are measured
using a sonic anemometer and a H2O/CO2 sensor, as
well as radiation (using pyraometers and purgeome-
ters) and soil moisture (using reflectometry sensors).
These measurements are done at the energy balance
field close to the tall tower, shown in figure 3.1.

The other location used in this study is the KNMI
measurement site in Gilze-Rijen, which is located at
51.565 °N, 4.935 °E at 14.9 m above sea level. This
station measures temperature and humidity at 1.5 m
height and wind speed and direction at 10 m height.
Also, shortwave-down radiation and precipitation are
measured there.

3.2 ECMWF re-analyses

The main data source in GRASP for the large-scale
variables, initial conditions and surface variables is
the ERA5 re-analysis, which contains soil moisture
for all four soil layers at 31km resolution. ECMWF
published a second dataset for surface variables in
2019 named ERA5-land, for which H-TESSEL is run
offline using atmospheric forcing that is assimilated.
This dataset has a 9km resolution and was found to
be more accurate than ERA5 because it is frequently
updated when the ground model is improved. Figure
3.2 shows the soil moisture time series in 2019 for the
ERA5, ERA5-land datasets and the observations in
Cabauw. In this location the ERA5-land dataset soil
moisture is systematically about 1.2 m3/m3 higher,
which is closer to observations especially in winter.

Figure 3.2: Time series of soil moisture in 2019 from
the ERA5 and ERA5-Land datasets (top) and a com-
parison with observations (bottom).
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(a) Cabauw (b) Gilze-Rijen

Figure 3.1: Satellite photo’s of the measurement sites with markers for the instrument locations.
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4 Sensitivity Analysis in Ideal-
ized Conditions

In this section a sensitivity analysis is described that
aims to quantify the role of soil moisture in TES-
SEL in idealized conditions, thereby answering the
first research question. The sensitivity of the model
to several soil parameters and to variations in initial
soil moisture is investigated in the following set-up.

4.1 Set-up

A domain of 128x128 grid cells is used with grid cell
width and length 128 m, and a stretched grid verti-
cally starting at 32 m cell height, bringing the total
domain size to 16.384 km x 16.384 km x 5 km. There
are no obstacles in the domain and the land is cov-
ered homogeneously by grass. The radiation input to
the surface is set to clear sky radiation at 01/06/2019
and the soil is initialized with values from the ERA5
re-analysis in Cabauw on the same day. The input
profile for θl has a constant lapse rate of 0.5 degrees
per 100 m and a surface value of 15 degrees. The
input profile for qt has a lapse rate of -0.4 in 5000
meters, starting at 0.6 g/kg at the surface. The in-
put profile for wind is 5 m/s in x direction, constant
in height. There is no subsidence or nudging, so the
only term in Sϕ is advection. A spin-up time of 1
hour is applied from 23:00, after which 24 hours are
simulated.

4.2 Sensitivity to soil parameters

The soil parameters used previously by TESSEL (pre
H-TESSEL) are standard input in GRASP. The val-
ues are chosen to be the approximate average of 11
soil type parameters specified in Cosby et al. [1984].
The matric potential as a function of the parameters
bc and ψsat was given by Clapp and Hornberger:

ψ = ψsat

( qs
qs,sat

)−bc
. (4.1)

The permanent wilting point and field capacity
are defined at ψ(qs,pwp) = −15 bar and ψ(qs,cap) =
−0.33 bar, so these values are used to find bc and ψsat

(see Jacquemin and Noilhan [1990], Hillel [2013]). In
H-TESSEL, differentiation between 7 soil types added
to the model. To check the effect of different soil types
using the Clapp-Hornberger parameterization, bc and

ψsat are also calculated for the parameters character-
izing these types. The resulting input parameters are
shown in table 4.1. Note: In H-TESSEL the field
capacity is defined at ψ(qs,cap) = −0.1 bar, the val-
ues in table 4.1 are converted to -0.33 bar so they
can be used in GRASP. The row labelled ’Cabauw’
contains parameters from Beljaars and Bosveld [1997]
who used soil measurements at the Cabauw measure-
ment site by Jager et al. [1976] to determine the soil
type as O12. From the Staring series published by
Heinen et al. [2020], the parameters used in TESSEL
for soil type O12 are taken.

Equations 2.20a,b are used to calculate the dif-
fusivity and conductivity curves as a function of soil
moisture. These curves are shown for the various soil
types in figure 4.1.

Figure 4.1: Hydraulic conductivity and diffusivity for
various soil types.

The permanent wilting point and field capacity
are also used to calculate the soil and vegetation sur-
face resistance through the stress functions f2,s, f2,v
(see equations 2.32, 2.44). The inverse of these stress
functions is shown in figure 4.2. Above field capacity,
the inverse stress function is 1 which means minimal
contribution to the surface resistance and no depen-
dence on soil moisture. Below the permanent wilting
point, the inverse stress function is 0 meaning infi-
nite resistance, therefore no surface evaporation at
all. Figure 4.2 therefore shows the large influence of
the parameters qs,pwp, qs,cap on the strength of the
surface-atmosphere coupling.
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qs,sat qs,cap qs,pwp γsat bc ψsat

Soil type [m3/m3] [m3/m3] [m3/m3] [10−6 m/s] [-] [m]
Coarse 0.403 0.174 0.059 6.94 3.53 -0.174
Medium 0.439 0.285 0.151 1.16 6.02 -0.247
Medium-Fine 0.430 0.298 0.133 0.260 4.74 -0.589
Fine 0.520 0.400 0.279 2.87 10.6 -0.211
Very Fine 0.614 0.483 0.335 1.74 10.5 -0.272
Ext.Trop.Organic 0.766 0.534 0.267 0.930 5.51 -0.460
Average (CH) 0.472 0.323 0.171 0.570 6.00 -0.346
Cabauw 0.561 0.449 0.255 0.125 6.76 -0.599

Table 4.1: TESSEL input parameters for various soil types specified by ECMWF [2020]. The bottom row contain
parameters derived from soil measurements at Cabauw.

Figure 4.2: Inverse of the water stress function for the
average soil as a function of the soil moisture in the
top layer (for bare soil) or the root-averaged soil mois-
ture (for vegetation). The red dashed lines is plotted
at the permanent wilting point and the blue dashed at
the field capacity point.

4.2.1 Results

Figure 4.3 shows the soil moisture in all four layers
during the simulated day. A clear divide is visible in
these graphs, where the coarser soils (coarse, medium,
medium-fine, average) have a stronger decline in soil
moisture than the fine soils (fine, ext.trop.organic,
very-fine, Cabauw). This loss of moisture is a re-
sult of the heat fluxes shown in figure 4.4. The coarse
soils have a higher latent heat flux than sensible heat
flux, while the finer soil have almost no latent heat
flux and their sensible heat flux is 3 times as high as
the coarse soils. A smaller effect is also visible in the
ground heat flux, showing that the fine soils will have
a higher soil temperature than the coarse soils. These
differences can be explained by consulting table 4.1,
specifically the permanent wilting points. Since the
initial soil moisture of these runs was around 0.25
m3/m3, the fine soils are already near or below their
permanent wilting point, while the coarse soils are in
the middle regime between permanent wilting point
and field capacity point.

Figure 4.3: Soil moisture in the 4 layers of TESSEL
during an idealized run of a day using the soil param-
eters for various soil types.
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Figure 4.4: Surface fluxes during an idealized run of
a day using the soil parameters for various soil types.

The resulting atmospheric profiles are shown in
figure 4.5, at three times of day. The sensible heat
flux causes a rise in temperature and the latent heat
flux a rise in humidity, so these profiles are in line
with the fluxes discussed above. At 6:00 the same
division into fine and coarse soils is visible in the pro-
files, showing faster deviation from the initial profile
in temperature and humidity close to the surface for
the fine soils. This also results in a sharper inver-
sion and higher boundary layer, because the higher
surface heating causes stronger mixing. The surface
temperature difference rises to approximately 3 de-
grees at noon and the boundary layer is much higher
for the fine soils at that moment, as the inversion is
not visible any longer for those soils. At 20:00, the
low evaporation and high sensible heating in the fine
soils has lead to a temperature difference of 5 degrees
and a humidity difference of 4 g/kg.

4.3 Dependency on initial conditions

The initial soil moisture is varied in this section while
using a single soil type. The aim of this analysis is
to understand the behaviour with soil moisture above
and below the permanent wilting point and field ca-
pacity. For that reason, the ’Cabauw’ soil parameters
are used (see table 4.1), since these have higher values
for qs,pwp and qs,cap. The initial soil moisture values
are shown in table 4.2. The corresponding saturation
soil moisture qs,sat = 0.561 kg/kg.

4.3.1 Results

Figures 4.7 and 4.6 show the latent evaporation and
atmospheric profiles at 20:00 for the runs with vari-
ous initial conditions. From these graphs, it is clear
how the initial conditions also have a deciding role in
atmospheric conditions close to the surface. As ex-
pected from the stress function in figure 4.2, an ini-
tialization below the permanent wilting point (label
PWP) causes little to no evaporation which results
in a warm and dry atmosphere, with a difference of 5
degrees in temperature and 4 g/kg in specific humid-
ity at 20:00 compared to the saturation runs. The
other dry runs (labels Dry1, Dry2) have an increas-
ing evaporation and therefore a cooler and more hu-
mid atmosphere. There is little difference between
the runs that are initialized near the soil saturation.
This again is expected from the stress function, since
the soil in these runs has a higher moisture than the
field capacity point and therefore a higher soil mois-
ture has no influence on evaporation anymore.

Figure 4.7: Latent heat flux during an idealized run
of a day for various soil moisture initial conditions.
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Figure 4.5: Atmospheric profiles of potential temperature and specific humidity at three moments during an
idealized run of a day for various soil settings.

Test name qs,1 qs,2 qs,3 qs,4 qs

[m3/m3] [m3/m3] [m3/m3] [m3/m3] [m3/m3]
PWP 0.2 0.2 0.2 0.2 0.200
Dry1 0.3 0.3 0.35 0.4 0.378
Dry2 0.4 0.4 0.4 0.4 0.400
Sat1 qs,sat 0.5 0.4 0.5 0.477
Sat2 qs,sat qs,sat 0.4 0.5 0.481
Sat3 qs,sat qs,sat qs,sat qs,sat 0.561

Table 4.2: Test settings of soil moisture initial conditions in 4 soil layers and weighted average by layer thick-
ness.
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Figure 4.6: Atmospheric profiles of potential temperature and specific humidity at 20:00 during an idealized run
of a day for various soil moisture initial conditions.

4.4 Conclusion

From these tests it can be concluded firstly that the
processes happening within the soil and at the surface
have a profound influence on near-surface meteorol-
ogy in ’classic’ LES runs with idealized input profiles
and no coupling to large-scale data. In section 2.2,
it was shown that the interrelation between the soil
moisture and the soil parameters (especially the per-
manent wilting point and field capacity) determines
the amount of evaporation from the soil and thereby
influences the state of the near-surface atmosphere.
The analysis done here using runs with various soil
types and initial soil conditions confirms this mecha-
nism, showing large differences in atmospheric condi-
tions (5 degrees temperature and 4 g/kg humidity).

This experiment therefore shows the importance
of setting the right parameters when taking initial
conditions from large-scale datasets, so that they
match the input initial soil moisture, because a mis-
match between those two factors can cause extreme
evaporation rates that strongly effect the near-surface
atmosphere.
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5 Rain-Soil Moisture Coupling
& Soil Type Differentiation

This section is aimed answer the second research
question: Does rain-soil moisture coupling and soil
type differentiation improve modelling skills in LES
runs? By rain-soil moisture coupling the infiltration
of rain into the soil is meant, since this was turned
off in the previous version of GRASP, wherein rain
would disappear when reaching the surface.

5.1 Set-up

From the sensitivity analysis it was concluded that
the soil parameters and particularly the permanent
wilting point and field capacity can have a large in-
fluence on the atmosphere. Figure 5.1 shows the clas-
sification of soils as used by ECMWF, where large
areas of sand (coarse soil) are visible in the South
and East of the Netherlands. Since Cabauw is lo-
cated on clay, a second location on sand was cho-
sen, namely the KNMI weather station in Gilze-
Rijen which has the record of highest temperature
measured in the Netherlands. This station has one
measurement height at 1.5 m where it records tem-
perature, pressure, humidity, precipitation and wind
speed every 10 minutes, but for this research hourly
averages are taken.

Figure 5.1: Map of the soil types in the Netherlands
as used in TESSEL by ECMWF. The crosses mark
Cabauw (North) and Gilze-Rijen (South).

Because of the near-surface measurements at 2
and 10 meter heights, a 16 m vertical resolution at
the surface is used, after which the values close to the
surface are interpolated. The vertical grid is stretched

vertically. The horizontal resolution is set to 50 m to
keep the aspect ratio of the lowest grid boxes under
4, which is required for the subgrid formulation. The
simulations are done in two domain sizes:

• Small domain: 3.2 km x 3.2 km x 3.0 km

• Big domain: 6.4 km x 6.4 km x 8.0 km

As the domain is reasonably homogeneous horizon-
tally, the x- and y size is expected to have a small
influence while the increased height should allow for
more cloud formation. Initial values are taken from
the ERA5 re-analysis, and this dataset is also used for
the subsidence, advection and nudging terms. Using
a spin-up time of 1 hour, 6 months in 2019 (Jan, Feb,
Mar, Jun, Jul, Aug) are simulated daily using an un-
coupled model and a coupled model and several soil
settings. For location Cabauw the simulation settings
are:

• Average soil, uncoupled

• Average soil, coupled

• Medium-fine soil, coupled

• Cabauw soil, coupled

These are chosen both to compare the uncoupled and
coupled model for the standard soil, and to compare
the soil type used by ERA5 (medium-fine soil) and the
parameters from soil measurements (Cabauw soil).

Figure 5.2: Time series of soil moisture in 2019 from
the ERA5 re-analysis in Cabauw and Gilze-Rijen,
used as initial condition.
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For Gilze-Rijen, the average soil is compared to
the soil used by ERA5:

• Average soil, coupled

• Coarse soil, coupled

In section 4 it was shown that the initial con-
ditions are of vital importance to results, combined
with the permanent wilting point and field capacity
of the used soil type. Therefore, from figure 4.2 and
the timeseries of soil moisture from ERA5 (used as
initial condition), shown in figure 5.2 several hypothe-
ses can be drawn. In both locations the soil moisture
is reasonably constant in winter and drops in a short
amount of time ±1.5 m3/m3 to the summer values.
Because of these two soil moisture regimes, the sum-
mer months and winter months are considered sepa-
rately.

• In Cabauw in winter, the soil moisture is be-
tween 0.35 and 0.4 m3/m3, which is above the
field capacities of the average soil and medium-
fine soil. Therefore no large difference is ex-
pected between those settings. The ’Cabauw’
settings are expected to have less evaporation
and therefore a warmer and drier atmosphere.

• In Cabauw in summer, the soil moisture is fre-
quently under the permanent wilting point of
the ’Cabauw’ settings. The medium-fine soil
setting should have more evaporation than av-
erage soil setting and therefore should cause a
slightly colder and more humid atmosphere.

• In Gilze-Rijen in winter, soil moisture is be-
tween 0.2 and 0.3 m3/m3, which is above field
capacity for the coarse soil setting and in the
regime between wilting point and field capacity
point for the average soil setting.

• In Gilze-Rijen in summer, there is a large varia-
tion in soil moisture but soil moisture values are
usually below 0.2 m3/m3. This is close to the
permanent wilting point of the average soil so
many days with very little evaporation are ex-
pected, resulting in high temperatures and low
humidity. In the coarse settings the soil mois-
ture is usually in the regime between permanent
wilting point and field capacity point, and bet-
ter model skills are expected for that reason.

5.2 Results

The variables that are compared with observations
and between model settings will be temperature, hu-
midity and wind speed in the atmosphere. To illus-
trate the output used in this section, the daily mean
2 m temperature in Cabauw from the average soil,
uncoupled simulations is shown in figure 5.3. The
main observation in this figure is the higher vari-
ance in the GRASP simulations than in the ERA5 re-
analysis dataset. The statistics of the model output
for the settings described above is further explored
in this section, starting with a comparison between
two domain sizes. The absolute values of the statis-
tics including the error margins can be found in the
appendix in tables A1-A3.

Figure 5.3: Daily mean temperature at 2 m over the
full simulation period, using the average soil setting
without coupling. Observations and ERA5 re-analysis
are plotted for comparison.

5.2.1 Domain size

The difference between a small and large domain is
shown for the most basic case: an uncoupled system
with average soil. The percentual biases (with re-
spected to observations) are shown in figure 5.4, sepa-
rated per season and atmospheric condition. The rain
biases for both seasons combined are shown in table
5.1. The cloudy days are determined using the ob-
servation of shortwave radiation reaching the surface.
According to Matuszko [2012], clouds block between
40% and 85% of shortwave radiation. In this study,
the fraction of shortwave radiation reaching surface
compared to potential clear sky radiation SWDobs

SWDclear
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is used to divide the data by half into cloudy days
and not cloudy days. A scatter plot of the effect of
the shortwave radiation bias on temperature is shown
in figure 5.5.

These results show a strong underestimation of
precipitation and an overestimation of shortwave ra-
diation. There are not enough clouds formed in the
simulation and there is more energy and less water
reaching the surface than in reality. This surplus of
energy will affect the atmosphere through surface la-
tent and sensible heating, but the lack of clouds and
rain will also cause a warmer and drier atmosphere
because moist and cold air is not brought down from
higher atmospheric levels to the surface by the pre-
cipitation. There will therefore be an extra positive
bias in temperature and an extra negative bias in hu-
midity added to the one present in dry conditions. If
the bias on clear days is of the opposite sign to the
additional cloudy bias, these could actually and give
the impression that the model behaves better dur-
ing cloudy days. This is especially visible in winter
temperatures. Simply speaking, the modelled atmo-
sphere has the same temperature on dry and rainy
days. On clear days this is about 0.4° colder than the
observations but since on cloudy days the observed at-
mosphere is colder, the negative temperature bias on
dry days disappears. The same mechanism is present
in summer, but since the modelled temperature is
close to observations on clear days, on rainy days the
additional bias results in an overestimation in tem-
perature.

As expected, the big domain allows for more cloud
formation, reflecting more of the incoming solar ra-
diation and producing some rain. There is still too
little precipitation and too much shortwave radiation
reaching the surface in summer. In the sections be-
low, the big domain is used in comparisons, so the re-
maining biases for cloudy conditions should be taken
into consideration when comparing the coupling and
soil settings.

5.2.2 The influence of coupling

The comparison between the uncoupled system and
a coupled system in which rain is allowed to enter
the soil is made here, using the big domain described
above. The biases with respect to observations are
shown in figure 5.4, which holds the answer the the
first part of the second research question.

Figure 5.5: Scatter plot of simulated and observed
temperature at Cabauw using the average soil setting
with the bias in shortwave down radiation as marker
colors.

The effect of coupling is expected to increase la-
tent heating through the extra soil moisture, and this
is indeed visible in the biases. When looking at the
total bias this is almost entire eliminated in both sea-
sons, through a general increase in latent heat flux.
In winter, this bias reduces almost by half for the cou-
pled system on cloudy days, while on the clear days
the overestimation is also increased. Since the soil
moisture is above the field capacity point in winter,
extra soil moisture was not expected to influence the
amount of latent heating from the soil. This large
bias reduction points to a strong increase in evap-
oration from the interception reservoir, showing the
importance of direct evaporation before the water en-
ters the soil. The decrease of sensible heating (as a
result of the Bowen ratio) decreases the temperature
and increases humidity, coming closer to observations
except for the winter temperature since this was al-
ready underestimated. So apart from it being more
physical (in the uncoupled situation rain disappears),
this figure shows a positive effect on the model skill
of the rain-soil moisture coupling.
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Figure 5.4: Bar plot showing percentual biases in shortwave radiation, latent heat flux, humidity and wind speed
and the absolute bias in temperature, separated into seasons and for several model settings. The simulated days
are also separated by cloudiness, where the horizontal stripes show the bias during the most cloudy days and the
slanted stripes show the bias during the least cloudy days.
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Location Cabauw Gilze-Rijen
Soil type
Coupling
Domain

Average
Uncoupled
Small

Average
Uncoupled
Big

Average
Coupled
Big

Medium-fine
Coupled
Big

Cabauw
Coupled
Big

Average
Coupled
Big

Coarse
Coupled
Big

Rain bias -99 % -74 % -72 % -73 % -74 % -71 % -73 %

Table 5.1: Percentual biases of rain for both locations and all simulations settings, using all days in the 6 months
of data

5.2.3 Soil type differentiation

The second part of the second research question is
answered in this section by comparing statistics of
model skill for the simulations with different soil
types.

The statistical results are plotted in Taylor dia-
grams in figure 5.10 for Gilze-Rijen and figure 5.11
for Cabauw, separated in summer and winter. The
stars in these diagrams represent the observations.
The radial distance from the origin (x,y-axes) shows
the standard deviation, which is normalized to allow
plotting variables with different units in a single dia-
gram. The distance from the star shows the RMSE
between model and observations and the angle with
the x-axis shows the correlation. See Taylor [2001]
for the theoretical basis behind this plot.

In figure 5.10 there is a small increase in skill in
winter for the coarse soil, while summer shows a clear
increased skill for the site-specific soil setting in all
statistics and for all variables, as the markers move
closer the dashed line. Figure 5.11 shows the same
pattern, with small differences in winter and larger
improvements in skill in summer. ERA5, which is
used to initialize still outperforms GRASP in tem-
perature and humidity, in wind speed GRASP has a
higher correlation, lower RMSE and closer standard
deviation. In general, the ERA5 re-analysis markers
have low standard devation, which is an effect of the
smoothing that is done to that dataset. Smoothing
brings the standard deviation down, but in general
does improve correlation.

The setting labelled ’Cabauw’ soil has parameters
from soil measurements, but performs poorly in all
conditions and seasons. This confirms that not the
absolute values, but the relation between the soil pa-
rameters and initial conditions is important to get
realistic results. While the parameters are proba-
bly more accurate than the medium-fine or average
setting, when using initial conditions from ERA5 re-
analysis the settings that produced those conditions
will give the most accurate surface fluxes and best re-

sults in the atmosphere as well. This effect will be less
extreme if a longer simulation would be performed.
Since these simulations were run in single days, The
system did not have time to adjust, when in time the
soil moisture would have reached values that are in
the regime of the ’Cabauw soil’ settings. Also, in fig-
ure 3.2 it was shown that the ERA5 dataset underes-
timates the actual soil moisture and that the ERA5-
land product is closer to observations. That dataset
or the observational data matches much better the
’Cabauw’ soil parameters. Using those more accurate
soil moisture values as initial conditions would prob-
ably produce more realistic results and might provide
better skills even than the ERA5 data combined with
the medium-fine soil as these are the more realistic
values. The use of observations for initialization was
not extensively tested in this research though, so fur-
ther research is necessary to confirm this.

Figure 5.6: Scatter plot of simulated and observed
wind speed at Cabauw using the Cabauw soil parame-
ters with bias in temperature as marker colors.
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The percentual biases of the different soil type
simulation are shown in figures 5.7 and 5.12. Using
the site specific soil types (medium-fine for Cabauw
and coarse for Gilze-Rijen), the general trend is a
drop in temperature and a rise in humidity, which
was expected from the stress function curves. In sum-
mer this effect is more pronounced because the soil is
drier. In Gilze-Rijen, the coarse soil strongly reduces
the positive temperature bias in summer to a negative
bias, while in winter the negative bias becomes larger.
The wind speeds also decrease slightly for the coarse
soil. In Cabauw similar but smaller differences are
visible, improving the skills by a decrease in temper-
ature and increase in humidity, but with no significant
changes in wind speed bias. The biases confirm that
the ’Cabauw’ soil does not produce realistic results,
with high temperatures and low humidity’s that are
a result of low latent heating.

Figure 5.7: Bar plot showing percentual biases in
shortwave radiation, humidity and wind speed and the
absolute bias in temperature, separated into seasons
and for several model settings. The simulated days
are also separated by cloudiness, where the horizon-
tal stripes show the bias during the most cloudy days
and the slanted stripes show the bias during the least
cloudy days.

Figure 5.8: Hourly wind speed at several heights, av-
eraged over summer, for the Cabauw soil setting and
average soil setting.

Figure 5.9: Wind speed profiles averaged over summer
days, for the Cabauw soil setting and average soil set-
ting.

This setting also produces higher wind speeds
than the other two. A scatter plot of the simulated
and observed wind speed is shown in figure 5.6, where
the color of the markers indicated the bias in tem-
perature. This figure shows a connection between
temperature bias and wind speed bias. This connec-
tion could be explained using Monin-Obhukov theory
[Garratt, 1995]. The increased instability by the extra
heating in the ’Cabauw’ soil run causes an increase
in mixing in the boundary layer, mainly close to the
surface. This moves the velocity vertical profile away
from the logarithmic profile found in neutral condi-
tions, resulting in increased wind speeds close to the
surface and small differences at higher levels. Figure
5.8 shows the average summer wind speed at several
heights for the Cabauw soil and average soil and in
figure 5.9 the average profiles are shown, normalized
by the 200 m wind speed. These figure confirm the
larger wind speed difference close to the surface than
at 200 m and clearly show the change in profile shape
caused by increased mixing.
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Figure 5.10: Taylor plots showing the statistics of temperature, humidity and wind speed compared with obser-
vations in Gilze-Rijen for the ERA5 re-analysis and GRASP runs using the average soil setting and coarse soil
setting.
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Figure 5.11: Taylor plots showing the statistics of temperature, humidity and wind speed compared with obser-
vations in Cabauw for the ERA5 re-analysis and GRASP runs in various soil settings.
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Figure 5.12: Bar plot showing percentual biases in shortwave radiation, latent heat flux, humidity and wind
speed and the absolute bias in temperature, separated into seasons and for several model settings. The simulated
days are also separated by cloudiness, where the horizontal stripes show the bias during the most cloudy days
and the slanted stripes show the bias during the least cloudy days.
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6 Radiation Fog

Radiation fog occurs when the surface cools after sun-
set by emitting longwave radiation. When the near-
surface air temperature drops beneath the dewpoint
temperature, water condenses thereby creating fog.
This fog layer will grow during the night, reaching
depths of several hundred meters. When the sun
comes up in the morning, the soil warms and lifts
the fog at the surface, after which it will dissipate
from the ground up. In this section the reproduction
of radiation fog by GRASP is studied, aimed to an-
swer the third research question. Firstly the dataset
generated in the previous section is used and secondly
a case study is performed.

Figure 6.1: Scatter plot showing the number of hours
per day in which fog was observed and/or simulated.
The size of the markers shows the number of days.

6.1 Radiation fog reproduction in
2019 runs

As the medium-fine soil performs best at Cabauw
when looking at the general statistics, this setting
is used here to examine the reproduction of radiation
fog close the the ground. Figure 6.1 shows the num-
ber of hours in per day that there was fog present
close to the ground, with the medium-fine simulation
on the y-axis and observations on the x-axis. This
graph only includes the days with fog in either simu-
lation or observation, so the days with agreement on
the absence of fog are left out. In the observations

there were 41 with fog present, mostly in winter. In
23 out of those 42 days with fog there was also fog
in the simulations at 16m. There were an additional
43 days when there was fog in the simulation but
not in the observations. Furthermore, it seems that
when fog occurs in both simulation and observation,
the amount of hours has reasonable agreement with
observations. Everything combined, there is an neg-
ative bias of approximately half an hour of fog in the
simulations. This underestimation could be down to
a number of factors, and to investigate this further a
case study is performed below.

6.2 Case study

The case study described by Maronga and Bosveld
[2017] is replicated here: the night of 22-23 March
2011 at Cabauw. This case was also replicated by
Van Tiggelen et al. [2018] using the LES model
DALES. 4 key moments in the lifetime of a fog layer
are described by Maronga and Bosveld [2017]:

• Formation: The time when ql reaches 0.01 g/kg
for the first time anywhere near the surface.

• Maximum: The time of the maximum ql any-
where in the fog layer.

• Lifting: The time when the ql drops beneath
0.01 g/kg in the lowest atmospheric level for
the first time since formation.

• Dissipation: The time when ql is below 0.01
g/kg in all levels in the bottom 400m of the
atmosphere.

During the night of 23 March, a deep fog layer devel-
oped with formation before midnight, sunrise around
5:45 in the morning dissipation around 9:00. A de-
tailed description of the case can be found in Boers
et al. [2013].

6.3 Set-up

According to Maronga and Bosveld [2017], a fine res-
olution is necessary to accurately resolve the turbu-
lence that is necessary to mix the cold air from the
surface vertically so that a fog layer can form and
to ensure a sharp inversion layer. Two domains are
used here, the lower resolution domain being 1280 m
x 1280 m x 1000 m with a resolution of 10 m in x and
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y direction and a stretched vertical resolution start-
ing at 3 m at the surface. The high resolution domain
is smaller, namely 128 m x 128 m x 1000 m with a
resolution of 2 m in x and y direction and a stretched
vertical resolution in z direction starting at 1 m at
the surface. All cases are run with the medium-fine
soil and coupled system.

Figure 6.2: Initial profiles of temperature and specific
humidity at 22:00 used in the ERA5 runs (thin line)
and in the observation initialized runs (thick line).

The case labelled ERA5 is done in the same way
as the runs in section 5, using ERA5 re-analysis data
as input for all variables and nudging to the ERA5
data during the run. All runs shown here are initial-
ized at 22:00 on 22 March, with the first 2 hours used
as spin-up time. In the second run, labelled ’Obs ini-
tialized’, the bottom 200m of the atmosphere set by
the observations at 22:00, while the layers above are
still set by ERA5. This simulation is only nudged
to ERA5 data at the top of the domain. The third
run (’Obs initialized and nudged’) has similar set-up,
except that this run is nudged at the surface to the
observed profiles from the measurement tower. The
initial temperature and specific humidity profiles up
to 500 m for these runs are shown in figure 6.2, show-
ing that the ERA5 re-analysis has a higher temper-
ature and lower specific humidity than the observed
profiles.

Maronga and Bosveld [2017] showed that the soil
moisture influences the dissipation of the fog layer
through the Bowen ratio (sensible/latent heating). A
high soil moisture lowers the Bowen ratio, causing a

longer fog lifetime, while a dry soil heats the atmo-
sphere quicker, dissipating the fog and reducing its
lifetime. This is tested in the fourth run (’Obs ini-
tialized, dry soil’), which has the same set-up as the
’Obs initialized’ case but has a lowered soil moisture
that falls below the field capacity of the medium soil,
namely 0.25 m3/m3 for all soil layers.

6.4 Results

The relative humidity contours for all runs are plot-
ted in figure 6.3, along with the observations from
the Cabauw measurement tower. The solid line is the
99% relative humidity contour, the dashed lines are
liquid water content contours at 0.1 g/kg intervals.
The circle, cross and square are plotted at the maxi-
mum, lifting and dissipation times, respectively. The
exact time markers can be found in table 6.1. Con-
tour plots of the liquid water content can be found
in the appendix in figure A1 for comparison to the
figures in Maronga and Bosveld [2017]. For all sim-
ulation except the low resolution case, fog developed
during the spin-up time (before 00:00 UTC). Further
comparing the low and high resolution cases, we can
see a shallower fog layer in the low resolution case
reaching to 50 m and dissipation quickly after lift-
ing, almost an hour sooner than the high resolution
case. In the middle two graphs of figure 6.3 we can
see that initialization with observations leads to a
much deeper and denser fog layer than initializing
with ERA5 data. Since figure 6.2 showed that ERA5
underestimated the humidity in the evening, this was
to be expected. However, the degree of dependence on
the initial atmosphere of the development of the fog
layer is promising, as that means observations at one
moment in the evening can strongly improve the sim-
ulation of fog. The ’Obs initialized and nudged’ con-
tour plot, which should be the most realistic, shows
a similar fog layer in depth and density, but the dis-
sipation happens approximately 1 hour quicker than
the run that was not nudged. The run with dry soil
looks very similar to the ’Obs initialized’ run, but a
small difference can be seen in the dissipation time,
which is 15 minutes earlier.

The atmospheric profiles at various times of night
are plotted in figure 6.4. In these profiles the ini-
tialized and nudged run is closest to observations as
expected. During the night the simulations show a
much sharper inversion than the observations and
the near-surface temperature and humidity are lower
than observed. At 06:00, the height of the inversion
is reasonably accurate for the runs that used observa-
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tions, while the ERA5 run clearly has a too shallow
fog layer at this moment. At 10:00 there is no inver-
sion visible anymore in the observations or the ERA5
run, showing the fog is completely dissipated in the
bottom 200 m of the atmosphere. The observations
initialized run shows a sharper inversion around 200
m than the initialized and nudged run, which agrees
with the faster dissipation of the nudged run. In gen-
eral these figures show that the depth of the fog layer
is well replicated when using observational profiles for
initialization, but the intensity of the fog layer and
its capping are stronger than in observations, causing
the dissipation to take longer. Some reasons for this
are the relatively small domain and periodic bound-
ary conditions combined with the absence of nudging
at the surface, resulting in the absence of larger-scale
processes influencing the atmosphere near the sur-
face. Also, an underestimation of turbulent mixing
can cause the strong inversion and increase the time
necessary for full dissipation.
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Figure 6.3: Contour plots of relative humidity for the night of 22-23 March 2011. The solid line is the 99%
relative humidity contour, the dashed lines are liquid water content contours at 0.1 g/kg intervals. The circles,
crosses and squares are the maximum, lifting and dissipation times, respectively.
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Time (UTC) Formation Maximum Lifting Dissipation
ERA5, low resolution

00:40 05:25 07:20 07:30
10 m x 10 m x 3 m at surface
ERA5, high resolution

<00:00 05:20 08:10 08:35
2 m x 2 m x 1 m at surface
Obs initialized

<00:00 06:05 10:05 11:50
No nudging at surface
Obs initialized and nudged

<00:00 01:55 09:15 10:40
Surface nudging to observations
Obs initialized, dry soil

<00:00 06:10 10:05 11:35
qs = 0.25 m3/m3

Table 6.1: Moments during the simulation of fog formation, maximum, lifting and dissipation in all runs.

Figure 6.4: Atmospheric profiles of temperature and specific humidity for 3 runs and observations on a vertical
logarithmic scale at several times of night and morning.
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7 Conclusions

The first part of this study was aimed to understand the coupled TESSEL-LES system and find the sensitivities
of soil parameters and initial conditions to soil moisture, thereby answering the first research question. The
sensitivity tests showed the importance of matching the soil parameters to the initial soil moisture, especially
when running simulations of one day. A mismatch between these two factors can cause extremely high Bowen
ratio’s which strongly influence the atmosphere within 24 hours.

The second research question asked whether rain-soil moisture coupling and soil type differentiation would
improve modellings skills. This question was answered using 6 months of daily runs, specifically January-March
and June-August in 2019. In these runs a comparison between domain sizes showed that a higher domain allows
for more convection, leading to increased cloud formation and rain. The larger domain was therefore used to
compare an uncoupled and coupled system. Between these two set-ups there was no significant difference in
Taylor plots showing correlation, RMSE and standard deviation. A large difference was visible in the variable
biases, where the coupled system showed a smaller latent heat flux, summer temperature and humidity bias,
mainly in cloudy conditions. The second comparison was made between the average soil type which is the default
input in GRASP and the site-specific soil types in Cabauw and Gilze-Rijen, as well as a soil type extra-specific
for the Cabauw site. Between these set-ups there was a difference visible in the summer Taylor plots, where the
site-specific soil type showed an improved skill in terms of correlation and RMSE. When looking at the biases, a
similar result was found, with decreased biases in humidity, temperature and wind speed, even though the latent
heat flux bias increased. The extra-specific ’Cabauw’ soil showed a strong decrease in skill, with a negative
bias of 57% in latent heat flux causing a negative bias in humidity and positive bias in temperature. This also
resulted in an increased wind speed bias, which could be explained by a larger deviation from the logarithmic
wind profile as a result of larger instability, following the Monin-Obhukov theory. From these results it can be
concluded that soil type has a large influence on the near-surface atmosphere in LES runs that were initialized
and nudged by a large-scale dataset (ERA5). Using the soil type provided by ECMWF increased model skill,
especially in summer. The extra specific soil parameters derived from observations resulted in a poor model
performance, showing that it is more beneficiary to match the parameters to the initial conditions rather than
using the most realistic ones.

In the Cabauw runs the reproduction of radiation fog was also studied and the predictability of fog in this
set-up was found to be quite poor, with the amount of fog hours per day having almost no correlation with
observations. A case study was therefore performed to find sensitivities in predicting radiation fog. The night of
22-23 March 2011 was run in different set-ups varying resolution, initialization, nudging and initial soil moisture.
From the height of the fog layer and the key points of time, it was concluded that a high resolution is key to
producing accurate fog layers in simulations, and that initialization with observational profiles at 22:00 strongly
improved the fog layer depth during the night. The times of lifting and dissipation were later than observed,
halving the initial soil moisture quickened this by 15 minutes. These conclusions are all in agreement with
Maronga and Bosveld [2017], where the same case was studied.
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8 Recommendations & Outlook

Model capabilities

Although the version of TESSEL used in this research is complex and takes into account many soil processes,
some possible improvements are described here.

Over the years TESSEL has been continuously enhanced by ECMWF, which resulted in H-TESSEL, a
hydrological enhancement of TESSEL. This new version accomodates various locations and conditions, which
are discussed in detail in section 2.2. In high soil moisture conditions, the switch in the hydraulic conductivity
from the Clapp-Hornberger to the van Genuchten formulation is the most prominent, which mostly influences
the water transport between soil layers near the saturation moisture levels. Another adjustment was done to
improve skills in dry conditions, namely the adjustment of bare soil evaporation which allows for soil moisture
values below the permanent wilting point. The version of TESSEL used here has no snow tile option as of yet,
while H-TESSEl has an extensive section that takes into account melting, snow aging, the insulating effect of
snow and its albedo effects. In this research snowfall did not play a part, but in different regions of the world
the addition of these tiles is unavoidable and should be subject to future research.

When discussing possible improvements, the ground heat flux should be addressed too, being the subject
of ongoing debate in literature [Florides and Kalogirou, 2007] [Li and Lai, 2015]. While TESSEL extensively
models the water interactions between land and atmosphere, the ground heat flux depends on a single empirical
parameter, even though this flux plays an important part in the surface energy balance. Purdy et al. [2016]
compare 6 ground heat flux model approaches, and future research could compare these in an LES set-up.

Periodic boundary conditions were used throughout this thesis. Since the domains were reasonably homo-
geneous it is not expected to have had a large negative influence. When heterogeneous domains are studied
however, like mountains, coastal areas or areas with large obstacles, open boundary conditions should be con-
sidered. This would not only solve the re-entry of turbulence at the sides of the domain, but could also possibly
include meso-scale phenomena to the large-scale forcing.

Lastly, surface runoff plays a crucial role during heavy rainfall according to ECMWF [2020], varying between
1% to 50% of the rain falling on the surface, but is not included in GRASP at this moment. During this research,
it became clear that the microphysics in GRASP do not produce sufficient clouds and precipitation in this
domain size. It was therefore not possible to study the behaviour of this coupled system during heavy rainfall.
In this research it was shown that the rain-soil moisture coupling improves the modelling skill in relatively dry
conditions, but what effect this has when excessive amounts of water reach the surface is not yet clear. Since
runoff is not included in this version of TESSEL, all water will infiltrate the soil and it is expected that this
will cause an excess of soil moisture. It is therefore recommended to include this in future work.

Next steps

Model improvements can be made indefinitely, adding more and more complexity and thereby more accurately
grasping reality. From this study it became clear that data is paramount in predicting the division between
latent and sensible heating accurately. Therefore the most headway at this point, can be achieved by obtaining
accurate data of soil moisture.

First of all, an accurate map of soil classification is necessary. The dataset used by ECMwF is the
FAO/UNESCO Digital Soil Map of the World (DSMW) [FAO, 2003], which is available at 10 km resolution
and classifies soil into the soil types shown in table 4.1. This classification provides the model parameters that
determine the range of soil moisture values found at a certain location and is therefore constant in time apart
from any major geographical changes. Improving this dataset would therefore be beneficial for a long time to
come.
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The second part is determining soil moisture values at short time-scales, as precipitation can change the
soil moisture in the course of a day. Remote sensing seems a perfect solution to get consistent data for this
purpose, but the limited depth and resolution remain a problem. The efforts described in the introduction, using
machine learning and combining different datasets seems promising. As in-situ measurements of soil moisture
are notoriously unreliable and prone to high variability, deducing soil moisture data from other more reliable
sources would be a solution that can be consistent and practical on a global scale.
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Steven J Böing, Harm JJ Jonker, A Pier Siebesma, and Wojciech W Grabowski. Influence of the subcloud layer
on the development of a deep convective ensemble. Journal of the Atmospheric Sciences, 69(9):2682–2698,
2012.

Fred C Bosveld, Peter Baas, Anton Beljaars, Albert AM Holtslag, Jordi Vilà-Guerau de Arellano, and Bas JH
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Appendix

Season Variable Setting Correlation Bias RMSE

Winter

Humidity [g/kg]
Average soil,

coupled
0.93 ± 0.00 -0.19 ± 0.05 0.46

Coarse soil,
coupled

0.92 ± 0.00 -0.12 ± 0.05 0.46

Shortwave radiation [W/m2]
Average soil,

coupled
0.92 ± 0.00 4.83 ± 9.92 60.48

Coarse soil,
coupled

0.93 ± 0.00 4.71 ± 9.94 58.66

Temperature [°C]
Average soil,

coupled
0.95 ± 0.00 -0.52 ± 0.19 1.52

Coarse soil,
coupled

0.95 ± 0.00 -0.62 ± 0.19 1.54

Wind speed [m/s]
Average soil,

coupled
0.91 ± 0.00 0.57 ± 0.10 1.19

Coarse soil,
coupled

0.91 ± 0.00 0.55 ± 0.10 1.17

Summer

Humidity [g/kg]
Average soil,

coupled
0.81 ± 0.01 -0.56 ± 0.09 1.16

Coarse soil,
coupled

0.88 ± 0.00 0.42 ± 0.09 0.98

Shortwave radiation [W/m2]
Average soil,

coupled
0.94 ± 0.00 27.01 ± 17.23 98.88

Coarse soil,
coupled

0.93 ± 0.00 26.44 ± 15.59 100.57

Temperature [°C]
Average soil,

coupled
0.96 ± 0.00 0.78 ± 0.31 1.99

Coarse soil,
coupled

0.97 ± 0.00 -0.30 ± 0.27 1.44

Wind speed [m/s]
Average soil,

coupled
0.85 ± 0.01 0.72 ± 0.09 1.21

Coarse soil,
coupled

0.84 ± 0.00 0.49 ± 0.08 1.04

Table A1: Statistics from runs in Gilze-Rijen for all settings and seasons.
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Variable Setting Correlation Bias RMSE

Humidity [g/kg]

Average soil,
uncoupled, small

0.94 ± 0.00 -0.14 ± 0.02 0.41

Average soil,
uncoupled

0.94 ± 0.00 -0.12 ± 0.02 0.40

Average soil,
coupled

0.94 ± 0.00 -0.09 ± 0.02 0.39

Medium-fine soil,
coupled

0.94 ± 0.00 -0.08 ± 0.02 0.39

Cabauw soil,
coupled

0.93 ± 0.00 -0.14 ± 0.02 0.42

Latent heat flux [W/m2]

Average soil,
uncoupled, small

0.83 ± 0.00 -1.52 ± 2.00 28.54

Average soil,
uncoupled

0.81 ± 0.01 -2.90 ± 1.98 30.57

Average soil,
coupled

0.84 ± 0.00 0.23 ± 1.98 28.11

Medium-fine soil,
coupled

0.84 ± 0.00 -0.06 ± 1.98 28.59

Cabauw soil,
coupled

0.83 ± 0.00 -3.36 ± 1.85 29.96

Shortwave radiation [W/m2]

Average soil,
uncoupled, small

0.89 ± 0.00 16.02 ± 10.03 71.86

Average soil,
uncoupled

0.89 ± 0.00 1.87 ± 9.91 71.84

Average soil,
coupled

0.89 ± 0.00 1.51 ± 9.94 71.24

Medium-fine soil,
coupled

0.88 ± 0.00 0.55 ± 9.88 72.63

Cabauw soil,
coupled

0.89 ± 0.00 1.98 ± 9.93 71.77

Temperature [°C]

Average soil,
uncoupled, small

0.95 ± 0.00 -0.15 ± 0.06 1.20

Average soil,
uncoupled

0.96 ± 0.00 -0.16 ± 0.06 1.18

Average soil,
coupled

0.96 ± 0.00 -0.23 ± 0.06 1.17

Medium-fine soil,
coupled

0.96 ± 0.00 -0.22 ± 0.06 1.15

Cabauw soil,
coupled

0.96 ± 0.00 -0.16 ± 0.06 1.17

Wind speed [m/s]

Average soil,
uncoupled, small

0.96 ± 0.00 0.05 ± 0.07 1.12

Average soil,
uncoupled

0.96 ± 0.00 0.14 ± 0.07 1.13

Average soil,
coupled

0.96 ± 0.00 0.14 ± 0.07 1.11

Medium-fine soil,
coupled

0.96 ± 0.00 0.14 ± 0.07 1.12

Cabauw soil,
coupled

0.96 ± 0.00 0.15 ± 0.07 1.12

Table A2: Statistics from winter runs (Jan-Mar 2019) in Cabauw for all settings.
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Variable Setting Correlation Bias RMSE

Humidity [g/kg]

Average soil,
uncoupled, small

0.93 ± 0.00 -0.18 ± 0.03 0.68

Average soil,
uncoupled

0.93 ± 0.00 -0.15 ± 0.03 0.68

Average soil,
coupled

0.93 ± 0.00 -0.11 ± 0.03 0.67

Medium-fine soil,
coupled

0.94 ± 0.00 0.05 ± 0.03 0.63

Cabauw soil,
coupled

0.81 ± 0.00 -0.64 ± 0.03 1.23

Latent heat flux [W/m2]

Average soil,
uncoupled, small

0.92 ± 0.00 0.31 ± 5.11 48.47

Average soil,
uncoupled

0.93 ± 0.00 -2.39 ± 5.38 47.55

Average soil,
coupled

0.93 ± 0.00 -0.46 ± 5.38 47.60

Medium-fine soil,
coupled

0.93 ± 0.00 10.44 ± 5.66 46.71

Cabauw soil,
coupled

0.71 ± 0.01 -52.06 ± 4.48 103.19

Shortwave radiation [W/m2]

Average soil,
uncoupled, small

0.91 ± 0.00 31.55 ± 13.47 115.80

Average soil,
uncoupled

0.92 ± 0.00 23.23 ± 14.47 110.61

Average soil,
coupled

0.92 ± 0.00 19.44 ± 14.44 108.40

Medium-fine soil,
coupled

0.92 ± 0.00 21.29 ± 14.53 106.97

Cabauw soil,
coupled

0.91 ± 0.00 27.56 ± 15.76 117.22

Temperature [°C]

Average soil,
uncoupled, small

0.97 ± 0.00 0.31 ± 0.07 1.23

Average soil,
uncoupled

0.97 ± 0.00 0.16 ± 0.08 1.11

Average soil,
coupled

0.97 ± 0.00 0.09 ± 0.08 1.08

Medium-fine soil,
coupled

0.97 ± 0.00 -0.03 ± 0.08 1.04

Cabauw soil,
coupled

0.96 ± 0.00 0.77 ± 0.09 1.76

Wind speed [m/s]

Average soil,
uncoupled, small

0.92 ± 0.00 0.23 ± 0.05 1.13

Average soil,
uncoupled

0.92 ± 0.00 0.28 ± 0.05 1.13

Average soil,
coupled

0.91 ± 0.00 0.27 ± 0.05 1.14

Medium-fine soil,
coupled

0.92 ± 0.00 0.25 ± 0.05 1.12

Cabauw soil,
coupled

0.91 ± 0.00 0.37 ± 0.05 1.23

Table A3: Statistics from summer runs (Jun-Aug 2019) in Cabauw for all settings.
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Figure A1: Contour plots of liquid water content for the night of 22-23 March 2011. The circles, crosses and
squares are the maximum, lifting and dissipation times, respectively.
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