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Abstract

Many processes and feedback mechanisms are involved in land-atmosphere interactions that play an important
role in determining the boundary layer structure throughout the diurnal cycle. Here, the effect of soil moisture
on the development of shallow cumulus convection is investigated using a coupled large-eddy simulation
(LES)-land surface model (LSM) framework. First, the coupled model is run for an idealised case based on
measurements at the ARM Southern Great Plain site on 21 June 1997 to demonstrate that many characteristics
of the subcloud layer turbulence and of the cumulus layer can be modelled successfully. Moreover, an
extensive sensitivity study is performed with different amounts of soil moisture and varying atmospheric
conditions. Our results support the hypothesis that the response of shallow cumulus clouds due to a change
of soil moisture severely depends on the thermal stability conditions. Furthermore, they also point out that
the atmospheric moisture content is as important as the static stability in determining the boundary layer
characteristics and in particular the fractional cloud cover. The results demonstrate that the soil moisture-
cloud cover coupling is positive in most of the cases. However, we show that under specific conditions
(a less stably stratified moist atmosphere) convective activity and cloud formation is stronger over dry soils,
where the principle driving mechanism for cloud development is the boundary layer growth that tends to
increase relative humidity by adiabatic cooling of the air at the top of the boundary layer. This leads to a
soil moisture cloud cover relationship in which the cloud cover fraction decreases with an increase of soil
moisture. Moreover, our findings suggest that in the limiting case of a water saturated soil the mean cloud
cover is independent of static stability, but only depends on the vertical integrated atmospheric moisture
content.

Keywords: land-atmosphere interaction, shallow cumulus clouds, diurnal cycle, coupled large-eddy
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1 Introduction

The interactions between the land surface and the atmos-
phere play an important role in our climate system, as
they regulate numerous processes on a wide range of
temporal and spatial scales (e.g., LE MONE etal., 2000;
PiELKE, 2001; KoSTER etal., 2004; BETTS and Dias,
2010). In this context soil moisture is a key factor, as
it controls an important component of the hydrological
cycle, namely the exchange of water between the sur-
face and the atmosphere (e.g., JACOBS and DE BRUIN,
1992; BETTS etal., 1996; SENEVIRATNE et al., 2010). In
particular, through the impact of soil moisture on the
partitioning of the incoming solar and long-wave radi-
ation in turbulent latent and sensible heat fluxes, soil
moisture can influence several additional climate pro-
cesses. These include air temperature and humidity, at-
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mospheric boundary layer (ABL) turbulence, ABL en-
trainment and boundary layer thickness, formation of
shallow clouds, and in some cases the initiation of deep
convective precipitating clouds (e.g., EK and MAHRT,
1994; SEGAL etal, 1995; WETZEL etal., 1996; EK and
HoLrtsLAG, 2004; vAN HEERWAARDEN et al., 2009; Ho-
HENEGGER et al. 2009).

The connection between soil moisture and cloud de-
velopment has been the focus of many studies on a wide
range of time and space scales using a variety of meth-
ods including field and remote sensed observations (e.g.,
FINDELL and ELTAHIR, 1997; KOSTER et al., 2003; FIND-
ELL and ELTAHIR, 2003a,b; SANTANELLO etal., 2005,
2007, 2009; Cook etal., 2006; TAYLOR etal., 2007,
2011; FINDELL etal., 2011; WESTRA etal., 2012; GEN-
TINE etal., 2013), and models of different complexity.
One-dimensional and mixed layer models have been
used in many studies (e.g., EXK and MAHRT, 1994; WET-
ZEL etal., 1996; Ex and HoLTsLAG, 2004; vAN HEER-
WAARDEN etal., 2009, 2010) to investigate basic pro-
cesses, mechanisms, and feedbacks involved in land-
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atmosphere interactions. Using this framework, EK and
MAHRT (1994) and Ex and HoLTSLAG (2004) developed
a simplified soil-boundary layer model and a method to
analyse the relative humidity tendency at the top of the
boundary layer (as an indicator for the chance of cloud
formation) and demonstrated that atmospheric stratifi-
cation above the boundary layer and soil moisture con-
trol boundary layer cloud development. Remarkably, a
regime was identified in which the tendency of relative
humidity at boundary layer top was found to increase
with decreasing soil moisture content for sufficiently
weak free atmospheric stability. WESTRA et al. (2012) re-
cently were able to provide observational evidence for
this regime using data from the African Monsoon Multi-
disciplinary Analysis measurement campaign. Recently
VAN STRATUM et al. (2014) proposed a new mixed-layer
formulation and validated this model with large-eddy
simulations from the ARM (see below) case. The mixed-
layer model was driven with surface fluxes and was
shown to successfully reproduce the processes that gov-
ern the shallow cumulus topped convective boundary
layer. In particular, the model was able to reproduce
the transition from clear to cloudy boundary layers and
hence could correctly predict the timing of the onset of
clouds. They were also able to explore the shallow cu-
mulus parameter space by varying initial temperature,
moisture content, and free tropospheric lapse rates of
temperature and moisture.

On the other side of the complexity spectrum, re-
gional and cloud resolving models (e.g., PAN etal,
1996; HOHENEGGER etal., 2009; SCHLEMMER etal.,
2011) have been applied to investigate the relationships
between soil moisture and precipitation associated with
deep moist convection. PAN etal. (1996) studied the
heavy rainfall event in 1993 in the mid-west of the
United States using a regional weather model and found
both negative and positive feedbacks between the soil
moisture content and the amount of precipitation. Ho-
HENEGGER etal. (2009) also found different signs of
the soil moisture-precipitation feedback depending on
whether the simulations allow an explicit treatment of
convection or not. SCHLEMMER etal. (2011) employed
an idealized cloud-resolving modelling framework and
found that the stability of the atmosphere is a decisive
factor determining the strength of convection and the
timing and intensity of precipitation. Finally, in order to
resolve the detailed turbulent motions and dynamics of
scalars, momentum, and boundary layer cloud charac-
teristics within the ABL, large-eddy simulation (LES)
models have been applied (e.g., GoLAz etal., 2001;
HuaNG and MARGULIS, 2011) to study the local relation-
ship between soil moisture and non-precipitating ABL
clouds over a homogeneous land surface. Using an un-
coupled LES model forced by sensible and latent surface
fluxes GoLAz etal. (2001) found nearly no change in
cloud cover over dry relative to wet soils in their study.
However, they found a large difference in structure and
cloud development over wet and dry soils. Applying a
coupled LES-land surface model (LSM), HUANG and
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MARGULIS (2011) found that the cloud cover fraction in-
creases with increasing soil moisture only in cases with
strong atmospheric stability, and an opposite result has
been found when weak atmospheric stability exists.

As seen from the review above, the soil moisture-
cloud and precipitation coupling is a controversial sub-
ject (see also SENEVIRATNE etal., 2010 and references
therein). In order to further increase the understanding of
these processes on boundary layer cloud development,
a large-eddy simulation (LES) model coupled with a
land surface model (LSM) is used. In the LES model
the large-scale turbulent eddies are explicitly resolved
while the effect of the less-energetic subgrid-scale tur-
bulent eddies has to be parameterized. Previous studies
have shown that this type of model provides realistic re-
sults if it is applied to simulate the development of cu-
mulus clouds in the ABL (e.g., NEGGERS etal., 2002;
SiEBESMA etal., 2003; STEVENS, 2007; STEVENS and
SEIFERT, 2008). These studies clearly demonstrate that
LES models are useful tools to study cumulus clouds to
advance the understanding of the physical processes that
determine the thermal and dynamical state of the cloud
topped ABL.

The aim of this study is to investigate the influence
of soil moisture on cloud development in the convec-
tive boundary layer at diurnal time scales and to evaluate
the conceptual modelling framework of EK and MAHRT
(1994) and Ex and HoLTsLAG (2004). In these studies
two opposing effects that may influence the formation
of boundary layer clouds have been identified and dis-
cussed. On the one hand, a greater soil moisture con-
tent results in boundary layer moistening, but, on the
other hand, also leads to weaker surface sensible heat
fluxes and to weaker boundary layer growth. As a result
of these opposing effects, the net effect of soil moisture
changes on the potential for boundary layer cloud devel-
opment cannot be predicted with simple methods, but
requires the application of a complex modelling frame-
work. For this reason, we apply a coupled LES-LSM to
reliably predict which of the above mentioned processes
dominate as function of the soil moisture content and at-
mospheric conditions. Here, a model configuration con-
sisting of the MPI-LES-model of CHLOND (1992, 1994)
and the Surface Energy and WAter Balance (SEWAB)-
model developed by MENGELKAMP etal. (1997, 1999,
2001) is used. With this coupled model configuration
several simulations have been performed, where vari-
ous parameters such as soil moisture content and pro-
files of temperature and humidity in the boundary layer
have been changed systematically. Numerical simula-
tions performed with this coupled model are based on
an idealization of observations of a convective bound-
ary layer made at the Southern Great Planes (SGP)
site of the Atmospheric Radiation Measurement (ARM)
program on 21 June 1997. During this day the diur-
nal evolution of a convective boundary layer with very
weak large-scale forcing has been observed. Our study
is strongly linked to the investigation of HUANG and
MaRGuULISs (2011), already mentioned above. Previous
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work is extended by considering for the first time the
combined influence of atmospheric humidity, static sta-
bility, and of soil moisture content on the sensitivity of
shallow cumulus convection using a complex modelling
framework. We investigate how the atmospheric humid-
ity content among the two other main factors (namely,
atmospheric stability and soil moisture content) controls
the boundary layer cloud development. The importance
of free-tropospheric humidity content and dry-air en-
trainment on the evolution of surface heat fluxes and the
evolution of the ABL has been stressed by SANTANELLO
etal. (2007), VILA-GUERAU DE ARELLANO (2007) and
VAN HEERWAARDEN et al. (2010) who demonstrated that
in certain conditions the evolution of surface fluxes, rela-
tive humidity, and ABL height can be as sensitive depen-
dent on free tropospheric moisture conditions as to land-
surface properties. Also DERBYSHIRE et al. (2004) have
already recognized the significance of mid-tropospheric
humidity on moist convection. Their modelling study
suggests a significant impact of different moisture con-
ditions on the development of moist convection. The
most striking result was that a dry-tropospheric mois-
ture profile can suppress deep convection in favour of a
shallow convection regime.

The paper is organized as follows. In section 2 the
models used are described, while in section 3 a brief
overview of the experimental design is given. This in-
cludes the description of the setup of the case study,
which is used as reference simulation, and of the sen-
sitivity study. Section 4 briefly summarises the main
characteristics of the reference simulation before pre-
senting the results of the sensitivity study. The impact
of soil moisture content and of the thermodynamic at-
mospheric conditions on the simulated boundary layer
structure is analysed and discussed. To interpret and un-
derstand our results, we apply a diagnostic method that
allows us to quantify the strength of the different pro-
cesses by an analysis of the individual contributions to
the tendency of the relative humidity at the top of the
mean cloud layer. Finally, section 5 summarizes the con-
clusions drawn in this work.

2 Models

Over the past three decades, LES has become one of the
leading methods to advance our understanding of pro-
cesses in the planetary boundary layer. The fundamen-
tal approach of LES is to explicitly resolve large tur-
bulent eddies which contain most of the turbulent ki-
netic energy and are responsible for most of the tur-
bulent transport. The basic dynamical framework em-
ployed here is the MPI-LES model which has been de-
scribed in CHLOND (1992, 1994). The model takes into
account most of the physical processes occurring in the
moist boundary layer including the effects of subgrid-
scale (SGS) motions. The SGS model is based on a
transport equation for the SGS turbulent Kinetic energy
(DEARDORFF, 1980).
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To simulate land surface and soil processes, the Sur-
face Energy and WAter Balance SEWAB-model devel-
oped by MENGELKAMP et al. (1997, 1999, 2001) is used.
It solves the diffusion equations for heat and moisture on
a multi-layer grid in a vertical column of soil between
the lower soil surface and the atmosphere including the
effect of vegetation. Boundary conditions at the upper
interface in terms of short- and longwave radiative fluxes
as well as atmospheric near surface values for tempera-
ture, moisture content, and wind speed have to be pro-
vided. The LSM is run using six layers with a total depth
of 2.3 m. The moisture flux at the surface is calculated as
the weighted average of the moisture flux from bare sur-
faces and of the evapotranspiration from vegetated sur-
faces. Soil and vegetation type as well as the fraction of a
grid square covered by vegetation have to be prescribed.
The values for soil properties and vegetation related pa-
rameters are taken from look-up tables given by MEN-
GELKAMP etal. (1997). In contrast to VILA-GUERAU DE
ARELLANO etal. (2012) who explored an example of a
biogeophysical feedback operating on long time scales
and revealed that boundary layer clouds may be sup-
pressed by plants in a warming CO;-rich atmosphere,
our model treats evapotranspiration from low vegetation
using a resistance approach that allows the extraction of
water from the upper soil layer only. The vegetation does
not experience any additional stress due to limited ra-
diation or rising atmospheric CO, concentrations. Nev-
ertheless, we are of the opinion that our main findings
still remain valid because our study concentrates on the
investigation of the short-term, diurnal evolution of the
atmospheric boundary layer-soil system where evapora-
tion is limited by the soil moisture content and not by
the available surface energy.

Coupling to the LES model is achieved through a sur-
face energy budget which partitions the available radia-
tive forcing into ground heat flux and sensible and latent
heat fluxes. Assuming that no heat is stored at the sur-
face, the energy balance equation for the skin layer may
be written as

Rowa-(1—a)+&-(Riwa—0-TH+H+L-E-A-(Tg — Tg) = 0,

(2.1)
where Rgwq and Rjyq represent downward short-wave
and long-wave radiation at the surface, a is the albedo,
€ is the surface emissivity and o the Stefan-Boltzmann
constant, T is the temperature of the surface, H and E
are the heat flux and the moisture flux, L is the latent
heat of evaporation, and A - (Ts — Ty) is the soil heat flux
into a deeper layer with temperature 74, using a con-
ductivity A. The LES model provides the downwelling
radiative fluxes at the surface and the atmospheric state
variables at the lowest grid level as forcing for the LSM.
To calculate the radiative fluxes a very simple approach
is adopted. The short-wave radiation Rgyq is assumed
to depend on the radiation for a cloudless sky and a
factor depending on the cloud cover as described in
MENGELKAMP et al. (1999) to account for feedbacks of
cloud cover on incoming solar radiation. The downward
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long-wave radiation flux emitted from the atmosphere,
Riwg, is parameterized according to DEARDORFF (1978).
Eq. (2.1) is then solved iteratively for T to calculate the
turbulent surface heat fluxes for which a resistance for-
mulation is applied to include the effects of the land sur-
face properties on the exchange of heat and moisture.
These turbulent fluxes are used as lower boundary con-
ditions for the LES model to update the atmospheric
state. In this way the two-way interaction between the
land and the overlying atmosphere is captured. The skin
layer is coupled to a five layer soil scheme to advance
the soil temperature and moisture content in time ac-
cording to the governing equations of energy and wa-
ter conservation. More details about the formulation of
the surface fluxes and the coupling strategy can be found
in MENGELKAMP et al. (1999). General principles of the
method for coupling land surface schemes to the atmo-
sphere were presented by BEST et al. (2004).

Since we use a simple modelling approach to cal-
culate the radiative fluxes we cannot investigate the in-
fluence of cloud shading from a broken cloud layer at
top of a convective boundary layer. This requires the ap-
plication of a more sophisticated radiation scheme that
allows us to calculate a local surface radiation budget
in response to cloud induced heterogeneity, which is
beyond the scope of this paper. Moreover, since that
largest effect of shadows on convection is expected to
occur in situations with weak mean wind (SCHUMANN
etal., 2002) we expect that the conclusions drawn in
our study remain valid despite the simple modelling ap-
proach adopted. Results obtained by LoHou and PAT-
ToN (2014) indicate, however, that the turbulence struc-
ture of the boundary layer may change noticeably due to
cloud-induced surface heterogeneities, which may jus-
tify refined studies in the future.

The runs with the coupled model use a computational
domain of size 12.8 x 12.8 x 4.4 km?. Double-periodic
lateral boundary conditions are employed. At the upper
boundary a Rayleigh damping sponge layer starting at a
height of 4 km is used to damp gravity waves. The first
simulation for the reference case (see below) was car-
ried out with grid intervals of Ax = Ay = 50m and
Az = 40m. A second, lower horizontal resolution sim-
ulation was performed with a grid spacing of 100 m in
the horizontal directions and 40 m in the vertical. A time
step of 1s was used for both runs. Results from those
two experiments agreed well with each other, indicating
that the model results are robust with respect to varia-
tions in the horizontal resolution. Nevertheless, we re-
tained a higher resolution for all other additional exper-
iments.

3 Case description and model setup

To investigate the soil moisture-cloud feedback, we con-
sider a set of simulations of the (semi-) diurnal vari-
ation of the convective boundary layer over land. The
set consists of one reference simulation and a number
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of sensitivity experiments. The setup for the reference
simulation is based on a single-day case using measure-
ments taken during the development of shallow cumulus
convection observed at the SGP site of the ARM pro-
gram near Lamont, Oklahoma, on 21 June 1997. These
data correspond to a case of daytime, non-precipitating
cumulus clouds over land developing on top of an ini-
tially clear convective boundary layer. This case has al-
ready been intensively studied in the 6 Global Energy
and Water Cycle Experiment (GEWEX) Cloud System
study (GCSS) model intercomparison project to test the
ability of LES models to simulate the development of
shallow cumulus over land, provided that the time vary-
ing surface fluxes and the large-scale forcings are given.
The basic characteristics of the case are described here,
but more specific information on the project and a de-
tailed specification of the case is provided in BRowN
etal. (2002).

To configure the coupled model for the reference run
both sub-models, the LES model and the LSM are in a
first step run in an uncoupled forced mode. This pro-
cedure is required in order to specify the initial soil
moisture content. The case consists of a 12.5-hour sim-
ulation starting at 11:30 UTC (corresponding to 5:30 h
local time), shortly after sunrise, with prescribed ini-
tial profiles, time dependent surface fluxes, large-scale
advective forcings, and radiative tendencies. The initial
and boundary conditions are based on observations and
were specified in the form of simplified profiles. The
initial setup of the LES-model is identical to the one
used for the 6 GCSS intercomparison project. All ini-
tial fields are set horizontally homogeneous at the be-
ginning of the simulation except for random temper-
ature perturbations which were imposed at each grid
point in the lowest 200 m (with a maximum amplitude
of 0.1K at the surface decreasing linearly from that
value to zero at 200 m) in order to initiate turbulence. A
height independent large-scale horizontal pressure gra-
dient was applied, equivalent, with a Coriolis param-
eter of 8.5 x 1073 57! (corresponding to a latitude of
36° N), to a geostrophic wind of U, = 10ms~! and
Ve = Oms~!. The initial horizontal wind components
(u, v) were set to (Ug, Vy) at all levels. Surface pres-
sure was set to 970 hPa. Simplified profiles of liquid wa-
ter potential temperature and total water mixing ratio
were used as initial conditions for the thermodynamic
variables. The potential temperature starts from a value
of 299K at the land surface and piecewise linearly in-
creases up to 2500 m, where the lapse rate above is set
to a constant value of 9.7 Kkm™!. Similarly, total water
mixing ratio piecewise linearly decreases from a value
of 15.2 gkg™! at the ground to 2500 m, where the mixing
ratio is set to a constant value of 3.0 gkg~!. Throughout
this study this setup for the atmospheric variables will be
referred to as “standard atmospheric setup”. As already
mentioned, the specification of the time series of the im-
posed surface fluxes which are used as lower boundary
conditions to drive the LES model and the details of the
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Table 1: Soil, vegetation, and surface parameters for model runs

Parameter Type or value
Soil type Silty clay loam
Volumetric water content at wilting point 0.2181 m*m3
Volumetric water content at field capacity 0.3220 m*m=3
Volumetric water content at saturation 0.4700 m*m=3

Vegetation type Short grass lands
Vegetation fraction 0.6
Leaf area index of vegetated surface fraction 1

Minimum/Maximum stomatal resistance 300sm™!
Albedo 0.17
Roughness length 0.035m

representation of the effects of large-scale advection and
radiation are given in BROWN et al. (2002).

The results from the above described constrained
LES run are used to generate the upper boundary condi-
tions for the LSM in the uncoupled forced mode. Time
varying fields of temperature, mixing ratio, horizontal
wind speed, and radiative fluxes at the lowest compu-
tational level of the LES model are used to drive the
LSM. We assume a homogeneous flat soil surface that
is partially vegetated. A fraction of vegetation of 60 %
is adopted. For the soil dependent parameters we adopt
those for “silty clay loam”, and for the vegetation de-
pendent parameters the values for short grass lands are
used. The short-wave albedo is set to 0.17 which is in the
range of reported values (DucHON and HammMm, 2005),
and the surface roughness length is set to 0.035m (a
characteristic value for the ARM site). A summary of the
principal soil, vegetation, and surface parameters used in
the LSM are listed in Table 1. Soil temperatures are ini-
tialized to be equal to the air temperature in the upper
two layers (i.e., at z = 0.025m, and z = 0.125m), and
a linear transition to a climatological value of 289.13 K
in the fifth level at z = 1.05 m is imposed. With respect
to the initial soil moisture profile, a linear relation be-
tween the upper layer at z = 0.025m with a specified
soil water content 7 and the maximum soil water con-
tent 775 of the given soil volume at z = 1.05 m is assumed.
It turns out that a good match between calculated time
dependent sensible and latent heat fluxes, respectively,
and observed ones can be achieved with an initial vol-
umetric soil moisture content of 0.3337 m?/m?3, which
corresponds to a saturation ratio o = n/ns of 0.71, i.e.,
to 71 % of the maximum soil water content 75. Using
this value for the initial saturation ratio, the surface heat
fluxes calculated by the coupled LES-LSM are found to
be close to the observed ones and hence close to the sur-
face fluxes that we prescribed as lower boundary con-
ditions for the LES model run in the uncoupled con-
strained mode (see section 4). As in our study, LoHOU
and PATTON’S (2014) simulated case is based on obser-
vations from the ARM SGP central facility on 21 June
1997. However, between our study and LoHOU and PAT-
TON’s (2014) work there exist some differences in the
specification of initial values of surface parameters like
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Table 2: Main characteristics of the different simulation sets. Each
set consists of sixteen simulations with soil moisture saturation ratios
between o = 0.25 and saturation (i.e., oo = 1.0) with an interval of
0.05 between successive simulations.

Name of simulation set Temperature Humidity
profile profile
STD standard standard
L_STABLE less_stable standard
M_STABLE more_stable standard
STD_DRY standard dry
STD_MOIST standard moist
STD_DRY_FA standard dry_free_atm
STD_MOIST_FA standard moist_free_atm

L_STABLE_DRY
L_STABLE_MOIST
L_STABLE_DRY_FA
L_STABLE_MOIST_FA
M_STABLE_DRY
M_STABLE_MOIST
M_STABLE_DRY_FA
M_STABLE_MOIST_FA

less_stable dry
less_stable moist
less_stable dry_free_atm
less_stable moist_free_atm
more_stable dry
more_stable moist
more_stable dry_free_atm
more_stable moist_free_atm

the surface roughness (0.035 m vs. 0.08 m), albedo (0.17
vs. 0.20), the soil moisture content (0.334m>m™ vs.
0.363m>m™3) etc. At first glance, this appears strange
if one takes into account that both simulations try to re-
produce the surface fluxes observed at the ARM SGP
site. However, it is worth noting that in both studies dif-
ferent complex model systems are used that differ in
the radiation model (that determines the available en-
ergy), in the LES model (which determines the turbu-
lence structure of the cloud topped boundary layer), and
in the LSM (which determines the partition of available
energy into the turbulent sensible and latent heat fluxes
and the ground heat flux). Keeping this in mind, it ap-
pears reasonable that the parameter combinations gener-
ating the best agreement between the simulated surface
fluxes and the surface flux measurements are not identi-
cal, but differ from each other within certain limits. Fi-
nally, we note that our simulated fluxes fit BRowN et al.
(2002) specifications of the surface heat and moisture
fluxes better than those of LoHoU and PATTON (2014).

In addition to the reference run we have performed
240 sensitivity experiments with the coupled LES-LSM.
These experiments are obtained by simultaneously mod-
ifying, at the initial time, the soil water content, the
thermal stratification, and the atmospheric moisture pro-
file. We performed fifteen sets (see Table 2) of simu-
lations with three different liquid water potential tem-
perature profiles and five different total water mixing
ratio profiles. Each set consists of sixteen simulations
with soil moisture saturation ratios between o = 0.25
and saturation (i.e., o = 1.0) with an interval of 0.05
between successive simulations. To investigate the role
of thermal stratification for land-atmosphere interac-
tion, three cases (standard, less_stable, more_stable)
were performed for each soil moisture saturation ra-
tio value. The case less_stable has a weaker ther-
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Figure 1: Initial profiles of (a) liquid water potential temperature 6, and (b+c) total water mixing ratio r,. Solid lines mark the standard
profiles used in the reference run. In (a) the dashed line represents the less_stable case, and the dotted line represents the more_stable
profile. In (b) dashed and dotted lines refer to the profiles dry_free_atm and moist_free_atm, respectively. In (c) dashed line and dotted lines
refer to the dry and moist total water mixing ratio profiles, respectively.

mal stratification (i.e., less stable with lapses rates of
(dO/dz)apr, = 4.7Kkm™! within the bulk of the ABL
and (d0/d7)pa = 5.7Kkm™! in the free atmosphere
above 2500 m, respectively) compared to the standard
case (with lapse rates of (d8/dz)apL = 5.7Kkm™! and
(dB/d2)gn = 9.7K km™, respectively), and the third
more_stable case has a stronger thermal stability (i.e.,
more stable with lapse rates of (d6/dz)apr, = 7.2 Kkm™!
and (d0/d)pa = 144Kkm™!, respectively) compared
to the standard profile. To test the response of the model
to a changed humidity in the boundary layer and the
lower troposphere, for each temperature profile above,
additional sets with runs are performed, where also the
humidity profile has been modified. The atmospheric
moisture profiles applied in the simulations are denoted
by dry, moist, dry_free_atm and moist_free_atm. The
case dry refers to a total water mixing ratio profile
that has been shifted by —1gkg™' relative to the stan-
dard profile, and the moist case utilizes a humidity pro-
file, where the standard profile is shifted by +1 gkg™!.
The atmospheric moisture conditions dry_free_atm and
moist_free_atm refer to cases with total water mixing ra-
tio profiles which remain unchanged relative to the stan-
dard profile below 1300 m, but have been modified in
layers above 1300 m by changing the total water mix-
ing ratio at 2500 m and above to ryp = lgkg™! and
to rerop = 5 gkg™!, respectively. Between 1300 m and
2500 m linear interpolation was used to obtain values at
intermediate levels.

In total fifteen simulation sets are generated (accord-
ing to the number of combinations resulting from three

temperature profiles and five humidity profiles) which
are named

* STD, L_STABLE, M_STABLE

» STD_DRY, STD_MOIST, STD_DRY_FA,
STD_MOIST_FA

* L._STABLE_DRY, L_STABLE_MOIST,
L_STABLE_DRY_FA,L_STABLE MOIST_FA

* M_STABLE_DRY, M_STABLE_MOIST,
M_STABLE_DRY_FA, M_STABLE_MOIST_FA

The initial profiles of liquid water potential temperature
6, and total water mixing ratios r; adopted in the ref-
erence and the sensitivity simulations are displayed in
Fig. 1 with different line patterns. An overview over the
different simulation sets used in the sensitivity analysis
is given in Table 2.

4 Results

4.1 Reference run

First, the results of the reference simulation are pre-
sented to review the performance of the coupled model
for the ARM case. In the reference run the coupled LES-
LSM starts at 11:30 UTC (corresponding to 5:30 h local
time) with the standard atmospheric setup described in
section 3, with an initial soil moisture saturation ratio
o = n/ns of 0.71 (corresponding to an initial volumet-
ric soil moisture content of 7 = 0.3337m’>m~3), and
lasted for 12.5 hours. Note, that in the coupled mode
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Figure 2: Time series of area averaged (a) surface sensible heat flux H (solid line) and net radiation R, (dashed line), and (b) latent heat
flux LE (solid line), as simulated with the coupled model in the reference run. Observed fluxes are indicated by crosses and are based on
measurements taken on 21 June 1997 at the central facility of the ARM-Project in Lamont, Oklahoma, as reported by Brown (2002). In
addition, time series of sensible and latent surface fluxes of simulations from the set STD which utilize a soil saturation ratio of o- = 0.5 and

o = 1.0, respectively, are additionally plotted for comparison.

the LSM provides the lower boundary conditions for
the LES model. The SEWAB model calculates the sur-
face sensible and latent heat fluxes for every soil col-
umn driven by the atmospheric variables delivered by
the LES model. First, the general development of the
simulation is discussed. We will concentrate on surface
fluxes, the evolution of mean profiles, and on the growth
and decay of cumulus clouds. Next, we consider the tur-
bulence structure of the convective boundary layer (be-
fore cloud formation) and of the cloud topped boundary
layer (after cloud formation).

Time series of area averaged (a) surface sensible
heat flux H and net radiation R,, and (b) surface la-
tent heat flux LE are displayed in Fig. 2. The net radia-
tive flux resembles a typical diurnal cycle, starting with
OWm™2 at 12:00 UTC (06:00 h local time) and attain-
ing a maximum value of about 650 W m=2 at 19:00 UTC
(13:00h local time). It can be seen that the model es-
timates for the surface fluxes are in good agreement
with the measured data collected at the SGP central
facility. The strong diurnal cycle is clearly identifiable
with maximum values of sensible and latent heat fluxes
of 150 Wm~2 and 500 W m~2, respectively. The typical
Bowen ratio is about 0.3 for the reference case. More-
over, to illustrate the sensitivity of the partitioning of the
available energy into sensible and latent heat fluxes with
respect to the initial soil moisture content, time series
of sensible and latent surface fluxes of simulations from
set STD which utilize a soil saturation ratio of o = 0.5
and o = 1.0, respectively, are additionally plotted for

comparison. As expected, the surface evaporation de-
creases (increases) and the surface sensible heating in-
creases (decreases) for drier (moister) soils, respectively.
In our simulations the reduction in the soil water content
during the course of the integrations is significant, but is
rather small as the loss of water is less than 20 %.

Fig. 3 shows the temporal development of area av-
eraged vertical profiles of (a) the liquid water potential
temperature (6,) and (b) the total water mixing ratio {r)
at different times from the reference simulation. As ex-
pected, the boundary layer grows, warms, and moistens
through the day producing a well mixed layer in which
nearly no vertical gradient of liquid water potential tem-
perature and total water mixing ratio occurs. In Fig. 4
the simulated evolution of (a) total cloud cover, which is
defined as the fraction of the vertical columns that con-
tain cloud water, (b) mean cloud base height and mean
cloud top height, and (c) liquid water path are displayed.
Cloud development starts around 16:00 UTC (10:00 h
local time). After this time the cloud base rises slowly
with time from around 750 m at 16:00 UTC to 1400 m at
24:00 UTC. This increase of cloud base height with time
is consistent with the warming of the subcloud layer
shown in Fig. 3. Cloud-top growth is steady and rather
fast during the initial growth phase of cloud develop-
ment. A maximum cloud top height of 2900 m is reached
at around 21:30 UTC, about five and a half hours af-
ter initial cloud formation. The largest cloud fraction
occurs early within the initial growth phase at around
18:00 UTC with a maximum value of around 26 % total
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Figure 3: Temporal development of area averaged vertical profiles of (a) the liquid water potential temperature (6,) and (b) the total water
mixing ratio (r) at different times from the reference simulation. Legend explains the various line patterns used in the plot. Profiles are
one-hour averaged, centred at the displayed times.
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Figure 4: Time series (smoothed over one hour) of (a) total cloud cover, (b) mean cloud base height (dashed line) and mean cloud top height
(solid line), and (c) liquid water path, respectively, from the reference simulation.
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Figure 5: Profiles of 1-h averaged total (resolved plus subgrid-scale) (a) vertical velocity variance (w'?) and (b) the total buoyancy flux
(w8, centred at 15:00 UTC (solid lines) and 20:00 UTC (dashed lines), respectively, from the reference simulation. The crosses in
(a) show the function (w?) = 1.8(z/z:)*3(1 — 0.8z/z;)*>w? (Lenschow etal. 1980). Here z; denotes the depth and w, is the velocity scale of
the convective boundary layer at 15:00 UTC and of the subcloud layer at 20:00 UTC, respectively (see also text).

cloud cover. After 18:00 UTC cloud fraction slowly de-
clines before falling away quite sharply as surface forc-
ing decays. Values of area averaged liquid water path

are relatively low with maximum values of 0.025 kgm ™2
occurring around 20:00 UTC.

This paragraph gives basic results of the simulated
total (resolved plus subgrid-scale) vertical velocity vari-
ance (w'?) and the total buoyancy flux (w’6;). Fig. 5
shows that marked differences exist in the turbulence
structure during the time before cloud formation (at
15:00 UTC) and after cumulus clouds have formed (at
20:00 UTC). At 15:00 UTC the boundary layer has a
depth — based on the height of the minimum of the buoy-
ancy flux — of z; = 500m. Together with the simu-
lated surface buoyancy flux this gives a convective ve-
locity scale value of about w, = 1 ms~!, while the fric-
tion velocity scale u, is around 0.6ms~'. This results
into a stability parameter —z;/L (where L denotes the
Monin-Obukhov length) of around 2. Observations (e.g.,
NicHOLLS and READINGS, 1979; GRANT, 1986) suggest
that even at these moderate levels of instability the ver-
tical velocity variance should scale convectively. It is
therefore logically consistent to find a good agreement
between our LES model results and the best fit to the
free convective data of LENscHOW et al. (1980), and con-
firms similar results obtained by BRowN etal. (2002).
At 20:00 UTC, after cumulus clouds have formed, the
vertical velocity exhibits now two maxima, one in the

subcloud layer and a secondary maximum in the cloud
layer. NicHoLLs and LE MoNE (1980) demonstrated
that despite the presence of clouds, convective boundary
layer scaling should still be applicable in the subcloud
layer. To test this hypothesis, we take z; to be the height
of the buoyancy flux minimum which occurs close to
cloud base, then we have z; = 1200m, w, = 1.8 ms™/,
u, = 0.6ms~!, and —z;/L = 9. This is sufficiently un-
stable for the vertical velocity variance to scale convec-
tively. From Fig. 5 it can be seen that the LES results
for (w'?) in the subcloud layer are, as already shown
by BRoOwN et al. (2002), consistent with well-established
convective boundary layer scalings. The secondary max-
imum of (w’?) higher up is related to the cumulus ac-
tivity in the cloud layer. The buoyancy flux profile at
20:00 UTC exhibits an almost linear decrease through
the subcloud layer with a value at the top (correspond-
ing to the cloud base height) which is of the order of
—0.15 times the surface buoyancy flux. At 20:00 UTC a
broad maximum of (w’8,) occurs in upper layers which
is related to cumulus activity.

To summarize, this section is about the evaluation of
the reference simulation. We find that the results shown
above are broadly consistent with local surface measure-
ments and with those obtained in connection with the
sixth intercomparison case of GCSS Working Group 1
which have been elaborately discussed in BRowN et al.
(2002).
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Figure 6: Vertical profiles of domain averaged (a) liquid water potential temperature (6,), (b) total water mixing ratio (r), and (c) liquid
water mixing ratio (r). Solid, dashed, dashed-dotted, and dotted lines are results for different soil moisture contents from the simulation set
STD and the reference simulation. All profiles are 1-h averaged centred at 22:00 UTC.

4.2 Sensitivity runs

4.2.1 Effect of soil moisture content

To study the effect of soil moisture content on the devel-
opment of shallow cumulus clouds, several model runs
are conducted, where the initial soil moisture saturation
ratio o has been specified in the range between 0.25
and 1.

Fig. 6 shows domain averaged vertical profiles (1-h
averaged) of (a) liquid water potential temperature (6;),
(b) total water mixing ratio (r), and (c) liquid water
mixing ratio (r;) from the reference run and for simu-
lations from set STD centred at 22:00 UTC (16:00 h lo-
cal time). In general, the profiles of () and (r) reflect
the structure of a convective boundary layer, i.e., well-
mixed profiles between the surface and the entrainment
zone, where stronger gradients of liquid water poten-
tial temperature and total mixing ratio occur. It can be
seen that due to the larger sensible heat flux over drier
soils the boundary layer is warmed much stronger com-
pared to the cases that start with a wetter soil. The larger
sensible heat flux also results in a faster boundary layer
growth. As a consequence, the top of the boundary layer
is higher over drier soils compared to the boundary layer
height over wetter soils at 22:00 UTC. Moreover, as can
been seen in Fig. 6(c), the cloud base heights decrease
with increasing soil moisture content and a shallower
cloud layer develops over dry soil than over wet soil.
The profiles of total water mixing ratio indicate that the
boundary layer over dry soils is less humid than over

wet soils, because the input of water vapour into the
ABL is less over dry soils than over wet soils. This is
illustrated in Fig. 7, where 1-hr averaged vertical pro-
files of the total (resolved plus subgrid-scale) turbulent
moisture fluxes (w’r{) centred at 19:00 UTC (13:00 h lo-
cal time) are shown. As we have already mentioned, the
moisture flux near the surface increases with rising soil
moisture content. In the upper part of the boundary layer
the mixing of dry air from the free atmosphere into the
boundary layer becomes important. It turns out that the
entrainment flux is stronger over dry soils compared to
wet soils, as more vigorous turbulent motions drive en-
training eddies that incorporate free-tropospheric dry air
into the ABL. This is reasonable because in the simplest
case the entrainment velocity in the convective bound-
ary layer is proportional to the surface sensible heat flux
(e.g., TENNEKES, 1973; VAN ZANTEN etal., 1999). As
a consequence, the entrainment velocity and hence the
boundary layer growth is faster over dry soil than over
wet soil because the decomposition of the total avail-
able energy, which is given by the net radiation, into the
surface evapotranspiration and the surface sensible heat
flux depends on the soil moisture content (see Fig. 2).
This feature is also visible in Fig. 12 where, among other
quantities, the contribution of the boundary layer cool-
ing to the total relative humidity tendency is displayed.
This quantity is proportional to the mean boundary layer
growth and monotonously (depending on the static sta-
bility) increases with decreasing soil moisture content
indicating that the boundary layer growth increases with
decreasing soil moisture content.
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Figure 7: Vertical profiles of total (resolved plus subgrid-scale)
turbulent moisture fluxes (w’r{) for soil saturation ratios o of 0.25,
0.50, 0.71 and 0.9, respectively (results derived from the reference
simulation and simulation set STD). All profiles are 1-h averaged
centred at 19:00 UTC. Line patterns as in Figure 6.

To illustrate the effect of different soil moisture con-
tents on cloud characteristics, the temporal development
of (a) cloud cover and (b) cloud base height and cloud
top height are shown in Fig. 8. Again, we find that af-
ter the rapid initial increase in cloud cover which oc-
curs around 15:30 UTC, cloud fractions decrease slowly
with time after they reach their maximum value around
18:00 UTC. For the driest soil the maximum cloud cover
arrives only at 15 %. The cloud cover increases with in-
creasing soil moisture and peaks at about 30 % for the
moistest soil with o = 0.9. Moreover, not only the cloud
cover, but also the vertical extent of clouds varies as
function of soil moisture content (see Fig. 8b). We find
that with increasing soil moisture contents (and corre-
sponding larger surface latent heat fluxes) cloud forma-
tion starts at lower altitudes. This appears reasonable,
because over a wetter soil more water vapour is released
into the boundary layer. At the same time, the bound-
ary layer grows less fast as a result of reduced surface
sensible heat fluxes. Therefore, more water vapour is
distributed over a shallower vertical area resulting in a
moister boundary layer in which the cumulus condensa-
tion level occurs at heights lower than over drier soils.
Finally, we find that cloud formation occurs earlier over
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drier soils than over wetter soils because of the faster
boundary layer growth over drier soils. The strength of
the different processes that may influence the formation
of boundary layer clouds is quantified by an analysis of
the individual contributions to the tendency of the rela-
tive humidity at the top of the mean cloud layer and will
be discussed in section 4.2.2.

4.2.2 Effect of atmospheric stratification and
moisture content

In this section the effect of different initial profiles of lig-
uid water potential temperature and total water mixing
ratio on boundary layer and cloud development will be
assessed. First, the influence of different thermal strati-
fications is examined. For this purpose results of simu-
lations in a more stably stratified environment (i.e., set
M_STABLE) and runs with a less stable stratification
(i.e, set L_STABLE) are compared to those utilizing the
standard setup (i.e., set STD). The corresponding ini-
tial profiles of liquid water potential temperature are dis-
played in Fig. 1. Each set consists of sixteen simulations
with soil moisture saturation ratios between o = 0.25
and o = 1.0 (see Table 2).

Fig. 9 compares the profiles of liquid water poten-
tial temperature obtained from simulations with differ-
ent stabilities by showing the corresponding profiles at
18:00 UTC (corresponding to 12:00 local time). For il-
lustration, only results of a wet and a dry soil case are
compared with corresponding results using the same soil
moisture contents but different thermal stratifications.
For the wet case a surface soil moisture saturation ra-
tio of o = 0.9 is used, while for the dry case the soil
moisture saturation ratio was chosen to be o = 0.25. It
can be seen that in the more stable case regardless of
the soil moisture content a shallower boundary develops
compared to the standard case owing to a slower bound-
ary layer growth. In contrast, in the less stably stratified
atmosphere the boundary layer is growing much faster
compared to the standard case. For dry soil the differ-
ences in boundary layer heights amount to about 500 m
in the stable case and to about 800 m in the less sta-
ble case relative to the run with standard stratification.
Due to the smaller increase of potential temperature with
height above the boundary layer in the less stably strat-
ified atmosphere, the air that is mixed into the bound-
ary layer is colder than in the standard case. This re-
sults in a colder boundary layer. Similarly, the bound-
ary layer is slightly warmer in the case of a more sta-
ble stratification, since due to the larger lapse rate above
the boundary layer warmer air than in the standard case
is entrained into and mixed with the boundary layer air
masses. The features described above can also be seen
over wet soil. However, over wet soil the differences be-
tween the different temperature profiles are not as pro-
nounced as over dry soil, but the tendencies are similar
to those observable over dry soil.

With respect to the simulated cloud cover our re-
sults are summarized in Fig. 10, where the dependence
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Figure 8: Temporal development of (a) cloud cover, and (b) cloud base height and cloud top height for soil saturation ratios o~ of 0.25, 0.50,
0.71, and 0.9, respectively (results derived from the reference simulation and simulation set STD). Line patterns as in Figure 6, cloud top
heights in black, cloud base heights in grey.
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Figure 9: Profiles of liquid water potential temperature for the less stably, the standardly, and the more stably stratified case. Shown are
profiles over (a) dry soil with oo = 0.25 in the left panel, and (b) over wet soil with o = 0.9 in the right panel (results derived from simulation
sets STD, L_STABLE, and M_STABLE). All profiles are 1-h averaged centred at 18 UTC.



Meteorol. Z., 23, 2014

A. Chlond etal.: The effect of soil moisture and atmospheric conditions

503

0.2
0.16
o L
> L
e}
Y012
o L
>
O -
O L
% 0.08
g -
: O M_STABLE
L O ST _|
0.04 | & L_STABLE 1
I o ]
o o I 1 1 1 I 1 1 1 I 1 1 1
8.20 0.40 0.60 0.80 1.00
(o)

Figure 10: Dependence of the time averaged (averaging interval 15:00 UTC-24:00 UTC) cloud cover on soil moisture content is shown for
a more stably (circles), the standardly (squares), and a less stably (diamonds) stratified atmosphere, respectively (results from simulation
sets STD, L_STABLE, and M_STABLE). Lines are quadratic fits to guide the eye.

of the time averaged (averaging interval 15:00 UTC-
24:00 UTC) cloud cover on soil moisture content is
shown for the more stably (circles), the standardly
(squares), and a less stably (diamonds) stratified atmo-
sphere, respectively. In the more stably stratified case
one can clearly see that for very dry soils cloud devel-
opment is suppressed and nearly not noticeable. With
increasing soil moisture content a broad range exists
in which cloud cover is monotonously increasing un-
til the curve saturates. In the standard case, clouds al-
ready form over dry soil. Again, the average cloud cover
increases monotonously with increasing soil moisture
content, and for the wettest soil the average cloud cover
is nearly twice as large as over dry soil. In contrast, in
case of a less stably stratified atmosphere, the largest
time averaged cloud cover (17 %) occurs over the dri-
est soil. This is about two times larger than over the
same surface with standard atmospheric stratification.
Increasing soil moisture content slightly reduces cloud
cover until it reaches a broad minimum with a value of
14 % at a soil moisture saturation ratio of o~ = 0.5. With
a further increase of the soil moisture content, the cloud
cover increases again. Over the wettest soil the time av-
eraged cloud cover arrives at 17 % which is compara-
ble to the value in the corresponding cases with standard
stratification and more stable stratification, respectively.
This means that in contrast to the standard case, where
cloud cover is a monotonously increasing function of
soil moisture, in a less stably stratified atmosphere the
averaged cloud cover is a non-monotonous function of
soil moisture content and gives values for the time aver-
aged cloud cover that are comparable in magnitude over
dry soil and over wet soil. In addition, the variation in
cloud cover as a function of stratification is much larger

over dry soil than over a wet soil, where the time aver-
aged cloud cover is almost independent of the stratifica-
tion. The distinct sensitivities are caused by the fact that
over dry soil, where the sensible heat flux is large rel-
ative to the latent heat flux, the boundary layer growth
which controls cloud development is strongly affected
by the thermal stratification of the atmosphere. Water
vapour is mixed upward by daytime turbulence and ther-
mal driven convection that form clouds at the top of the
rapidly growing boundary layer. In contrast, over wet
soil with small sensible heat fluxes cloud development
is mainly dependent on the magnitude of the latent heat
flux at the surface and is not very much influenced by
the stability of the overlying atmosphere. Similar con-
clusions have been drawn by EK and MAHRT (1994) and
Exk and HOLTSLAG (2004) using a simpler modelling ap-
proach.

In the following, to understand the complex inter-
play of the different processes that may promote or sup-
press the formation of shallow boundary layer clouds,
we will analyse and interpret our LES results by apply-
ing the relative humidity tendency equation at the top
of the mean cloud layer (which is defined here as the
mean cloud top height hycr), i.e. the average height
at which cloud tops occur. This technique has proven
to be a valuable diagnostic tool, because the relative
humidity is a key variable controlling cloud formation
and development in the boundary layer. Many physi-
cal processes that govern the interaction and feedbacks
between the land surface and the overlying atmosphere
are involved in this equation and determine its temporal
evolution (e.g., EK and MAHRT, 1994; Exk and HoLt-
SLAG, 2004; vAN HEERWAARDEN etal., 2010; HUANG
AND MARGULIS, 2011). Using the definition for the rel-
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Figure 11: Scatter plot of time averaged cloud cover and mean relative humidity tendency at the top of the mean cloud layer (mean cloud
top height Aycr) for all runs (utilizing the standard initial total water mixing ratio profile) as simulated with the coupled LES-LSM model

(simulation sets STD, L_STABLE, and M_STABLE).

ative humidity RH = r,/ry, the tendency equation for
the relative humidity at the top of the mean cloud layer
can be written (see e.g., EK and MAHRT, 1994) as fol-
lows:

() (Lom)
RH Ot - ry Ot c=hyer

e (e
Fvs dr z=hmer

ot

where r, denotes the water vapour mixing ratio, ryg is
the saturation water vapour mixing ratio, dry /dT is the
slope of the saturation mixing ratio-temperature curve,
T is temperature, 6 is potential temperature, Hy is the
scale height of the atmosphere, R is the individual gas
constant for dry air, ¢, is the specific heat at constant
pressure, and Ayjcr is the mean cloud top height. The
three terms on the right hand side of Eq. (4.1) denote the
following relative humidity tendencies as the result of

_ 8 Ohmer
or )
“.1

z=hmer CP

* boundary layer moistening/drying due to a latent sur-
face heat flux and/or an entrainment flux that trans-
ports drier air from the free atmosphere into the
boundary layer;

* boundary layer warming due to sensible surface heat
flux and entrainment of warmer air at the top of the
boundary layer;

* an increase of boundary layer depth that results in an
increase of relative humidity as for a given potential
temperature the actual temperature in the cloud layer
will decrease with boundary layer growth.

The relevance of these different processes for the
cloud development in different atmospheric and soil
conditions will now be evaluated using data from our
LES runs. Here, we calculated the different terms
in Eq. (4.1), and they were additionally averaged
over time; time averages are taken over the period
15:00-19:00 UTC for the less stable cases and 16:00—
20:00 UTC for the standard and the more stable cases.
First, Fig. 11 demonstrates that the relative humidity ten-
dency concept is a useful idea to predict cloud develop-
ment, because it shows a clear (linear) relationship be-
tween mean cloud cover and the relative humidity ten-
dency. In Fig. 12 the various terms that contribute to
the relative humidity tendency are plotted as a function
of the soil moisture content separately for the different
thermal stabilities. For all stability classes the boundary
layer warming term tends to reduce the relative humid-
ity in the boundary layer as a result of a surface heat flux
and an entrainment heat flux at the top of the boundary
layer. The reduction in relative humidity is of the same
magnitude for all stabilities and decreases with increas-
ing soil moisture content. Similarly, the boundary layer
moistening term is always negative for less stable condi-
tions, because the entrainment drying is larger than the
moistening of the boundary layer due to a positive sur-
face moisture flux. For the standard case and especially
in the more stable case, the boundary layer moistening
term changes sign and becomes positive with increasing
soil moisture contents, because due to the slower bound-
ary layer growth less dry air is entrained into the bound-
ary layer. The boundary layer cooling term due to the
boundary layer growth which tends to increase the rela-
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Figure 12: Various terms that contribute to the relative humidity tendency at the top of the mean cloud layer (mean cloud top height Aycr
are plotted as function of the soil moisture content for (a) less stable conditions, (b) the standard case, and (c) the more stable case derived
from simulations with the coupled LES-LSM model (simulation sets STD, L_STABLE, and M_STABLE). Shown are tendencies of relative
humidity due boundary layer moistening (circles), boundary layer warming (squares), adiabatic cooling (diamonds), and the total tendency

(stars), respectively.

tive humidity is the dominant term in the relative humid-
ity tendency equation for all stability classes. However,
in the case of more stable conditions and in the standard
case the sum of boundary layer warming and boundary
layer drying more than compensates the adiabatic cool-
ing over dry soil resulting in small relative humidity ten-
dencies. These total tendencies otherwise increase with
increasing soil moisture content and are largest over the
wettest soil. In contrast, for less stable conditions the
boundary layer growth over dry soil is much faster than
in the standard and the more stable cases, because less
work has to be done against the buoyancy forces. As
a result, the boundary layer cooling term balances out
or even overcompensates the boundary layer warming
and drying terms producing a flat total relative humidity
tendency curve that varies weakly with increasing soil
moisture content.

In the following, the influence of the atmospheric
moisture content on the boundary layer development
is examined. Here, we explore the sensitivity of the
model results with respect to a shift of the initial to-
tal water mixing ratio profile. This investigation is
motivated by an understanding that besides the ther-
mal stratification the atmospheric moisture content is
the most important thermodynamic variable that de-
termines the boundary layer and cloud development.
First, we performed additional runs, where the initial to-
tal water vapour mixing ratio has been increased (de-

creased) by 1gkg™! at every grid point (see Fig. 1
that displays the different initial profiles). Simulations
have been performed for the whole spectrum of soil
moisture contents and thermal stratifications (simula-
tion sets STD, STD_DRY, STD_MOIST, L_STABLE,
L_STABLE_DRY, L_STABLE_MOIST, M_STABLE,
M_STABLE_DRY, and M_STABLE_MOIST, see also
Table 2). The results of these runs are shown in Fig. 13,
where the mean cloud cover is plotted against soil mois-
ture content. Obviously, in a slightly dryer atmosphere
no clouds develop over dry soil in the standard and
the more stable case. However, if the soil moisture
saturation ratio o exceeds 0.4, the mean cloud cover
monotonously increases with soil moisture content un-
til a saturation value is attained in the limiting case of a
water saturated soil. In the less stable case, the coupling
between the soil moisture and cloud cover is weak, as
the mean cloud cover is almost independent of o. In a
moister atmosphere cloud development is possible even
over dry soil. Again, mean cloud cover increases with
increasing soil moisture content for the more stable and
the case with standard stratification. In case of less stable
stratification, mean cloud cover is largest over dry soil
and decreases with increasing soil moisture content. Fi-
nally, we would like to point out that in the limiting case
of a water saturated soil, the mean cloud cover appears to
be almost independent of the stratification and depends
only on the atmospheric moisture content. In the dry at-
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Figure 13: Time averaged (averaging interval 15:00 UTC-24:00 UTC) cloud cover versus soil moisture content for a more stably (circles),
the standardly (squares), and a less stably (diamonds) stratified atmosphere, respectively, as simulated with the coupled LES-LSM model in
(a) a dry atmosphere, in which the initial total water mixing ratio profile has been shifted by —1 g/kg relative to the standard profile (results
derived from sets STD_DRY, L_STABLE_DRY, and M_STABLE_DRY), and (b) in a moist atmosphere in which the initial total water
mixing ratio profile has been shifted by +1 g/kg relative to the standard profile (results derived from sets STD_MOIST, L_STABLE_MOIST,

and M_STABLE_MOIST). Lines are quadratic fits to guide the eye.

mospheric case, the mean cloud cover amounts to 12 %,
in an atmosphere with the standard moisture profile a
value of 17 % is attained, and in the moist atmospheric
case, an average cloud cover of 22 % is attained in the
limiting case of a water saturated soil. We have to ad-
mit that the limited sensitivity of mean cloud cover to
variations of atmospheric stability in the limit of a wa-
ter saturated soil is a feature that we have not fully un-
derstood. This behaviour can probably partly explained
by the fact that the boundary layer growth rate over wet
soil is greatly reduced for all stabilities. Moreover, this
feature is consistent with the results of our relative hu-
midity tendency analysis which reveal that the interplay
of the different processes results into a total relative hu-
midity tendency that is insensitive to variations of static
stability but depends on soil and atmospheric moisture
content.

Second, a similar analysis as above has been per-
formed for cases in which the initial moisture profile
has been modified only between 1300 m and 2500 m

and in the free atmosphere, where the initial mean
total water mixing ratio is assumed to be constant
with height. The initial total water mixing ratio pro-
file has been varied for heights above 2500m in
steps of 2gkg™! beginning with an initial total wa-
ter mixing ratio of ryyp, = 1gkg™' and ending with
Ittop = 5.0gkg™!. Linear interpolation was used to
obtain values at intermediate levels between 1300 m—
2500 m (see Fig. 1). Simulations have been performed
for all stratifications and the full spectrum of soil mois-
ture contents (simulation sets STD, STD_DRY_FA,
STD_MOIST_FA, L_STABLE, L_STABLE_DRY_FA,
L_STABLE_MOIST_FA, M_STABLE, M_STABLE_
DRY_FA, and M_STABLE_MOIST_FA, see also Ta-
ble 2). In Fig. 14 we see that in the cases of more sta-
ble and standard stratifications mean cloud cover is only
slightly affected by moisture content in the free atmo-
sphere. This is understandable, because boundary layer
growth is rather slow even over dry soil in these cases.
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Figure 14: Time averaged (averaging interval 15:00 UTC-
24:00 UTC) cloud cover versus soil moisture content for
(a) less stable stratification (results derived from sets L_STABLE,
L_STABLE_MOIST_FA, L_STABLE_DRY_FA), (b) standard
stratification (results derived from sets STD, STD_MOIST_FA,
STD_DRY_FA), and (c) more stably stratified atmosphere (re-
sults derived from sets M_STABLE, M_STABLE_MOIST_FA,
M_STABLE_DRY_FA). Here, the initial total water mixing ratio
profiles have been modified in the interval 1300 m—2500 m and in
the free atmosphere, where the initial mean total water mixing ra-
tio is assumed to be constant with height. Lines are quadratic fits to
guide the eye.

As a consequence, the developing boundary layer is too
shallow to be influenced by air parcels that originate
from heights above 2000 m. In contrast, for a less sta-
bly stratified atmosphere a significant impact of the free
tropospheric moisture content especially over dry soil on
the boundary layer cloudiness is observable. In this case,
the boundary layer appears deep enough so that entrain-
ment of free tropospheric air influences the cloud devel-
opment within the boundary layer. In case of a dry free
atmosphere with a water vapour mixing ratio of ryp =

1 gkg™', the (positive), entrainment flux of moisture in-
creases at the top of the boundary layer i.e., more dry air
is engulfed into the boundary layer tending to reduce the
mean water vapour mixing ratio, which tends to reduce
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the mean cloud cover. Conversely, for ryp = 5 gkg™!
the entrainment flux of moisture is strongly reduced ow-
ing to the smaller difference in total water mixing ratio
between the free troposphere and the top of boundary
layer. This results in a smaller boundary layer drying. As
a consequence, mean cloud cover increases compared to
the standard case with riy, = 3 g kg~!. The largest dif-
ference in mean cloud cover between the rip = 5 g kg_1

and rigop = 3gkg_1 occurs over the driest soil, be-
cause the reduction in the entrainment flux of moisture
is largest here owing to the most rapid boundary layer
growth. These results clearly demonstrate that not only
the water vapour content within the boundary layer in-
fluences cloud development, but that especially in a less
stably stratified atmosphere mean cloud cover depends
quite sensitively on the water vapour content above the
boundary layer. Our results are supported by the findings
of VILA-GUERAU DE ARELLANO (2007) who analysed
thermodynamic profiles taken by radiosondes at the SGP
ARM site at two consecutive nights. He investigated
the role of the nocturnal boundary layer and its layer
above in setting up appropriate conditions for trigger-
ing shallow cumulus convection. According to this study
the most important observed conditions favourable for
cloud formation are a reduction in the potential temper-
ature and moisture jump at the boundary layer-free at-
mosphere interface.

We also performed a relative humidity tendency anal-
ysis for the runs using different initial atmospheric hu-
midity profiles. We did not display results of this anal-
ysis because these are structurally quite similar to those
obtained with the standard atmospheric humidity pro-
file. In the simulations that utilize the shifted humidity
profiles the contributions of the different processes to
the relative humidity tendency remain almost unchanged
with the exception of the term that results from the cloud
layer growth. In the moist (dry) case a larger (smaller)
adiabatic cooling at the top of the mean cloud layer
occurs. This occurs because in the moist (dry) case a
deeper (shallower) cloud layer develops that produces
more (less) vigorous cloud circulations reaching higher
(lower) mean cloud top heights characterized by colder
(warmer) absolute temperatures relative to the simula-
tion that uses the standard atmospheric humidity pro-
file. In those simulations in which only the upper tropo-
spheric moisture content has been increased (decreased)
the potential for shallow cumulus cloud development is
enhanced (reduced) due to a larger (smaller) net rela-
tive humidity tendency. In these cases, the tendencies
due to boundary layer warming and the growth of the
cloud layer height are almost unchanged relative to the
runs that use the standard initial atmospheric humidity
profile. However, the tendency contribution that governs
the decrease in relative humidity due to boundary layer
drying is reduced (less negative) in an atmosphere with
a moister free troposphere (simulation set MOIST_FA )
and is enhanced (more negative) in an atmosphere with a
dryer free troposphere (simulation set DRY_FREE_FA),
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respectively. This is reasonable because the drying of the
cloud layer by entrainment is proportional to the differ-
ence in water vapour mixing ratio at the top of the cloud
layer.

S Summary and conclusions

In this paper the effect of soil moisture and atmospheric
conditions on the diurnal development of shallow cumu-
lus convection over land is investigated using a coupled
LES-LSM. Several simulations have been performed
with different amounts of soil moisture content and
varying profiles of both, liquid water potential temper-
ature and total water mixing ratio in the ABL and in the
free atmosphere.

First, we demonstrated, using an idealisation of an
observed case of shallow cumulus clouds at the SGP site
of the ARM Program on 21 June 1997, that the coupled
model is in principle suitable to reproduce the mean fea-
tures of the diurnal cycle of shallow cumulus convection.
Furthermore, simulated characteristics of the develop-
ing cloud topped boundary layer are consistent with re-
sults obtained in the context of the sixth intercomparison
of GCSS Working Group 1 modelling exercise that ad-
dressed the same case (see BROwWN et al., 2002).

Second, an extensive sensitivity study has been per-
formed in which different initial values of the soil mois-
ture content have been applied, but where the initial at-
mospheric state remained unchanged. Our results con-
firm the hypothesis of EK and MAHRT (1994) and Ex and
HoLTsLAG (2004), and corroborate the results of HUANG
and MARGULISs (2011), that the static stability of the at-
mosphere influences the response of shallow cumulus
convection to variations in soil moisture content. In the
simulations utilizing the standard temperature profile or
a more stably stratified boundary layer, cloud cover is
larger over wet soils than over dry soils. An analysis
of the relative humidity tendency equation reveals that
as a result of the large latent heat flux at the surface,
the largest growth of relative humidity occurs over wet
soils, which tends to promote the development of clouds.
In contrast, over dry soils the turbulent surface moisture
fluxes are smaller and the entrainment of moisture at the
top of the boundary layer is larger compared to the wet
soil case which prevent, together with the slow bound-
ary layer growth due to the more stably stratified atmo-
spheric environment, a sufficient moistening at the top of
the boundary layer. Therefore, the relative humidity ten-
dency is smaller over dry soils than over wet soils result-
ing in a positive soil moisture-cloud cover coupling. In
the case of a less stably stratified boundary layer, the soil
moisture cloud coupling is rather weak, as cloud cover
appears almost independent to variations in soil mois-
ture. Over dry soil vigorous convection develops leading
to fast boundary layer growth producing a strong adia-
batic cooling at the top of the boundary layer. However,
boundary layer warming due to surface heating and en-
trainment warming as well as boundary layer drying par-
tially compensate the tendency in relative humidity due
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to adiabatic cooling. Over wet soil the adiabatic cooling
tendency is greatly reduced, but in the same proportion
also the two compensating processes diminish, thereby
producing a relative humidity tendency curve that is flat
relative to variations in soil moisture content.

Moreover, we note that the variation of cloud cover
due to a change of soil moisture is not only influenced
by the thermal stability but is also strongly dependent
on the atmospheric moisture content. In a dry (moist)
atmosphere mean cloud cover is always smaller (larger)
than in the run using the standard moisture profile (when
comparing among cases with the same thermal stabil-
ity). Remarkably, in a less stably stratified moist atmo-
sphere the largest mean cloud cover occurs over dry
soil and decreases with increasing soil moisture content.
This implies that in a moist atmosphere the total relative
humidity tendency, which is largest in this case over dry
soil, is dominated by the adiabatic cooling term. Another
important result is that in the limiting case of a water
saturated soil (i.e., in the case that the soil moisture sat-
uration ratio approaches one) the simulated mean cloud
cover is independent of the thermal stratification, but de-
pends only on the integrated water vapour content in a
vertical column. The simulations in which only the wa-
ter vapour mixing ratio in the free atmosphere has been
modified, the most noticeable variations of the cloud
amount occur over dry soil in a less stable environment.
In this case, the maximum mean cloud cover again oc-
curs over the driest soil, since the boundary layer growth
is fast enough so that the moisture entrainment flux is in-
fluenced by the air in the free troposphere. In case of a
moister free atmosphere the entrainment flux of mois-
ture is heavily reduced (less mixing of dry air into the
boundary layer) leading to a smaller boundary layer dry-
ing which in turn results in more clouds.

We conclude that soil moisture, atmospheric static
stability, and water vapour content should play an im-
portant and equal role in future modelling and parame-
terization efforts of boundary layer clouds over land be-
cause of their prominent influence on the atmospheric
moisture budget and on the fractional cloud cover. We
hope that those who try to advance the parameteriza-
tion of cloud related processes in general circulation and
numerical weather prediction models may benefit from
our sensitivity study. Since the LES approach is more
fundamental to the simulation of boundary layer cloud
processes, as it explicitly resolves most of the energetic
eddies that do most of the transports, it offers a semi-
empirical basis for parameterization improvement and
development. Results of our sensitivity study may be
used to produce a comprehensive data set on the diur-
nal cycle of shallow cumulus clouds that can be used to
evaluate parameterizations and to identify deficiencies
in these representations of boundary layer processes.
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