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Abstract

A shallow cumulus over land redistributes heat and moisture in the boundary layer, but is also
important on larger scales, because it can trigger severe convection events. Due to its small
(10% - 103 m) spatial scale, this feature is defined as a sub-grid process in mesoscale mod-
els. The goal of this research is to examine the representation of shallow cumulus clouds in
the mesoscale model WRF by reproducing a shallow cumulus situation observed over land. In
particular, we focus on the role of the convection parameterisation in the characteristic vertical
energy transport in the boundary layer. The analysis focusses on the thermodynamic structure of
the boundary layer and on the cloud properties derived from a simple parcel method theory. This
numerical experiment is designed to be as close as possible to the Large-Eddy Simulations (LES)
model intercomparison study of Brown et al. (2002). They concentrated on the representation of
shallow cumulus clouds over land in LES, using data from the American Southern Great Plains
of 21st June 1997. To imitate the dynamic structure of LES, we have designed a Multiple Sin-
gle Column version of WRF. Using identical surface forcing and initial thermodynamic profiles,
WRF boundary layer structure shows good agreement with the LES results. However, the parcel
method indicates that a larger inversion and the absence of a conditionally unstable layer sup-
press shallow cumulus clouds development by WRF. In addition, WRF does not show any cloud
development in terms of cloud liquid water. We show also that a convective parameterisation
is necessary to represent the enhanced boundary layer vertical transport by shallow cumulus

clouds. Different convective parameterisation schemes are analyzed and compared.
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1 Introduction

Shallow cumulus clouds are not only important for the
boundary layer structure, as they redistribute heat and mois-
ture vertically within, but they can also initiate severe con-
vection in regions over land (Lenderink et al., 2004; hereafter
LEO4). In the Mediterranean region all summertime precip-
itation is associated with convective instability (Tuduri and
Ramis, 1997). At a global scale, shallow cumulus convection
forms a substantial part of the Hadley circulation, initiating
deep convection in the tropics (Tiedtke, 1989).

However, shallow cumuli are characterised by spatial
scales smaller than 1 km and therefore their representation

in present large and mesoscale circulation models, used for
climate research or operational purpose, is relatively poor
(LEO4). For a correct representation of vertical transports of
heat and momentum in typical boundary layer circulations,
a resolution of 4 km or smaller is needed (Kuo et al., 1997),
which is a degree of detail in practice that is rarely used. Typ-
ical boundary layer phenomena like shallow cumulus have a
length scale which is smaller than the typical grid size of a
mesoscale model and are, therefore, referred to as sub-grid
scale processes. These processes are not resolved on this
grid size and need to be parameterised. However, mesoscale
models with high horizontal and vertical resolution and ex-
plicit physical parameterisation have become powerful tools
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in research and operational modelling (Kuo et al., 1997); in
that respect, Petch et al. (2002) conclude that the horizontal
resolution should be no coarser than one fourth of the sub-
cloud layer depth (100 - 500 m) to explicitly resolve the key
processes connected to shallow convection, which is com-
putationally expensive. Therefore, considerable efforts have
been made to improve shallow cumulus parameterisations
in models (Tiedtke, 1989, Kain, 2004, Zhu and Bretherton,
2004, Neggers et al., 2007, de Rooy and Siebesma, 2008),
but still, the typical interaction between subcloud and cloud
layer is poorly understood (Neggers et al., 2004). Using the-
oretical and observational analysis such as the mixed layer
model (Zhu and Albrecht, 2002) or a Large-Eddy Simulation
(LES) model (Brown et al., 2002; hereafter BR02, Siebesma
et al., 2003), research has been done on the onset and forma-
tion of shallow cumulus clouds over land. Others compared
the performance of a set of Single Column Models (SCM) to
represent cumulus clouds (LE04).

More recently, specific model studies have focussed to
increase the understanding about the physics and dynam-
ics of shallow cumulus over land (Zhu and Albrecht, 2002;
BRO2; Ek and Holtslag, 2004; LEO4; Vila-Guerau de Arel-
lano, 2007). In contrast to shallow cumuli over the sea, this
process is largely dependent on strong, time varying surface
fluxes. The unsteadiness of the problem case could make it
difficult to model (BR0O2). In this respect, Large-Eddy Simu-
lations can provide detailed diagnostics and allow sensitivity
analysis of individual variables. BRO2 evaluated the relia-
bility of 8 independent LES models simulating shallow cu-
muli over land. This intercomparison has shown great con-
sistency with observations and within the models, and has
therefore proven to be a valuable reference dataset. Further-
more, LEO4 have studied the performance of a set of semi-
operational Single-Column Models. In particular, they em-
phasised the behaviour of different cumulus parameterisation
schemes (CPS) involved. Results show a wide scatter, which
suggests that there is further need for knowledge about the
development and improvement of parameterisation schemes,
particularly in the case of unsteady boundary layer develop-
ment. Both studies are based on an idealisation of observa-
tions made at the Southern Great Plains (SGP) measurement
facility, Oklahoma, USA, during the Atmospheric Radiation
Measurement (ARM) on 21st June 1997. On this particular
day, shallow cumulus clouds developed at the top of a con-
vective boundary layer (BR02).

LES models (BR02) are set up to explicitly calculate
small-scale processes in the atmosphere. Mesoscale models,
like WRF, however, have larger grid lengths and represent
turbulent motions by solving Reynolds-averaged equations.
Subgrid processes have to be parameterised. Up to now, lit-
tle attention has been paid to the performance of a full 3D
mesoscale model to model shallow cumuli over land and the
role of the CPS in this. In our opinion, this is an essential step
in the process of improving parameterisation schemes. In or-
der to investigate it, we select and adapt the mesoscale model
WREF (Skamarock et al., 2005) to carry out a similar numer-
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ical experiment as BRO2. Our methodology is based on a
3D grid raster of identical vertical columns, which can be
interpreted as Multiple Single Columns (MSC), which inter-
act among each other permitting horizontal advection, unlike
the Single-Column Model methodology. Applying the MSC
strategy removes all horizontal land surface heterogeneities,
which can influence convection patterns significantly (e.g.
van Heerwaarden and Vila-Guerau de Arellano, 2008). It
is important to mention that the numerical experiment is de-
signed to be as close as possible to the LES study from BRO2.

The first objective of this study is to evaluate the rep-
resentation of shallow cumulus clouds over land by WRE.
Our approach focuses on the analysis of thermodynamic pro-
files using the parcel method, with special emphasis on atmo-
spheric stability and inversion strength and evolution of im-
portant cloud properties. We use the results of BRO2 to eval-
uate our WREF results. Secondly, depending on these results,
we will discuss the performance of the cumulus parameter-
isation scheme in a mesoscale model, since shallow cumuli
are dependent on the cumulus parameterisation. In particu-
lar we emphasise the role of a CPS in the sub-grid vertical
transport of heat and moisture within the shallow cumulus
boundary layer. Therefore, WRF simulations with and with-
out CPS are analysed and compared. The Kain-Fritsch CPS
(Kain and Fritsch, 1990; hereafter KF) has recently been up-
dated with a new shallow cumulus sub-scheme (Kain, 2004).
For this reason this scheme will be used in our study, but
its performance will also be evaluated against the Grell CPS
(Grell, 1993). The choice of the CPS can greatly affect the
resulting convective behaviour of the model, like the loca-
tion and intensity of convective rainfall patterns in the west-
ern Mediterranean (Buzzi et al., 1994, Callado and Pascual,
2005).

The outline of this paper is as follows. In Section 2, we
will explain the methodology that we have used in this study;
we will elaborate further on the concept of MSC and control
experiment, specify the numerical details and give a short in-
troduction to the parameterisation schemes. In Section 3, the
results will be shown. Conclusions and remarks can be found
in Section 4.

2 Methodology
2.1 Selected meteorological situation

The case is based on observational data of the SGP
ARM measurement site on 21st June 1997. For this study
we will only use the data obtained at the Central Facility (N
36°36°, W 97°29°). Due to the large amount of available
data and the homogeneity and flatness of the land surface,
this site is extremely well suited for this study. Besides, the
day of 21st June 1997 shows ideal conditions for shallow
cumulus cloud formation. During the morning the surface
fluxes increased to a maximum around noon, and as a result
a convective boundary layer developed. Wind direction did
not change in height or time (BR02). As a result, observa-
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tions show the formation of shallow cumulus clouds in the
morning, which persisted during the afternoon and slowly
died down at dawn. Cloud cover data indicate that it did not
exceed 50%. Based on these findings, a LES intercompari-
son study was set up (BR02). A great amount of model input
that has been described in this study will be re-used here, in
order to obtain a valid comparison.

2.2 Control Experiment

Our goal is to reproduce the above-described case
by means of a control experiment. We have chosen the
mesoscale model WRF (Skamarock et al., 2005), which
is widely used for research and operational goals. In the
Mediterranean, WRF is used, among others, to model air
quality in Catalunya (Jimenez-Guerrero et al., 2008) and for
climate predictions (Hahmann et al., 2008). This model can
be representative for the ability of mesoscale models to re-
produce the sub-grid scale shallow convection over land and
microphysics involved. Below, we will focus briefly on the
characteristics of the WRF model. We have used version 2.2
of the WRF-ARW solver. In normal (operational) config-
uration, a mesoscale model like WRF should be provided
with initial and boundary conditions from a global model.
In the current configuration, however, we have chosen to run
WREF with periodic boundary conditions in horizontal direc-
tions, similar to LES simulations. Although periodic bound-
ary conditions prevent us from modelling real-world bound-
ary layers (Moeng, 2006), this technique could be valuable in
evaluating the capacity of WREF to reproduce the shallow cu-
mulus cloud effects and to determine the potential influence
of surface heterogeneity on cloud formation. Furthermore,
the same initial thermodynamic profiles and wind speed are
prescribed at each grid cell in all the domains.

We used 3 domains, with the largest domain of size at
656 x 656 km? (41 grid cells of 16 km grid length), the sec-
ond domain is 164 x 164 km? (41 grid cells of 4 km grid
length) and the third from about 41 x 41 km? (41 grid cells
of 1 km grid length). In each domain we used 60 vertical lev-
els, of which 30 were defined in the boundary layer, to insure
sufficient vertical resolution. The second and third domain
are one-way nested with their parent domain. The domains
are centred on the ARM Central Site. Figure 1 shows the
set up of the WRF numerical experiment, defining three do-
mains with identical initialisation of the vertical thermody-
namic profiles.

The model is run from 21st June 11 UTC (6 LT =6 Lo-
cal Time = UTC - 5 hours) until 21st June 23 UTC (18 LT)
to reproduce the daily evolution. Results are stored every
full hour. It is important to mention that all the results pre-
sented here are spatially averaged within the third domain.
In this respect, we assume that due to the homogeneity of
the domains, the spatially averaged data is identical to the
data of the centred grid point. Note that also BR02 (domain
6.4 x 6.4 km?) made the same assumption, and according to
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their results, it is justified to use this assumption due to the
homogeneity of the land surface.

The initial profiles (6 LT) of potential temperature and
specific humidity, which are prescribed for every grid cell
in all the domains, are shown in Figure 1. These profiles
were suggested by BR02, based on the ARM observations.
They were also used by LEO4. We refer to BO2 for more de-
tails about the construction of the initial profiles. Note that
the sun appears around 6:10 LT on that day. In short, one
can distinguish 4 specific regions in this profile: (a) a very
shallow morning stable surface layer; (b) an early morning
boundary layer (up to 800 m); (c) a conditionally unstable
region allowing the CBL (Convective Boundary Layer) to
grow during the day (800 - 2700 m) and (d) a stable region
representing the troposphere (2700 - 5500 m). It should be
noted that, in contrast with LES, the WRF model consists
of vertical air columns, which extend up to the troposphere,
which is about 16 km above the ground in this case. While
the LES initial profiles are prescribed up to 5.5 km (BR02),
we have to extrapolate the profiles vertically; a constant po-
tential temperature decrease between 5.5 and 16.5 km height
of 3.772 K km~* and a linearly decreasing mixing ratio from
3t00gkg! from 3 to 5.5 km and a zero mixing ratio above
that height has been applied. Similar to BR02, we have initi-
ated the simulation with a wind of U = (10,0). The roughness
length has been fixed to the value suggested by BR02, which
led to an improvement of the surface flux values compared to
the case with a default roughness length.

In BRO2 the surface turbulent fluxes are prescribed dur-
ing the whole simulation. In our study, we decide to allow the
surface flux to be coupled with the atmospheric condition,
but to adjust it as close as possible to the surface forcings
used in BRO2. A detailed description of the surface scheme
can be found in Braun and Tao (2000) (Appendix B) and
Steeneveld et al. (2008). Therefore, we have modified some
surface parameters of the sensible and latent heat flux. In
Table 1, the values of these prescribed parameters are given.
Soil moisture is an important parameter, because it is directly
used in the surface parameterisation to calculate the latent
heat flux.

In our experiments, skin temperature has been de-
creased compared to the reference value, because the morn-
ing values of the sensible heat flux showed large negative val-
ues, even after sunrise, which is intuitively not realistic. Ap-
parently, with a default skin temperature, the problem raised
that in the early morning hours, with a small initial difference
between skin and air temperature, the air temperature already
started to increase, while the skin temperature remained con-
stant. As a consequence, the temperature difference became
too low, and so did the sensible heat flux.

The soil temperatures are therefore adjusted in order
to insure a realistic initial flux partition. The first layer is
1 K warmer than skin temperature, so the soil heat flux is
directed upwards before sunrise. The temperature evolu-
tion shows a realistic behaviour: skin temperature extends to
the first ground temperature at 7:30 LT -corresponding to a
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Figure 1. Sketch of the numerical set-up in the mesoscale model WRF (not to scale). The initial profiles of specific humidity (left) and

potential temperature (right) and wind speed are also shown.

positive sensible heat flux, which is about 1.5 hour after sun-
rise.

Large-scale advective fluxes were relatively small com-
pared to the local surface forcing, and LES model tests
proved that these terms have only a minor impact on the sim-
ulations (BR02). Therefore, no large-scale fluxes are pre-
scribed in our simulations.

In this study, we focus on modelling shallow convection
with a mesoscale model. In this respect, the problem arises
that a shallow cumulus has a typical length scale which is
smaller than the grid size from the model. In other words,
shallow cumulus is called a sub-grid scale feature. This
means that effects of shallow convection is not represented
by the model and it is required to use a parameterisation to
account for the transport driven by shallow cumulus convec-
tion.

Earlier work has demonstrated the advantage of a CPS
that directly calculates moist convective updrafts, in partic-
ular Kain-Fritsch and Grell (Wang and Seaman, 1997). The
scheme developed by Grell (Grell, 1993; Grell et al., 1995)
is currently considered by the mesoscale modelling commu-
nity as a scheme that performs well with typical grid sizes
of a few kilometres (Kuo et al., 1997). The recently up-
dated scheme is using an ensemble technique that is used in
WREF (Grell and Devenyi, 2002). On the other hand, previous
studies show positive results with KF CPS, comparing differ-
ent parameterisations (Gochis et al., 2002); others report that
KF provided a very realistic representation of sub-grid-scale
moist convection, studying intense Atlantic cyclones (Kuo
et al., 1996); another study concluded the KF scheme to be
the most robust simulating six different cases on the US con-
tinent (Wang and Seaman, 1997). However, it remains un-
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clear which physical mechanisms cause the KF scheme to
outperform other schemes in these cases. Liang et al. (2004)
studied the diurnal evolution of precipitation in the USA,
using KF and Grell in the MMS5 model. They concluded
that both schemes have their strong and weak points, but no
scheme outperformed the other. Differences were attributed
to the fact that KF is responsive to boundary layer forcing,
while Grell is more reactive to large-scale tropospheric forc-
ing (Liang et al., 2004). Furthermore, as described in detail
below, the new KF-ETA version (Kain, 2004) includes a par-
ticular shallow convection sub-scheme. For these reasons,
we have chosen to focus on the KF parameterisation scheme
in this study. In order to justify this choice, we have included
a short comparison between Grell and KF in the results.

The Kain-Fritsch scheme, which is used in this study,
has been derived from the original Fritsch-Chappell scheme
(Fritsch and Chappell, 1980). Until now, it has been up-
dated and improved several times (Kain and Fritsch, 1990
and 1992). The latest version, which is included in the WRF
model code, has been successfully tested in the ETA model
(Kain, 2004). This version contains a new shallow cumu-
lus convection scheme. Briefly, the KF CPS is a mass flux
scheme, which includes updraft and downdraft calculations.
It uses the Langragian parcel method, which determines on
which vertical model levels instability exists, if that layer
would be available for cloud growth (updraft source layer),
and, if so, which type of cloud then satisfies the ambient con-
ditions (Kain, 2004).

As mentioned, in the KF-ETA version (Kain, 2004), a
new parameterisation for shallow cumulus convection has
been implemented. Shallow convection is activated only if
all conditions for deep convection have been satisfied, except
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Table 1. Surface parameters prescribed in the WRF simulations to reproduce the surface forcing of BR02.

Variable/parameter Units Value
Fixed parameters

Albedo - 18%

Soil moisture availability - 48%

Roughness Length m 0.035

Thermal Inertia calem 2k~ s71/2 4

Surface heat capacity per unit volume Jm 3 K™! 25.10°

Variable parameters

Surface Pressure Pa 100562.9

Skin Temperature K 297

Ground Temperatures K Depth =1 cm: 298
2 cm: 298.1
4 cm: 298.3
8 cm: 298.7
16 cm: 293.3

that the minimal cloud depth is not exceeded. This cloud
depth varies as a linear function of the temperature of the
lifting condensation level (between 2 - 4 km). The deepest
“shallow” cloud layer (with cloud depth>0) is then activated.
In contrast with deep convection, the final updraft calcula-
tions mass flux decay is set linearly to the decreasing pressure
within the cloud layer; at least this is qualitatively compara-
ble to earlier LES results (Kain, 2004). The shallow cumulus
clouds are also modulated by a different closure assumption.
The cloud base mass flux M, is assumed to be a function
of Turbulent Kinetic Energy (TKE). The subcloud maximum
value of TK E,,,, (typically less than 10 m? s~2) is used to
quantify this mass flux.

2.3 Methods to analyze the model results

Before discussing the results, the main variables and
methods used to analyse the results must be defined. In this
study, we focus on the analysis of the structure of the vertical
thermodynamic profiles, to discuss if, from a point of view of
thermodynamic theory, clouds can potentially form. More-
over, we discuss the temporal evolution of these clouds, with
emphasis on important level identification and cloud liquid
water. In this respect, we define four important conditions for
the formation of shallow cumulus (Vila-Guerau de Arellano,
2007): (a) a lifting condensation level below the inversion;
(b) absence of a temperature jump at the inversion; (c) a con-
ditionally unstable temperature slope and (d) the possibility
for a potential cloud to grow vertically up to the limit of con-
vection. Note that these conditions are also used to define the
initial potential temperature profile (BR02). Our analysis is
based on determining the vertical structure of the profiles of
0, and g7 in relation to the conditions mentioned above.

In the analysis we will emphasise the strength of the
inversion and identification of stability regimes within the
boundary layer, related to the conditions above. Below, we
describe briefly the analysis applied to calculate the stratifi-
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cation stability of the thermodynamic profiles. Our analysis
is based on the parcel method: a parcel is released at the sur-
face and follows a theoretical vertical profile. By comparing
the adiabatic profile of the parcel with the ambient profile, we
can identify the stability of each different part of the bound-
ary layer. Well-known relations describe the dry and moist
adiabatic profiles. See e.g. Stull (2000) for definitions and
more details.

In order to insure the formation and vertical develop-
ment of clouds (see condition (d)) it is necessary that, in the
cloud layer, the parcel remain warmer than its environment
as itrises. Therefore, a conditionally unstable layer should be
present (condition (c)), i.e. a layer with a temperature lapse
rate which is not higher than the moist adiabat (stable). If the
ambient lapse rate is stable, convection will be damped.

The analysis also focuses on the identification of impor-
tant levels that define the depth of the cloud layer. For air at
a pressure P, the saturation level is found by dry adiabatic
ascent of an unsaturated air parcel, to the pressure level, Py,
where the parcel is just saturated with no cloud liquid water
(Stull, 1988). This level is also known as the lifting conden-
sation level (LCL). In the profiles, the LCL is the boundary
between the unsaturated regime (the subcloud layer) and the
saturated regime (the cloud layer). The height of the LCL can
be calculated in different ways; in this study we are using the
empirical formula developed by Bolton (Bolton, 1980):

Rrcr = —— + 56 (D

_1 + In Tg
Tq—56 800

in which 7" and Ty are the absolute and dew point temper-
atures (°C), respectively, at the first model vertical level.
Because the air remains unsaturated, and therefore follows
an unsaturated adiabat, we can make use of the integrated
form of Equation 1 to obtain the height of the LCL. This
height identifies the position of the LCL. Consequently, we
can evaluate condition (a) by comparing the LCL height and
the boundary layer height Z;. Moreover, the height of the
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Figure 2. WRF modelled and prescribed surface fluxes on 21st June 1997. The modelled fluxes (averaged over the smallest domain) are
shown in full lines. The dashed lines represent the prescribed surface forcings, which are fitted through observational flux values (BR02).
The values at 6 LT are not shown, because they are absent in LES and zero in WRE.

LCL is the height where condensation starts; therefore we
will use the LCL height as cloud base.

Besides the analysis of the thermodynamic character-
istics of the convective boundary layer, it is helpful to de-
termine the possible occurrence of clouds and analyse their
properties. Therefore we will estimate the cloud base, cloud
top and depth and compare the WRF with the LES results. In
addition, the convective available potential energy (CAPE) is
an appropriate variable to define the energy of a cloud layer,
as it is a measure of the intensity of vertical motion of indi-
vidual air parcels. Moreover, CAPE is used as the variable
to close the mass flux scheme in Kain-Fritsch, as discussed
before.

3 Results
3.1 Evaluation of surface turbulent fluxes

The formation of shallow cumulus over land is strongly
dependent on the diurnal evolution of surface turbulent
fluxes. In this respect, our goal was to obtain similar fluxes in
WREF compared to LES. Figure 2 shows the sensible heat flux
and the latent heat flux calculated by WRF and prescribed by
LES. Notice that the WRF surface fluxes are calculated ac-
counting for a land-atmosphere interaction. As mentioned,
surface parameters were adjusted in order to obtain similar
surface turbulent fluxes. Note that the surface layer is charac-
terised by a friction velocity, related to the roughness length,
which has been prescribed in the simulations with a simi-
lar value as in BR0O2 (see Table 1). The sensible heat flux
maximum approximates 140 W m~?2 and the latent heat flux
maximum is approximately 490 W m~2, which are both very
comparable to the prescribed LES fluxes.
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3.2 Diurnal Boundary Layer Structure

Similar magnitude and diurnal evolution of the calcu-
lated surface turbulent fluxes in WRF with the LES results
shown in the previous subsection allow us to extend the anal-
ysis by comparing the boundary layer structure evolution of
WREF and LES during the day. Figure 3 shows the vertical
profiles of 0, and ¢ of LES and WREF for three time steps:
11 LT, 14 LT, and 17 LT, in order to analyse the development,
the peak activity and breakdown of the shallow cumulus dur-
ing the day, respectively. Note that daylight is present from
6:10 LT and the sun sets around 20:50 LT. The dry and moist
adiabatic profiles, which are constructed as described in the
previous section, are also included. It is interesting to look
at the difference between the analysis with the parcel method
and the model results. Therefore, we have also added the
cloud base and top calculated by LES.

The WRF results are averaged over all grid points
within the (smallest) domain. Note that we did not include
observational data in this analysis since we assume LES to
be consistent with observations (BR02). LES data repre-
sent a more detailed temporarily and spatially averaged at-
mospheric state than observations.

At 11 LT, a well-mixed boundary layer has developed
with a bulk temperature of about 305.5 K for WRF and about
306 K for LES. The mixed layer total specific humidity is
around 16 g kg—! for both models; LES is slightly drier than
WRE. The mixed layer calculated by LES extends up to about
800 m, while the WRF profile shows a deeper mixed layer
from about 1200 m. This difference can be caused by the
fact that we used the Medium-Range Forecast (MRF; Hong
and Pan, 1996) boundary layer scheme in WRE, which has
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Figure 3. Vertical profiles of virtual potential temperature (6.,
left) and total specific humidity (gr, right) from WRF (full) and
LES (dashed), for three time steps during 21st of June 1997: 11 LT
(above), 14 LT (middle) and 17 LT (below). The dry and moist
adiabats that belong to WRF profiles are also included (dotted).
The horizontal lines represent the cloud base and top calculated by
LES. They are defined as the lowest and uppermost level at which
qr > 0, respectively.

a tendency to overestimate boundary layer growth (Zhong
et al., 2007). A sensitivity test using the Eta-Mellor-Yamada
(ETA; Janji¢, 1994) boundary layer scheme did show some
better results regarding the determination of boundary layer
height, because it creates a shallower boundary layer, but also
showed a large bias in mixed layer temperature and humid-
ity. Analysing the LES results, if we focus on the region
above the boundary layer, we find the smaller lapse rate in
LES between the cloud top and 2500 m; this indicates a con-
ditionally unstable tropospheric layer, which is a necessary
condition for shallow cumulus growth further during day-
time, as we mentioned in the previous section. The cloud
can potentially develop to the level where this regime ends
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(about 2.5 km high), and even higher, when it loses all its
positive buoyancy by overshooting into the stable region. In-
stead, WRF lapse rate is higher than the moist adiabat, and is
therefore defined as absolutely stable; this regime suppresses
cloud growth. Another effect of the difference between the
lapse rates above the mixed layer in WRF and LES is that the
temperature is clearly lower in the region between 2 and 3 km
height for LES compared to WREF. Therefore a parcel with a
similar temperature could rise much higher in this layer in
LES compared to WREF, because its buoyancy remains posi-
tive at higher altitude.

Both the conditionally unstable layer in LES and the
absolutely stable layer in WRF above the inversion are also
seen at 14 LT and 17 LT. It is remarkable that, despite the
equivalent initial profiles, WRF and LES shows a clearly dif-
ferent profile between 2000 and 3000 m later on during the
day.

By analysing the LES results in terms of cloud forma-
tion, we find that shallow cumuli have developed already,
with their base around 900 m and top around 1200 m. On the
first sight, this corresponds with the cloud layer that we can
expect from the LES profile, assuming similar adiabat lapse
rates as WRE. Instead, the adiabats indicate that a cloud layer
is still absent in WREF, and a distinct inversion layer already
appears around 1200 m. The temperature increases about 2 K
within only 200 m. Notice that a temperature inversion will
complicate the onset and vertical development of clouds, so
it can be a significant reason for the absence of a cloud layer.

At 14 LT, the well-mixed layer has developed to the
level of 1700 m in the case of WRF and to 900 m in the
case of LES. The temperature of the mixed layer has also
increased: temperature is now around 307 K for WRF and
308 K for LES. The specific humidity is about 16 g kg~! for
both models.

The inversion layer in WRF is positioned around
1700m. A temperature difference from about 3 K and a
drying-out from 15 to 9 g kg~! exists between the mixed
layer and the troposphere, so the inversion -which negatively
affects shallow cumulus formation- has been developed fur-
ther. LES shows a small capping inversion, which is verti-
cally extended between 1100, and 1600 m. The inversion is
less sharp and less strong than the inversion in WRF; there is
only a temperature difference of about 2.5 K over 500 m. The
specific humidity does even not show an inversion, rather a
transition between the well-mixed layer -with constant ¢ with
height- and the cloud layer -decreasing g with height.

If we concentrate on the dry and moist adiabats, we find
that a parcel starting with the WRF surface values would as-
cend up to 1200 m until it saturates. There it potentially can
form clouds, up to 1600 m where the parcel again becomes
cooler than the environment. So a possible cloud layer could
be formed between 1200 and 1600 m. The cloud base ac-
cording LES is around 1100 m, which is slightly lower than
according to WREF. If we use the same adiabatic lapse rate as
WRE, we expect a cloud layer extending up to 2500 m alti-
tude. This corresponds with the model results from LES: the
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depth of the cloud layer is much greater than in WRF, with
the cloud top around 2550 m, reaching a depth of more than
1.5 km. Indeed, it can be seen, as just described, that the
cloud overshoots into the stable region above.

At 17 LT, the WRF mixed layer is about 2 K cooler
and 1 g kg~! moister than LES mixed layer. Moreover, the
temperature inversion from WRF appears to be less strong,
which would indicate better conditions for cloud formation.
On the other hand, in terms of humidity, we see an extreme
dry-out of the layer above the cloud layer. The specific
humidity decreases quickly from 15 g kg~—! at 1700 m to
3 g kg~! at 2100 m. The specific humidity profile of LES
does not show this sharp inversion; the humidity is decreas-
ing slowly with height throughout the whole cloud layer. We
see that due to the lack of moisture, the cloud layer devel-
oping in WREF is shallow. The adiabats show that a cloud
layer exists between 1300 m and 1800 m. Intuitively, this
cloud layer again corresponds with the cloud layer that could
be constructed using the adiabatic profiles. The cloud base
height agrees well with LES, but again we can see that LES
clouds are more vertically developed (up to 2800 m).

It is interesting to discuss our results from WRF with the
results obtained in the single column model intercomparison
study done by LEO4. In this respect, we focus on a SCM with
a similar cumulus parameterisation scheme as used in this
study. MESO-NH (Lafore et al., 1997, Sanchez and Cuxart,
2004) also uses Kain-Fritsch to parameterise convection and
will therefore be used as a reference model. Note that these
SCM’s are provided with 40 levels in the lowest 4 km, so
vertical resolution is comparable with the model used in this
study.

e (a) MESO-NH results show an average mixed layer
temperature of 304 K at 11:30 LT and 306.5 K at
15:30 LT, which is a lower temperature compared to
our results and the results from LES, especially in the
morning. However, it compares very well with the other
SCM’s and the KNMI-LES model shown in LEO4.

e (b) g profiles compare well to results shown here, with
average mixed layer value around 16 gkg ' at 11:30 LT
and 16.5 g kg~! at 15:30 LT. Note that MESO-NH
shows the g profile which is most similar to the KNMI-
LES model of all SCM’s shown in LEO4.

e (c) General boundary layer structure from MESO-NH
is very comparable to LES in the morning (mixed layer
height at 800 m; similar lapse rates), as well as in the
afternoon (mixed layer height 1200 m, similar lapse
rates). It shows a conditionally unstable layer, in con-
trast to other models, which create a distinct inversion
layer, similar as WRF (particularly HIRLAM, but also
ECMWF and ECHAM4). This can be linked with the
mass flux behaviour of the cumulus parameterisation
schemes.

Due to the large scatter in the results shown by LE04,
it is clear that parameterisation schemes largely affect the
boundary layer structure. In this respect, cloud development
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Figure 4. Time evolution of cloud base and top calculated with
WREF and based on LES results. Note that in the case of WRE,
cloud base is here defined as the LCL. The BL height calculated
by WRE, using the Richardson number method, is also given (Z;,
continuous line). The time and LCL height where the mixed layer
model came to saturation is indicated with a black dot.

is also influenced by the parameterisation schemes. Further-
more, the results from MESO-NH indicate that Kain-Fritsch
shows good performance regarding boundary layer charac-
teristics. In the next section, more emphasis will be put on
cloud representation in WRF.

3.3 Cloud Properties

Apart from the analysis of the thermodynamic profiles,
we emphasise the properties of the shallow cumulus clouds
in LES and WREF. In the previous section we have introduced
the theoretical background in order to analyse the clouds.
We start with the further analysis of the conditions for
shallow cumulus mentioned in the previous section, in order
to analyse the cloud properties we can extract from the
theoretical behaviour. Next we compare this theory with the
actual cloud properties that we can extract from the model
results.

A necessary condition for shallow cumulus formation
is that a lifting condensation level should be below the
boundary layer height (condition (a)); if the humidity
conditions are such that air parcels get saturated before
their ascent is limited by a capping inversion, clouds may
develop. Figure 4 shows the cloud base and top from LES
and WREF, together with the boundary layer height calculated
by WRF. We assume that the boundary layer height for both
models have comparable values during the early morning.
As mentioned earlier, cloud base and LCL have equivalent
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Figure 5. Horizontal cross section of the relative humidity (%) at 14 LT for LES (A) and WRF (C) near the height of the LCL (approximately
1060 m, see Figure 3). The cloud liquid water cross section (g kg™") for LES has also been plotted (B). For details see text. Note that the
areas shown in this Figure have different constraints: A and B is the LES domain (6.4 x 6.4 km?) and C represents the third domain of WRF

(41 x 41 km?).

heights. If we apply the condition LCL<Z;, clouds could
potentially form around 10:30 LT for a LCL around 900 m
for LES and around 11 LT with LCL around 1000 m for
WRF. A mixed layer model simulation (Tennekes, 1973)
has also been performed, which is based on simple parcel
theory and uses the same condition LCL<Z; to identify the
start of cloud formation. Moreover, the same surface forcing
as shown in Figure 2 are used. Based on its results, cloud
formation would start around 11:30 LT at a height of 920 m.
The considerable similarity in the results indicate that, based
on typical conditions for shallow cumulus conditions, we
would expect shallow cumulus formation starting around
10-11LT.

Additionally, we focus on the daily evolution of the
cloud depth. Note that the LES cloud base and top shown in
Figure 4 have been calculated by the model itself, while the
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WREF cloud base and top are based on the thermodynamic
analysis shown in the previous subsection. Note that in
the case of LES, the results of the determination of the
height of the cloud base and top between the analysis by
means of the parcel method and the model results show
large similarities. If we concentrate on WREF first, one can
see that the clouds start to form only around 13 LT. The
difference between the predicted onset time by the LCL<Z;
condition could be a consequence of either the idea that this
condition is not or only partly able to predict the onset time
properly, or by an inefficient working of the model itself or
the parameterisation scheme.

However, it is clear that this condition is satisfied in the
case of LES; the predicted cloud onset of 10:30 LT compares
well with the starting time of cloud formation by the model
itself, around 10 LT (see Figure 4). Therefore, we conclude
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Table 2. The predicted time of onset of clouds (LT), according to different methods discussed in this study. For details, see text.

Model Parcel method LCL<Z; Model - cloud liquid water
LES 10LT 10:30 LT 10LT
WRF 13LT 11 LT Never

that the cloud representation in WRF can only be caused by
unrealistic calculations by the model itself.

Concentrating on the LES cloud depth -remember that
this is a model result- we see that the clouds start at 10 LT
and grow rapidly during the morning, reaching a maximum
depth at 12 LT of about 2 km. As mentioned briefly in the
analysis of the thermodynamic profiles, this LES model
cloud depth result is very similar to the cloud depth we could
expect from the adiabatic profiles in Figure 3.

Most of Single Column Models from LEO4 let cloud
condensation start around 10 LT, which is comparable to
the result from the LES model; however, results are largely
scattered in the onset and amount of clouds, depending on
cloud scheme and convection and turbulence calculations
(LEO4). MESO-NH (with Kain-Fritsch CPS) shows a very
realistic cloud fraction, fluctuating from 20 to 60% during
the day, but too little cloud liquid water compared to LES.
This again corresponds to the mass flux behaviour, which is
too active transporting heat and moisture from subcloud to
cloud layer (see Section 3.5).

Summarizing, we can notice that LES (and thus ob-
servations), the mixed layer model and most of the SCM’s
show that the condition LCL<Z; is satisfied during 21st
June 1997. The analysis of thermodynamic analysis gives
additional evidence of the onset and vertical development of
these clouds. Based on this analysis, we expect also WRF
to represent a cloud layer, although it is expected to develop
later on in the day and to be shallower compared to LES.

We have obtained comparable surface forcing (a), a
reasonable boundary layer structure, analysed by the parcel
method (b) and realistic cloud characteristics derived from
theory (c) in WRF compared to LES. Apart from this, the
question arises if WRF reproduces the shallow cumulus in
terms of the formation of cloud liquid water. In this respect,
the model results from WRF are in contrast with the results
described in sections a-c. As a summary, Table 2 gives the
predicted onset of clouds according to the parcel method
(Section 3.2), the condition LCL<Z; (Section 3.3) and
the model results in terms of the formation of cloud liquid
water. It is clear that in the case of LES, the results coincide,
but not in the case of WRF. WRF does not calculate any
cloud liquid water anywhere during the day, which indicates
that the conditions for water vapour condensation are not
satisfied. An explanation for this result is difficult to find,
because it remains unclear whether it is caused by the fact
that the thermodynamic profiles which are provided to WRF
do not satisfy the conditions for real cloud formation, or
WREF is not able to represent shallow cumulus over land,
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even by thermodynamic conditions which correspond to a
typical shallow cumulus boundary layer. On the other hand,
the analysis above has shown the formation of a cloud layer
in WREF, which is not represented by the model itself.

The difference of representation of shallow cumulus in
LES and WREF can be explained by means of the differences
in resolutions and physical assumptions. Due to difference
in grid scales between LES and WREF, LES is able to treat
cumulus convection as an explicit process within a grid box.
It has no cloud scheme, as it calculates cloud liquid water
directly out of temperature and humidity. In the case of a
mesoscale model like WRF, with large grid scales, none
of the grids reach saturation, because shallow cumulus is
a sub-grid effect, which cannot cause a larger grid box to
condense. In order to further investigate this issue, Figure 5
shows the horizontal cross section of relative humidity at the
LCL for both models.

At first, one can see that the average value is compara-
ble, around 89% for LES and 84% for WRF. However, as
seen in the figure, the horizontal variation is much greater
in LES compared to WRF. The relative humidity fluctuates
between 62% and 100% within the domain, while it is
almost constant in WRF around 84.2%. As mentioned, the
LES resolves the large-scale turbulent motions. In this way
it is able to represent vertical motions that are induced by
thermals. Consequently some grid cells can represent a
thermal and will therefore produce a large relative humidity.
In case of relative humidity of 100%, condensation occurs
and cloud liquid water will be formed, which can be seen
in Figure 5. On the other hand, the WRF grid scale does
not permit small-scale thermals to be calculated directly; in
contrast to LES, turbulence is parameterised. Because of this
and the homogeneous surface conditions, there is very little
difference between the relative humidity values between
different grid cells.

More evidence of the effect of different physical param-
eterisations on the calculation of relative humidity is given
by the SCM results in LEO4. Note that SCM results in LE04
show great scatter in case of maximum relative humidity;
its values are estimated around 90 - 98% at 11:30 LT and
85 -100% at 15:30 LT.

The results described above indicate that WRF is able
to represent shallow cumulus convection in terms of the
surface turbulent fluxes, the boundary layer structure and
the cloud properties. On the other hand, the microphysical
representation of shallow cumulus in WRF is poor, due to
the sub-grid scale of this phenomenon.
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Figure 6. Similar to Figure 3, but in this Figure the vertical profiles of the WRF simulation with the Kain-Fritsch parameterisation scheme
(solid), the Grell parameterisation scheme (dashed) and without a parameterisation scheme (dotted) are plotted. Note that the LES results

and the adiabats are not included.

3.4 Convective Parameterisation

As discussed before, shallow cumulus convection is
sub-grid scale effect and therefore requires a parameter-
isation to account for this process in mesoscale mod-
els. In the previous section we mentioned that the cu-
mulus parameterisation schemes developed by Kain and
Fritsch (KF) and Grell (Grell) have shown the best per-
formance with high-resolution models. In this study, we
have compared both schemes. In order to complete the
comparison, we have done an additional simulation
without a CPS. In this simulation (called “explicit”), cloud

Tethys 2009, 6, 51-66

formation is not parameterised, but calculated directly by the
model.

Figure 6 shows the vertical thermodynamic profiles of
the WRF simulations with (Kain-Fritsch and Grell) and with-
out a parameterisation scheme. One can see that the profiles
show comparable structure at 11 LT and 14 LT. Only at 17 LT,
the inversion is much sharper in the explicit simulation and
for Grell, both for temperature and humidity, compared to
the simulation with Kain-Fritsch. The temperature increases
rapidly from 308 K to 311 K at 1700 to 1800 m. In these pro-
files, the top of the boundary layer is characterised by a thin
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Figure 7. Time evolution of convective available potential energy
(CAPE) for WRF simulation with the Kain-Fritsch parameterisation
scheme (black) and the simulation without parameterisation scheme
(grey).

cloud layer at around 1800 m, which is radiatively cooled at
the top. The Grell scheme suggests that WRF temperature
and humidity profiles can potentially cause stratiform clouds
to form, because of the clear inversion layer. KF, on the other
hand, indicates a possible formation of shallow cumulus, but
finally does not come up with any cloud signal, as described
in detail in the previous subsection. It seems that the con-
ditions for cloud formation are satisfied, but, depending on
the parameters within the cumulus scheme, the scheme ei-
ther shows a different type of cloud, or facilitates shallow
cumulus formation, but still finishes without condensation,
because some extra conditions within the shallow cumulus
scheme are not satisfied. Apparently, Grell favours the con-
densation over the whole domain, while Kain-Fritsch favours
the vertical transport but does not trigger formation of cloud
liquid water. This can somehow be related to the findings
of Liang et al. (2004), who found that the Grell scheme re-
sponds mainly to large-scale vertical motions, while Kain-
Fritsch is influenced by near-surface forcing, like in this case.

We have chosen to concentrate on the KF scheme, be-
cause, although no clouds are formed, it shows the most re-
alistic behaviour in terms of the dynamic representation of
the boundary layer. Note that some single-column mod-
els in LEO4 also show stratiform boundary layer clouds
(HIRLAM) or a large overestimation of cloud liquid wa-
ter (ECMWE, ARPEGE, ECHAM4), so this appears to be
a well-known issue. Apparently, the feedback between cloud
formation and microphysics is strongly dependent on the ex-
act formulation of the parameterisation schemes. For all sim-
ulations, we have used the Kessler (Kessler, 1969) micro-
physics scheme. Short test simulations indicated that treating
microphysics explicitly did not improve the results.

The CAPE evolution from a shallow cumulus cloud
layer is expected to show slow fluctuations in time, because
it is a steady phenomenon, which starts in the morning,
grows slowly during the afternoon and dies out as soon as
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the surface fluxes are too small to provide energy input to the
boundary layer. Neggers et al. (2004) show the CAPE evolu-
tion of the LES simulation. Although the definition of CAPE
is slightly different, the daily evolution can be used as a ref-
erence to compare with our results shown in Figure 7. The
CAPE shows a gradual increase in the morning and after-
noon, reaching a maximum at 18 LT and decreasing rapidly
to zero in one hour. Therefore, it is clear that the simulation
of KF shows the largest correspondence with typical shallow
cumulus in terms of the time evolution of the strength of the
cloud layer.

To extend this analysis, we can compare the CAPE of
the simulation with and without a parameterisation scheme.
In this respect, Figure 7 shows the time evolution of CAPE of
the cloud layers for both simulations. This Figure shows that
the CAPE values from KF simulation are relatively constant
in time, increasing from 0.05 to 0.2 m? s=2 from 13 LT to
15 LT and remaining constant around 0.2 m? s~2 afterwards.
According to the explicit simulation, the CAPE increases
strongly during the afternoon from 0.05 to 0.25 m? s~2 and
decreases to zero after 16 LT.

Since KF is the scheme that better reproduces the shal-
low cumulus convection, we decided to analyse further its
performance. As mentioned in Section 2, the KF CPS has a
trigger function to account for large-scale vertical motions.
We have figured out that the working of the trigger function
is not important in this case. Switching it on or off does not
change any result. Apparently, an extra temperature boost
does not have an effect on the convection type (deep or shal-
low) under the current conditions. Probably, it can influence
the strength of the convection; because if the parcel tem-
perature excess is greater, its buoyancy is larger so potential
clouds could be enhanced in their vertical growth. This con-
tradicts with earlier work from Kain and Fritsch (1992) and
Jacob and Siebesma (2003), which clearly state that the trig-
ger function is an essential part of the convection scheme;
this is possibly only valid for more severe deep convection.
LEO04 notices that the trigger function is of minor importance
in this case, because the shallow convection over land is trig-
gered by surface forcing, not by large scale forcing, repre-
sented by a trigger function.

Before the convection parameterisation in KF is acti-
vated, several conditions must be satisfied (Kain, 2004). We
have classified all updraft source layers (USL) according to
these conditions. Firstly, the cloud top height should not
be one vertical model level above the height of the LCL. In
this way, clouds that are too thin will be removed for further
treatment. During the calculation process, about 80% of all
USL’s are rejected for entrance to the convection routine, be-
cause this condition has not been satisfied. Apparently, the
LCL’s calculated by the scheme, which are based on an em-
pirical relation with the dew point temperature, are clearly
overestimated, compared to the results obtained by thermo-
dynamic analysis in this study. We have found that the mini-
mum height of the LCL, calculated by Kain-Fritsch is around
1300 m during the day, while LES and WRF show minimum
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Figure 8. Time evolution of a bulk average of virtual potential temperature (above) and total specific humidity (below) of the subcloud and
cloud layer, from WRF with explicit cumulus calculations (solid) and including KF cumulus parameterisation scheme (dashed). The values

are averages of the smallest domain.

LCL heights around 900 m (see Figure 5). It remains un-
clear why: it is hard to compare both LCL heights, as they
are based on different calculations; our LCL calculation is
based on surface values, while in KF, for each vertical level,
which is a candidate for updraft source layer, the LCL is cal-
culated. Another 6% of possible updraft source layers are
rejected because the cloud top is located within the boundary
layer. Finally, only 13% of all updraft source layers that have
started the first calculations remain at this stage.

In the second stage, the cumulus parameterisation
scheme identifies the possibility of deep or shallow convec-
tion. This selection depends on the following conditions:
whether the scheme chooses deep or shallow convection, is
determined by the depth of the cloud layer (see above) and
the amount of buoyant available energy. All updraft source
layers are rejected for deep convection, because the cloud
depth never exceeds 2 km, which accords with the results
from LES and WREF in Figure 5. As a result, the remaining
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USL’s are used as input in the KF shallow cumulus scheme.
Results show that the first USL in Kain-Fritsch is found
around 13:50 LT. This agrees encouragingly well with the re-
sults of the analysis of the thermodynamic profiles, in which
we have determined the start of cloud formation in WRF
around 13 LT (see Figures 4 and 5). Besides, the calcula-
tions in Kain-Fritsch are based on the identification of differ-
ent levels; we suspect that an increase of vertical resolution
in the model could improve the determination of these lev-
els. Indeed, by defining twice the amount of vertical levels in
the boundary layer, we note that first USL’s were found more
that one hour earlier (12:40 LT), which corresponds better
with the results from the analysis with the parcel method.
We can also analyse the behaviour of the scheme by
discussing the representation of the dynamical behaviour of
shallow cumulus. In this respect, we know that a shallow
cumulus enhances the vertical transport of heat and moisture
from the subcloud layer into the cloud layer. These layers
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are derived from the parcel method analysis from the aver-
age profiles shown above and defined as the layer below and
above the LCL (see Figure 4). In theory, the parameterisa-
tion scheme should be able to represent this sub-grid scale
enhanced transport. In order to discuss this issue, we define
the vertically averaged values of temperature and moisture
of the subcloud layer and the cloud layer. From a theoretical
perspective, a shallow cumulus transports heat and moisture
from the subcloud layer to the cloud layer, which increases
the energy available for cloud formation (LEO4). Figure 8
shows the bulk averages for both layers, represented by the
WREF simulation with Kain-Fritsch scheme and without a pa-
rameterisation scheme. LES results are used as a reference,
because they have shown to correspond to typical shallow
cumulus boundary layer structure. We see that the virtual
potential temperature of the subcloud layer increases during
the day from about 303 K to more than 305 K and the to-
tal specific humidity of the subcloud layer increases from
15.75 g kg~ ! to almost 16.5 g kg—! in the explicit simu-
lation and 16.15 g kg~ ! in the simulation with Kain-Fritsch.
The temperature of the subcloud layer is slightly lower (max-
imum 0.1 K) and the specific humidity higher (0.4 g kg—!)
in the case of the simulation with Kain-Fritsch in comparison
with the simulation without a parameterisation scheme. Note
that the temperature and humidity of the LES simulation are
fluctuating significantly in time. Especially in the case of
temperature it is not clear if the subcloud layer is warmer
or colder for the LES compared to WRF. The temperature
and humidity of the cloud layer also show a diurnal evolu-
tion. The temperature increases throughout the day from 304
to 306.5 K and the humidity decreases from 15 g kg~! to
14 g kg=!. The differences between the simulations of the
cloud layer are less significant but also in this case we can
see that the cloud layer is clearly warmer (maximum 0.5 K)
and mostly moister (maximum 0.2 g kg~ '; except at 16 LT),
according to the simulation with Kain-Fritsch, which cor-
responds to the vertical transport, as discussed before. Al-
though the differences are relatively small, they can be sig-
nificant enough to enhance sub-grid scale cloud formation.
The LES results show a cloud layer with other characteristics
than WRE, because this layer is much deeper in this model.

4 Conclusions

This research has investigated how shallow convection
over land is represented by the mesoscale model WREF.
The case has been based on an idealisation of observations
taken at the Atmospheric Radiation Measurement site in
Oklahoma, U.S., on 21st June 1997 characterised by the
shallow cumulus presence driven by surface forcing with
a strong diurnal variation. WREF results are evaluated with
large-eddy simulations using very similar surface forcing.
The analysis has emphasised the thermodynamic structure
of the boundary layer and the cloud properties. Moreover,
the results are compared with earlier studies based on single
column models. In addition, we study the dependence of
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shallow cumulus on the variability of surface properties by
defining multiple single columns in WRF. The prescribed
vertical profiles represent ideal preconditions for shallow
convection.

In WRE, the surface turbulent fluxes are calculated
assuming a coupling between the land and the atmosphere.
In this respect, we have tuned different parameters in order
to obtain similar diurnal flux evolution as the one prescribed
by LES.

First results indicate that WRF is able to represent the
boundary layer structure relatively well. In particular, mixed
layer temperature and humidity profiles agree satisfactorily
well with LES results. The analysis has been extended to
study the vertical temperature profiles of LES and WRF
using the parcel method to determine the atmospheric
stability at different regions of the boundary layer and the
cloud properties. From this, we have concluded that: (a) the
inversion in WRF is stronger than the inversion simulated
by LES, decreasing the potential for parcels to rise above
that inversion; (b) the conditionally unstable lapse rate
between 2 and 3 km height, which is a necessary condition
for shallow cumulus, is present in LES and absent in WREF;
(c) the clouds start to form in the morning for LES and in
the morning or early afternoon in WRF, depending on the
condition, and reach a maximum depth of 2.5 km for LES
and 1 km for WRFE.

With respect to the formation of cloud liquid water, we
have found that, in contrast to LES, WREF is not producing
cloud liquid water. Therefore, it needs to be noted that the
differences that were found in the evolution of the boundary
layer according to LES and WREF in the analysis with the
parcel method can also correspond to the inability of WRF
to form cloud liquid water.

Shallow cumulus are characterised by length scales
smaller that the typical grid lengths. Consequently, its
representation requires the use of parameterisation of the
cloud dynamic and physics. In the case under study, we
have studied the role of the convective parameterisation in
representing the shallow cumulus convection. In this respect,
we have shown that the use of a cumulus parameterisation
scheme is necessary. Shallow convection parameterisation
enhances the vertical transport of heat and moisture from the
subcloud layer to the cloud layer. In our study two cumulus
parameterisation schemes, Kain-Fritsch and Grell, have
been used and compared with the results from an “explicit”
simulation. Results from this comparison point out that
Kain-Fritsch clearly outperforms Grell and explicit in terms
of the representation of the enhanced vertical transport, as
well as the vertical structure of the boundary layer. On the
other hand, Grell and explicit favour the formation of cloud
liquid water which leads to the appearance of a very sharp
inversion -which does not correspond to typical conditions
of shallow convection. In other words, by using the Grell or
explicit physical options the model tends to perform worse.
These sensitivity analyses pointed out the strong coupling
between cumulus and microphysics parameterisations and
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the difficulty in representing the main properties of shallow
cumulus in terms of convective transport and liquid water
content due to the strong spatial variability within the grid.
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