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ABSTRACT
The multiple-single-column approach is proposed as a new concept to study the boundary layer parameterization scheme in the fifth-generation Pennsylvania State University–National Center for Atmospheric
Research Mesoscale Model (MM5). The results are compared with the Dutch Atmospheric Large-Eddy
Simulation Model (DALES). Numerical experiments were performed over homogeneous and heterogeneous
surfaces under clear convective boundary layer conditions. Identical simulations using MM5 and DALES
were performed, which enabled an evaluation of the MM5 boundary layer scheme with DALES results. From
the experiment with a homogeneous surface, MM5 shows a slightly shallower, colder, and moister boundary
layer than DALES. This result is produced by an underestimation of turbulent mixing near the surface and
less-vigorous entrainment of heat and dry air in MM5. In the heterogeneous surface experiment, the domain is
divided into dry and wet patches, with the result that both models produce a mesoscale circulation. However,
relative to the homogeneous case, larger differences were found between the models in the representation of
the boundary layer dynamics. In DALES, the surface heterogeneity influenced the turbulent motions, making
the mesoscale circulation much stronger (wmax is 6 times as large) than in MM5. Because of this stronger
circulation, the boundary layer height, bulk temperature, and humidity also displayed differences in time and
spatial patterns. Because of the land–atmosphere coupling in MM5, the mesoscale circulation strengthened
the surface flux heterogeneity. Cold and moist air advection close to the surface from the wet patch to the dry
patch increased the sensible heat flux above the dry patch and thus the induced mesoscale flow.

1. Introduction
The performance of parameterization schemes (e.g.,
the boundary layer scheme) in mesoscale models is normally examined by means of observational case studies
(Grell et al. 1994; Zhong et al. 2007; Steeneveld et al.
2008). A shortcoming of this method is that it is very
difficult to discriminate the effects of land–atmosphere
couplings (Ek and Mahrt 1994) in and between the parameterization schemes because of the complexity of
a real situation. A more transparent method is to validate
the parameterization schemes in single-column models
(SCM) against a large-eddy simulation model (LES;
Lenderink et al. 2004). Because of the one-dimensionality
of an SCM, the model is restricted to the prescribed boundary conditions—namely, large-scale external forcing—and
the model has less freedom to adapt internally to variations
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in these conditions. Closely related to this point is that
the influences of horizontal surface variability cannot be
studied. We here propose an alternative concept: the
mesoscale model is initialized and updated with idealized surface and upper air conditions in every grid box
over the entire domain instead of employing the forcing
provided by large-scale atmospheric models such as those
of the European Centre for Medium-Range Weather
Forecasts (ECMWF) or National Centers for Environmental Prediction (NCEP) as is normally used (standard
procedure; Grell et al. 1994; Zhong et al. 2007; Steeneveld
et al. 2008). Simulating a control run in the mesoscale model
enabled us to perform identical numerical experiments over
homogeneous and heterogeneous surfaces using the mesoscale model and the LES, which is a three-dimensional
model in which turbulence is explicitly calculated. This
method will be referred to as the multiple-single-column
(MSC) approach. The MSC approach has as an advantage in that by performing control academic simulations in a mesoscale model (instead of using the standard
procedure) the method retains the benefits of a SCM.
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Another benefit is that the MSC technique can be
used to investigate the influence of horizontal surface
variability on atmospheric phenomena, because we are
able to design experiments with a domain consisting of
multiple grid cells interacting with each other. In this
study we compare the Medium Range Forecast (MRF)
boundary layer scheme (Hong and Pan 1996) from version
3.6.1 of the nonhydrostatic fifth-generation Pennsylvania
State University–National Center for Atmospheric Research Mesoscale Model (MM5; Grell et al. 1994) with
the Dutch Atmospheric Large-Eddy Simulation Model
(DALES; Heus et al. 2010). To this end, we have performed a series of idealized numerical control experiments with the same surface forcing as in DALES using
the MSC technique applied to MM5. From the results of
the experiments, we determine the role of homogeneous
and heterogeneous surface forcing in boundary layer
development.
The first idealized experiment (the homogeneous surface case) was designed to answer the following question:
How are the boundary layer dynamics (e.g., vertical
structure of temperature, humidity and turbulent fluxes,
boundary layer height, and entrainment processes) represented by the MRF boundary layer scheme, which is
a first-order nonlocal scheme (Troen and Mahrt 1986;
Holtslag and Boville 1993), in comparison with DALES
in which turbulence is explicitly calculated? We selected
the MRF scheme because it is specially designed for the
convective boundary layer and has been shown to simulate the daytime boundary layer structures more realistically than do other available schemes (Holtslag et al.
1995; Hong and Pan 1996; Vilà-Guerau de Arellano et al.
2001; Zhong and Fast 2003). To investigate the sensitivity
to entrainment under homogeneous surface conditions,
the results obtained by MM5 and DALES were compared
with data from a mixed-layer model (MXL; Tennekes and
Driedonks 1981). We use MXL because it has an explicit
representation of entrainment, which gives us an additional quantification of the role of the entrainment in the
heat and moisture budget.
A limitation of boundary layer schemes is that the
majority of them are designed for and tested under
homogeneous horizontal conditions. To investigate
their performance over a heterogeneous land surface,
we simulated a second control experiment, involving
two patches with a difference in soil moisture availability. Land surface heterogeneity in soil moisture is
of interest because it has a direct effect on the surface
heat fluxes. In turn, it influences the evolution of boundary layer dynamics (e.g., boundary layer depth and the
structure of temperature and humidity within the
boundary layer) and it generates mesoscale circulations
driven by the thermal forcing differences. The influences

TABLE 1. The parameterization schemes used in the homogeneous
and heterogeneous MM5 experiments.

Cumulus
Moisture
PBL
Radiation
Surface

Domains 1
(837 3 837 km2) and
2 (279 3 279 km2)

Domains 3
(93 3 93 km2) and
4 (31 3 31 km2)

Kain–Fritsch
Simple ice
Medium-range forecast
Simple cooling
Five-layer soil model

None
Simple ice
Medium-range forecast
Simple cooling
Five-layer soil model

on boundary layer dynamics and on the formation
of mesoscale circulations depend on a number of variables, including the heterogeneity length scale, amplitude differences in the surface flux heterogeneity, and
the geostrophic wind (Avissar and Schmidt 1998; Mahrt
2000).
Several theoretical studies have investigated modifications of boundary layer characteristics by surface
heterogeneity (Avissar and Schmidt 1998; Patton et al.
2005; Letzel and Raasch 2003; van Heerwaarden and
Vilà-Guerau de Arellano 2008). Focusing, for instance,
on the heterogeneity length scale, Avissar and Schmidt
(1998) found from a numerical experiment with LES
that the length scales of patches smaller than 5–10 km
had hardly any influence on boundary layer dynamics,
whereas larger heterogeneous patches did. Patton et al.
(2005) observed that the most intense patch-induced
motion occurs when the length scale divided by the
boundary layer height was between 4 and 9.
Observational studies have also shown the influence
of surface heterogeneity on boundary layer dynamics.
By analyzing the surface and aircraft measurements
of the 2002 International H2O Project (IHOP_2002;
Weckwerth et al. 2004), LeMone et al. (2007) determined the impact of nonuniform grass and wheat vegetation and the season on the surface heat fluxes.
Our study extended these previous studies by analyzing a heterogeneous control experiment using MM5
and DALES. The heterogeneous case was inspired by
data from IHOP_2002. It was characterized by a dry
patch and a wet patch, each with a width of 15 km, which
is larger than the critical scale as mentioned by Avissar
and Schmidt (1998) and Patton et al. (2005). In brief, the
study under heterogeneous conditions asked two main
questions: 1) How is the induced mesoscale circulation
represented by MM5, as compared with DALES? 2)
Are the modeled surface fluxes in MM5 influenced by
the induced mesoscale circulation (atmosphere–land
interactions)? To the best of our knowledge, this is the
first time that a mesoscale model and an LES have been
compared using control numerical simulations with
identical surface forcing.
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TABLE 2. Surface characteristics employed in the homogeneous and heterogeneous MM5 experiments.

Homogeneous
Heterogeneous

Soil moisture
(%)

Albedo
(%)

Emissivity at
9 mm (%)

Roughness
length (cm)

Thermal inertia
(cal cm22 K21 s21/2)

Soil heat capacity
(J K21 m23)

50
30 (west)
70 (east)

19
19
19

92
92
92

12
12
12

3
3
3

0.60
0.60
0.60

The paper is structured as follows. The models under
study are described in section 2. In section 3, we examine
first the homogeneous case, including the discussion of
temperature and humidity profiles, boundary layer
height, and the role of entrainment. We then study the
heterogeneous case: the induced circulation characteristics and boundary layer structure above the two
patches. The influences of the atmosphere–land interactions on the fluxes from MM5 are shown and
quantified in section 3c. Our conclusions are drawn in
the final section.

2. Model description and research strategy
a. MM5
MM5 used four one-way nested domains of 31 by 31
grid points with grid lengths of 27, 9, 3, and 1 km, respectively. All of the domains shared a central point at
37.408N, 96.738W; consequently this was a midlatitude
numerical experiment with a Coriolis force of f 5 8.9 3
1025 s21. There were 39 vertical sigma levels. To ensure that the vertical resolution in the boundary layer
was sufficiently detailed, 20 sigma levels were defined
in the lowest 1500 m, which correspond to a resolution
of 50–100 m. All the domains were run without spinup
time from 0700 local time (LT) 30 May until 0100 LT
31 May.
The physical parameterization schemes used in the
numerical MM5 experiments are shown in Table 1. The
MRF scheme is a first-order nonlocal scheme based on
Troen and Mahrt (1986) and Holtslag and Boville
(1993). The turbulent fluxes of potential temperature
(w9u9) and specific humidity (w9q9) are calculated as
follows:


›u
 gh
and
w9u9 5 K h
›z

(1)



›q
 gq ,
w9q9 5 Kq
›z

(2)

in which Kh,q is the exchange coefficient [Kh,q 5 KmPr21 5
kwsz(1 2 z/h)2Pr21, in which Pr is the turbulent Prandtl
number, k is the von Kármán constant, ws is the convective

boundary layer velocity scale, and h is the boundary
layer height], gh,q is the countergradient for heat (subscript h) and moisture (subscript q), and ›u/›z and ›q/›z
are the gradients of potential temperature u and specific
humidity q, respectively. MRF first calculates h using the
parcel method estimated as
h5

Ricr T 0 jV(h)j2
,
g[uy (h)  us ]

in which RIcr is the critical Richardson number, V(h)
and uy(h) are the horizontal wind speed and virtual
potential temperature at level h, g is the acceleration
of gravity, and us is the surface temperature [see Fig.
2 of Holtslag and Boville (1993) for an illustrative
figure of the parcel method]. Note that by using these
equations, entrainment is not explicitly parameterized
in MRF.
By connecting MRF with the five-layer soil surface
scheme, the surface sensible heat flux H and latent heat
flux LyE are obtained with the following equations:
H 5 rcp Ch u* (us  ua ) and
Ly E 5 rLy MCq u* (qs  qa ),

(3)
(4)

in which r is the air density, cp is the specific heat, Ly is
the latent heat, M is the soil moisture availability, Ch,q is
the surface drag coefficient for heat (subscript h) and
moisture (subscript q), u* is the friction velocity, and
us 2 ua and qs 2 qa are the differences between the surface and the first atmospheric level for potential temperature and specific humidity, respectively.
As mentioned above, we modified the surface and
upper-air conditions over the entire domain to perform
idealized numerical experiments (MSC approach). The
following conditions were prescribed at the surface: 1)
terrain height was set to 0 m over the total area, 2)
surface pressure was 1010 hPa for every grid point, 3)
land use—namely, grassland—was set to be the same for
every grid point based on the U.S. Geological Survey
table, and 4) the land mask of a few grid points was
changed from water to land, leaving the entire domain as
uniform land. The corresponding surface characteristics
are shown in Table 2.

Unauthenticated | Downloaded 05/13/21 08:51 PM UTC

JUNE 2011

1375

BRAAM ET AL.

FIG. 1. The initial and boundary condition profiles of (a) potential temperature and (b) specific humidity at 0700
(solid lines), 1300 (dotted lines), and 1900 (dashed lines) LT 30 May and 0100 (dot–dashed lines) LT 31 May 2002.

We performed two numerical MM5 experiments, one
using homogeneous surface conditions and one using
heterogeneous surface conditions. The former had a soil
moisture availability of 50% across the entire domain. To
ascertain whether this MM5 control experiment showed
uniform surface forcing over the entire domain, we determined the relative standard deviation [RSDx 5 (sx/x) 3
100%; in our case, sx is the horizontal spatial standard
deviation and x is the horizontal spatial mean] of H and
LyE. RSDH over the fourth domain was around 10%
during the morning and evening transition periods (when
H is small) and was below 1% during unstable conditions.
For LyE the relative standard deviation throughout the
day was very low—below 0.01%. These observations indicated that surface forcing was homogeneous.
For the heterogeneous case, the area was divided into
two patches. The western patch (with a width of 15 grid
boxes) had smaller values for soil moisture (M 5 30%)
than the eastern patch (16 grid boxes; M 5 70%). This
produced larger values for the sensible heat fluxes in the
west also observed during IHOP_2002 (LeMone et al.
2007; Górska et al. 2008). The soil moisture heterogeneity was only applied to the smallest domain, because
the horizontal scale (31 3 31 km2) was comparable to
the horizontal scale of the DALES experiment (25.6 3
25.6 km2). The heterogeneous length scales l were thus
15.5 and 12.8 km for MM5 and DALES, respectively.
In mesoscale models, the upper-air conditions of the
first domain are usually obtained from global weather
forecasts such as ECMWF or NCEP. MM5 needs an

update for the temperature, wind speed, and relative humidity three-dimensional fields. In our study, we adopted
a different approach (MSC); to obtain a fully idealized
control experiment, the upper-air conditions were explicitly prescribed for every grid point every 6 h. The new
prescribed conditions were inspired by observations from
IHOP_2002 (Górska et al. 2008) and are provided in Fig. 1
and Table 3. Note that the background geostrophic wind is
small. The experiments are thus close to free-convection
conditions. By using the MSC approach instead of the
standard procedure of MM5, the method has the benefits
inherent to SCM, and next to that the effect of surface
heterogeneity can be investigated as well.
To consider surface variability, we treated the MM5
three-dimensional fields as follows: in the homogeneous
case, data of the smallest domain were analyzed by averaging over the entire domain to improve the statistical
robustness of our results relative to the usual single
gridpoint comparisons. In the heterogeneous case, we
utilized three different methods of spatial data averaging:
1) over the entire smallest domain as in the homogeneous
case, 2) over the west and east patches separately, to investigate the differences between the two patches, and 3)
over the latitude for every degree of longitude, to study
the variability along the surface heterogeneity. Furthermore, the MM5 output was saved every hour.

b. Large-eddy simulation
DALES (Heus et al. 2010) solves the filtered thermodynamic equations. It thus calculates explicitly the
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TABLE 3. Initial and boundary conditions employed in the homogeneous and heterogeneous MM5 experiments: the boundary layer
values (bl), the jump at the inversion (D), and the gradient in the free atmosphere (g) for the potential temperature u and specific humidity
q; boundary layer height zbl; and the wind speed in the east–west and south–north directions (U and V, respectively).
0700 LT 30 May (t 5 0 h)

1300 LT 30 May (t 5 6 h)

1900 LT 30 May (t 5 12 h)

0100 LT 31 May (t 5 18 h)

299
2
6 3 1023
13.6
28.4
23 3 1024
300
0
1

303
2.2
6 3 1023
10.2
25.21
23 3 1024
1000
0
1

305
2.6
6 3 1023
10.2
25.33
23 3 1024
1400
0
1

300
2.2
6 3 1023
11
25.86
23 3 1024
500
0
1

ubl (K)
Du (K)
g u (K m21)
qbl (g kg21)
Dq (g kg21)
g q (g kg21 m21)
zbl (m)
U (m s21)
V (m s21)

most energetic turbulent eddy motions (between 80%
and 90% are resolved without parameterization) in the
convective boundary layer. The subgrid motions are
parameterized with the eddy diffusivity coefficient and
the local gradients. The surface heat fluxes in DALES
are prescribed. The domain was 25.6 3 25.6 3 2.7 km3
with a grid box of 100 3 100 3 25 m3. The central point
is located at 37.408N, 96.738W as in MM5. The simulation ran for 12 h, starting at 0700 LT. The initial conditions of u and q were the same as those of MM5 (see
solid line in Fig. 1 and the first column of Table 3). To
spin up the laminar flow in the boundary layer, subgrid
turbulent kinetic energy (TKE) of 2 m2 s22 in the lowest
300 m was prescribed in DALES.
Homogeneous and heterogeneous cases were simulated, using equal surface conditions as in the mesoscale
numerical experiments. Because our LES model did not
incorporate land–atmosphere coupling, the daily evolution of surface sensible heat flux H and latent heat flux
LyE had to be prescribed. To simulate the same surface
forcing as in MM5, we used the fluxes obtained from the
MM5 experiments to prescribe the fluxes in DALES.
Since DALES needs to be updated more frequently
than every hour, the fluxes in DALES are prescribed
with sinusoidal functions in time fitted through the output
data of MM5. For the homogeneous run the fluxes were
the same over the entire area, whereas in the heterogeneous case different functions were used for the east and
west patches (see Table 4 for the functions).

c. Mixed layer model
To complete our study, we employed MXL to determine the sensitivity of our results to entrainment.
MXL is a relatively simple conceptual model, in which
the entrainment fluxes are explicitly parameterized. In
brief, the heat entrainment is based on the zero-order
jump approach (Tennekes and Driedonks 1981), which
represents the inversion layer as a discontinuity (inversion layer depth is zero). The surface flux (w9u9y )s is

prescribed and the entrainment flux (w9u9y )e is related as
follows:
(w9u9y )e 5 bu (w9u9y )s .
y

The initial conditions of the MXL run were equal to
those of MM5 and DALES. Notice that we used the
virtual potential temperature instead of the potential
temperature as the mixed-layer variable (see Table 5).
Two numerical experiments were performed, using two
different ratios of bu . In the first run, a bu of 0.2
y
y
(Tennekes 1973) was used. This value has a theoretical
background for free-convection situations; some observations and LES studies evidenced higher values, however, which may have been a result of shear at the
surface and in the entrainment zone (Pino et al. 2006).
To study the sensitivity of this closure value, in our
second MXL experiment we specified bu 5 0.4.
y

3. Results and discussion
a. Homogeneous case
1) THERMODYNAMIC STRUCTURE AND
BOUNDARY LAYER EVOLUTION

In this section the thermodynamic structure of the
boundary layer above the homogeneous surface is
compared between the two models. Since surface forcing was the same in both models, our preliminary explanations for possible differences are two. First, as
explained in section 2a, the MRF scheme is a nonlocal
turbulent scheme, in which the boundary layer height is
determined using the parcel method. Second, in MRF
the representation of entrainment processes is not explicitly calculated as in DALES or explicitly parameterized as in MXL.
Figure 2 shows the potential temperature u and specific
humidity q vertical profiles of MM5 and DALES at 1000,
1300, and 1600 LT. At 1000 LT the potential temperature

Unauthenticated | Downloaded 05/13/21 08:51 PM UTC

JUNE 2011

1377

BRAAM ET AL.

TABLE 4. The prescribed surface sensible heat flux (w9T9; K m s 21) and latent heat flux (w9q9; g kg21 m s21) for DALES. Here,
t is the time in seconds.

Homogeneous
Heterogeneous west: warm
and dry patch
Heterogeneous east: cold
and wet patch

w9T9

w9q9

0.0568 3 sin(1.42 3 1024t 1 1.171) 1 0.0542
0.1045 3 sin(1.27 3 1024t 1 1.745) 1 0.0960

0.1014 3 sin(1.00 3 1024t 1 2.869) 1 0.0717
0.0763 3 sin(1.00 3 1024t 1 2.859) 1 0.0545

0.0321 3 sin(1.52 3 1024t 1 0.915) 1 0.0239

0.1205 3 sin(0.97 3 1024t 1 3.072) 1 0.0789

in the boundary layer (ubl) of MM5 and DALES was
similar, approximately 300.6 K. During the day, the
boundary layer in DALES warmed up more than in
MM5. The temperature difference (DuDALES2MM5) in
the middle of the boundary layer (500 m) increased from
0.3 K at 1300 LT to 0.8 K at 1600 LT. Moreover, it was
found that the boundary layer of MM5 was deeper in the
morning and shallower in afternoon (see also Fig. 3).
Another important difference is that us was large in
comparison with ubl in MM5. The large gradient near the
surface shows that MM5 represented less turbulent mixing at the surface than did DALES. A higher vertical
resolution may have enhanced the turbulent mixing. The
potential benefit of using higher vertical resolution has
the disadvantage of defining thin vertical grid cells that
could create numerical instabilities, however. Moreover,
our aim was to evaluate the scheme under conditions that
are similar to those used in mesoscale studies. The difference in the surface gradient may be the reason for the
difference in the modeled boundary layer height. In MRF
the boundary layer height was calculated as the height at
which an air parcel from the surface intersects with the
environment temperature profile [see section 2a and
Holtslag and Boville (1993)]. In the morning period the
high us caused surface parcels to move to higher levels
and therefore produced a larger h in MM5. In the afternoon usMM5 was lower than ublDALES. As a result, using
the parcel method in MM5 led to a lower h in MM5 than
in DALES.
The specific humidity differed between the two models. At 1000 LT, the boundary layer in DALES was
wetter than in MM5: DqDALES2MM5 5 0.2 g kg21. After
1100 LT, this switched and the boundary layer in MM5
became wetter than in DALES. At 1300 LT we observed
DqDALES2MM5 5 20.2 g kg21 that then rose to 20.5 g kg21
at 1600 LT, with both observations being made at around
500 m. Since surface forcing was the same, the increase in
the difference in humidity between DALES and MM5
was related to a greater amount of dry-air entrainment in
DALES.
Closely related to the thermodynamic structure is the
evolution of the boundary layer height h. From the uy
profiles, we calculated h according to the gradient method

(Sullivan et al. 1998) for MM5 and DALES. Here, h is
defined as the location of the maximum virtual potential
temperature gradient. MXL calculates h using the entrainment velocity we:
(w9u9y )e
›h
5 we 5
,
›t
Duy
in which ›h/›t is the time derivative of the boundary
layer height, w9u9y Þe is the entrainment flux, and Duy is
the virtual potential temperature jump at the inversion
between the atmospheric boundary layer and the free
atmosphere. Note that in MM5 and LES the minimum
heat flux is observed at a lower level than the maximum
potential temperature gradient (Sullivan et al. 1998;
Pino et al. 2006), whereas the two levels are located at
the same height in MXL because of its physical assumptions.
The boundary layer height evolution calculated from
MM5, DALES, and MXL is presented in Fig. 3. As
a reference, h as observed by aircraft measurements
during IHOP_2002 is included (Górska et al. 2008). The
shaded area in Fig. 3 shows h calculated in MXL with bu
y
varying between 0.2 (lower boundary) and 0.4 (upper
boundary). We can see that there was a reasonable
agreement of the h evolution among all models and
observations. The boundary layer height in DALES was
smoother than in MM5 because of the greater vertical
and temporal resolution of the former.
In comparing DALES and MM5 results, two periods
were distinguished: the morning period before 1300 LT
TABLE 5. The prescribed variables for MXL: the mixed layer
values (ml), the jump at the inversion (D), and the gradient in
the free atmosphere (g) for the virtual potential temperature uy,
the boundary layer height zbl , and the surface buoyancy flux
(w9T9y ; K m s 21 ). Again, t is the time in seconds.
uyml (K)
Duy (K)
g uy (K m21)
zbl (m)
w9T9y (K m s21)

301.5
0.47
6 3 1023
350
0.0728 3 sin(1.37 3 1024t 1 1.337)
1 0.0729
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FIG. 2. The vertical profiles of (a) potential temperature and (b) specific humidity at 1000 LT (light-gray lines),
1300 LT (black lines), and 1600 LT (dark-gray lines) from MM5 (solid lines) and DALES (dashed lines). The MM5
vertical profiles (homogeneous case) were averaged over the fourth domain (31 3 31 km2), and the DALES profiles
were averaged over the 25.6 3 25.6 km2 domain.

and the afternoon one after 1400 LT. In the morning the
boundary layer was deeper in MM5, whereas hDALES
became larger in the afternoon. As explained above, the
differences in the boundary layer growth were mainly
caused by the combination of the strong u gradient near
the surface and the parcel method in MRF to determine
h. However, h is also dependent on entrainment processes. We therefore compared h of MM5 and DALES
with the two MXL runs (entrainment parameterized). In
the morning, hMM5 was located above the shaded area,
whereas after 1400 LT it was situated in the lowest part of
the area. These observations indicate that in MM5 entrainment processes made a larger contribution to the
heat budget in the morning, which decreased in the afternoon. In the course of the day, hDALES was usually
located in the upper region of the shaded area, which
implies first that entrainment processes are an important
contribution to the boundary layer development and
second that they require being parameterized explicitly to
ensure a proper physical representation. Furthermore it
can be mentioned that RSDh was low for MM5—namely,
generally below 1% during unstable conditions—which
indicates that the boundary layer height was uniform over
the entire domain.

2) ENTRAINMENT PROCESS REPRESENTATION
To complete the heat and moisture budget in the
boundary layer development, we need to quantify the

role of entrainment of warm and dry air from the free
troposphere. Comparing the results of DALES and
MM5 offers us the opportunity to study the differences
between the explicitly calculated turbulent fluxes of
DALES and the parameterized turbulent fluxes of
MM5. The turbulent flux profiles of potential temperature
(w9u9) and specific humidity (w9q9) at 1000 and 1300 LT
are shown in Fig. 4. Note that in both models the fluxes
do not form part of the output data. In MM5, we subsequently calculated them from the mean gradients of
potential temperature and humidity from the threedimensional fields [Eqs. (1) and (2)]. In DALES, the
fluxes were calculated first by using spatial slab averaging and then by time averaging (30 min) following
the method of van Heerwaarden and Vilà-Guerau de
Arellano (2008). To determine whether DALES can be
used as a reference model to validate the parameterization scheme in MM5, the resolved and subgrid contributions of the fluxes are also given. As we show, the
turbulent fluxes are mainly resolved in DALES. Only at
the lowest 150 m is the subgrid contribution larger than
the explicit part. In the entrainment zone the subgrid
contribution is relatively low; DALES was consequently
used to validate the processes around the entrainment
zone modeled by MM5.
The temperature and humidity fluxes calculated from
MM5 are in agreement with those calculated from
DALES. At specific heights (e.g., for 1000 LT at 50 m
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FIG. 3. The evolution of the boundary layer height for the homogeneous case observed from MM5 and DALES. The results of
MM5 and DALES were averaged over the entire domain. The
shaded region represents the boundary layer height for the mixed
layer as calculated with the entrainment velocity taking a zeroorder approach with buy 5 0.4 as the upper boundary and buy 5 0.2
as the lower boundary. As a reference, the boundary layer heights
from the IHOP_2002 experiment (‘‘observations’’) are shown.

and for 1300 LT at 200 and 800 m) the flux deviated from
that of DALES. Several reasons can be given. First, in
MM5, errors in the gradients and therefore in the fluxes
can be produced by recalculations of w, u, and q with
rounded output data. Second, the lower vertical resolution in MM5 relative to in DALES can lead to errors.
The linear decrease in w9u9 observed from MM5 was
comparable to that found by DALES. Differences were
found in the entrainment zone (shaded region in Fig. 4),
however. The minimum heat flux in the entrainment
zone (w9u9e ) was lower for MM5 than for DALES. It
appears that the contrast became greater over the course
of the day. At 1000 LT (w9u9e )DALES 5 20.032 K m s21
as compared with (w9u9e )MM5 5 20.022 K m s21. At
1300 LT the minimum heat flux was 20.042 K m s21 for
DALES and 20.022 K m s21 for MM5. At 1700 LT
(figure not shown) the entrainment flux of MM5 was
very small (20.007 K m s21), whereas in DALES we
observed 20.034 K m s21. For the humidity fluxes,
MM5 and DALES produced similar patterns. Furthermore, in the entrainment zone the two models again
deviated. DALES showed higher values of w9q9 in the
entrainment zone than did MM5. Since the free atmosphere was drier than the boundary layer in this case, the

increased entrainment meant that the boundary layer
became drier in DALES.
We now quantify in more depth the temporal evolution
of entrainment processes in the two models by obtaining
an Eulerian flux-portioning method. This method calculated the ratio between N, which is the negative part of
the total integral of w9u9y , and P, which is the positive part
(A 5 2N/P). Pino et al. (2006) stated that using this
method is more suitable for comparing the entrainment
processes of different models than using the value of
w9u9y Þe because ‘‘it takes into account better the regions
dominated by the positive heat flux, driven by the surface
fluxes and the negative heat flux (entrainment).’’ In MM5
and DALES, the ratio A is calculated by dividing the negative part (DALES: the gray area in Fig. 4) by the positive
part (DALES: below the gray area) of the total integral of
the buoyancy flux. For a zero-order model this ratio is defined as A 5 b2; in our MXL this ratio was consequently
a fixed constant of 0.04 (b 5 0.02) and 0.16 (b 5 0.04).
Figure 5 shows the diurnal variation in A. Once again,
two time periods were distinguished: the morning and the
afternoon. First, in the morning, A grew for both models.
MM5 underestimated A in comparison with DALES and
MXL, however. Since surface forcing was equal in all
models, this lower value of A indicates that the entrainment of heat and dry air in MM5 contributed less to their
budgets than the other two models did. As a result, during
its development the boundary layer will become colder
and wetter in MM5. Second, after 1200 LT the ratio observed from DALES remained constant in time at around
0.10 in the middle of the shaded area, indicating that entrainment processes were important for growing, heating,
and drying the boundary layer (Fig. 5). The ratio of MM5
fell to values of 0.01. As a result, boundary layer processes
were solely driven by surface forcing. This is why in MM5
the boundary layer flattened out in the afternoon and the
boundary layer temperature was smaller and the humidity
was higher than in DALES.
Summarizing the results of the homogeneous case, we
conclude that in MM5 turbulent mixing near the surface
and at the entrainment zone is underestimated. Since we
had identified the potential limitations of the boundary
layer scheme, we then proceeded to determine the impact of surface heterogeneity on the evolution of the
boundary layer.

b. Heterogeneous case
1) THE MESOSCALE CIRCULATION
Changes in spatial surface properties induce mesoscale circulations with different strengths. To ascertain
both how models simulate a mesoscale circulation and
its interaction with the boundary layer dynamics, we
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FIG. 4. The turbulent flux profile of (left) potential temperature and (right) specific humidity at (top) 1000 LT and
(bottom) 1300 LT from MM5 (triangles; averaged over the fourth domain) and DALES (black dashed line; averaged
over a 25.6 3 25.6 km2 domain), including the resolved (dashed–dotted line) and subgrid (dotted line) contribution.

analyzed the idealized heterogeneous experiment of
MM5 and DALES.
Figure 6 shows the west–east cross sections for potential temperature and vertical wind speed for MM5
(Fig. 6a) and DALES (Fig. 6b) and for specific humidity
and horizontal wind speed (MM5: Fig. 6c; DALES: Fig.
6d). In DALES the horizontal variables were averaged
over 1 km (10 grid points) to allow identical horizontal
resolution of the output of the two models. Furthermore, for MM5 the instantaneous output at 1300 LT was
used, whereas output from DALES was averaged over
15 min. Notice that we used a different criterion to estimate the boundary layer height in DALES here, because above the cold patch a sharp gradient at the
inversion of uy did not exist. Here, h is the level at which
TKE is 10% of its maximum.
Both models identified a higher u and a deeper boundary layer above the west patch (warm and dry) driven by
the larger sensible heat flux. They also reproduced rising
air above the warm patch (west) and descending air above
the cold patch (east) (Figs. 6a,b). Close to the surface, cold

moist air was transported from east to west, and just below
h warm air was advected from west to east (Figs. 6c,d). In
other words, a mesoscale circulation cell was reproduced
in both models, as was also simulated by Avissar and
Schmidt (1998) and Patton et al. (2005) using LES techniques. Some essential differences were found between
MM5 and DALES, however. In DALES, we found a strong
narrow updraft (the maximum vertical wind speed w was
0.81 m s21) and a weak sinking motion (w 5 20.25 m s21)
over a large area (Fig. 6b). These observations are comparable to those of Avissar and Schmidt (1998) and Patton
et al. (2005), whereas in MM5 the updraft was smaller by
a factor of almost 6 than in DALES (w 5 0.13 m s21).
Moreover, in MM5 the updraft was only 2 times as strong
as the downdraft (w 5 20.08 m s21), and it covered the
entire west patch (Fig. 6a). The horizontal wind in DALES
was also larger in the lower and upper part of the cell:
UDALES 5 22.9 m s21 and UMM5 5 21.3 m s21 at the
surface, and UDALES 5 2.9 m s21 and UMM5 5 21.9 m s21
below the top of the boundary layer. As a result of the
small updraft area in DALES, Umax was located farther
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FIG. 5. Time evolution of the ratio A between the integral of the
negative parts N and the positive parts P of the virtual potential
temperature flux from MM5 (solid line) and DALES (dashed line).

to the west in DALES (x/l 5 20.1 for DALES and x/l 5 0
for MM5). To summarize, the circulation is more intense
and more centered above the warm patch surface in
DALES than in MM5.
Below we suggest that the differences in reproducing
the circulation between MM5 and DALES were due in
the first place to the explicit (DALES) or parameterized
(MM5) solution of turbulent motion and second to the
interactions of the mesoscale cell with the boundary layer
dynamics. As explained by van Heerwaarden and VilàGuerau de Arellano (2008), a consequence of the surface
heterogeneity in DALES is that upward thermals were
concentrated over the warm patch. Above the cold patch
the upward thermals were suppressed, because of the
downward motion of the mesoscale cells, and did not even
reach h, as shown in Fig. 6. In other words, in DALES,
surface heterogeneity largely changed the turbulent pattern with respect to homogeneous conditions. On the
other hand, in MM5, upward thermals cannot be congregated above the warm patch and suppressed above the
cold patch, because of the imposed parameterization of
turbulence [Eqs. (1) and (2)]. MM5 thus represented the
vertical turbulent structure in the heterogeneous case in
a way that is more similar to the homogeneous case. As
Fig. 6 shows, MM5 still reproduced a well-mixed boundary layer, whereas DALES showed a gradient for u and
q in a large part of the upper branch of the boundary layer
in the east (cold and wet). For instance, the potential

temperature was well mixed up to a level of approximately 600 m in MM5 (Fig. 6a), whereas in DALES the
mixing of u in the upper part of the boundary layer was
stagnant, especially at x/l 5 0.25, where the downward
motion of the mesoscale circulation was at a maximum
(Fig. 6b). The specific humidity also displayed a relatively
well-mixed boundary layer in MM5, whereas the specific
humidity field in DALES showed a large dry intrusion
(cf. Figs. 6c,d).
As a consequence, when turbulence was parameterized in a mesoscale model, a decoupling of the turbulent
movement and larger-scale motion was found. As a result, in MM5, the effect of turbulence in the flow was less
suppressed and the boundary layer was still relatively
well mixed above the cold patch, and the mesoscale
circulation was weaker.
The different treatment in the circulation cell had a direct effect on the boundary layer dynamics. First, in
DALES the boundary layer height showed a steep peak in
the west (x/l 5 20.25) and a deep trough in the east (x/l 5
0.25), at the same location as the maximum and minimum
values of w at 1300 LT (Fig. 6). The specific humidity
pattern also differed. The q maximum at the surface was
located farther to the west by DALES, even above the dry
surface patch (x/l 5 20.15 and x/l 5 20.35), indicating
that close to the surface more moist air was being transported from east to west. Note that for DALES two q
maxima were visible, whereas MM5 located only one q
maximum at x/l 5 0 rather than at the westerly border of
the domain. This is a result of the cyclic boundary conditions in DALES as compared with the small soil moisture
difference with respect to the larger domain and the west
patch (M is respectively 50% and 30%) in MM5.

2) THERMODYNAMICS
In this section, we further quantify the influence of
different representations of the mesoscale circulation on
the heat and moisture budgets under conditions of surface heterogeneity. The bulk potential temperature hui
and bulk specific humidity hqi were therefore calculated
by horizontally and vertically averaging u and q over the
entire boundary layer. Figure 7 shows the temporal
evolution of the bulk values for MM5 and DALES, averaged both over the entire heterogeneous area and
over the two patches separately.
The differences in hui between the west and east patch
were expected. Both models identified a higher temperature above the west patch than above the east patch,
due to the higher sensible heat flux. W can, however, see
interesting differences between the models. DALES
found an initial larger hui than did MM5, whereas in the
homogeneous case they agreed (Fig. 2). The reason for
this is that h calculated with the TKE method is a bit
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FIG. 6. The averaged west–east cross section of (a), (b) potential temperature (shaded) and vertical wind speed
(cm s21; white contours) and (c), (d) specific humidity (shaded) and horizontal wind speed (m s21; white contours)
for (left) MM5 and (right) DALES observed above the heterogeneous cases at 1300 LT. The thick black line represents the boundary layer height. Note that DALES was horizontally averaged over 1 km to ensure comparable
horizontal resolution.

larger than that calculated with the maximum gradient
method. Furthermore, in DALES the bulk temperatures of the two patches converged (especially after
1300 LT) whereas in MM5 the difference between the
patches remained the same. Because of the strong circulation in DALES, warm air entrained above the west patch
was horizontally advected to the east (see Fig. 6). Analysis
of cross sections for later that day (e.g., at 1500 LT; figure
not shown) revealed that the warm air that was transported from west to east at the top of the boundary layer
even reached the surface of the east cold patch, where it
was directly advected to the west again. In other words, in
DALES after 1300 LT, the influence of the mesoscale
circulation on the temperature becomes stronger, which
caused the bulk temperature to be better transported
horizontally.
The contrast in hqi between the west and east patches
of the heterogeneous case confirmed the role of the

induced circulation. Because of the higher surface LyE
over the east in both models, hqi was larger there at the
beginning of the day until 1000 LT for DALES and until
1400 LT for MM5. After these times, the moister air was
found above the originally dry patch. This was caused by
the mesoscale circulation: moist air was transported
from east to west at the surface and dry air, entrained
above the west patch, was advected to the east at the top
of the boundary layer. The 4-h delay in the transport of
the moist air in MM5, relative to that in DALES, was
due to a much weaker circulation in MM5. We also
observed in DALES that after 1300 LT hqieast increased
and hqiwest decreased slightly. From the afternoon cross
sections (not shown) we found that humid air, which
entered the boundary layer above the wet patch near the
surface, was vertically transported to higher levels. Dry
air that entered above the cold and wet east patch was
transported downward to the surface and advected over
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FIG. 7. Temporal evolution of the mixed layer (top) potential temperature and (bottom) specific humidity from
(left) MM5 and (right) DALES. These are the averaged values over the entire heterogeneous domain (solid line) and
averaged values of the west patch (dark-gray dashed–dotted line) and east patch (light-gray dashed–dotted line).

the west patch. In sum, later in the day, the influences of
the strong circulation in DALES yielded a better mixing
of specific humidity, similar to potential temperature.

c. Land–atmosphere coupling in MM5
The previous section showed that the turbulent parameterization scheme resulted in a weak circulation in
MM5 above the heterogeneous surface. As mentioned
in section 2a, the boundary layer scheme is coupled with
a land surface scheme in MM5. It would thus be interesting to investigate the influences of the horizontal
variability in soil moisture and the mesoscale circulation
on the surface fluxes, comparing the heterogeneous and
homogeneous cases. In this section, we quantify the response of the land–atmosphere coupling to modifications of M in MM5.
In addition to studying the effects of the mesoscale
circulation on land–atmosphere coupling, it is worth
analyzing the response of M modifications in MM5. We
therefore performed two additional homogeneous MM5

experiments. The first was a simulation under dry conditions (M 5 30%) comparable to the west patch of the
heterogeneous run, and the second had soil moisture of
70%, similar to the east patch.
Table 6 shows horizontally averaged H and LyE at
1300 LT for all of the experiments. According to the
surface flux parameterization [Eq. (4)], M is linearly
related to LyE, which was not found in the results. In the
three homogeneous experiments, we observed a decrease in LyE of 21% when M was 40% lower (from
50% to 30%), and an M increase of 40% (from 50% to
70%) resulted in a 12% increase of LyE (Table 6). The
nonlinear response was observed because variations in
LyE will change several other atmospheric variables
(e.g., sensible heat flux, air temperature, boundary layer
depth, and entrainment), which in turn again affects
LyE. This was caused by a number of positive and negative feedbacks in the atmosphere and between land and
atmosphere, as illustrated, for example, in Fig. 1 from
Ek and Mahrt (1994) and Fig. 1 from van Heerwaarden
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TABLE 6. Horizontally averaged surface fluxes of the three homogeneous MM5 experiments at 1300 LT.

Original homogeneous
Dry homogeneous
Wet homogeneous
Heterogeneous
Heterogeneous west patch
Heterogeneous east patch

M (%)

Sensible heat flux (W m22)

Latent heat flux (W m22)

50
30 (240%)
70 (140%)
30 (west) and 70 (east)
30
70

126
198 (157%)
84 (233%)
141
225
64

474
376 (221%)
533 (112%)
457
356
551

et al. (2009). Comparing the horizontal averaged fluxes
of the heterogeneous experiment with the original homogeneous experiment, we observed that H was 16 W m22
higher and LyE was 17 W m22 lower for the heterogeneous run. As a consequence, the total amount of energy
available for the turbulent fluxes was comparable in
both experiments: approximately 600 W m22.
To discuss the effect of surface heterogeneity on surface fluxes, we show how the fluxes varied along the
surface heterogeneity. Figure 8 presents H and LyE
from west to east for the four runs at 1300 LT. As expected, the fluxes differed between west and east in the
heterogeneous case. The transition of H and LyE between west and east was not gradual; H had higher
(lower) values in the eastern (western) part of the dry
(wet) patch than in the center of this patch.
Two reasons for the nongradual transition are suggested. First, as explained by Patton et al. (2005), because
of the induced circulation, stagnation in the horizontal
wind speed was found over the center of the dry patch
(see at l 5 20.25 in Fig. 6b), producing the lower values
for the fluxes there [see Eqs. (3) and (4)]. Second, because
of the M difference between west and east, the surface
temperature Ts displayed a sharp transition between the
two patches; Ts varied by 3 K between west and east, and
the transition zone was 1 km wide (one grid box). The
advection of cold air from east to west lowered the surface air temperature Ta above the west patch. As a result,
the transition of Ta was more gradual and smoother: the
first-layer temperature varied by 1.5 K over a width of
almost 5 km. The temperature difference Ts 2 Ta had
a maximum value at the eastern boundary of the west
patch and a minimum value at the western boundary of
the east patch (between l 5 20.05 and 0.01). Since the
temperature difference shows the largest differences between the two patches, it results in a nongradual transition of H [Eq. (3)]. Because of the moist air advection
from the wet east patch over the dry west patch, qa displayed a more gradual transition than qs. As a result, qa 2
qs and therefore LyE were not gradual [Eq. (4)]: the
maximum was located near the western part of the wet
patch, and the minimum was located toward the eastern
part of the dry patch.

Two questions remain unanswered: 1) How much
were H and LyE driven by the interaction of the induced
mesoscale circulation with the surface processes? 2) Are
the induced H and LyE modifications by surface heterogeneity a positive or negative feedback on the mesoscale circulation? The gray shaded areas in Fig. 8
indicate the increases or decreases in value of the surface fluxes over the west dry and east moist patch of the
heterogeneous case with respect to the homogeneous
dry and moist experiments. In other words, the areas
represent the surface flux modifications caused by the
interaction of the induced mesoscale circulation with the
surface. The advection of cold moist air at the surface
induced by the surface heterogeneity led to a fall in Ta
and a rise in qa above the west patch (see Fig. 6). As
a result, Ts 2 Ta and therefore H [Eq. (3)] were larger
over the west patch than above the dry homogeneous
case, whereas qa 2 qs and consequently LyE [Eq. (4)]
became smaller above the west patch. The effect of the
cold-air advection on H was an increase of 27 W m22,
from an average value of 198 W m22 in the homogeneous dry case to an average value of 225 W m22 over
the west dry patch in the heterogeneous case (Table 6).
For LyE the effect is smaller: 220 W m22. In the east the
opposite effect was observed: as a consequence of the
transport of warm, dry air near h, Ta increased and qa
decreased. This led to smaller Ts 2 Ta (higher qa 2 qs)
and subsequently to a lower H (larger LyE) over the east
patch in the heterogeneous case than over the homogeneous wet case. The above-mentioned process describes a positive feedback: the surface heterogeneity
led to the development of a mesoscale circulation, which
in turn strengthened the surface flux heterogeneity. It is
not sufficient to model the more powerful circulation
as obtained by DALES, however.

4. Conclusions
To study the boundary layer parameterization scheme
(MRF) in MM5 with DALES under homogeneous and
heterogeneous conditions, we have taken a multiple singlecolumn modeling approach. This approach implies that
the mesoscale model is initialized and updated with
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FIG. 8. The surface (a) sensible and (b) latent heat fluxes from
west to east at 1300 LT, for the standard homogeneous case (black
solid line), the dry homogeneous case (light-gray dash–dotted line),
the wet homogeneous case (dark-gray dash–dotted line), and the
heterogeneous case (black dashed line) of MM5. The values were
averaged along the north–south direction. The shaded regions indicate the increase or decrease in the amount of energy that entered
the boundary layer over the wet or dry patch in the heterogeneous
case, relative to the homogeneous dry and wet cases.

idealized surface and upper-air conditions for every grid
box to perform numerical control experiments using the
mesoscale and LES models. We designed two experiments using the MSC approach. In the first experiment
(homogeneous), we prescribed uniform surface conditions. The second experiment (heterogeneous) had differences in soil moisture between the west (M 5 30%)
and east (M 5 70%) in MM5 and a surface flux variability for DALES. The low relative standard deviation
(of, e.g., H, LyE, and h) observed from the homogeneous
run indicated that MM5 acts as an MSC technique. This
enabled us to use the MM5 results to validate the MRF
parameterization scheme with DALES.
From the homogeneous case we observed that the
boundary layer dynamics were comparable for the two
models. The MRF boundary layer scheme underestimated
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turbulent mixing near the surface and entrainment of
warmer and drier air, however. Because of the inefficient
turbulence near the surface, steep gradients of potential
temperature and specific humidity were found. In combination with the use of the nonlocal mixing scheme in MRF,
a parcel could move to higher levels, which resulted in
a deeper boundary layer for MM5 in the morning. During
the day entrainment was underestimated by MM5; we
therefore observed a colder and moister boundary layer
during the day and a shallower boundary layer in the afternoon when compared with DALES. Moreover, despite
the underestimation in the entrainment zone, the turbulent
flux profile showed a comparable pattern under the two
models.
Above a heterogeneous surface, both models reproduced a mesoscale circulation with updrafts above the
warm and dry patch and downward transport above
the cold and wet patch. However, we found differences
in the circulation characteristics of the two models. In
DALES, surface heterogeneity influenced the turbulent
pattern, whereas in MM5 this cannot occur because of
the imposed parameterization of turbulence. The MRF
parameterization scheme underestimated the circulation (wmax is smaller by a factor of 6), and above the cold
patch MM5 showed still a relatively well mixed boundary layer for u and q. As a consequence, the boundary
layer dynamics between the two models differ more over
a heterogeneous surface than over a homogeneous area.
Because of the stronger circulation in DALES, several other boundary layer quantities differed between
MM5 and DALES. For instance, h had a steep peak and
deep trough in DALES. Furthermore, during the day
the bulk temperatures averaged above the patches
converged in DALES, whereas in MM5 the difference
between the potential temperatures above the two
patches remained the same. Moreover, in DALES the
highest values of the bulk specific humidity above the
surface wet patch (east) were found 4 h earlier with
respect to MM5, because of more advection of dry air
from west to east at the top of the boundary layer and
moist air from east to west near the surface.
As a consequence of the land–atmosphere coupling in
MM5, advection of cold moist air at the surface induced
by the surface heterogeneity led to a fall in air temperature and a rise in specific humidity near the surface
above the warm patch. As a result, the temperature
(humidity) difference and therefore the sensible (latent)
heat flux increased (decreased). In other words, surface
heterogeneity produced a mesoscale circulation, which
in turn strengthened the surface heterogeneity in MM5.
This study shows that the MSC approach is an appropriate method of evaluating and studying the turbulent scheme in a mesoscale model with a large-eddy
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simulation model, for example, to determine the ability
to represent entrainment processes and a mesoscale
circulation. In particular, surface heterogeneity can also
be investigated with the MSC approach, unlike with
a single-column model. From our study we conclude that
it is important to further compare DALES and MM5 by
means of control experiments above heterogeneous
surfaces, because the boundary layer characteristics
modeled by the two models differed more above a heterogeneous surface than above a homogeneous surface,
because of the decoupling between turbulent transport
and larger-scale motions in the mesoscale model. Furthermore (not discussed in this study), we expect that
the MSC approach could also be an optimal tool for
sensitivity studies of different physical parameterization
schemes or of various parameters within the same
scheme.
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