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Using a high-resolution boundary-layer model, effects of heterogeneity over
a mesoscale flat domain are investigated through a series of idealised model
simulations. In these simulations two different land surface types (bare soil and
vegetation) are arranged in two different patterns. It is found that the effect of
heterogeneity remains significant with geostrophic winds of 10 m s~!'. However,
when the geostrophic wind direction is perpendicular to the alignment of the surface
heterogeneities (with alignment here defined as the direction along the edges of a
sequence of surface patches), higher winds tend to weaken the coherent circulations
caused by the surface heterogeneities. The vertical winds generated by the mesoscale
circulations associated with the surface heterogeneities are on the order of 0.5cms™!.
When the geostrophic wind direction is perpendicular to the alignment of the surface
heterogeneities over a three-strip surface type, the mesoscale pattern in horizontal
velocity is also pronounced, with significant fluctuations at the interfaces between
two different surface patches. The heights at which the heterogeneity effects on
potential temperature and winds vanish are well above the convective boundary
layer top and reach at least 3.3 Z; under light winds, but depend on the wind speed
and directions as well as the orientation of surface heterogeneities.

Finally, the implications of the surface heterogeneity for initiation of deep
convection have been explored for a surface consisting of two-dimensional strips
of alternating soil and vegetated surfaces aligned in the north—south direction.
For this surface pattern, the interaction between westerly background winds and
the secondary circulation sets up conditions which favour the initiation of deep
convection at the eastern, downwind edge of the soil strip. Copyright () 2010 Royal
Meteorological Society
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1. Introduction the effects of surface heterogeneities on the properties

of the CBL depend on various factors including the
The effects of land surface inhomogeneities on the convective ~ geostrophic wind, and the scales, shapes and forms of the
boundary layer (CBL) have been studied extensively in the surface inhomogeneities, for example variations in albedo,
last few decades. These studies have demonstrated that vegetation, terrain, soil moisture and urban areas (Walko
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et al., 1992; Mahrt et al., 1994; Shen and Leclerc, 1995;
Avissar and Schmidt, 1998; Mahrt, 2000; Albertson et al.,
2001; Raasch and Harbusch, 2001; Yates et al., 2001; Letzel
and Raasch, 2003; Patton et al., 2005; Taylor et al., 2007;
Marsham et al., 2008; Garcia-Carreras et al., 2010). Avissar
and Schmidt (1998) found that a weak geostrophic wind
of 2.5 m s~! is enough to reduce the effect of land surface
inhomogeneities on the CBL while a 5 m s~! geostrophic
wind could eliminate all impacts of surface inhomogeneities.
However, Raasch and Harbusch (2001) pointed out that the
surface effect of heterogeneity on the CBL is still significant
for a geostrophic wind of 7.5 m s~!. Some other studies
showed that relatively high background wind does not
necessarily inhibit the mesoscale circulations, but usually
advects them away, and that coherent advection of the
mesoscale rolls by this wind is an important effect (Weaver
and Avissar, 2001; Baidya Roy and Avissar, 2002; Weaver,
2004). The possible reason for this disagreement may arise
from the different heterogeneity alignments with respect to
wind directions used in those studies. Prabha et al. (2007)
showed that the heat flux heterogeneity and its alignment
with respect to geostrophic wind affected the strength and
orientation of organized thermals, and similar results were
obtained by Kim et al. (2004).

Land surface heterogeneities with different spatial scales
also have different effects on the CBL; land surface
heterogeneities at scales of tens of kilometres can induce
mesoscale circulations (Gopalakrishnan et al., 2000; Baidya
Roy et al., 2003; Kustas and Albertson, 2003; Kang et al.,
2007; Taylor et al, 2007; Garcia-Carreras et al, 2010)
while heterogeneities with scales (1) on the order of the
boundary-layer height (Z;) mainly influence various CBL
properties depending on values of A/Z; (Prabha er al,
2007; and the references therein). Baidya Roy and Avissar
(2000) showed that meso-y-scale (2 ~ 20 km) surface
heterogeneity produces organized circulations with the
same horizontal length-scale as that of the heterogeneity.
However, if the length-scale of the surface heterogeneity
exceeds 5 ~ 10 km, random turbulent thermals also develop
and affect their structure.

Many of the above-mentioned studies used large-eddy
models (LEMs) to simulate the effect of heterogeneity on
the CBL. The scales of heterogeneities in those models are
generally a few kilometres due to the relatively small model
domains that are possible with the high model resolutions
used in LEMs. Some studies investigated the effect of
heterogeneity of orography on the CBL over mesoscale
model domains (e.g. Gopalakrishnan and Avissar, 2000;
Tian and Parker, 2003), but the effect of heterogeneity due
to other variations in the land surface was not considered.
The effect of mesoscale heterogeneities on the CBL has
mainly been investigated by means of case-studies (André
et al., 1990; Kustas and Albertson, 2003; Taylor et al,
2007; Garcia-Carreras et al., 2010) and there are not, thus
far, many idealised systematic modelling studies. In this
study we use a high-resolution boundary-layer model to
re-examine the effects of mesoscale heterogeneities due to
different distributions of vegetation and soil surfaces on the
CBL through a series of idealised model simulations.

The differences in effects of heterogeneity between
various experimental and modelling studies may arise from
different scales of surface inhomogeneities under different
geostrophic wind conditions (Shen and Leclerc, 1995).
The major objective of this study is to investigate effects
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of mesoscale heterogeneity due to different patterns, i.e.
different land surface vegetation distributions on convective
properties under different geostrophic wind conditions.
Note that many previous studies have examined the effects
of mesoscale heterogeneities due to different distributions
of vegetation and soil surfaces on the CBL, under different
wind conditions. However, most of these studies are based
on numerical simulations which are not considering such
an idealised large-eddy simulation (LES)-type framework as
employed in this study. Some of those studies used mesoscale
models with relatively coarse resolutions to simulate
heterogeneity effects over realistic mesoscale domains (e.g.
Weaver and Avissar, 2001; Baidya Roy and Avissar, 2002;
Baidya Roy et al., 2003), while some other studies used a
state-of-the-art LES and systematically analysed the effects of
heterogeneity produced by idealised sensible heat flux waves
and topographical features over relatively small domains
(Avissar and Schmidt, 1998; Baidya Roy and Avissar, 2000;
Gopalakrishnan et al., 2000).

Section 2 briefly describes our model set-up and numerical
experiments. The model results are discussed in section 3,
including the effect of heterogeneity on bulk convective
properties and local flows within the CBL. The summary
and conclusions are given in section 4.

2. Model set-up and numerical experiments

The model used is the UK Met Office boundary-layer
model named BLASIUS (Mason, 1987; Tian and Parker,
2002; Vosper and Brown, 2008). In order to study
land—atmosphere coupling effects, a simple land surface
scheme described in Tian (2002) is incorporated in the
model in which the surface available energy, A, ie. the
surface net radiation, is partitioned into three parts: sensible
heat flux, Hy, latent heat flux, Ey, and ground heat flux, G,
through the energy balance equation,

Ey+Hy+G=A. (1)

The surface latent heat flux, Ej, is determined by
(Huntingford et al., 1998)

ApD.

Ts

MLEy =

(2)

where D, = {q*(Tg) — gg}, Tg and g are surface temperature
and specific humidity, respectively, q* is the saturation
specific humidity and X is the latent heat of vaporization; p
is the density of the air, r; is surface resistance. Here, r; is
calculated by

s = Tsmin/ (LAI X F1 X F2 x F3 x F4 x F5),

where LAI is the leaf area index and ry;, is the minimum
value of r,. FI, F2, F3, F4 and F5, whose values range
between 0 and 1, represent the effects of solar radiation,
soil moisture, vapour pressure deficit, air temperature and
carbon dioxide, respectively. The appropriate forms of the
empirical functions for F1—F5 were given by Jacquemin and
Noilhan (1990).

The surface sensible heat flux, Hy, is calculated from the
bulk transfer equation:

Hy = pcp(eg —0a)/Ran (3)
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Simulated CBL Over Inhomogeneous Vegetation 101

where ¢, is the specific heat capacity of air and Ry is
the aerodynamic resistance of heat. 6, is the air potential
temperature at the model’s first level and 6, is the surface
potential temperature. Further details on the calculation of
R,p can be found in Huntingford et al. (1998).

Finally the soil heat flux, G, is calculated from the surface
energy balance equation

G=A—Hy— E. (4)

The surface temperature, T,, and humidity, gg, are
predicted by a force—restore method described by Deardorft
(1978). The surface radiation fluxes and surface available
energy A were calculated by solving the radiation transfer
equations. The radiation scheme accounts for solar position
and intensity; consequently, A has a diurnal cycle and
is latitude-dependent. All simulations in this study were
configured to represent midlatitude summer clear-sky
conditions and the position of the Sun was set to that
corresponding to 12 August at 35.57°N, 104.08°E.

Two different surface vegetation distributions (see
Figure 1(a) and (b)) are considered in this study, i.e.
three strips aligned parallel to the y direction with the
middle strip being bare soil and the other two strips covered
by shrubs (hereafter three-strip type) and four-block type
with two soil blocks and two shrub blocks. Note that the
two surface types differ not only in pattern, but also in
relative size of bare/vegetated surface, i.e. in the soil area
to vegetated area ratio, R (R =1 for four-block type and
R = 1/2 for three-strip type). It should also be pointed out
that we have used a homogeneous surface roughness length
of 0.05 m for all simulations, since this study is focused
on only effects of thermal heterogeneity. The simulations
are performed over flat terrain under different geostrophic
wind conditions. Combining the different surface vegetation
types, wind speeds and wind directions, we performed a
range of numerical experiments, with 13 of them listed in
Table I (the other test experiments will be introduced in the
text wherever necessary).

A 10 km deep domain is chosen for all runs and an
artificial Rayleigh damping layer is added to the top half of
the model domain to minimize reflection. The vertical grid
is stretched and has 30 levels with a high vertical resolution
of around 1.5 m near the surface for all runs. It is known that
surface-energy fluxes are affected by the spatial resolution
of atmospheric models (Shao et al., 2001). In this study,
a horizontal resolution of 500 m is adopted. Although it
is still coarser than those used in LEMs, it is constrained
by the computational cost on a mesoscale domain. Tian
etal. (2003) have shown that a 0.5 km horizontal resolution is
able to resolve the dominant CBL properties and convective
structures. The numerical schemes used in the model are
similar to those described by Clark (1977). The turbulence
closure scheme used in the model is first-order and similar to
that employed in large-eddy simulations (Deardorft, 1974)
except that the upper limit of the mixing length scale is fixed.
In the scheme, the Reynolds stress terms 7;; (i = 1, 3;j = 1,
3) and turbulent buoyancy flux, H;, are parametrized as:

Tjj = VSjj (5)
and
oT
Hi =V, (6)
3x1‘
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where v is the so-called eddy viscosity and S is the
deformation tensor defined as:

au; | 0U; 2
Sj=—+ f_ga,jv.U. (7)

an 8x,~

Here U is a turbulent velocity scale not the wind vector
as earlier. In (5) and (6) v is parametrized as functions of
Richardson number, Ri, mixing length scale, I(z), and wind
shear, S, so that

v =1(z)28(1 — Ri)l/ 2 (8)

where S is defined as,
1
2 _
S° = ESI‘]‘SI‘]‘.

We further assume that v = Ul(z), then following
Blackadar (1962) and Mason and Sykes (1982), I (z) is
defined as:

1 a-ri) g 1
@~ ket Tk ®)

where z is the normal distance to the surface, « is the von
Karmén constant, z is the local roughness length, ¢ is the
Monin—Obukhov similarity function, and [, is a length-scale
which is fixed at 50 m.

The model horizontal domain is 90 x 90 km? for the runs
listed in Table I. Periodic boundary conditions are applied
at the lateral boundaries. Apart from the forcing winds and
land surface properties, other parameters in the model are
the same in all simulations. All three-dimensional (3D) runs
are started from 0000 local time (LT) and initial profiles
for 3D runs are generated by running a one-dimensional
version of the model in the vertical dimension for eight
hours; by that time a quasi-steady state is reached by the
model (see Figure 1(c) and (d)).

Figure 2(a) shows the domain-averaged potential
temperature profiles from 0010 LT to 1400 LT from the 3D
experiments under the same geostrophic wind of 2 m s~
over three different surface types, i.e. the all-soil surface
(A02W), the all-shrub surface (VO2W) and the three-strip
surface (S02W). We can see that the model is capable of
simulating a reasonable boundary-layer evolution. During
night-time and dawn (0010 LT to 0730 LT) the temperature
differences among these simulations are small and the
temperature profiles near the surface are stable. A shallow
unstable layer near the surface begins to develop at around
0800 LT and the nocturnal stable layer has been eroded
by convection at 0900 LT. The CBL height increases with
time and reaches a maximum of around 1.3 km at 1400 LT.
Differences in temperature profiles between experiments
with different surface types are evident from 1000 LT
onwards with highest <0> gomain Over soil surfaces, lowest
over the vegetated surfaces.

Figure 2(b) and (c) show the area-averaged potential
temperature profiles over soil and vegetated surfaces from
two three-strip runs with a geostrophic wind speed of
2ms ! and 10 m s, respectively. Differences in averaged
temperature profiles over three different strips can be clearly
seen under a geostrophic wind speed of 2 m s~! with the CBL
temperature over the centre soil strip being always higher

Q. J. R. Meteorol. Soc. 137:99—-117 (2011)
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Figure 1. (a), (b) The two types of surface vegetation distribution: (a) three-strip type, (b) four-block type. White regions represent areas with shrubs;
grey regions are bare soil surfaces. (c), (d) The initial profiles of (c) potential temperature and (d) humidity from two one-dimensional runs. Dashed and
solid lines are for the simulation with geostrophic winds of 10 m s™! and 2 m s ~, respectively.

Table I. Control parameters of the numerical simulations.

Experiments ~ Surfacestyles  Ug (°)  |Ug| (ms™!)  Zi(m) Hy(Wm™2) Ey(Wm™2) W,(ms™!) #(s)
SO2W Three-strip 270 2 957 314 39 2.10 455
BO2W Four-block 270 2 959 319 30 2.12 452
SO5W Three-strip 270 5 982 332 38 2.16 455
S10W Three-strip 270 10 1019 363 37 2.22 458
B10OW Four-block 270 10 1023 369 28 2.24 457
SIONW Three-strip 315 10 991 360 37 2.20 450
B10ONW Four-block 315 10 994 365 28 2.21 449
S02N Three-strip 0 2 958 313 39 2.11 454
SO5N Three-strip 0 5 981 332 38 2.16 454
S10N Three-strip 0 10 1019 363 37 2.22 459
B10N Four-block 0 10 1022 368 28 2.24 457
VO2W All shrubs 270 2 951 305 58 2.07 459
AO2W All soil 270 2 972 334 1 2.16 449

Ug and Ugq are geostrophic wind speed and direction, respectively. For experiment names, first letters S (three-strip), B (four-block), V (all shrubs),
and A (all soil) represent surface vegetation types. The geostrophic wind speed and direction (N for 0°, W for 270°, and NW for 315°) are also
embedded in the experiment names. Domain-averaged Z;, Hy, Eg, W, and t, at 1200 LT are also listed for reference.

than those over the two vegetated strips (Figure 2(b)). The
temperature differences over different strips become less
significant under a higher geostrophic wind of 10 m s™!
(Figure 2(c)). The mixed layer under higher geostrophic
wind begins to develop earlier than that under weaker
geostrophic wind. It is also noticeable that this occurs within
a more stable profile for the higher wind case.

Copyright (© 2010 Royal Meteorological Society

To further show the model’s performance in simulating
a reasonable surface heat flux, Figure 3 gives the time
variation of the domain-averaged surface sensible heat
flux and latent heat flux over homogeneous (Figure 3(a)
and (c), experiments VO2W and A02W) and three-strip
inhomogeneous land surfaces, with different geostrophic
winds (Figure 3(b) and (d), experiments S02W, SO5W

Q. J. R. Meteorol. Soc. 137:99-117 (2011)
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Figure 2. (a) The domain-averaged potential temperature profiles from 0010 LT to 1400 LT from experiments VO2W (all shrubs, solid line), A0O2W
(all soil, dotted line), and SO2W (3-strip, dashed line). (b), (c) Area-averaged potential temperature profiles from each strip within 3-strip experiments
with different winds; results are shown from over the upwind strip (solid line), the downwind strip (dashed line) and the centre strip (dotted line) for
(b) S02W and (c) SIOW. In all three plots the different colours represent profiles at different times as marked in panel (a).

and S10W). Also shown in Figure 3 are the normalized
probability density functions (PDFs) of vertical velocity
fields at 566 m above ground level (AGL) sampled from 0930
LT to 1400 LT from two experiments with homogeneous
land surfaces (VO2W and A02W). We can see that the
time variations of the simulated surface sensible heat flux
and latent heat flux are reasonable. The domain-averaged
surface sensible flux becomes positive at around 0700 LT
and reaches its maximum value at around 1230 LT. The
surface sensible flux over the soil surface is larger than those
over the vegetated surfaces, while the latent heat flux over the
soil surface is smaller than those over the vegetated surfaces;

Copyright (© 2010 Royal Meteorological Society

consequently, the convection over the soil surface (see grey
lines in Figure 3(e)) is stronger than that over the vegetated
surfaces (see black lines in Figure 3(e)). Also note that even
over the same land surface, the sensible heat flux and latent
heat flux are slightly different under different geostrophic
winds due to the fact that the net surface energy partition
is dependent on the wind speed in our land surface scheme
(Figure 3(b) and (d)).

Figure 3 shows that the sensible heat flux difference
between the bare soil and the shrub is relatively small. This
is because we selected a vegetation type of broadleaf shrubs
with bare soil, therefore, the sensible heat flux over this

Q. J. R. Meteorol. Soc. 137:99—-117 (2011)
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Figure 3. The time variation of domain-averaged (a), (b) surface sensible heat flux and (c), (d) latent heat flux from experiments (a), (c) VO2W and
A02W, (b), (d) S10W, SO5W and S02W. Also shown are (e) the normalized PDFs of vertical velocity fields at 566 m AGL for the time period from 0930
LT to 1400 LT gathered from experiments VO2W (black lines) and A02W (grey lines).

vegetated surface is not very large. It is worth pointing out
that we have deliberately selected such a configuration in
an attempt to generate a heterogeneity in the surface fluxes
over an area representative of a midlatitude semi-arid region
where the land surface contrasts are not very large.

3. Results
3.1.  Effects on the bulk convective properties

Figure 4 shows the x—y cross-sections of the time-averaged
(from 1100 LT to 1200 LT) vertical velocity fields at 566 m
AGL from experiments with different surface types but the
same westerly geostrophic wind of 2.0 m s~ (V02W, S02W,
BO2W and A02W). Note that the estimated convective
time-scale f, at 1200 LT is no more than 8 minutes,
therefore, a 1-hour average of the instantaneous fields is
enough to eliminate random signals. In order to know
whether circulations with their scales on the order of the
heterogeneity scale, A, can be caused by different scales of
surface inhomogeneities, the vertical velocity w is filtered
with a Butterworth filter to retain only signals with their

Copyright (© 2010 Royal Meteorological Society

scales greater than the heterogeneity scale, A, and the filtered
vertical velocity fields wy are over-plotted in Figure 4. For a
fair comparison, the heterogeneity scale, A, adopted in the
filter is the same for different model surfaces, i.e. A equals
30 km. As expected, convective activities are relatively weak
and uniform over the homogeneous surface compared to
those over inhomogeneous surfaces (Figure 4(a) and (d)).
Although small-scale convective features are overall the same
over different land surfaces, the mesoscale inhomogeneity
in the filtered vertical velocity fields is clearly seen in
Figure 4(b) and (c) with stronger upward motions over
the soil surfaces and stronger downdraughts over the areas
covered with shrubs, with the vertical velocity distributions
shifted slightly downwind of the surface heterogeneities.
The amplitude of the filtered, mesoscale circulation is of
the order of 0.5 cm s™!. Note that the magnitude of the
mesoscale-filtered vertical wind is simply an intensity of a
few cm s!. This is consistent with the result of the LEMs
study by Kang and Davis (2009) and is also supported by
observations (e.g. Mahrt et al., 1994; LeMone et al., 2002;
Kang et al., 2007; Lenschow and Sun, 2007; Taylor et al.,

Q. J. R. Meteorol. Soc. 137:99-117 (2011)
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Simulated CBL Over Inhomogeneous Vegetation 105

2007). However, this weak mesoscale circulation may not be
considered negligible, as stressed by Ek and Mahrt (1991).

Figure 5 shows time-averaged (from 1100 LT to
1200 LT) profiles of domain-averaged vertical velocity
variance, w?, normalized by w,? over the whole domain,
<w?/Wy*> domain, r» and strip-averaged w? normalized by
the strip-averaged w2, <w? /w2 > trip, ¢ over different strips
from the three-strip experiments with a westerly geostrophic
windof2ms™!, 5ms™, 10ms~! (S02W, SO5W and SIOW).
<W?/Wy*> domain, ¢ is largest under a geostrophic wind of
10 ms~! and is smallest under a geostrophic wind of 2 ms~!
(Figure 5(a)). As expected, under a geostrophic wind of
2 m s~! once a well-mixed boundary layer has developed,
<w?/ W*2>Smp, ¢ over soil surfaces is higher than that over
vegetated surfaces (Figure 5(b)). Further examination of data
at other times indicates that differences in <w?/w,>> strip, ¢
between soil and vegetated surface increase with time until
1200 LT or 1230 LT when surface sensible flux reaches its
maximum value (not shown). The maximum differences in
<w? /W*2>strip, t» and <w?/W2>domain, ¢ are located at an
altitude of half the CBL height. <w?/w,*>ip, ; differences
between soil and vegetated surfaces become insignificant
under higher geostrophic winds of 5 m s~! and 10 m s~
(Figure 5(c) and (d)). Overall, the results imply that the effect
of heterogeneity on the CBL flow depends on geostrophic
wind speed and the CBL height as well as the magnitude of
the surface heat flux. Note that <w?/w,.>> strip, + differences
between two vegetated surfaces are very small due to the
horizontal advection of flux anomalies and periodical lateral
boundary conditions imposed on the model domain.

Figure 6 shows the time-averaged vertical velocity fields
and corresponding filtered signals from experiments over
the three-strip surface with different westerly geostrophic
winds of 2 m s7!, 5 m s7! and 10 m s™!. In the early
morning (averaged from 0600 LT to 0700 LT) before
the surface is heated by the solar radiation, the signature
of surface heterogeneities on the filtered vertical velocity
fields is marginal under different geostrophic winds and
signals of gravity waves are evident, particularly under
higher geostrophic winds (Figure 6-1). When the CBL is
well developed (from 1300 LT to 1400 LT), the effect of
surface heterogeneity on convection becomes significant
with the associated inhomogeneities in the filtered vertical
velocity fields being most pronounced under light wind
conditions (Figure 6(a)-2). Under a higher geostrophic
wind of 10 m s™!, the inhomogeneous patterns of the
filtered vertical velocity fields exhibited in Figure 6(c)-2
are not exactly collocated with those of the surface heat
flux due to strong horizontal advection. Consistent with
the result in Raasch and Harbusch (2001), the effect of the
surface heterogeneity on the CBL flow is still significant for a
geostrophic wind of 5.0 m s ! (Figure 6(b)-2). The persistent
eddies on scales of order of 1 km (contour lines in Figure 6)
also align with the mean wind speed and direction for strong
winds (Figure 6(c)). The results here are consistent with the
earlier findings by Weaver and Avissar (2001), who used a
mesoscale mode over a real mesoscale domain and found
that relatively weak upward motion of a few centimetres per
second is located over patches of large surface heat flux with
scales on the order of a few tens of kilometres. They also
pointed out that the synoptic-scale wind plays a key role
in orienting, steering and advecting the landscape-induced
mesoscale circulations.
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It is apparent that high wind speeds weaken the effect
of surface heterogeneities on convective activities: the
signature of the surface heterogeneity in the filtered vertical
velocity field is broken under a geostrophic wind of
10 m s7!, and is no longer coherently correlated to the
surface inhomogeneous patterns. Figure 7 shows correlation
coefficients between the anomalous vertical velocity fields
(<w>, ;) at 566 m AGL and the lagged surface heat flux
fields (<Hp>,, ;) as a function of the applied lag, for
inhomogeneous experiments SO2W and SI0W and for the
two homogeneous runs AO2W and VO2W. Note that under
a 2 m s~ geostrophic wind, anomalous vertical velocity
<w>, ; over the three-strip surface is clearly correlated
with the surface heat flux, with an evident mesoscale pattern,
with its scale in accordance with the surface heterogeneity
scale (Figure 7(a)). However under a 10 m s7! geostrophic
wind (Figure 7(b)), there is no evidence of a correlation
pattern between <w>, ; and <Hy>, ; over the three-
strip surface; the correlation is almost uniform along the
x direction similar to those shown for the homogeneous
runs (Figure 7(c) and (d)) under a geostrophic wind of
2 m s~ L. Some previous studies have showed that relatively
high background wind does not necessarily inhibit the
mesoscale circulations, but usually advects them away, and
that coherent advection of the mesoscale rolls by this wind is
an important effect (Weaver and Avissar, 2001; Baidya Roy
et al., 2002; Weaver, 2004). Although Figure 7(b) indicates
that there is no evident correlation between the mesoscale
circulation and the surface heterogeneity, Figure 6(c)-2
indeed suggests that high wind tends to weaken and break up
the mesoscale circulation rather than completely inhibit it.

Also note that the mesoscale inhomogeneity in the
vertical velocity field is not stationary but is advected
with time at the approximate background geostrophic wind
(Figures 4(b),6(a)-2). The result implies that the anomalous
convective activities induced by the surface heterogeneities
could affect convection of the downwind area where the
anomalous heat flux originates. This influence region
depends on the speed of background geostrophic winds.
The issue will be further discussed in section 3.2.

To examine the effect of surface heterogeneities under
different wind directions, Figure 8 shows the time-
averaged (from 1100 LT to 1200 LT) vertical velocity
fields and corresponding filtered signals at 566 m AGL
from experiments with two different surface types (three-
strip and four-block) under the same geostrophic wind
of 10 m s~! but different wind directions (S10N, B10N,
SIONW, BIONW, S10W and B10W). We can clearly see that
the effects of heterogeneity on convection are sensitive to the
land surface types and wind directions. For the three-strip
land surface type, the wind direction dependence of the effect
of heterogeneity is particularly significant, i.e. the effect of
heterogeneity is most pronounced when the wind direction
is parallel to the alignment (alignment here is defined
as the direction along the surface patches) of the strips
(Figure 8(a)), as was the case in the observational studies of
Taylor et al. (2003, 2007). The effect of surface heterogeneity
is weakest when the wind direction is perpendicular to
the alignment of the strips (Figure 8(e)). For the four-block
surface type, the differences in vertical velocity fields between
experiments with westerly winds (Figure 8(f)) and northerly
winds (Figure 8(b)) are small (as expected from symmetry
arguments). The effect of surface heterogeneity for the four-
block surface type is most coherent and significant under
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Figure 4. The x—y cross-sections of the time-averaged (from 1100 LT to 1200 LT) vertical velocity fields (line contours) at 566 m AGL from experiments
with the same geostrophic wind, but different surface inhomogeneities: (a) VO2W, (b) S02W, (c) B02W, and (d) A02W. Contours are at £1.0 and
4+0.5 m s~'.The time-averaged filtered vertical velocity fields (see text for more details) are over-plotted with grey-filled contours. Geostrophic wind
vectors are marked by the arrows. Straight black lines in (b), (c) delineate the pattern of the surface inhomogeneities.

northwesterly geostrophic winds (Figure 8(d)), when the
effect is similar to a wind oriented parallel to a three-strip
pattern.

Shen and Leclerc (1995) assumed that differences between
various experimental and modelling studies on effects of
heterogeneity may be attributed not only to different scales
of surface inhomogeneities, but also to different wind speeds.
Avissar and Schmidt (1998) showed that for larger one-
dimensional inhomogeneities with scales up to 40 km even
a moderate geostrophic wind of 5 m s ™! virtually eliminated
all possible impacts of ground-surface heterogeneity on the
CBL. Nevertheless, some other studies (e.g. Raasch and
Harbusch, 2001) have shown that effects of heterogeneity
on the CBL are still significant with geostrophic winds
greater than 5 m s~ !, and suggested this threshold wind
speed may depend on the wind direction. Our results also
indicate that the effect of heterogeneity still exists under
a higher geostrophic wind of 10 m s~! when the wind
direction is parallel to the alignment of the strips but is
much less significant when wind direction is perpendicular
to the alignment of the strips (Figure 8). Note that in
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Figure 8 and Figure 6(c)-2 the filtered vertical velocity fields
are still significantly inhomogeneous under a geostrophic
wind of 10 m s~!; however, those inhomogeneities are
incoherent and no longer clearly correlated with the surface
heterogeneities as is evident in Figure 7(b).

3.2.  Effects on the CBL temperature and horizontal winds

Figure 9 shows the vertical cross-section of
<0>, :/<0>, , ; from experiments with the three-strip
surface type under different geostrophic winds (SO5W, SO5N,
S10Wand S10N) (subscriptx, y of <6>, , ; denotesthatf is
averaged along the x, and y direction, subscript t denotes 6 is
time-averaged, here averaged from 1100 LT to 1200 LT). The
variations of <6>, ;/<6>, , ; along the x direction, i.e.
the direction across the alignment of the three surface strips
(as defined before), are different under different geostrophic
winds and at different heights. Note that within the CBL,
the <0>, ;/<0> ,  ratio over the soil surface is higher
than elsewhere in all four cases. The temperature differences
between the soil and vegetated surfaces decrease with height
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Figure 5. The time-averaged (from 1100 LT to 1200 LT) profiles of (a) domain-averaged w? normalized by the domain-averaged w.?, and (b), (c),
(d) strip-averaged w? normalized by the strip-averaged w,? from experiments with three-strip surface, but different geostrophic winds: (b) S02W,

(c) SO5W, and (d) SI0OW.

in the CBL. <6>,, ; near the model soil surface is about
0.3-0.6 K higher than elsewhere in Figure 9. Using an LEM,
Gorska et al. (2008) simulated a temperature difference of
0.7 K over a heterogeneous surface with a heat flux contrast
of 40 W m™2. Figure 3 indicates that heat flux contrast
between soil and vegetated surface is about 30 W m~2 in
our study. It is apparent that the simulated temperature
differences in Figure 9 are reasonable compared to that in
Gorska et al. (2008).

It is apparent that the effect of heterogeneity on <>, ;
still exists above the CBL top even under a geostrophic
wind of 10 m s~!. Wieringa (1986) pointed out that
when the dominant scale of the surface inhomogeneities
is small enough, the flow above a certain height becomes
independent of a position, i.e. the flow becomes pseudo-
homogeneous. This is because the long time-scale eddies
above this height will not have sufficient time to adjust to the
changing surface. Hopwood (1995) used tethered—balloon
data collected over an inhomogeneous semi-rural area (with
heterogeneity scales on the order of no more than 10 km) to
investigate perturbations caused by surface inhomogeneities
and deduced that 100 m is the height at which perturbations
introduced into the flow by surface inhomogeneities have
diffused into the flow interior. The heterogeneity effect
on the temperature is the reverse of that in the CBL
between 1.3 and 2.6 Z; for a 5 m s~! northerly geostrophic
wind (Figure 9(b)) and between 1.3 and 2.3 Z; for a
10 m s~! northerly geostrophic wind (Figure 9(d)). For
westerly geostrophic winds the effects are less clear but are
approximately between 1.3 and 2.4 Z; fora 5 ms~! wind and
1.3 and 2.2 Z; for a 10 m s~! wind, with the sloping contours
in Figure 9(c) suggestive of a gravity wave impact. The result
therefore suggests that the top of this layer with reversed
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temperature effects decreases with increasing geostrophic
wind speed.

Theoretically, Wood and Mason (1991) proposed a
thermal blending height formula which links the horizontal
length-scale of surface heterogeneity (1) to the height (Z})
where surface heterogeneity has an influence on the flow,
ie.,

A =2Zn(Cq Uby)/wWe, (10)

here, C;, = 3.1 x 1072 is a non-dimensional coefficient
(Mahrt, 2000), U is the mean horizontal wind, 0, is the
mean virtual potential temperature and w'6’ is the spatially-
averaged surface heat flux. Using the surface heat flux data
at 1200 LT from the three-strip experiments with a westerly
geostrophic wind of 2 m s™!, 5 m s™! and 10 m s™! (see
Table I), the estimated Zy is 2.7 Z;, 2.4 Z; and 1.8 Z;,
respectively. Note that the above estimated Zj, values are
close to that inferred from the model results analysed above,
and they are overall consistent in the aspect that the height
at which the effect of heterogeneity temperatures vanishes
decreases with geostrophic wind speed and is dependent
on the magnitudes of the surface heat flux as well as the
scale of surface heterogeneities. Kang et al. (2007) found
that the blending height of the surface heterogeneity likely
exceeds the atmospheric boundary layer (ABL) depth, but
the estimated Z;, from our simulations is far above the
boundary-layer height. It is possible that this departure is
due to the fact that the value of Cy, given by Mahrt (2000)
does not exactly fit the conditions in our runs.

Contrasts in the surface heat flux also have a significant
impact on the winds, and this impact is also sensitive to
geostrophic wind speeds and wind directions. Figure 10
gives the spatially (along y direction) and time-averaged
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Figure 6. The x—y cross-sections of the time-averaged vertical velocity fields (line contours) from the three-strip experiments with the various geostrophic
winds (a) SO2W, (b) SO5W, and (c) SIOW. (1) is averaged from 0600 LT to 0700 LT at 132 m AGL and (2) is averaged from 1300 LT to 1400 LT at 566 m
AGL. Contours are at 20.01 and +0.05m s~ ! in (1) and £-1.0 and £0.5 m s~! in (2). The time-averaged filtered vertical velocity fields (see text for more
details) are over-plotted with grey-filled contours. Geostrophic wind vectors are marked by the arrows. Straight black lines in (1) and (2) delineate the

pattern of the surface inhomogeneities.

(from 1100 LT to 1200 LT) velocities <u'>, ;, <w>,, 1,
<w? >, ¢ and filtered vertical velocities <w,>, ; from
experiments with the three-strip surface type under westerly
and northerly geostrophic winds of 10 m s~! (SI0W and
S10N). Here, the perturbation «’ is calculated from u with the
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mean wind removed. The wind fields in experiment SI0OW
are quite different from those in experiment S1I0N along
the x direction (Figure 10-1). Under a 10 m s™! westerly
geostrophic wind, the strongest westerly perturbation
<u'>, ; within the CBL is over the middle soil strip
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Figure 7. Cross-correlation analysis between the time-averaged (from 1300 LT to 1400 LT) anomalous vertical velocity fields <w>, ; at 566 m AGL and
lagged surface heat flux <Hy>), ; from experiments (a) SO2W, (b) SIOW, (c) VO2W, and (d) A02W, each shown as a function of the applied lag. Regions

within the middle soil strip are shaded in (a) and (b).

and in the downwind interface (x = 15 km) of two strips
(Figure 10(a)-1). Under a 10 m s~ ! northerly geostrophic
wind, the strongest westerly perturbation <u'>, ; is
close to the western interface (x = —15 km) of two
strips, while the strongest easterly perturbation <u'>, ; is
close to the eastern interface of two strips (x = 15 km)
(Figure 10(b)-1). The horizontal wind differences are
related to the secondary horizontal circulation induced
by the vertical velocity difference between warm and
cold patches. Under a 10 m s~! northerly geostrophic
wind, the associated weak westerly wind in the boundary
layer may also interact with the secondary circulations
induced by surface inhomogeneities for the three-strip
surface type (Figure 10(b)-1); consequently, the westerly
perturbations <u'>, ; are positive near the western interface
(x = —15 km) and negative near the eastern interface of two
strips (x = 15 km) in the lower CBL.

For a layer between approximately 0.8 and 2.0 Z; the
westerly wind perturbations <u'>, ; have reversed signs
compared with those below (Figure 10-1), consistent with
the temperature effects shown in Figure 9. Undera 10 m s~
westerly geostrophic wind, within the CBL a displacement of
maximum <u'>, ; and <w?>, , from the warm surface to
downwind can be noted (Figure 10(a)-1 and 10(a)-4). With
this westerly wind, above the CBL inclined structures in the
horizontal winds are clearly evident, suggestive of gravity
wave effects.

Within the CBL, <w>,, , is greater on the downwind side
(x = 10 km) of the soil strip than the upwind side under
a 10 m s~ westerly geostrophic wind (Figure 10(a)-2).
Under a 10 m s~ ! northerly geostrophic wind the effects of
the surface heterogeneity are much more significant, with
greater <w>, ; over the soil strip and at its boundaries
(Figure 10(b)-2). The vertical velocity variance, <w? >yt
in the middle of the CBL over the soil strip is slightly higher
than that over vegetated strips in both wind conditions,
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but this is shifted downwind with a westerly geostrophic
wind (Figure 10-4). The mesoscale pattern in filtered
vertical velocity, <w;>,, ;, is quite different under different
wind directions. Consistent with the earlier discussions,
the mesoscale circulation under a 10 m s~! westerly
geostrophic wind is weaker and less coherent, but still
exists. Under a 10 m s~! northerly geostrophic wind,
the mesoscale circulation is much more significant and
almost collocated with the surface heterogeneity pattern.
The vertical mesoscale circulation is coherent over a depth
from the surface to approximately 1.3 Z; (Figure 10-3),
which is approximately the depth of the deepest CBL eddies
(Figure 10-4).

Figure 11 further shows the corresponding <u'>, i,
<w>, 4 <w? >, + and filtered vertical velocities <w;>, ;
from experiments with the three-strip surface type under
light westerly and northerly geostrophic winds of 2 m s~
(S02W and S02N). Under a light westerly geostrophic wind
of 2m s}, in contrast to the results under a higher westerly
geostrophic wind of 10 m s!, the mesoscale pattern in
<u'>, ; along the x direction is more pronounced with
<u'>, ; over the upwind strip being higher than that over
the downwind strip (Figure 11(a)-1). Consistent with the
features in Figure 4(b), <w,>, ; and <w2>y,t over the
soil strip are much higher than over the vegetated surfaces
(Figure 11(a)-3 and 11(a)-4). <u'>, , variations along the
x direction under a northerly geostrophic wind of 2 m s!
are similar to those under a northerly geostrophic wind
of 10 m s~! (Figure 11(b)-1). However, Figure 11(b)-3
and 11(b)-4 indicate that under a light northerly wind of
2 m s7!, maximum <w>,; and <w?>, , occur over
the middle soil strip, while under a northerly wind of
10 m s7!, maximum <w;>, , and <w?>, , regions are
shifted slightly towards the eastern edge of the middle soil
strip (Figure 10(b)-3 and 10(b)-4).

Q. J. R. Meteorol. Soc. 137:99—-117 (2011)

3SUSD17 SUOLILIOD 9A[IER1D a|ceol|dde au Aq pausanoh ale saoie YO ‘asn Jo 3Nl Joj Akeiql auluQ AS|IAA UO (SUORIPUOD-PUR-SWLSWIOD" AS 1M Ae.d U 1uo//:Sdny) SUO IIPUoD pue sWwid | aUl 89S *[7202/TT/Sz] uo AkiqiTauliuo AS|Im ‘Aiseaiun noyzue Aq 2. b/z00T 0T/I0p/od A1 Im Afeiq 1 pulUo SIBLL// SNy Wol) pepeoumod ‘vS9 ‘“TT0Z ‘XOL8LLYT



110 C. Wang et al.

-0.005 -0.002

X (km)

0.001 0.004 0.007

<Ws>, (ms™)

Figure 8. As Figure 4, but from three-strips and block pattern experiments using 10 m s~! geostrophic winds from the north, north-west or west:

(a) SION, (b) BION, (c) SIONW, (d) BIONW, (e) SI0W, and (f) BLOW.

We can infer from Figure 9 to Figure 11 that the height
above which the heterogeneity effects on vertical motions
tend to vanish is well above the CBL top. Figures 10
and 11 clearly show a convergence towards the warm
surface in the CBL and a divergence near the top of the
CBL that reaches up to approximately 2.5 Z;. Like the
convergence, this divergence is associated with temperature
and vertical velocity differences and is an effect of the
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surface heterogeneities. Above this point, the level above
which the heterogeneity effects on vertical motions tend
to vanish can reach 3.3 Z; under the lighter geostrophic
wind of 2 m s7! (Figure 11-1). For higher westerly
geostrophic winds of 10 m s™! the effects become more
complex, with the inclined structures above the CBL again
suggestive of gravity waves reaching at least 4 Z; (Figure
10(a)-1).
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Figure 9. The vertical cross-sections of spatially (along y direction) and time-averaged (from 1100 LT to 1200 LT) <6>, ;/<6>, , ; from three-strip
experiments using varying geostrophic winds (a) SO5W, (b) SO5N, (c) S10W, and (d) SION. Dotted lines delineate where <6>, ;/<6>, , ; equals 1.
Straight black lines in each panel delineate the pattern of the surface inhomogeneities.

We know that the contrast in the surface heat flux
will induce secondary circulations which are generally
characterized by the low-level air flowing from a cooler
surface to a warmer surface. We can see from Figure 9
that the CBL temperatures over soil surfaces are higher
than those over vegetated surfaces, while the signals in
filtered vertical velocities show clear mesoscale anomalies
collocated with surface heterogeneities under reasonably
light wind conditions. Secondary circulations induced by
those contrasts in the CBL temperatures can also affect
the intensity of convection (Yi et al., 2000). A recent
theoretical study by Baldi et al. (2008) showed that land
surface variability generates available potential energy and
can make the environment of the lower troposphere more
favourable to cloud formation. The heterogeneity effect on
initiation of convection will be further discussed in the next
section.

4. Heterogeneity effect on initiation of convection

The interaction between the boundary-layer convection and
the mesoscale secondary circulations induced by the surface
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heterogeneities has implications for the initiation of deep
moist convection. Weaver (2004) found that the strong
vertical motions associated with mesoscale circulations
can trigger shallow or even deep convection. Mesoscale
circulations can lift the ‘lid’ of convective inhibition at
the top of the boundary layer (e.g. Morcrette et al.,
2007). Pre-moistening of the free troposphere in such
regions may then favour subsequent convective clouds.
The clouds themselves are fed by convective updraughts of
high equivalent potential temperature (6.) air embedded
within the much weaker mesoscale circulations and there is
evidence that the maximum values of 6. found in these
updraughts, rather than the mean 6. of the boundary
layer, can significantly influence the timing of the initiation
of convection (Weckwerth, 2000). Cloud physics are not
explicitly simulated within the model used in this study, and
the heterogeneity effect on moist convective processes is not
addressed in detail. However, some useful information on
the potential for the initiation of deep convection can still
be gained from combined diagnostics of the vertical velocity
and 6. In particular, in this section we examine both the
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Figure 10. The vertical cross-sections of spatially (along y direction) and time-averaged (from 1100 LT to 1200 LT) velocities (1) <u/>,, , (2) <w>,,,
(3) <ws>,, 1, and (4) <w?>, ; from three-strip experiments (a) SI0W, and (b) SION. w is filtered vertical velocity. Straight black lines in each panel

delineate the pattern of the surface inhomogeneities.

mesoscale circulations and the high-6. updraughts that feed
convective clouds themselves.

When the geostrophic wind has the same direction as
that of the secondary circulation induced by the surface
flux contrast, the mesoscale uplift tends to be suppressed
by the geostrophic wind. However, when the geostrophic

Copyright (© 2010 Royal Meteorological Society

wind opposes the secondary circulation, the convergence is
strengthened (e.g. Segal and Arritt, 1992).

In order to examine the spatial variation in the frequency
of occurrence of high-6, updraughts that could trigger deep
convection, Figure 12 shows vertical cross-sections of the
10™ percentile of the vertical velocity and the equivalent
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Figure 11. As Figure 10, but for experiments (a) S02W, and (b) SO2N.

potential temperature in the three-strip experiments with
westerly and northerly geostrophic winds of 2 m s™!. The
samples are gathered within the CBL from 1100 LT to
1200 LT, using all data from along the y direction for
each x location. Under a 2 m s™! westerly wind, we can
see that the highest 0. and vertical velocities occur at the
eastern, downwind edge of the middle soil strip in the
CBL (Figure 12-1). Under a northerly geostrophic wind of

Copyright (© 2010 Royal Meteorological Society

2ms7l, highest 6. and vertical velocities tend to occur over
the middle soil strip in the CBL (Figure 12-2).

The results in Figure 12 are in accordance with those
in Figure 11. Under light westerly geostrophic winds,
the mesoscale circulation on the eastern side of the soil
strip opposes the ambient geostrophic wind and, through
nonlinear effects, leads to a stronger convergence zone over
the downwind edge of the middle soil strip. The maximum
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Figure 12. Vertical cross-sections of the 10" percentile of (a) the equivalent potential temperature and (b) the vertical velocity in the three-strip
experiment (1) SO2W, and (2) SO2N. The samples are gathered from 1100 LT to 1200 LT along the y direction. Straight black lines in each panel delineate

the pattern of the surface inhomogeneities.

convective updraughts are found at this location. Under
northerly light geostrophic winds, there is very little ambient
wind in the x direction and therefore very limited interaction
between the secondary circulation and the ambient wind;
therefore highest 6. and vertical velocities are over the middle
soil strip due to higher surface heat flux.

Figure 13 is similar to Figure 12, showing the 10"
percentile of the vertical velocity and the equivalent potential
temperature in the three-strip experiment, but for a higher
geostrophic wind of 10 m s ™! rather than 2 ms™!. Consistent
with results under light westerly geostrophic winds, we can
see that strongest vertical velocities and highest 6. tend to
occur at the downwind area of the middle soil strip in the
CBL undera 10 m s~ ! westerly geostrophic wind. In contrast
to Figure 12-2, strongest vertical velocities and highest 6.
in the experiment with a northerly geostrophic wind of
10 m s~ ! also tend to occur at the eastern area of the middle
soil strip in the CBL.

The results here suggest that under reasonable light
northerly winds the favourable location of deep convective
initiation is over the middle soil strip and under reasonable
light westerly winds the favourable location for triggering
shallow or even deep convection tends to be downwind of

Copyright (© 2010 Royal Meteorological Society

the middle soil strip. When the geostrophic wind increases,
under both the westerly and northerly wind conditions,
strongest vertical velocities and highest 6. are located at
the eastern area of the middle soil strip where the deep
convection is most likely to be triggered. It is possible that
this effect is due to the westerly advection of the mesoscale
convergence zone, slightly eastward over the relatively hot
soil, providing the right conditions for strong updraughts.

5. Summary and conclusion

Through a series of idealised model simulations, the effects
of heterogeneity on convective properties over a mesoscale
flat domain with different distributions of surface fluxes,
as a result of different distributions of soil and vegetation
areas, are investigated systematically. Effects of surface type
on surface roughness were neglected, to allow surface-
flux effects to be studied in isolation. The modulation
of the effects of heterogeneity by various geostrophic
wind speeds and directions is examined and compared
with the corresponding results obtained from previous
published LEM studies over small-scale domains. Our results
indicate that the effect of heterogeneity is still detectable at
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Figure 13. As Figure 12, but experiments for (1) SI0W, and (2) S10N.

a high geostrophic wind of 10 m s~!. Consistent with
previous results, our analysis shows that the effect of
surface heterogeneities on convective properties is height-
dependent and most significant within the lower CBL.
The height at which the heterogeneity effects on potential
temperature and winds become insignificant is well above
the CBL top. With light geostrophic winds the effects reach
to at least 3.3 Z;, but the details depend on the wind
speed and directions as well as the orientation of surface
heterogeneities.

Within the CBL the surface heat flux contrast has a
complex impact on horizontal momentum distributions
and the effect is closely related to the geostrophic wind
speed and direction as well as the alignment of the surface
heterogeneities. A mesoscale pattern in the vertical velocity
field, as well as horizontal winds, is collocated with the
surface heterogeneities under light geostrophic winds and
moves with the CBL winds under higher geostrophic winds.
When the geostrophic wind direction is perpendicular to the
alignment of the surface heterogeneities over a three-strip
surface type, the mesoscale pattern in horizontal velocity
is more pronounced with significant variations in the
wind components at the interfaces between two different
surface patches. Under light geostrophic wind speeds, the
interaction between the CBL background winds and the

Copyright (© 2010 Royal Meteorological Society
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secondary circulation induced by contrasts in the surface
heat flux may be another mechanism for the wind direction
dependence of the heterogeneity effect.

The interaction between the secondary circulation and
the geostrophic flow causes convergences at the interfaces
between different land patches. The vertical motions
associated with these convergence zones, which may favour
deep convective systems under favourable conditions (e.g.
Cheng and Cotton, 2004; Childs et al., 2006), can have an
important effect on convection development. The intensity
of the convergence zone associated with the secondary
circulation and the background wind should depend on the
balance of the geostrophic wind speed and strengths of the
secondary circulation, and the strongest convergence forms
when the strength of the secondary circulation is balanced by
the geostrophic winds. Due to this effect, under reasonably
light geostrophic winds, the interaction between background
winds and the secondary circulations favours convective
initiation at the downwind (eastern) edge of the middle soil
strip when (westerly) geostrophic winds are perpendicular
to the alignment of the surface heterogeneities, since
the greatest mesoscale ascent, maximum updraughts and
maximum values of 6, are found there.

Q. J. R. Meteorol. Soc. 137:99—-117 (2011)
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