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HIGH-RESOLUTION MESOSCALE SIMULATIONS ON THE ROLE OF SHALLOW AND DEEP
CONVECTION ON DUST EMISSION AND TRANSPORT IN A DESERT AREA
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1. INTRODUCTION

Understanding the processes of mineral dust emission,
transport, and deposition has been an important research
issue not only for predicting disastrous influence of dust
storms on human lives, agriculture, transportation sys-
tem, and other industries but also for evaluating the im-
pact of dust aerosol on the global climate system. A lot
of research efforts related to dust emission and transport
have been conducted from a global-scale, a synoptic-
scale, and a mesoscale point of view, since weather dis-
turbances in these scales are considered as major play-
ers in regulating the total amount of tropospheric dust
especially in midlatitudes. Although synoptic-scale and
mesoscale disturbances seem to play a major role in
controlling the total amount of dust concentration and
transport in source regions of mid-latitude deserts (e.g.,
Takemi and Seino 2005), small-scale, boundary-layer
mixing is also responsible for dust emission (Cakmur and
Miller 2004). Diurnal variability of dust mobilization and
concentration is responsible for 20-50 % of the total tem-
poral variability in East Asia (Luo et al. 2004). Koch and
Renno (2005) estimated that boundary-layer convective
motions contribute to about 35 % of the global dust bud-
get.

One of the remarkable features seen in the desert
boundary layer is a large diurnal variability due to intense
solar heating. In addition, its top reaches over the 4-km
height in a Chinese desert (Takemi 1999; Takemi and
Satomura 2000). Such deep boundary layers are antici-
pated to have a close tie with long-range transport of dust
especially in the Chinese deserts, since the boundary-
layer top over the deserts where the ground elevation is 1
to 1.5 km becomes very close to the level of westerly jet
and thus the boundary-layer air may easily be entrained
into the jet stream (lwasaka et al. 2003). Therefore, the
diurnal variation of the boundary layer is critical in evalu-
ating the amount of dust on non-stormy days.

A recent study by Takemi et al. (2005) has presented
a modeling framework that explicitly resolves organized
motions of convective boundary layer for investigating the
dynamical processes relevant to dust transport in a fair-
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weather setting. The study was motivated by an obser-
vational work of Yasui et al. (2005) who demonstrated
a clear diurnal variation of the dust concentration in the
boundary layer from the data of lidar measurements at a
desert site of Shapotou, China (at 37.46°N and 104.95°E,
1250 m above the sea level).

In the present study, we will investigate the dynamical
processes and mechanisms of dust emission and trans-
port induced by boundary-layer shallow convection and
deep cumulus convection under a fair-weather condition
which Yasui et al. (2005) observationally examined in de-
tail. For this purpose, we have performed a series of
high-resolution simulations explicitly resolving organized
convective motions in a mesoscale domain. The present
idealized experiments are not intended to closely mimic
a real case over the observation site, but rather are in-
tended to capture the essential features of a fair-weather
condition in order to demonstrate the fundamental dy-
namics of micro-scale processes. We discuss the role
of boundary-layer and cumulus convection on dust emis-
sion and transport from the surface through the boundary
layer up to the free troposphere. We further investigate
the sensitivity of convective-scale dust transport to model
resolutions in the cloud-resolving range. By demonstrat-
ing the resolution sensitivity, we present a simple param-
eterization of convective dust transport in cloud-resolving
simulations.

2. MODEL AND EXPERIMENTAL DESIGN

We use the Advanced Regional Prediction System
(ARPS) (Xue et al. 2000), a non-hydrostatic cloud model,
which includes a dust emission and transport module
(Takemi 2005). The model is configured in an idealized
way as in Takemi et al. (2005) in order to focus on the
fundamental dynamics of convective dust transport under
a fair-weather condition. Simulations are conducted in a
mesoscale domain of 80 km (east-west) x 20 km (north-
south) x 18.4 km (vertical) with the periodic condition at
the lateral boundaries. The physics parameterizations,
the numerical schemes, and the vertical grid size are ex-
actly the same as in Takemi et al. (2005).

In the dust emission-transport module, the vertical dust
flux at the surface depends on the fourth power of friction
velocity according to the equation presented in Liu and
Westphal (2001), and the dust variables are represented
as mixing ratios of 'dry’ dust (which is simply termed dust)



and 'wet’ dust scavenged by rainwater (which is termed
rain-wet dust) (Takemi 2005). We assume a single parti-
cle size of 1.0-um radius which is considered to represent
a small dust particle that would be transported in the long
range.

Cloud-resolving simulations are performed typically
with a horizontal grid size of O(1 km), and hence the first
series of numerical experiments employ a horizontal grid
size (denoted as Ax) of 500 m along with stretched verti-
cal grids of 20-810 m intervals. The second series of nu-
merical experiments examine the sensitivity to horizontal
grid size ranging from 250 m to 4 km.

The initial base state is set to the horizontal averages
over the computational area after a 3-day preliminary run
starting with the vertical profile of Yinchuan, China, lo-
cated in the southern Gobi Desert, at 6 LT (local time) 13
April 2002. This horizontally uniform base state is used
for initializing the model with random temperature pertur-
bations added below the 1-km height.

3. CONVECTIVE-SCALE DUST TRANSPORT

In the first series of simulations, we perform a set of
sensitivity experiments as well as a control (referred to
as CONTROL) simulation in order to examine the ef-
fects of vertical wind shear (SHEAR, the mid-level shear
is increased), upper-level wind speed (WEAK, the wind
speeds are uniformly reduced), and moist convection
(NOMPHYS, the cloud microphysics parameterization is
off).

At first the result from the control simulation is de-
scribed. In Takemi et al. (2005), it was shown that the
simulation reproduced the diurnal variation of fair-weather
convective boundary layer commonly seen in a Chinese
desert despite the simplified model settings. During the
course of this diurnal variation, boundary-layer convec-
tion and cumulus cells develop. The convective activity
is measured here with the horizontally averaged value
and the standard deviation of vertical velocity, which is
depicted in Fig. 1. The cloud boundary is defined as a
contour of cloud-water plus cloud-ice mixing ratio being
0.01 g kg™ *. At around 11 LT, strong updraft develops in
the boundary layer, penetrating above the 4-km height to
generate convective cloud. This convective cloud activity
is also indicated by a large standard deviation of verti-
cal velocity. The rapid development of deep convection
at 11 LT is due to the initial stratification having a shallow
surface stable layer capped by a thick neutral layer up to
the 4-km height: once the shallow stable layer is broken
by surface heating, updrafts penetrate through the neu-
tral layer deeply into the free troposphere. After the noon
time, owing to the continuous strong surface heating, in-
tense updrafts sporadically develop not only in the bound-
ary layer but also in the cloud layer, as seen from the large
means and standard deviations. The cloud layer gradu-
ally extends upward until 17 LT, accompanying a moder-
ate amount of the standard deviation.

(a) CONTROL:w(m/s)(MEAN) (b) CONTROL:w(m/s)(SD)
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Figure 1: Time-height section of (a) vertical velocity averaged at
each horizontal level (contoured at 0.015 m s—1) and (b) its stan-
dard deviation (contoured at 0.4 m s—! above 0.8 m s—1) for the
CONTROL experiment. The cloud region (defined by the area
in which horizontally averaged cloud-water plus cloud-ice mixing
ratio exceeds 0.01 g kg—1) is also indicated by gray shading.
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Figure 2: Distribution of friction velocity frequency (in %) during
10-18 LT for all the experiments.

The temporal evolution of the mean vertical distribution
of dust as well as vertical dust flux was examined (not
shown). At around 11 LT dust was quickly transported up-
ward within the boundary layer, and the dust concentra-
tion increased rapidly by the noon time, which were due to
the development of intense convection. In the afternoon
period, the dust concentration below the cloud-base level
(i.e., the 4-km height) continuously increased, and some
fraction of the dust was gradually raised above the 4-km
height.

Through the sensitivity simulations, the dust transport
critically depends on upper-level wind speed, vertical
wind shear, and cloud development. This sensitivity is
demonstrated in terms of friction velocity in Fig. 2 which
compares the frequency distribution of friction velocity
during 10-18 LT. It is clearly seen that the frequency dis-
tribution is shifted to a weaker velocity range from the con-
trol (CONTROL) to the sensitivity experiments (WEAK,
NOMPHYS, and SHEAR). This behavior led to the dif-
ference in the column total dust.

In order to demonstrate the processes relevant to dust
transport, the vertical eddy fluxes of horizontal momen-
tum is examined. Figure 3 shows the time and height
sections of the vertical momentum flux as well as the z-
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Figure 3: Time-height section of vertical flux of horizontal mo-
mentum (in m? s—2, shaded, the legend shown in the bottom of
each panel) and z-component horizontal wind (contoured at 2.5-
m s~ interval) for (a) the CONTROL, (b) the NOMPHYS, (c) the
WEAK, and (d) the SHEAR experiments. Only downward fluxes
are depicted.

component wind averaged horizontally over the computa-
tional area for the first series of numerical experiments.
A considerable amount of downward momentum flux is
seen at around 11 LT in all the cases except the SHEAR
experiment; this is obviously caused by deep penetrating
convection that induces abrupt increase in dust concen-
tration. A significant amount of the downward flux contin-
ues throughout the afternoon in the three cases. When
the result of the NOMPHYS is compared with that of the
CONTROL, the activity of the downward flux seems to
be significantly weakened in the afternoon and hence is
the boundary-layer wind speed. This suggests that cu-
mulus cloud activity has a role of enhancing downward
momentum flux. By reducing the base-state horizontal
wind speed (i.e., the WEAK case), the wind speed at the
surface and in the boundary layer is therefore reduced
even with a comparable amount of downward momen-
tum flux with the CONTROL result. By increasing the
strength of the shear in the 2-5 km layer (i.e., the SHEAR
case), the development of mixed boundary layer is con-
siderably suppressed and shallow, stratiform-type clouds
prevail throughout the day. Owing to the absence of con-
vective activity in this case, the vertical momentum flux is
considerably reduced.

We have performed a set of sensitivity simulations
in order to investigate the fundamental processes of
dust emission and transport induced by small-scale pro-
cesses, i.e., dry and moist convection. The simulations in-
dicated that a weak shear environment in the lower tropo-
sphere is favorable for the development of a deep convec-

tive boundary layer, which supports the view presented
observationally by Yasui et al. (2005). However, a weak
wind speed in the low levels (i.e., below the 4-km level)
itself does not produce a large amount of dust emission.
Our sensitivity experiments clearly demonstrated that a
certain amount of wind speed, i.e., the threshold wind
speed for dust emission, is at least necessary for the en-
hancement of surface winds which is due to the down-
ward transport of higher momentum by deep convective
motion.

4. RESOLUTION DEPENDENCE AND PARAMETERI-
ZATION

In the second series of simulations, we examine vari-
ous Az of 250 m, 500 m, 1 km, 2 km, and 4 km. The case
with the smallest grid size, which is sufficient to resolve
boundary-layer and cumulus convection, is regarded as
the control in this simulation series.

Figure 4 shows the time-height section of horizontally
averaged dust concentration, vertical dust flux, and cloud
mixing ratio (a proxy for cloud boundary) for the cases
with different horizontal resolutions. In the control case
(i.e., with Az = 250 m), upward dust flux develops at
around 10:30 LT and dust is quickly mixed within the
boundary layer i.e., below the 4.5-km level. Above the
boundary layer develop cumulus clouds, which transport
dust further upward into the free troposphere. The sig-
nificant upward flux continues throughout the afternoon
and the dust content gradually increases not only in the
boundary layer but in the free troposphere as well. A simi-
lar feature is basically found for the cases with the coarser
grids except the 4 km-grid case that demonstrates a later
but more sudden development of upward dust flux. In ad-
dition, the coarsest grid case resulted in the highest value
of column integrated dust content. This is due to an un-
expectedly sudden and intense cumulus convection that
developed during 14-15 LT.

The results indicate that the grid size of 4 km, which is
well in the range of explicit representation of moist con-
vection in mesoscale convective systems (Weisman et al.
1997), is not sufficient to resolve shallow and deep con-
vection under a fair-weather condition. Since the 4-km
mesh is not so coarse for mesoscale (let alone global-
scale) simulations of convective dust transport and more-
over most studies aim at performing simulations with grid
size of 1-10 km, a proper parameterization for activating
convection that leads to dust emission and transport is
necessary in this range of grid size. For this purpose, we
apply the idea of Deng et al. (2003) who developed a
shallow-convection parameterization in mesoscale mod-
els. They hypothesized that cloud-forming rising parcels
were positively correlated with vertical velocity perturba-
tions and defined eddy vertical velocity in terms of turbu-
lent kinetic energy (TKE) to be added to resolved vertical
motion.

On the basis of their hypothesis, we assume that up-
draft is enhanced through eddy motion in an appropriate
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Figure 4: Time-height section of area-averaged dust concentra-
tion (contoured at 0.001, 0.01, 0.05, 0.1, and 0.2 mg m~—3), up-
ward flux of dust (shaded, in mg m—2 s—1), and cloud boundary
(dotted, the contour of 0.01 g kg~ of cloud water plus ice mixing
ratio) with Az of (a) 250 m, (b) 500 m, (c) 1 km, (d) 2 km, and
(e) 4km.

@16
g 14
%’12—
5 10}
5 8r
e of
g 4
£ ol
=z 9

6

Figure 5: Temporal variation of the maximum updratft in the do-
main for the cases of 250 m-grid, 4 km-grid, and 4 km-grid with
SUA.

time scale: in the updraft regions a forcing term is added
to the vertical momentum equation. This term is referred
to as subgrid-scale updraft acceleration (SUA) and is writ-

ten as:
dw 1 /2
aw e 1
( dt )SUA 7\ 3° @

where w is vertical velocity, e is TKE, and 7 is the
timescale for the updraft acceleration. By trial and error
we set 7 = 10 min.

The temporal variation of the maximum upward velocity
in the domain is compared in Figure 5. Although the ve-
locity in the 4 km-grid case with SUA is weaker than that
in the 250 m-grid case, adding the forcing term overall
improves the velocity variation. By examining the distribu-
tion of the frequency of surface wind speed, we found that
the distribution in the case of 4-km grid with SUA better
captured the feature in the 250 m-grid case than without
the parameterization.

With the boundary-layer development and associated
surface wind variation being better represented with the
SUA parameterization, the convective dust emission and
transport is significantly improved. Figure 6 demonstrates
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Figure 6: The same as Figure 4, except for the case of Az = 4
km with subgrid-scale updraft acceleration.

that the diurnal development of vertical dust transport with
SUA compares well with the fine-mesh case shown in Fig-
ure 4a. Therefore, a simple representation using TKE for
accelerating vertical velocity depicted in (1) can be used
for cloud-resolving simulations of convective dust trans-
port.

5. CONCLUSIONS

Shallow convection plays a primary role in vertically
mixing dust within the boundary layer. If deep cumulus
convection also comes into play, mass concentration of
dust increases not only within the boundary layer but also
in the free troposphere. A coupled effect of dry and moist
convection is important because convection is more en-
hanced with the coupled effect than without moist pro-
cesses. Furthermore, transports upper-level higher mo-
mentum down to the surface, intensifying surface winds
and hence dust emission. A wind speed exceeding the
threshold for surface dust emission is necessary at the
upper levels of the daytime boundary layer for the sur-
face wind enhancement. Although the amount of dust
lifted is much smaller during a single diurnal cycle of fair
weather than associated with a single case of synoptic
disturbances, the total amount of dust emission due to
fair-weather processes may not be neglected in a longer
time-scale.

A significant difference between the coarse- and fine-
resolution simulations is found in the column amount of
dust floating in the air. The results of the higher-resolution
simulations have been further compared with those of
low-resolution simulations with a grid size of O(1 km). The
subgrid-scale mixing due to a turbulence parameteriza-
tion seems to be effective in the cases with the grid size of
500 m and lower. In order to properly represent the con-



vective dust transport under a fair-weather condition in
cloud-resolving simulations, the development of shallow
and deep convection should be well resolved. Our sensi-
tivity simulations to horizontal grid size suggested that a
parameterization that activate shallow and deep convec-
tion needs to be included in simulations with a grid size
of 1-10 km. We present a simple formulation of convec-
tive dust transport in cloud-resolving simulations with that
range of grid size.
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