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Abstract. We develop a parameterization scheme of con-
vective dust emission for regional and global atmospheric
models. Convective dust emission occurs in the absence of
saltation as large eddies intermittently produce strong shear
stresses on the surface and entrain dust particles into the air.
This dust emission mechanism has not been included in the
traditional dust models. The scheme presented in this study is
a new approach which takes account of the stochastic nature
of convective dust emission. It consists of the statistical rep-
resentations of soil particle size, inter-particle cohesion, and
instantaneous surface shear stress. A method of determining
the probability density function of the latter quantity is pro-
posed. Dust emission is then estimated from the overlap of
the probability density functions of the aerodynamic lifting
and inter-particle cohesive forces. The new scheme is imple-
mented into the WRF/Chem model and applied to dust mod-
eling in the Taklimakan Desert. A comparison with lidar data
shows that the model can reproduce the main features of the
dust patterns and their diurnal variations. For the case stud-
ied, convective dust emission is typically several µg m−2 s−1

and at times up to 50 µg m−2 s−1.

1 Introduction

The existing dust emission schemes used in regional and
global atmospheric models are mainly concerned with the pa-
rameterization of dust emission caused by saltation bombard-
ment (e.g.Marticorena and Bergametti, 1995) and aggregates
disintegration (e.g.Shao, 2004). These schemes are fairly ef-
fective for the simulation of dust emission during strong dust
events (e.g.Shao et al., 2010). However, they are not de-
signed for quantifying dust emission under weak wind con-

ditions, which is generated by intermittent turbulence rather
than by the mean wind shear and the associated saltation of
sand-sized grains. As pointed out in previous studies (Mar-
ticorena et al., 1997; Shao et al., 1993), the intensity of dust
emission due to direct aerodynamic lifting is much weaker
than that due to saltation bombardment and aggregates disin-
tegration, and can therefore be neglected in modeling strong
dust events (e.g. dust storms). However, while the intensity
of aerodynamic dust emission is weak in general, it may oc-
cur frequently, e.g. on daily basis in desert areas. In contrast,
strong dust events occur much less frequently, maybe a few
times a month during the peak dust season. Therefore, aero-
dynamic dust emission may constitute a major contributor
to the regional and global dust budgets on seasonal, annual
or longer time scales. For example,Koch and Renno(2005)
reported that convective plumes and vortices contribute to
about 35 % of the global budget of mineral dust. Several re-
cent review papers also highlighted the potential importance
of micro-scale dust emission (Shao et al., 2011; Knippertz
and Todd, 2012).

Aerodynamic dust emission by turbulence is most obvious
under convective (atmospheric boundary layer) conditions,
as exemplified by dust devils in desert in summer. In this
study, we call aerodynamic dust emission due to convective
turbulence convective dust emission. A few studies on con-
vective dust emission have been carried out in recent years.
Ansmann et al.(2008) investigated the vertical structure of
convective dust plumes using lidar observations in Morocco
during the Saharan Mineral Dust Experiment (SAMUM).
Heintzenberg(2008) andLoosmore and Hunt(2000) carried
out wind-tunnel experiments and found that dust emission
also occurs in the absence of saltation.Gledzer et al.(2009)
considered particles significantly smaller than the thickness
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of the viscous sublayer and estimated the mass concentration
of dispersed fine particles in the viscous thermal boundary
layer based on field measurements in the desertified areas
near the Caspian Sea. The driving parameters in their ap-
proach are friction velocity and temperature drop near the
surface.Ito et al.(2010) carried out a large-eddy simulation
(LES) to estimate convective dust emission. They considered
a particle size range from 1 to 10 µm and computed the dust
fluxes according toLoosmore and Hunt(2000). Their simu-
lations show that dust concentration in the mixed layer lin-
early increases with surface heat flux.

The first aim of this study is to develop a scheme for
the parameterization of convective dust emission. An impor-
tant feature of the scheme is a statistical description of the
stochastic variables involved in the process. This is a new ap-
proach to dust emission modeling in contrast to the conven-
tional dust emission schemes. The theory for the new scheme
is described in Sect. 2. The second aim of the study is to de-
velop the capacity of assessing the contribution of convective
dust emission to regional and global dust budgets. To this
end, a technique is proposed to implement the new scheme
in the framework of the WRF/Chem model. An atmospheric
model (e.g. regional) has a typical grid size of a few to a
few tens of kilometers. For a given model grid cell, the joint
probability density function (joint pdf) of the horizontal and
vertical velocity components, i.e. the shear stress, is gener-
ated based on the pdfs for the individual components follow-
ing Manomaiphiboon and Russell(2003). The WRF/Chem
model with the new scheme is then implemented for the sim-
ulation of a convective dust event in the Taklimakan Desert.
The model results are compared with the lidar data collected
at Aksu.

2 Convective dust emission

The main mechanisms for dust emission are aerodynamic
entrainment, saltation bombardment, and aggregates disin-
tegration (Shao, 2008). In case of strong winds, saltation
bombardment and aggregates disintegration are the dominant
mechanisms in comparison to aerodynamic entrainment. In
the context of dust emission, strong winds refer to the situa-
tions whenu∗ > u∗t , whereu∗ is friction velocity andu∗t is
threshold friction velocity for saltation. If wind is too weak to
activate saltation (u∗ < u∗t ), then aerodynamic entrainment
becomes the prevalent mechanism for dust emission. Con-
vective dust emission is the most important form of aero-
dynamic entrainment and is thus the focus of the new dust
scheme. The applicability of our approach is, however, not
limited to convective conditions. It can be easily extended to
other turbulent conditions, e.g. shear generated turbulence,
by modifying the momentum transport parameterization de-
scribed in Sect.4.1.

Convective turbulence occurs in regions of strong surface
heating, such as desert areas in summer. A super-adiabatic

temperature gradient commonly exists in the atmosphere
near the surface, which forces the development of thermals
and generates strong vertical velocity fluctuations.

Let us consider a unit area covered with dust particles of
different sizes. A forceτ is exerted by turbulence on the unit
area ([τ ] = N m−2

= Pa). If the force is evenly distributed,
then the force exerted on a particle with a cross-section ofa

is

fd = |τ | · a = |τ | ·
πd2

4
. (1)

The fractionηi of particles of sizedi in a given size interval
δdi is

ηi = p(di)δdi . (2)

Here, p(di) denotes the particle size distribution function
(psd). Therefore, the force exerted on all particles in this size
interval is given by

f (di) = |τ | · a (di) · ηi . (3)

The quantityτ is the instantaneous vertical flux of horizontal
momentum given by

|τ | = ρ

√
(u′w′)2

+ (v′w′)2 (4)

with air densityρ. Note that the current values ofu′w′ and
v′w′ are used instead of the mean valuesu′w′ andv′w′ of
the Reynolds shear stress. As detailed in Sect.3, τ is param-
eterized by means of a joint pdf of the horizontal and vertical
wind components.

Dust emission can be expressed as the number fluxnd of
dust particles of sized multiplied by the particle massmp:

F = nd · mp = Ndwp · mp (5)

whereNd is the particle number concentration andwp the
particle vertical velocity which obeys the equation of particle
motion, namely,

dwp

dt
= −

1

Tp

(
wp − wa

)
︸ ︷︷ ︸

I

− g︸︷︷︸
II

+
(f − Fi)

mp︸ ︷︷ ︸
III

. (6)

The first term contains the particle response timeTp and the
vertical component (wp − wa) of the particle-to-air relative
velocity U r, with wa being the vertical velocity of the air. In
general,Tp can be expressed as

Tp =
4

3

d

CdUr

ρp

ρ
(7)

with aerodynamic drag coefficientCd, andUr being the mag-
nitude ofU r (Shao, 2008). The particle densityρp is approxi-
mately 2560 kg m−3. Term I in Eq. (6) describes the behavior
of a particle in air and is important as soon as the particle is
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Fig. 1. (a) Illustration of the lifting force affecting a particle in the
viscous sublayer;(b) illustration of the probabilistic distributions
used for the description of the cohesive and lifting forces.

lifted from the surface. Term II reflects the particle accel-
eration due to gravity. Term III is the most important term
concerning the emission process. The force exerted on the
particle by wind as described in Eq. (3) is f and the cohesive
forceFi . Fi is only active up to a height of the order of par-
ticle diameter and is then zero (Fig.1a). In our scheme, both
f andFi are stochastic quantities which obey certain proba-
bility distributions. Therefore, dust emission is proportional
to the overlap of the two distributions (Fig.1b).

A dust particle can be considered to be emitted from the
surface if it passes through the viscous sublayer adjacent to
the surface. Therefore, Eq. (6) is integrated over the depth
of the laminar layer to determine the vertical velocity of the
dust particle motion:

wp = −
wt

2
+

(f − Fi)

mp

Tpd

2δ
+

f

mp

Tp (δ − d)

2δ
(8)

with particle terminal velocitywt = gTp. The effective tur-
bulent fluxτ (sum of molecular and turbulent fluxes) is ap-
proximately constant with height in the surface layer (Stull,
1988). In the viscous sublayer,τ obeys the Newtonian law:

τ = νρ
dU

dz
(9)

with ν being the kinematic viscosity. SupposeU (z = 0) = 0.
Then, an integration of Eq. (9) yields

U

u∗

=
u∗

ν
z. (10)

Suppose the instantaneous friction velocity isu∗ =
√

τ/ρ

and the transition between the laminar and turbulent flows
(which defines the top of the viscous sublayer) starts at a
friction Reynolds number ofu∗z/ν = 5 (Schlichting et al.,
2003). Then, the thicknessδ of the viscous sublayer can be
estimated as

δ =
5ν

u∗
. (11)

The first term in Eq. (8) represents dust deposition and
therefore does not have to be included in the dust emission

Fig. 2. Illustration of a large eddy above the viscous sublayer (flow indicated by arrows), which exerts a force

on the particles, reduces the depth of the viscous sublayer δ (dotted line) and increases the particle number

concentration.
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Fig. 2. Illustration of a large eddy above the viscous sublayer (flow
indicated by arrows), which exerts a force on the particles, reduces
the depth of the viscous sublayerδ (dotted line) and increases the
particle number concentration.

scheme. The particle vertical velocitywp in Eq. (5) can now
be substituted by Eq. (8). As illustrated in Fig.2, the particle
number concentrationNd must be inversely proportional to
the depth of the laminar layer, namely,Nd = αN/δ with αN

in m−2 being the proportionality parameter. It follows that
the dust emission flux can be expressed as

Fd =

{
αN

Tp
2δ

(
f − Fi

d
δ

)
for f > Fi and δ > d,

0 else.
(12)

The parameterαN is an unknown empirical parameter to be
determined by comparison of the scheme with observations.
Finally, the total convective dust emission for all particles of
a given particle size interval is given by

F (di) = ηi ·

∞∫
0

 f∫
0

αN

Tp

2δ

(
f − Fi

d

δ

)
p(Fi)dFi

p(τ)dτ . (13)

The innermost integration accounts for the stochastic behav-
ior of the cohesive forceFi (see Sect.3.1) and the integra-
tion over the instantaneous shear stressτ accounts for the
stochastic behavior of the lifting forcef , which is related to
τ by Eq. (3). Thus, the two integrals multiplied by the num-
ber of particles of sizedi describe the amount of dust emit-
ted for this particle size (see also Fig.1b). Finally, the inte-
gration over particle diameterdi of F (di) multiplied by the
psd yields the total dust emission for all particle sizes. The
principal mechanisms of convective dust emission as param-
eterized by Eq. (13) are summarized in Fig.2.

3 Parameterization

As shown in the previous section, the parameterizations for
both the cohesive and lifting forces are necessary, and the
parent-soil psd must be specified as an input quantity. As our
main concern is convective dust emission under weak mean
wind conditions, minimally-disturbed psds are used. These
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Fig. 3. (a) Parameterizations of particle size distribution composed from four log-normal distributions to fit

experimental data. The results for the four soil types used in this study are shown; (b) probabilistic distribution

of the cohesive force for particle diameters of 2, 3, 5, 10, and 20 µm plotted in Fi ·p(Fi). The distributions are

calculated using Eq. (14).
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Fig. 3. (a)Parameterizations of particle size distribution composed from four log-normal distributions to fit experimental data. The results
for the four soil types used in this study are shown;(b) probabilistic distribution of the cohesive force for particle diameters of 2, 3, 5, 10,
and 20 µm plotted inFi · p(Fi). The distributions are calculated using Eq. (14).

are approximations to the parent soil psd seen by turbu-
lence, as they are obtained with the minimal mechanical and
chemical disturbances to the soil samples. In contrast, fully-
disturbed psds are obtained by applying strong mechanical
and chemical forces to disaggregate the soil particles, which
rarely occurs in real dust emission processes (Shao, 2008).
The use of minimally-disturbed psd is thus more appropriate
for our scheme. In this study, the minimally-disturbed psds
for the parent soils are approximated as the sum of four log-
normal distributions as described byShao(2001). The U.S.
Department of Agriculture’s (USDA’s) soil classification dis-
tinguishes 12 soil texture classes based on the percentages of
sand, silt, and clay. Due to the lack of psd measurements,
these classes are regrouped into four classes in the model,
namely, sand, loam, sandy clay loam, and clay. For these
soils, the psds are shown in Fig.3a.

3.1 Cohesive force

The particle retarding force includes the cohesive force and
the gravity force. The cohesive force is mainly composed of
Van der Waals-forces, electrostatic forces, capillary forces,
and chemical binding forces (Shao, 2008). For small parti-
cles, cohesive force dominates, while for large particles grav-
ity force dominates. Factors such as particle shape, mineral
composition, surface roughness, etc., profoundly affect the
inter-particle cohesion and consequently, the cohesive force
may differ over orders of magnitude for particles in the same
size range. In general, the factors contributing to the inter-
particle cohesion are so various that the cohesive force can
be best treated as a stochastic variable with certain proba-
bility distributions. Based on the data ofZimon (1982), the
retarding force appears to obey a log-normal distribution. In

the scheme developed here, the pdf ofFi is given by

p(Fi) =
1

Fi

√
2πσFi

exp

(
−

(
lnFi − ln F̄i

)2
2σ 2

Fi

)
, (14)

where the mean valuēFi and the geometric standard devia-
tion σFi

(F̄i andσFi
in mdyn= 10−8 N, andd in µm) are

F̄i (d) =

[
10exp

(
4.3569− 0.2183d + 0.0018d2

)]−1
(15)

σFi (d) = 4.1095− 0.04761d. (16)

The coefficients herein are obtained by fitting the pdf to the
data ofZimon (1982). The results for six particle sizes be-
tween 1 and 20 µm are shown in Fig.3b. As seen,F̄i in-
creases with particle diameter and the range ofFi varia-
tion increases with decreasing particle size due to the greater
dominance of the stochastic cohesive force and the reduced
importance of gravity force. We emphasize, however, the
above described parameterization ofFi is only provisional.
More data is required for improved treatment ofFi and tests
on the model sensitivity to this treatment is necessary. Nev-
ertheless, it is sufficient to use the data to illustrate our idea
of stochastic dust modeling.

3.2 Lifting force

To parameterize the shear stress generated by convective tur-
bulence, the joint pdfs of (u′, w′) and (v′, w′) are required.
These are determined by use of the similarity theory. Since
the velocity fluctuationsu′ andv′ behave similarly, they have
equal variances which can be combined toσ 2

uh
=

√
2σ 2

u . In
the remainder of this paper,u denotes the total horizontal
wind component. The (u′, w′) joint pdf can be constructed
on the basis of the pdfs ofu′ andw′. The required statistical
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Fig. 4. Procedure of determining the pdf of τ , pτ , by using the pdfs of u′ and w′, pu and pw (a), their cdfs Pu

and Pw (b), as well as their joint pdf (c). Shown in (d) is the pdf of |τ |, p|τ |.
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Fig. 4. Procedure of determining the pdf ofτ , pτ , by using the pdfs ofu′ andw′, pu andpw (a), their cdfsPu andPw (b), as well as their
joint pdf (c). Shown in(d) is the pdf of|τ |, p|τ |.

moments, such as variances and skewnesses can be estimated
from the mixed layer similarity theory. The appropriate scal-
ing velocity and length are respectively the convective ve-
locity scalew∗ and planetary boundary layer (PBL) depth
zi . According to the similarity laws (Kaimal and Finnigan,
1994), the variances ofu′ andw′ are given by

σ 2
u

w2
∗

=
σ 2

v

w2
∗

≈ 0.35 (17)

σ 2
w

w2
∗

= 1.8

(
z

zi

)2/3(
1− 0.8

z

zi

)2

(18)

while the skewness forw′, γ = w′3/σ 3
w, is defined by

w′3

w3
∗

= 1.0

(
z

zi

)(
1− 0.7

z

zi

)3

. (19)

The mean value of the momentum transfer,τR = −ρu′w′,
is also obtained from the similarity theory, i.e.

−u′w′

w2
∗

=

(
k

|zi/L|

)2/3(
1−

z

zi

)3/2−q

(20)

with

q =
1

2

|zi/L|

(1+ |zi/L|)
(21)

whereu′w′ represents the covarianceσ 2
uw betweenu′ andw′.

L is the Obukhov length.

Following Manomaiphiboon and Russell(2003), the pdf
of τ , and thus that off , is obtained in three steps. First,
the pdfs ofu′ andw′, pu andpw, and the corresponding cu-
mulative distribution functions (cdfs),Pu andPw, are com-
puted. Second, the (u′, w′) joint pdf, pj , is computed using
the above pdfs and cdfs. Last, the pdf ofτ , pτ , is obtained
from pj with τ = −ρu′w′. Note that since different combi-
nations ofu′ andw′ can yield the sameτ , pτ is the sum of
pj for the sameu′w′ product as follows

pτ (τi)dτ =

∑
u′,w′

−ρu′w′=τi

pj

(
u′,w′

)
du′dw′. (22)

To determine pu, Pu, etc., the method proposed by
Manomaiphiboon and Russell(2003) is used. Whilepu is
Gaussian,pw is approximated with a Bi-Gaussian pdf as con-
vective turbulence exhibits a negative skewness.

Manomaiphiboon and Russell(2003) parameterized the
joint pdf of u′ andw′ according to the technique ofKoehler
and Symanowski(1995). The essence of this technique is to
derive the joint pdf from the predefined marginal distribu-
tions. The shapes of the marginal distributions are conserved
during the transformation to a joint pdf.

Figure4 shows the process of determiningpτ step by step.
The mean value ofτ , τR, as well as the variances ofu′ and
w′, estimated by means of the mixed layer similarity theory,
are herein used to match the parameterized pdf ofτ to the
environmental conditions given by the model simulations.
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Fig. 5. (a) Sensitivity of p|τ | to w∗; (b) Sensitivity of dust emission flux F to w∗ for different soil types. The

insert shows the F and w∗ relationship for w∗≈ 1 m s−1.
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Fig. 5. (a)Sensitivity ofp|τ | to w∗; (b) Sensitivity of dust emission fluxF to w∗ for different soil types. The insert shows theF andw∗

relationship forw∗ ≈ 1 m s−1.

The above described dust emission scheme and the pa-
rameterizations have been integrated in the WRF model (Ad-
vanced Research version) (Wang et al., 2009) with chemistry
(WRF/Chem,Grell et al., 2005). The GOCART (Georgia
Tech/Goddard Global Ozone Chemistry Aerosol Radiation
Transport) aerosol scheme (Chin et al., 2000) is used as the
basis for the implementation of our scheme. The convective
dust emission module, together with the other dust emission
modules, can be chosen in combination with the GOCART
simple chemistry option (Kang et al., 2011). We refer to the
above model as WRF/ChemDust.

4 Dust scheme performance

4.1 Offline tests

To examine the performance of the new dust scheme, offline
tests are first carried out. In these tests,αN is set to 1. The
scheme sensitivity tow∗ and soil attributes is first examined.
For this purpose,pτ is computed for variousw∗ values in the
range between 0.5 and 4 m s−1. The PBL depthzi and the
Obukhov lengthL are set tozi = 1000 m andL = −10 m.
The results forp|τ | are shown in Fig.5a.

Analysis shows thatτR is almost constant and always posi-
tive, indicating that the net momentum flux is directed down-
wards. In contrast to the small variation ofτR, the standard
deviation ofτ increases withw∗ corresponding to the rising
intensity of turbulence, i.e. the stronger variations inu′ and
w′ also result in stronger variations inτ . Due to the greater
variance ofτ , the overlap of the pdfs ofτ andFi also in-
creases (Fig.1b). As a result, dust emission increases with
w∗. The small variation ofτR is understandable, because the
shear stress due to the mean wind is not included. Clearly,
the inclusion ofu∗ would lead to increased variations inτR.
The characteristics ofpτ for different wind and stability con-
ditions as well as the implications to dust emission will be
described in a future study.

Tests are performed to investigate the dependency of dust
emissionF on w∗ for different soil types (Fig.5b). As αN

is not yet known,F/αN is shown (a preliminary estimate of
αN is given in Sect.4.2.1). For constantw∗, F is weak for
soils with large particles (e.g. sand), and clearly increases for
soils rich in small particles (e.g. clay). Figure5b also shows
thatF substantially increases withw∗.

4.2 Case study

The WRF/ChemDust model is implemented to the Takli-
makan Desert to the simulation of a weakly convective dust
event. The numerical results are then compared with the mea-
surements of a ground-based lidar at the Aksu Water Bal-
ance Experimental Station, Xinjiang Institute of Ecology and
Geography of the Chinese Academy of Sciences (Jin et al.,
2010). The station is located in the northern part of the Takli-
makan Desert (40.62◦ N, 80.83◦ E, 1028 m above sea level).
The measurements were taken with a Mie-scattering polar-
ization lidar, which continuously determines the vertical dis-
tribution of aerosols from the PBL through the troposphere
up to the stratosphere (Kai et al., 2008). The three-day period,
23–25 March 2009, is chosen for comparison with the sim-
ulations. During these days, the noon time (14 LST) surface
heat flux fell between 100 and 250 W m−2 in much of the
simulation domain (not shown). At the fringes of the Tak-
limakan desert, it exceeded 300 W m−2 on occasions. The
ratio of zi/L was mostly less than−45. Thus, the case stud-
ied is convective, and satisfies the requirement for testing the
scheme. Although convective turbulence is more prevalent
in summer, we have at this stage no other suitable data for
model verification.

The model run is set up with a horizontal resolution of
25 km. The domain extends over 1500 km× 750 km, which
corresponds to 60 grid points in x-direction and 30 in y-
direction. The domain as well as the topographical height can
be seen in Fig.7. In the vertical direction, 28 model levels
are used up to a pressure level of 50 hPa. The Yonsei Univer-
sity (YSU) PBL scheme (Hong et al., 2006) was applied to

Atmos. Chem. Phys., 12, 7309–7320, 2012 www.atmos-chem-phys.net/12/7309/2012/
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estimatew∗ andzi . The source areas for dust emission cal-
culation have been defined as suggested byShao and Dong
(2006). The authors calculated the dust concentration on the
basis of synoptic visibility reports using an empirical rela-
tionship. A location is classified as a potential dust source
area if the average dust concentration exceeds a threshold
value and additional criteria regarding erodibility and vege-
tation cover are satisfied. The potential dust source area is
shown in Fig.7 (background, dotted).

The geographical data are interpolated from terrestrial data
based on the default 24-category land use classification and
16-category soil classification in WRF with a 10 m resolu-
tion. The vegetation cover data used in this study is com-
bined from vegetation type data of the State Key Laboratory
of Resources and Environment Information System (LREIS)
of the Institute of Geography, Chinese Academy of Sciences,
and NDVI (Normalized Differenced Vegetation Index) data
derived from NOAA/NASA (National Oceanic and Atmo-
spheric Administration/National Aeronautics and Space Ad-
ministration) Pathfinder AVHRR (Advanced Very High Res-
olution Radiometer) land dataset (Shao and Dong, 2006).
The meteorological initial and lateral boundary conditions
are specified by the 6-hourly Final Analysis data (FNL) of
the NCEP Global Forecast System (GFS) with 1◦ resolution.
Four sequential model runs have been made to enable a full
update of the meteorological conditions every 24 h. Thus, the
simulation covers 22 March 2009 00:00 UTC to 26 March
2009 00:00 UTC, which corresponds to 22 March 05:30 LST
to 26 March 05:30 LST, including one day spin up time be-
fore the period of comparison. The resulting dust concentra-
tion of each one-day simulation is passed to the consecutive
simulation as initial condition. Four particle size bins are cur-
rently used in the model:d ≤ 2.5, 2.5 < d ≤ 5, 5< d ≤ 10,
and 10< d ≤ 20 µm respectively for bins 1–4.

4.2.1 Comparison to lidar measurements

A lidar measures the backscattering of aerosols, water
droplets, and other scattering objects in the atmospheric col-
umn through which the lidar beam passes. The backscatter-
ing coefficient of aerosols,βa, can be used to calculate quan-
tities such as backscattering ratioR, which is the ratio of total
(molecular plus aerosol) to molecular backscattering,

R(z) =
βm (z) + βa(z)

βm (z)
(23)

with βm being the backscattering coefficient of molecules
(Kai et al., 2008). R is measured in 60 m height intervals
and the lidar overlap effect is empirically corrected before
the lidar data are used for the analysis. Dust concentration,
c, can be approximated based on the backscattering ratio,R,
according to

c = a · R (24)

wherea = 0.04 mg m−3 is a coefficient determined by fitting
R to c derived from the near-surface dust concentration (ob-
served using high volume sampler) and a prespecified dust
concentration profile.

The column dust load in turn can be derived by integrating
the dust concentration in the vertical direction. We assume
that all aerosols below the cloud base are dust particles and
the column dust load is determined by emission, advection,
and deposition. In reality, not all aerosols are dust particles
and a background aerosol concentration is present in the at-
mosphere, which has to be removed from the measurements
for comparison with the model simulation. Since no initial
conditions of aerosol concentration for the dust-free situa-
tions are available, a mean profile is calculated and removed
from the concentration data.

We first compared the model-simulated and lidar-observed
dust load below the lowest cloud base (about 4300 m for the
study period). This comparison turned out to be less mean-
ingful, because for reasons yet to be clarified, the highest dust
concentration occurred in heights above the boundary layer.
The dust there was unlikely to be related to local convective
dust emission. For this reason, we used the model-simulated
boundary layer height (pblh) as the reference level and cal-
culated the PBL dust load by integrating the dust concentra-
tion up to pblh. To find the most appropriate comparison, we
tested several options by comparing the lidar data with the
model data (I) from the Aksu grid cell, (II) averaged over 9
grid cells surrounding Aksu, and (III) averaged over 25 grid
cells surrounding Aksu. TheαN parameter is calculated for
each of these options by fitting the model data to the lidar
data for the 12-h period between 12:00 and 24:00 LST, 24
March 2009, by using a MATLAB® robust curve fitting tech-
nique with a Cauchy weighting function. Figure6a, c, and e
show the scatter plots of the model versus the lidar PBL dust
load, together with the linear regressions. Colors indicate the
time of the data points. From the slope of the straight lines,
we foundαN = 1912.9, 785.2, and 685.1 m−2 for compar-
ison options I, II and III, respectively. Figures6b, d, and e
show the PBL dust load for the days of 23–25 March 2009
estimated from the lidar data and the model simulations us-
ing the calibratedαN values. Note that the lidar PBL dust
load also varies slightly as the pblhs estimated for options I,
II, and III are somewhat different.

Figure6a and b present the results for option I. The diur-
nal cycle of the dust loading is reproduced, but some prob-
lems exist. The model overestimated the PBL dust load for
the mornings of 24 and 25 March and the evening of 25
March. Figure6c and d present the results for option II and
III. The degree of agreement between the lidar and model
data is similar for both options, except for 23 March. Again,
the model over predicted the PBL dust load for the evening
of 25 March. Only in option III (Fig.6f), the model shows a
decreasing PBL dust load at this time. No substantial differ-
ences between options II and III can be seen for other times.
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Fig. 6. (a)Scatter plot of model versus lidar PBL dust load for option I (one grid cell) for the 12-h period (12:00 to 24:00 LST, 24 March
2009) for determination ofαN as the slope of the linear relationship, withr2 denoting the coefficient of determination.(b) PBL dust load
derived from lidar data (black) and simulations (red) for 23, 24, and 25 March 2009.(c) as(a) and(d) as(b), but for option II (9 grid-cell
average);(e)as(a) and(f) as(b) but for option III (25 grid-cell average). Lidar data from K. Kai and Y. Jin, with acknowledgment.

The calibrated value ofαN decreased from 1912.9 to
685.1 m−2 from option I to III. By comparing the model
results for the Aksu grid cell and the adjacent grid cells,
it is found that the model-simulated dust emission for the
Aksu grid cell is smaller. To reduce the model uncertainties,
it seems reasonable to accept theαN values obtained from
option II and III. The difference between theαN values is
relatively small and therefore,αN = 785.2 m−2 is used for
subsequent model runs. The coefficient of determinationr2

(see Fig.6) underlines this choice as option II also has the
highest value ofr2

= 0.90.

4.2.2 Quantitative analysis

The above described case is rerun withαN set to 785.2 m−2.
The model simulation shows that dust emission in the Tak-
limakan Desert is primarily limited to the desert fringes.
As example, Fig.7 shows the predicted dust emission for
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Fig. 7. Predicted emission flux (in µg m−2 s−1) for 14:00 LST on (a) 23, (b) 24, and (c) 25 March 2009,

together with the potential dust source area (background, dotted) and topographical height (contours up to

4800 m in 800 m intervals).

24

Fig. 7. Predicted emission flux (in µg m−2 s−1) for 14:00 LST on
(a) 23, (b) 24, and(c) 25 March 2009, together with the poten-
tial dust source area (background, dotted) and topographical height
(contours up to 4800 m in 800 m intervals).

14:00 LST on 23, 24 and 25 March 2009, when convective
turbulence is expected to be the strongest. The pattern of dust
emission clearly shows its dependency on soil type. In the in-
terior of the Taklimakan Desert, where sand is the dominant
soil type, there is little dust emission. For areas where dust
emission occurred, the total (all particle size) dust emission
fell between 1 and 30 µg m−2 s−1 at noon time, reaching oc-
casionally a maximum of 50 µg m−2 s−1. The dust concen-
tration in the lowest model layer is up to 150 µg m−3 in the
areas of dust emission, reaching on occasions a maximum of
300 µg m−3.

To study the influence of soil composition on dust emis-
sion in greater detail, four locations are selected from the do-
main representing the four soil groups used for the simulation
as follows:

Fig. 8. Time series of (a) dust emission and (b) dust load of all particle sizes for the days 23, 24, and 25 March

2009 for the four locations representing clay, sandy clay loam, clay, and sand.
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Fig. 8. Time series of(a) dust emission and(b) dust load of all
particle sizes for the days 23, 24, and 25 March 2009 for the four
locations representing clay, sandy clay loam, clay, and sand.

1. (77.1◦ E, 39.5◦ N) for clay,

2. (76.0◦ E, 38.3◦ N) for sandy clay loam,

3. (75.0◦ E, 39.7◦ N) for loam, and

4. (78.6◦ E, 38.4◦ N) for sand.

The time series of dust emission, column dust load, andw∗

are analyzed for the four locations. Figure8 shows the time
series of dust emission and dust load for all particle sizes.
Clay consists a high proportion of small particles and reveals
a clear connection between dust emission and convection,
which is most prevalent during noon (Fig.8a). Sandy clay
loam also contains a high fraction of dust and an obvious re-
lation between dust emission andw∗ (for this location,w∗ is
relatively small, not shown). In contrast, loam contains only
a small fraction of dust (Fig.3a) and hence gives less dust
emission. The relatively large dust load (Fig.8b) found at
the location is due to advection rather than local emission, as
revealed by the fact that the high dust loads occurred during
night. Sand is predominantly composed of large particles and
hence produces little convective dust emission.

4.2.3 Dust budget

A dust budget is calculated to estimate the total convective
dust emission over the study domain. The dust budget equa-
tion, integrated over the 3-D study domain, can be written as
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Fig. 9. Domain integrated dust emission, deposition (negative) and advection [kg s−1]. Dust load change with

time, δD, is calculated according to Eq. (25).
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Fig. 9. Domain integrated dust emission, deposition (negative) and
advection [kg s−1]. Dust load change with time,δD, is calculated
according to Eq. (25).

δD = AF − AFD − AFAu − AFAv (25)

whereδD is the change with time of the dust load over the
domain, AF the total dust emission, AFD the total dust depo-
sition and AFAu and AFAv the transport through the lateral
boundaries. Figure9 shows their time series. Up to about
1500 kg s−1 of dust are emitted at noon time each day by
convective turbulence. This makes a total emission of 86.5 kt
for the three-day period in the study domain. Deposition
reaches about 500 kg s−1 during the time of maximum dust
concentration and the total amount of deposited dust for the
study period is 70.3 kt. Advection is relatively small during
the study period due to the weak winds.δD reaches up to
1000 kg s−1 at noon time. The accumulated dust load over
the study period is 7.3 kt.

4.2.4 Model uncertainties

In conventional dust emission schemes, the threshold fric-
tion velocity,u∗t , is a key parameter. An idealu∗t is defined,
which depends only on particle diameter, and it is then cor-
rected to account for the influences of the environmental fac-
tors, such as surface roughness, soil moisture, salt crust, etc.,
by multiplying the idealu∗t with correction functions (Shao,
2008). In our scheme, the concept of threshold friction ve-
locity is not used, and the influences of the environmental
factors are reflected in the probability distributions ofFi and
|τ |. As pointed out in Sect.3.1, our estimate ofp(Fi) is pro-
visional. The parameters used to estimatep(Fi) are likely
to have considerable uncertainties and vary from case to case
depending on the prevailing environmental conditions. To in-
vestigate the uncertainties arising from thep(Fi), we con-
ducted a set of sensitivity experiments in which we (a) in-
creased and (b) reduced the mean valueF̄i by 20 %, and
(c) increased and (d) reduced the standard deviationσFi

by

20 %. The perturbedp(Fi) functions for the sensitivity ex-
periments are shown in Fig.10a. We repeated the model
simulations for 24 March with the newp(Fi) functions and
compared the herewith obtained dust emissions with respect
to the reference run. Figure10b shows the domain integrated
emission for 24 March 2009 for the sensitivity experiments
together with the reference dust emission±10 %. As can be
seen, a 20 % increase/decrease inF̄i leads to about 5 % de-
crease/increase in dust emission. In comparison, the changes
in σFi

only affect the predicted dust emission to a small de-
gree. This is because the changes inp(Fi) are rather small.
Spatially, the changes in̄Fi resulted in about 5 % changes in
dust emission in most regions where dust emission occurred,
whereas the changes inσFi

produced significant changes
only in the regions of strong emission (up to 5 %, not shown).

5 Concluding remarks

In this paper, a parameterization scheme for convective dust
emission is presented. We have pointed out that convective
dust emission may play an important role in the global dust
budget and the mechanisms for convective dust emission dif-
fers profoundly from that for dust emission generated by the
saltation of sand-sized grains driven by the mean wind. The
construction of the new scheme is based on two important
observations: (1) convective eddies generate intermittently
large shear stresses on fractions of the aeolian surface; and
(2) due to the stochastic nature of inter-particle cohesion,
there always exists a fraction of free dust that can be en-
trained into the air by turbulence or weak winds without
saltation. The fundamental difference between our scheme
and the conventional dust emission schemes is that in our
scheme the stochastic nature of dust emission has been taken
into consideration, in terms of the probability distributions
of the inter-particle cohesive forces and the turbulent shear
stress.

We have developed the WRF/ChemDust model by inte-
grating the new dust emission scheme, together with sev-
eral other conventional schemes (Kang et al., 2011), into the
WRF/Chem model, which is then applied to the simulation of
a convective dust event in the Taklimakan Desert. The model
results are compared with the lidar data obtained at Aksu.
The model is found to be able to reproduce the basic spa-
tial and temporal features of dust patterns in the atmospheric
boundary layer. We have used the lidar data for a 12-h pe-
riod to calibrate the model parameterαN and foundαN to
be around 785.2 m−2. Based on this choice ofαN , convec-
tive dust emission is found to be of the order of magnitude 1
to 10 µg m−2 s−1 up to a maximum of 50 µg m−2 s−1 at noon
time. During the three-day study period, a total of 86.5 kt dust
are emitted from, and 70.3 kt are deposition to, the study area
(1500× 750 km2), resulting in a net dust emission of 7.3 kt.

The model-lidar comparison must be viewed in light of
several limitations. The study area and the selected dates
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Fig. 10. a) Distribution of Fi×p(Fi) for F̄i± 20 % and σFi± 20 % with respect to the reference values. b)

Domain integrated dust emission [kg s−1] for the sensitivity experiments shown in a).
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Fig. 10. (a)Distribution of Fi × p(Fi) for F̄i ± 20 % andσFi
± 20 % with respect to the reference values.(b) Domain integrated dust

emission [kg s−1] for the sensitivity experiments shown in(a).

(23–25 March 2009) for the model validation are by no
means optimal. In the Taklimakan Desert, convective turbu-
lence during this time of the year is not as pronounced as in
summer. Also, the presence of clouds during the study period
reduced the incoming radiation and prevented surface heat-
ing. The topography around Aksu is rather complicated, as
it is located close to the Tianshan Mountains. The flow there
can be strongly influenced by the mountain-valley winds, es-
pecially in the morning and evening. The flow in the Takli-
makan Desert, surrounded by the Tibetan Plateau, the Pamir
Plateau and the Tianshan Mountains, is also very complex.
Kim et al. (2009) studied the dust layer height at Aksu in
April 2002 and found its diurnal variation is strongly influ-
enced by the local circulation which can lead to increased
dust load in the morning and night. This phenomenon is also
embedded in the lidar measurements used in this study. Aksu
is therefore not an ideal site for the calibration of our model.
The Sahara would be a more suitable reference for testing
our model, but we have so far no available data for the area.

A more reliable calibration of theαN parameter is also
desirable. The lidar data used in this study have consider-
able uncertainties in determining dust load in the atmospheric
boundary layer due to the overlapping effect. Further, as indi-
cated in Sect.3.1, the parameterization of the cohesive force
is only provisional.

Given the above restrictions, we consider the model and
the lidar data to be in reasonable agreement. With the cali-
bratedαN value, typical convective dust emission is found to
be about 3 µg m−2 s−1 for clay and 1 µg m−2 s−1 for sandy
clay loam forw∗ = 1 m s−1. The typical magnitude of con-
vective dust emission is consistent with that of the dust emis-
sion observed under weak wind conditions (u∗≤u∗t ), as re-
ported in the literature (Fig. 7.2 ofShao, 2008). Nickling
and Gillies (1993) measured the near-surface vertical dust
flux for non-dust storm periods in Mali and reported values

around 1 µg m−2 s−1 for u∗ <0.2 m s−1. Dust flux measure-
ments made under weak wind conditions for other regions
show the same order of magnitude (Nickling et al., 1999).

Several improvements to the proposed scheme are
planned. In this study, we concentrated on dust emission by
convective turbulence and assumed turbulence is buoyancy
driven. We have therefore usedw∗ as the scaling velocity for
the variances of turbulent velocity according to the mixed-
layer similarity theory. In fact, turbulence can be both shear-
driven and buoyancy-driven.Moeng and Sullivan(1994) in-
troduced a more general velocity scalewm for turbulence,
which combines buoyancy and shear production of turbu-
lence,

w3
m = w3

∗ + 5u3
∗. (26)

For the generalization of the proposed scheme, such a com-
bination ofu∗ andw∗ would provide a more adequate pa-
rameterization for the pdf of the instantaneous shear stress.

In conventional dust emission schemes, threshold friction
velocity u∗t is used, which is first calculated for ideal con-
ditions (dry and bare soil) and then corrected to account for
the effects of surface roughness, soil moisture, salt content,
crust, etc. (Shao, 2008). In this study,u∗t is not used, but the
impact of the above-mentioned environmental factors must
be reflected in the probability distributions of the cohesive
forces. The stochastic nature of the cohesive force and its
statistical quantification will be the most formidable, yet un-
avoidable, problem for the application of the new scheme.
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