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Abstract 

A size segregated soil dust emission and transport model NARCM was used to simulate the 

production and transport of Asian soil dust during the ACE-Asia period from March to May 

2001. The model is driven by the NCEP re-analyzed meteorology and has all the atmospheric 

aerosol processes of soil dust: production, transport, growth, coagulation, and dry and wet 

deposition. A Chinese soil texture map that infers the soil grain size distribution with 12 

categories was generated to drive the size distributed soil dust emission scheme [Alfaro et al., 

1997; Marticorena and Bergametti, 1995]. The size distribution of vertical dust flux was derived 

from the observed surface dust size distribution in the desert regions. Parameters applicable to 

the Asian deserts for the dust emission scheme are assessed. Comparisons of model simulations 

were carried out with ground base measurements in East Asia and North America, and satellite 
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measurements for the same period of time. The model captured most of the dust mobilisation  

episodes during this period in China and reasonably simulated the concentrations in source 

regions and downwind areas from east China to western North America. About 252.8 Mt of soil 

dust below d < 40 µm was emitted in the East Asian deserts between March 1 to May 31, 2002 

with ~60% attributed to four major dust storms. The vertical dust loadings above 700 hPa 

correlate reasonably well with TOMS aerosol index (AI) observations. The sensitivity analysis of 

model performance to soil size distribution, water moisture and meteorology was carried out 

with the observational data to establish the most appropriate parameters and conditions for the 

Chinese soil dust production and transport.  

1. Introduction 

      Among the natural aerosol sources, soil dust is a major contributor to global aerosol mass 

load and optical thickness. Estimates of its global source strength range from 1000 to 5000 

Mt/year [Duce, 1995], with very high spatial and temporal variability. Dust uplifting occurs in a 

source region when the surface wind speed exceeds a threshold velocity, which is a function of 

surface roughness elements, grain size, and soil moisture [Marticorena and Bergametti, 1995]. 

Fine soil particles that can be transported over large distances are released by saltating sand 

particles (e.g., [Gomes et al., 1990]). The transport of desert dust from Asia to the North Pacific 

atmosphere is well documented [Duce et al., 1980; Husar et al., 1997; Husar et al., 2001; 

Uematsu et al., 1983] and results in a maximum in aerosol loading each spring. Over the Pacific, 

the concentration of species from anthropogenic sources in Asia was also found to be enhanced 

during spring [Prospero and Savoie, 1989] and have been documented to reach North America 

[Jaffe et al., 1999]. 

 The impact of soil dust from natural and anthropogenic sources on climate and air-quality 

has been recognized at the global scale [Sokolik and Toon, 1996; Tegen and Fung, 1994]. 

However, the regional characteristics of soil dust production, transport and removal processes are 

poorly  understood. Increased dust emission and transport may have produced significant 

episodic regional warming of ~5ºC downwind of the major Asian dust source regions, once they 

became sufficiently developed [Overpeck et al., 1996].  Larger quantities of dust transported 

over the oceans can induce ocean cooling by reflecting solar radiation back to space. Sokolik and 

Toon [1996] showed that a dust-laden atmosphere with an average optical thickness of 0.5 would 
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cause net radiative forcing of +20 to 40 W m2 over arid regions and -5 W m2~-15 W m2 over the 

ocean.  Less ocean warming compared with land areas close to the dust sources was also 

suggested from the climate simulations by Overpeck et al. [1996]. This contrasting impact of 

dust aerosols between continental source regions and oceans could alter the Asian winter 

monsoon circulation and have an influence the dust emission in the source regions. In addition, 

the deposition of soil dust over oceans provides marine nutrients (e.g. iron) for phytoplankton 

and regulates the production of DMS, which has a climatic impact itself [Charlson et al., 1987]. 

To accurately predict the impact of soil dust aerosols on climate, the spatial and temporal 

distribution of dust loading  together with detailed physical and chemical properties (e.g.  size 

distribution and composition) is required.  Current global models  do not adequately simulate the 

spatial and temporal distribution of soil dust in Asia due to their poor spatial resolution and 

inaccuracy of the dust source function. Furthermore, simulations have not been validated over 

Asian source regions. Regional dust transport models have shown similar limitations [Song and 

Carmichael, 2001; Uno et al., 2001]. The lack of knowledge of detailed surface soil properties 

together with a dearth of observations in  the source regions has been a major obstacle  to better 

model prediction of soil dust emission strength and hence dust loading down-wind of Asian  

source regions [Sokolik et al., 2001].  

During spring 2001, the intensive field phase for ACE-Asia (Aerosol Characterization 

Experiment) was conducted off the coast of China, Japan and Korea. Within China,  

measurements of soil dust were also made to characterize the aerosol properties in that region 

and provide experimental data to compare with model simulations. In our companion paper, the 

surface measurements of soil dust in China during ACE-Asia are presented [Zhang et al., 2002]. 

In this paper, a regional climate model with a size-distributed active aerosol algorithm � 

NARCM (Northern Aerosol Regional Climate Model) was used to simulate the production and 

transport of dust  in Eastern Asia and over the Northern Pacific ocean during dust storms in 

spring 2001. The model is driven by NCEP re-analyzed meteorology and has all atmospheric soil 

dust aerosol processes: production, transport, dry deposition, below-cloud scavenging and an 

explicit micro-physical cloud module to treat the aerosol-cloud interactions. A detailed soil 

texture dataset and up-to-date desert distribution in China was obtained and used to drive the 

size-distributed dust emission module. In this paper, model simulations  of the spatio-temporal  

distribution and trans-pacific transport of the soil dust during spring 2001 are compared with 
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observations.  The size-distributed dust budgets that include emission fluxes and  dry and wet 

deposition will follow in a separate paper. 

2. Model Description and Input Data 

Aerosols are represented in the NARCM by a size-segregated prognostic equation in such 

a way that for aerosol particles with a dry size range (or section) i, the mass balance equation can 

be written as 
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In equation (1), the rate of change of mixing ratio of dry particle mass constituent p in a size 

range i has been divided into components (or tendencies) for dynamics, sources, clear air, dry 

deposition, in-cloud and below-cloud processes. The transport includes resolved motion as well 

as sub-grid turbulent diffusion and convection. The sources include: (1) surface emission rate of 

both natural and anthropogenic aerosols and (2) production of secondary aerosols (i.e. airborne 

aerosol mass produced by chemical transformation of their precursors). The latter together with 

particle nucleation, condensation and coagulation contribute to the clear-air process. Dry 

deposition of gases and particles affects the �DRY� tendency. Except for the transport and the 

source function of soil dust emission, the treatment of other atmospheric aerosol processes has 

been included in an aerosol module CAM (Canadian Aerosol Module) and described in details 

by Gong et al. [2002]. Consequently, this section will describe the treatment of transport and soil 

dust emission scheme. 

2.1 Aerosol Transport 

The transport model that couples with CAM to simulate the soil dust distributions is the 

Canadian Regional Climate Model (RCM) used in the NARCM project. RCM is a regional 

climate model that uses the physics package from the Canadian Global Climate Model (GCM) 

and a semi-Lagrangian and semi-implicit transport scheme for dynamics and passive tracers 

[Robert et al., 1985]. Simulations by NARCM can be conducted in two modes based on the 
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meteorological boundary conditions. In climate mode, the simulation results from GCM are used 

as the lateral boundary conditions which reflect a climate mean. In the second mode, the 

observed or re-analyzed meteorological conditions in the region are used to drive the model as 

initial and boundary conditions that  reflect a specific period of time. From the constraints in the 

lateral boundary, the meteorology inside the domain is developed by the model itself (with the 

exception for wind speed which could be nudged to the observed or re-analyzed). 

Given the episodic nature  of soil dust emission and transport, the second mode was 

adopted in this study. The NCEP re-analyzed meteorology for spring 2001 was used to drive the 

NARCM with a fully nudged wind speed every six hours (the  rate at which NCEP updates its 

meteorology). This method ensures that wind speeds generated by the model match closely to the 

NCEP data. As it will be shown in section 2.2, the wind speed is a critical parameter to both 

production and transport of soil dust. 

2.2 Soil Dust Source Function 

 Production of soil dust aerosols depends on two factors: (1) surface wind speed and (2) 

soil surface properties. It is generally recognised that soil dust particles are mobilized only for 

wind speed greater than a threshold value [Marticorena and Bergametti, 1995]. This threshold of 

wind speed depends on the minimum threshold friction velocity, ut
*.  In the current model, only 

suspension of particles with d < 40 µm is considered as  they are small enough to be transported 

by turbulent eddies and advection. 

 For a smooth surface, the threshold friction velocity is given by Marticorena and 

Bergametti [1995]: 
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and ρp and ρa are the density of soil dust and air respectively. g is the gravitational acceleration 

and rs is soil particle radius. Taking into account the effects of non-erodible elements in the grid 

by using a roughness length parameterization, Marticorena and Bergametti [1995] suggested the 

following correction to the threshold friction velocity: 
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where Zm (cm) is the initial roughness length of heterogeneous land covers and z0S (~10-3 cm) is 

the local roughness length of the uncovered surface. The threshold friction velocity is also a 

function of soil moisture content, which has be parameterized [Fécan et al., 1999] as: 
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where w and w´ are the ambient and threshold volumetric soil moisture with 

)(%17.0)(%0014.0 2 clayclayw +=′ . 

 The horizontal mass flux with a radius interval Sdr , representing  the quantity of material 

in movement in the saltation layer is related to the critical friction velocity by  Marticorena and 

Bergametti [1995] as: 
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where E is the ratio of erodible to total surface, )( Srel rS  is the relative surface covered by 

particles of radii from Sr  to SS drr + , 1)( =∫ SSrel rdrS  for all sizes of particles and ** uuR t= . 

Computation of Srel requires the soil mass size distribution for the source regions as described in 

section 2.3.1.  
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Horizontal flux cannot be directly used in the model. The vertical flux and its size 

distribution are required. In the saltation and sandblasting process, the fine particles released 

either from saltating aggregates or from the surface depends on the individual kinetic energy 

[Alfaro et al., 1998]:  

2*3 )20()2(12/πρ ure Spc =                                 (6) 

Three log normally population distributions for the particles released by sandblasting from the 

saltating aggregates were suggested [Alfaro et al., 1998]. The mass median diameters ( id ), 

standard deviations ( iσ ) and binding energies ( ie ) of these three populations (i =1,2,3) are 

introduced in NARCM by considering the soil features in Asia, especially in China, and source 

region dust size distribution measurements [Zhang et al., 2002]. The binding energies ( ie ) in 

NARCM for the three soil dust distributions were calculated from the fraction (pi) of the kinetic 

energy (ec) of individual saltating aggregate [Alfaro et al., 1997]. 

       The kinetic energy (vertical) flux )( Skin rdF of saltating aggregates with radii from Sr  to 

SS drr +  is proportional to the corresponding horizontal mass flux )( Sh rdF [Alfaro et al., 1997; 

Alfaro and Gomes, 2001]:  
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with β = 16300 cm 2−s . By defining ip = )( Si rp  [Alfaro et al., 1997], the fraction of )( Skin rdF  

that is available to release particles of the thi  aerosol population is )(β Shi rdFp , and its number 
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       The total dust flux that represents fine transportable particles (di< 40 µm) as the dust source 

strength is: 
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Parameters used in this dust emission scheme (Equations 2 to 10) depend strongly on 

geographic locations. Some of the parameters have been only verified in Saharan deserts 

[Marticorena et al., 1997] or wind tunnel experiments [Alfaro et al., 1997]. Application of this 

scheme to the Asian deserts has not been extensively examined. The parameters which are 

applicable to the Asian dust aerosol emission are discussed in section 2.3. 

2.3 Input Parameters for Chinese Deserts 

 The previous section shows that the most critical parameters controlling the vertical soil 

dust flux are the surface wind speed, surface roughness length, soil texture and moisture content. 

This vertical flux together with its size distribution determines the soil dust source function to be 

used in the model. There is very limited information with respect  to a global soil grain size 

distribution. In this simulation, a detailed Chinese soil texture map [Hseung, 1984] was used to 

derive the soil grain size distribution and composition. Outside China, the global 1°×1° data set 

of soil type and particle size [Webb et al., 1991; Zobler, 1986] is  used.  

2.3.1 Modern Chinese Desert Distribution and Soil Texture/Grain Size 

Accurate  simulation of soil dust aerosol generation and transport requires exact 

specification of the desert surfaces. The 1×1 km surface land use data from EROS Data Center 

Distributed Active Archive Center (EDC DAAC) have been widely used in previous soil dust 

simulations. The desert group in this data set includes desert and semi-desert. However, after a 

careful comparison of this data set with the current Chinese Desertification Map (CDM) [CAS, 

1998], it was  apparent  that some deserts in Northeast China (e.g. Desert 9 and 10 in Fig. 1) and 

other regions have been omitted  from the EROS dataset. The CDM is based on 1980-1990�s 

data and reflects  the most up-to-date desert distributions in China. Consequently,  the soil dust 

uplift regions within China in this simulation were determined from the CDM data set. The 

impact of differing desert distributions on the surface soil dust concentrations in China and 

downwind regions will be discussed in the results section. 

Another parameter that influences the dust uplifting flux is the soil grain size distribution, 

which is governed by soil texture. The characteristics of soil texture in a region are mainly 
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determined by the type of soil parent material and its mineral composition, and may also be 

impacted by cultivation and fertilization in farmland. Generally, soil texture evolves from a 

complex  combination of natural processes.  Figure 2 illustrates the soil texture distributions for 

12 categories [Hseung, 1984] based on a Chinese survey representative of 1950 to the 1970�s. 

For each category, there is a size fraction associated with each of  three modes with  diameter 

ranges: (1) 1 � 0.05, (2) 0.05 � 0.01 and (3) <0.001 mm. Table 1 summarizes the approximate 

percentage ranges of each mode for all 12 categories. In Figure 2, a sample model grid is placed 

on top of the texture graph. For each model grid, a percentage of each category is calculated for 

the model input. The dominant sand coverage in this texture data set corresponds well with the 

CDM data with the exception of some newly developed desertification areas. For those areas, a 

modification to the texture data by new sand fraction was applied to reflect the current sand 

distributions. This generates a unified desert distribution and texture data set for Chinese soil 

dust simulations. Figure 1 illustrates the CDM in the simulation domain where ten  Chinese 

deserts are marked. Soil dust vertical flux was calculated only from grids with a desert fraction > 

3%.   

It should be noted that the soil size compositions for each category in each grid contain 

uncertainties (Table 1). When they are used in the soil dust flux calculations, these uncertainties 

propagate to the flux and transport. Figure 3 shows the impacts of clay percentage on the vertical 

flux with fixed sand and silt at various wind speeds. It is obvious that at fixed 20% silt (Fig. 3), 

10% increases in clay content result in a decrease of vertical dust flux by as much as one order of 

magnitude. By sensitivity analysis from the model simulations and comparisons with source 

region dust observations, the most appropriate parameters for grain size distributions were 

determined based on the data in Table 1. For each mode of a soil category, a long-normal 

distribution is assumed. Table 2 shows the mass mean diameter (MMD, µm), standard deviation 

(σ) and percentage used in our simulations. For other regions, only two modes were utilized in 

the model based on the global 1°×1° data set [Webb et al., 1991; Zobler, 1986] with one mode 

(sand) of MMD=690 µm, σ=1.6 and another mode(silt) of MMD=210 µm and σ =1.8. 

Percentages for  each mode was given by Zobler [1986].  
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2.3.2 Soil Moisture Contents 

The soil moisture content is simulated in the model by the Canadian Land Surface Scheme 

(CLASS) for GCMs [Verseghy, 1991]. This scheme includes three  soil layers, a snow layer 

where applicable, and a vegetative canopy treatment. The averaged volumetric liquid and frozen 

moisture contents are modelled for each soil layer as prognostic variables. The layer depths 

currently used are 0.10, 0.25 and 3.75 m.  

The soil moisture content in the first model layer (0.10 m) was used to drive the soil dust 

emission scheme. As  moisture content depends on the liquid water flow rate at the top and 

bottom of each layer, the balance of the surface layer evaporation and precipitation will 

determine the top flow rate. Given that precipitation prediction is a weakness in atmospheric 

models, predicted surface soil moisture contents are subject to significant error. Remote sensing 

may provide some spatial coverage of the soil moisture but the agreement between remotely 

sensed and gravimetric soil moisture estimates are still not acceptable [Laymon et al., 2001]. 

Figure 3 shows three ten-day averaged soil moisture content distributions  in April 2001 from 

model simulations and from field measurements in China. Observed and predicted values agree 

to within a factor of two while the spatial distributions of arid and semi-arid regions is 

reasonably well represented. However, due to limited observations within the deserts and the ten 

-day averaged observations, it is difficult to judge the accuracy of the model prediction of soil 

moisture content over the region. This suggests that accurate remote sensing of the surface soil 

moisture is imperative in both forecasting and modelling of soil dust aerosols. 

2.3.3 Land Use and Surface Roughness Length 

 The 1×1 km surface land use data have also been used in CAM for dry deposition 

calculations [Zhang et al., 2001]. Fifteen land use categories (Table 3) are obtained from 

regrouping the 1×1 km satellite data of the BATS scheme [Dickinson et al., 1986] to form the 

roughness density F of each category in a grid depending on the model resolution. To account 

for the impact of non-erodible elements in a grid on the threshold friction calculation, a physical 

height (h) is assigned to each land-use (roughness element) [Pielke, 1984]. The linear relation 

between roughness length Z0 and h and the roughness density F is defined as [Marticorena et al., 

1997]: 
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These relationships allow calculation of the roughness length for each roughness element from 

the roughness density and the height of the roughness elements. 

The effective roughness length Zm is introduced into soil-dust module to give the correct 

spatial average wind friction velocity over a grid-box and is usually used in the parameterization 

of heterogeneous surface and terrain in large-scale models. Taylor [1987] suggested that one 

practical definition of an effective roughness length Zm from a spatial average of the logarithm of 

the local micrometeorological roughness length over a model grid square is given by 

0ln  ln ZZ m =  

where 0ln Z is a grid-square average over the 12 land-use categories. Figure 5 clearly shows the 

impacts of roughness lengths (z0S and Z0) on the total vertical dust fluxes. Increases in z0S will 

increase the vertical flux while increases in Z0 will decrease the vertical flux. The influence of Z0 

is more effective at lower wind speed (6 m s-1), indicating that at this range of wind speeds the 

threshold of friction velocity and vertical flux are more sensitive to the value of Z0 used in the 

model. This may not have a great impact on the dust storm flux but it certainly will affect the 

local blowing dust distributions. 

2.3.4 Size Distribution of Vertical Dust Flux 

 In order to simulate  dust loading and transport, together with  optical properties, the size 

distribution of the vertical dust flux must  be reasonably estimated [Balkanski et al., 1996]. 

Measurements of the size distribution of soil dust in Chinese source regions within and on the 

edge of deserts have been analysed in the companion paper [Zhang et al., 2002] and are used 

here to elucidate a typical dust size distribution over Chinese deserts. Table 4 shows observations 

during 1994-2001 from selected Chinese deserts [Zhang et al., 2002]. The impator for measuring 

the dust size distribution only gave fractions for particles  < 0.25 µm and > 16 µm due to the size 

cut-off. Between 0.25-16 µm, observations were  reasonably  approximated by a log-normal fit 

(Table 4). The averaged size distributions over China were used in this simulation for  the size 

distribution of the vertical fluxes.   
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3. Simulation Results and Discussions 

 Observations  of soil dust from  the Chinese Dust Storm Research (ChinaDSR) 

observational network stations are  presented in a companion paper [Zhang et al., 2002].  The 

objective  of this paper is to compare model results with observations, investigate the transport 

and distribution patterns of soil dust during the spring 2001 ACE-ASIA period and to examine 

the model performance with respect to input parameters. The model was run on a polar 

stereographic projection with a horizontal resolution of 100×100 km and 22 vertical levels on a 

Gal-Chen terrain following coordinate from ground to 30 km. The integration time step was 20 

minutes. Twelve  diameter classes from 0.01 to 41 µm were used to represent the size 

distribution of soil dust. Dust fluxes and concentrations were calculated for each size bin.  The 

model domain covered  East Asia, North Pacific and west North America (Fig. 1). Five regions 

A, B, C, D and E were chosen in the domain to represent the source region in China and receptor 

regions in China, East Asia, Mid-Pacific and western North America, respectively. The most 

southern edge of the Chinese receptor region was set at  28° N, beyond which no historical 

records of soil dust deposition were found [Zhang, 1984]. This region was further divided into B1 

and B2 representing the Loess Plateau and other parts. These regions are used in our budget 

analysis paper. The dots in Figure 1 illustrate the centre of model grid while the deserts outside 

China are shown by green contours. 

3.1 Spatial Distributions and Time Series of Dust Aerosols during ACE-ASIA 

Model simulations of four mixed aerosols of soil dust, sulphate, sea-salt and black carbon 

were conducted  for four months from February 1 to May 31, 2001. The last three months of 

results were used in this study to compare with the ground observations of soil dust aerosols 

across China and to investigate trans-Pacific transport. During this period, four major dust storm 

episodes were observed [Zhang et al., 2002] around following days: March 2 � March 6 (DS1), 

March 21 � March 26 (DS2), April 4 � April 14 (DS3) and April 29 � May 4 (DS4). The spatial 

and temporal distributions of soil dust simulated over these major dust storm episodes are 

presented with observations for comparison . Figure 6(a) shows the average of the daily vertical 

soil dust flux for spring 2001. The dust flux distributions illustrate the source regions during 

ACE-Asia. Four major source regions in East Asia were identified from Figure 6(a): (1) 
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Taklimakan desert in Xinjiang Province, (2) Desert groups (desert 4, 5, 6, 7 and 8 in Fig. 1) in 

the west and middle Inner Mongolia, (3) Onqin Daga and Horqin deserts in the northeast Inner 

Mongolia and (4) the Gobi desert in Mongolia. The dust storm distributions from the satellite 

dust and ground visibility observations within China [Lu et al., 2002] support the simulated flux 

distribution during spring 2001. Figure 6(b) shows the averages of the daily vertical dust fluxes 

over each dust storm episode. From March 1 to May 31, 2001, the total dust mass emitted in 

regions A+B was 252.8 Mt among which 22.49, 11.82, 66.31 and 51.45 Mt were attributed to 

DS1 (5 days), DS2 (6 days), DS3 (11 days) and DS4 (7 days) respectively. The four dust storms 

accounted for about 60% of the total mass emitted. 

The first major dust storm (DS1) of spring 2001 started on March 2 and was associated 

with a cold front emanating from northwest of Xinjiang Province that brought strong winds to 

the Taklimakan desert and uplifted dust clouds. One day later on March 3, this air mass passed 

the west and middle Inner-Mongolian deserts that include Badain Juran, Tengger, Ulan Buh, 

Hobq and Mu Us, resulting in visibilities of < 1 km in that area. On March 5, this system moved 

to the northeast Inner Mongolia and caused dust emissions from Onqin Daga and Horqin deserts, 

resulting in heavy dust clouds seen by TOMS AI (Total Ozone Mapping Spectrometer - aerosol 

index) over Northeast China on March 6. 

Dust storm 2 (DS2) started around March 21 and lasted six days. This dust storm was  

associated with a cold front that influenced Taklimakan, Ulan Buh, Hobq and Mu Us deserts. 

Compared with DS1, the daily averaged flux from our model simulation (Fig. 6) indicates that 

this storm originated mostly from the Gobi desert in Mongolia rather than in the Chinese deserts. 

During DS1, the cold front passed across the Gobi desert but did not cause any significant dust 

emission. Model results showed that snow cover and soil moisture content changes from March 

2 to March 21 played a significant role in entraining dust from Mongolia during DS2.  

The largest dust storm (DS3) during ACE-Asia originated from Xinjiang when a vigorous 

cold front on April 4 generated strong northeast winds of up to 20 m s-1. Over the edge of 

Taklimakan and Tsaidam Basin Deserts, large dust clouds were observed and the visibility was 

reduced to < 1 km over the Tsaidam Basin Desert. On April 5, this system moved eastward to the 

west Inner Mongolia and dispersed. A second front on April 6 uplifted heavy dust clouds over 

Taklimakan desert in Xinjiang and all deserts in Inner Mongolia of China as well as over Gobi 
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desert in Mongolia. This is clearly shown in the daily averaged dust flux from the  simulation for 

this episode (Fig. 7). On April 7, this storm moved eastwards to the northeast part of China and 

produced a widespread region of poor visibility in Northern China. The worst affected  region 

was in Northeast China where visibility dropped to < 1 km. According to the  model simulations, 

the major contribution of soil dust to this region was from the Onqin Daga and Horqin deserts in 

Inner Mongolia (Fig. 7). These two deserts were omitted  from the EROS satellite-based landuse 

dataset. Both model predicted fluxes and surface concentrations confirmed the contributions 

from these two deserts. On April 8, this air mass moved out of Northeast China and the visibility 

in Northern China improved substantially. In the mean time, another cold front developed over 

Taklimakan, Tengger and Gobi deserts and generated a third wave of dust clouds in these regions. 

This system shifted from northwest to northeast China and Mongolia and the dust clouds 

persisted over the Taklimakan and the west Inner Mongolia deserts until April 14.  

The last major dust storm in spring 2001 began at the Chinese Taklimakan and 

Mongolian Gobi deserts on April 29. One day later, an area of visibility < 1 km was formed over 

the Onqin Daga desert and further developed to cover most of Beijing on May 1.  

These four major dust storms and other minor ones were recorded daily in the ground Air 

Quality Index (AQI) reports in major Chinese cities [SEPA, 2002]. The equivalent PM10 

(particulate matter < 10 µm) concentrations (EPMs) for March 1 to May 31, 2001 were deduced 

from the AQI data. Although it includes all particulate matter sources, this EPM is a good 

indication of relative dust concentrations across China, especially for dust episodes. Figure 8 

shows the comparison of time series of soil dust concentrations from the model simulation and 

EPMs from AQI data among ten  stations (Fig. 6(a)) from west to east China. As this is only a 

relative  comparison of dust concentrations, the simulated and observed concentrations were 

plotted on two separate vertical axes with slightly different scale to match the peak 

concentrations. The two curves shown represent simulations using input from the EROS satellite 

data (grey line) and CDM+EROS data (black line), respectively. It is obvious that the 

CDM+EROS data set generates more reasonable dust peak time series than the EROS satellite 

data, indicating the importance of accurate desert distributions in the soil dust simulations. The 

open circles on each plot identify the improvements of the CDM+EROS data set to correctly 

predict the dust peaks, especially for cities in Northeast China (Fig. 8). Nevertheless, the 

CDM+EROS data sometimes over-estimated the dust peak in the model either due to the over-
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estimate of the desert coverage or under-estimate of the soil moisture, indicating that a more 

accurate estimates of desert distribution and soil moisture are needed. 

Model simulations utilising the CDM data (which includes deserts in northeast China not 

included in the EROS satellite data) performed best for the DS3 episode on April 7 and serves to 

illustrate the importance of including these regions in dust simulations. Both surface 

measurements and TOMS AI confirmed the heavy dust clouds over these regions. According to 

the surface fluxes (Fig. 7), Onqin Daga and Horqin deserts were the major contributors of soil 

dust emission to this dust storm episode. Simulated vertical-time series for selected locations in 

China and across the Pacific Ocean during spring 2001 are shown in Figure 9. These contours 

illustrate the vertical distributions of soil dust over a site and demonstrate the layer structures of 

soil dust transport.  Peak dust concentrations generally occurred below 1000 m for sites close to 

source regions (e.g. Dunhuang and Yinchuan). For downwind locations in China (Xian, Beijing, 

Qingdao and Changchun), the peak altitudes increased to a range from 1000 to 3000 m. The peak 

altitudes continued to increase downwind of China reaching  2000 � 4000 m in Tsukuba, 4000 � 

5000 m in the middle Pacific and 5000 � 7000 m at Cheeka Peak on  the west North American 

coast (Fig. 1). As the dust moved across the Pacific, concentrations were reduced considerably 

by dry and wet deposition. It may also be noted that depending on the strength and location of 

the dust source, the heights at which dust may pass over a downstream location vary 

substantially from one episode to another. The peak altitudes are also governed by vertical 

mixing processes such convection and turbulent diffusion of soil dust. A comparison of the 

vertical time series for Cheeka Peak observation is  given in section 3.3 (Fig. 16). 

3.2 Comparison with Surface Observations 

Direct comparison of model predictions and surface measurements of soil dust 

concentration enables verification of absolute values of dust concentration simulated in both 

source and receptor regions. Figure 10 shows the time series from both observation and model 

predictions for Yulin, Dunhuang, Arksu and Changwu in China. It is evident that  the model 

captures the prominent peaks in dust at these stations. However, for Yulin (Fig. 10a) and 

Dunhuang (Fig. 10c) which are located directly downwind of major deserts, the agreement 

between model prediction and observation are better than Changwu (Fig. 10b) and Arksu (Fig. 

10d). This difference may be attributed to four main factors.  Firstly, sampling frequencies at 
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Yulin and Changwu are different [Zhang et al., 2002]. Yulin samples only northerly winds while 

Changwu samples all wind sectors two hours each in the morning and the afternoon. This non-

continuous measurement makes the comparisons rather difficult for an episodic event such as a 

dust storm. Secondly, it is highly probable that the measured and modeled peaks are not 

synchronized due to the difference in the observed and modelled meteorology. In order to match 

observations, the model needs to be accurate in terms of meteorology and transport to a 

resolution of the order of an hour. This is difficult to achieve. A daily averaged observation is 

more appropriate to compare with model predictions. Thirdly, the background PM contributions 

surrounding the monitoring stations were not properly modeled. This is revealed in the good 

comparisons during dust storm periods when the background PM was overwhelmed by the dust 

aerosols. Lastly, the observed and modeled meteorology may not match very well. This 

influences both dust emission and transport. The impact of soil moisture on the threshold friction 

velocity has been discussed in section 2.3.2.  A comparison of the surface wind speeds for some 

selected grids with closest weather monitoring stations during dust storm episodes for the ACE-

Asia period revealed that the model-simulated peak wind speeds generally correlate with the 

observed peak wind speeds, indicating that the model reasonably captured the high wind speed 

occurrences for the dust uplifting. However, the absolute values did not match very well. This is 

possibly due to the fact that the grid wind speed is averaged over the 100×100 km grid square 

and the weather station wind speed is only indicative of limited area. For some stations, an 

apparent under-estimate of the wind speeds may have contributed to an under-estimate of soil 

dust concentrations in the model (e.g. Arksu in Fig. 10d). 

The comparison of the surface dust concentrations in Seoul, Korea with the surface 

elemental measurements (Figs. 11) indicates that the dust arrival time at Seoul was reasonably 

simulated with the matching peaks of soil dust with Ca, Fe, Al and V (Figs. 11a, 11b, 11d and 

11e) concentrations which have been found to the major components in the Asian dust aerosols 

originated from China [Zhang et al., 2002]. The anthropogenic elements such as cupper and lead 

show a less correlation with soil dust (Figs. 11c and 11f). However both cupper and lead peaked 

with soil dust around April 10 (Julian day 100) during DS3, inferring that strong winds might 

bring some anthropogenic components from China to Korea. 
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3.3 Trans-Pacific Transport 

Comparison of the TOMS AI with the simulated soil dust column loading distributions 

was performed to investigate the long-range transport of soil dust aerosols over the Pacific Ocean 

to North America. As  TOMS has a limitation of detecting aerosols below 2 km above the 

surface [Herman et al., 1997], dust aerosol concentrations above 700 hPa were used to compute 

the column loadings. A daily averaged dust loading was extracted to compare with the TOMS 

AI. The goal of this comparison was to verify the dust column loadings and transport patterns 

over long distances from the source regions. By a careful analysis of TOMS AI values for the 

period of ACE-Asia, it was  evident that DS3 was the most significant long-range transport event 

during the period. Figure 12 compares the daily spatial distributions of dust loading above 700 

hPa from model simulations for the whole period of DS3 and the corresponding TOMS AI. On 

the same plots, the 500 hPa wind velocity fields are also shown to illustrate the synoptic 

transport patterns. A very good agreement between the spatial and temporal distributions of 

model predicted dust loading and the TOMS AI was achieved. 

From surface flux plots for the same dust storm in Figure 7, it is apparent that the heavy 

dust clouds that reached the west coast of North America on April 13 originated from Southern 

Mongolia and North-central China on April 6 and passed over Onqin Daga and Horqin deserts in 

Northeast China on April 7. DS4 also originated largely from the same locations as DS3 (Fig. 6b) 

but less long-range transport to the mid-Pacific and west coast of North America was observed 

from TOMS AI. 

The strength and frequency of the dust storms that are engaged in long-range trans-

Pacific transport are governed by both the source region strengths and the circulation patterns 

over the North Pacific Ocean. High wind velocity in the lower troposphere is necessary to 

generate dust storms if the soil moisture is below a threshold value. For DS3, a cold front 

associated with a Mongolian cyclone moved across the desert regions in Mongolia and Northern 

China towards the southeast. This feature was associated with a westerly trough at 500 hPa 

where baroclinicity was well developed causing strong dynamic motions.  A very similar 

synoptic condition over the dust source regions in Mongolia and Northern China was observed 

for DS4. This event had even larger daily surface fluxes and dust concentrations over East Asia 

than those for DS3. However, the dust plumes caused by DS4 over the west coast of North 
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America were observed to be smaller than those by DS3 from TOMS AI. For region A (Fig. 1), 

the daily averaged fluxes for each grid (100×100 km) during DS3 and DS4 were 0.0062 and 

0.0078 kg km-2 s-1, respectively. However, the daily averaged dust column loading in region E 

for each grid, after five  days� delay from the each dust storm in region A, were 33.50 and 32.63 

(µg m-3) for DS3 and DS4.   

During DS3, the  major trough over Japan and West Pacific at 500 hPa was weaker than 

that associated with DS4. This weaker trough favoured a stronger zonal airflow for Trans-Pacific 

transport. However, during DS4, a deep trough that formed west of Japan promoted significant 

meridional flow. This consequently reduced the zonal airflow and weakened the trans-Pacific 

transport of soil dust to North America. Figure 13 shows one of the typical circulation patterns 

for the DS4 transport and comparisons with TOM AI for that day. It is apparent that the East 

Asian major trough during DS4 was stronger and closer to the source regions than that observed 

during DS3. The stronger meridiional flow carried the dust clouds further north to Siberia (Fig. 

13) and weakened the strength of the dust clouds to be transported to the North America.   

TOMS observations seem to confirm this stronger DS4 trough with high aerosol index above 65º 

N. over Siberia, which was not seen during DS3. It should be pointed out that the precipitation 

patterns along the path also plays an important role in determining the residence time and 

strength of soil dust reaching western  North America. 

The time series of predicted aerosol concentrations were compared with two monitoring 

stations in North America. Figure 14 shows the comparisons of three time series for soil dust 

(calcium), sulphate and sodium (sea-salt) between model predictions and air filter measurements 

at Saturna Island (48.78ºN, 123.13ºW) by the Canadian Air and Precipitation Monitoring 

Network (CAPMoN). The soil dust peaks agreed reasonably well with the calcium peaks from 

the measurements, indicating that the arrival of dust at the surface on the west coast was 

satisfactorily predicted by the model. Comparisons of sulphate and sea-salt are also reasonable. 

Observations also show that the sulphate concentration during spring 2001 did  not strongly 

correlate with the dust concentrations, implying that the dust clouds did not bring any noticeable 

increase in sulphate levels.  The optical depth measurements during spring by AEROCAN 

network station at Saturna was also compared (Figure 14) with the column loading of the total 

aerosols simulated by our model. The peaks of the optical depth match reasonably well with the 

aerosol loading peaks by the model simulations, especially during the dust intrusion episodes. A 
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similar level of agreement for west coast sunphotometer stations during the April 2001 dust 

event was obtained in a recent comparison with the NAAPS model and TOMS data 

[Thulasiraman et al., 2001]. 

At Cheeka Peak (48.3ºN, 124.6ºW),  observed and modelled PM10 concentrations  show 

the intrusion of dust particles to the ground station, especially for the DS3 episode (Fig. 15(a)). 

The individual modelled contribution from four types of aerosols: black carbon, sea-salt, soil 

dust and sulphate to the total PM10 at Cheeka  Peak during spring 2001 is  shown in Figure 15(b). 

The main contributors were from sea-salt and soil dust which exhibited sporadic features and 

varied with meteorology. Sulphate aerosol did not show any substantial variations and did not 

correlate with the dust concentrations. In the vicinity of Cheeka Peak off the coast of 

Washington, the vertical profiles of the sub-micron aerosol scattering coefficients (tsg) were 

measured during spring 2001 using a Beechcraft Duchess aircraft [Price et al., 2002] and 

compared with the sub-micron aerosol concentrations predicted by the model (Fig. 16). The 

vertical profiles from April 8 to April 14 clearly showthe arrival of DS3 to the North American 

west coast peaked around an altitude of 4.5-5.5 km. On April 14, both model and observation 

profiles exhibited a peak higher than 6 km, indicating a strong dust source aloft from the DS3 

which originated in Asia around April 8. The agreement between model predictions and aircraft 

measurements is reasonably good except for April 1 and lower level April 9 profiles. The dust 

time vertical profile plot for Cheeka Peak during whole spring 2001 was also shown in Figure 9. 

4. Conclusions 

Input parameters for the Chinese deserts that can be used for a detailed soil dust emission 

scheme have been investigated and verified against surface observations .  The combined data 

sets for the desert distribution/texture, satellite land-use/roughness length, vertical flux size 

distribution and observed soil moisture provide a coherent input parameter set for the size 

distributed soil dust emission scheme for Chinese deserts and show satisfactory results for 

simulations of the ACE-Asia period. The new Chinese Desertification Map (CDM) is required to 

accurately simulate the spatial and temporal distributions of dust storms in source regions and 

long-range transports of Asian dust to the north Pacific and North America.  
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The model simulation of ACE-Asia soil dust storms for spring 2001 yields reasonable 

spatial and temporal distributions compared with the surface observations of the Air Quality 

Index (AQI) across China and soil dust measurements from the Chinese Dust Storm Research 

observational network stations. Analysis of the dust storm distributions during ACE-Asia 

showed that there were four major desert groups that contributed most of the total dust fluxes in 

spring 2001. Soil dust from these deserts is mainly uplifted by synoptic weather patterns 

characterised  by cyclones with intense cold fronts associated with  troughs over the region from 

Mongolia to northwest China, north Xinjiang province and Northeast China. 

For regions downwind of the Chinese deserts, i.e. East Asia, Mid-Pacific and West North 

America, the simulated soil dust column dust loading correlates reasonably well with the TOMS 

AI spatially and temporally. It is found that the strength of the trans-Pacific transport of soil dust 

is controlled by the relative strength and orientation of the major East Asian trough system. The 

trans-Pacific transport of soil dust and its intrusion to the North American coast show good 

agreement with with ground and aircraft observations in the vicinity of the Olympic Peninsula . 

Near the source region, simulations suggests that the dust plume peaked to about 2 km above the 

ground, whereas dust layers could maximize as high as 7 km aloft over the west coast of North 

America. Sulphate aerosols measured in the Saturna Island (CAPMoN) did not show any 

significant correlation with the dust component (Calcium).  Due to model resolution limitations 

and treatment of PBL in the NARCM model, the detailed pathway of downward transport of soil 

dust over the west coast cannot be accurately simulated from the current model. A more 

sophisticated model with more detailed PBL treatment is recommended to study this 

phenomenon in future. 
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