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Abstract: Dust storms in North China result in high concentrations of airborne dust 
particles, which cause detrimental effects on human health as well as social and economic 
losses and environmental degradation. To investigate the impact of land surface processes 
on dust storms, we simulate two dust storm events in North China during spring 2002 using 
two versions of a dust storm prediction system developed by the Institute for Atmospheric 
Physics (IAP) in Beijing, China. The primary difference between the IAP Sandstorm 
Prediction System (IAPS 1.0) and more recent version (IAPS 2.0) is the land surface 
modeling. IAPS 1.0 is based on the Oregon State University (OSU) land surface model, 
whereas the latest version of the dust storm prediction (IAPS 2.0) uses NOAH land surface 
schemes for land surface modeling within a meteorological model, MM5. This work 
investigates whether the improved land surface modeling affects modeling of sandstorms. It 
is shown that an integrated sandstorm management system can be used to aid the following 
tasks: ensure sandstorm monitoring and warning; incorporate weather forecasts; ascertain 
the risk of a sandstorm disaster; integrate multiple technologies (for example, GIS, remote 
sensing, and information processing technology); track the progress of the storm in 
real-time; exhibit flexibility, accuracy and reliability (by using multiple sources of data, 
including in-situ meteorological observations); and monitor PM10 and PM2.5 dust 
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concentrations in airborne dustfalls. The results indicate that with the new land surface 
scheme, the simulation of soil moisture is greatly improved, leading to a better estimate of 
the threshold frictional velocity, a key parameter for the estimating surface dust emissions. 
In this study, we also discuss specific mechanisms by which land surface processes affect 
dust storm modeling and make recommendations for further improvements to numerical 
dust storm simulations. 

Keywords: remote sensing; dust storm modeling; land surface processes; soil moisture; 
dust-emission; numerical simulation 

 

1. Introduction 

While sandstorms and subsequent airborne dustfalls are natural phenomena, climate change and 
land use changes associated with deforestation, agricultural expansion, and urbanization are thought to 
be associated with the frequency of sandstorms around the world [1–3]. For example, a giant 
sandstorm (haboob) more than a mile high and driven by 60 miles/h (26.82 m/s) winds recently 
reduced visibility (to zero at the height of the storm), grounded airplanes, and led to traffic congestion 
across the Valley of the Sun in Arizona, US. Dust storms occur frequently in the spring in North China, 
contributing to high concentrations of airborne dust particles. A wealth of scientific literature has 
demonstrated that airborne dust particles adversely impact human health, cause significant social and 
economic damages and impair the quality of the atmosphere [4–6].  

Specifically, Asian dust storms have been associated with human health effects including mortality [7] 
and hospital admissions [8–11]. The health impacts of airborne particles with aerodynamic diameter 
<10 μm (PM10) in 111 major Chinese cities was estimated at over $29 million (US) [12]. A survey 
conducted in Seoul, South Korea found that dust storms are perceived to be one of the most serious 
health threats and 40% of survey respondents reporting a decline in respiratory health during dust 
storm events [13]. 

Animal models have demonstrated links between Asian dust and lung inflammation, heart rate, 
DNA damage, and blood pressure [14–16]. These dust storm events can adversely affect water and 
energy resources and biodiversity; and particles carried by dust storms can contain heavy metals and 
other industrial pollutants [17]. Agriculture can be affected through water resources as well as the loss 
of soil [18]. Sandstorms have been observed in Asia for millennia [19,20]: intense sandstorms occur in 
North China when the desert and loess regions of China and Mongolia are eroded by winds that exceed 
15 m/s for more than three hours, although winds of only 8 m/s are required to blow sand into the 
air [21–24]. Accordingly, dusty days typically occur in China and Mongolia for two to four months of 
the year [21,22]. Heavy surface winds, mechanical turbulence, and frontal lifting can cause dust clouds 
to move hundreds to thousands of kilometers from their original location [25] while low pressure air 
flows and the polar front can cause sand particles to rise up 6 km in the air [26]. The long range transport 
of sandstorms and air pollutants has been documented. For example, sand originating in eastern China 
has caused airborne dustfalls over other parts of Asia and western North America [27–29]. Some 
measurements indicate that Asian dust storms are increasing in intensity and frequency [30,31]. High 
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frequency areas for dust storms include North Africa, the Middle East, Mongolia, and China [32].  
Remote sensing is a powerful tool to monitor sandstorms, particularly in regions that are lacking 

meteorological stations. In particular, the high spatial resolution of the National Oceanic and 
Atmospheric Administration (NOAA) satellite Advanced Very High Resolution Radiometer (AVHRR) 
data make it useful for collecting sandstorm data. The following NOAA AVHRR channels are used: a 
visible channel (channel 1, CH1), a near-infrared channel (CH2), a shortwave infrared channel (CH3a), 
a mid-infrared channel (CH3b), and two thermal-infrared channels (CH4 and CH5). The 
NOAA/AVHRR CH1 and CH2 channels (located in the visible and near infrared waveband) are 
capable of measuring and calculating surface albedo while the thermal infrared CH3, CH4, and CH5 
channels are used to capture the surface brightness temperature. Surface meteorological charts are used 
in tandem with NOAA satellite images to measure sandstorms and dustfalls that travel with 
synoptic-scale air movements. False color composite images are often created in order to monitor the 
movement of dust clouds and dust particles [21,22,27,33–36]. 

While geo-stationary meteorological satellites, such as the Visible and Infrared Spin Scan 
Radiometer (VISSR), operate as part of the GMS-5 satellite system have a lower spatial resolution 
than NOAA/AVHRR, they can cover the Earth’s full disc every 30 min. The visible channel of 
GMS-5/VISSR is capable of identifying sandstorms, lakes, oceans, ground surfaces, and other targets 
characterized by low albedo values (calculating the albedo accurately requires corrections due to the 
angle of depression). Ideally, an integrated sandstorm management system should be able to carry out 
the following tasks: ensure sandstorm monitoring and warning; incorporate weather forecasts, ascertain 
the risk of a sandstorm disaster; integrate multiple technologies (for example, geographic information 
system (GIS), remote sensing, and information processing technology), track the progress of the storm in 
real-time; exhibit flexibility, accuracy and reliability (by using multiple sources of data, including in-situ 
meteorological observations); and monitor concentrations of PM10 and particulate matter with 
aerodynamic diameter <2.5 μm (PM2.5) dust concentrations in airborne dustfalls. 

There exists a strong need to better understand and predict dust storms and their impacts [17,30,31]. 
In recent years, extensive research on dust storms has been conducted, including work on dust 
monitoring [37–40], dust storm frequency analysis [41–43], and simulation and prediction of dust 
emissions and transportation processes [44–50]. A large literature exists dealing with the numerical 
simulations of sand storm events in China [51]. Dust emission modeling involves the simulation of 
synoptic processes, land surface conditions (e.g. soil moisture and soil temperature), and transportation 
processes as well as the parameterization of wind erosion threshold friction velocity (u*

t) and friction 
velocity (u*). A land surface model (LSM) can be used to determine land surface properties, including 
soil moisture. In general, u* is dependent on the structure of the atmospheric boundary layer while u*

t 
depends on the land surface characteristics, and land surface model is considered as key component for 
the dust storm modeling and prediction. 

To better understand the impact of land surface processes on dust storm simulations, we modeled 
the northeast Asian dust storms in the spring of 2002 with two versions of a dust storm numerical 
modeling and prediction system developed at the Institute for Atmospheric Physics. The two versions 
of the modeling system, referred to as IAPS 1.0 and IAPS 2.0, differ in their land surface model. In 
IAPS 1.0 [52], the Oregon State University (OSU) LSM [53,54] is used while in IAPS 2.0 the NOAH 
LSM [55] is used. The NOAH model was developed by multiple organizations: the National Centers 
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for Environmental Prediction; Oregon State University Department of Atmospheric Sciences; Air 
Force; and Hydrologic Research Lab of the National Weather Service. 

In this paper, results derived from these two different land surface models are compared, and the 
mechanisms by which land surface processes impact simulated dust storms are investigated. Finally, 
recommendations are provided for further extending these dust storm modeling systems. 

2. IAP Dust Storm Simulation and Prediction System (IAPS) 

IAPS 1.0 consists of the Meso-scale Meteorological Model (MM5) jointly developed by 
Pennsylvania State University (PSU) and National Center for Atmospheric Research [56], together 
with OSU LSM, a wind erosion model, a dust transportation-deposition scheme, pre-processor system, 
and a GIS database (Figure 1). The pre-processor components include a wind erosion model, dust 
transportation model and a GIS database with categories for vegetation, soil, and land use. Data 
generated through the pre-processor components are input into the land surface model, MM5, and 
wind erosion and dust transportation models. The meteorological model, wind erosion, and dust 
transportation models are tightly integrated. At each time step u* (from the planetary boundary layer 
scheme) and surface soil moisture (from the land surface scheme) are used by the wind erosion model 
to calculate the dust emission rate for six particle-size groups. The dust transport and deposition 
scheme considers advection, diffusion, and dry deposition based on the domain and grid specifications 
of the MM5 model.  

Figure 1. The structure of the integrated dust storm numerical modeling systems: dashed 
lines represent the structure of the Institute for Atmospheric Physics, Dust Storm 
Simulation and Prediction System (IAPS) model. 
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The wind erosion scheme comprises three key parameterizations including u*
t (m/s) [57], 

streamwise sand flux, Q [58] and the dust emission rate, F [59] (Figure 2). Six dust particle 
diameters are considered: d < 2 μm, 2 < d < 11 μm, 11 < d < 22 μm, 22 < d < 52 μm, 52 < d < 90 μm, 
and 90 < d < 125 μm. Next, for each of the n (6) groups, dust emissions are estimated when u* exceeds 
u*

t for a specific dust particle size in a given region. The u* is calculated in the MM5 boundary layer 
scheme while u*

t depends on land surface properties as calculated by  

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ +××=
d

gdMHRu pt ρ
ασα 2

1
*         (1) 

where R (surface roughness), H (soil moisture), and M (soil aggregation) are estimated from soil and 
vegetation data, g is gravitational acceleration, d is the particle’s diameter, σp is the ratio of particle 
density to air density, ρ is the density of air, and α1 and α1 are coefficients [57,60]. The sand flux (Q) 
and dust emissions rate (F) are also calculated separately for each particle size group. The main input 
data for the wind erosion scheme is soil texture; vegetation type and vegetation cover and dust 
emissions, calculated for erodible lands. Calculating u*

t requires soil moisture data, obtained from the 
LSM, and frontal area surface roughness, which is primarily a function of vegetation. As model 
simulated soil moisture changes with time, the parameter u*

t also varies slowly with time.  
IAPS 1.0 uses the OSU LSM, which has a single canopy layer, and the prognostic variables include 

soil moisture and temperature, water stored in or on the canopy, and snowpack depth and water 
equivalent. Recently, IAPS1.0 has been applied to the simulation of dust storm events over North 
China [60]. 

Figure 2. The structure of the IAPS wind-erosion scheme. 
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IAPS 2.0 couples the meso-scale atmospheric model MM5 and the Unified NOAH land surface 
model with the wind erosion model, the dust transportation model, the GIS database for land surface 
characteristics, and a pre-processor for the wind erosion model. The NOAH LSM integrates the 
diurnally dependent Penman potential evaporation equation, the multilayer soil model, and the 
primitive canopy layer. This modeling system predicts soil moisture and temperature in four layers (at 
10, 30, 60 and 100 cm depth), as well as canopy moisture and water-equivalent snow depth. It also 
outputs surface and underground run-off accumulations. Compared with the original OSU LSM, many 
improvements have been achieved for the enhanced representation of physical processes in order to 
better predict snow depth, snow cover, and frozen soil effects, etc. Differences in the NOAH and OSU 
land surface models include an increase in the number of soil layers (4 in NOAH, 2 in OSU), changes 
in the treatment of root zone depth (spatially varying as a function of vegetation in NOAH, fixed value 
in OSU), as well as improvements in NOAH in the treatment of soil ice, which NOAH estimates based 
on soil moisture content, soil type, and soil temperature [61–63]. 

The successful application of modeling systems necessitates full evaluation of modeling 
systems [64]. Extensive validation has been performed on the modeling components of the modeling 
systems used in this research, the IAPS 1.0 and IAPS 2.0, including work consistent with published 
guidelines on model evaluation [64]. The meteorological model, MM5, has been widely evaluated with 
respect to variables including simulated temperature, relative humidity, height of the planetary 
boundary layer, and wind speed and direction [65–70]. The OSU land surface model [62,71] and 
NOAH land surface model has similarly undergone thorough model evaluation [63,72–74]. 

The impact of land surface processes on the predictive skill of dust storm events was evaluated by 
using two dust storms in North China (24–25 March 2002 and 21–24 April 2002). The storms were 
simulated with IAPS 1.0 and IAPS 2.0 and their results were compared. The simulated domain area 
contains Mongolia, China, the Korean Peninsula and Japan, centered at 40°N and 115°E, with 150 gird 
cells in longitude and 120 grid cells in latitude, a horizontal resolution of 45 km, and 16 vertical levels. 
Model initialization and boundary conditions were based on National Centers for Environmental 
Prediction (NCEP) reanalysis atmospheric data with a horizontal resolution of 2.5° and a one-day 
spin-up period. NCEP data were interpolated horizontally onto model grid points and then interpolated 
from pressure levels onto model’s vertical levels (σ-levels). The initial values of dust concentration of 
each particle size group were set to zero. Numerical simulation results were compared and verified 
with the station observations. The impact of land surface processes on the dust storm simulations was 
investigated. 

3. Impact of Land Surface Processes on Dust Storm Simulations 

Active dust storm activity occurred throughout North China in the spring of 2002, with strong dust 
storm events occurring every 2 to 5 days. In this paper, two typical dust storm episodes, with markedly 
different weather conditions, dust sources and dust distribution areas, are selected for investigation. 
While these episodes differ, their characteristics are typical for North China. 
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3.1. Dust Episode of 24–25 March 2002 

For the 24–25 March 2002 dust storm event, 850 hPa NCEP reanalysis geopotential height 
variations at 8:00 Beijing Standard Time (BST) was used, controlled by a southeastward moving 
cyclone. Prior to this event, a cyclone was moving southeastward from the Lake Baikal area, 
accompanied by strong northwesterly wind behind the cold front. By 8:00 BST on 25 March the center 
of the cyclone was located in the vicinity of 122°E, 52°N. Very strong NW and WNW winds occurred 
behind the cold front, reaching 16 m/s in some areas. This dust episode was mainly limited to northeast 
China including the eastern regions of Liaoning, Jilin, Hebei and Heilongjiang, with elevated dust 
levels also observed in Xinjiang and severe dust storms in the eastern Inner Mongolia. Figure 3 shows 
dust deposition for this storm for observational data [75], and under the IAPS 1.0 and 2.0 modeling 
systems (Figures 4 and 5), and the difference in average soil moisture simulated by IAPS2.0 and 
IAPS1.0 (Figure 6). The observational data in Figure 3 and subsequent figures is from the Chinese 
Sandstorm Almanac [75], developed by the China Meteorological Administration. 

Figure 3. Distribution of dust affected regions for the 24–25 March 2002 dust-storm event. 
The red dots indicate the province’s capitols; the green lines represent rivers. 
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Figure 4. Simulations of average dust deposition (mg·m−2·s−1) from the 24–25 March 2002 
sand-dust storm using IAPS1.0. 

 

Figure 5. Simulations of average dust deposition (mg·m−2·s−1) from the 24–25 March 2002 
sand-dust storm using IAPS2.0. 
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Figure 6. Difference in average surface soil moisture (g·cm−3) simulated by IAPS2.0 and IAPS1.0. 

 

IAPS1.0 dust deposition results generally capture the affected regions noted in observational data, 
with high deposition estimated for regions that were observed to have severe dust storms, however, 
large areas not affected by the dust storm are predicted to have high dust deposition, primarily in the 
central North regions (Figure 4). Dust deposition estimates are improved with IAPS2.0, particularly in 
eastern China (Figure 5). As shown in Figure 6, IAPS2.0 generally predicts wetter soil moisture than 
IAPS1.0 in Xinjiang and Gansu which plausibly explain discrepancies between the IAPS1.0 and 
IAPS2.0 results. The distribution of the difference between u* and u*

t, which directly represents 
erodibility, is shown for the IAPS1.0 in Figure 7 and for IAPS2.0 in Figure 8.  

Figure 7. Overall distribution of the positive value of (u* − u*
t) in the IAPS1.0 simulation. 
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Figure 8. Overall distribution of the positive value of (u* − u*
t) in the IAPS2.0 simulation. 

 

3.2. Dust Episode of 21–24 April 2002 

A complicated dust storm event occurred on 21–24 April 2002 in North China, which was affected 
by a southeastward moving cyclone, a cold front and an anticyclone system. A cyclone, centered at 
approximately 122°E, 50°N, moved eastward from northeast China, and was accompanied by strong 
northwesterly wind behind the cold front. By 8:00 BST on 22 April, the center of the cyclone was 
located in the vicinity of 130°E, 52°N and a high pressure system was present in western Mongolia, 
with the ridge of high pressure reaching Liaoning. This ridge of high pressure was preceded by very 
strong SE wind occurred reaching 17–20 m/s in some areas. Next, an anticyclone system centered at 
approximately 102°E, 45°N formed across the Mongolia-China border. By 8:00 BST on 23 April 
almost all of North China was affected by this eastward moving anticyclone system. By 8:00 BST on 
24 April, the anticyclone system weakened significantly as it moved into central China. Accordingly, 
dust storms were observed throughout most of northwest China and in some parts of northeast China, 
as shown in the observational data. Specifically, synoptic records show that from 21–24 April 2002, 
severe and extensive dust storms affected, Xinjiang, Qinghai, Gansu, Inner Mongolia, Ningxia, 
Shaanxi, Shanxi, Hebei, Beijing, Tianjin, Liaoning, and Shandong, as shown in observational data 
(Figure 9). Severe dust storms also occurred in Xinjiang, Inner Mongolia and Ningxia. The spatial 
distribution of this dust covers a large area. The severe dust deposition is mainly concentrated in 
northwest China, while a relatively light deposition of dust occurs in northeast China. 

The IAPS1.0 simulation results show the similar patterns as the observational data (Seen from 
Figure 10). However, the model over-predicts dust storm activity in some regions, particularly in 
northeast China. The IAPS2.0 results (Figure 11) are similar to those from IAPS1.0, however visual 
inspection suggests that IAPS2.0 results better match observational data. The simulated dust deposition 
is higher than observed values for some regions, such as in the western part of Inner Mongolia (around 
102°E, 40°N). In the East Liaoning Peninsula (around 122°E, 40°N), a significant dust concentration 
was simulated, while no dust activities were reported by observational data. 
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Figure 9. Distribution of dust affected regions for the 21–24 April 2002 dust-storm event. 
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Figure 10. Simulations of average dust deposition (mg·m−2·s−1) using IAPS 1.0. 
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Figure 11. Simulations of average dust deposition (mg·m−2·s−1) using IAPS 2.0. 

 

4. Discussion 

The ability to predict the frequency and occurrence of sand storms is a critical policy issue in many 
parts of the world. As noted by the World Meteorological Association (WMO), sand storms can 
severely harm human health, disrupt air and transportation systems, alter marine productivity through 
changes in oceanic nutrient deposition, affect agriculture through soil erosion and harm to crops and 
livestock, and hinder food and water security [76] The WMO established the Sand and Dust Storm 
Warning Advisory and Assessment System (SDS-WAS) to help improve the forecasting of dust storms 
by encouraging forecasting capabilities and coordinating efforts worldwide [76]. 

Previous studies have investigated dust storms using a variety of approaches, such as the use of 
statistical analysis of predictor variables (e.g., monthly temperature anomalies, seasonal and annual 
precipitation, soil moisture) to generate seasonal forecasts in Inner Mongolia [77]. As another example, 
statistical analysis was used to estimate sandstorms in the Gansu Province of China [78] and in Iran 
[79]. Land surface temperature from satellite data were compared to measurements of total suspended 
particles, finding that land surface temperature may be a useful indicator of storms [80]. Other 
approaches, more similar to our methods, integrate models based on understanding of physical systems 
(e.g., meteorological models), rather than statistical models, to estimate dust storms, such as a study by 
the United States Air Force Weather Agency using the University of Colorado CARMA dust transport 
model in conjunction with MM5 [81]. 

5. Conclusions 

In efforts to further advance the ability to predict and understand dust storms, we applied an 
improved IAP dust storm numerical modeling and prediction system (IAPS 2.0) to the prediction of 
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dust storm events over North China for two typical dust storm episodes with different characteristics 
with respect to dust sources and the dust affected regions. Results were compared to those generated 
by the original system (IAPS 1.0). Both modeling systems provided reasonable estimates as gauged by 
comparison to observational data. However, for both case study events the IAPS 2.0 system was better 
able to predict dust storm sources and capture dust storm patterns than IAPS 1.0. The use of the 
NOAH LSM in IAPS 2.0 improves the model performance through comprehensive representation of 
land surface processes and its interaction with the atmosphere than OSU LSM in the IAPS 1.0. In 
particular, the use of IAPS 2.0 significantly improves the simulation of soil moisture. This may likely 
lead to improvements in simulating u*

t, which is a key parameter for surface dust emission.  
While the results from IAPS2.0 provided better agreement with observational patterns of dust 

deposition than did IAPS1.0, results for regions such as western Inner Mongolia (around 102°E, 40°N) 
and the eastern Liaoning Peninsula (around 122°E, 40°N), were better estimated by the IAPS 1.0. 
These discrepancies could result from a number of possible factors. Firstly, the geographic information 
data sets used in the aforementioned prediction system are limited, as it might not capture land use and 
land cover changes due to anthropogenic or natural factors that have taken place in the past decade, 
and there still exist uncertainties in critical surface characteristic variables such as soil particle size 
distribution, soil texture and surface vegetation cover. The NCEP reanalysis data, which was used for 
the initialization and boundary conditions of the atmospheric model, have a coarser resolution (2.5°) 
than that of the atmospheric model itself (45 km) and therefore may miss sub-scale heterogeneity. 
Moreover, initial dust concentration estimates are currently unavailable, and wet deposition may not be 
fully parameterized in the present IAP 2.0 system. These issues warrant further study. 

In summary, this work indicates that the application of the IAPS2.0 model provides significant 
improvements over the IAPS1.0 modeling system for simulation and prediction of dust storm events in 
North China. It suggests the reasonable prediction by IAPS2.0 will provide helpful information for the 
sandstorm risk assessment and disaster reduction. We recommend that future work address the issues 
described above in order to further improve IAPS2.0 dust estimates. Finally, the link between 
modeling and decision making should be further strengthened. 
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