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ABSTRACT

The Weather Research and Forecasting Model coupled with chemistry (WRF-Chem) associated with

in situ measurements and satellite retrievals was used to investigate the meridional transport of Taklimakan

Desert (TD) dust, especially in summer. Both satellite observations and simulations reveal that TD dust

particles accumulate over the Tibetan Plateau (TP) and the Tianshan Mountains in summer, resulting in

higher dust concentration up to 85mgm23 here. The proportions of meridional transport of TD dust in

summer increase up to 30%of the total output dust over the TD. Further, the impacts of thermal and dynamic

forcing on the meridional transport of TD dust to the TP and Tianshan Mountains are investigated based on

composite analysis and numerical modeling. It is found that the weakness of the westerly jet over East Asia

significantly decreases the eastward transport of TD dust. More TD dust particles lifted to higher altitude

reach up to 8 km induced by the enhanced sensible heating in summer. Under the influence of the northerly

airflow over the TD regions, the TD dust particles are strengthened southward and transported to the

northern slope of the TP through topographic forcing. Moreover, the cyclonic circulation raises dust particles

to higher altitude over the TP. It can further intensify the TP heat source by direct radiative forcing of dust

aerosols, which may have a positive feedback to the southward transport of TD dust. This research provides

confidence for the investigation of the role of TP dust with regard to the radiation balance and hydrological

cycle over East Asia.

1. Introduction

Dust aerosols, which are major component of tropo-

spheric aerosols, are emitted into the atmosphere fromwind

erosion in arid and semiarid areas (Bi et al. 2011;Huanget al.

2006a, 2007, 2014; Kang et al. 2017). These aerosols can di-

rectly affect Earth’s radiative budget through scattering and

absorbing shortwave and longwave radiation (i.e., direct

effects) (Ramanathan et al. 2001; Huang et al. 2009; Zhao

et al. 2010; Chen et al. 2014a, 2017a,b,c), modifying the

albedos and lifetimes of clouds by changing ice cores and

cloud condensation nuclei (i.e., indirect effects) (Huang

et al. 2006a,b, 2014), and even evaporating cloud droplets

when aerosols appear within or above clouds (i.e., semi-

direct effects) (Huang et al. 2006c), all of which have sig-

nificant effects on climate change at the regional and even

global scales (Huang et al. 2010, 2011, 2014; Guo and Yin

2015; Chen et al. 2014b, 2017b; Zhao et al. 2018; Gu et al.

2016). Numerous studies have reported that the long-range
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transport of dust can provide mineral elements (such as Fe

and Al) to the oceans, thereby enhancing the oceanic bi-

ological pump (Duce et al. 1980;Wanget al. 2012; J. Li et al.

2012), and such aerosols can also clean local gaseous pol-

lutants by reducing the SO2/PM10, NO2/PM10, and PM2.5/

PM10 ratios (Guo et al. 2004). However, dust aerosols also

have adverse effects on the air quality and human health by

long-range transport (Kameda et al. 2016; Prospero 1999;

Fu et al. 2010).

The Taklimakan Desert (TD), which is one of the

major sources of dust storms over East Asia (Zhang

et al. 1997; Wang et al. 2008; Huang et al. 2017), is lo-

cated in the Tarim basin in northwestern China and is

surrounded by the Tibetan Plateau (TP), Pamir Plateau,

Tianshan Mountains, and Kunlun Mountains (average

elevation . 5000m). Based on surface observations in

China, the dust emission intensity over the TD is the

strongest, followed by the Gobi Desert (GD), especially

in the spring and summer (Yuan et al. 2016). Previous

studies always focused on the long-range transport of

TD dust in the spring and indicated that dust particles

originating from the TD primarily sweep across eastern

China and are eventually transported to the Pacific

Ocean (Sun et al. 2001; Huang et al. 2008a; Zhao et al.

2006) and even to North America and the Atlantic by

westerly winds (Yumimoto et al. 2009). Chen et al.

(2017a) further pointed out that the dust emission abil-

ities of the TD are the largest among all of the regions in

East Asia, as the TD accounts for 42% of all dust

emissions over East Asia. However, compared with the

GD, TD dust particles below 5km cannot be easily

transported eastward due to the special terrain and the

prevailing easterly winds at low atmospheric altitudes

(Sun et al. 2001; Ge et al. 2014).

To investigate new transport paths of TD dust over

East Asia, Huang et al. (2007) examinedCloud–Aerosol

Lidar and Infrared Pathfinder Satellite Observations

(CALIPSO) retrievals and first found that TD dust can

be entrained to 9km and then be transported toward the

south to the northern slopes of the TP in the summer.

Liu et al. (2008) further found that the TD is the primary

dust contributor to the TP. Moreover, the aerosol opti-

cal depth (AOD) over the TP has a closer correlation

with that over the TD in the summer than that in the

spring (Xia et al. 2008). Simulations further showed that

the transport of TD dust to the TP in the summer of 2006

was favored by the thermal effect of the TP and the

weakness of westerly winds (Chen et al. 2013), which

showed a high correlation with the cold front–based

transport of dust sources to the north slopes of the TP

(Jia et al. 2015). Because of the high elevation, the dust

particles over the TP can be easily transported to remote

areas, such as the Pacific Ocean, which can enhance the

biological pump, further influencing the global warming

(Han et al. 2004; Fang et al. 2004).

Previous studies mainly focus on the zonal transport

and little attention has been paid to the meridional

transport of TD dust. How do the characteristics of the

transport of TD dust vary in different directions near the

Tarim Basin, especially the differences between spring

and summer? What are the mechanisms for the merid-

ional transport of TD dust? The aim of this paper is to

solve these questions based on the Weather Research

and Forecasting Model coupled to Chemistry (WRF-

Chem) in combination with various satellite retrievals

and surface observations. The remainder of this paper is

organized as follows. Section 2 describes the methodo-

logy and observational data used in this study. Section 3

presents the results. The conclusions and discussion are

illustrated in section 4. This research may quantitatively

extend our knowledge regarding the meridional trans-

port of TD dust and its differences between the spring

and summer.

2. Data and methodology

a. Model descriptions

The WRF-Chem model, which includes photolysis

schemes, gas-phase chemical mechanisms, and aerosol

mechanisms, considers a variety of coupled physical and

chemical processes such as aerosol emission and trans-

port (i.e., advection, diffusion, and convection), dry/wet

deposition, chemical processes, aerosol interactions, and

radiation forcing (Grell et al. 2005). The prominent ad-

vantage of the WRF-Chemmodel is that online coupling

ofmeteorology and chemistry, which canmore accurately

represent the evolution of trace gases and aerosols, can

indicate the feedback between aerosols and meteoro-

logical fieldsmore effectively than other numericalmodels

(Fast et al. 2006). The detailed parameterization schemes

used in WRF-Chem are illustrated in Table 1.

TheRegionalAcidDepositionModel version2 (RADM2)

photochemical chemical mechanisms and Model Aerosol

Dynamics Model for Europe (MADE) with the Secondary

Organic Aerosol Model (SORGAM) (jointly MADE/

SORGAM) were integrated into the WRF-Chem

model. The MADE/SORGAM, with aerosol species

including black carbon (BC), organic matters, dust, sea

salt, sulfate, nitrate, and ammonium, uses the Aitken,

accumulation, and coarse modes to describe the aero-

sol size distribution (Grell et al. 2005). The anthro-

pogenic emissions of BC, organic carbon (OC), volatile

organic compounds (VOCs), NOx, SO2, CO, PM2.5, and

PM10 derived from the Reanalysis of the Tropospheric

(RETRO) chemical composition inventories are considered
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in the WRF-Chem model. Monthly biomass burning emis-

sions are obtained from the Global Fire Emissions

Database, Version 3 (GFEDv3) (van der Werf et al.

2010). The Goddard Chemistry Aerosol Radiation and

Transport (GOCART) dust emission scheme (Ginoux

et al. 2001) has the ability to describe the spatial and

temporal variations in dust emissions, transport, and

deposition over North Africa, North America and East

Asia (Chenet al. 2013, 2014b, 2017a;Zhaoet al. 2010, 2011).

Aerosol chemistry is initialed by the default profiles in

WRF-Chem. The modeling domain covers the area of

108–598N, 518–1258E with a resolution of 36km3 36km,

and it spans 35 vertical profiles up to 100hPa (Fig. 1). The

National Centers for Environmental Prediction Final

Operational Global analysis (NCEP FNL) datasets

with a horizontal resolution of 18 3 18 at 6-h temporal

intervals were used to supported the initial meteoro-

logical fields and lateral boundary conditions. The

simulated time ranged from 1 June 2006 to 31 Decem-

ber 2011. Only the results output from the WRF-Chem

model in the spring (March–May) and summer (June–

August) during 2007–11 were used in this paper. De-

tailed information of the model design can be obtained

from Chen et al. (2017a).

b. Observations

1) MODIS

The Moderate Resolution Imaging Spectroradiometer

(MODIS) instrument on board the Terra and Aqua sat-

ellites views the entire Earth surface every 1 to 2 days

while acquiring data in 36 spectral bands ranging from 0.4

to 15mm representing three spatial resolutions: 250m

(2 channels), 500m (5 channels), and 1km (29 channels).

The MODIS aerosol products monitor the ambient

aerosol loading and some other aerosol properties over

cloud-free and snow/ice-free land and ocean surfaces

(Kaufman et al. 2005; X. Li et al. 2012). Furthermore, the

Deep Blue (DB) algorithm is used to determine the

properties of aerosols over land, including bright surfaces

(Hsu et al. 2006, 2013). Therefore, the AODs based on

the DB algorithm fromMODIS/Aqua level 3 collection 6

products at 550nm with a resolution of 18 3 18 resolution
were used to verify the model results.

2) MISR

The Multiangle Imaging Spectroradiometer (MISR) in-

strument successfully launched on board Terra on 18 De-

cember 1999, provides radiometrically and geometrically

calibrated images in spectral bands at each angle (Diner

et al. 2005; Martonchik et al. 2002; Xu et al. 2013). MISR

data are effective at distinguishing the reflectance contri-

butions from the top of the atmosphere from those of the

surface and atmosphere and at retrieving aeroso properties,

TABLE 1. Model configuration.

Physicochemical process Parameter scheme

Microphysics Morrison two-moment (Morrison

et al. 2005)

Cumulus convection Kain–Fritsch (Kain and Fritsch

1990; Kain 2004)

Planetary boundary Yonsei University (Hong et al.

2006)

Land surface Noah land surface model (Chen

et al. 1996; Chen and Dudhia

2001)

Longwave and shortwave

radiation

RRTMG (Rapid Radiative

Transfer Model for GCMs)

(Mlawer et al. 1997; Iacono et al.

2000)

Gas-phase chemistry Regional acid deposition model 2

photochemical reaction

mechanism (RADM2) (Grell

et al. 2005)

Aerosol chemistry Model Aerosol Dynamics Model

for Europe (MADE), with the

secondary organic aerosol model

(SORGAM) (Grell et al. 2005)

FIG. 1. Modeling domain and the topography distribution. The

blue rectangles represent the Taklimakan Desert and Tibetan

Plateau, respectively; the stars represent the Aerosol Robotic

Network (AERONET) stations, and the black solid circles are the

surface weather stations at Tieganlike andAlar in the TD andNam

Co and Daoban in the TP; the dark slate gray line is terrain height

of TP above 3500m, the same is true for all following figures.
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even over highly reflective surfaces such as deserts by virtue

of nine widely spaced angles (Martonchik et al. 2002, 2004).

AODdata from theMISR level 3 version 31 product with a

resolution of 0.58 3 0.58 were also used.

3) CALIPSO

CALIPSO, launched in April 2006, carries the Cloud–

Aerosol Lidar with Orthogonal Polarization (CALIOP)

instrument, which can detect the vertical profiles of

aerosols extinction coefficient at 532 and 1064 nm

(Vaughan et al. 2004; Winker et al. 2003). It can also

distinguish aerosols species including dust, polluted

dust, clean marine, clean continental, polluted conti-

nental, and smoke. TheCALIPSO level 2 aerosol profile

product version 4.10 from 2007 to 2016 is used in this

study. Huang et al. (2015) suggested that the cloud

aerosol discrimination (CAD) score, which reveals the

confidence of the aerosol or cloud, larger than 70 is rea-

sonable. Besides, extinction quality control (QC)flags are

also provided for the solutions if the retrieval is con-

strained (QC5 1) or the lidar ratio unchanged during the

extinction retrieval (QC5 0) (Chen et al. 2013). The dust

AOD can be calculated by integrating the dust extinction

coefficient (DEC) over the height of the dust layer.

4) AERONET

The Aerosol Robotic Network (AERONET) is a

global ground-based aerosol monitoring network

established by the U.S. National Aeronautics and Space

Administration (NASA) (Holben et al. 1998). The ra-

diances observed from sun photometers are further used

to retrieve aerosol properties based on the algorithms

developed by Dubovik and King (2000). The network

imposes a standardization of the instruments, calibra-

tion, processing, and distribution. AOD products are

available at three levels based on the data quality: un-

screened data (Level 1.0), cloud-screened data (Level 1.5),

and quality-assured and cloud-screened data (Level 2.0).

In this work, the Level 2.0 AOD products at the Issyk-Kul,

Kanpur, Nam Co, and Semi-Arid Climate Observatory and

Laboratory (SACOL) sites (Table 2) were used to evaluate

the simulated AODs.

5) METEOROLOGY

The daily temperature at 2m and surface precipitation

observations during 2007–11 in surface weather stations

over the TD and TP are derived from the China Mete-

orological Administration (http://data.cma.cn/). Four

stations (Daoban, Nam Co, Alar, and Tieganlike) are

selected for evaluatingmodel performance in simulating

the daily variation of temperature over the TD and TP

(Table 2). The National Centers for Environmental

Prediction (NCEP)–National Center for Atmospheric

Research (NCAR) reanalysis 1 data of wind, air tem-

perature, geopotential height, and surface sensible heat

flux with horizontal resolution of 2.58 3 2.58 from 2007

to 2016 are also used for composite analysis (Kalnay

et al. 1996).

3. Results

a. Model evaluation

To evaluate the performance of theWRF-Chemmodel

in simulating the spatial and temporal distributions of the

aerosol and meteorological conditions, the satellite re-

trievals, in situ observations, and reanalysis data are

comparedwith the simulations in this study. Comparisons

of the daily temperature at 2m over the TP and the TD

between the observations and the corresponding WRF-

Chem simulations are shown in Fig. 2. Overall, the sim-

ulations effectively capture the daily variations in the

observed temperature at 2m. The simulated tempera-

tures are 1.58–2.28C higher than the observations at Nam

Co, Tieganlike, andAlar and 2.38C lower atDaoban. The

correlation coefficients between the simulations and ob-

servations at Nam Co, Daoban, Tieganlike, and Alar are

0.96, 0.96, 0.98, and 0.97 (Table 3), respectively, with a

high confidence of 99%. Almost 80% and 97% of the

simulated temperatures at 2m are within a factor of 1.5

of the surface observations over the TP and the TD,

respectively.

The daily average temperature at 2m and surface

precipitation over the TDand TP are also shown in Fig. 3.

The temperature is higher over the TD andQaidambasin

(368–398N, 908–988E) compared with that over the TP. It

increases from 148 to 308C in summer over the TD. Over

the Qaidam basin the temperature in summer is about

128C higher than that in spring. It is intensified signifi-

cantly by the sensible heating (Zhou et al. 2009) from

spring to summerwhen the temperature increases from268
to 188C over the TP. Overall, the spatial distribution of

temperature at 2m over the TD and TP fromWRF-Chem

is consistent with the surface observations well, espe-

cially over the deserts and northern TP. This advantage

TABLE 2. The locations of the AERONET sites and weather

stations.

Station Position Altitude (m)

Nam Co 30.778N, 90.968E 4704

Issyk-Kul 42.628N, 76.988E 1650

Kanpur 26.518N, 80.238E 123

SACOL 35.958N, 104.148E 1966

Daoban 29.588N, 94.68E 4390

Tieganlike 40.388N, 87.428E 846

Alar 40.338N, 81.168E 1012
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of WRF-Chem was also demonstrated in Chen et al.

(2018). The daily precipitation changes slightly in both

seasons with the value less than 0.5mmday21 over the

TD and Qaidam Basin. And it is even lower than

0.1mmday21 over the central deserts in spring. Both

the TianshanMountains and the southern TP are much

wet where the precipitation is up to 2 and 6mmday21 in

spring and summer, respectively. TheWRF-Chemmodel

underestimates the temperature and precipitation about

88C and 2–4mmday21 at the TP, respectively, due to the

difficulty of parameterization in complex terrain. But the

model still reasonably captured the spatial pattern of

precipitation and temperature over the TD and TP with

acceptable uncertainties.

Further, the spatial distributions of the AOD at 550nm

fromMISR andMODIS retrievals and the corresponding

WRF-Chem results are shown in Fig. 4. Both retrievals

show that high AODs occur mainly over the TD, eastern

China, the Sichuan Basin, and northern India in spring

and summer. The AOD from MODIS can be up to 0.7

over the whole TD in spring while it shrinks and mainly

covers the south of TD in summer. As for eastern China

and northern India, which are mainly affected by an-

thropogenic aerosols, the AOD increases from 0.6 to

more than 0.7 in summer, whereas in the Sichuan Basin

the highAODarea in spring is larger than that in summer

mainly owing to anthropogenic aerosols from Chengdu

(Liu et al. 2016). The spatial distribution of WRF-Chem

AOD is consistent with the MODIS AOD but over-

estimates compared with MISR AOD, especially at high

AOD centers. This discrepancy is also found inGao et al.

(2016), who thought it was mainly from the uncertainties

of satellites. Previous studies revealed that MISR generally

underestimated the AOD compared with the AERONET

AOD in China (Kahn et al. 2005; Cheng et al. 2012).

X. Li et al. (2012) and Hsu et al. (2013) showed that the

MODIS DB AOD had better performance over des-

erts regions. Moreover, the model slightly overestimates

the AOD over eastern China in spring, which can be at-

tributed the uncertainties of emission inventory. Over the

north slope of the TP, Xia et al. (2008) showed the MISR

performance to be better that that of MODIS and the

AOD over the TP was related to the TD dust in summer.

The WRF-Chem AOD in summer also extends south-

ward toTP and it can be up to 0.5, which is consistentwith

the MISR AOD.

Figure 5 presents DEC at 532nm along 848E in sum-

mer and the seasonal differences fromCALIPSO and the

WRF-Chem results, respectively. Dust from the TD can

be lifted to 7km in summer and extends southward to TP

where the DEC is 0.07km21 (Fig. 5a). Moreover, higher

DEC appears at 3–8km over the TD and TP compared

with that in spring, indicating that it is easier for the dust

to be lifted to high altitude and transported to northern

TP in summer when the westerly jet weakens (Fig. 5b).

The negative difference of DEC below 3km at the TD

FIG. 2. The daily average temperatures (8C) at 2m from in situ observations at (a)Daoban and (b)NamCo over the TP, and (c)Alar and

(d) Tieganlike over the TD vs the corresponding WRF-Chem simulation results during the period of 2007–11 (hereafter simulation

periods). The locations of the in situ sites are shown as black solid circles in Fig. 1. The two side lines are the boundaries of deviations with

248 and 48C, respectively.

TABLE 3. Statistical value of 2-m temperature (8C) in surface weather stations.

Observation WRF-Chem Correlation coefficient

Station Mean Std dev Mean Std dev Correlations Significance

Daoban 4.4 4.8 2.1 5.4 0.96 0.000

Nam Co 2.5 6.1 4.4 5.8 0.96 0.000

Alar 19.5 7.1 21.7 8.0 0.97 0.000

Tieganlike 20.7 8.4 22.2 8.8 0.98 0.000
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can be attributed to the strong dust emission in spring.

Moreover, the differences are up to 0.03km21, which is

also demonstrated by WRF-Chem model. The lower

DEC over northern TP from CALIPSO compared with

that in the WRF-Chem model in summer may owe to

excessive elimination of cloud impact. Generally, the

WRF-Chem model captures the horizontal and vertical

structure of the dust.

Comparisons of the monthly variation of AOD at

550 nm from the Issyk-Kul, Nam Co, Kanpur, and

SACOL AERONET sites and the MODIS and MISR

retrievals during 2007–11 are further shown in Fig. 6.

Overall, the simulated AODs are more consistent with

the surface observations with correlation coefficients

exceeding 0.6 at Kanpur and SACOL than with the

MODIS andMISR retrievals (Table 4). TheKanpur site

is located in northern India, where anthropogenic

aerosols predominate (Lu et al. 2011), and the SACOL

site is located in the downwind region of the TD, where

the dust events are dominant (Huang et al. 2008b). Thus,

the AODs at the two AERONET sites are the highest

among the four sites with average values of 0.65 and

0.46, respectively (Table 5). The Issyk-Kul site is located

to the west of the Tianshan Mountains, where the dust

emission is lower and the AODs range from 0.1 to 0.3

(Table 5). The correlations among the MODIS, MISR,

WRF-Chem, and observed AODs are all not significant.

However, the variation in the modeled AOD is closer to

that of the MODIS AOD. The AOD at Nam Co is the

lowest with an average of 0.05 due to lower local emis-

sions (Table 5). Both MODIS and MISR AOD show

large divergences and the correlation coefficients are not

significant at NamCo. In contrast, AOD from theWRF-

Chem model is the closest to the observation with a

correlation coefficient of 0.58 (Table 4).

The wind speed and temperature at 500 hPa were also

compared by Chen et al. (2017a,c), and they are con-

sistent with the NCEP FNL data over the East Asia.

FIG. 3. Spatial distribution of average (a),(b) temperature (8C) at 2m and (c),(d) surface

precipitation (mmday21) from surface observations (dots) and theWRF-Chemmodel over the

TD and TP in (left) spring and (right) summer during the simulation periods (focus on the TD

and TP).
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Overall, theWRF-Chemmodel is capable of reproducing

the three-dimensional structure and temporal variations

of meteorological and aerosol fields within the modeling

domain. The better performance of the WRF-Chem

model will provide more confidence for further inves-

tigation of TD dust emission and transport.

b. Emission and transport of TD dust

The spring dust storm events over EastAsia occurmost

frequently from early April to early May (Zhao et al.

2006; Huang et al. 2014).More than 20 severe dust storms

occur over the TD and GD annually (Qian et al. 2006),

from which approximately 70.54 Tgyr21 of dust is emit-

ted from the TD in the spring, accounting for 42% of the

total emitted dust over East Asia (Chen et al. 2017a). The

surface easterly wind is dominant in the spring and

summer over the TD (Figs. 7a,b), which is consistent with

the results of Chen et al. (2017b) and Ge et al. (2014).

Influenced by the surface easterly wind, the dust emission

fluxes over the TDare 7.8 and 6.3mgm22 s21 in the spring

and summer, respectively. The maximum dust emission

can reach up to 73.6mgm22 s21 in the TD, followed by

the GD (54.0mgm22 s21) in the spring (Figs. 7a,b), and it

decreases to 62.2 and 32.5mgm22 s21 in the TD and GD

in the summer, respectively, due to the low frequency of

cold fronts (Ge et al. 2014). The dust emission flux over

the TP occurs mainly in the western and northern parts of

the plateau, and it can reach up to 2mgm22 s21 in the

spring under the strong westerly wind. However, the

emission flux in the summer is less than 1.0mgm22 s21 in

most areas and is accompanied by a weakened surface

speed, which may be induced by snowmelt due to the

increase of soil moisture and restoration of vegetation

over the TP after April (Zhou et al. 2009).

The spatial pattern of dust loading is similar to that of

dust emission flux with high-value centers located in the

TD andGD (Figs. 7c,d). However, the dust loading over

the regions near central Asia (region 1), the TD (region

2), and Mongolia (region 3) in the summer are much

larger than those in the spring, where the differences can

FIG. 4. Spatial distributions of the aerosol optical depth (AOD) at 550 nm from (a),(d)WRF-Chem simulations, (b),(e) MODIS on board

Aqua, and (c),(f) MISR in the (top) spring and (bottom) summer during the simulation periods.
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reach up to 90mgm22 (Fig. 7e). In region 1, most of the

dust storms occur from April to September, and the

largest deposition mainly appears during the summer

(Indoitu et al. 2012; Groll et al. 2013; Rashki et al. 2018),

where the dust emission flux in the spring is slightly

lower than that in the summer (Figs. 7a,b), leading to

higher dust loading in that season. In regions 2 and 3, the

magnitudes of dust emissions in the summer are smaller

than those in the spring. However, TD dust particles are

not easily transported to remote regions; rather, they are

accumulated in the atmosphere near source regions due

to the weakness of the westerly wind in the summer and

the complexity of the terrain (Chen et al. 2017a). Si-

multaneously, because of the different circulation pat-

terns in the two seasons, the dust from the TD and GD

can be transported northeastward toMongolia, resulting

in higher dust loading in region 3 (Chen et al. 2018).

To investigate the seasonal differences in the dust

loading over the TD inmore detail, the vertical profile of

the TD dust transport flux above 3 km and the net dust

FIG. 5. Cross sections of dust extinction coefficient (km21) at 532 nm for (a),(c) summer and (b),(d) differences (summer minus spring)

along 848E from (top) CALIPSO and (bottom) the WRF-Chemmodel during the simulation periods, respectively. White color indicates

the topography.

FIG. 6. Monthly variations of AOD at 550 nm fromAERONET observations at four sites (Issyk-Kul, Kanpur, Nam

Co, and SACOL), MODIS on board Aqua, MISR, and the WRF-Chem model during the simulation periods.
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transport flux in the four edges of the TD in both the

spring and the summer based on the WRF-Chem model

are shown in Fig. 8 and Table 6, respectively. The char-

acteristics of TD dust transport in the different directions

are as follows. 1) Eastward transport: The magnitude of

the dust transport flux in the spring is much larger than

that in the summer at 3–6.5km with net fluxes of 1.67 and

1.11 gm21 s21 in the spring and summer (Table 6), re-

spectively. However, the altitude of the peak dust trans-

port flux in the summer increases to 5km, which is higher

than that in the spring (Fig. 8a). 2) Southward transport:

Although the southward transport of TD dust exhibits a

smaller intensity than the eastward transport in the

spring, the maximum dust transport flux in the summer

increases to 340mgm22 s21, which is comparable to that

of the eastward transport at certain altitude in the sum-

mer. The net dust transport fluxes in the spring and

summer are 0.46 and 0.53gm21 s21, respectively (Table 6).

In addition, the higher dust transport flux in the summer

mainly appears at 3–4.5km (Fig. 8b). 3) Northward

transport: The northward transport of TD dust in the

summer also increases at 3.5–6 km, and the net dust

fluxes in the spring and summer are 0.11 and 0.16gm21 s21,

respectively (Table 6), which are lower than those in

the first two directions (Fig. 8c). 4)Westward transport:

The net dust transport fluxes in the spring and summer

are opposite to those in the other three directions and

are the smallest among the four directions (Table 6),

indicating that the westward transport of TD dust has

only a slight effect on the overall transport of TD dust

(Fig. 8d).

Overall, except for the eastward transport, which has

been investigated by numerous studies, the meridional

transport of dust particles originating from the TD cannot

be ignored, especially during the summertime. The total

dust transport fluxes outside of the TD are 2.24 and

1.79gm21 s21 in the spring and summer, respectively

(Table 6). Almost 74% (61%) of the dust is transported

eastward, 21% (30%) is transported southward, and 5%

(9%) is transported northward in spring (summer). In-

terestingly, the meridional transport of TD dust is the

second highest, especially for southward transport, whereas

the intensities of northward and westward transport are

relatively small, indicating that the southward transport of

TD dust can contribute substantial dust to the TP in the

summer.

c. The mechanism of TD dust transport

To further investigate the TD dust transport mecha-

nism, the associated thermal and dynamic factors are

investigated in this section. The vertical cross section of

the dust concentration, the meridional circulation, and

the zonal wind along 848E are shown in Fig. 9. It is ob-

vious that the location and intensity of the westerly jet in

summer are different from that in spring. Zhang et al.

(2008) argued that the core of the East Asian westerly

jet at 200 hPa occurred over Japan in winter and over

northwest China in summer. The intensity of westerly jet

at 200 hPa along 908E weakened from January to May

and began to increase slowly on July. The peak wind

speed in spring and summer ranged from 25 to 35ms21,

which is consistent with our results (Fig. 9). The westerly

jet along 848E is located at 318N in spring and it shifts

north to 408N in summer. The wind speed in summer at

3–8 km is 0–4ms21 lower than that in spring, indicating

the westerly wind weakens (Fig. 9c). The peak dust

concentration, which is more than 245mgm23, is mainly

located below 3km in spring due to the strong westerly

wind at 5 km (5–10ms21). In contrast, it extends up to

4 km in summer along with the weakness of westerly

wind. Moreover, the dust concentration over northern

TP and Tianshan Mountains reaches up to 85mgm23 in

summer whereas it is only up to 45mgm23 in spring. The

difference of dust concentration shows large positive

values appearing above 3 km, of more than 30mgm23,

indicating that the dust can be easily lifted to middle

TABLE 4. The correlation coefficients of theAODs between four

AERONET sites and the WRF-Chem model, MISR, and MODIS

results. An asterisk (*) indicates that the correlation passes the

95% significance level.

WRF-Chem MISR MODIS

SACOL 0.63* 0.34 0.67*

Kanpur 0.65* 0.39 0.24

Nam Co 0.58* 0.60 20.19

Issyk-Kul 0.10 0.16 0.20

TABLE 5. The AOD statistics from the AERONET sites, WRF-Chem simulations, and MODIS and MISR retrievals.

Sites

AERONET WRF-Chem MISR MODIS

Average Std dev Average Std dev Average Std dev Average Std dev

SACOL 0.46 0.16 0.38 0.09 0.29 0.12 0.21 0.09

Kanpur 0.65 0.20 0.50 0.21 0.48 0.14 0.52 0.21

Nam Co 0.05 0.02 0.06 0.02 0.27 0.23 0.19 0.27

Issyk-Kul 0.15 0.05 0.09 0.05 0.16 0.06 0.08 0.06
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troposphere and accumulates over the TD and its sur-

rounding areas in summer. This difference is also dem-

onstrated from the CALIPSO observations (Fig. 5b).

The strong negative difference of dust concentration

below 3km can be attributed to the large dust emission

in spring. Therefore, the north shift and weakness of

westerly jet are responsible for the large concentration

of the dust layer over the TD and the decrease of east-

ward transport of TD dust in summer.

The large positive dust layer can also extend to the

northern TP and Tianshan Mountains, indicating that

meridional transport is remarkable in summertime. It is

worth noting that the strong south wind anomaly is

dominant from the TD to the TianshanMountains, which

is beneficial for the northward transport, leading to the

higher dust concentration in summer (Fig. 9c). Numerical

studies and satellite retrievals have indicated that dust

particles over the TP are primarily contributed from local

emissions in the spring, whereas they are mainly con-

tributed from nearby dust sources in the summer, among

which the TD is a major contributor (Chen et al. 2014b;

Mao et al. 2013; Huang et al. 2007; Kang et al. 2016). The

southward transport of TD dust in summer is highly re-

lated to the circulation pattern change over the TP. The

strong ascent motion is located over the TP and it ex-

pands from near the surface to the top of troposphere

during summertime (Fig. 9b). Moreover, both easterlies

and westerlies are notable at the top of troposphere, re-

sulting from the South Asian high.

To reveal the circulation pattern of the TD dust trans-

port, the wind field and dust concentration at 500hPa are

shown in Fig. 10. Large dust concentrations also exist over

FIG. 7. Spatial distribution of dust emissions (units: mgm22 s21) and wind vectors at 10m in the (a) spring and (b) summer and the dust

mass loading (units: mgm22) in (c) spring and (d) summer, as well as the (e) seasonal difference (summer minus spring) in the modeling

domain during the simulation periods [the black line in (e) is the cross section of 848E].
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the TD and northern TP at 500hPa in summer, which is

higher than that in spring when the dust concentration is

20–25mgm23 over the TD and 35–40mgm23 over the

northern TP. Cyclonic convergence appears over the TP in

the summer (Fig. 10b), especially near the surface (Fig. 7b),

causing a weak northerly wind over the northern TP. The

dust particles accumulating in the atmosphere over the TD

can then be transported southward to the northern TP by

this northerly wind and topographic uplift, leading to higher

dust concentrations exceeding 50mgm23 (Fig. 9b). Simul-

taneously, the strong anticyclone (South Asian high) at the

top of troposphere is beneficial for maintaining the

surface convergence, which may result in more dust

input to the TP. In contrast, only a small portion of

dust can be transported to the northern TP where the

dust concentration is only below 40mgm23 due to the

strong westerly winds at the middle to upper tropo-

sphere during the spring (Figs. 9a and 10a). In addition,

the dust concentration extends northeast from the TD

to Mongolia at 500 hPa in summer, whereas it extends

to northern China in spring. Therefore, the differences

of dust mass loading are positive in Mongolia and

negative in northern China (Fig. 7e).

The special circulation pattern over the TP is associ-

ated with the surface sensible heating and latent heating

and they play important roles in TD dust transport. The

sensible heat flux increases substantially from March to

Julywith amaximumflux of 75.46Wm22 on July over the

TD, which leads to an increase of the planetary boundary

layer height (PBLH) to 921m. The latent heat flux is

much lower than the sensible flux due to the low pre-

cipitation over arid regions (Fig. 11a). Under these cir-

cumstances dust particles can be easily entrained to 5km

under the strong turbulent mixing and vertical motion

in the summer, resulting in high dust concentration at

3–8 km (Fig. 9c). Both sensible and latent heat fluxes

over the northern TP increase from March to July, and a

larger flux is registered from May to August. However,

the sensible heating is much larger than the latent heating

FIG. 8. Vertical distribution of TD dust transport flux (mgm22 s21) in the four edges in Fig. 1 of the TD in the spring (red) and summer

(green) above 3 km during the simulation periods. Positive (negative) transport flux indicates the dust is transported out of (into) the TD.

On the east edge, positive transport flux indicates the dust is transported eastward to eastern China; on the south edge, positive transport

flux indicates the dust is transported southward to the northern TP; on the north edge, positive transport flux indicates the dust is

transported northward to the TianshanMountains; and on the west edge, positive transport flux indicates the dust is transported westward

to Pamir.

TABLE 6. The vertical integration of the dust flux (units:

gm21 s21) above 3 km in the different edges of the TD [the blue

box shown in Fig. 1; positive (negative) values indicate the dust is

transported out of (into) the TD].

Flux (gm21 s21) East South West North Total

Spring 1.67 0.46 20.05 0.11 2.19

Summer 1.11 0.53 0 0.16 1.80
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with maximum fluxes of 85.18 and 32.97Wm22 re-

spectively in July over the northern TP (Fig. 11b). Wu

et al. (2016) noted that the summertime sensible heating

can significantly intensify the vertical motion and near-

surface convergence over the TP compared with the la-

tent heating. Therefore, the intense updraft and surface

convergence are formed by strong sensible heating in

summer. Simultaneously, the PBLH increases signifi-

cantly from May to August and the dust mass loading

maintains large values of 92–97mgm22 betweenMay and

August (Fig. 11b). The dust can then is transported to the

altitude of 8km by the turbulent mixing in PBL and

strong vertical motion (Chen et al. 2013).

d. Observation evidence for the summer TD dust
meridional transport

Since local dust emission ismuch lower and the dust over

the TP originating from the TD is large in summer, two

high (2008 and 2009) and two low (2007 and 2012) dust

summers with dust AOD anomalies over the northern TP

FIG. 9. Cross sections of dust concentration (colors; mgm23), meridional circulation (vectors), and zonal wind (contour lines; m s21) in

(a) the spring and (b) summer, and (c) the difference (summer minus spring) along 848E during the simulation periods from the WRF-

Chem model.

FIG. 10. Spatial distributions of horizontal wind vectors and dust concentration (mgm23) at 500 hPa in (a) spring

and (b) summer during the simulation periods from the WRF-Chem model.
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larger than one standard deviation are selected for com-

posite purposes to reveal the relationship of the summer

TP dust with sensible heating and atmospheric circulation

based on 10-yr dust AOD detected from CALIPSO from

2007 to 2016. Figure 12 presents the cross section of DEC

over theTP averaged from808 to 958E in high and low dust

summers. Positive anomalies are found over the northern

TP and the south of the TD, especially at the altitudes

of 2–9 km where the anomalies of DEC can reach up to

0.01 km21, indicating that the magnitudes of the dust

from the TD increase over the TP and the south of TD in

high dust summers. On the contrary, negative anomalies

cover the whole northern TP and the south of TD in low

dust summers, which indicates that dust storms are rare.

In high dust summers, a strong negative geopotential

height anomaly center appears at the northeast of

Kazakhstan (558–608N, 808–908E), where the negative

anomaly temperature is more than 1.08C, which in-

dicates the cold air is strong here. The intensified cold

air can expand southward to the TD (Figs. 13a,c) and

benefit the outbreak of the dust storms, leading to higher

DEC (Fig. 12a). The weak positive geopotential height

anomaly as well as the increase of temperature over the

Pamir strengthen the northeast wind at 500hPa. Thus,

the westerly wind weakens and the north wind increases.

Moreover, a cyclonic circulation anomaly appeared at

the western TP, which favors the southward transport of

TD dust (Fig. 13e). Correspondingly, the sensible heat

flux increases by 3–9Wm22 over the TD and north

slopes of the TP, which can enhance the air ascending

through the TP sensible heat driving air pump (Wu et al.

2007). Most dust particles will be lifted into atmosphere

over the TD and transported southward to the northern

TP through strong sensible heating and northeast wind.

In low dust summers, a positive geopotential height

anomaly center also occurs at the north of Kazakhstan,

and the positive temperature anomaly is high. Thus, the

cold air is weakened and the DEC is low over the TD

and northern TP (Fig. 12b). Moreover, both the north

wind and the sensible heat flux also are weaker than

FIG. 11. Monthly variations of sensible heat and latent heat flux (Wm22), PBLH (m), and dust mass loading

(mgm22) over the (a) TD and (b) northern TP. The locations of the TD and northern TP are shown in Fig. 1.

FIG. 12. Composites of summertime dust extinction coefficient (km21) at 532 nm anomalies averaged from 808 to
958E detected fromCALIPSO in (a) high dust summers and (b) low dust summers over northern TP during 2007–16.

White color indicates the topography.
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FIG. 13. Composites of summertime anomalies for (a),(b) geopotential height (gpm), (c),(d) air temperature (8C), (e),(f) wind field

(m s21) at 500 hPa, and (g),(h) surface sensible heat flux (Wm22) in (left) high dust summers and (right) low dust summers over northern

TP during 2007–16.
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those in high dust summer, which is unfavorable for the

dust emission and southward transport.

4. Conclusions and discussion

The WRF-Chem model was used to investigate the

characteristics of the transport of TD dust in the four

cardinal edges of the TD, especially for the meridional

transport during the spring and summer in this study.

Through comparisons with satellite retrievals, in situ

observations, and reanalysis data, the results show that

the WRF-Chem model has the ability to reproduce the

spatial and temporal distributions of aerosols and mete-

orological fields in the modeling domain during 2007–11,

which is beneficial for understanding the transport of TD

dust. Dust emission flux over the TD andTP in summer is

lower than that in spring. In contrast, the dust mass

loading in summer is 90mg22 higher than that in spring

over the northern TP, Tianshan Mountains, and Mon-

golia. Satellite observations also confirm that dust over

the TD can extend to the TP and Tianshan Mountains.

Through the analysis of TD dust transport in the four

edges we found that although themagnitudes of eastward

transport of TD dust are the largest in both seasons, the

meridional transport of TD dust cannot be ignored, es-

pecially during the summertime. The magnitudes of the

eastward transport of TD dust account for 74% (61%) in

spring (summer), while the southward and northward

transports of TD dust account for 21% (30%), and 5%

(9%), respectively. Notably, the meridional transport of

TD dust is the second largest, especially in the summer,

when there is a decrease in the eastward transport of

TD dust.

The seasonal differences of the meridional transport of

TD dust are associated with the seasonal circulation

change and thermal forcing (Fig. 14). During the spring-

time (Fig. 14a), dust particles do not easily accumulate

over the TD due to the strong westerly wind and small

sensible heating, although the dust emission is strong. A

large portion of dust from the TD is transported eastward

to eastern China. Only a small portion of dust is trans-

ported to the northern TP and Tianshan Mountains by

topographic uplift and weak sensible heating. At this

time, the TP is a dust source and most of the dust is

transported to the Pacific Ocean by the strong westerly

wind (Fang et al. 2004). On the contrary, TD dust is easily

lifted to 5kmunder the strong sensible heating in summer

(Fig. 14b). The magnitude of eastward transport of TD

dust decreases by about 34% and most dust is accumu-

lated at 3–8km owing to the north shift and weakness of

westerly wind, which provide the foundation for meridi-

onal transport. By the south wind anomaly, dust trans-

ported to Tianshan Mountains increases in summer. The

enhancement of the sensible heating flux in the summer

can lead to a convergence field near the surface. There-

fore, the cyclonic convergence at the surface and anticy-

clone divergence at the top of troposphere over the TP

are beneficial for southward transport and uplift. The dust

particles can be lifted up to 8km, upon which they can

heat the atmosphere by absorbing solar radiation, further

enhancing the heating source of the TP.

Composite analysis for high and low dust summers over

the northernTP from 2007 to 2016 also confirms themodel

results. In summer, the enhanced cold air over the north-

east of Kazakhstan causes the increase of dust storms and

north wind. Simultaneously, the strong sensible heating

FIG. 14. Schematic diagram of TD dust transport in (a) spring and (b) summer.
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over the TD can entrain more dust particles into

high altitudes, which is favorable for the dust emission and

southward transport of dust over the TD. It should be

noted that the sensible heating on the sloping surfaces of

theTPhas significant effects on the atmosphere circulation

over Asia. Under the sensible heating on the sloping

surface of TP, the air in the lower atmosphere in the

surrounding areas of TP can be driven into theTP, forming

strong ascending air (Wuet al. 2007), whichwill carrymore

dust to TP. The increase of dust over the TP may further

enhance the ‘‘elevated heat pump’’ (Lau et al. 2006, 2008)

and have a positive feedback to the southward transport of

TD dust. In addition, the dust deposited on snow/ice over

the TP can also change the surface albedo, leading to a

positive temperature anomaly (Ji et al. 2016), which may

further modify the hydrologic cycle and the Asian mon-

soon climate (Lau et al. 2010; Qian et al. 2011; Sun and Liu

2016; Han et al. 2009; Li et al. 2017).
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