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A Simulated Climatology of Asian Dust Aerosol and Its Trans-Pacific Transport.
Part II: Interannual Variability and Climate Connections
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ABSTRACT

A 44-yr climatology of spring Asian dust aerosol emission, column loading, deposition, trans-Pacific
transport routes, and budgets during 1960–2003 was simulated with the Northern Aerosol Regional Climate
Model (NARCM). Interannual variability in these Asian dust aerosol properties simulated by the model
and its climate connections are analyzed with major climatic indices and records in ground observations. For
dust production from most of the source regions, the strongest correlations were with the surface wind speed
in the source region and the area and intensity indices of the Asian polar vortex (AIAPV and IIAPV,
respectively). Dust emission was negatively correlated with precipitation and surface temperatures in
spring. The strength of the East Asian monsoon was not found to be directly related to dust production but
rather with the transport of dust from the Asian subcontinent. The interannual variability of dust loading
and deposition showed similar relations with various climate indices. The correlation of Asian dust loading
and deposition with the western Pacific (WP) pattern and Atmospheric Circulation Index (ACI) exhibited
contrasting meridional and zonal distributions. AIAPV and IIAPV were strongly correlated with the
midlatitude zonal distribution of dust loading and deposition over the Asian subcontinent and the North
Pacific. The Pacific–North American (PNA) pattern and Southern Oscillation index (SOI) displayed an
opposite correlation pattern of dust loading and deposition in the eastern Pacific, while SOI correlated
significantly with dust loading over eastern China and northeast Asia. The Pacific decadal oscillation (PDO)
was linked to variations of dust aerosol and deposition not only in the area of the eastern North Pacific and
North America but also in the Asian dust source regions. The anomalies of transport flux and its divergence
as well as dust column loading were also identified for eight typical El Niño and eight La Niña years. A shift
of the trans-Pacific transport path to the north was found for El Niño years, which resulted in less dust
storms and dust loading in China. In El Niño years the deserts in Mongolia and western north China closer
to the polar cold air regions contributed more dust aerosol in the troposphere, while in La Niña years the
deserts in central and eastern north China far from polar cold regions provided more dust aerosol in the
troposphere. On the basis of the variability of Asian dust aerosol budgets, the ratio of inflow to North
America to the outflow from Asia was found to be correlated negatively with the PNA index and positively
with the WP index.
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104 J O U R N A L O F C L I M A T E VOLUME 19

© 2006 American Meteorological Society

JCLI3606



1. Introduction

The production and transport of soil dust has been
occurring for at least 2.6 Ma (Liu 1985) as a natural
phenomenon in East Asia and was responsible for the
formation of the Loess Plateau especially along the val-
ley of the Yellow River in northwest China. During this
period, desert areas were regulated by precipitation
patterns and climatic variability associated with glacial
and interglacial periods (Zhang et al. 1999). Research
on Chinese loess deposition shows that millennial-scale
rapid variations in dust transport associated with
changes in the Asian winter monsoon circulation and
source aridity existed during the last glacial (Porter and
An 1995) and last interglacial (An and Porter 1997).
Extending the present-day dust aerosol observations to
the last two glacial cycles, Zhang et al. (2002) found
that dust input to the Loess Plateau was high during
glacial periods (80–130 �g m�3) and low during inter-
glacial (50–70 �g m�3). This pattern was associated
with millennial-scale rapid oscillations in the Asian win-
ter monsoon climate mostly during glacial periods. The
existing high glacial dust concentrations could either
trigger or modulate rapid variations of winter monsoon
climate. Clearly, variability in soil dust aerosol is linked
to the variability in climate at long time scales.

In the last 100 years or so, industrialization and popu-
lation expansion have created another potential source
of dust due to the deterioration of ecosystems on the
peripheries of natural deserts. These areas are gener-
ally known as the anthropogenic deserts. Areas with
vegetation cover sustained by a natural precipitation
are undergoing desertification processes that have in-
creased desert areas by �2% to �7% (Zhong 1999;
Zhu and Zhu 1999) in China over the last 40 yr. Fur-
thermore, a recent analysis of Chinese desertification in
different time periods (Gong et al. 2003a; Zhang et al.
2003) has placed even more areas with soil dust produc-
tion potential under the desertification category. How-
ever, a 44-yr simulation study of Asian soil dust produc-
tion with a dynamic desert distribution from 1960 to 2003
suggests that climatic variations play a greater role in ex-
plaining the declining trends in dust emission and storm
frequencies than desertification processes (Zhang et al.
2003; Zhao et al. 2004; Zhou and Zhang 2003).

In Zhao et al. (2006, hereafter Part I), the mean cli-
mate of soil dust aerosols in Asia and their transport
over the North Pacific has been characterized through a
44-yr simulation validated with ground and Total
Ozone Mapping Spectrometer (TOMS) Aerosol Index
(AI) observations. Significant interannual variability
was found in both the simulations and observations. A
recent effort to correlate a 22-yr model simulation of

global mineral aerosols has found a relationship be-
tween climate indices and dust (Mahowald et al. 2003)
for a number of stations. Dust concentration variability
appears to be dominated by transport variability and/or
transport and source covariance rather than source
strength variability. By analyzing the relationship be-
tween climatic factors and the dust storm frequency in
Inner Mongolia, China, Zhao et al. (2004) concluded
that the intensity and area indices characterizing large-
scale cold air mass influence (such as the number of
days with gales, and Northern Hemispheric polar vor-
tex and Asian polar vortex indices) controlled dust fre-
quency distributions. This seems to suggest that the
variability in the dust source strength is not a major
cause of the observed dust concentration variability in
the region very close to dust sources. Dust observations
in Mongolia during the last 40 yr also showed consid-
erable interannual variability (Natsagdorj et al. 2003).
Analyzing the spatial distributions of spring sand/dust
storms observed in China and their relationship with
atmospheric general circulation, Li and Zhai (2003)
found that positive anomalies of the 500-hPa heights
over Mt. Ural and negative anomalies over Siberia and
Mongolia during spring and the previous winter are
associated with highest frequencies of spring sand/dust
storms. Negative anomalies over Mt. Ural and positive
anomalies over Europe, Siberia, and Mongolia are
coupled with the lowest frequencies. Based on the same
set of storm data, Qian et al. (2002) investigated the
variability of the dust storm and its climatic control by
analyzing the 850-hPa geopotential heights and 1000-
hPa air temperature from 1949 to 1999. Low air tem-
perature in the prior winter and high-frequency cyclone
activity in the spring are strongly positively correlated
with the frequency of dust storms in China.

The above-cited research either lacks the spatial cov-
erage (e.g., China only or several points) or uses only
surface concentrations or visibility data for climate cor-
relations. Dust production, loading, transport, and de-
position were not analyzed. In Part I of this study, mod-
eling and observational results were used to investigate
the mean climate of spring Asian dust aerosol emission,
concentrations, column loading, deposition, trans-
Pacific transport routes, and budgets during 1960–2003
(Part I). These rich data also permit more detailed
analysis of the major climate factors influencing the
variability of the Asian dust aerosol in East Asia and its
trans-Pacific transport to North America. The purpose
of this paper is to identify relationships of standard
climate indices (including ENSO and PDO), telecon-
nection patterns and the East Asian monsoon with the
interannual variability of Asian dust aerosol and its
trans-Pacific transport.
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2. Model description and climate data

a. Model

The model [Northern Aerosol Regional Climate
Model (NARCM)] used in this study has been used
extensively in simulating the dust storms during the
Aerosol Characterization Experiment-Asia (ACE-
Asia; Gong et al. 2003a). An atmospheric aerosol algo-
rithm—the Canadian Aerosol Module (CAM)—
incorporating various aerosol processes including soil
dust dry and wet deposition (Gong et al. 2003b) pro-
vides the aerosol kernel incorporated in the Canadian
Regional Climate Model (RCM), which forms the
NARCM. RCM provides the tracer transport and the
necessary meteorology within the model domain to
drive the aerosol scheme and includes the wind fields,
precipitation, soil moisture, and others. In CAM a
size-segregated soil dust emission scheme (Alfaro and
Gomes 2001; Alfaro et al. 1997; Marticorena and Ber-
gametti 1995) considering that the main mechanisms of
saltation bombardment and aggregate disintegration
for dust emission are controlled by two parameters: 1)
surface wind speed and 2) soil surface properties such
as soil texture, fraction of vegetation cover, soil mois-
ture, and snow cover is modified based on the Asian
dust measurements, and appropriate input data for Chi-
nese deserts including soil texture and desert distribu-
tion maps were used. NARCM runs on a stereographic
projection with a horizontal resolution of 100 km at
60°N and 22 vertical levels on a Gal–Chen terrain-
following coordinate system from the ground to about
30 km. This model domain covered the Northern Hemi-
spheric regions from East Asia to the North Pacific to
western North America (Gong et al. 2003a). The mod-
eling results to date show good agreement with the soil
dust strength and frequency in China as well as down-
wind transport to North America in 2001 (Gong et al.
2003a).

For this study, a 44-yr simulation of every spring from
February to May was carried out using the National
Centers for Environmental Prediction (NCEP) reana-
lyzed meteorology as the lateral boundary conditions
with surface wind nudged every 6 h. This ensures a
realistic dust emission force and transport. The simula-
tion results for March, April, and May are analyzed for
climatology of Asian dust aerosol and trans-Pacific
transport.

b. Analysis method and data

1) METHOD

To study the climate connections to the 44-yr simu-
lation results from NARCM, a number of observational

data and climatic indices were chosen for analysis. The
model predictions of dust emission fluxes, column load-
ing, deposition, and dust transport fluxes for the last 44
yr for each grid were correlated with several climatic
indices as well as ground observations. Using this ap-
proach, spatial distributions of the correlation pattern
were obtained. The correlation intervals of | r | � 0.246,
0.297, and 0.385 were used in this study to define the
significance levels of 90%, 95% and 99%, respectively.

2) OBSERVATIONAL DATA

For the investigation of the influence of precipitation
and surface condition on dust emission, the climate
data records of precipitation and surface temperature
for the period 1960–2001 were compiled from 270 me-
teorological stations located within 50 km of desert re-
gions in China. In addition to the Chinese climate data
records and the republished results, sea level pressure
(SLP), 500-hPa geopotential height, and surface and
500-hPa winds from NCEP–National Center for Atmo-
spheric Research (NCAR) reanalysis were used to pro-
duce some climate indices.

3) CLIMATE INDICES

(i) East Asian Monsoon Intensity index

To analyze the effect of the East Asian monsoon on
Asian dust and its trans-Pacific transport, the East
Asian Monsoon Intensity (EAMI) index (Guo 1988;
Shi et al. 1996) was used to characterize the strength of
the East Asian monsoon. The EAMI index is defined as
the sum of the standardized SLP difference at 110° and
160°E over the region from 20° to 50°N. The EAMI
index indicates average SLP differences between the
East Asian subcontinent (110°E) and northwest Pacific
Ocean (160°E). The EAMI index has opposite charac-
teristics for the winter monsoon (EAMI � 0) and sum-
mer monsoon (EAMI � 0). During the winter mon-
soon season (December–May), a cold high dominates
the continent where the SLP is higher than that in the
northwest Pacific Ocean (positive EAMI). In contrast,
for the East Asian summer monsoon season of June to
November, a warm low pressure cell prevails over the
continent with high pressure over the northwest Pacific
(negative EAMI).

(ii) Asian polar vortex and Atmospheric
Circulation index in the North Pacific

Data for the area index of the Asian polar vortex
(AIAPV) as well as its intensity index of the Asian
polar vortex (IIAPV) were taken from Chinese climate
data records (Zhao et al. 2004). AIAPV is the area
north of the southern boundary of the polar vortex
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from 60° to 150°E in Asia. The southern boundary of
the polar vortex is the typical isopotential line nearest
to the westerly jet at the monthly averaged 500-hPa
geopotential surface. The climatological values of the
isopotential line are 552, 552, and 560 hPa in March,
April, and May. The air mass between the typical iso-
potential line and the monthly mean 500-hPa geopo-
tential heights north of the southern boundary of the
polar vortex from 60° to 150°E in Asia is defined as the
IIAPV.

The Atmospheric Circulation index (ACI; King et al.
1998) is a measure of the extent of Rossby wave activity
in the midlatitudes. It varies between a “high (zonal)
index” indicating a predominance of westerly flow and
a “low (meridional) index” indicating a well-developed
wave activity and a north–south flow. As such it pro-
vides a measure of airmass transport. For trans-Pacific
transport of Asian dust aerosol, an ACI in the North
Pacific was developed using the averaged zonal wind
speed at 500 hPa over the North Pacific region from
30°–55°N to 125°E–140°W.

(iii) Standard indices: WP, PNA EU, SOI, PDO,
AO, and ENSO

The atmospheric teleconnection patterns of the west-
ern Pacific (WP), Pacific–North America (PNA), and
Eurasia (EU), as originally identified by Wallace and
Gutzler and subsequently corrected (Barnston and
Livezey 1987; Wallace and Gutzler 1981), are used for
the winter season. The Southern Oscillation index
(SOI) describes an east–west atmospheric pressure see-
saw in the tropical Pacific (Webster 1987). The PDO
index is derived as the leading principal component of
monthly SST anomalies in the North Pacific Ocean,
poleward of 20°N. The monthly mean global average
SST anomalies are removed to separate this pattern of
variability from any “global warming” signal that may
be present in the data (Mantua et al. 1997; Y. Zhang et
al. 1997). The Arctic Oscillation (AO) data were based
on the expansion coefficient time series of the pattern
of surface air temperature anomalies associated with
the AO (Thompson and Wallance 1998). (The climate
indices of WP, PNA EU, SOI, and AO are available
online at http://www.cdc.noaa.gov/ClimateIndices/.)

El Niño–Southern Oscillation (ENSO) represents a
coupling between atmosphere and ocean in the tropical
pacific. Based on the multivariate ENSO index (MEI;
Wolter and Timlin 1998) from 1960 to 2003, 1966, 1969,
1973, 1983, 1987, 1992, 1998, and 2003 were classified as
typical El Niño years and 1965, 1971, 1974, 1976, 1986,
1989, 1999, and 2000 as typical La Niña years in the
composite maps used below to discuss the relationship
of Asian dust aerosol with the ENSO.

Table 1 summarizes the above-mentioned climatic in-
dices and corresponding typical variations of atmo-
spheric circulation. It may be used in the following sec-
tion as an aid to the physical interpretation of correla-
tion of Asian dust aerosol with the various indices.

3. Asian dust variability and climate connections

The various climate indices were correlated with soil
dust emission, loading, dry/wet deposition, transport,
and budgets. As each climate index has an influence on
these processes, the results for each process are pre-
sented separately.

a. Dust emission strength

The correlations of Asian dust emission with (a) sur-
face wind speed and (b) the simulated precipitation
over the dust source regions in spring from 1960 to 2003
are shown in Fig. 1. Dust source strength and its inter-
annual variability in Asia has been published for 10
major dust source regions (Zhang et al. 2003). The dis-
tribution of the 10 major dust source regions is indi-
cated in Fig. 2. As the driving force for dust mobiliza-
tion, the accumulated surface wind speed in source re-
gions is strongly correlated with the 44-yr simulation of
the surface flux (Fig. 1a). The inset scatterplot indicates
a correlation coefficient of 0.58. The sensitivity of the
dust emission in each region to the variations of the
major climate indices—APV, SOI, WP, EU, PNA, AO,
PDO, and EAMI—is also presented in Table 2. Signifi-
cant correlations exceeding the 90% level for each re-
gion are shaded, while the negative correlations are
italic. For most major northern and northwestern
sources of Asian dust (S2, S4, S5, and somewhat in S6;
Fig. 2), the intensity of APV correlates positively with
the dust emission strength, showing that most Asian
dust storms were derived from the north and north-
western sources when APV was well developed. This is
also supported by the negative correlation between in-
tensity of APV and dust emission strength from north-
eastern sources of Asian dust (S8 and S7, in Fig. 2). The
area indices of APV showed similar trends. Defined as
the area and intensity of the Asian polar vertex, the
AIAPV and IIAPV reflect the strength and area of the
cold frontal systems. These are strongly correlated with
surface wind speeds (Fig. 2) in most source regions,
except the sources in northeastern China (S8 and S9)
and a minor source (S10). These results again indicate
that surface accumulated wind speed is one of the
dominating factors controlling the occurrence of Asian
dust storms, especially those occurring in northern and
northwestern regions.
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In addition to surface wind speed, soil moisture has a
major impact on dust emission (Gong et al. 2003a). In
the absence of soil moisture data, records of two related
parameters, precipitation and soil temperature, were
correlated with modeled dust emissions. Table 3 shows
the coefficients of correlation for three groups of
deserts (defined in Table 2) in northern China for both
precipitation and surface temperature. Simulated dust
emissions were negatively correlated with the observed
precipitation around all desert groups for the current
spring (March–May) and the previous winter (Decem-
ber–February). Similar correlations between dust emis-
sion and model-predicted precipitation in all Asian
deserts of the model domain were also obtained in Fig.
1b, which shows the interannual variation of the Asian
dust emission and the modeled precipitation over Asian
deserts in spring. The inset scatterplot shows a correla-
tion coefficient of �0.48. The similarity in correlations
associated with the observed and modeled precipitation
(Table 3 and Fig. 1b) suggests that NARCM produces
reasonable interannual variability of precipitation, and
hence soil moisture, in the dust source regions. The
correlation with the observed temperature has the same
trend for western and central deserts but an opposite
correlation in the eastern desert in the current spring. It
is known that the most favorable atmospheric circula-

tion pattern for Asian dust storms is characterized by
cold fronts sweeping across the deserts with cyclones
between Mongolia and northeastern China (Chun et al.
2001; Qian et al. 2002). Low temperatures in the west-
ern and central desert regions result from the passage
of a cold front from the north, while over the eastern
deserts of north China, warm air advection from the
south associated with the eastern side of the cyclones
produces a warm surface air mass. The latter produces
a positive correlation between temperature and dust
emission in northeastern China.

The East Asian monsoon, driven dominantly by
land–sea thermal contrasts between the Asian subcon-
tinent and the western Pacific Ocean, constitutes a ma-
jor circulation feature in the Northern Hemisphere and
may be represented by the EAMI. It is interesting to
note that only a weak negative correlation with EAMI
(Table 4) was found for most desert regions in the cur-
rent spring (March–May) and prior winter (December–
February). The major positive correlations for the cur-
rent spring were found for the deserts S7 and S8. Ac-
cording to the definition in section 2b(3), the EAMI has
opposite characteristics for the winter monsoon (EAMI
� 0) and summer monsoon (EAMI � 0). As the land–
sea contrast reverses direction in the summer monsoon
season, a more negative EAMI represents a stronger

TABLE 1. Climatic indices and corresponding typical atmospheric circulation.

Indices Positive Negative

SOI La Niña events and strong convection in the tropical
western Pacific

El Niño events and weak convection in the tropical western
Pacific

WP The westerly trough with the entrance region of the jet
stream located in the East Asian continent

The westerly trough with the entrance region of the jet
stream located near Japan in the western Pacific

EU The meridional midlatitude circulation over large portions
of Europe and Asia with a positive height anomaly
center over Mt. Ural and separate centers of opposite
sign to the polar anomaly over Europe and
northeastern China

The zonal midlatitude circulation over large portions of
Europe and Asia with a negative height anomaly center
over Mt. Ural and separate centers of opposite sign
to the polar anomaly over Europe and northeastern
China

PNA Strong westerly jet in the eastern Pacific and meridional
circulation from the eastern Pacific to North America

Weak westerly jet in the eastern Pacific and zonal
circulation from the eastern Pacific to North America

AO Positive 1000-hPa height anomalies poleward of 20°N Negative 1000-hPa height anomalies poleward of 20°N
EAMI East Asian winter monsoon East Asian summer monsoon
PDO Positive monthly SST anomalies in the North Pacific

Ocean, poleward of 20°N
Negative monthly SST anomalies in the North Pacific

Ocean, poleward of 20°N

High Low

AIAPV Large area around the north polar vortex north of the
westerly jet at 500 hPa from 60° to 150°E that
accompanies the zonal circulation pattern in Asia and
the western Pacific

Small large area around the north polar vortex north of the
westerly jet at 500 hPa from 60° to 150°E that
accompanies the meridional circulation pattern in Asia
and the western Pacific

IIAPV Strong westerly jet from 60° and 150°E that reflects
intensive cold frontal activity with gales over East Asia
and strong trans-Pacific transport

Weak westerly jet from 60° and 150°E that reflects
decreased cold frontal activity with gales over East Asia
and weak trans-Pacific transport

ACI Predominance of zonal flow in the troposphere over the
North Pacific

Predominance of meridional flow in the troposphere over
the North Pacific
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summer monsoon. The correlations with EAMI for the
prior summer monsoon season should be interpreted
reversely, that is, negative values for significant connec-
tions (shaded values in Table 4). On this basis it appears
that dust emission is also enhanced somewhat by the
prior summer monsoon for most regions, except S7 and
S8. The weak correlations seem contradictory to previ-
ous research indicating that the East Asian monsoon
drives dust aerosol from the desert regions in East Asia
(Merrill et al. 1989). However, a careful examination of
the EAMI suggests that the index may be more appro-
priate in analyzing the trend of dust transport off the
Asian continent than controlling dust emission. Accord-
ing to the monsoon definition from Ramage (1971), most
deserts in Mongolia and northwestern China are not
located in the East Asian monsoon region. The uplift
and extent of the Himalaya–Tibetan Plateau caused the
evolution of the western arid regions and the eastern
monsoon regions in the East Asian subcontinent (An et
al. 2001). The EAMI describes only the strength of the
cold surge from the continent to the Pacific in the East
Asian monsoon region but not the southward invasion
of polar cold air with high surface winds over Mongolia
and northwestern China in the arid regions. During the
winter monsoon season, a cold high dominates the East
Asian monsoon region over the continent (positive
EAMI). A high EAMI characterized by a strong and/or
persistent cold high over the East Asian subcontinent
reduces the pressure difference between high latitudes
and the East Asian monsoon region over the subconti-

FIG. 1. The correlations of Asian dust emission with (a) surface
wind speed and (b) the simulated precipitation over the dust
source regions in spring from 1960 to 2003.

FIG. 2. The correlations of the surface wind speed with AIAPV and IIAPV (contour lines).
The geographical distribution of Asian deserts is shown with 10 regions from S1 to S10.
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nent. Consequently, this inhibits the passage of cold
fronts and lowers surface winds that are responsible for
dust emission for most East Asian deserts. This is re-
flected in negative correlations for the most deserts
with positive correlations for the Chinese eastern
deserts near the western Pacific and in the zone of cold
surges of Asian winter monsoon from the continent to
ocean. Furthermore, the correlation between dust emis-
sion and EAMI for the prior winter was stronger than
the current spring for most regions (Table 4). This sug-
gests that EAMI is more important in regulating the
long-term surface conditions of source regions via in-
terannual anomalies of atmospheric circulation than
controlling the current emission potential. Addition-
ally, in view of millennial-scale variations and the fact
that the present day is part of an interglacial period
associated generally with a warm and humid climate
background, the weak correlation, especially in north-
western sources, is also consistent with two previous
studies on the long-term loess record (X. Y. Zhang et
al. 1997; Zhang et al. 2002). In those studies, Asian dust
was found to have a minor relationship with the varia-
tion of land–ocean thermal contrast and winter mon-
soon system during interglacial when the summer mon-
soon prevails (Zhang et al. 2002).

It should be pointed out that the 44-yr simulations
have taken desertification into consideration. As our
previous research indicated, climate variability has had
a greater impact than the desertification process in con-

trolling the occurrence of dust storms in East Asia
(Zhang et al. 2003). This analysis further confirms that
the major governing climate indices that regulate dust
emission are the surface winds, the intensity, and area
of APV. APV directly affects the magnitude and fre-
quency of polar cold air outbreaks in Asia. These polar
cold air outbreaks intensify the Asian winter monsoon
because of the southward incursion of cold air masses
into the East Asian monsoon region. As a consequence,
it is likely that this buildup of a cold high pressure in the
East Asian monsoon region will also hamper further
polar cold air intrusions that are responsible for strong
surface winds over the Asian deserts. Therefore, the
strength of the East Asian winter monsoon was not
found to be directly linked to the Asian dust emission
with respect to interannual variability.

The variations of dust emission over the major
sources of Asian dust (S2, S4, and S6) are positively
correlated with the SOI (Table 2). The deserts in Mon-
golia (S2), the Taklimakan Desert (S4) in western
China, and the Badain Juran Desert (S6) in northern
China (averaged contributions of 29%, 21%, and 22%
of the total Asian dust production) dominate Asian
dust emission into atmosphere (Zhang et al. 2003). This
indicates a reduced frequency of Asian dust storms in
El Niño years (negative SOI). It is interesting to note in
Table 2 that variation of dust emission, as a result of
wind and surface conditions in the southern Tibet
source (S10), was most strongly correlated with SOI

TABLE 3. The correlations of dust emissions with the observed precipitation and surface temperature at the stations within 50 km
around the desert regions of northern China.

Current spring (Mar–May) Prior winter (Dec–Feb) Prior summer (Jun–Nov)

Precipitation Temperature Precipitation Temperature Precipitation Temperature

Western �0.242 �0.168 �0.116 �0.194 �0.286 �0.028
Central �0.336 �0.358 �0.090 �0.159 �0.095 �0.203
Eastern �0.222 �0.239 �0.192 �0.029 �0.032 �0.011

TABLE 2. The correlations of Asian dust emission in spring with the climatic indices. Deserts within China are grouped into
western, central, and eastern regions. Desert regions S1 to S10 are defined in Fig. 2

Asian desert region

APV

SOI WP EU PNA AO PDO EAMIIntensity Area

S1 0.201 0.146 0.135 �0.208 0.045 �0.041 �0.081 �0.117 �0.242
S2 0.382 0.274 0.221 0.060 0.079 �0.070 �0.116 �0.345 �0.045

Western S3 0.013 �0.022 0.149 �0.147 0.143 �0.141 �0.077 �0.058 �0.278
S4 0.512 0.094 0.148 �0.361 0.203 �0.066 0.034 �0.115 �0.248
S5 0.287 0.077 �0.115 �0.287 0.121 0.181 0.216 0.146 �0.082

Central S6 0.150 0.418 0.321 0.048 0.087 0.066 �0.044 �0.073 0.067
S7 �0.131 0.163 �0.041 �0.066 �0.044 0.278 0.138 0.251 0.241

Eastern S8 �0.243 0.047 �0.114 0.102 �0.093 0.021 0.035 0.167 0.193
S9 0.074 0.072 �0.089 0.107 0.062 0.184 �0.041 0.212 �0.009
S10 �0.001 0.095 0.378 0.107 0.016 �0.196 �0.219 �0.367 0.030
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(r � 0.38) and PDO (r � �0.37). These correlations
suggest that the influence of SST variability in the Pa-
cific extends beyond the western arid regions and the
eastern monsoon regions in the East Asian subconti-
nent to the Himalaya–Tibetan Plateau (Chen et al.
2001; Webster and Yang 1992).

b. Dry/wet deposition and column loading

Once emitted, dust aerosols are transported by atmo-
spheric circulation patterns and are deposited by the
removal processes. Asian dust aerosol over the North
Pacific is mainly scavenged by precipitation along the
trans-Pacific transport path into the ocean (Zhao et al.
2003). As the dust could be transported thousands of
kilometers downwind of source regions, the controlling
climate factors should be different from those control-
ling emissions. It has been suggested that the wet to dry
ratios of dust emission are a function of distance down-
wind of source regions and vary from less than 0.1 at
sources to more than 20 over the North Pacific (Part I),
which is mainly due to the difference in precipitation
patterns over the transport paths and dust particle size.
The variability of spring deposition and column loading
patterns is shown in Fig. 3 as the correlations of the
44-yr simulation results to the corresponding indices of
WP, ACI, AIAPV, IIAPV, PNA, SOI, and PDO. The
deposition and loading correlations are represented by
filled contours and contour lines, respectively.

Among the indices, WP and ACI correlation patterns
show complementary spatial distributions, especially in
East Asia and the western Pacific (Figs. 3a,b). The WP
index reflects pronounced zonal and meridional varia-
tions in the location and intensity of the entrance region
of the Pacific jet stream associated with the westerly
trough (East Asian major trough) at 500 hPa between
East Asia and the western Pacific. The typical circula-

tion pattern for positive WP is a westerly trough with
the entrance region of the jet stream located close to
the deserts in East Asia with a strong meridional air-
flow. The stronger meridional airflow produces greater
dust loading and deposition in the northeast region of
the Asian continent and the southwest Pacific portion
of the model domain. Reduced trans-Pacific transport
is found along the westerly jet over the Pacific around
40°N in positive WP (Fig. 3a). The ACI reflects the
predominance of zonal or meridional flow over the
North Pacific. Positive ACI, with strong zonal airflows
over the North Pacific, favors significant trans-Pacific
dust transport from the continent and greater dust load-
ing and deposition over the region from the western
North Pacific to the eastern North Pacific and North
America (Fig. 3b).

Correlations fields for AIAPV and IIAPV are very
similar (Figs. 3c,d). A significant feature of the distri-
butions is the positive correlation between dust depo-
sition and loading over the regions from East Asia to
North America between 35° and 45°N, with the most
significant IIAPV correlations over Asian deserts and
western North America. AIAPV is associated with the
area around the North Polar vortex north of the west-
erly jet at 500 hPa over Asia. High AIAPV reflects the
large area that accompanies the zonal circulation pat-
tern in Asia and extending into the North Pacific. Con-
sequently, this produces the zonal AIAPV correlation
pattern along the westerly jet (Fig. 3c). The IIAPV is an
index of westerly jet intensity in Asia and the western
Pacific from 60° to 150°E. A strong westerly jet (high
IIAPV) brings intense cold frontal activity with gales
over East Asia, producing more dust from the dust
sources and strong trans-Pacific transport to North
America. This results in more significant IIAPV corre-
lations over the Asian deserts and western North
America than for AIAPV correlations (Fig. 3d).

The PNA index reflects the zonal and meridional
variations of circulation pattern with the location and
intensity of the westerly jet from the East Pacific to
North America. It is also directly linked to El Niño and
La Niña events, corresponding with a negative and
positive SOI. A positive PNA, as a result of a negative
SOI, favors dust transport convergence over the East
Pacific because of the strong westerly jet there. This
relationship was verified in the PNA and SOI correla-
tion pattern especially in the eastern Pacific (Figs. 3e,f).
The SOI represents the variability in the Indo-Pacific
Walker circulation in the Tropics, and consists of an
east–west atmospheric pressure seesaw in the tropical
Pacific that directly affects the tropical circulation
around the globe (Webster 1987). The variability of the
tropical circulation in the western Pacific may excite a

TABLE 4. The correlations of Asian dust emission in spring with
the EAMI.

Asian
desert
region

Current
spring

(Mar–May)

Prior
winter

(Dec–Feb)

Prior summer
half year

(Jun–Nov)

S1 �0.242 �0.242 �0.106
S2 �0.045 �0.348 �0.229
S3 �0.278 �0.095 �0.003
S4 �0.248 �0.311 �0.272
S5 �0.082 �0.069 �0.009
S6 0.067 �0.074 �0.021
S7 0.241 0.158 0.264
S8 0.193 0.254 0.111
S9 �0.009 �0.273 �0.088
S10 0.030 0.109 �0.225
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FIG. 3. The correlation patterns of the Asian dust aerosol with the indices of (a) WP, (b)
ACI, (c) AIAPV, (d) IIAPV, (e) PNA, (f) SOI, and (g) PDO. The dust deposition and loading
correlations are represented by filled contours and contour lines, respectively. The positively
and negatively correlated contours are also identified with solid and dashed lines, respectively.
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stationary wave train, thus producing a meridional tele-
connection pattern [Pacific–Japan (PJ) or East Asia–
Pacific (EAP)] over the western Pacific and East Asia
(Huang and Li 1988; Nitta 1986). Through this meridi-
onal teleconnection pattern, the positive SOI with the
enhancement of convective activity in the tropical west-
ern Pacific correlates with positive dust loading over
eastern China and northeastern Asia (Fig. 3f). This cor-
relation relationship with SOI is characterized by less
dust loading in eastern China and northeastern Asia
during El Niño years (negative SOI).

Even in the absence of theoretical understanding, Pa-
cific decadal oscillation (PDO) climate information im-
proves season-to-season and year-to-year climate fore-
casts for North America (Mantua 1999). Figure 3g

shows the impacts of PDO on the interannual variabil-
ity of Asian dust aerosol. During the warm phase of the
PDO (positive index), there is less dust aerosol and
deposition in the midlatitudes, especially in the area
from the eastern North Pacific to North America, as
well as in the Asian dust source regions. The wide-
spread nature of this influence is likely due to air–sea
interactions between the global westerly belt and SST
in the North Pacific.

It is also interesting to note in Fig. 3 that the dust
column loading (dashed contour lines) has the same
sign as deposition correlations in most regions, indicat-
ing that dust deposition is larger where there is more
dust loading. However, the deposition centers are lo-
cated on the north side of the westerly jet where the

FIG. 3. (Continued)
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cyclonic shear creates major precipitation areas. Asian
dust transport along the westerly jet forms the major
loading pattern, with the center on the south side, while
the deposition is centered on the north side of the west-
erly jet.

The East Asian monsoon also plays an important
role in the global circulation, ENSO, and global climate
system at the interannual time scale (An et al. 1990;
Ding 1994; Lau and Yang 1994; Yasunari and Seki
1992). In section 3a, it was shown that the EAMI has a
rather weak correlation with dust emissions. To further
investigate the function of the Asian monsoon in Asian
dust aerosols, the correlation of dust loading with

EAMI is presented in Fig. 4 for three consecutive sea-
sons: 1) current spring (Fig. 4a), 2) prior winter (Fig.
4b), and 3) prior summer (Fig. 4c). A generally weak
and positive correlation (r � 0.25) was found for the
current spring with highs around Korea and southern
Japan, the Sea of Okhotsk, and the middle Pacific. For
the prior winter/summer, there are significant negative/
positive correlations with EAMI in the east Pacific be-
tween 35° and 50°N. These indicate that a low spring-
time dust loading in the east Pacific followed a stronger
East Asian winter monsoon; a stronger summer mon-
soon (negative correlations) in East Asia was followed
by greater springtime dust loading in the east Pacific

FIG. 4. The correlations of soil dust loading with EAMI for the (a) current spring, (b) prior
winter, and (c) prior summer. The positively and negatively correlated contours are also
identified with solid and dashed lines, respectively.
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and western North America. From these connections, it
seems to confirm that though the interannual variability
of the East Asian monsoon strength has little influence
on soil dust emission in Asia, it has a strong impact on
the trans-Pacific transport of Asian dust. The interan-
nual variability of the East Asian monsoon also serves
to modulate surface conditions on the Asian continent
by changing the strength of surface wind speed and
precipitation patterns via interannual anomalies of at-
mospheric circulation.

Finally, the anomalies of dust loading for eight typi-
cal El Niño and eight La Niña years from the 44-yr-
averaged values are presented in Fig. 5. Contrasting
situations were shown in most parts of China with a
sharp negative anomaly for El Niño years (Fig. 5a) and
a positive anomaly for La Niña years (Fig. 5b). The
contrasting band starts from the north of the Taklima-
kan Desert (45°–50°N, 80°E) and continues down the
China–Mongolia border and over most of the Loess
Plateau and southwest and central China. ENSO exhib-
its the greatest impact on the interannual variability of
the global climate, especially of the Asian monsoon

(Webster et al. 1998). El Niño and La Niña are opposite
phases of the ENSO cycle and the strongest climatic
signal in the Tropics and can lead the East Asian winter
monsoon to be weak (strong) through teleconnections
or remote responses (Li et al. 2001; Tomita and Yasu-
nari 1996) and the variability in precipitation and sur-
face conditions over the Asian subcontinent. Conse-
quently, the climate in southeastern China and the sur-
rounding regions in East Asia is warmer and wetter
with the weak cold air activity during El Niño or colder
and drier with the strong cold airflow during La Niña
than normal in the ensuing spring (Kang and Jeong
1996; Tao and Zhang 1998). The anomalies of Asian
dust loading in Fig. 5 over those regions accompanied
well the anomalies of cold air activity in the El Niño
and La Niña years. In western North America, positive
anomalies in dust loading occur during El Niño years
north of 45°N (with negative anomalies to the south),
while during La Niña years the opposite pattern is evi-
dent. This north–south “seesaw” pattern has also been
documented for precipitation in western North
America and has been attributed to southward move-

FIG. 5. The anomalies of dust aerosol loading (kg km�2) in (a) eight El Niño years (1966,
1969, 1973, 1983, 1987, 1992, 1998, and 2003) and (b) eight La Niña years (1965, 1971, 1974,
1976, 1986, 1989, 1999, and 2000) relative to the 44-yr mean of Asian dust aerosol in spring.
The positively and negatively correlated contours are also identified with solid and dashed
lines, respectively.
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ment of storm tracks during El Niño years (Cayan et al.
1999; Cayan et al. 1998). A positive anomaly is also
evident in the mid-Pacific (160°W–180°) during El Niño
years.

Asian dust aerosol contributes most of the dust aero-
sol loading in the troposphere and dust deposition over
the midlatitude regions from East Asia to the North
Pacific and western North America during springtime.
The interannual variability of Asian dust loading and
deposition is modulated by interannual anomalies of
atmospheric circulation teleconnection patterns, Asian
monsoon, and ENSO. The distributions of the correla-
tion patterns imply that significant correlations of those
anomalies with the changes of radiative forcing, atmo-
spheric chemistry, and the sediments in land and ocean
may be expected over large areas of the Northern
Hemisphere as a result of the interannual variability of
Asian dust production and transport.

c. Asian dust transport

ENSO exhibits a remarkable impact on the intensity
and position of the westerly jet over the North Pacific,

the Asian monsoon, and precipitation and surface con-
ditions over the Asian subcontinent (Wang et al. 2000).
These factors are all closely associated with Asian dust
production, deposition, and transport. Trans-Pacific
transport of soil dust has been shown to be dependent
on atmospheric circulation patterns (Zhao et al. 2003).
An analysis of the variability of the 44-yr zonal trans-
port flux, that is, concentrations multiplied by westerly/
easterly wind speeds, was conducted for eight typical El
Niño and eight La Niña years. The zonal transport flux
indicates the major transport routes and direction of
Asian dust across the Pacific. Most trans-Pacific trans-
port of Asian dust aerosol occurs in the middle tropo-
sphere between 3 and 10 km (Part I). Figure 6 shows
the averaged dust transport flux (filled contours) for El
Niño (Fig. 6a) and La Niña (Fig. 6b) years integrated
from 3 to 10 km. On the same plot, their anomalies
(dashed contour lines) from the 44-yr-averaged values
are also superimposed. The sharp difference between
El Niño and La Niña years is the center of the transport
path. During El Niño years, trans-Pacific transport is
centered at 45°N, while during La Niña years it is

FIG. 6. Same as in Fig. 5, but for the zonal transport fluxes (�g m�2 s�1) of Asian dust in
spring. The contour lines are for the anomalies relative to the 44-yr mean of Asian dust
aerosol in spring.
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around 40°N. The zonal transport fluxes of Asian dust
aerosol through 125°E in spring for the same El Niño
(Fig. 7a) and La Niña (Fig. 7b) years indicate a shift of
the outflow point in Asia from 45° to 40°N during La
Niña years. In contrast, in the eastern Pacific (Fig. 8;
140°W) and entering the coast of North America, peak
transport moves southward from 45° to 40°N during El
Niño years and to lower heights (5000 m during El Niño
versus 6500 m during La Niña years).

To examine the impact of ENSO on the regional
transport of Asian dust in East Asia, the anomalies of
averaged flux transport divergence in both the zonal
and meridional direction in the troposphere below 3 km
(Fig. 9) and between 3 and 10 km (Fig. 10) were ana-
lyzed for El Niño and La Niña years. The interesting
feature of those anomaly patterns is that the anomalies
reverse between El Niño and La Niña years in most
regions of East Asia. The El Niño and La Niña, the two
opposite phases of the ENSO cycle in the tropical Pa-
cific, may cause an anomalously weak (strong) East
Asian polar front over the Asian subcontinent and
western North Pacific (Wang et al. 2000) in the spring.
In Figs. 9 and 10 the positive (negative) anomalies of
dust flux divergences represent the stronger (weaker)
dust contributor in the atmosphere. In El Niño years,

the anomalously weak East Asian polar front most
likely affected the deserts closer to the polar cold air
regions in Mongolia and western north China where the
deserts contributed more dust aerosol in the tropo-
sphere, while in La Niña years the deserts in central and
eastern north China far from polar cold regions pro-
vided more dust aerosol in the troposphere, as cold
airflow could reach these desert areas with the anoma-
lously strong East Asian polar front. ENSO caused an
obvious anomaly in the regional transport pattern of
Asian dust, the exports to the long-range transport, and
the contributions of Asian dust aerosol from the differ-
ent desert source regions to the transport of Asian dust
aerosol.

A comprehensive picture of soil dust budgets and
their interannual variability over source regions and the
North Pacific is needed to fully understand the charac-
teristics of soil dust and future climate impacts. A de-
tailed description of the budgets has been given in Part
I. The analysis in this paper has focused on the climate
connections of the following quantities: 1) deposition in
Asian subcontinent, 2) outflow from the Asian conti-
nent, 3) deposition over the North Pacific, and 4) inflow
to North American continent. Table 5 lists the correla-
tion coefficients of nine climate indices to the total dust

FIG. 7. Same as in Fig. 6, but through 125°E in spring.
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depositions in the Asian subcontinent and North Pacific
and to the ratio of in- and outflow of dust over the
North Pacific. The latter quantity is a measure of rela-
tive mass that was transported into the North American
continent. The maximal positive (negative) correlations
among nine climate indices in Table 5 are shaded
(italic). Not surprisingly, deposition over deserts and
nondeserts over the Asian subcontinent as well as over
the North Pacific are all correlated with IIAPV over the
44 simulation years. The deposition over the North Pa-
cific is, however, positively connected with ACI and
negatively with WP. Those relationships of deposition
over desert and nondesert regions in the Asian subcon-
tinent as well as over the North Pacific with the IIAPV,
ACI, and WP are consistent with the correlation pat-
terns of Asian dust deposition in Fig. 3.

Another quantity that characterizes the Asian long-
range transport and input to North America is the ratio
of inflow to North America to the outflow from the
Asian continent to the North Pacific. It reflects the rela-
tive amounts of dust that reach the North American
continent to those that enter the Pacific from Asia.
From Table 5, it is shown that this ratio was positively
correlated with WP and negatively with PNA. As dis-
cussed above, a positive WP or PNA represented an

enhanced meridional circulation pattern between the
Asian subcontinent and western Pacific or between the
eastern Pacific to North America. Less dust exported
from the Asian continent (outflow) corresponds to a
larger ratio with a positive WP, while more dust im-
ported from the eastern Pacific to North America (in-
flow) corresponds to a larger ratio as well as a negative
PNA. A positive PDO brought decreasing dust depo-
sition in the East Asian subcontinent and North Pacific
as well decreased Asian dust transport to North America.

4. Conclusions

The interannual variability of spring Asian dust aero-
sol and trans-Pacific transport as well its climate con-
nections have been analyzed from the results of a 44-yr
simulation and ground climatic records since 1960. The
major conclusions may be summarized as follows.

1) The production of spring Asian dust aerosols is
strongly correlated with the surface wind speed in
the source regions, and the area (AIAPV) and in-
tensity (IIAPV) indices of the Asian polar vortex.
Asian dust emission from the major source regions
is reduced in El Niño years (negative SOI). The
variation of dust emission from the southern Ti-

FIG. 8. Same as in Fig. 6, but through 140°W in spring.
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betan source was significantly correlated with SOI
and anticorrelated with PDO.

2) The strength of the East Asian monsoon was not
found to be directly linked to dust production but
rather to the modulation of the surface conditions
and outflow of dust from the Asian subcontinent via
interannual anomalies of atmospheric circulation.
Dust emission was negatively correlated with pre-
cipitation and the surface temperatures except for
the eastern deserts in China.

3) The WP and ACI indexes displayed a meridional
and zonal correlation pattern for Asian dust aerosol
and loading. AIAPV and IIAPV were strongly cor-
related with a zonal distribution of dust loading and

deposition in the midlatitudes over the Asian sub-
continent and North Pacific. The PNA and SOI dis-
played the opposite patterns of dust loading and de-
position in the eastern Pacific, while SOI was corre-
lated significantly with dust loading over eastern
China and northeast Asia. The PDO affected the
variation of dust aerosol not only in North America
but also in the Asian dust sources.

4) For most regions, the variations of dust column
loading and deposition have the same sign. Asian
dust transport along the westerly jet forms the major
loading pattern with the centers to the south side of
the jets and the deposition pattern to the north side
of the westerly jet.

FIG. 9. Same as in Fig. 5, but for Asian dust transport flux divergence (� 10�05 �g m�3 s�1)
below 3 km in spring.
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5) The anomalies of the dust loading for eight typical
El Niño and eight La Niña years from the 44-yr-
averaged values showed contrasting situations in
most parts of China with a sharp negative anomaly

for El Niño years and a positive anomaly for La
Niña years. During El Niño years, the center of the
trans-Pacific transport is 45°N, while during La Niña
years it is around 40°N. The anomalies of dust trans-

FIG. 10. Same as in Fig. 9, but between 3 and 10 km.

TABLE 5. Correlations of Asian dust aerosol depositions and ratio of inflow to North America and outflow from the Asian
continent with the climate indices.

Region EAMI WP PDO IIAPV AIAPV AO SOI PNA ACI

Asian subcontinent depositions Deserts �0.085 �0.025 �0.235 0.465 0.295 �0.190 0.158
Nondeserts 0.209 0.044 �0.201 0.452 0.389 0.173 0.209

North Pacific deposition 0.044 �0.250 �0.190 0.452 0.349 0.032 0.040 0.407
Ratio of inflow to NA and

outflow over North Pacific
�0.118 0.294 �0.229 �0.090 �0.329 �0.485 �0.555 �0.340
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port flux divergence reversed between El Niño and
La Niña years in most regions of East Asia.

6) The relative amount of dust aerosols that reach the
North American continent to the amount of dust
exported from Asia is positively correlated with WP
and negatively correlated with PNA. A positive
PDO is associated with less dust deposition in the
East Asian subcontinent and the North Pacific as
well as reduced Asian dust transport to North
America.

The global climate and atmospheric circulation is
known to exhibit substantial variability. Obviously all
the above discussed indices reflecting an important part
of the interannual or interdecadal variability of the
global climate and atmospheric circulation are interre-
lated in a system of global climate. Therefore, it is nec-
essary to generally examine the connections of all ma-
jor indices to variability of Asian dust. Their relation-
ships with the interannual variability of Asian dust
production, deposition, loading, and transport have
been revealed here. The polar cold air outbreak, rep-
resented by the intensity and area index of Asian polar
vortex (IIAPV and AIAPV), drives Asian dust produc-
tion. The East Asian monsoon as one of the major
components of global climate and has significant impli-
cations for Asian dust outflow from the Asian subcon-
tinent and dust loading in the eastern Pacific and North
America. Teleconnection patterns (WP and PNA) as
well the zonal Atmospheric Circulation index (ACI)
reflect large-scale changes in the atmospheric wave and
westerly jet patterns over the North Pacific and influ-
ence the Asian dust aerosol and deposition over vast
areas. El Niño and La Niña, the two opposite phases of
the ENSO cycle, are critical in affecting the dust load-
ing and the transport pathways across the Pacific. The
Southern Oscillation index (SOI) exercises an influence
on the dust aerosol and deposition in the extratropical
regions, while the Pacific decadal oscillation (PDO), as
result of air–sea interaction in the North Pacific, is di-
rectly related to dust aerosol and deposition in the mid-
latitude areas.

Finally, the relationships between major climate in-
dices and dust production, transport, and deposition
described herein suggest that there is considerable
scope not only for improved forecasting of dust pro-
duction and transport on a range of time scales, but also
for improved understanding of the potential impacts
and linkages associated with the transport of dust aero-
sol to remote areas (such as the North Pacific).
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