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Abstract Using the Total Ozone Mapping Spectrometer
(TOMS) data from the National Aeronautics and Space
Administration (NASA) earth satellites, the Aerosol Optical
Depth (AOD) as indicated by AOD Index (AI) for the period
1978–2005 is analyzed for northern China. The spatial distri-
bution of annual mean AI has the largest values in the desert
regions of northwestern China, such as southern Xinjiang
Taklimakan Basin, western Gansu and Qinghai’s Qaidam
Basin. Large values are found in western Inner Mongolia,
the Jogger Basin, and north of the Loess Plateau, as well as
in the North China and Northeast China Plains. In Northern
China, the AI of spring and summer is larger than in other
seasons. The large AI values in spring register the most exten-
sive coverage, but the AI values in regions affected by the
Asian monsoon experience a significant decrease during the
summer season. The lowest AI values generally occur in au-
tumn in North and Northeast China, but they appear in winter
in the northwestern arid region. Overall, the analysis results
using TOMS AI data well reflect the spatiotemporal charac-
teristics of dust aerosol as reported previously based on the
dust weather observation data, with greater consistency seen
in northwestern arid and semi-arid regions. It is also realized
that the TOMS AI data are potentially useful for estimating

atmospheric mineral aerosol deposition flux in northern China
in order to better understand the formation and evolution of
China loess in the Quaternary.

Keywords Aerosols .Dust storm .NorthernChina .Aerosols
optical depth . Seasonal variation . Spatial pattern

Introduction

Dust weather is a type of low-visibility phenomenon that hap-
pens in arid and semi-arid areas. Factors affecting the forma-
tion of dust weather include strong winds, dust sources and
unstable weather conditions (Wang et al. 1996; Qiu et al.
2001). Dust weather in China mainly occurs in the northern
region and most frequently in the northwest arid regions
(Wang et al. 2000; Zhou 2001; Fang et al. 2001, 2003; Ding
and Liu 2011; Yang et al. 2012. Dust weather can lead to
natural disasters, influence human health, modify regional cli-
mate through change in atmospheric aerosol concentrations,
and exert an important impact on global biogeochemical pro-
cesses (Novakov and Penner 1993; Zhuang et al. 2001; Wang
et al. 2012; Seinfeld and Pandis 2016) .

From the perspective of the environment and the evolution-
ary history of the Quaternary, dust weather, as an important
geologic agent, has been assumed to cause the deposition of
loess in China’s northern region. Many researchers have ad-
dressed the connections between material sources, transmis-
sion paths, and settling flux causing loess deposition from
various angles of view. The main source of loess deposition
in China was assumed to come from the Gobi Desert in central
Asia in the spring (Liu 1985; Pye and Zhou 1989; Zhang et al.
1993; Ding et al. 1999; Sun et al. 2001). Previous studies also
addressed the modern spatiotemporal distribution of dust
weather and the evolution of seasonal atmospheric circulation
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(Wang et al. 2003; Fang et al. 2003; Zhang and Ren 2003; Fan
and Wang 2006; Ding and Liu 2011; Yang et al. 2012).
Meteorological ground stations are used to analyze dust
weather through instantaneous wind speed and visibility in
China (Wang and Ren 2003; Qian et al. 2004), and the indi-
vidual dust weather processes are monitored by satellite re-
mote sensing. However, ground-based observation data and
related research have inherent defects. These data cannot ac-
curately reflect the average annual and seasonal mass fluxes
within the entire atmosphere. The lower troposphere contains
a certain amount dust material that, because of dust devils or
wind gusts, does not reach the standard of Bdust weather .̂ At
the same time, the ground stations cannot measure the actual
thickness of dust in the atmosphere, and the records cannot
reflect the actual Aerosol Optical Depth (AOD) of dust or the
deposition flux due to the differences in terrain height and
vertical transmission intensity.

Dust AOD is inverted by the near-infrared or visible light
spectrum detected by satellites (Chu et al. 2002; Levy et al.
2007). For example, AOD can be obtained through the Multi-
angle Imaging Spectra-Radiometer (MISR) based on the Earth
Observing System (EOS), but MISR has no ability to distin-
guish between dust aerosols, sulfate aerosols and biomass
burning aerosols (Martonchik et al. 2002). Total Ozone
Mapping Spectrometer (TOMS) carried by the Nimbus 7
Meteor 3 and Earth-Probe could be used to deliver data of
dust and carbonaceous AOD almost covering the entirety of
the world’s oceans and lands. The data set better represents the
actual content of dust aerosols in areas dominated by different
types of aerosols, and the usefulness has been verified by
comparison with the Aerosol Robotic Network (AERONET)
(Torres et al. 1998, 2002).

Washington et al. (2003) found that the Sahara Desert is the
world’s most important source of atmospheric dust aerosols,
along with the Taklimakan Desert in China, by analyzing
TOMS AOD data. Deng et al. (2009) pointed out that dust
storms, dust devils and dry heat convection mutually impact
the content of mineral aerosol in deserts, through analyzing
dust aerosol content in northwest China using TOMS
AOD data. Researchers have also studied China’s other
regions applying the same data (Li et al. 2003; Xu et al.
2002; Streets et al. 2001, 2008; Mi et al. 2007; Lin et al.
2007). However, existing studies generally focus on dust
weather, dust AOD distribution, and comparisons with the
ground meteorological observation records. Analysis of the
basic climatologic features of dust aerosols in North China is
rare, particularly in connection with Quaternary loess
deposition.

This paper analyzes the tempo-spatial characteristics of
dust AOD of northern China using the AI derived from
AOD dataset. The results are helpful for further understand-
ing of dust climatology in northern China and the geolog-
ical role of dust aerosol in the process of loess deposition.

Data and methods

Data

Daily grid data of TOMS AOD from Nimbus (1978–1993)
and Earth-Probe (1996–2005) was used. The grid size is
1.00° × 1.25°. The missing data in 1994 and 1995 due to
technique problems of satellite was replaced by the annual
average of the years with records.

TOMS absorbs ultraviolet radiation (UV) with high sensi-
tivity to clearly separate dust and carbon aerosols from sulfate
and sea-salt aerosols. TOMS AOD data reveal dust aerosol
optical depth using the contrast relations of backscattering
wavelengths depending on the TOMS observation records.
The dataset is thus regarded to mainly indicate optical depth
of dust aerosol in the atmosphere, including carbon aerosols
from industrial, transportation, fire, and straw burning sources
(Torres et al. 2002; Washington et al. 2003). At present, it is
difficult to isolate dust aerosol from carbonaceous aerosol
through passive remote sensing; that is to say, we can hardly
attain the high resolution and long-period dust aerosol data
that fully reflect the content of dust aerosols in the atmosphere.

Dust weather surface observation data were used for com-
parison with the AOD data, but the resulting figures and tables
were not exclusively shown here because they were previous-
ly published (Ren et al. 2014). The weather data are from
National Meteorological Information Center, China
Meteorological Administration, which includes number of
days with dust weathers for time period 1978–2005. Dust
weathers in the observational dataset are further divided into
three categories according to the observational visibility and
instantaneous wind speeds: sandstorms, suspended dust and
blowing sand (Ye et al. 2000; Qian et al. 2002; Wang and Ren
2003). Dust weather frequency is the sum of occurrence days
of the three categories of dust events.

Method

In this paper, the study area was defined as the region north of
latitude 30°N in mainland China. The area was divided into
three sub-regions of Northeast China, North China and
Northwest China. Almost all inland deserts, sandy lands, and
steppes are located in this area, and the most frequently oc-
curred dust weathers are also found in the study area. In
Northwest China especially in the Taklimakan basin and west-
ern Gansu and Inner Mongolia, the climate is characterized by
extremely low precipitation of less than 80 mm and annual
mean numbers of sandstorms, suspended dust and blowing
sand reach about 20 days, 50 days and 30 days respectively.
North China has less dust weathers, and Northeast China has
the least frequency of dust weather events. In both North China
and Northeast China, the dust events frequencies all increase
from southeast to northwest (Wang and Ren 2003) (Fig. 1) .
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Grid averaged values were obtained for pentad, monthly,
quarterly, and annual intervals from AOD dataset between
1978 and 2005. Area averages were calculated from the grid
averaged monthly, seasonal, and annual values using the sim-
ple arithmetic-average method. Due to the smaller latitude
span, the calculation results by using the simple arithmetic-
average method and the latitude and longitude grid area
weighted-average method bear almost no difference. On this
basis, the new time series called AOD Index (AI) for individ-
ual grids, three sub-regions and the whole study area were thus
obtained for pentad, monthly, quarterly, and annual means by
using the simple arithmetic-average method.

Seasons have been divided based on climatological defini-
tion: spring for March, April and May; summer for June, July
and August; autumn for September, October and November;
winter for December, January and February. One year is di-
vided into 72 pentads, with each pentad being five days or six
days (final pentads of months 1, 3, 5, 7, 8, 10, and 12 are six
days) and the last pentad of February four days.

Method of Empirical Orthogonal Functions (EOF) was
used to examine the spatial characteristics of dominant modes
of AI data and the associated temporal variation in the study
region. The EOF analysis was conducted on the covariance
matrix of the AI data. Because of satellite replacement, obser-
vations were heterogeneous over time; this may impact the
analysis of the long-term trends, but it will have less impact
on climatological characteristics of the dust aerosol.

Results

Spatial characteristics

Figure 2 shows the distribution of annual mean AI in northern
China from 1978 to 2005. The highest AI values more than

0.8 are located in desert regions, such as the Taklimakan basin,
west of Gansu and the Qaidam Basin; the second highest
value is in the western part of Inner Mongolia, where AI is
generally between 0.5 and 0.8. The AI in Junggar Basin of
Xinjiang, north of the Loess Plateau, the North China Plain,
and the Northeast China Plain is relatively high, usually be-
tween 0.4 and 0.7. The AI averages are less than 0.2 in the
border area of Sichuan, Qinghai, and Tibet; Altai and west of
the Tianshan Mountains have an AI less than 0.2. Most of the
Tibetan Plateau, the Tianshan Mountains, the Altai
Mountains, the Qinling Mountains, the DabaMountains, low-
er reaches of the Yangtze River basin, the Taihang Mountains,
the Great and Lesser Khingan Mountains, and the Changbai
Mountains, all have a relatively low AI value.

The region that sees the highest average annual AI is in the
center of the Taklimakan Desert, which has an extremely dry
climate, and the highest frequency of dust weather in northern
China. Western Inner Mongolia, the northern Loess Plateau,
the northwest Qaidam Basin, and the Horqin Sandy Land of
central Northeast China are also prone to dust weather (Zhou
2001; Wang et al. 2003; Wang and Ren 2003). Overall, the
annual mean AI gradually increases from the southeast to the
northwest, indicating a generally lower value in the monsoon
region and a usually higher value in the arid and sub-arid non-
monsoon region. The observational studies also show that, in
the southeastern parts of the study region, the stronger
(weaker) winter (summer) monsoon benefits the occurrence
of dust weather in winter and the next spring, and the stronger
(weaker) summer (winter) monsoon suppresses the occur-
rence of dust weather (Ye et al. 2000; Wang et al. 2000; Wu
et al. 2010). The mechanism for the association is because the
strong winter monsoon can bring less precipitation in northern
China, and the strong summer monsoon can generally cause
higher than normal precipitation in the study region (Ye et al.
2000; Wang et al. 2000, 2003; Fang and Wang 2003).

Fig. 1 Location of the study area and the three sub-regions
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In the North China Plain, however, there is also a zone of
relatively high annual mean AI, which does not exactly match
the area of dust weather frequency (Wang and Ren 2003). The
likely reason for this is the greater addition of carbonaceous
aerosols emitted by anthropogenic sources in the North China
Plain. The main sources of carbonaceous aerosols are natural
sources (forest fires and grassland fires) and anthropogenic
sources. Anthropogenic sources include residential sources
(fossil fuels and biofuels) and industrial sources. Compared
with anthropogenic sources, carbonaceous aerosol emissions
of natural sources are largely negligible (Bond et al. 2004; Lu
et al. 2011; Zhang et al. 2013a). The coal burning including
coal-fired for heating in winter is the main source of carbona-
ceous aerosol emissions. In the crop harvest season, emissions
of straw burning and other biomass combustion are also the
important source of carbonaceous aerosols (Li et al. 2007;
Zhang et al. 2009; Wang et al. 2011; Zhang et al. 2013b).
The North China Plain is one of the largest areas of carbona-
ceous aerosol emissions in China (Wang et al. 2011). The
aerosol emissions, including the carbonaceous aerosol emis-
sions, may have also been the main reason for the significant
decline in daylight and solar radiation in this area for the last
50 years (Ren et al. 2005).

Relatively high values of the Northeast China Plain are re-
lated to frequently occurred dust weathers in the Horqin Sandy
Land, in spite of the fact that the anthropogenic carbonaceous
aerosol emissions in wintertime are also important in central
urban belt of the region. The area is located in higher latitude,
and the coal usage for heating in winter is the largest in China.
Therefore, the contribution from the anthropogenic carbona-
ceous aerosol emissions to the high AI values in the Northeast
China Plain would be also important (Wang et al. 2011).

The influence of terrain on distribution of annual mean AI is
obvious. The AI values in plains and basins appear relatively
high, whereas the plateau and mountain areas often show a
relatively low value. The reason for the spatial difference is that
dust AOD, as reconstructed by satellite data, depends on not
only the concentration of atmospheric aerosols near the surface,
but also the thickness of aerosol-containing air or atmospheric
column in the troposphere. In the plains and basins, the atmo-
sphere rich in aerosols is thicker, and AI value is higher; in the
plateaus and mountains, however, the lesser thickness of the
atmosphere rich in aerosols makes the AI values lower.
Relatively high AI values distributed in the northern and north-
east plains are also related to the terrain factor. Therefore, the AI
characterizes the dust deposition flux more precisely than the
frequency of dust weather events, because both the manual
observation and AutonomousWeather Station (AWS) observa-
tion are made near the surface, and they can hardly reflect the
complete dust content of the entire atmosphere.

Figure 3 shows the distribution of seasonal mean AI for pe-
riod 1978–2005. As a whole, mean AI in the spring and summer
of northern China was significantly higher than in the other
seasons, and the distribution areas of high AI values are consis-
tent with the high incidence of dust weather (Ren et al. 2014).
The seasonal mean AI of the Taklimakan Desert, the Qaidam
Basin, and the Alxa area in spring and summer remained at 0.8,
and they register the largest seasonal dust AOD of all seasons.

The highest frequency of occurrence of dust weather well
corresponds to the high-value AI areas in the spring (Fig. 3a)
(Ren et al. 2014). The spatial distribution of seasonal mean AI
in spring is similar to annual mean AI, indicating that dust
weather in the spring is the greatest contributor to annualmean
AI. The relatively high spring mean value in the North and

Fig. 2 Distribution of annual mean AI in northern China for the period 1978–2005
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Northeast China Plains may result from the combined influ-
ences of dust weather, emissions of carbonaceous aerosols and
lower terrain. The smallest AI values in spring are located in
the eastern Tibetan Plateau and western Junggar Basin where
seasonal mean AI values are as low as 0.2.

Compared to the spring, the greatest change in the spatial
distribution of seasonal mean AI in summer occurs in North
China and Northeast China (Fig. 3b). The strength of second-
ary high-value centers decreases significantly and the scope
shrinks. It may be related to a decrease in the frequency of dust
weather, which is caused by the increase in precipitation, the
rising soil-water content and the recovery of vegetation due to
the prevailing summer monsoon. In the summer, the ranges of
seasonal mean AI in the Taklimakan Basin, the Qaidam Basin
and Alxa area have been reduced, but not so significantly, and
the strength of the center is hardly diminished. Meteorological
observations also reveal that the peak of dust-weather frequen-
cy in the Taklimakan Basin occurs from June to July (Wang
et al. 2003; Wang and Ren 2003; Li et al. 2006), but the
summer AI high values from satellite remote sensing are more
obvious. It may be related to locally convective activity from
the desert surface and frequent dust devils in the summer
(Deng et al. 2009). These local, short-term, high-frequency
dust events are of great significance for the increase in dust
AOD in the atmosphere, but they have seldom been recorded
by the ground observations according to the current operation-
al criteria. Several small values are evident in summer along
the border of the Tibetan Plateau and the Sichuan Basin, in
north of the Great Khingan Mountains, the Lesser Khingan

Mountains, northeast of the Changbai Mountains, the Altai
Mountains and other regions of humid regions.

Autumn witnesses the lowest seasonal mean AI values,
mostly below 0.3 (Fig. 3c). The areas of high values in the
spring and summer have narrowed, but the lower value areas
in the eastern Tibetan Plateau, north of Northeast China have
expanded significantly. To most regions, autumn represents a
low incidence of dust weather frequency (Wang and Ren
2003; Fan and Wang 2006), and the seasonal mean AI values
are generally low, except for the Taklimakan Basin and the
surrounding areas. The seasonal mean AI values of the
Taklimakan Desert in autumn are lower than those in spring
and summer, but generally higher than those of winter.

The seasonal mean AI values in the winter are relatively
low inmost parts of northern China, including the arid areas of
Northwest China (Fig. 3d). However, the mean AI of the
monsoon region in winter is significantly higher than in sum-
mer and autumn, especially in the Northeast China Plain. The
possible reason is the tremendous increase in emission of car-
bonaceous aerosols by anthropogenic sources due to the ener-
gy consumption for heating (Zhang et al. 2009; Wang et al.
2011). The unique weather and climatic condition in winter
would be also important. The vertical gradient of the near
surface air temperature characterizes the stratification stability
of the atmosphere in calmweather condition in winter, and the
high carbonaceous aerosol in the lower atmosphere emitted
due to heating and traffic is not easy to diffuse because of the
lower-tropospheric temperature inversion, resulting in the
higher carbonaceous AOD in the season in the densely

Fig. 3 Distribution of seasonal mean AI in northern China for the period 1978–2005. a, b, c, d represent spring, summer, autumn andwinter respectively
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populated areas (Gao et al. 2009). It is also possible that the
persistent snow cover in the season somehow affects the mon-
itoring accuracy of TOMS (Torres et al. 2002).

Seasonal change

Figure 4 shows the seasonal change for AI from 1978 to 2005.
In Northern China on a whole, the months of high values
appear in the spring and early summer (March to June), with
the highest value (>0.6) in April and May; the lowest value
appears in autumn (September–November) (Fig. 4a). The
monthly mean AI is less than 0.3, and only 0.25 in October;
winter is the second season with high AI values, following
those in spring, and the values in January and February are

greater than 0.4. Summer is the second low-value season after
autumn, and the monthly mean AI values decline from June to
August. Autumn registers minimum values of a year. The
seasonal change in monthly mean AI and ground-based ob-
servations of dust weather frequency shows a good consisten-
cy. The occurrence of dust weather events in ground observa-
tion data is in peak in April and May, however, and the period
of the lowest frequency is from August to November.

Figure 4b shows seasonal variations in region-averaged
pentad mean AI, which reflects more detailed structure of
the seasonal variation. The whole study area enters a period
of rapid growth from the tenth pentad until the twenty-fifth
pentad when it peaks, and then decreases to the lowest value at
a rapid rate until the fifty-seventh pentad, followed by a slow

Fig. 4 Seasonal variations in (a)
region-averaged monthly mean
AI and (b) pentad mean AI in
northern China for the period
1978–2005
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increase afterward. The seasonal trend is consistent with
monthly mean AI, though the pentad mean peak occur at the
beginning of May rather in April like in Fig. 4a. In addition,
the pentad mean AI exhibits a series of short-term fluctua-
tions, which can be explained in combination with the analysis
of regionally different natural and human factors.

The entire region is divided into three sub-regions by lati-
tude and longitude: Northwest China (west of 100°E), North
China (100°E-120°E) and Northeast China (east of 120°E,
north of 40°N) (Fig. 1). Figure 5 shows seasonal variations
in monthly mean AI and pentad mean AI in the three sub-
regions of northern China for the period 1978–2005.
Variation in North China throughout the year is similar to that
of the whole study area. The winter mean AI values are sig-
nificantly higher for Northeast China, especially in December
and January, than those for Northwest China and North China.

January has the highest value in Northeast China, followed by
April, with December similar to March and May. Northwest
China sub-region shows a peak in late spring and early sum-
mer, with the highest monthly average in May, and AI values
from May to October are always higher than those in North
China and Northeast China, indicating a higher dust AOD in
summer.

According to Fig. 5b, the pentad mean AI of Northwest
China sub-region increases rapidly beginning from the seven-
teenth pentad, similar to the seasonal variation in Northeast
China sub-region; AI is always higher in Northwest China
than in Northeast China and North China between the
twenty-sixth and fifty-sixth pentads. An interesting phenome-
non is that the AI of all three sub-regions converts seasonally
in the twenty-second and sixty-first pentads each year, as in-
dicated by the intersections of the three curves (Fig. 5b). The

Fig. 5 Seasonal variations in (a) region-averagedmonthlymeanAI and (b) pentadmeanAI in the three sub-regions of northernChina for the period 1978–2005
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earlier intersection time is the beginning of the summer mode
when the pentad mean AI values rank in order of Northwest
China > North China > Northeast China; and later intersection
represents a shift to entry into winter mode when the pentad
meanAI values rank in an opposite order of Northeast China >
North China > Northwest China.

The differences of the regional and seasonal variations are
related to climate and other natural conditions in each sub-
region. The seasonal changes in the relative proportions of
natural and anthropogenic aerosol emissions are also impor-
tant. The reason that the mean AI values of the winter months
and pentads are higher in Northeast China than in North China
and Northwest China may be linked to carbonaceous aerosol
emissions, and the stable atmospheric stratification during
winter, as mentioned above. However, for Northwest China,
anthropogenic aerosol emissions are low, and dust aerosols are
difficult to be dislodged and transported under the stable at-
mospheric conditions typical of winter. Significant differences
of pentad mean AI values in Northwest China from those in
other sub-regions in summer may be explained by the heavy
monsoon rainfall in North China and Northeast China, and the
poor vegetation cover and strong upward air motion in
Northwest China which are caused by extremely dry climate,
bare ground, and local heating in the desert region.

It is worth noting that the emission of carbonaceous aero-
sols in North China should be higher than those in Northeast
China in all seasons; however, the opposite is true for the
mean AI, which may suggest the important influence of atmo-
spheric stability in the lower troposphere in maintaining
higher carbonaceous AOD in winter. In the summer half of
the year, the lack of higher atmospheric stability conditions in
Northeast China from mid-May to mid-October leads to pen-
tad mean values of AI in North China being higher than those
in Northeast China.

EOF analysis

EOF analysis was used to examine the leading modes and the
time series of annual and spring mean AI in northern China.
Cumulative variance contribution of the first three eigenvec-
tors reaches 70.98 %, and focus was thus on analysis of the
first three modes.

The first mode (EOF1), which represents a consistent var-
iability in the whole area of northern China, explains 50.03 %
of the total variance, indicating that it is the main mode of
inter-annual variability of dust AOD in the study area
(Fig. 6a). The positive values appear everywhere, and the
centers of the positive values are located in the southern ba-
sins, Northeast China Plain and the regions surrounding the
Bohai Sea. Overall, the EOF1 may show the dust transport
mode of larger particles. As dust sources, the Taklimakan
Desert and the Qaidam Basin increase the AI values in the
southern basins of the study area, and the Horqin Sandy

Land heightens the AI of the Northeast China Plain.
Circumstances in the Bohai Sea are special, in that the
larger-particle aerosol concentration in this region is greater
than in other regions, possibly due to anthropogenic floating
dust and carbonaceous aerosols in the densely populated re-
gion, and the salt aerosols or foam caused by shock waves in
the Bohai Sea (Zhang et al. 2016), in addition to the influence
of the natural dust particle transport.

The time series corresponding to EOF1 has a weak long-term
upward trend over the period 1978–2005, consistent with the
original AI series (Ren et al. 2014) (Fig. 6). From the time series,
it can be seen that strong dust-prone events appear in 1993, 1996,
2001 and 2002, whereas 2000 is characterized by relatively few-
er and weaker dust storms due to the more abundant precipita-
tion. Theweak increasing trend of the EOF1may be attributed to
severe droughts in the late 1990s and the first years of twenty-
first century in North and Northeast China (Ren et al. 2005).

Variance of the second mode (EOF2) accounts for 14.40 %
(Fig. 6b), and it exhibits a spatial pattern of north–south dipole
distribution. The zero-value line distributes approximately
along 34° N, and the positive values appears north of 34° N
and negative values in the south, reflecting the reversal of the
spatial distribution of AI from north to south in northern
China. The implications of the north–south dipole distribution
need to be investigated, but it may indicate a long-range trans-
port mode of small dust particles.

The third mode (EOF3) explains 6.55 % of the total vari-
ance, and spatial distribution characteristics show a north-
west–southeast B±^ dipole pattern (Fig. 6c), with the zero-
value line crossing southeastern Inner Mongolia to the center
of Shanxi westward along 36° N, and negative values distrib-
uting in northwest of the study area. The negative-value center
appears in the northwest, which contains extremely dry desert
regions, and is prone to dust weather. The pattern may have
been related to the combined influences from naturally oc-
curred dust storms, floating dust and blowing sand in the arid
regions. The time series of the EOF3 indicates a consistent
variability with the EOF1 before the mid-1990s, and an oppo-
site phase afterward. This may be related to the enhanced
anthropogenic role in the last decade in the eastern regions,
which may have increased the concentration of the floating
dust and carbonaceous aerosols.

Spatial patterns of the leading modes for spring mean AI in
northern China are shown in Fig. 7a. The cumulative contri-
bution of the first three modes accounts for 70.87 %, and the
first two modes were briefly analyzed here.

The EOF1explains 57.90 % of the total variance, and the
spatial distribution is characterized by positive values of the
whole study area, reflecting spatial consistency of temporal
variability of AOD in northern China. The spatial pattern
and the time series are very similar to those of the EOF1 of
annual meanAI, probably indicating the influence of naturally
originated larger-particle aerosols in spring.
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The EOF2 explains 12.97 % of the total variance
(Fig. 7b). In most parts of northern China, the spatial
distribution of the EOF2 is characterized by the identically

negative values, with the negative eigenvalues being greater in
the western part of the northeast and northern part of the
northwest (Fig. 7b).
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Fig. 7 Spatial distributions of the first two EOFs (a, b) of spring mean AI and their time coefficient series (c)
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Conclusions and discussion

Conclusions

This paper analyzes the tempo-spatial characteristics of dust
and carbonaceous AOD index (AI) series in northern China
based on daily data of TOMSAOD fromNASA during 1978–
2005. The conclusions are as follows:

Significantly higher AI values (>0.8) occur in the
western desert regions including the Taklimakan Basin,
the Qaidam Basin and west of Gansu province; the
areas with the second highest values (0.5–0.8) are in
the western part of Inner Mongolia. The AI values of
the Junggar Basin, northern part of the Loess Plateau
and the North and Northeast China Plains register higher
AI values, usually 0.4–0.7. The smallest AI values appear in
the junction belt of Sichuan province, Qinghai province and
Tibet Autonomous Region, and the western Altai and
Tianshan Mountains.

The seasonal mean AI in the northern China is mark-
edly higher in spring and summer than in other seasons.
The range and value of AI are highest in spring; AI is
significantly weaker during the summer monsoon season,
especially in North China and Northeast China, but still main-
tains high levels in the deserts of Northwest China. In most
areas, AI values reach the annual minimum in autumn,
but remain higher in the southern Xinjiang; in winter,
the Northwest arid area represented by the Taklimakan
Desert reaches the annual minimum, but the average AI
value in the eastern monsoon region is significantly
higher than in summer or autumn, particularly in the
north of Northeast China.

AI reaches high values in the entire northern region
in spring and early summer (March–June), with the
highest values being in April and May; lower values
occur in autumn (September–November), and the lowest
values in October. Winter is the season with the second-
highest AI values, after spring; AI values in summer are
higher than those in fall. In the study area as a whole, the mean
AI undergoes rapid growth from the tenth to the twenty-fifth
pentad, and then begins to decline rapidly until the fifty-
seventh pentad, when it reaches its lowest level, followed by
a slow increase.

Of all sub-regions, North China has a variation throughout
the year similar to that of the whole study area. The average AI
values of Northeast China are significantly higher than in
Northwest China and North China in winter, especially in
December and January. The peaks in Northwest China
occur in late spring and early summer. There are the
periods for the three sub-regions to convert seasonally
in the twenty-second and sixty-first pentads, with April
16–20 marking the entrance into the summer mode, and
November 1–5 into the winter mode.

Discussion

The AI index can be combined with the dust deposition flux to
obtain the relationship between the two in order to use the AI
to estimate the dust deposition flux in the vast arid areas. The
dust deposition is high in the arid dust-prone areas, and the
dust flux is positively correlated with dust weather frequency
(Pye and Zhou 1989; Pye 2015; Nihlén et al. 1995; McTainsh
et al. 1997; Li et al. 2008). Therefore, the AI index has poten-
tial to be used for obtaining a high-resolution spatial and tem-
poral pattern of the dust deposition flux in northern
China, which will be helpful for understanding current and
paleo-environmental issues in the region.

The thick loess stratum in northern China especially in the
Loess Plateau has been assumed to be formed through a large
amount of deposition of mineral dust carried by dust storms in
the Quaternary period, probably due to the strengthening of
the East Asian winter monsoon in East Asia (Liu 1985; Liu
et al. 1991; Nihlén et al. 1995; Zhang 2001; Liu et al. 2004;
Qin et al. 2005; Sun et al. 2007). The thickest loess was found
in the Loess Plateau, and the thinner loess was also found in
the Kunlun Maintains and some places of Northeast China
(Liu 1985; Pye and Zhou 1989). Liu et al. (2014) even found
significant aeolian features through analyzing the lake sedi-
ment of Dongdao Island in the South China Sea, and attributed
the aeolian sediments to dust deposition from the arid inland
Asia.

Except for other conditions like vegetation distribution, the
spatial difference of dust deposition flux in the past would be
an important determinant for the varied loess thickness in
northern China. Overall, the AI series and ground-based ob-
servation records exhibit good consistency, especially in arid
and semi-arid regions (Ren et al. 2014). Satellite remote-
sensing reconstructed results have advances over the
ground-based observations, because they could better reflect
the atmospheric dust deposition flux. The AI index can thus be
used to estimate the current dust deposition flux, which might
be further used in combination with the data of actual loess
thickness and distribution to verify and develop the theory of
the loess formation and evolution.

Monsoon might have affected the seasonal and geograph-
ical distribution of dust flux and deposition. Modern observa-
tional studies show that stronger East Asian winter monsoon
conduces to dust weather occurrence in winter and next
spring, and the stronger summer monsoon reduces the fre-
quency of dust weathers (Ye et al. 2000; Wang et al. 2000;
Wu et al. 2010). It would be interesting to check whether or
not the relationship is still hold for AI and monsoon strength.
If so, the AI data and the reconstructed dust flux data could be
useful for understanding the variability of Asian winter mon-
soon and its influence on dust deposition.

Of course, the high carbonaceous aerosol concentration in
winter in some regions, such as the northern part of the
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Northeast China Plain, suggests that AI is not a completely
accurate representation of dust aerosols. In regions with in-
creasing anthropogenic emissions of carbonaceous aerosols,
the AI data and the analysis results need to be carefully treated
for presenting the dust AOD or dust flux. The anthropogenic
contamination of carbonaceous aerosols has to be removed if
the AI index is to be used in accurately reconstructing aeolian
dust flux, and in understanding the dynamics of the China
Loess deposition and evolution in the past.
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