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Abstract

Three-dimensional 4-day backward trajectories arriving at Lanzhou 500m above
ground level were calculated every 6 h using HYSPLIT-4 trajectory model for
spring (March, April and May) 2001 to 2008. The 8 years were divided into two
categories: high dust years (2001, 2002, 2004 and 2006) and low dust years
(2003, 2005, 2007 and 2008). Cluster analysis, potential source contribution
function (PSCF) model, and concentration-weighted trajectory (CWT) method
were used to evaluate the transport pathways and potential source regions
affecting PM,, loadings in Lanzhou in spring season. Results indicate that the
western and the northwestern pathways, accounting respectively 33% and 19.4%
of all trajectories, were major pathways leading to high springtime PM,, loadings
in Lanzhou during high dust years. However, the major pathways were the
western and the northern pathways in low dust years, accounting for 23.6% and
18%, respectively. There were six potential source regions affecting PM;,
concentration in Lanzhou, e.g. the Tarim Basin and the Turpan Basin in
Xinjiang, the Qaidam Basin in Qinghai, the Hexi Corridor in Gansu province, the
desert and Gobi areas in the middle and west of Inner Mongolia, and the Loess
Plateau in the middle of Shaanxi province and eastern Sichuan.
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1 Introduction

With the rapid economic growth and accelerating urbanization, the primary
pollutant in most Chinese urban areas has changed from SO, and TSP (Total
Suspended Particles) to PM,, (aerosol particles with an aerodynamic diameter
less than 10pum). PM;,, as atmospheric aerosols, affects the Earth’s climate
directly by absorbing or scattering solar and terrestrial radiation, and indirectly
by altering cloud formation, microphysical properties, and lifetimes, [1, 2].

In East Asia, high PM,, loadings could arise from natural processes, e.g.
surface dust, sea spray, and volcanic dust efc., anthropogenic activities, [2, 3],
e.g. the combustion of fossil fuels and industrial production activities etc., and
secondary aerosol particles. Dust storms occurring in the desert and Gobi desert
in Central Asia and the northern regions of China, are not only a major weather
phenomenon influencing the springtime climate in East Asia, but also a main
source of atmospheric particles in spring in China. The desert areas in China,
which occupy approximately 13% of China’s land area, are major sources of
Asian dust. A large number of observations and studies have shown that dust
storms in Asia could not only increase the atmosphere aerosol concentrations in
the local and adjacent areas, but also transport to the eastern parts of China,
Korea, Japan and even across the Pacific to North America, [4—6].

Lanzhou, located in the northwest arid and semi-arid regions of China, is one
of the most polluted cities in China. The PM,, concentrations in spring are
dramatically affected by dust storms, [7]. Most of the previous studies on air
pollution in Lanzhou were focused on the temporal variability of pollutants, [8],
local transport and dispersion characteristics of pollutants, [9], the impact of dust
weather, [10, 11], and control measurements, [12, 13], with little or no studies on
the transport pathways and the source regions that affect air quality in Lanzhou.
In order to control air quality, pollution sources must be identified, emission
estimates made, and effective management strategies developed. Many studies
have shown the signification correlation of the spatial and temporal variation of
pollutants, including PMy,, [7], mercury, [14, 15], pollen, [16], and dust
outbreak, [17], with air mass transport pathways. Hybrid receptor modeling,
such as potential source contribution function (PSCF) model and concentration-
weighted trajectory (CWT) method, has been used successfully for
potential source region identification for PM;, and TGM (total gaseous
mercury), [14, 18].

This research aims at identifying the transport pathways and the potential
source regions that lead to elevated PM;, concentrations in Lanzhou and
quantifying the relative contribution of the source regions to the PM,, loadings
during spring (March, April and May) of 2001-2008. The results from this
research would not only provide some scientific basis for improving the air
quality in Lanzhou and the ecological environment of the surrounding regions,
but also accumulate some experience for cities with similar situation in the
world.
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2 Data

The PM, concentration data for Lanzhou in spring 2001 to 2008 were calculated
from the air pollution index (API) reports for major Chinese cities, [19]. The
process used to calculate PM;, concentrations from the API has been described
in Zhang et al. [20].

The dust storm records (daily) were obtained from the Meteorological
Administration of Gansu Province for the spring 2001 to 2008. The
NCEP/NCAR (National Centers for Environmental Prediction and the National
Center for Atmospheric Research) Reanalysis archive data were used as
meteorological input data for trajectory calculations. The horizontal resolution of
the data are 2.5°x2.5°n latitude and longitude, which are archived four times
every day (00, 06, 12, 18 UTC).

3 Methods

3.1 Trajectory clustering analysis

Three-dimensional 4-day backward trajectories arriving at Lanzhou (Lat:
36.05N, Lon: 103.85E, 1518m above sea level) 500m above ground level (AGL)
were calculated every 6 h (00, 06, 12, 18 UTC) using the National Oceanic and
Atmospheric Administration (NOAA) HYSPLIT-4 (Hybrid Single-Particle
Lagrangian Integrated Trajectory) model, [21], for the spring 2001 to 2008. The
eight years were divided into two categories, i.e. high dust years with more than
6 dust storms in spring (2001, 2002, 2004 and 2006) and low dust years (2003,
2005, 2007 and 2008). The final model outputs were hourly backward trajectory
endpoints indicating the geographical location and the height of the air parcel.
Ward’s hierarchical clustering method was used for all the eight spring seasons
based on the mean angle between all pairs of trajectories, [7, 22]. The major
transport pathways leading to the elevated PM;, concentrations in Lanzhou
during spring could be obtained by combining the trajectory with the daily PM;,
concentration data.

3.2 Potential source contribution function (PSCF)

A potential source contribution function (PSCF), [23], was used to identify the
potential source regions that affect the PM;, loadings during springtime in
Lanzhou. The PSCF values for the grid cells in the study domain were calculated
by counting the trajectory segment endpoints terminating within each cell. By
defining the number of endpoints that fall in the 7jth cell as n; and the number of
endpoints that corresponds to a PM;, concentration above an arbitrarily set
criterion when arriving at Lanzhou in the same grid cell as m;;, the PSCF value
for the ijth cell can be defined as:

PSCF; =my /n;. (1)

Thus, the PSCF value can be interpreted as a conditional probability
describing the potential contributions of a grid cell to the high PM;, loadings in
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Lanzhou. That is, grid cells related to high PSCF values are the potential source
regions, and the trajectories passing these cells are the major transport pathways
leading to high PM,, loadings during spring in Lanzhou. In this study, the spring
time daily-averaged PM;, concentration is used as the criterion for counting m;,.
To reduce the uncertainty of PSCF resulted from small n; values, an arbitrary
weight function W is multiplied to the PSCF value to better reflect the
uncertainty in the values for cells with small n;. The weight function W is
defined as follows, [7],
1.00,40 < n,

0.70,10 < 1, < 40
W, = T @)
7 1042,5<n, <10

0.17,n, <5

The weight function reduced the PSCF value when the total number of
endpoints in a particular cell was less than about three times the average value of
the endpoints per cell (about 40 in this study), [24].

In this study, geographic areas covered by more than 95% of the backward
trajectories were selected as the study domain. For the springtimes in high dust
years (2001, 2002, 2004 and 2006), the study domain extends from 55° E to
125° E and from 25° N to 65° N, thus composing 11,200 cells 0.5° x 0.5° in
latitude and longitude. The total number of trajectory endpoints located in the
study domain is 142,784 so there would be about 13 endpoints per cell on
average. That is, it is necessary to reduce the uncertainty of PSCF values by
using eqn. (2) when the number of trajectory endpoints n; in a grid cell is less
than about 40.

3.3 Concentration-weighted trajectory (CWT) method

One limitation of the PSCF method is that grid cells may have similar PSCF
values when PM, concentrations at the receptor site are either only slightly or
extremely higher than the average value in spring. The PSCF value can only give
the spatial distribution of potential source regions and cannot give information
on the relative contribution of different potential source regions. To compensate
the limitation, a concentration-weighted trajectory (CWT) method, [18, 25], was
used to calculate the trajectory weighted concentration. In the CWT method,
each grid cell is assigned a weighted concentration by averaging the sample
PM;, concentrations that have associated trajectories crossing the grid cell as
follows:

ZC i 3)

Ci]
211111“

where Cj is the average weighted concentration in the #jth cell, / is the index of
the trajectory, C; is the PM;, concentration measured on the arrival of trajectory
[, M is the total number of trajectories, and z;; is the time spent in the #jth cell by
trajectory /, [18]. The eqn. (2) was also applied to the calculation of CWT to
reduce the uncertainties when n; is small. A high C; value implies that air
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parcels traveling over the ijth cell would be associated with high PM;,
concentration at the receptor site Lanzhou.

4 Results and discussion

4.1 PM,, pollution in spring

The occurrence of dust storms during springtime 2001 to 2008 in Lanzhou is
summarized in table 1. According to the number of dust storm events, years
2001, 2002, 2004 and 2006 are classified as high dust years and years 2003,
2005, 2007 and 2008 are classified as low dust years.

Table 1: Occurrence of dust storms in spring during 2001-2008.
Year 2001 2002 2003 2004 2005 2006 2007 2008
Dust events (num) 15 9 6 11 2 12 5 4

The springtime daily-averaged PM;, concentration for Lanzhou is
238.8ug/m’ in high dust years (fig. 1) and there are 138 days with daily PM;,
concentrations higher than the average. The daily-averaged PM;, concentration
is 157.2pg/m’ in low dust years (fig. 2) and there are 123 days with higher than
average PM, concentrations. The daily-averaged PM;, concentration for the four
spring seasons in high dust years is much higher than the national Grade II
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Figure 1: Daily-averaged PM;, mass concentrations at Lanzhou in spring for
the years 2001, 2002, 2004 and 2006.
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Figure 2: Same as fig. 1 but for the years 2003, 2005, 2007 and 2008.
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standard for daily mean PM;, concentration of 150ug/m® (GB3095-1996), while
it is slightly higher than the Grade II standard in low dust years. The averages in
both categories exceed the Grade II standard by 67.7% and 38.0%, respectively.
In addition, there are 51 days (accounted for 13.9%) and 13 days (accounted for
3.5%) when the national Grade V PM, standard of 420ug/m’ were exceeded
during the spring of the high and the low dust years, respectively.

4.2 Cluster-mean backward trajectories

4.2.1 Transport pathways of mean backward trajectories

Seven clusters (1 to 7) were produced by the clustering algorithm for the high
dust years, and the cluster-mean trajectories are shown in fig. 3(a). Six clusters
(1 to 3 and 5 to 7) were obtained for the low dust years (fig. 3(b)). The transport
routes and the direction of trajectories indicate the geographical areas traveled by
air masses before their arrival at the receptor site. The length of the cluster-mean
trajectories indicates the transport speed of air masses. The longer is the cluster-
mean trajectory, the faster is the air mass. It is seen from fig. 3 that the western
and the northwestern trajectories (cluster 2 and cluster 3) were longer than
trajectories from other directions, indicating that air masses from the west and
the northwest moved faster than others.

Figure 3: Cluster-mean back-trajectories arriving at Lanzhou in spring for
(a) 2001, 2002, 2004 and 2006 (b) 2003, 2005, 2007 and 2008.

In high dust years, the air mass associated with cluster 1 were from western
China, including the north Qinghai-Tibet Plateau, and the Gobi desert around the
Qinghai and Xinjiang border. These trajectories moved southeasterly over the
Qaidam basin and the border areas of Sichuan and Gansu province, and then
turned northerly to Lanzhou. The air masses associated with clusters 2 and 3
were from Xinjiang province. The Cluster 2 air masses were from the Tarim
Basin in southern Xinjiang; these trajectories passed the Taklimakan desert, and
then moved westerly over the Qaidam Basin in northern Qinghai before arriving
at Lanzhou. The Cluster 3 air masses were from the Junggar Basin, north of
Xinjiang province; these trajectories moved southeasterly into the Gansu
province and travelled along the Hexi Corridor to Lanzhou. The air masses
associated with clusters 4 and 5 were initially from the desert, semi-desert and
Gobi regions of Mongolia. The cluster 4 air masses moved from the
southwestern Mongolia and travelled southeasterly over the Badain Jaran Desert
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in the west of Inner Mongolia to Lanzhou; in contrast, the cluster 5 moved from
the middle of Mongolia and travelled southerly to the middle of the Inner
Mongolia, then passed through the Tengger Desert and finally turned
southwesterly to Lanzhou. The air masses associated with clusters 6 and 7 were
from the Loess Plateau and the border regions between Shaanxi and Sichuan
province, respectively.

The six clusters in the low dust years are denoted following the high dust
years for easy comparison. In the low dust years, the air masses associated with
cluster 1 were from the marginal regions south of the Tarim Basin, these
trajectories moved westerly through the neighboring regions of Xinjiang,
Qinghai and Tibet and crossed the south of Qinghai province, and then turned
northerly to Lanzhou. The air masses associated with cluster 3 in the low dust
years were from the Junggar Basin, north of Xinjiang province, same as the
cluster 3 in the high dust years, but the part of pathway within the Gansu
province was different. The air masses associated with cluster 3 in low dust years
moved southeasterly over the desert and Gobi desert regions near the border of
the Inner Mongolia and the Gansu province to Lanzhou. The trajectories in
cluster 5 in low dust years moved over Inner Mongolia and directed to Lanzhou
without passing through the Ningxia province, which is different from the one in
high dust years. The air masses associated with cluster 6 traveled more southerly
in low dust years than the corresponding one in high dust years. The air masses
associated with cluster 7 were from Sichuan province in low dust years, as in
high dust years, but located more southerly.

4.2.2 Transport pathways of the polluted trajectories

All the backward trajectories were divided into two groups, i.e. the polluted and
the clean trajectories, according to the sample PM;, concentration when they
arrived at the receptor site. The polluted trajectories are those with PM;,
concentrations higher than the average in spring seasons, i.e. 238.8ug/m’ and
157.2ug/m’® for the high and the low dust years, respectively. The number of
trajectories, the percentage and the corresponding daily PM;, concentrations in
each cluster for all trajectories and for polluted trajectories are summarized in
tables 2 (for high dust years) and 3 (for low dust years).

In high dust years, the average PM;, concentrations of clusters 2
(287.7ug/m’) and 3 (275.5ug/m’) exceed the spring season average 238.8 pug/m’,
with more than 50% of trajectories being polluted ones, which indicates that the
air masses associated with these clusters would carry more particulate matters
and lead to high PM,, loadings in Lanzhou in high dust years. The clusters 2 and
3 represent the western and the northwestern pathways, which passed through
major Asian dust source areas, therefore these two pathways, were major
pathways carrying dust to Lanzhou. In comparison, fewer trajectories were
assigned to clusters 1, 5, and 6 and the corresponding PM;, concentrations are
lower than the spring season average, thus these clusters had less effect on PM;,
loadings in Lanzhou. Cluster 7 was not a major transport pathway as no dust
sources lie along the route. In high dust years, the pathways represented by
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clusters 2 and 3 were polluted pathways, while clusters 1, 5, 6 and 7 were
relatively clean pathways.

In low dust years, about 23.6% of trajectories were assigned to cluster 2, of
which 44.0% were polluted trajectories. Cluster 2 represents the most important
transport pathways with the highest PM, concentration (177.1pug/m’) among the
six clusters. The second important transport pathway was associated with cluster
5, which had the second high PM;, concentration (170.1pg/m’) and a relatively
high percent of polluted trajectories (33.2%). The corresponding average PM;,
concentrations of the two pathways, i.e. the western and the northern pathways,
represented by clusters 2 and 5, exceeded the spring season average of
157.2 ug/m’. These results indicate that air masses associated with clusters 2 and
5 would carry more particulate matters to Lanzhou and lead to high PM;,
loadings in low dust years. The third important pathway was associated with
cluster 3. Although 47.8% of the trajectories in cluster 1 were polluted, the
number of trajectories assigned to the cluster is small, therefore, the pathway
represented by cluster 1 was considered less important for PM;, loadings in
Lanzhou. The pathways represented by clusters 2, 5 and 3 were polluted
pathways, while clusters 1, 6 and 7 were relatively clean pathways in low dust
years.

Table 2: Trajectory number and averaged PM,, concentration of each
cluster for high dust years 2001, 2002, 2004 and 2006.

All trajectories Polluted trajectories™
Percent PMyo Percent PMyo
Cluster Number concentration Number concentration
of total 3 of total 3
(ng/m’) (ng/m’)
1 87 5.9 218.1£113.4 21 24.1 381.0+111.1
2 486 33.0 287.7+150.3 256 52.7 399.0+121.8
3 286 19.4 275.5+166.1 148 51.7 402.2+132.5
4 190 12.9 213.3+£149.5 61 32.1 389.6+136.7
5 147 10.0 179.9+£146.3 29 19.7 431.0+136.1
6 117 7.9 150.5+88.0 11 9.4 362.6£68.5
7 159 10.8 184.8490.9 26 16.4 342.5+85.8

*Trajectories associated with those concentrations higher than the average (238.8 ug/m3 ).

Table 3: Same as table 2 but for low dust years 2003, 2005, 2007 and 2008.

All trajectories Polluted trajectories™
Percent PMio Percent PMyo
Cluster Number concentration Number concentration
of total 3 of total 3
(pg/m’) (ng/m’)
1 161 10.9 171.6£90.2 77 47.8 235.04£91.9
2 348 23.6 177.1£112.5 153 44.0 255.8+129.5
3 255 17.3 148.9+88.6 78 30.6 247.3+98.4
5 265 18.0 170.1+133.2 88 33.2 312.6+142.4
6 162 11.1 126.3+88.3 33 20.4 259.6+111.8
7 281 19.1 137.3+62.3 63 22.4 224.84+72.5

*Trajectories associated with those concentrations higher than the average (157.2 pg/m°).
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4.3 Potential source regions and their relative contribution

The distributions of PSCF for high and low dust years are shown in fig. 4. In
high dust years (fig.4 (a)), cells with high PSCF values appeared mainly in
Xinjiang, Qinghai and Gansu provinces, that is, the potential source regions most
likely to have effect on high PM, concentration in springtime in Lanzhou were
located in the Tarim Basin and the eastern Turpan Basin in Xinjiang province,
the Qaidam Basin in Qinghai and the Hexi Corridor in Gansu. The air masses
from these potential source regions traveled along the pathways represented by
clusters 2 and 3 to Lanzhou. In low dust years (fig. 4 (b)), cells related to high
PSCF values were located in the Tarim Basin in Xinjiang, the Qaidam Basin in
Qinghai, the degradated grassland near the borders of Qinghai, Sichuan and
Gansu provinces, and the desert and Gobi desert in central and western Inner
Mongolia. The air masses from these potential source regions traveled along
pathways represented by clusters 1, 2 and 5 to Lanzhou. The effect of potential
source regions on PM;, loadings in Lanzhou is lower in low dust years than that
in high dust years.

Fig. 5 shows the distribution of weighted trajectory concentrations which
gives the information on the relative contribution of potential source regions to
PM,, loadings in Lanzhou. The potential source regions that are represented by
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Figure 4:  Potential source contribution function map of PM;, in spring during
(a) 2001, 2002, 2004 and 2006, (b) 2003, 2005, 2007 and 2008.
Darker colors indicate greater potential source.
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Figure 5:  Concentration-weighted trajectory method analysis map of Lanzhou
in spring during (a) 2001, 2002, 2004 and 2006, (b) 2003, 2005,
2007 and 2008. Darker colors indicate greater influence.
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CWT values higher than 250ug/m’® (fig. 5(a)) include the Tarim Basin and the
Turpan Basin in Xinjiang, the deserts near the border of Xinjiang and Gansu, the
Qaidam Basin in Qinghai, and the Hexi Corridor in Gansu. In low dust years
(fig. 5(b)), the potential source regions are mainly located in the southern
Taklimakan Desert and the Gobi Desert in eastern Xinjiang, the Gobi Desert in
central and western Inner Mongolia and the Qaidam Basin in Qinghai. The
contribution of these potential source regions to the PM, loadings in Lanzhou
was 150pg/m’ to 200pg/m’ in low dust years.

The PSCF and CWT analyses give somewhat different results for Lanzhou.
Compared to the PSCF results (fig. 4(a)), CWT results (fig. 5(a)) give more
detailed information on source regions. For example, three more source regions
can be seen in the CWT results, i.e. the Gobi Desert in Inner Mongolia, the
Losses Plateau, and the western Sichuan and regions between Shaanxi and
Gansu. The former two regions were not the major potential source regions as
they had less affect on the PM,y loadings in Lanzhou. The third regions
correspond to the “southerly sources” in Wang et al. [7]. The distribution of
source regions in low dust years was similar to that in high dust years. Compared
to the PSCF results (fig. 4(b)), the CWT results (fig. 5(b)) reveal more source
regions, e.g. the Tengger Desert, the edge of the Gurbantunggut Desert, the
northwestern Gansu and Qinghai, the Gobi Desert in Inner Mongolia and the
borders of Sichuan, Gansu and Shaanxi.

5 Conclusion

The atmospheric pathways, potential source regions and their relative
contribution to the high PM,, loadings in Lanzhou were identified by trajectory
clustering techniques, potential source contribution function (PSCF) model, and
concentration-weighted trajectory (CWT) method. Results indicate that the
western and the northwestern pathways, accounting respectively 33% and 19.4%
of all trajectories, were major pathways leading to high springtime PM;, loadings
for Lanzhou in high dust years. However, the most important and the second
important pathways were the western and the northern pathways in low dust
years. In high dust years, the potential source regions were mainly located in the
Tarim Basin and the Turpan Basin in Xinjiang, the border regions between
Qinghai and Gansu, and the Hexi Corridor. In low dust years, the potential
source regions were the Tarim Basin and the Turpan Basin in Xinjiang and the
border regions among Xinjiang, Qinghai and Gansu. There were also some
moderate potential sources including the northerly source, the southerly source
and the Loess Plateau source. The northerly source was mainly distributed in the
desert and Gobi desert in Inner Mongolia, the southerly source was in the border
regions of Sichuan, Gansu and Shaanxi, and the Loess Plateau source was in the
central areas of Shaanxi province. Although the potential source regions are
similar in the high and the low dust years, the transport pathways and the relative
contribution to PM;, loadings in Lanzhou are different.

It should be emphasized that the current study was conducted for spring.
More research are needed to provide more detailed scientific basis on improving
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the air quality in Lanzhou, especially the transport pathways and source regions
for winter pollutants need to be identified by combining event analysis with
high-resolution numerical simulations.
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