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Abstract

The influence of air pollutants, particularly aerosols, on regional and global climate
is widely investigated, but only a very limited number of studies reports their impacts
on everyday weather. In this work, we present for the first time direct (observational)
evidence of a clear effect how a mixed atmospheric pollution changes the weather
with a substantial modification in air temperature and rainfall. By using comprehensive
measurements in Nanjing, China, we found that mixed agricultural burning plumes with
fossil fuel combustion pollution resulted in a decrease of solar radiation by more than
70 %, of sensible heat flux over 85 %, a temperature drop by almost 10K, and a change
of rainfall during daytime and nighttime. Our results show clear air pollution — weather
interactions, and quantify how air pollution affects weather with the influence of air
pollution-boundary layer dynamics and aerosol-radiation-cloudy feedbacks. This study
highlights a cross-disciplinary needs to study the environmental, weather and climate
impact of the mixed biomass burning and fossil fuel combustion sources in the East
China.

1 Introduction

Air pollution and weather forecast are traditionally considered as two separate topics
of interest in the field of atmospheric science. Synoptic weather is known to be an
important factor driving air pollution episodes through processes like turbulent mixing,
long-range transport, photochemical production and deposition (e.g. Hegarty et al.,
2007; Ding et al., 2009; Zhang et al., 2013). Many efforts have been put into devel-
oping methods of air quality prediction based on the numerical weather forecasts (Ja-
cobson, 2001a; Otte et al., 2005; Byun and Schere, 2006). However, only very few
attempts were performed to investigate the weather-air pollution relations on the other
way round, i.e. to understand the effects of air pollution on synoptic weather (e.g. Grell
et al., 2005, 2011).
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Due to a rapid industrialization and a vast consumption of fossil fuel (FF), China
has been suffering from poor air quality for decades (He et al., 2002; Richter et al.,
2005; Ding et al., 2008; Tie and Cao, 2009). The Eastern and Northern China Plain,
which contains more than half of the population of China and 10 % of the world, is
characterized with an intense atmospheric pollution due to high amounts of FF com-
bustion (Richter et al., 2005; Chan and Yao, 2008; Tie and Cao, 2009). During the last
few years, many studies were conducted with a focus on air quality monitoring and
understanding reasons and consequences of air pollution from these anthropogenic
pollutants (e.g. Zhang et al., 2003, 2013; Xu et al., 2008; Ding et al., 2013). Meanwhile,
this area is one of the most important agricultural bases in China and the agricultural
activities, like intensive seasonally burning activities of agricultural straw, could cause
mixed air pollution in this region (e.g. Wang et al., 2004; Yuan et al., 2010; Zhang
et al., 2011; Ding et al., 2013). Many studies shows that biomass burning (BB) smoke
can change synoptic weather significantly (Robock et al., 1991; Andreae et al., 2004;
Feingold et al., 2005; Grell et al., 2011), and that the mixed aerosols from BB and FF
pollutions played unique roles on changing regional even global climate (e.g. Jacob-
son, 2001b; Ramanathan et al., 2007). However, to the best of our knowledge, studies
of air pollution-meteorology interactions in China mainly focused on FF pollutants (e.g.
Zhang et al., 2007; Gong et al., 2007; Qian et al., 2009; Fan et al., 2012), and there is
a lack of direct observation evidence showing the impact from either FF or BB pollutions
on everyday weather.

In this study, we report an outstanding case observed in western Yangtze River Delta
(YRD) of East China during the intensive BB period in June 2012. Based on a compre-
hensive field measurement data, we explore the important connections between the
mixed air pollution and synoptic weather in this region by showing a significant weather
modification and failure in the prediction of air temperature and rainfall by the state-
of-the-art numerical models during a heavy episode of extremely high concentration
of particulate matter due to agricultural burning and FF combustion. We briefly intro-
duce the experiment, data and modeling methodology in Sect. 2, and perform detailed
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analysis and discussions in Sect. 3. A summary and discussion on the implications are
given in Sect. 4.

2 Experiment, data and modeling
2.1 Field experiment

We performed an intensive field measurement of trace gases, aerosols, fluxes and me-
teorological parameters in Nanjing during May—June 2012 to characterize the impact
of BB activities on the environment in the western YRD of East China. Aerosols and
trace gases (O3, CO, SO,, NO, NO, and NOy) were measured at the Xianlin “flagship”
central site of the Stations for Observing Regional Processes of the Earth System
(SORPES) (Ding et al., 2013), which is located on the top a hill (about 40ma.g.l.) in
20 km east of suburban Nanjing (118°57' 10" E, 32°07’ 14" N). Ding et al. (2013) gave
detailed information of trace gases and PM, 5 mass measurements, which have been
continuously conducted at the site since July 2011. Besides these parameters, scat-
tering and backscattering coefficients were measured with a Nephelometer (Aurora
3000), and water soluble ions of PM, 5 were measured on-line with a time resolution of
1 h using Monitor for Aerosols and Gases in Air (MARGA, Metrohm Co). Sub-micron
particle sizing (6—800 nm) was measured using the differential mobility particle sizer
(DMPS) (Aalto et al., 2001; Herrmann et al., 2013). Solar radiation, sensible heat flux
were measured at an urban “satellite” flux site 15 km southwest to the Xianlin site, and
details about the instruments was given by Liu et al. (2009).

2.2 Meteorological modeling and weather forecast products

To investigate the possible modification of the pollution episode, we conducted numer-

ical weather simulation using the Weather Research Forecasting (WRF) model. We

employed the WRF Version 3.3.1 with the Advanced Research WRF dynamics solver

(Skamarock et al., 2005), to conduct 24 h mesoscale meteorological simulation for each
14380
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day during the study period. In this work, the WRF-ARW model was run in three two-
way nested domains, with a horizontal grid size of 45, 15 and 5 km, covering East Asia,
East China and the YRD region, respectively. All domains have 37 terrain-following
vertical sigma levels. A Mellor-Yamada—Janjic turbulence kinetic energy scheme was
used for PBL closure, and a Kain—Fritsch (new Eta) scheme was chosen for cumu-
lus parameterization. A similar model configuration has been applied in our previous
studies (e.g. Ding et al., 2009).

We used the NCEP Final Operational Global Analysis (FNL) data, on 1.0° x 1.0° grids
and 26 vertical pressure levels, prepared operationally every six hours, to provide the
boundary and initial conditions for the WRF simulations. This product is from the Global
Data Assimilation System (GDAS), which continuously collects observational data from
the Global Telecommunications System (GTS), and other sources, for many analyses.
The original data are available from the RDA (http:/dss.ucar.edu) in dataset number
ds083.2. We also used 12 h air temperature forecasts data provided by the European
Centre for Medium-Range Weather Forecasts (ECMWF). The data were operationally
made by ECMWF Atmospheric forecast model. The products have a horizontal reso-
lution as 0.125° x 0.125° and a temporal resolution as 6 h. Besides these simulation
results, we also referenced the daily weather forecasts report made by the Chinese
Meteorological Agency and Jiangsu Provincial Meteorological Bureau. These forecasts
were generally made based on ensemble numerical modeling products and referencing
of global modeling products from ECMWF and Japan Meteorological Agency etc.

3 Results and discussions

3.1 Chemical measurements

During 9-11 June 2012, a thick yellow haze blanketed Nanjing and adjacent cities in
the west Yangtze River Delta region. Satellite image showed a brown and a foggy belt
over Nanjing, Yangzhou and the north regions (see Fig. 1). Many cities were in heavy
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haze with very low visibility. MODIS Active fire data clearly showed that the intensive
burning activities occurred in the north of Anhui Province on 9 June 2012 (Fig. 2). Ding
et al. (2013) briefly discussed weather and air mass transport characteristics for this
case, and clearly showed the agriculture burning plumes transported from the north to
Nanjing and adjacent areas on 10 June 2012.

We observed extremely high PM mass and number concentrations together with high
concentrations of trace gases like CO, NOy, and SO, from late afternoon of 9 June to
the morning of 11 June (Fig. 4). In late afternoon of 9 June, 2012, the PM, 5 con-
centration experienced a sharp increase with a 5 min maximum up to 468 ug m~° at
20:00 LT, followed by the high concentration of PM, 5 mass with an average value in
excess of 200 ug m™2 that lasted for about 36 h. The total mass concentration of PM, 5
together with the water soluble ions also show that carbonaceous matter contributed
a large fraction (about 50 %) of the mass during the pollution event. A measurement
of aerosol number size distribution during the event shows high aerosol number con-
centrations, particularly in the nucleation mode sizes at 10—25 nm and in accumulation
mode sizes at 100—200 nm, indicating emissions of both ultrafine particles and larger
particles (Fig. 4). The concurrent measurement of aerosol optical properties shows that
the “dry” aerosol scattering coefficients reached up to 5000 Mm™ during the pollution
event (Fig. 3b). The real aerosol scattering was even more pronounced considering
the hygroscopic growth of aerosol particles under conditions of high relative humidity
(Kulmala et al., 2001; Malm and Day, 2001; Liu et al., 2011).

The time series of water-soluble ions of PM, 5 given in Fig. 3b also indicated a high
concentration of sulfate (SOi’), with an average value of about 40 ug m'3during the
pollution episode. Previous studies reported a high proportion of sulfate in PM, 5 (20—
30 %) in the eastern China region because of a high consumption of coal (Zhou et al.,
2009; Zhang et al., 2013). Our measurements also show a high proportion of sulfate
(~ 30 %) in the pre-episode period, but a significant drop during the event, showing an
anti-correlation with the KCI percentage (Fig. 3c). However, in the afternoon of 10 June,
the particulate sulfate fraction showed a remarkable increase, together with a plume of

14382

| Jadeq uoissnosig | Jaded uoissnoasi(

Jaded uoissnosiq | Jaded uoissnosig

ACPD
13, 14377-14403, 2013

Intense atmospheric
pollution modifies
weather

A. Ding et al.

Title Page

L

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

1|


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/14377/2013/acpd-13-14377-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/14377/2013/acpd-13-14377-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

gas phase SO, and particulate sulfate with a maximum of 23.5 ppbv and 69.9 ug m=2,

respectively. As the biomass burning produces smaller emissions of SO, and sulfate
than FF combustion, these results suggest a mixture of pollution from FF combus-
tion and BB plumes. A high percentage of KCI (about 10 %) and carbonaceous matter
(about 50 %) of the mass during the event confirmed that Nanjing was influenced by
young BB smoke (Li et al., 2003). The measurements also showed a very high concen-
tration and fraction of sulfate (SOi‘) in the PM,, 5 mass, especially in the afternoon of

10 June when sulfate reached a maximum concentration of 69.9 ug m~3 accompanied
with a SO, plume over 20 ppbv.

The scatter plots of KCI, sulfate and CO vs. PM, 5 mass concentration for the episode
and non-episode days given in Fig. 5 suggests a remarkable difference in the chemical
composition of particulate matter during the episode and non-episode days. A higher
KCI/PM, 5 ratio, and a lower sulfate/PM, 5 and CO/PM, g ratios were well defined, sug-
gesting a different emission and chemical characteristics of the BB and FF combustion
plumes. Examining of black ellipses given in Fig. 5a—c, which mark the data on the
afternoon of 10 June, suggests that the observed air masses had a clear signal of BB
plumes (see high KCI/PM, 5 ratio in Fig. 5a) and also had signals from FF combustion
(see the marked data and the blue regression line of SOi’ and CO vs. PM, 5 in Fig. 5b
and c, respectively). These results further confirm that the pollution on 10 June was
caused by a mixture of particulate pollutants originating both from the FF burning and
from the BB activities.

3.2 Evidences of weather modification

The high concentrations of scattering and absorbing aerosols could affect significantly
the radiative transfer of solar radiation during the episode. Both measured solar radi-
ation intensity and sensible heat flux showed very low values on 10 June (128.5 and
21.6Wm2in average) in comparison with non-episode days (580.9 and 172.4Wm™2
in average, see Fig. 3a and Table 1). Interestingly, a weather forecast from the local
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meteorological agency suggested a daily maximum air temperature as high as 34°C
and formation of thunderstorms in the afternoon of 10 June in Nanjing. However, the
measured daily maximum air temperature rose only up to 26.5°C, and no any rainfall
occurred in Nanjing and the surrounding cities during that afternoon. The difference
between the forecast and the observations indicate a modification of weather by the air
pollution.

In order to understand to what extent the air pollution changed the regional and
local meteorological conditions, we compared the observed surface air temperature
with WRF simulations and NCEP FNL data for the three cities, Nanjing, Yangzhou
and Hefei, in the period of 8-11 June (Fig. 6a—c). The simulations and data showed
a good agreement with observations for the three cities when heavy air pollution was
not present. However, a large difference in the air temperature occurred in Nanjing on
10 June, with a daily maximum anomaly as large as 7.1°C. At Yangzhou the difference
was 5.9°C and 9.2°C on 9 and 10 June, respectively. Even larger differences were
detected between the FNL data and the observations. For Hefei city, which was not
affected by the pollution event during the four days, only a small difference (~ 1.2°C in
average) was found between the simulated and observed air temperature.

Here our results suggest a much more substantial cooling (5-10 °C) associated with
extreme pollution events than previously observed (1-5 °C) under the influence of for-
est fire smokes in remote areas like Amazon, Africa, Siberia and West United States
(Wexler, 1950; Robock, 1991; Carmona et al., 2008). Since clouds also play an im-
portant role in the radiative transfer (Andreae et al., 2004; Li et al., 2011; Wang et al.,
2012), we calculated the ratio of “blocked” solar radiation over PM, 5 mass (R_.SR/PM).
Figure 3c shows a similar diurnal pattern of the ratio on 10 June with 8-9 June but
a different one on 11 June, on which day the high peaks of the ratio were associated
with thick clouds. These results suggest that the substantial drop of solar radiation was
associated with the atmospheric pollution rather than with clouds on 10 June. This
could be confirmed with visual observations: the sun was seen in the sky on that day,
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but it looked like an orange in color in broad daylight in Nanjing (see the left-up corner
of Fig. 1).

To further understand the difference in vertical air temperature profiles, we compared
results from radiosonde measurements, WRF simulations, FNL data and ECMWF 12h
forecasts at Nanjing for 20:00 LT of 9—11 June (Fig. 6d). On the pre- and post-event
days, the numerical models agreed quite well with the radiosonde data, but for 10 June,
a significant difference is apparent extending from the surface to the 950-hPa level.
Converting the temperature profile into potential temperature identified a stable bound-
ary layer below 900 hPa, which corresponds approximately the lowermost 1 km of the
planetary boundary layer (PBL). This kind of inverted potential temperature profile is
very likely caused by the heat absorbed to the suspended aerosols like black carbon
in the upper PBL, whereas the lower PBL cools down due to reduced amount of so-
lar radiation reaching down to the surface. Previous studies have reported such kinds
of effects in smoke plumes and suggested that the upper level heating together with
a surface cooling could increase the PBL stability (Andreae et al., 2004; Feingold et al.,
2005).

Besides the direct effects and associated feedbacks outlined above, there are indi-
cations that aerosols affected the precipitation pattern, especially convective precipi-
tation. Figure 7 shows a comparison of WRF simulated and observed 6 h rainfall over
Jiangsu Province for the periods of afternoon of 10 June and early morning of 11 June
2012. For the afternoon of 10 June, it can be clearly seen that the WRF simulation sug-
gested a convective rainfall occurred in Nanjing and the south region with a scale about
100 km, with the rainfall center passing by Nanjing around 14:00 LT, corresponded with
the sharp drop of air temperature shown in Fig. 7a. The WRF simulations are consistent
with the weather predictions by the local meteorological agency.

However, the observations did not show any rainfall on 10 June in Nanjing or the
surrounding regions until during the early morning of 11 June when storms occurred in
north of Jiangsu Province with 6 h rainfall over 13 mm, about 120 km away from Nanjing
(see Table 2). The WRF simulation predicted convective rainfall there, but the predicted
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pattern deviated from the observed one, with the latter showing a stronger rainfall in
coast region and an isolated precipitation center in the north of Nanjing (see Fig. 7b and
Table 2). Previous studies in Amazon suggest that biomass-burning plumes can cause
a decrease or an increase of cloudiness depending on the height of plumes (Feingold
et al., 2005). Researches also suggest that a suppression of low-level aerosol rain-
out/washout may cause intense thunderstorms and large hail (Andreae et al., 2004;
Rosenfeld et al., 2008). In this case, the pollution seems to have both features de-
pending on the time of the day and location. The increased daytime PBL stability and
the reduced convection might be the main causes for burning off of the mesoscale
convection system in the afternoon.

4 Summary and implications

Here we have shown how significantly the intense air pollution modifies the local syn-
optic weather by influencing solar radiation, sensible heat flux, air temperature and
precipitation. This leads a crucial failure of daily weather forecast under a condition
of mixed agriculture burning plumes and FF combustion pollutants. The above find-
ings from this case are suggestive of strong positive feedback mechanisms between
a heavy aerosol loading, radiative transfer, air temperature profile/stability and precip-
itation. We summarize the main processes and their interactions in a schematic fig-
ure (Fig. 8). Here the enhanced PBL stability initiated by the pollution suppresses the
vertical mixing and dispersion of the pollutants, resulting in more intense pollution in
the lower PBL. The cooling of the PBL and resulting increase in the relative humidity
amplify the feedback further by increasing the aerosol scattering coefficient through
hydroscopic effects (Malm and Day, 2001; Liu et al., 2011). The changed PBL stability
and the mixed aerosols further modify cloud properties and the precipitation patterns.
These feedbacks between air pollution-boundary layer dynamics and aerosol-radiation-
cloud interactions suggest important implications in the following aspects.
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Firstly, from the weather forecast point of view, this case clearly demonstrates that
heavy and complex air pollution could modify weather in a substantial way in China.
Although on-line coupled models have recently been developed and improved, and
may have capability to address some of these interactions and feedbacks (Grell et al.,
2005, 2011), their performance is not sufficiently evaluated in heavily polluted areas
like in the East Asia. The real-time changed emissions like manmade agriculture fires
also challenge the capability of numerical weather forecast.

Secondly, for the aspect of air pollution control measures, the mechanisms shown in
Fig. 8 suggests that change of PBL stability by a unwind regional plumes may further
enhance the accumulation of local anthropogenic pollutants in lower PBL and cause
extreme air pollution around the surface. Currently, complains were often heard that off-
line air quality forecast models sometimes significantly underestimated the extremely
high pollution concentrations in megacities in the eastern and northern China. The
main reasons could be because that the interactions of PBL-air pollution plays impor-
tant roles but were not included in the offline forecast models. However, for the North
and East China a fully coupled meteorology-air quality model should be needed be-
cause this region is facing frequent heavy aerosol pollution and also with a complex
multi-scale distribution of pollutant emission (i.e. from single city, city clusters to re-
gional scales, mixed BB/FF sources).

Finally, though this study is an extreme case observed until recently with advanced
measurement techniques, a statistics of 11 yr (2002—-2012) MODIS active fire data sug-
gests that there was a well-defined BB band located from the central to eastern China,
which overlapped with high rate of FF combustion emission (Fig. 9). The seasonal vari-
ation of the fires suggests that June (mainly in the first two weeks of June), the fires
data have a portion up to 70 % of the entire year in average. Because the early and
middle June is the Pre-Plum rains (Meiyu) period (Fu, 1982) with strong radiation, mak-
ing this eastern China one of the unique region in the world for studying the impact of
mixed BB and FF pollutions on the environment, weather and even regional climate.

14387

| Jadeq uoissnosig | Jaded uoissnoasi(

Jaded uoissnosiq | Jaded uoissnosig

ACPD
13, 14377-14403, 2013

Intense atmospheric
pollution modifies
weather

A. Ding et al.

Title Page

L

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

1|


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/14377/2013/acpd-13-14377-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/14377/2013/acpd-13-14377-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

This study further highlights the significant role of comprehensive measurements
based on “flagship” station suggested by Hari et al. (2009), and also suggests a way
forward of cross-disciplinary efforts, including meteorology and atmospheric chemistry
and physics utilizing both observations and modeling, in improving the understanding
of the earth system processes and their interactions in this region monsoon region with
intensive human activities.
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Table 1. Solar radiation, sensible heat flux and PM, ; mass for episode and non-episode days.

ltems

Episode day (10 June)

Pre- and post- episode days

Maximum solar radiation

Maximum sensible heat flux

PM, s mass

128.5Wm™2 (12:00LT)

21.6Wm™2 (12:00LT)

261 pugm™= (12:00LT)

Average: 580.9 Wm ™2
618.3Wm™2 (11:30LT 9 June)
578.9Wm™2 (12:00LT 11 June)

Average: 172.4Wm™2
177.0Wm™2 (12:00 LT 9 June)
167.8Wm™2 (13:00LT 11 June)
Average: 85pugm™2
104 ugm~2 (11:30LT 9 June)
66 ugm™2 (12:00LT 11 June)
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Table 2. Observed and WRF simulated rainfall at Points AA’, BB’ and CC’ in Fig. 7.

ltems WRF simulated Observed rainfall
rainfall (mm) (mm)

Point AA’ 12.0 0.0

(12:00-17:00 LT, June)

Point BB’ 0.0 13.5

(00:00-05:00LT, 11 June)

Point CC’ 6.2 22.0

(00:00—-05:00LT, 11 June)
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Fig. 1. A TERRA satellite true color image of East China on 10 June 2012. Note: the satellite
image were provided by MODIS Rapid Response Subsets of NASA. The left-up corner gives
a photo of the sun seen from the ground at 10:30 LT of 10 June 2012 in Nanjing.
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Fig. 2. A map showing emission inventory of carbon monoxide and fire events on 9 June 2012 in Full Screen / Esc

the study region. Note: CO emission inventory was provided by Q. Zhang at Tsinghua University
(Zhang et al., 2009). The fire data was MODIS Collection 5 Active Fire Product provided by
University of Maryland (Giglio et al., 2006).
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Fig. 3. (a) Solar radiation, sensible heat flux and relative humidity recorded at a urban flux
site of SORPES. (b) PM, ;mass, water soluble ions, aerosol scattering coefficient (at 650 nm)
and SO, measured at the SORPES Xianlin site. (¢) Proportions of sulfate and KClI in the to-
tal PM, s mass and the ratio of “blocked” solar radiation over the PM, 5 mass concentrations
[R-SR/PM = (Ref_SR-SR)/PM, 5] at the Xianlin Site. Note: a reference of clear-sky solar radia-
tion (Ref_SR) was determined from the measured solar radiation in the afternoon of 13 June,
when Nanjing was cloud-free and with relatively low PM, 5 (~ 50 ug m's).
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Fig. 4. (a) Aerosol size distribution measured with a Differential Mobility Particle Sizer (DMPS), Tl Ea e B

(b) integrated total particle number concentrations in the sub-micron size measured at the
SORPES Xianlin site.
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Fig. 6. A comparison of (a) 2m air temperature from the WRF simulation, FNL and from the
observations, and a daily mean air pollution index in Nanjing, (b) and (¢) same as Fig. 6a but for
Yangzhou and Hefei City, respectively, and (d) comparisons of air temperature vertical profiles
from the WRF simulations, FNL data, ECMWF forecast products and radiosonde measurement
over Nanjing at 20:00 LT for 9—-11 June 2012.
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Fig. 7. A comparison of observed and WRF simulated amounts of precipitation. (a and b)
Observed 6 h total rainfall in Jiangsu Province for the period of 12:00-17:00 LT on 10 June and
00:00-05:00LT on 11 June 2012, respectively. (¢ and d) WRF simulated 6 h total rainfall in the
study region for the periods of 12:00-17:00 LT on 10 June and 0:00-05:00 LT on 11 June 2012,
respectively. Note: unit of rainfall is mm. The observed rainfall data were obtained from Jiangsu
Automatic Meteorological Observation Network of Jiangsu Provincial meteorological Bureau.
Points AA’, BB’ and CC' are marked for the statistics in Tables 2.
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Fig. 8. A schematic figure for interactions of air pollution-PBL dynamics and aerosol-radiation-
cloud under a condition of mixed agriculture burning plumes and fossil fuel combustion pollu-
tants. Note: yellow bands show the radiative transfer of solar radiation. The brown solid and
dashed lines mean the air temperature profiles for episode and non-episode cases, respec-
tively. The black thin dashed line represent the top of fossil fuel combustion plume under a non-
episode condition. The plus (+) and minus (-) signs mean enhancement and reduction of
a target process, respectively.
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Fig. 9. A map show anthropogenic emission inventory of CO (Zhang et al., 2009) and averaged
active fire data during 2002—2012 over Asia based on MODIS Collection 5 Active Fire Product.
The up-left corner shows seasonal variation of month percentage of active fires during the 11 yr.
Note: the color (from yellow to black) and size of rhombuses represent the intensive of fires per
grid.
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