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Abstract Extreme weather events have become more frequent and are likely linked to increases
in greenhouse gases and aerosols, which alter the Earth’s radiative balance and cloud processes. On
8–9 July 2013, a catastrophic flood devastated the mountainous area to the northwest of the Sichuan
Basin. Atmospheric simulations at a convection-permitting scale with aerosols and chemistry included show
that heavy air pollution trapped in the basin significantly enhances the rainfall intensity over the mountainous
areas through “aerosol-enhanced conditional instability.” That is, aerosols suppress convection by absorbing
solar radiation and increasing atmospheric stability in the basin during daytime. This allows excess moist air to be
transported to the mountainous areas and orographically lifted, generating strong convection and extremely
heavy precipitation at night. We show that reducing pollution in the Sichuan Basin can effectively mitigate
floods. It is suggested that coupling aerosol with meteorology can be crucial to improve weather forecast in
polluted regions.

1. Introduction

Changes in extreme weather and climate events have been observed in many regions since the 1950s
[Intergovernmental Panel on Climate Change (IPCC), 2013; Peterson et al., 2013]. Global warming due to
increased greenhouse gas emissions may increase the occurrence of extreme events [Peterson et al., 2013].
Human activities also produce more pollution particles that influence surface and atmospheric
temperatures by scattering or absorbing solar radiation [Li, 1998; Bollasina et al., 2011; Menon et al., 2002;
Ramanathan et al., 2005; Lau et al., 2006; Lau and Kim, 2006; H. Zhang et al., 2009; Bollasina et al., 2013;
Bond et al., 2013]. This is referred to as the aerosol-radiation interaction (ARI) in the IPCC [2013] report.
Aerosol particles can also act as cloud condensation nuclei (CCN) or ice nuclei (IN) [Fan et al., 2010; Tao
et al., 2012; Fan et al., 2013]. This is referred to as the aerosol-cloud interaction (ACI) in the IPCC [2013] report.

These aerosol effects may modify convection, atmospheric stability, and circulation, which influence weather
and climate [Lau et al., 2006; Bollasina et al., 2011; Fan et al., 2012; Bollasina et al., 2013; Bond et al., 2013]. In a
tropical sea breeze convective event, aerosols can enhance convection at night through aerosol-cloud-land
surface interactions [Grant and van den Heever, 2014]. The aerosol direct effect of absorbing aerosols can
reduce premonsoon precipitation by reducing surface temperature which stabilizes the atmosphere [Lee
et al., 2014]. Earlier onsets of South and East Asian monsoons and increased rainfall over the Indian
subcontinent have been linked to the absorbing aerosols over the Indo-Gangetic Plain [Lau and Kim, 2006].
Some studies have also suggested that aerosols can significantly impact severe weather by modifying
hurricanes and tropical cyclones [Rosenfeld et al., 2012; Wang et al., 2014b] and enhancing the intensities of
storm track and winter cyclones over the northwestern Pacific [Zhang et al., 2007; Wang et al., 2014a].
Recently, Saide et al. [2015] have found that smoke aerosols can promote tornadogenesis and increase
tornado intensity and longevity by enhancing the capping inversion. However, the contribution of pollution
particles to extreme weather is highly uncertain due to lack of measurements and difficulties in
parameterizing the ARI and the ACI in large-scale models [Zhang and Wang, 2011;Wang, 2013; Lim et al., 2014].

In regions with heavy anthropogenic pollution such as China and India, increases in the frequencies and
intensities of floods and droughts have been observed over the past few decades [Yao et al., 2008; Ye
et al., 2013; Fu and Dan, 2014; Sheikh et al., 2014]. Over China, the “northern drought/southern flooding”
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phenomenon has also been linked to black carbon (BC) in the atmosphere [Menon et al., 2002], although the
simulated aerosol absorption was found to bemuch stronger than the observed aerosol absorption [Lee et al.,
2007]. Absorbing aerosols have been linked to the suppression of heavy rainfall in central China [Yang et al.,
2013], while an enhancement of heavy thunderstorms has been found to be associated with hygroscopic
aerosols in southeast China [Yang and Li, 2014]. The invigoration of convection and precipitation through
the ACI for hygroscopic aerosols (i.e., effective CCN) has been reported in many other studies [e.g., Khain
et al., 2005; Rosenfeld et al., 2008; Li et al., 2011], but it is generally associated with hygroscopic aerosols
having number concentrations not exceeding an optimal value [Wang 2005; Fan et al., 2007; Li et al., 2008].
Fan et al. [2008] have shown that as the aerosol absorption capability increases, the invigoration of
convective intensity and precipitation through the ACI could turn into suppression through the ARI.

Pollution over the Sichuan Basin is especially severe due to the nearly closed deep basin topography and the
rapid urbanization and industrialization experienced in recent decades [Chen et al., 2014]. This has resulted in
a much larger aerosol optical depth (AOD) and negative surface direct forcing in summer compared with
other regions of China [Qian et al., 2003; Li et al., 2010; Chen et al., 2014]. Black carbon is the major
contributor to air pollution over the basin [Qian et al., 2003; Chen et al., 2014]. Floods have become more
frequent in summertime over Southwest China in recent decades [Ye et al., 2013]. The 2013 Southwest
China flood that occurred on 8–9 July 2013 was the worst in five decades. Beichuan County (BCH), which is
located in the mountainous regions northwest of the Sichuan Basin, suffered the most damage. There
were ~30 cm of rain within 24 h from 0800 LST 8 to 9 July at Dujiangyan. The major synoptic system
associated with the flood, shown in Figure S1a in the supporting information (SI), was a cutoff upper
airflow of the jet stream with a strong upper level low that formed a strong and persistent upper level
disturbance. This was conducive to the transport of lower level moisture by the monsoonal flow into the
south and west regions of China from the Indian Ocean and India, Bangladesh, Thailand, and Vietnam. But
why was the flood so catastrophic in the mountainous regions of Sichuan? Did the heavy anthropogenic
pollution over the Sichuan Basin play a role in the flooding?

To answer these questions, we carried out model simulations of the catastrophic flood event and associated
sensitivity simulations in this study. Ensemble simulations with five ensemble members initialized at different
times of 6 h apart (see supporting information for details) were conducted at a convection-permitting scale
(3 km) using the improved chemistry version of the Weather Research and Forecasting (WRF) model
(WRF-Chem) [Skamarock et al., 2008; Zaveri et al., 2008; Zhao et al., 2010]. The simulations covered a regional
domain of 1800 km×1650 km centered at the Sichuan Basin (red box in Figure S1b), with 40 vertical levels
up to 50hPa. Simulations with current industrial emissions [Q. Zhang et al., 2009] are referred to as P_ALL
(Table S1 in supporting information). To explore the contribution of anthropogenic pollution to the flood,
current industrial emissions were reduced to a level that is close to that of the late 1970s and early 1980s
before the China economic boom began, following Bennartz et al. [2011]. This is referred to as C_ALL
(Table S1). To isolate the contributions of the ARI and the ACI, P_NORAD and C_NORAD were conducted by
excluding ARI based on P_ALL and C_ALL, respectively. More details about the model and experiments are
included in Text S1 in supporting information. All results, including those from the sensitivity tests, are based
on the ensemble means. Time shown in this paper is the local standard time (LST, UTC+8).

2. Results

Using current industrial emissions (P_ALL), model simulations, with both ARI and ACI effects included,
capture the location and intensity of the heavy rain that was measured by rain gauges from 08:00 LST on
8 July to 07:00 LST on 9 July 2013 (Figures 1a and 1b). The observed strong storm at BCH begins at 21:00 LST
on 8 July and ends at ~05:00 LST on 9 July. Only P_ALL captures the intense precipitation rates well
(red line in Figure 1f). The observed heavy precipitation over the mountainous regions of Sichuan is
captured by the simulation (Figures 1a versus 1b), showing extremely heavy rain over BCH. Simulated AOD
generally agrees with satellite retrievals over the Sichuan Basin (Figures S2a versus S2b). Although P_ALL
overestimates AOD in the northeastern region of the domain, this should not impact our results since that
region is not in the circulation system we examined. The large AOD (up to 0.9) and high aerosol number
mixing ratio (> 1011 kg�1) in the Sichuan Basin suggest a very strongly absorbing polluted environment
in P_ALL. This falls in the extreme ARI-dominant regime under which convection should be severely
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suppressed, according to Rosenfeld et al. [2008]. The airflow of the lower atmosphere is mainly southerly and
southwesterly, and the simulation captures the circulation patterns and generally simulates the wind
direction and magnitude, as well as the time evolution of the wind fields (Figures S2d and S2e).

When the current industrial emissions are reduced to the level before the China economic boombegan (C_ALL),
the air becomes much cleaner with AOD in the Sichuan Basin generally less than 0.3 (Figure S2c). The
precipitation over the mountainous regions is reduced by 15–45% compared to P_ALL (Figures 1c versus 1b).
Averaged over the entire county of BCH, the rain rate is reduced by about 20–60% during the
main storm period (i.e., 20:00 LST on 8 July to 07:00 LST on 9 July) (Figure 1f). The region with the heaviest
precipitation (>100mm) during that period almost totally disappears in C_ALL (Figure 1c). This shows the
remarkable contribution of anthropogenic emissions to the extreme precipitation. The catastrophic floods
might not have occurred had the air pollution level been lower, even though widespread precipitation
would have still occurred over the mountains due to the meteorological conditions present at the time.

Figure 1. Accumulated precipitation during the period 20:00 LST on 8 July to 07:00 LST 9 July (the main storm period) from
(a) rain gauge observations, (b) P_ALL, (c) C_ALL, (d) P_NORAD, and (e) C_NORAD. (f) The time series of rain rate for P_ALL
(the red line), C_ALL (the black line), P_NORAD (the red dashed line), and rain gauge observation (the green line) averaged
over Beichuan County (BCH, 103.8°E to 104.8°E, 31.5°N to 32°N) where the heaviest rain was observed. Note that the
observations in Figure 1f (the gray line) are the mean values of measurements made at 19 stations in BCH, which may not
well represent the domain mean. The black contours in Figures 1a–1d are the terrain heights of 400, 450, 550 (bold), 650,
1000, 2000, and 3000m. Acronyms: CD (Chengdu) and CQ (Chongqing).
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To isolate the ARI from the ACI related to the effect of CCN in this study (the IN effect is not considered), the
P_ALL simulations are repeated with the ARI turned off (P_NORAD; Table S1). The precipitation amount
and spatial pattern resemble those under the clean environment (Figures 1d versus 1c). This suggests that
the ARI is mainly responsible for the greatly enhanced precipitation over the mountain region in the
polluted environment. To further validate the small contribution of the ACI, the C_ALL simulations are also
repeated with the ARI turned off (C_NORAD; Table S1). The precipitation of C_NORAD is very similar to
C_ALL since ARI is small under the clean environment (Figures 1e versus 1c), so only C_ALL is included for
later discussion. A comparison between P_NORAD and C_NORAD suggests that the ACI here slightly
decreases the precipitation amount and delays the peak precipitation by about 1 h (Figure 1f). Note that
the ACI effect from C_ALL to P_ALL might not be the same. The contribution of the ARI to the enhanced
precipitation is dominant due to the strong absorption of aerosols as shown in Figure 2a. This is consistent
with previous studies that have shown that the ARI dominates over the ACI under high AOD conditions
[Rosenfeld et al., 2008] and strongly absorbing aerosol environments [Fan et al., 2008].

To explore the mechanism behind how the ARI enhances precipitation over the mountainous area of
Sichuan, we first examine the aerosol distribution and air mass origins. Under a clear sky or a sky with thin
clouds, BC is the dominant absorber of solar radiation in the lower atmosphere over the region (Figure 2b).
BC emissions are mainly located in the Sichuan Basin and at Guiyan, which is southeast of Sichuan (“GY” in
Figure S1c). Back trajectories show that air originating from the GY region takes more than 24 h to reach

Figure 2. Vertical profiles of (a) total aerosol heating rate from P_ALL (the red line), C_ALL (the black line), and P_NORAD
(the red dashed line) and (b) heating rates from dust, organic carbon, and black carbon (BC) in P_ALL. (c and d) The
probability distribution frequency (PDF, %) of the updraft velocity over the basin from 14:00 to 20:00 LST on 8 July, and over
the mountains from 20:00 LST on 8 July to 07:00 LST on 9 July, respectively, from C_ALL (the black line), P_ALL (the red line),
and P_NORAD (the red dashed line). The heating rates in Figures 2a and 2b are calculated for clear-sky columns (each grid
within the column has a total condensate mass ratio of less than 10�6 kg kg�1) and averaged over the domain of the red
box marked in Figure S1c and over the daytime of 8 July (i.e., 08:00–20:00 LST).
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mountainous areas of Sichuan such as BCH (Figure 4a). However, at around 08:00 LST on 8 July, which is 12 h
before the main storm period, the precipitation, moist static energy (MSE), water vapor, and temperature
conditions in the polluted environment (P_ALL) are very similar to those in C_ALL and P_NORAD. By
further examining those quantities from the previous day (7 July), we see significant differences between
P_ALL and C_ALL (P_NORAD) in the daytime but smaller differences at night. This suggests that the
daytime ARI effect due to the absorption of sunlight in P_ALL diminishes at night due to precipitation
processes, so little difference is carried over to the next day. Hence, within the 12 h before the main storm
period, air that reaches the mountains originates from the Sichuan Basin.

We therefore focus our analysis on the airflow from the basin to the mountains on 8 July. The basin and
mountain areas are separated by a terrain height of 550m for further analysis (bold black curve in Figure S3
and other figures with topography). During the 12h before sunset, i.e., 20:00 LST on 8 July, air reaching the
mountains travels over the basin. During the main storm period, the enhanced precipitation in P_ALL
compared to C_ALL and P_NORAD occurs over the mountains (Figures 1 and S3a), with small differences in
the basin of about �4% relative to C_ALL and ~7% relative to P_NORAD (Figures 1b versus 1c). However, in

Figure 3. Time series of (a) column-integrated aerosol number mixing ratio (Naer) from P_ALL (the red line), C_ALL (the
black line), and P_NORAD (the red dashed line), (b) rain rate change between P_ALL/C_ALL (the black line) and P_ALL/
P_NORAD (the green line; e.g., (P_ALL -C_ALL)/C_ALL*100%), (c) differences in net surface radiation between P_ALL/C_ALL
(the black line) and P_ALL/P_NORAD (the green line), and (d) differences in lower tropospheric static stability (LTSS)
between P_ALL/C_ALL (the black line) and P_ALL/P_NORAD (the green line) over the (left) basin and convective available
potential energy over the (right) mountains. LTSS is calculated using the potential temperature differences between the
maximum aerosol heating level (~1.7 km) and the lowest model level (~30m). Due to the complex topography and high
terrain height over the mountains, CAPE is calculated instead of LTSS. Rain rates are averages over grid points with rain
rates larger than 0.25mmh�1. Other quantities are averaged over clear-sky grid points, which are defined as those grid
points with total condensate mass ratios of less than 10�6 kg kg�1.
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Figure 4. (a) The 24 h backward trajectories of the wind fields ending at Beichuan (BCH) at 20:00 LST on 8 July and (b) moist static energy (MSE) at 17:00 LST on
8 July with the wind field at 800 hPa from P_ALL. The gray shaded area (20 grid points or 60 km wide) in Figure 4b represents the airflow path that is used for
plotting Figures 4c and 4d. The trajectories were calculated using HYSPLIT based on the Global Data Assimilation System with 1° resolution, which is from NCEP 1° data.
We compared the NCEP and P_ALL wind fields, and they are consistent in terms of wind direction and intensity. (c) Differences in MSE (left), water vapor (middle),
and temperature (right) between P_ALL and C_ALL along the airflow trajectories marked in Figure 4b as a function of time and latitude. (d) The same as Figure 4c except
for differences between P_ALL and P_NORAD. MSE and water vapor are integrated between the surface and 8 km and averaged over the shaded area in Figure 4b.
The temperature plot shows temperatures at 1.5 km, which is close to the height at which the maximum in aerosol heating occurs. It is also averaged over the shaded
area in Figure 4b. The gray line denotes the topography (the secondary y axis on the right) as a function of time along the airflow path (averaged over the shaded area).
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the afternoon before the main storm period (14:00–20:00 LST; Figure S3b), precipitation in the basin is
suppressed in P_ALL (by �60% compared with C_ALL and �45% compared with P_NORAD), while the
differences over the mountains are small (not shown). The precipitation suppression in the basin is associated
with much weaker convection (Figure 2c) caused by the greater atmospheric stability induced by ARI during
the daytime (Figure 3d, left). The clear-sky aerosol concentration in the basin is ~2–3 times higher in P_ALL
compared with C_ALL (Figure 3a), and aerosol heating is ~ 4 times stronger at the ~1 km altitude (Figure 2a).
The ARI greatly stabilizes the atmosphere over the basin by (1) reducing surface radiation (Figure 3c), which
cools the surface and leads to reduced sensible and latent heat fluxes (Figure S4), weakening convection [e.g.,
Lee et al., 2014] and (2) heating the lower atmosphere at 1–2 km and reducing the corresponding relative
humidity, as well as the temperature contrast to the surface, which is seen in this analysis and has been
noted in previous studies [e.g., Feingold et al., 2005; Fan et al., 2008]. Therefore, compared with C_ALL (or
P_NORAD), less MSE is consumed in P_ALL during daytime in the basin due to much weaker convection. The
MSE accumulates over time due to (1) the warming by aerosol absorption of solar radiation and (2) the lesser
removal by precipitation during the daytime. The excess MSE is transported toward the mountains by the
prevailing winds. Figures 4c and 4d show the transport and accumulation of MSE toward the mountains with
time. It also shows that over the basin, the excess MSE is primarily from excess water vapor, the result of a
more stable atmosphere. Compared with C_ALL and P_NORAD, P_ALL has higher temperatures over the
basin but slightly colder temperatures over the mountains during all times at an altitude of ~1.5 km. This is
likely due to weaker (stronger) convection and precipitation in the basin (mountains). As the air that carries
the larger MSE reaches the mountains at night, the orographic uplift of the air with a larger convective
available potential energy (CAPE) (Figure 3d, right) generates significantly stronger storms (Figure 2d) with a
mean maximum vertical velocity of 21.1m s�1 averaged over the main storm period (versus 17.5/18.9m s�1

in C_ALL/P_NORAD). This leads to more extreme precipitation. This “aerosol-enhanced conditional instability”
induced by absorbing aerosols is summarized schematically in Figure 5.

3. Discussion

We propose a mechanism called “aerosol-enhanced conditional instability,” by which strongly absorbing
aerosols increase convection and precipitation downwind of a heavily polluted area. This effect could

Figure 5. Illustration of the mechanism called aerosol-enhanced conditional instability. In the polluted case with strong
absorbing aerosols (P_ALL), greater amounts of MSE build up over the Sichuan Basin during daytime because convection
is largely suppressed by the ARI compared to the clean case (C_ALL) or the polluted case without the ARI (P_NORAD). For
the latter two cases, (top) the much smaller ARI allows the stronger convection to consumemuchmore MSE over the basin.
(bottom) The excess MSE in the polluted case is transported to the mountainous area by the prevailing winds and oro-
graphically lifted, generating much stronger convection and precipitation over the mountain at night. Acronyms: MSE
(moist static energy), SW (shortwave radiation), SH (surface sensible heat flux), and LH (surface latent heat flux).
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escalate convective events to severe weather events, particularly in downwind mountainous areas that
provide an additional lifting or convective triggering. We have shown that reducing pollution, particularly
absorbing aerosols, in polluted areas would effectively mitigate the extreme precipitation in downwind
areas. For the Sichuan flooding event, the main absorbing aerosol species present in the atmosphere was
BC, which is generated from human activities. BC not only brings about health and environmental
problems but also has major climate implications, as revealed by Menon et al. [2002]. It is now linked to
extreme weather events.

Although some parts of the mechanism have been extensively studied in previous work such as the
enhanced boundary layer stability by absorbing aerosols [e.g., Ramanathan et al., 2005; Feingold et al.,
2005; Fan et al., 2008; Cherian et al., 2013], and a few past studies have also shown that aerosols can
impact severe weather features such as tropical cyclones and tornadoes [Wang et al., 2014b; Saide et al.,
2015], this study shows a mechanism that can have a remote effect on precipitation in a relatively pristine
area downwind of a polluted environment and how it can foster an extreme weather event when a
triggering mechanism such as orographic lifting exists. While this finding was discovered in Southwest
China, the mechanism proposed might apply to many other regions in the world with similar topographies
and pollution levels (e.g., the Ganges Plain in India and Los Angeles in the United States). However, the
proposed mechanism is associated with atmospheric circulation on a synoptic scale and extreme
precipitation events, so it may not be generalized to precipitation influenced by local-scale mountain-
valley circulations. This study suggests that the coupling of aerosols with meteorology could be crucial for
improving weather forecasts in polluted regions. A recent study by Saide et al. [2015] in which biomass
burning smoke was found to increase the severity of tornadoes by enhancing the capping inversion
through radiation absorption also highlighted the need to consider the feedback of aerosols in numerical
severe weather forecasting.

Increased precipitation was previously found in urban downwind regions through aerosol indirect effects
related to CCN [Van den Heever and Cotton, 2007; Carrió et al., 2010; Han et al., 2012]. In this study,
however, it is produced by ARI due to the strong absorbing nature of aerosols in the Sichuan Basin
through the mechanism of aerosol-enhanced conditional instability. The ACI, i.e., the so-called aerosol
indirect effect, is shown to be small in this study because of the large amount of BC and very high aerosol
number concentrations over the Sichuan Basin. Although hygroscopic aerosols such as sulfate could have
strong indirect effects by serving as CCN, thereby significantly invigorating clouds and precipitation [e.g.,
Khain et al., 2005; Rosenfeld et al., 2008; Li et al., 2011; Fan et al., 2013], with a high AOD of ~0.9 over the
Sichuan Basin, the ARI should be dominant over the ACI there, based on theoretical calculations done by
Rosenfeld et al. [2008]. The two-moment bulk scheme used in this study might add some uncertainty to
the ACI results because of parameterization limitations in the bulk scheme (e.g., the saturation adjustment
approach for condensation, size sorting problems, etc.), the main point of this study would not be
affected, as Fan et al. [2008], in which a bin cloud microphysical scheme instead of a bulk cloud
microphysical scheme was used, have demonstrated the dominant effects of the ARI on convection and
precipitation under strong aerosol absorption conditions.
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