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Abstract The black carbon (BC) concentration over the southeastern Tibetan Plateau is modulated by
atmospheric intraseasonal variations and in turn affects atmospheric circulation through both direct
radiative atmospheric warming and surface cooling. Based on an intraseasonal dry-wet phase transition over
the southeastern Tibetan Plateau, we investigated the short-term radiative-dynamic coupling of the
atmosphere with changes in the concentration of BC using both observations and numerical sensitivity
experiments. The observed local concentrations of BC increased by >50% as a result of the enhanced
convergence and upward migration associated with the development of an intraseasonal anomalous
lower-level cyclone. Calculations using an offline radiation transfer model showed that this increase in BC
concentration led to ~4 W/m2 of atmospheric radiative warming and ~2 W/m2 of surface radiative cooling.
Consequently, an anomalous lower-level cyclone with an average wind speed of 0.5 m/s (~10% of the natural
change from a dry to a wet phase) developed in a linear baroclinic model and an aerosol-aware WRF model,
which was mainly a result of the atmospheric warming while the surface cooling played only a minor role.
Although the change in precipitation was small, cloud fraction was significantly increased due to the
enhanced upward motion in the atmosphere. This warrants further studies of cloud adjustments to the BC
concentration on both cloud fraction and microphysics aspects. The present study illustrates that
consideration of aerosol-circulation coupling is imperative to advance the subseasonal prediction of
atmospheric circulation.

Plain Language Summary The present study illustrates that consideration of aerosol-circulation
coupling is imperative to advance the subseasonal prediction of atmospheric circulation.

1. Introduction

The Tibetan Plateau (TP), with its high mean elevation of >4,500 m, has a significant influence on
atmospheric circulation through local thermal forcing (Wu et al., 2015; Yeh et al., 1957). For example, Liu
et al. (2007) showed that the diabatic heating caused by the TP in summer enhances the development of
anticyclones in the upper troposphere over the TP and produces an intraseasonal oscillation. Intraseasonal
variations (ISVs) dominate the variation in dry-wet conditions over the TP in summer (Endo et al., 1994;
Yamada & Uyeda, 2006; Zhan & Li, 2008), which, in turn, strongly affect the initiation and development of
drought and flooding in the downstream Asian monsoon region during the boreal summer (Duan et al.,
2012; Tao & Ding, 1981). Therefore, an understanding of ISVs on the TP is crucial in improving the extended
range forecast for both local and downstream regions.

The ISV is particularly strong for precipitation over the southeastern TP (SETP; see Figure 1 in Yang et al.,
2016), where the circulation anomaly is characterized by a developing lower-level cyclone (LLC) during the
transition from dry to wet spells. In its developing phase over the SETP, the LLC is initiated by the prewarming
of lower levels of the atmosphere and is subsequently enhanced by midlevel latent heating (Yang et al.,
2016), which is essentially caused by perturbations of the wave train in midlatitude and/or lower latitudes
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(Hu et al., 2016; Wang & Duan, 2015). The anomalous LLC is usually accompanied by strong upward motion of
the local atmosphere and lower-level atmospheric convergence (Yang et al., 2016; Zhang et al., 2014), which
is likely to transport atmospheric pollutants from surrounding regions.

The areas surrounding the TP have become hot spots for black carbon (BC) emissions in recent decades (Xia
et al., 2011). The prevailing southwesterly/southeasterly winds transport BC aerosols to the TP from northern
India (Zhao et al., 2013), western and central China (Kopacz et al., 2011; Ming et al., 2009) and Nepal, the
Middle East, Pakistan, and other countries (Bucci et al., 2014; Li et al., 2016). Because BC strongly absorbs
shortwave radiation, previous studies have mainly concentrated on the long-term climatic effects of BC, such
as increasing radiative heating of the atmosphere (He et al., 2014; Lau et al., 2006) or reducing the albedo of
snow (Kopacz et al., 2011; Lee et al., 2016; Qian et al., 2011). Lau et al. (2006, 2010) proposed the elevated heat
pump hypothesis, which posits that atmospheric heating by deep layers of BC accumulated over the
Himalayan foothills may lead to increased precipitation in the foothills during the early monsoon season
(from early June to mid-July). However, there have been few studies of the shorter-term (intraseasonal and
synoptic) modulating effects of BC on atmospheric circulation over the TP.

There have been several studies on themeteorological impact of aerosol loading on intraseasonal timescales.
Aerosols can bemodulated by the Madden-Julian oscillation, which is a typical intraseasonal oscillation in tro-
pical regions (Tian et al., 2008). There have also been many modeling studies on the impact of aerosols on
meteorology—for example, aerosols may affect atmospheric circulation in the transition from breaks in the
Indian monsoon to active spells (Manoj et al., 2011), as well as the development of cyclones in northern
America (Thompson & Eidhammer, 2014). Coupling and feedback have often been implied in these previous
studies, but without a clean demonstration of the effects.

This study investigated short-term aerosol-circulation coupling based on an intraseasonal rainfall event. We
studied the characteristics of the BC spatial distribution changes associated with the quasi-9-day ISV circula-
tion, its radiative forcing, and its feedback on circulation over the SETP in summer. The study is limited to the
direct radiative effects of BC and the coupling of BC-cloud microphysics, whereas the effect of BC on the sur-
face albedo is not included.

Section 2 introduces the data sets and model description. Section 3 describes spatial distribution change of
BC concentration during the ISV and the associated changes in circulation using reanalysis meteorological
and aerosol data sets. Section 4 illustrates BC effects on the circulation, which is estimated through three-
stage numerical simulations using an offline radiation transfer model, a linear baroclinic model (LBM), and
an aerosol-aware WRF (Weather Research and Forecasting) model, and the conclusion and discussion are
given in section 5.

2. Data Sets and Models
2.1. Data Sets

We use daily rainfall data sets from the 0.25° × 0.25° gridded stations of the China Meteorological
Administration (Wu & Gao, 2013). The daily circulation data are retrieved from the European Centre for
Medium-Range Weather Forecasts ERA-Interim data set (Dee et al., 2011; Simmons et al., 2007) at a resolution
of 1.5° × 1.5° (http://dataportal.ecmwf.int/data/d/interim_daily/). Because BC measurements are unavailable
for our case study, MACC-II (Monitoring Atmospheric Composition and Climate Interim Implementation;
Peuch et al., 2014) aerosol reanalysis data sets from the European Centre for Medium-Range Weather
Integrated Forecasting System (Benedetti et al., 2009; Morcrette et al., 2009) are used to provide the three-
dimensional BC concentrations (mixing ratio kg/kg) and the aerosol optical depth (AOD). The MACC-II data
sets have a horizontal resolution of 1° × 1° and a vertical resolution of 60 levels at 6-hr intervals. The BC emis-
sions are primarily from the Global Fire Emission Database, Speciated Particulate Emissions Wizard, and
Emission Database for Global Atmospheric Research data sets. To verify the change in the distribution of
BC, we also examine our results using the Second Modern-Era Retrospective Analysis for Research and
Applications (Molod et al., 2015) reanalysis data set produced by the Goddard Earth Observing System ver-
sion 5 (Rienecker et al., 2008) using the Goddard Chemistry, Aerosol, Radiation, and Transport (Chin et al.,
2002) model. The two data sets give very similar results. We selected a case study from summer 2008 because
aerosol reanalysis data sets are more reliable after 2006 with the inclusion of more satellite observations.
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2.2. Model Description

We used three numerical models to simulate the BC effects in different
stages. First, an offline radiation transfer package calculates the directive
radiative forcing associated with BC changes during an ISV events, then
the calculated radiate forcing is incorporated into the LBM to estimate
the first-order effect on the circulation, and lastly, simulations with an
aerosol-aware WRF model are to provide a more-realistic perspective of
circulation changes caused by the BC variation. All three models are briefly
introduced below, and details on the experiment setup are given in
section 4 for each individual model.

The offline radiation transfer package is constructed based on the RRTMG
(the rapid radiation transfer models for application to general circulation
models) shortwave and longwave radiation schemes (Iacono et al., 2008)
in the WRF model. It reads meteorological fields (including atmospheric
profiles and surface properties) from the WRF output and the prescribed
multiple-component aerosol fields (including sulfate, organic carbon, BC,
sea salt, and dust) and then calculates the radiative properties of aerosols
using subroutines imported from the WRF-Chem Model.

We use a dry version of the global, time-dependent, and primitive equation LBM (Watanabe & Kimoto, 2000).
The LBM has been built up to examine linear dynamics in the atmosphere—for example, to compute a steady
linear response to prescribed forcing. It facilitates an understanding of complicated feedback by giving a pure
linear response of the atmospheric circulation to specific heating profiles over specific domains in the
dynamic atmosphere. We purposely remove the moisture process in order to identify the circulation
response to prescribed BC induced radiative effects.

The aerosol-aware WRF, based on the WRF model version 3.6.1, includes online simulation of aerosol direct and
indirect effects using prescribed multicomponent aerosol fields (Chen et al., 2017). Similar to the offline radiation
transfer package, it calculates the radiative properties of aerosols using subroutines imported from theWRF-Chem
Model. Soluble aerosol species (sulfate and sea salt) are converted into equivalent ammonium sulfate based on
their hygroscopicity and serve as cloud nuclei in a two-moment cloud microphysical scheme (Chen et al., 2015;
Chen & Wang, 2016; Cheng et al., 2007, 2010) to account for aerosol-cloud-radiation interactions. We fixed the
equivalent amount of ammonium sulfate to exclude the effect of aerosols on the cloud nuclei. Therefore, in this
study, the WRF model includes the radiative effects of BC and cloud adjustments to take account of changes in
the meteorological conditions but does not include the microphysical interactions of BC with clouds. The other
physical processes are configured using the Kain-Fritsch scheme (Kain, 2004) for cumulus convection, the Noah
scheme (Chen & Dudhia, 2001) for land surface interactions, the Monin-Obukhov scheme (Monin & Obukhov,
1954) for the surface layer, and the Yonsei University scheme (Hong et al., 2006) for the planetary boundary layer.

The horizontal resolution of the WRF model in this study is 15 km with 49 vertical levels. The model is driven
by meteorological forcing from the ERA-Interim Reanalysis data set, and the sea surface temperature is fixed
throughout the simulation. The aerosol data sets are taken from the MACC-II and Second Modern-Era
Retrospective Analysis for Research and Applications data sets. The simulation domain of WRF covers the
region between 21–42°N and 80–112°E (shown in Figure 5). The refractive index of BC keeps constant as
1.95 + 0.79i throughout the simulation so that the BC aging process is not included. Only the BC concentra-
tions change in the numerical experiments, and the concentrations of sea salt, dust, organic carbon, and sul-
fate remain unchanged. This study applied the WRF model to investigate the effect of BC on short-term
changes in circulation by inputting two types of prescribed BC distributions.

3. Changes in BC Concentrations With ISVs on the SETP
3.1. The ISV Event and Associated Circulation Features

In a similar manner to Yang et al. (2014, 2016), we used two criteria to identify a typical ISV event of rainfall
over the SETP: (1) The absolute amount of maximum/minimum amplitude anomaly in the wet/dry phase
exceeds 1 standard deviation of the time series of the summer (June-July-August) intraseasonal

Figure 1. Time series of total (red bar, scale on left-hand y-axis) and filtered
(blue line, scale on right-hand y-axis) rainfall averaged over the southeastern
Tibetan Plateau core region (28–34° N, 90–100° E) in the quasi-9-day
rainfall event in summer 2008. The two dotted black lines show the peak dry
date (28 June 2008) and the peak wet date (3 July 2008), and the two dashed
black lines mark 1 standard deviation of summer rainfall. Units: mm/day.
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Figure 2. Spatial evolution of the quasi-9-day component winds from the peak dry date to the peak wet date at (a) 200, (b) 500, and (c) 850 hPa. Units: m/s. The letter
C denotes the cyclonic anomaly, and the letter A denotes the anticyclonic anomaly.
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component, and (2) both the peak-wet and peak-dry phases in the ISV event can be clearly identified in the
time series of total rainfall. Based on previous studies, one of the most dominant ISVs is a quasi-9-day
periodicity over SETP. This anomaly is extracted based on Fourier harmonic analysis (see Yang et al., 2010,
2014). The rainfall averaged over the core domain (28–34°N, 90–100°E) is chosen as a representative
variable to distinguish the ISVs over the SETP. Using these approaches, a typical quasi-9-day event over the
SETP from 28 June to 6 July 2008 is selected for this study (Figure 1a). Within this cycle, a transition from a
peak dry to a peak wet phase is defined as the period from 28 June to 3 July 2008.

We next attempt to recognize the evolution of the circulation in this transition phase. Figures 2a–2c show the
evolution of the quasi-9-day component of circulation in the upper, middle, and lower levels of the atmo-
sphere, respectively. An anticyclonic anomaly propagates southeast from the northwestern TP to the SETP
roughly along the westerly jet in the upper level of the atmosphere (Figure 2a) and an anticyclonic anomaly
propagates northwest from the western Pacific to southeastern China at lower levels (Figure 2c). An anoma-
lous, well-organized LLC (i.e., convergence) gradually develops over the SETP at lower levels (500 hPa,
Figure 2b) from the peak dry to the peak wet phase. This is the most distinguishable circulation anomaly
in this transition and is accompanied by strong ascendingmotion over the SETP and lower-level convergence
toward the SETP (see Figure 12 in Yang et al., 2016). These features are consistent with the behavior of the
typical quasi-9-day mode described by Yang et al. (2016). Thus, this selected case study can be considered
as representative of the ISV over the SETP. This transition from a dry to a wet phase (the first half-cycle of
the ISV) is the focus of this study because the LLC formed during this transition and probably drove the con-
vergence of BC toward the TP.

Figure 3. (a) Time series of the aerosol optical depth (AOD) of BC (red line) and the total rainfall (blue line, units: Mm day�1) averaged over the southeastern Tibetan
Plateau core region (red box in part (b), 28–34° N, 90–100° E) at the transition period of the quasi-9-day event. (b) Difference in spatial distribution between the
maximum amount of BC (2 July 2008) andminimum amount of BC (28 June 2008) for the absolute AOD (shading) and fractional percentage AOD (contours). (c and d)
Differences in spatial distribution between the maximum amount of BC (2 July 2008) and minimum amount of BC (28 June 2008) for the absolute AOD (shading) and
the winds at 850 and 500 hPa (vectors, units: m/s). The blue boxes in represent southern and eastern areas of the TP. BC = black carbon.
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3.2. Changes in BC Concentrations Related to the ISV Event

A comparison of the time series of the AOD of BC and the average rainfall over the SETP core region showed
that the variation in BC was not in phase with the variation in rainfall during the transition phase: the peak
phase of BC led the peak wet phase by 1 day (Figure 3a). This inconsistency in the variation of BC and rainfall
may be caused by heavy washout due to rainfall decreasing the BC concentration during the peak wet phase
over the SETP core region. BC has minimum concentrations at 28 June andmaximum concentrations at 2 July
over SEPT. Figure 3b shows the spatial variation in the BC AOD between the maximum andminimum phases.
Compared with the BC minimum phase, BC in its maximum phase significantly increases by >50% over
the southern and eastern TP, southwestern China (the Sichuan Basin), and the southwest and northeast flanks
of the TP. The regions where the concentrations evidently increase, including the eastern and southern TP
(blue squares in Figure 3), are consistent with those in which the LLC anomaly (convergence) occurs

Figure 4. (a) Time (x-axis)-pressure (y-axis: hPa) diagram averaged over the core region of the southeastern Tibetan Plateau
(28–34° N, 90–100° E) for a black carbon (BC) concentration of 10�10 kg/kg). (b) Time (x-axis)-latitude (y-axis) diagram
averaged between 90° and 100° E for the AOD of BC. (c) Vertical cross section of BC concentration (10�10 kg/kg) and winds,
averaged along 28–34° N. d vertical cross section for the concentration of BC (10�10 kg/kg) andwinds (m/s) averaged along
90–100°E. The vertical velocity is expanded 10 times. The gray solid arrows in (a) and (b) represent the direction of pro-
pagating of the BC.
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(Figures 3c and 3d). The southern and eastern TP are two subregions
where there is a maximum increase in BC with regional changes in the
AOD up to a maximum of 0.012.

The BC concentration over the SETP core region experiences an evident
upward migration during this transition (Figure 4a), which corresponds
to local upward motion of the atmosphere (Figures 4c and 4d). There is a
noticeable meridional convergence of the BC concentrations (Figure 4b)
corresponding to a convergence of the lower-level meridional circulation
(Figures 3c and 3d). Therefore, the variation in BC concentration is closely
related to the corresponding variation in the circulation in the lower-
middle atmosphere during this transition. These major characteristics are
also clearly seen in the MERRA-2 data set, where there is no daily variation
in BC emissions. There may be uncertainties in the magnitude of the BC
reanalysis (Myhre et al., 2013; Samset et al., 2013), but we are currently
unable to access more reliable observational data sets for this case study.

4. Radiation-Circulation Interactions

We estimate the radiative forcing caused by changes in BC concentration
using an offline radiation transfer package and then simulate the induced
meteorological feedback (circulation, cloud, and rainfall) using the WRF
model. We use an LBM to facilitate our understanding of the changes in
circulation in the WRF model simulations. To better recognize the short-
term feedback on circulation with different spatial distributions of BC,
the numerical study uses idealized sensitivity experiments with two con-
trasting prescribed BC distributions at the times of BC minimum (28 Jun)
and maximum (6 Jul) concentration, rather than the real day-by-day varia-
tion in BC concentrations.

4.1. Radiative Forcing

Using the described offline radiation transfer model, radiative forcing is
determined by the differences in total shortwave and longwave radiation
between two sets of BC distributions, representative of the minimum BC
concentrations over the SETP on 28 June 2008 (BC minimum run) and
the maximum BC concentration over the SETP on 2 July 2008 (BC maxi-
mum run). Only the concentrations of BC change, while the concentrations
of sea salt, dust, organic carbon, and sulfate remain unchanged from the
values on 28 June 2008. We examine the sensitivity of the results to differ-
ent meteorological conditions in the RRTMG scheme using the meteorolo-
gical background in extreme dry and extreme wet phases. The results
show that almost similar radiative forcing patterns are caused by changes
in the BC concentrations. Therefore, radiative forcing is not sensitive to the
meteorological conditions in this case study and the calculations are based
on the atmospheric conditions on 28 June 2008.

Because the calculated longwave forcing is 1 to 2 orders of magnitude
smaller than the shortwave forcing, Figure 5a shows the clear sky short-
wave radiative forcing within the atmospheric column at the surface

and at the top of the atmosphere (TOA). Consistent with the variation in the spatial distribution of BC
(Figure 3), positive shortwave forcing on the atmosphere is found over the southern and eastern TP, south-
western China, and the southwest and northeast flanks of the TP. Figures 5b and 5c show that shortwave
forcing over these regions is negative at both the surface (downward) and at the TOA (upward). We further
calculate the amount of domain-averaged shortwave forcing caused by variations in the concentration of BC
over the southern (29–33°N, 85–93°E) and eastern (31–35°N, 100–104°E) TP. Within the atmosphere, the
area-averaged shortwave forcing is about 3.6 W/m2 over the southern TP and 4.3 W/m2 over the eastern

Figure 5. Spatial differences between the maximum and minimum runs of
RRTMG for black carbon for shortwave radiation (W/m2) (a) within the
atmospheric column, (b) at the surface, and (c) at the top of the atmosphere.
The green boxes represent the southern and eastern Tibetan Plateau.
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TP. At the surface, the area-averaged shortwave forcing is nearly �2.4 W/m2 over the southern TP and
�2.6 W/m2 over the eastern TP. At the TOA, the area-averaged shortwave forcing is �1.2 W/m2 over the
southern TP and �1.7 W/m2 over the eastern TP. The above forcing amplitudes are comparable with
some previous studies (Kopacz et al., 2011; Zhuang et al., 2013), which is purely induced by BC
radiative effect.

Figure 6 shows the area-averaged vertical profile of atmospheric heating over the five domains. The
whole air column becomes warmer, particularly at lower levels. The maximum heating rate over the
eastern and southern TP can reach up to >1.2 K/day at lower levels. This rate of heating over the TP
is considerable because the density and pressure over the TP are much smaller than over the
surrounding regions.

4.2. Changes in Circulation
4.2.1. LBM Simulations
We carried out six experiments to investigate the circulation response to BC radiative heating. The first five
experiments are forced by BC radiative heating respectively over the five regions, the southern TP, eastern
TP, southwestern China, the southwestern flank of the TP, and the northeastern flank of the TP according
to their heating profiles from the RRTMG scheme (Figure 6). The sixth experiment is forced by a total of five
heating profiles. We focus here on the response of the lower atmosphere to the heating forces. Figures 7a–7e
show the response of the circulation to each heating profile at 500 hPa, which is used to represent the lower

Figure 6. Differences in black carbon radiative heating rate profiles (K/day) over the five major domains over the TP and its surrounding regions from RRTMG as
shown in Figure 7. TP = Tibetan Plateau.

10.1029/2018JD029013Journal of Geophysical Research: Atmospheres

YANG ET AL. 10,888



level of the atmosphere over the TP. Consistent with the thermal adaptation theory of the atmosphere (Wu
et al., 2009), the radiative forcing by BC over both the southern and eastern TP can directly produce a clear
local LLC anomaly over the TP region (Figures 7a and 7b). Other heating forces over the surrounding
regions of the TP do not cause significant anomalies over the TP at lower levels (Figures 7c–7e).
Correspondingly, the joint response of the circulation forced by total heating over these five domains is a
remarkable LLC over the SETP (Figure 7f), which indicates that heating by BC over the southern and
eastern TP plays a major part in changing the circulation over the TP.

Figure 8. Differences in the circulation at 500 hPa between the maximum (2 July 2008) and minimum (28 June 2008) con-
centrations in (a) the observations and (b) the WRF simulation (units: m/s). OBS = observed; WRF = Weather Research and
Forecasting.

Figure 7. Responses of 500 hPa circulation to heating profiles over five specific domains in the LBM simulation (units: m/s).
The red box represents the location of heat forcing, as in Figure 6. LBM = linear baroclinic model; TP = Tibetan Plateau.
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4.2.2. WRF Simulations
The WRF simulation is driven by meteorological forcing for the period 28
June to 6 July 2008 (9 days). Two experiments are carried out. The first
experiment is a control run to evaluate the performance of the simulated
circulations in this ISV event using prescribed aerosol forcing on 28 June
2008. The second simulation adopts the approach of Chen and Wang
(2016) studying the response of the sea surface temperature to shortwave
forcing attributed to changes in the concentration of sulfate aerosols. The
9-day (28 June to 6 July 2008) simulation cycles are repeated 20 times each
under minimum and maximum BC conditions. The minimum and maxi-
mum BC conditions are similar to those defined in section 3.1. Repeating
the integration 20 times forces the model to reach a quasi-equilibrium
state. The following results are based on the average of the last 10 cycles
of the 9-day mean state. The sensitivity experiments show that the atmo-
spheric response to the radiative effects of BC are statistically significant.
The difference is compared with the significance estimation of the mini-
mum BC run using Student’s t test and a significance level of 90%.

Figure 8a shows that an LLC over the SETP is the most distinguishable
observed feature if we compare the difference in circulation between 28
June and 2 July 2008. The LLC represents the key developing circulation
anomaly in the transition from the dry phase to the wet phase during with
this ISV event over the SETP. The results show that this LLC can be repro-
duced well in the control run for the period 28 June to 6 July
2008 (Figure 8b).

Figure 9a shows the statistically significant changes in circulation in the
second experiment. The most noticeable response is a significant LLC
anomaly over the TP. The locations and magnitudes (0.5 m/s) of this LLC
anomaly are similar to the LBM results (Figure 6f). This indicates that the
LLC over the SETP is the key circulation anomaly (0.5 m/s) in the transition
period and is intensified by nearly 10% (0.5/5) relative to the natural mag-
nitude (5 m/s) of wind variation measured by wind speed.

Figure 9b shows the corresponding change in cloud fraction at lower
levels of the TP (400–550 hPa). Since no indirect effect of aerosol involves
the cloud process, the cloud change is primarily ascribed to dynamical
processes due to BC radiative forcing and associated feedback. The cloud
fraction is evidently increased by 5–15% over the SETP. The domain that
cloud fraction increases is almost consistent with the LLC region, because
the LLC corresponds to enhanced upward motion and low-level moisture
convergence that cause the increased fraction of cloud.

A cooling anomaly of 0.2–0.5° is detected over the SETP region (Figure 9c),
which could be ascribed to one of the following two reasons. One is the
direct radiative effect of the absorption by BC, which reduces the amount
of downward shortwave radiation reaching the surface as shown in
Figure 5b. The other is that the increased cloud fraction may reduce the
downward shortwave radiation, which indirectly causes surface cooling.
(Figures 9b and 9c). Because surface cooling may stabilize the boundary

layer and suppress the development of the LLC, this indicates that the atmospheric radiative effect of BC
should generate a stronger LLC anomaly than that shown here if without the feedback of surface cooling.
The results also suggest that the changes in circulation are mainly due to atmospheric radiative warming
by BC and that surface radiative cooling plays only a minor part.

We further examine the precipitation response over the core region of the TP because we assume that the
local rainfall should increase due to the enhanced LLC over the SETP. Figure 10a shows that positive

Figure 9. (a) Differences in the winds at 500 hPa between the maximum and
minimum BC runs averaged during 28 June to 6 July 2008 in the WRF
model (>90% significance level shown as red arrows) (units: m/s).
Differences in (b) cloud fraction and (c) surface temperature between the
maximum and minimum black carbon runs in the Weather Research and
Forecasting model (>90% confidence levels are shown as dots).
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rainfall signals can be detected particularly over south eastern portion of the core region but not uniform
over SETP. The mean amount of rainfall increases by nearly 6% relative to the variation in developing
phase of rainfall averaged over the positive anomalous rainfall domain of SETP (Figure 10b). The intensity
of rainfall over the TP may therefore be influenced by changes in the spatial distribution of BC. These
results also indicate it is necessary to study the adjustment effects between BC and clouds.

5. Conclusion and Discussion
5.1. Conclusion

There have been few reported studies of the coupling and feedback between circulation and aerosols on
short timescales, particularly on intraseasonal timescales. Based on a typical intraseasonal (quasi-9-day)
event over the SETP in the summer of 2008, we investigated the variation of BC concentration induced
by changes in circulation and its effects on atmospheric circulation using observations and sensitivity
simulations. In observation, the development of an LLC is the dominant feature over the SETP at the
transition from the dry phase to the wet phase. The LLC accompanies strong upward motion and
convergence toward the TP at lower levels, which increases the concentrations of BC, particularly over
the southern and eastern TP. The increased concentrations of BC warm the atmosphere, particularly in
the lower levels, due to the absorption of radiation. Atmospheric warming is increased over the TP in

particular as a result of the thinner air in this high-elevation region.
As a feedback to the radiative heating caused by BC, a weak but statis-
tically significant LLC anomaly is induced over the SETP in both the
LBM and WRF simulations. The cloud cover is also increased due to
enhanced upward motion and increased amounts of moisture caused
directly by the LLC. The surface temperature is reduced over the SETP
by the absorption of radiation by BC within the atmosphere and by
the increased cloud cover induced by the anomalous LLC.
Precipitation is also slightly increased over the SETP as a response.
This study also suggests that radiative warming of the atmosphere
dominates the changes in circulation, whereas surface radiative cooling
plays only a minor part in this case study. The above-mentioned
interaction between BC concentrations and the meteorological condi-
tions in this case study is summarized in Figure 11.

5.2. Discussion

There are several issues worthy of further investigation. This work only stu-
died the direct radiative effects of BC aerosols. The variations in cloud
cover are only caused by circulation anomalies induced by BC in this

Figure 10. (a) Total difference in rainfall between the maximum and minimum BC concentration runs averaged during
28 June–6 July 2008 in the Weather Research and Forecasting model (>90% confidence levels are shown as dots).
(b) Domain-averaged rainfall time series (black box in part (a)) at the transition in the maximum and minimum BC
concentration runs. BC = black carbon.

Figure 11. Schematic diagram for the interaction between BC and circula-
tion over the SETP in the boreal summer. Solid arrows are verified results,
and the dotted arrows denote results that need to be further verified.
BC = black carbon; SETP = southeastern Tibetan Plateau.
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study. However, there are plenty of cloud over the TP in summer, including cumulus (Li et al., 2016), stratus
(Yu et al., 2004), and cirrus (Chen & Liu, 2005; He et al., 2013; Kodama et al., 2008) clouds. Therefore, the indir-
ect effects of aerosols may have a more considerable effect on ISVs over the TP, although the climate adjust-
ment effect currently has a larger uncertainty (Stocker, 2014), especially over the TP where clouds usually
consist of a mixed phase of water and ice. The WRF model (version 3.6.1) coupled with the physics-based
two-moment microphysical scheme model used here has the ability to study the indirect effects of aerosols
on meteorological conditions (e.g., Chen et al., 2015). We plan to use this model to study intraseasonal
aerosol-meteorology coupling, including the indirect effects of aerosols over the TP, in future work. The radia-
tive properties of BC actually vary during aging (e.g., He et al., 2015) and also depend on different mixing
states (e.g., Zhuang et al., 2013), but these were not considered in this study.

This numerical experiment only considered the variation in BC, although sources of dust and sulfate/organic
carbon also exist in the surrounding areas. For example, dust over the Taklimakan Desert (Xia et al., 2008), the
Tarim Basin, the Gobi Desert, northwestern India and the Middle East (Huang et al., 2007; Kopacz et al., 2011;
Liu et al., 2008) can be transported to the TP. The ISV of the circulation could also change the spatial distribu-
tion of these other aerosols, although their concentration variation is not consistent between the two aerosol
reanalysis data sets available for this case study. The changes in the concentrations of other aerosols are
assumed to influence circulation by absorptive heating or radiative cooling, which will be investigated in
the future using more reliable data sets.

Our results show a climate-sensitive response to two types of spatial patterns of BC concentrations over the
TP induced by an ISV event on a short-term timescale. Previous studies have found that different loadings of
aerosols can affect the transition from dry to wet phases in the ISV of the Indian summer monsoon and the
Madden-Julian oscillation. Recent work (Chen et al., 2017) has shown the effect of aerosol loadings on the ISV
of the East Asian monsoon. It should be noted that we used prescribed aerosols concentrations in the simu-
lation to investigate the effect of different concentrations of BC on the short-term circulation, but we did not
include the real day-by-day variation in aerosol concentrations. Thus, the response of the circulation in the
idealized experimentmight be overestimated because we only used two extreme concentrations of BC in this
study (e.g., He et al., 2014). The most important implication of this study is that it is imperative to consider
aerosol-circulation coupling to advance the prediction of short-term changes in circulation.
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