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Abstract. The Asian summer monsoon is a prominent fea- The vertical mass flux of water vapor into the ULAC
ture of the global circulation that is associated with an upper-also was calculated. Results show that the TP and SS re-
level anticyclone (ULAC) that stands out vividly in satel- gions dominate other Asian regions in transporting mois-
lite observations of trace gases. The ULAC also is an im-ture vertically into the ULAC. Because convection reaching
portant region of troposphere-to-stratosphere transport. Wehe ULAC is more widespread over the TP than nearby, we
ran the Weather Research and Forecasting (WRF) model giropose that the abundant convection partially explains the
convective-permitting scales (4 km grid spacing) between 10TP’s dominant water vapor fluxes. In addition, greater out-
and 20 August 2012 to understand the role of convectiongoing longwave radiation reaches the upper levels of the TP
in rapidly transporting boundary layer air into the ULAC. due to its elevated terrain. This creates a warmer ambient
Such high-resolution modeling of the Asian ULAC previ- upper-level environment, allowing parcels with greater satu-
ously has not been documented in the literature. Compariration mixing ratios to enter the ULAC. Lakes in the Tibetan
son of our WRF simulation with reanalysis and satellite ob- Plateau are shown to provide favorable conditions for deep
servations showed that WRF simulated the atmosphere suffieonvection during the night.
ciently well to be used to study convective transport into the
ULAC. A back-trajectory analysis based on hourly WRF out-
put showed that- 90 % of convectively influenced parcels
reaching the ULAC came from the Tibetan Plateau (TP) and )
the southern slope (SS) of the Himalayas. A distinct diurnall ~ Introduction and background
cycle is seen in the convective trajectories, with a majority of
them crossing the boundary layer between 1600 and 2300 loSoutheast Asia is a region of rapidly increasing population
cal solar time. This finding highlights the role of “everyday” and emissions (Zhang et al., 2009). Deep convection associ-
diurnal convection in transporting boundary layer air into the ated with the Asian summer monsoon (ASM) can transport
ULAC. surface-based emissions into the upper troposphere/lower
WRF output at 15 min intervals was produced for 16 Au- Stratosphere (UTLS; e.g., Li et al., 2005; Randel et al.,
gust to examine the convection in greater detail. This high-2010). The upper-level anticyclone (ULAC) associated with
temporal output revealed that the weakest convection in théhe ASM appears to provide a pathway for troposphere-to-
study area occurred over the TP. However, because the Tptratosphere transport (TST; Gettelman et al., 2004; Park et
is at 3000-5000m a.m.s.l., its convection does not have t@l-» 2007), making its composition important to UTLS chem-
be as strong to reach the ULAC as in lower altitude regions istry. However, the exact role that deep convection in the
In addition, because the TP’s elevated heat source is a majd*SM plays in controlling the composition of the ULAC is
cause of the ULAC, we propose that convection over the Tpstill debated. Previous studies of the region (e.g., Fu et al.,

and the neighboring SS is ideally situated geographically to?006; Park et al., 2007, 2009; James et al., 2008; Chen etal.,
impact the ULAC. 2012) have reached varying, even contradictory, conclusions.

These previous studies were limited by coarse-resolution
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etrated the cold point tropopause, they could not be confident
that the results were realistic.

Other studies (e.g., James et al., 2008; Tzella and Legras,
2011; Bergman et al., 2012) have used horizontal winds to-
gether with radiative forcing concepts to account for dia-
batic effects (and thus vertical motion) instead of using three-
dimensional wind data. Briefly stated, cirrus clouds in the
main convective outflow region(12—14 km) absorb outgo-
ing longwave radiation, creating mesoscale regions of posi-
tive buoyancy which lead to upward transport to the UTLS at

_ _ altitudes of~16-17 km (Corti et al., 2005, 2006; specifically
JJAS 2012: MLS H20 Mixing Ratio [ppmv] @ 147 hPa . R . . .
s : | B Fig. 5 from Corti et al., 2006). Results using this “cirrus-
. . 12 o "0 o » lofting” parameterization indicated that convection has little
influence on the global-scale composition of the UTLS.
Fig. 1. Aura MLS water vapor mixing ratio (ppmv) at 147hPaav-  The abovementioned studies examined general aspects
eraged during June, ‘]OU”V* August, and September 2012. The MLt now convection impacts the UTLS. Numerous studies
Shaé%vgfrzg dbg;n;:”ln;?ja(“ztgg%by 10 longitude cells similar o 554 have focused on the influence of the ASM on the
' ' ULAC. Dunkerton (1995) showed that, from a climatologi-
cal perspective, the anticyclonic circulation associated with
the ASM extends well into the lower stratosphere (up to
~70hPa). The ASM ULAC also has been shown to be a
models and by observations that were limited in both timeregion where tropospheric tracers undergo isentropic TST
and space. (Chen, 1995). Observations of the UTLS within the ULAC

The impact of convective detrainment on the compositionvividly reveal enhanced mixing ratios of carbon monoxide
of the tropical UTLS has been discussed in many previougCO,; Li et al., 2005) and water vapor §B; Randel and Park,
studies (e.g., Fueglistaler et al., 2009, especially Sects. 3.2006; James et al., 2008) along with decreased mixing ratios
and 3.7, and references therein). Bergman et al. (2012) sugf ozone (Q; Park et al., 2007, 2008). For example, Fig. 1
gested three pathways that convectively influenced air carshows the water vapor mixing ratio from the Microwave
take: (1) air is detrained below the tropopause and recircutimb Sounder (MLS) at-146 hPa during summer 2012. The
lated back into the boundary layer; (2) air is detrained abovedistinct HbO maximum associated with the ASM ULAC is a
the tropopause, but then advected into a region of negativenajor global feature. Observations have revealed that, once
heating rates, thus leading to descent; or (3) air is detrainegollution enters the ULAC, it can become “trapped” within
above the tropopause, advected into regions of positive heathe anticyclonic circulation (Randel and Park, 2006; Park et
ing, and subsequently lofted into the lower stratosphere (seal., 2008). Gettelman et al. (2004) showed that the ASM cir-
their Fig. 1 for a schematic of these pathways). The relativeculation might provide 75 % of the totalJ@ flux into the
frequency of these pathways has not been determined. tropical lower stratosphere during the summer months, again

A common approach for diagnosing the pathways byindicating its importance to TST. Finally, air in the ULAC
which air travels to the UTLS is to perform back-trajectory is periodically subjected to long-range transport across the
analyses on a global scale (e.g., Bonazzola and Hayne®acific and can impact the air quality of the western United
2004; Fueglistaler et al., 2004; James et al., 2008; TzelleStates (Jiang et al., 2007). For these reasons, the ULAC is an
and Legras, 2011; Bergman et al., 2012) to determine thémportant feature when considering UTLS chemistry on both
sources of air comprising the tropical tropopause layer (TTL;local and global scales.

Gettelman and Forster, 2002; Fueglistaler et al., 2009). This Randel and Park (2006) showed that anomalous mixing
method allows the inference of quantitative and qualitativeratios of HO and Q in the UTLS of the ASM are corre-
information about transport into the TTL. However, the use lated with monsoonal convective events, but with a 5-day lag.
of global models in these previous studies limited their ability Other observations revealed that® at 216 hPa is highly

to make conclusive statements about the impacts of conveazorrelated with convection, but is displaced both temporally
tion. This is partially due to the coarse resolution at whichand horizontally at 100 hPa (Park et al., 2007). James et
the models were run, greatly limiting their ability to re- al. (2008) used a back-trajectory analysis to hypothesize that
solve convective-scale motions. For example, Bonazzola anthe H,O maximum in the ULAC at 100 hPa is the result
Haynes (2004) used 3-dimensional winds from the Europearf large-scale transport across the TTL, and that convection
Center for Medium-range Weather Forecasting (ECMWF)does not immediately impact the composition of the ULAC.
model at T106 resolution~1.125 x 1.125 grid spacing)  However, modeling studies have indicated that deep convec-
to calculate back trajectories from regions of TST. Although tion over India and southeast Asia can account for 30 % of
their results implied that convective transport sometimes penthe CO at 100 hPa (Park et al., 2009).
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The Tibetan Plateau has been described as a favorableomplement our WRF simulation. Section 3 uses the WRF
region for convection to bypass the cold point tropopausesimulation, results from HYSPLIT, and observations to de-
allowing warmer, moister parcels to enter the lower strato-scribe convective transport into the ULAC, diagnose regions
sphere (Fu et al., 2006). Chen et al. (2012) used Nationalhere convection impacts the ULAC most frequently, and
Centers for Environmental Prediction/Global Forecast Sys{provide physical insight into why certain geographical re-
tem (NCEP/GFS) data with*1x 1° grid spacing to diagnose gions are more important than others when considering con-
regions where boundary layer air impacts the lower stratovective impacts on the ULAC. Section 4 presents a summary
sphere during the ASM. Their results, contrary to those ofand conclusions.

Fu et al. (2006), suggested that convection over the Tibetan

Plateau plays a minor role compared to convection over the

South China Sea and Bay of Bengal. To summarize, ther®@ Data and methods

currently is no consensus on the effects of deep convection

on the chemical composition of the ULAC. In particular, no 2.1 WRF model description

agreement has been reached on the importance of different

geographical regions in transporting boundary layer air intowWe used WRF Version 3.4.1 (Skamarock et al., 2008) to
the ULAC. make simulations over three domains (Fig. 2). From outer

A common limitation of previous research examining con- to inner, the domains used 36, 12, and 4km grid spac-
vection in the ASM has been the uncertainty in the verticaling, respectively. Initial and boundary conditions came from
velocity fields from the meteorological models being used.NCEP/GFS final analyses (FNL) witl? Xk 1° grid spacing.
Deep convection occurs on the scale of a few kilometers forTemperature, horizontal winds, and moisture in the outer two
isolated cells, and hundreds of kilometers for organized condomains (dO1 and d02) were nudged to the GFS analyses ev-
vection (e.g., mesoscale convective systems; Markowski an@ry 6 h. This nudging was performed only at levels above
Richardson, 2010). Furthermore, mesoscale orographic feahe boundary layer and was used to keep large-scale features
tures often trigger convection in the ASM region. For ex- consistent with observations. Nudging was not employed in
ample, nighttime downslope flow associated with radiativethe innermost domain (d03). However, because d03 receives
cooling can collide with onshore low-level monsoon flow to its boundary conditions from d02, the nudging in d02 does
initiate deep convection over the southern slope (SS) of thenfluence d03. All analyses presented in this paper are from
Himalayas (e.g., Luo et al., 2010; Romatschke et al., 2010)d03. We analyzed only d03 because of our focus on con-
Previous studies examining the impacts of convection on thevective processes. Klich and Fuelberg (2014) performed an
ULAC (e.g., Park etal., 2009; Chen et al., 2012) could not ex-extensive analysis on the role of horizontal grid spacing on
plicitly resolve these mesoscale convective events and thererertical transport. Their results highlighted the importance
fore had to rely on convective parameterizations. Parameterief using convective-permitting scales (1-5km grid spacing)
zations vary in their assumptions, “trigger” mechanisms, andwhen simulating deep convection. All domains used here
closure techniques (e.g., Kain, 2003 vs. Grell and Devenyihad 70 terrain-following vertical sigma levels that spanned
2002). Therefore, differing model results sometimes can behe surface to 10 hPa. In the lower troposphere, the vertical
attributed to which parameterization is chosen (e.g., Taylorgrid spacing was~75-150m. In the mid- to upper tropo-
2011). To fully understand the details of deep convectivesphere and lower stratosphere, the vertical grid spacing was
transport into the ULAC, convection must be explicitly re- ~380 m. Diffusive damping was applied in the topmost 5 km
solved, and, to our knowledge, this has not been documentedf the model to prevent gravity waves from reflecting off the
previously. upper boundary of 10 hPa. Meteorological variables were in-

The goal of this paper is to simulate ASM deep convectiontegrated forward in time using Runge—Kutta 3rd-order time
at a fine-scale resolution that previously has not been utilizedintegration. All moisture variables and other scalars were ad-
and then use the high-resolution output to study the impactvected using a positive-definite scheme to ensure mass con-
of rapid vertical transport due to convection on the ULAC. servation.

We seek to identify the geographic regions whose convec- The outer two domains of the simulation used an updated
tion reaches the ULAC, and provide physical and dynami-version of the Grell-Devenyi (Grell and Devenyi, 2002) cu-
cal reasoning for why these regions are important. Sectiormulus parameterization scheme. The innermost domain with
2 describes our high-resolution, convective-permitting (4 km4 km grid spacing did not employ convective parameteri-
grid spacing; Lackmann, 2010) Weather Research and Forezation; i.e., convection was explicitly resolved. We use the
casting (WRF; Skamarock et al., 2008) simulations, includ-phrase “explicit resolution” loosely because, even at 4 km
ing the data used to drive the model and the simulation pegrid spacing, the model is unable to resolve all convective
riod that was chosen. That section also describes the HYbrignotions (e.g., individual cumulus clouds). Furthermore, us-
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT; ing explicit resolution at 4 km grid spacing will inherently
Draxler and Hess, 1998) model that was used for trajectorylimit the minimum convective updraft width to this scale.
analyses, along with the observational data that were used tBor example, an updraft in nature having a width of 1 km
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Fig. 2. The three domains used in the WRF simulation. The outer 70E 80E SO TO0F T10F

domain has 36 km grid spacing, domain 2 (d02) 12 km, and domain
3 (d03) 4km. All analyses presented in this paper are based on re-
sults from domain 3.

(e) 12Z19AUG2012

will be enlarged in the WRF simulation, which could lead
to excessive latent heating and updraft strengths. This cavea!oN m . \A o
should be considered when interpreting the results that fol- 70 80E 90F 100E 110F 70E 80E 90E 100E 110E
low. Nonetheless, previous studies (e.g., Done et al., 2004; s e o
Weisman et al., 2008; Kain et al., 2008) have shown that 141007 14160 14220 14280 14340 14400 14460
models at 4 km grid spacing can provide useful and realis+ig. 3. MERRA (left column) and WRF (right column) geopotential
tic information about convective storms. height (m) at 150 hPa for 12:00UTC 12 August 20B2ad b),
Cloud microphysics were parameterized using the 2-12:00UTC 15 Augustqandd), and 12:00 UTC 19 Auguse(and
moment Thompson et al. (2008) scheme which accounts fof)- The dashed contour represents our definition of the ULAC at this
graupel, ice, and snow processes. We used the Yonsei UnRressure level (14430 m).
versity (YSU) planetary boundary layer scheme with non-
local closure (Hong et al., 2006). Shortwave radiation was
parameterized using the Goddard scheme (Chou et al., 20012012. The India Meteorological Department’s rainfall metric
while the Rapid Radiative Transfer Model (Mlawer et al., for monsoon intensity indicated that this 10-day period repre-
1997) was used for longwave radiation. At the surface, thesented “average” conditions (see their imagéts://www.
NOAH land surface model (EK et al., 2003) was used withimd.gov.in/section/nhac/dynamic/JS_2012.gBecause the
United States Geological Survey (USGS) land use data (inditerature has not reached a consensus on the relative impor-
cluding inland lakes) having 30-arcsecond resolution (fortance of different geographic regions within southeast Asia, it
d03). The coarser NCEP GFS data did not resolve the lakesvas important that convection be well distributed throughout
of the Tibetan Plateau. Therefore, WRF lake surface temperthe study domain each day, which this period provided. At
atures were obtained using an averaging technique describate beginning of the period, surface low pressure provided in-
in the WRF User's Manual (ARW WRF User’s Guide, 2013). stability and lift for convection over India. This low-pressure
Briefly stated, lake temperatures were computed as the avesystem also produced enhanced south/southwest flow over
age of neighboring land grid points over the simulation pe-the Bay of Bengal, providing moisture and lift for convec-
riod. Although this is not a perfect representation of the laketion. Over the Tibetan Plateau and southern slope of the Hi-
temperatures, the technique does eliminate anomalous hot enalayas, diurnal heating provided instability for convection

10N

cold spots due to the unresolved lakes. on a daily basis. Additional information about the convection
occurring during the simulation is presented in Sect. 3.
2.2 Simulation period This particular 10-day simulation period also was chosen

because the ULAC changed location, size, and shape (Fig. 3).
The WRF model was used to simulate atmospheric condi-Although this is not unusual, previous climatological studies
tions over southeast Asia (Fig. 2) during the 10-day periodof the region did not account for these changes. And, because
between 00:00 UTC 10 August and 00:00 UTC 20 Augustwe are specifically examining transport into the ULAC, this
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variability ensured that our results would not be biased to-
ward a particular geographical region; e.g., if the ULAC were 4o

stagnant, then one region might appear to dominate another.
30N 1

700 hPa MERRA Geopt. Hgt.

. 700 hPa WRF Geopt. Hgt.
(a) 12Z12AUG2012

(b) 12Z12AUGZ012

2.3 HYSPLIT model description son

Forward and backward trajectories were computed using themN_
HYSPLIT model (Draxler and Hess, 2010). HYSPLIT inter-
polates WRF data onto its own terrain-following sigma coor-
dinate system without compromising the vertical resolution

of the native WRF output. Advection occurs in a Lagrangian “™"
framework, i.e., following the parcel. The time step for in-
tegrating the parcel’s position varies based on the maximum
wind velocity at each grid point (see Draxler and Hess, 1998 20n
for full details). This trajectory framework has been used ex-
tensively (e.g., Draxler, 1996), and provides a way to follow 10N
individual parcels experiencing deep convection and thereby
gain a better understanding of the transport occurring during
the ASM.

70E 80E 90E 100E 110E

(c) 12Z15AUG2012

30N

2.4 WWLLN data

Lightning data have proven to be a reliable indicator of deep 2
convection (e.g., Avila, 2010). Although precipitation data
also can be used for locating deep convection, they also cap
ture shallow, warm-rain events that are not the focus of the
current study. Thus, in regions of complex terrain and sparse
observations, such as the ASM, lightning data can serve _
as a high-resolution proxy for convection (e.g., Deierling F19- 4. MERRA (left column) and WRF (right column) geopo-
and Petersen, 2008). We used lightning observations fror@ent'f;_gg'gqtc(r?s a:\ 700?Pa f%r d12-00(;JT12_§§UATUéJUf;6(Rd
the World Wide Lightning Location Network (WWLLN; gzj'steéndf). ugustdand d), an ' v
http://wwlin.ne) during August and September 2007-2012.

WWLLN uses a time of group arrival (TOGA; Dowden et
al., 2002) technique to locate lightning around the world. Be-
cause the location accuracy of WWLLN data in our region is

10N

0
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WRF on the synoptic scale. Results reveal that the WRF sim-
1B . X ulation closely captures the general features of the MERRA
15-30km (Fig. 5 of Rodger et al,, 2009), we binned the geopotential heights at 150 hPa (Fig. 3), an important level

WWLLN .data into 25 km gr!d boxes. Thg data then were when considering transport in the ASM UTLS (Dunkerton,
grouped into hourly observations by summing all strokes that

occurred29 min of each hour. For example, if a lightning 1995). The dashed contour represents our definition of the

strike occurred at 00:07:23UTC (HH:MM:SS), that strike
would be recorded as a 00:00:00 UTC strike and placed i
the appropriate 25 km spatial grid box. Using this method,
we produced hourly observations of lightning strike “densi-
ties” per 25 km grid box for the abovementioned 6 yr period.

n

ULAC at this level (14 430 m). At the beginning of the 10-
day period, the upper-level anticyclone was centered over the
eastern portion of the domain but gradually shifted westward.
Figure 3 shows that the WRF simulation captured this shift,
along with the observed (according to MERRA) change in
shape. Magnitudes of the WRF and MERRA geopotential

heights at 150 hPa are similar throughout the simulation (a
time-averaged root mean square error~&2 m during the
simulation period).

The WRF simulation also closely captures synoptic-scale
features of the lower to mid-troposphere (700 hPa; Fig. 4)
We first evaluate the performance of the 10-day WRF simu-that are indicated by the MERRA reanalyses. The broad re-
lation by comparing it to NASA's Modern-Era Retrospective gion of relatively low geopotential heights, a common feature
Analysis for Research and Applications data set (MERRA;of the Asian summer monsoon, is represented well in the
Rienecker et al., 2011). With a horizontal grid spacing of 0.5 WRF simulation. WRF again predicts similar geopotential
latitudex 0.67 longitude, the MERRA reanalysis is an inde- heights compared to the MERRA reanalysis (a time-averaged
pendent data set that can be used to check the performance fot mean square error 6f15 m over the simulation period).

3 Results and discussion

3.1 WREF evaluation

www.atmos-chem-phys.net/14/2055/2014/ Atmos. Chem. Phys., 14, 20854 2014
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FY2D Brightness Temperature [K] WRE OLR [W m-] convection stretching from northwest India over the Tibetan
(a) 12:16Z12AUG2012 (b) 12Z12AUG2012 : )
ST e 4ON T magr — Plateau. However, Fig. 5e and f also reveal that WRF missed

' the convection occurring over central India.

Because WRF closely simulates general synoptic features
of the upper and lower troposphere, and places convection
in locations that generally agree with satellite observations

30N+

20N ...

10N {255 ﬂ P . 10N | e A : (albeit with some differences), we are confident that WRF
I - o N B s CadIBTEE N . . . . . . .
TOE e o T10E Z0E BOE 9be 0oL TT0E is simulating the real atmosphere sufficiently well to investi-

gate convective transport into the ULAC at a resolution that

(d) 12215AU62012 previously has not been documented.

(c) 12:16Z15AUG2012
AN 2ol ol Ry

30N 1-
3.2 Back-trajectory analysis

20N +

Convective transport into the ULAC is examined with back
trajectories from HYSPLIT using the hourly WRF data. The
ULAC was defined as the 14 430 m geopotential height con-
(f) 12Z18AUG2012 tour at 150 hPa, and the 16830 m contour at 100 hPa. These
) ' values were chosen because their contours almost always re-
mained closed within our domain throughout the entire sim-
ulation. Other values were tested to ensure that our results
were not compromised by the choice of these specific val-

_ ues. The GFS FNL data indicated that the lapse-rate-derived
10N ey A g D : tropopause (WMO definition) was located between 105 and
70E 80E 90F 100E 110E 70E 80E 90E 100E 110E 95 hPa during the simulation. Therefore, the two chosen pres-

momemeomomeomeomem ooromom momm sure surfaces correspond to just below (150hPa) and very

Fig. 5. FY-2D infrared satellite-derived brightness temperature N€ar (100 hPa) the tropopause level. Dunkerton (1995) pro-
(K; left column) and WRF-simulated outgoing longwave radia- posed that these two pressure altitudes are best suited for un-
tion (W m~2; right column) for 12:00 UTC 12 August(andb), derstanding the response of the UTLS to tropical convection
12:00UTC 15 Augustq and d), and 12:00UTC 18 Auguste(  in the ASM region. At each hour of the WRF simulation, we
andf). recorded the latitude, longitude, and geopotential height of

each grid point within the defined ULAC. Six-hour back tra-

jectories then were released hourly from these locations be-
One minor difference is evident at 9.5 days into the simula-tween 00:00 UTC 11 August and 23:00 UTC 19 August. This
tion (Fig. 4f) when WRF produces a weak, secondary regionmethod accounted for the movement and change in shape
of low pressure in the eastern portion of the domai@® E, and/or area of the ULAC seen in Fig. 3. For example, at one
26° N) that is not apparent in the MERRA reanalysis. Addi- hour, we might have released 100 000 back trajectories, but at
tionally, MERRA shows the low pressure extending farther another, if the ULAC had expanded, we might have released
south over India when compared to WRF (Fig. 4e versus 4f).350 000 back trajectories.

We next compare WRF-simulated outgoing longwave ra- We defined convective trajectories as those reaching the
diation (OLR; a proxy for convection) to Fengyun (FY)-2D planetary boundary layer (PBL) at some time during their
gridded infrared satellite-derived brightness temperatures t® h back track. Further analysis of the updraft strengths as-
confirm that WRF is simulating convection in the correct sociated with these 6 h trajectories is discussed in Sect. 3.3.
locations. The gridded FY-2D data were provided by theNote that the 6 h cutoff is consistent with our goal of analyz-
Center for Environmental Remote Sensing, Chiba Univer-ing rapid vertical transport into the ULAC. However, parcels
sity, on a 4kmx 4km grid (available aftp://fy.cr.chiba-u.  that are lofted to the upper levels in regions that do not di-
ac.jp/grided). Figure 5 shows both parameters at 12:00 UTCrectly impact the ULAC and are subsequently transported
on 12, 15, and 18 August 2012. Because we are compathorizontally into the ULAC at timescales longer than 6 h will
ing “apples to oranges” (OLR to brightness temperature),not be represented. We denoted the location where each con-
Fig. 5 shows only that WRF captures the general featuresective trajectory crossed the top of the PBL (PBLH) as its
of the convection; however, we cannot quantify whether theorigin. By finding locations where the trajectories crossed
intensities of WRF convection match those observed. Notehe PBLH, we sought to locate convectively influenced air
that, even at 8.5 days into the run (Fig. 5e, f), WRF cor- with boundary layer characteristics (typically enhanced CO
rectly places convection in many regions that agree with ob-concentration and diminisheds@oncentration), which are
servations. For example, WRF closely simulates the line ofoften observed in the ASM ULAC (see Park et al. (2007)

10N o 8

40N A 40N

30N + 30N

20N 20N

10N ...
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PBL Infersections: 100, hPa ULAC PBL Infersections: 150 hPa ULAC should note that most of the convective trajectories reach-
j ‘ ing the 100 and 150 hPa ULAC originated from the Tibetan
Plateau and southern slope of the Himalayas. Also note that
there likely would be a greater spread among the PBL inter-
sections (Fig. 6) if the back trajectories were released for a
longer duration (e.g., see Fig. 4 of Bergman et al., 2013).

To quantify the geographic origins of the convective trajec-
L tories, we defined regions of interest as in previous studies of
T R T T \hwﬁ = ASM convection (e.g., Fu et al., 2006; Park et al., 2009; Luo

et al., 2010; Wright et al., 2011; Chen et al., 2012). Specifi-
Fig. 6. Locations where convective back trajectories originating cally, we defined the Tibetan Plateau (TP) as the area with an
at 100hPa(a) and 150hPa(b) cross the PBLH, binned into elevation> 3 km within 25-40 N and 70-105E, the south-
0.1° x 0.1° cells. The dashed contour at each pressure altitude repern slope (SS) as the area with elevation <3 km within 25—
resents the time-averaged location of the ULAC during the simu-35° N and 70-105E, the Bay of Bengal (BOB) as the area
lation. The_ color bar indicates the number of trajectories that crossyithin 15-2% N and 85-97 E, and India (IND) as the area
the PBLH in each 0:1x 0.1 cell. within 10-25 N and 70-85E. The TP and SS definitions

are identical to those of Fu et al. (2006) and Luo et al. (2010).

Figure 7a and b show the number of convective trajectories
for a discussion of how to differentiate tropospheric air from that originated, i.e., crossed the PBLH, within each of these
stratospheric air based on CO angl€@ncentrations). regions from 100 and 150 hPa, respectively. Thus, the figure

With the ULAC defined as 150 hPa, a total of 51 830940 shows locations where polluted boundary layer air is most
back trajectories were released, of which 983518 (1.9 %)ikely to enter the ULAC recently (in the last 6 h) via con-
were classified as convective. At 100 hPa, 62277 179 backective transport. Greater than 90 % of the convective (nhot
trajectories were released from the ULAC, of which 318 277total) trajectories originated in either the TP or SS regions
(0.5%) were considered convective. These percentageat both 100 and 150 hPa. These results are consistent with
of convective parcels agree with previous satellite stud-the findings of Li et al. (2005), Fu et al. (2006), and Wright
ies of tropical convection. For example, Liu and Zipser et al. (2011). However, they are inconsistent with Park et
(2005) showed that-1.3 % of tropical convection reaches al. (2007, 2009), James et al. (2008), and Chen et al. (2012),
14 km, similar to our 150 hPa results. Further, Gettelman etwho argued that convection over the TP is not sufficiently
al. (2002) found that-0.5 % of tropical convection reaches deep or frequent to impact the composition of the UTLS.
the cold point tropopause, similar to our 100 hPa results. Figure 8a and b show the times when convective back tra-
This indicates that our 6 h cutoff is doing a reasonable jobjectories from 100 and 150 hPa cross the PBLH. At 150 hPa
of isolating only deep convection, which is the goal of this (Fig. 8b), there is a distinct diurnal cycle, with most con-
study. Also, the 1.4 % decrease in the number of convectiverective trajectories reaching the PBLH during the afternoon
trajectories reaching the 100 hPa ULAC versus the 150 hPand late evening. This trend also is seen at 100 hPa (Fig. 8a).
ULAC is an indicator of the variability that exists between The large convective event seen in Fig. 8a on 16 August will
those two pressure levels. Note, however, that this does ndie discussed in Sect. 3.3. The diurnal cycle of convective
indicate that~99 % of ULAC parcels were not influenced back trajectories is depicted further in histograms (Fig. 9a,
by convection at some point. Longer back trajectories likelyb), which indicate the time of day when convective trajec-
would lead to greater convective percentages, but would alstories cross the PBLH regardless of date. After local solar
include slower-scale processes that are not the focus of theoon (~06:00 UTC), the number of convective trajectories
current study. For example, Bergman et al. (2013), usingreaching the PBLH increases rapidly and continues to in-
global models, released 30-day back trajectories from thecrease through the early nighttime (Fig. 9). The large diurnal
ULAC. Their results indicated that 78 % of ULAC parcels cycle seen in Figs. 8 and 9, with the peak in convective trans-
reached the PBL during their 30-day back track. They noteport occurring between 10:00 and 17:00UTC (16:00 and
that small-scale deep convection, which is not well resolved23:00 LST), is consistent with previous observational stud-
by the global models, likely is important for transport into ies of convection over the TP and SS regions (e.g., Liping et
the 100 hPa ULAC. Thus, our results complement their studyal., 2002; Barros et al., 2004; Hirose et al., 2005; Yaodong
by examining the role of this unresolved (by global models) et al., 2008; Luo et al., 2010; Romatschke et al., 2010). Our
transport. Figure 6a and b show the PBLH origins of the WRF simulation and HYSPLIT back trajectories emphasize
convective back trajectories, binned into 0x0.1° cells,  the importance of diurnal convection in transporting bound-
along with the average location of the ULAC at 100 and ary layer air to the ULAC.

150 hPa. The colored areas represent the number of trajec- The ULAC back-trajectory analysis highlighted the impor-
tories that crossed the PBLH in each0x0.1° cell. Thus, tance of convection over the Tibetan Plateau in affecting the
they represent a density of convective trajectory origins. Onecomposition of the ULAC (Fig. 7). To confirm the validity of
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was the origin of 86 % of the convective back trajectories re-
leased from the ULAC at 150 hPa, Fig. 10 indicates that WRF
is realistically simulating the diurnal nature of the convective

transport, and again highlights the importance of convection
in this region.

100 hPa ULAC observed in Fig. 10. However, because the Tibetan Plateau
‘ .

40N -

3.3 Details of convective transport: 16 August 2012

This section further explores the details (e.g., updraft
strength) of convective transport occurring in each of our de-
fined regions (Fig. 7), without requiring that the convective

trajectories actually enter the ULAC. WRF output at greater
temporal resolution than hourly was needed for this purpose.
Therefore, we produced output at 15 min intervals between
00:00UTC 16 August and 05:00UTC 17 August. This pe-

riod includes the large spike of convective back trajectories
from 100 hPa that reach the PBL on 16 August (Fig. 8a).

110E This spike in the number of convective trajectories reach-
ing 100 hPa might have been influenced by the increasing

tropopause height indicated by the GFS FNL data set (chang-
150 hPa ULAC Pop : Y chang
b -

20N 1

10N

ing from ~106 to ~100 hPa). Nonetheless, simulated con-
vection was present in all four of our defined regions (TP, SS,
BOB, and IND; not shown). We then performed a forward-
trajectory study using the 15 min output. Six-hour forward
trajectories were released at 10 m above ground level (AGL)
at every grid point within the defined regions each hour on
16 August. Convective trajectories were defined as those that
reached the 150 hPa surface during their 6 h forward tran-
sit. Similar results were found using a 100 hPa threshold (not
shown). If a trajectory reached the 150 hPa surface within
6 h, we marked the location where it crossed this surface, and
recorded the time required to travel from the PBL to 150 hPa.
Note again that we did not require the trajectory to enter the
ULAC, but only that it reach 150 hPa.

Table 1 shows the number of forward trajectories released
from each region, the number that reached the 150 hPa sur-
face, and the average and maximum column-averaged ver-
tical velocities (W). The column-averaged vertical velocity

Fig. 7. The number and percentage of back trajectories starting aPf €ach trajectory was determined by dividing the vertical
the ULAC at 100 hP4a) and 150 hPgb) that crossed the PBLH in  distance between the PBLH and 150hPa by the time (to
each region of interest (the convectively influenced trajectories). Within 15 min) required to reach that altitude. The SS re-
gion exhibits the strongest vertical motions (maximum W
of ~23ms1), although not the most frequent, followed by
this simulated convection, WWLLN-observed total lightning the BOB (maximum W of~21 ms1), and finally the IND
within the TP region (blue line in Fig. 10) is overlaid with and TP regions (maximum W ef20ms* and~17ms,
the number of convective back trajectories from the ULAC respectively). These relative strengths (e.g., the SS having
at 150 hPa (black line). The timing of the observed light- a stronger W than the TP) are consistent with the observa-
ning over the TP closely matches the timing of the simulatedtional findings of Houze et al. (2007), Luo et al. (2010), and
convective back trajectories, but with a slight shift. Petch etRomatschke et al. (2010). Furthermore, the column-averaged
al. (2002) showed that, to accurately represent the timing olupdraft strengths in each region (Table 1) are consistent with
convective initiation over land, simulations must be made atthose of deep convection occurring in nature (Markowski and
a grid spacing of less than 1 km. The 4 km grid spacing of theRichardson, 2010), indicating that the convective-permitting
current WRF simulation might be delaying the onset of con-WRF is simulating the deep convection realistically. Al-
vection over the TP, thus accounting for the slight phase shifthough these vertical velocities are realistic for an isolated

40N -

20N 1

10N

100E

70E 80E 90E 110E
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Fig. 8. The number of convective trajectories starting at 100¢@Pand 150 hP4b), and the time (UTC) at which they crossed the PBLH
during the runtime.

Table 1. Results from the 15 min forward-trajectory analysis for each region in Fig. 7.

Region Total trajectories  Convective trajectories Average W  Maximum W

P 5046336 239251 (4.7 %) 8md 17ms?
Ss 3127224 51382 (1.6 %) omk 23ms1
BOB 2004096 25448 (1.3%) 9ms 2lms?
IND 3695184 4449 (0.1 %) 10md  20ms?

updraft, note that they represent a 16%dnorizontal average  1995; Duan and Wu, 2005; Wu et al., 2012). Although the
because of the grid spacing of the WRF simulation. UpdraftsULAC does oscillate somewhat in location and strength (Kr-
of this strength are not expected to exist over such large horishnamurti et al., 1973; our Fig. 3), it is always thermally
izontal areas in nature. Also, the average could be dominatetinked to the TP due to its elevation. Thus, convection occur-
by the value at a particular level; e.g., the updraft could havering over the TP, and neighboring SS, is favored for affecting
been~30 ms! at 500 hPa, but much smaller at other levels. the composition of the ULAC. Deep convection certainly oc-

It is important to note that, although convective vertical curs in locations other than the TP and SS (Table 1); however,
motions over the TP region are weaker than in the otherthe geographic locations of the TP and SS make them espe-
three regions, its trajectories still reach the 150 hPa surcially prone to impact the ULAC.
face more frequently than those from the other regions (Ta-
ble 1). Because the height of the Tibetan Plateau is 3000-3.4 Vertical flux of water vapor
5000 m a.m.s.l., the highest of the four regions, its convec- . o ]
tion does not have to be as deep to reach the 150 hPa surfacd Important aspect of ASM deep convection is its role in
Note that, due to the warmer column of air above the TP, thd"ansporting water vapor into the ULAC and thus its role in
150 hPa surface also is higher over this regie@% m higher ~ &ffecting the HO maximum observed in Fig. 1. Water vapor
than over the BOB). However, this slightly higher altitude of 1S & greenhouse gas that can influence the radiation budget

the 150 hPa surface is small compared to the greater terraifft UPPer levels, thus cgusing a positive feedback on climate
height of the TP. We conclude that the higher surface ele{H€ld and Soden, 2000; Gettelman and Fu, 2007). Moreover,

vation of the TP allows diurnally driven convection (Figs. 8 T Water vapor enters the lower stratosphere, it can deplete
and 9) with comparatively weaker updrafts (Table 1) to im- ©Z0N€ in what is referred to as a catalytic loss cycle (Ja-

pact the UTLS more frequently, whereas convection in othercOP: 1999; Stenke and Grewe, 2005). Gettelman et al. (2004)
regions must be deeper to penetrate the UTLS. showed that the ULAC could account for 75 % of the total

Based on the abovementioned results, we hypothesize thafPward water vapor flux at tropopause levels in the tropics.
convection in the TP region is most favorable for impact- Thus, it is important that regional and global climate stud-
ing the ULAC because of its elevation and geographic |o-1€s faithfully simulate the processes controlling ULAC water

cation. The ASM upper-level anticyclone is a result of the YaPor content.
elevated heat source of the Tibetan Plateau and latent heat
release from ASM convection (e.g., Hoskins and Rodwell,
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z Time of Day (UTC) the role of horizontal advection into the ULAC. This again is

consistent with our specific goal of examining rapid vertical
Fig. 9. Histograms of the time of day (UTC) that convective back transport into the ULAC.
trajectories starting from the ULAC at 100 hRg and 150 hP4b) Figure 11 shows a time series of total vertical water va-
crossed the PBLH. por mass flux into the ULAC independent of region (black),
along with the regional component amounts. Diurnal con-

] _vection in the TP region is the dominant source at 150 hPa
To analyze transport into the ULAC, we calculated vertical (Fig. 11b), followed by the southern slope. At 100hPa

fluxes of water vapor passing through the 100 and 150hPggig 11a), the convective diurnal cycle still is prominent;

surfaces similar to the method of Halland et al. (2009): however, the TP and SS regions make similar contributions
MCxwx Axt to the ULAC water vapor content. Referring back to Table 1,

= YULAC ™ 1000 ’ (1) these results agree with the convective characteristics of the
ULAC Area SS region; i.e., strong convective updrafts in the SS region

are favorable for transporting large amounts of moisture to

100 hPa. Fu et al. (2006) also found that convection over the
Tibetan Plateau and southern slope was dominant in control-
ling the water vapor content at upper levels. The current re-
Isults (Fig. 11) also are consistent with a global water vapor
flux analysis by Lelieveld et al. (2007), who proposed that the

Tibetan Plateau is a favorable region for stratospheric moist-
ening. Conversely, the BOB and IND regions transport a neg-
ligible amount of water vapor mass flux to the ULAC at 100

whereM,, is the vertical water vapor mass flux in metric tons
per square kilometer per time stéyiC is the mass concen-
tration of water vapor (kg m), w is the vertical velocity
(ms1), Ais the area of the model grid box (16006)rand

t is the time step (3600s). We summed the fluxes over al
ULAC grid points and normalized them by the area fiof

the ULAC to account for its changing size at every time step.
The ideal gas law was used to calculate MC from our WRF

output: . . . . .
utpu and 150 hPa. This too is consistent with the back-trajectory
PLxMxC analysis (e.g., Fig. 7), which showed that less than 1 % of the
MC = T RxT 2 convective trajectories entering the ULAC originated from

these regions. The flux calculations (Fig. 11) again highlight
where P is the pressure level at which the computation the role of diurnal convection in transporting water vapor
is made (Pa)M is the molecular weight of water vapor into the ULAC. However, note that the dominant role of the
(18.01528 g mot?), C is the model-calculated water va- TP and SS regions in moistening the ULAC does not im-
por mixing ratio (ppbv),R is the universal gas constant ply that they transport more pollutants into the upper levels
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Fig. 11. Vertical water vapor mass flux (metric tons kA) into the ULAC at 100 hP4a) and 150 hP4b). The black line indicates the total
mass flux, and the colors indicate the amount from each defined region (Fig. 7). Note the two-orders-of-magnitude change between 150 anc
100 hPa.
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Fig. 12. WRF-simulated area average temperature (K) at 10q&Rand 150 hPgb) for the TP, SS, BOB, and IND regions.

because pollution transport depends on their source distribushowed that vertical velocities over the Tibetan Plateau are
tions, which were not considered in the current study. weaker (Table 1) than in other regions, the greater flux val-
Similar to Fu et al. (2006), we argue that the thermody- ues over the TP appear to be the result of greater water vapor
namic environments of the TP and SS make them favorableontent at the upper levels. Furthermore, because convection
for convection to moisten the upper levels. Compared to theaffecting the ULAC is more widespread in the TP than the
other regions, the elevated surface of the Tibetan Plateau prasther regions (e.g., Fig. 6), this also contributes to the greater
duces warmer temperatures in the UTLS. Figure 12 showd P flux observed in Fig. 11.
the WRF-simulated area average temperature in each region The warmer temperatures over the Tibetan Plateau
at 100 hPa (Fig. 12a) and 150 hPa (Fig. 12b). The TP and S§-ig. 12) also might enhance the cirrus-lofting mechanism
regions are several degrees warmer than the BOB and INproposed by Corti et al. (2006). That is, more outgoing long-
regions at both pressure altitudes. Because of this warmewave radiation reaches the upper levels over the Tibetan
upper-level ambient environment, parcels entering the ULACPlateau because of its high altitude, allowing remnant cirrus
will have a greater saturation mixing ratio2x that of the  clouds to warm (due to the increased OLR) and produce re-
BOB and IND regions at 150 hPa), potentially allowing them gions of ascent. Thus, TST within the ULAC might be more
to make a greater contribution to the ULAC’s water vapor efficient over the TP due to this enhanced cirrus lofting. Re-
content. Results of the water vapor flux calculations (Fig. 11)ferring back to Fig. 6b, convection reaching the ULAC at
highlight the importance of this warmer upper-level ambient 150 hPa is ubiquitous over the Tibetan Plateau. If pollution
environment over the Tibetan Plateau. Specifically, magni-were to be advected horizontally into this region (e.g., from
tudes of vertical moisture flux depend on both vertical veloc-northern India or mid-eastern China), TP convection could
ity and water vapor mixing ratio (Eq. 1). Because we alreadytransport that pollution into the UTLS via direct convective
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injection, gradual ascent within the ULAC, or the proposed Daytime plots of WWLLN lightning (not shown) do not ex-

enhanced cirrus lofting. hibit the geographic hot spots seen at night.
We propose that convection at night is focused over the
3.5 Lake-influenced convection over the Tibetan lake regions due to the mechanism described above. Al-
Plateau though the lakes do not stand out as hot spots in our ULAC

back-trajectory analysis (Fig. 6), we believe this is due to the

Because the TP has stood out in all of the previous results, imethod used to obtain lake surface temperatures in our WRF
this section we examine the mechanisms that drive its consimulation (see the end of Sect. 2.1). The overall impact of
vection. Convection over the Tibetan Plateau mostly is thethe lakes on Tibetan Plateau convection is a topic that should
result of diurnal heating and orographic lift (Liping et al., be explored further; however, we believe that the lightning
2002; Kurosaki and Kimura, 2002; Yaodong et al., 2008; Ro-maxima point to them as a mesoscale mechanism leading to
matschke et al., 2010). The strong surface heating and subs&P convection after daytime heating subsides.
quent rising motion (e.g., dry thermals) over the TP is asso-
ciated with low-to-mid-level horizontal convergence, trans-
porting moisture from the surrounding regions (Wu et al.,4 Summary and conclusions
1997; Carrico et al., 2003; Fu et al., 2006). This moisture,
the instability generated by diurnal heating, and mesoscaldhe Asian summer monsoon (ASM) is a dominant feature
trigger mechanisms such as orographic lift all combine toof the global circulation. Satellite observations of the upper
support the development of diurnal convection in this re-troposphere/lower stratosphere (UTLS) highlight the impor-
gion. However, we hypothesize that the Tibetan lakes at nightance of the ASM upper-level anticyclone (ULAC) in af-
also provide a mesoscale source of moisture, instability, andecting the chemical composition of these levels (Fig. 1).
convergence to support deep convection. Lake-effect conPrevious studies have shown that troposphere-to-stratosphere
vection occurs when cooler air is advected over a relativelytransport (TST) is enhanced within the ULAC, emphasizing
warmer body of water. The warm water surface providesits importance to UTLS chemistry. However, the processes
heat and moisture fluxes which can destabilize the air anaontrolling the composition of the ULAC are not fully un-
ultimately produce convection (Markowski and Richardson, derstood nor agreed upon. Deep convection generally is ac-
2010). Lake-effect convection is common downwind of the cepted as an important mechanism for transporting surface-
North American Great Lakes (e.g., Niziol et al., 1995). How- based emissions into the ULAC. However, previous studies
ever, to our knowledge, lake-influenced convection over thethat have examined convective transport into the ULAC have
Tibetan Plateau has not previously been documented. reached varying, often conflicting conclusions as to which

Figure 13a shows a zoomed view of the terrain over thegeographic region contains the convection that most impacts
Tibetan Plateau, with black Xs marking the Tibetan lakes.the ULAC. These differing conclusions partially are a result
Small-scale hills and valleys are located around the lakesof using coarse-resolution numerical models and observa-
Small-scale topographic features such as these have bedions that are limited in both time and space.
shown to trigger convection in the monsoon region (Bar- We have used a convective-permitting (4 km grid spacing)
ros et al., 2004). At night, as the land cools rapidly but WRF simulation to examine rapid convective transport into
the lake temperatures remain almost constant, relatively coathe ULAC. To our knowledge, such high-resolution modeling
air is advected over the relatively warm lakes, where it re-has not been used previously to study convective transport in
ceives added heat and moisture that could enhance convethe ASM region. We ran WRF from 00:00 UTC 10 August to
tive development. Nighttime downslope flow associated with00:00 UTC 20 August 2012. Comparisons with independent
the small-scale topographic features (Fig. 13a) also couldeanalyses and satellite observations revealed that the WRF
enhance convergence over the lakes. Our lake-effect hysimulation closely captured the synoptic-scale features of the
pothesis is supported by the WWLLN lightning climatol- upper and lower troposphere, and generally placed convec-
ogy (Fig. 13b) that shows total lightning between 1500 andtion in regions that agreed with observations. Therefore, the
04:00 UTC (late afternoon through nighttime) during August simulation was suitable for more detailed analyses.
and September 2007-2012. Because the “hot spots” near the We defined the ULAC as the 14 430 m geopotential height
lakes appear in the observed WWLLN lightning data, therecontour at 150 hPa and the 16830 m contour at 100 hPa.
is observational evidence that lake-influenced convection isThen, using our WRF output and HYSPLIT, we released 6 h
occurring on the Tibetan Plateau and that the lakes providdack trajectories from every grid point within the ULAC at
a mesoscale moisture source for the ULAC. Because the det h intervals. This method allowed us to account for the ob-
tection efficiency of WWLLN improved from 2007 to 2012, served changes in position and shape of the ULAC during
we also examined each year individually. This revealed thathe simulation period (Fig. 3). We defined convective trajec-
the signal seen in Fig. 13b was dominated by the most recertbries as those that started at the ULAC and reached the top of
three years (2010, 2011, 2012). The signal still was apparthe boundary layer at some time during their 6 h back track.
ent in the earlier years (2007, 2008, 2009), just not as strongAt 150 and 100 hPa, 1.9 and 0.5% of the ULAC parcels,
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Tibetan Plateau Terrain Height [m] ing the late afternoon and into the early night (16:00-23:00
LST). The observed timing of the convective trajectories was
consistent with observational studies of convection over the
TP and SS regions (e.g., Yaodong et al., 2008; Luo et al.,
2010). The trajectories highlighted the importance of this ev-
eryday diurnal convection in transporting boundary layer air
into the ULAC and pointed to the TP as the dominant region
where this convection occurs.

32N

30N . . . . .
A large increase in the number of convective trajectories
86E 88E 90E 92F occurred on 16 August 2012 (Fig. 8a). We produced WRF
output at 15 min intervals to examine this day in detail. A
T T————— forward-trajectory analysis was conducted using the high
temporal resolution output. The results indicated that the
WWLLN: 1500-0400 UTC Totals weakest convection occurred over the Tibetan Plateau region,

while the strongest was located over the southern slope (Ta-
ble 1). However, parcels originating from the Tibetan Plateau
reached the 150 hPa surface more frequently than those orig-
inating over the other three regions. Because the elevation
of the Tibetan Plateau is3000-5000 m, its convection does
not have to be as deep to reach the 150 hPa surface.

Vertical mass fluxes of water vapor were calculated to de-
termine which regions transported the most moisture into the
ULAC. At 150 hPa, the TP region contributed the most wa-
ter vapor to the ULAC (Fig. 11b). At 100 hPa, the TP and

205 8 T W17 20 23 26 29 32 35 3 4 44 47 50 53 55 %0 62 65 6 SS regions transported similar amounts. Although convec-
Fig. 13. (a)Terrain (m) of the Tibetan Plateau with black Xs de- tion is weakest over the TP, the warmer ambient environment

noting the locations of lakegb) Six year (2007-2012) WWLLN at upper levels, leading to greater parcel saturation mixing

lightning totals for 15:00-04:00 UTC for August and September Fatios, might allow convection occurring there to transport
showing “hot spots” of lightning (deep convection) near the lakes More moisture into the ULAC. This added warmth is due to

(black Xs). The lightning data were binned into 25 kn25 km grid the elevated base of the Tibetan Plateau, which allows more
boxes. outgoing longwave radiation to be absorbed at higher alti-
tudes.

Although not a focus of our study, the elevated surface of
respectively, were classified as convective. The trajectorieshe Tibetan Plateau also might enhance the “cirrus-lofting”
revealed that more than 90 % of the convective parcels commechanism proposed by Corti et al. (2006). Because more
prising the ULAC came from either the Tibetan Plateau (TP)outgoing longwave radiation will reach the upper levels
or southern slope (SS) regions. If we were to assume that thever the elevated TP, cirrus clouds over this region will
ULAC consists entirely of convectively lofted parcels, we absorb more energy, creating mesoscale regions of ascent.
could infer that all of these parcels might have been loftedThis mechanism might enhance troposphere-to-stratosphere
just as rapidly. However, the 6 h cutoff on the back trajecto-transport over the Tibetan Plateau.
ries did not allow sufficient time to account for the horizon-  Results showed that convection over the Tibetan Plateau
tal transport occurring after convection. This suggests thamost frequently impacts the ULAC. Observed WWLLN
the other regions (e.g., BOB and IND) might make a greatedightning during the study period showed that the timing of
contribution to the composition of the ULAC than our results lightning over the Tibetan Plateau agreed closely with the
imply. However, quantifying the role of horizontal transport timing of the convective trajectories impacting the ULAC
that occurs after convection goes beyond the scope of thigFig. 10), further supporting this finding. Close analysis
study. of the WWLLN lightning climatology showed that Tibetan

The results of our trajectory study were consistent with lakes might provide a mesoscale triggering mechanism to ini-
Li et al. (2005), Fu et al. (2006), and Wright et al. (2011). tiate convection in the region. The role of the Tibetan lakes
However, they were somewhat different from the findings of in triggering convection that ultimately impacts the ULAC
Park et al. (2007, 2009) and Chen et al. (2012), who argueequires further study.
that convection over the Bay of Bengal is more important It should be noted that our results show only a physi-
than that over the Tibetan Plateau. Further analysis revealedal and dynamical pathway for boundary layer air to en-
a large diurnal cycle in the number of convective trajectoriester the ULAC through the TP and SS regions. Quantifying
reaching the ULAC, with the greatest number occurring dur-the amount of pollution that each region transports would
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require detailed knowledge of source distributions and a cou- to seasonal aerosol properties in the Nepal Himalaya, Atmos. En-
pled meteorological-chemical simulation with convective- viron., 37, 2811-2824, 2003.
permitting grid spacing. Chen, B., Xu, X. D., Yang, S., and Zhao, T. L.: Climatological per-
Although our results are based only on a 10-day period spectives of air transpor.t from atmosphgric boupdary layer to
during the 2012 Asian summer monsoon, we hypothesize tropqpause IayeroverA5|aq monsoon regions during boreal sum-
that they are representative of other periods of monsoon rlnzersgcérrgg;;org ol_ggrlagndigpi?rsosazc%z ’Sir;gf'z Chem. Phys.,
Convectlon: prvever, pecause the ASM .eXh.Iblts bOth. I.mer_Chen, P.: Isentropic cross-tropopause mass exchange in the extrat-
annual variability and intraseasonal oscillations, additional ropics, J. Geophys. Res., 100, 1666116673, 1995.
high-resolution simulations that span longer time periodschoy. M., Suarez, M. J., Liang, X., and Yan, M. M. H.: A ther-

will be needed to validate this hypothesis. Our results also mal infrared radiation parameterization for atmospheric studies,
highlight the importance of using convective-permitting grid  NASA Technical Report Series on Global Modeling and Data

spacing when performing modeling studies of convection, Assimilation NASA/TM-2001-104606, 68 pp., 2001.

especially in the ASM region: using this resolution allowed Corti, T., Luo, B. P, Fu, Q., Vémel, H., and Peter, T.: The impact

us to isolate the effects of rapid transport due to deep convec- of cirrus clouds on tropical troposphere-to-stratosphere transport,

tion and study its specific impacts on the ULAC. 'ggggzoggem- Phys., 6, 2539-2547, d6i5194/acp-6-2539-
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