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Abstract

Vertical profiles of aerosol extinction coefficients were measured by an Micro Pulse Li-
dar at Naqu (31.5°N, 92.1° E, 4508 ma.m.s.l.), a meteorological station located on the
central part of the Tibetan Plateau during summer 2011. Observations show a per-
sistent maximum in aerosol extinction coefficients in the upper troposphere—lower
stratosphere (UTLS) within an anticyclone during the Asian summer monsoon. These
aerosol layers were generally located at an altitude of 18—19kmm.s.l.,, 1-2km higher
than the tropopause, with broad layer depth ranging approximately 3—4 km. Variations
in these aerosols are found to be closely related to the intensity of underlying deep
convection. Efficient vertical transport resulting from the most intensive convection is
considered to be most important for the enhancement of aerosols observed near the
tropopause. Temporal variations in aerosol layer in UTLS over the Plateau show a sig-
nificant peak at midnight. This further indicates that deep convection plays an important
role in the accumulation of aerosols in UTLS over the Tibetan Plateau.

1 Introduction

Aerosols in the upper troposphere—lower stratosphere (UTLS) play an important role
in the global/regional climate system and the geochemical cycle (Hanson et al., 1994;
Borrmann et al., 1997; Solomon et al., 1997). They also influence atmospheric ozone
budgets through providing surface areas for efficient heterogeneous reactions (Keim
et al., 1996; Solomon, 1999). Using the Stratospheric Aerosol and Gas Experiment Il
(SAGE Il) data, Li et al. (2001) found that aerosol concentrations near 100 hPa are
higher over the Tibetan Plateau than over China’s central and northern regions in
summer. Recent observations by balloon-borne optical particle counter (Tobo et al.,
2007) and aircraft-borne measurements (Keim et al., 1996; Solomon, 1997) showed
that soot-containing liquid aerosols with the major components of fine particles may
also affect the aerosol layer near the tropopause. Appearance of cold tropopause in
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the upper troposphere (possibly in the lower stratosphere also) has been considered
as an important factor to explain the enhancement of tropopause aerosols observed in
summer over the Plateau (Kim et al., 2003). This observational fact is important from
the point view of heterogeneous reactions on aerosol surfaces since gas-to-particle
conversion processes are generally more active in low temperature. During summer,
the elevated surface heating and rising air associated with persistent deep convection
over the Tibetan Plateau leads to anticyclonic circulation and divergence in the UTLS
(Yanai et al., 1992; Hoskins and Rodwell, 1995; Highwood and Hoskins, 1998), where
persistently enhanced pollutants such as aerosols, CO, methane and nitrogen oxides,
as well as water vapor, can be linked to the rapid vertical transport of surface air from
Asia, India and Indonesia in deep convection and confinement by strong anticyclonic
circulation (Rosenlof et al., 1997; Jackson et al., 1998; Dethof et al., 1999; Park et al.,
2004; Filipiak et al., 2005; Li et al., 2005a; Fu et al., 2006). Because the main out-
flow of deep convection occurs near 12kma.m.s.l. altitude, well below the tropopause
level (16 kma.m.s.l.), how aerosols with an origin from the lower troposphere attain al-
titudes as high as 16 km is still not well understood. A clarification of the mechanisms
of aerosol transport into the UTLS over this region is an important step toward under-
standing tropospheric influences on hydration and chemical composition in the global
stratosphere. Knowing the height dependence of the aerosol changes is important for
understanding the mechanisms responsible for the transport of aerosols from the tro-
posphere to the stratosphere over the Tibetan Plateau; however, a variety of aerosol
vertical distributions and optical properties over the Tibetan Plateau has not been as-
sessed in a satisfactory manner due to lack of continuous direct observations.

The vertical distributions of aerosol extinction coefficients were measured over the
Tibetan Plateau in the summer of 2011, as part of the project “Tibetan Ozone, Aerosol
and Radiation” (TOAR). In this study, the lidar and radiosonde measurement results are
presented and compared with satellite data. We find a persistent maximum in aerosol
extinction coefficients in the UTLS within the anticyclone, and show that such aerosol
accumulation can be linked to the development of the Tibetan deep convective sys-
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tems. These results indicate that deep convection could primarily affect aerosol and
hence radiation properties near the tropopause over the Tibetan Plateau.

2 Measurements and data
2.1 Micro Pulse Lidar

An Micro Pulse Lidar (MPL-4B, Sigma Space Corp., USA) was operated at the Naqu
Meteorological Bureau (31.5°N, 92.1° E, 4508 mm.s.l.) on the central part of the Ti-
betan Plateau. The MPL is a backscatter lidar which uses an Nd:YLF laser with an
output power of 12 ud at 532 nm and 2500 Hz repetition rate. The diameter of the re-
ceiving telescope is 20 cm, and the field of view is 0.1 mrad. The vertical resolution
of the lidar observation is 30 m, and the integration time is 30 s. Data obtained on the
cloud-free days during nighttime were selected in order to avoid the disturbance of
cloud and/or rain to column-averaged lidar ratio and solar noise.

In general, the inversion of the LIDAR profile is based on the solution of the single
scattering LIDAR equation:
;
r
P(r) = Oc(r)CEﬁz) exp —2/a(z)dz (1)
r

0

where r is the range, B(r) represents the total backscattering coefficient G(r) = B, (r) +
Ba(r), o(r) is the total extinction coefficient o(r) = o,,(r) + 0,4(r), C is the LIDAR con-
stant, which incorporates the transmission and the detection efficiency, and E is the
laser pulse energy. B,(r) and o,(r) are aerosol backscattering and extinction coeffi-
cients, respectively. B,,(r) and o,,(r) are molecular contributions to the backscattering
and the extinction coefficients, respectively. They can be evaluated by the Rayleigh-
scattering theory from the Standard Atmosphere 1976 (NASA, 1976). But here the
molecular extinction coefficients are evaluated using temperature and pressure from
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the radiosondes that released at the lidar field site twice a day. O.(r) is the overlap
correction as a function of the range caused by field-of-view conflicts in the transceiver
system. Systematic errors of P(r) were mainly observed in the lowest altitudes where
an incomplete overlap between the emitted laser beam and the telescope field-of-view
can led to an underestimation of aerosol backscatter and extinction coefficients. Since
the majority of aerosols are contained in the first several kilometers of the atmosphere,
the overlap problem must be solved. Overlap is typically solved experimentally, us-
ing techniques outlined by Campbell et al. (2002). The starting point is an averaged
data sample where the system is pointed horizontally with no obscuration. By choos-
ing a time when the atmosphere is well mixed, such as late afternoon, or, even better,
when the aerosol loading is low, backscattering through the layer is roughly assumed
to be constant with range (i.e., the target layer is assumed to be homogeneous). The
similar overlap calibration was carried out at the beginning of this field experiment.

The vertical profile of aerosol extinction coefficient o, is determined by a near end
approach in solving the lidar equation as proposed by Fernald (1984). The column av-
eraged lidar ratios are estimated by constraining the vertical integral of lidar-derived
aerosol extinction coefficients with independent aerosol optical depth measurements
by the collocated sunphotometer (Welton et al., 2000; Chazette, 2003). The averaged
column averaged lidar ratios are approximately 30 sr from all measurement examples.
We identify the boundaries of aerosol layer in the UTLS from the lidar extinction coeffi-
cient profiles. The lowest bin with o, = 0.001 km™~' above 18 km is identified as the top
of aerosol layer H,; and the bin with minimum value of o, between 10 km and 16 km as
the layer base H,. The visible optical depth of the aerosol layer is derived by integrating
the values of o, between H, and H,.

2.2 Radiosonde observations

During the field campaigns, 76 L-band (GTS1) electronic radiosondes (Nanjing Bridge
Machinery Co., Ltd., China) were launched to provide vertical profiles of pressure, tem-
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perature, and humidity up to 25 km to 30 km high. The radiosondes were released at
the lidar field site in Naqu twice a day at 00:00 and 12:00 UTC.

11 weather balloons with Vaisala RS92 radiosondes (Vémel et al., 2007) have been
launched to provide profiles of air temperature, relative humidity RH, wind speed and
wind direction usually up to the mid stratosphere. The RH can be measured between
0 and 100 % with a resolution of 1% and an accuracy of 5% at —50°C (Miloshevich
et al., 2006; Wahrn et al., 2004).

2.3 Satellite observations

National Oceanic and Atmospheric Administration (NOAA) satellites provide an out-
going longwave radiation (OLR) product for the top of the atmosphere. OLR data are
calculated on a daily basis by the Climate Diagnostic Center (CDC), a division of NOAA
(Liebmann and Smith, 1996). The horizontal resolution is 2.5° by 2.5°. Missing values
are computed by applying spatial and temporal interpolations. The OLR in this data
set is calculated by converting 10 um to 12 um channel radiances measured by the
Advanced High Resolution Radiometer aboard the NOAA operational polar orbiting
satellites. The daily mean is the average of one daytime and one nighttime measure-
ment. The OLR emitted by high, cold, deep convective clouds is much lower than that
by warm low clouds or by the Earth’s surface. Usually, values of less than 200Wm™2
indicate deep convection (Fujiwara et al., 2009). Deep convection, in turn, indicates the
regions with extensive lifting of air that may act as source regions for aerosol layer.

We used the water vapor profiles observations (version 3.3) from the Microwave
Limb Sounder (MLS) on the NASA Aura satellite (Waters et al., 2006). Aura MLS mea-
surements include water vapor, ozone and carbon monoxide that are useful tracers of
tropospheric and stratospheric air; these data have been used to document enhanced
levels of carbon monoxide in the upper troposphere over the Asian monsoon (Li et al.,
2005a; Filipiak et al., 2005) and also over the North American summer monsoon (Li
et al., 2005b).
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3 Results

The occurrence of the Tibetan anticyclone existed approximately for the seventh con-
secutive day from 6 to 22 August 2011 (Fig. 1). Temperatures within the anticyclone
are lower due to adiabatic expansion of ascending air parcels. During summer, the
elevated surface heat and the rising air over the plateau lead to anticyclonic circula-
tion and divergence in the upper troposphere and the lower stratosphere, which occurs
primarily due to adiabatic heating associated with deep convection over South Asia
during summer (Yanai et al., 1992). It is likely that cold temperature anomalies within
the anticyclone at 100 hPa are primarily a dynamical response to enhanced convection
(Park et al., 2007).

Figure 2 show the vertical profiles of aerosol extinction coefficients measured at
Naqu during 6—26 August 2011, along with the daily mean profiles of temperature. The
measurements display relatively high aerosol extinction coefficients in the UTLS, which
are 2 factors higher than those at altitudes below and close to (even higher than, such
as on 6 and 12 August) molecular scattering coefficients at the same altitude. The
highest aerosol extinction coefficients in the UTLS generally located at 18—19 km alti-
tudes, which are 1-2 km higher than the tropopause. Tropopause temperatures ranged
from —70°C to —80 °C, and the height of the tropopause varied from 80 hPa to 100 hPa
(from 17 km to 18 km), during the observational period. Moreover, such relatively high
aerosol extinction coefficients could extend over broad layers, ranging approximately
3—4 km.

In these cases, there were interesting temporal change in maximum extinction co-
efficients of the aerosol layer and the tropopause temperatures, as shown in Fig. 3.
The maximum extinction coefficients looks like anti-correlated with the tropopause tem-
peratures. The increased aerosol extinction coefficients usually accompanied with the
decreasing tropopause temperatures along the time series. The maximum extinction
coefficient of these cases is 2.40m™" on 12 August, when the tropopause temperature
is —76.0°C, being the lowest compared with the other cases. The minimum extinc-
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tion coefficient of these cases is 0.87m™" on 26 August, corresponding the highest
tropopause temperature of —-72.3°C.

There are two possible ways for the decreasing tropopause temperatures to affect
the enhancement of high aerosol extinction. One way is the low temperatures due to
adiabatic cooling of ascending air parcels induced by deep convective activities, which
result in the direct transportation of natural and/or anthropogenic emissions from at-
mospheric boundary layer over the Tibetan Plateau. The decreasing temperature at
the tropopause is generally associated with the enhancement in deep convective ac-
tivities over the Tibetan Plateau. The low OLR has been treated as an indicator of the
organized deep convective activity in the troposphere (Fujiwara et al., 2009). Figure 4
compares nighttime mean maximum aerosol extinction coefficients in UTLS with the
OLR convection proxy over the Tibetan Plateau in August 2011. The enhancement of
aerosols near the tropopause appears to be well correlated with the changes in OLR
(r2 = 0.77) without evidence of substantial time lags. According to the period of occur-
rence of aerosol layers in UTLS, the continuous lidar observation can be split into two
stages: 6 to 12 (S1) and 22 to 26 (S2) August 2011 for the continuous maintenance
stages of aerosol layer. These two stages might be caused by the different deep con-
vective systems due to an apparent time interval of about 10 days. Additionally, the
existence of low clouds in those days might obstruct significantly adiabatic cooling of
ascending air parcels and vertical transportation of aerosol in lower troposphere, re-
sulting in different variation of aerosol layer with intensity of deep convective activity in
the two continuous maintenance stages of aerosol layer. The relationships of aerosol
extinction coefficients and OLR in two continuous stages are also shown in Fig. 4 with
correlation coefficient of 0.78 and 0.86 for S1 and S2, respectively, suggesting the pos-
sibility that the tropopause aerosol enhancement associates with the upward transport
of aerosols in deep convective systems over the Tibetan Plateau. The overshooting
deep convection could directly influence the aerosol concentration at this level. Using
daily NCEP data and monthly SAGE data, Cong et al. (2001) calculated the interannual
change of the aerosol and ozone in 100 hPa, and they proposed that the atmospheric
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masses passing over the tropopause over the Tibet Plateau and its neighboring ar-
eas might possibly carry the aerosol particles of middle or lower troposphere into the
vicinity of the tropopause and result in an increase of the aerosol loading near the
tropopause. Yin et al. (2012) used a cloud resolving model coupled with a spectral bin
microphysical scheme to investigate the effects of deep convection on the concentra-
tion and size distribution of aerosol particles within the upper troposphere, and found
that aerosols originating from the boundary layer can be more efficiently transported
upward, as compared to those from the mid-troposphere, due to significantly increased
vertical velocity through the reinforced homogeneous freezing of droplets.

Similarly, the temporal variation trend of aerosol layer in UTLS altitude during the
nighttime period further indicated that the tropopause aerosol enhancement associates
with the upward transport of aerosols in deep convective systems over the Tibetan
Plateau. Figure 5 shows the nighttime cycle of maximum extinction coefficient (MEC),
aerosol layer depth (ALD) and AOD of the aerosol layer from local time 20:00 to 06:00,
hourly averaged for all cases. An obvious temporal variation of the three parameters
can be seen from this figure. Both maximum extinction coefficient and aerosol layer
depth increased drastically from 20:00 LT and reached maximum until 00:00 LT. AOD
increased more drastically with peak at 23:00 LT. The three parameters decreased al-
most stably until the morning (06:00 LT) in spite of slightly oscillation at 02:00 LT and
04:00 LT. It should be noted that nighttime variations in aerosol layer in UTLS are first
discussed in this paper have not been addressed in previous studies as far as we
know. Unfortunately, the high resolution of temporal variation in tropopause temper-
atures cannot be measured in the absence of radiosondes. However, the nighttime
variation trend of aerosol layer in UTLS altitude characterized by single peak at mid-
night can further support the conclusion that diurnal cycles of deep convective activity
should be the major factor in the aerosol concentration above the tropopause, be-
cause deep convective systems generally start to develop in the early afternoon and
continuously transport air with high aerosol concentrations vertically from the lower tro-
posphere to the near tropopause until the night. As found by Nesbitt and Zipser (2003),
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who analyzed a comprehensive 3 yr database of precipitation features, some large size
Mesoscale Convective Systems (MCS) may keep developing through the night even
until the early morning. Because of horizontal mixing and less vertical transport with
less frequent deep convection in the morning, the concentrations of aerosol decrease
and may reach their minima near morning. These convective systems may directly in-
ject aerosol into the UTLS during afternoon until the mid night and lead to a higher
concentration of aerosol around 00:00 LT over the Tibetan Plateau. The temporal vari-
ation of aerosols accumulated in UTLS induced by deep convective activities over the
Tibetan Plateau can be verified by the similar observation of carbon monoxide (CO)
near the tropical tropopause (Liu and Zipser, 2009) and the model investigation about
the roles of deep convection in the Tropical Tropopause Layer (TTL) (Kubokawa et al.,
2012).

The other way for the decreasing tropopause temperatures to affect the enhance-
ment of high aerosol extinction is the enlargement of pre-existing and/or vertically-
transported aqueous solution droplets induced by adiabatic cooling and hydration of
the air associated with deep convection. It has been verified that deep convection over
the Tibetan Plateau is likely to be a primary pathway for water vapor from the maritime
boundary layer (e.g., Indian Ocean, South China Sea). Dessler and Sherwood (2004)
have also suggested that convective transport plays a key role for the accumulation
of water vapor near the tropopause, resulting in an increase of H,O mixing ratio by
more than 5ppmv near the tropopause (Gettelman et al., 2004; Park et al., 2004; Fu
et al., 2006). But Tobo et al. (2007) used a growth model to calculate the possible
growth under given atmospheric conditions assuming the existence of liquid solutions
at equilibrium with respect to H,O, H,SO, and HNO3;, and found that aerosol growth is
sensitive to H,O mixing ratios. In fact, the H,O mixing ratios near the tropopause and
aerosol layer from Vaisala RS92 radiosondes released in 6, 8 11 and 23 August 2011
are not more than 2 ppmv, obviously less than the previous observations, as shown in
Fig. 6. In consequence, the effects of gas-to-particle conversion from liquid solutions
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would likely be secondary to the enhancement of high tropopause aerosol extinction in
these cases.

The continuous variation of water vapor distribution observed by satellite, despite
lower vertical resolution, might also be used to investigate the contribution of liquid
solutions conversion to the enhancement of high tropopause aerosol extinction. Fig-
ure 7 shows the time series of water vapor profile derived from MLS, tropopause level
from sounder temperature profiles, and the altitude of daily mean maximum aerosol
extinction coefficients in this region. It can be clearly seen that almost all the abundant
water vapor transported by deep convective systems are concentrated below 120 hPa
altitude (about 15 km). Meanwhile, the temporal correlation of extinction coefficients in
aerosol layer with water vapor from day to day is weak with correlation coefficient of
0.36, suggesting that it is impossible that the enhanced tropopause aerosol is due to
condensation of water vapor.

4 Conclusion

In this study, we observed significantly increased aerosol extinction coefficients in
UTLS over the Tibetan Plateau by continuous measurements by MPL during sum-
mer 2011. The highest aerosol extinction coefficients in the UTLS generally located
in 18-19kmm.s.l., 1-2km higher than the tropopause, with broad layer depth ranging
approximately 3—4 km. Interestingly, the maximum extinction coefficients are found to
be increased with the decreasing tropopause temperatures. Nighttime mean maximum
aerosol extinction coefficients in UTLS are also shown to be strongly coherent with the
OLR convection proxy. Appearance of deep transport from the most intense convec-
tion is considered to be important factors to explain the enhancement of tropopause
aerosols observed in summer over the Tibetan Plateau. Hour-to-hour variations in
aerosol layer in UTLS over the Tibetan Plateau are investigated in this study for the
first time, and results show a significant peak at midnight. This further verifies that
deep convection plays an important role in the aerosol accumulation in UTLS over the
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Tibetan Plateau. Deficiency in water vapor in UTLS indicates that the effects of gas-to-
particle conversion from liquid solutions would likely be secondary to the enhancement
of high tropopause aerosol extinction in these cases.

It is must be noted that our interpretations are based on a short time observation.
It is difficult to conclude that either one of the two processes is dominant due to lack
of observations for trace gases. If further observations with more frequent soundings
of water vapor and trace gases can be performed to investigate a correlation of high
aerosol extinction with ambient temperatures, water vapor, trace gases, liquid solutions
and transport processes, the result will be helpful in validating origination and mecha-
nism of the enhanced aerosol extinction in UTLS.
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Fig. 1. NCEP analyzed wind field, geopotential height and temperature at 100 hPa altitude on
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Fig. 7. Altitude-time distributions of MLS water vapor (ppmv, color bar in natural logarithm)
from 6 to 26 August 2011. Stars indicate the layer with nighttime mean maximum extinction

coefficient and pluses stand for the tropopause level of each day, respectively. Printer-friendly Version
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