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Abstract. Biomass burning in the Indochina Peninsula (In-
dochina) is one of the important ozone sources in the low
troposphere over East Asia in springtime. Moderate Reso-
lution Imaging Spectroradiometer (MODIS) data show that
20 000 or more active fire detections occurred annually in
spring only from 2000 to 2007. In our tracer modeling study,
we identify a new mechanism transporting the tracer over In-
dochina that is significantly different from the vertical trans-
port mechanism over the equatorial areas such as Indonesia
and Malaysia. Simulation results demonstrate that the lee-
side troughs over Indochina play a dominant role in the uplift
of the tracer below 3 km, and that the strong westerlies pre-
vailing above 3 km transport the tracer. These fundamental
mechanisms have a major impact on the air quality down-
wind from Indochina over East Asia. The climatological im-
portance of such a leeside trough is also discussed.

1 Introduction

The impact of biomass burning during spring over Southeast
Asia on the atmospheric environment of East Asia is getting
more and more attention. It is believed that the ozone pre-
cursors and aerosols produced by the biomass burning can
significantly affect the air quality over downstream areas. A
number of papers (e.g., Andreae et al., 1988, 1994; Crutzen
and Andreae, 1990; Mauzerall et al., 1998; Poppe et al.,
1998; Thompson et al., 2001; Chan et al., 2003a, b; Jour-
dain et al., 2007) note that the linkages between excess tropo-
spheric ozone and biomass burning are quite strong because
ozone precursors such as nitrogen oxides, carbon monoxide,
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and hydrocarbons are the products of biomass burning. For
East Asia, the biomass burning in Indochina has been identi-
fied as a source of significant impact on the ozone concentra-
tion in Hong Kong during spring (Chan et al., 2003a, b; Liu
et al., 1999) and aerosols from such burning are one of the
important sources of “Asian brown cloud” (Ramanathan and
Crutzen, 2003; Ramanathan et al. 2005; Lau et al., 2008).
Based on atmospheric conditions, the scale of these impacts
can be regional and even global and thus can affect the re-
gional and global climate.

It has been well documented that biomass burning fre-
quently occurs during spring over areas of the Indochina
Peninsula (Indochina) such as Thailand, Laos, Cambodia,
and Vietnam (Dwyer et al., 1988; Christopher and Kim-
berly et al., 1996; Chan et al., 2003a). Recent progress
of satellite monitoring systems, such as Along-Track Scan-
ning Radiometer (ATSR) (Kasischke et al., 2003), Advanced
Very High Resolution Radiometer (AVHRR) (Ichoku et al.,
2003), and Moderate Resolution Imaging Spectroradiometer
(MODIS) (Van der Werf et al., 2006; Giglio et al., 2006a,
b; Boschetti et al., 2008), resulted in useful information on
identifying various aspects of fire events and duration of
burning.

Lin et al. (2009) illustrated an average horizontal wind
speed pattern above 700 hPa and identified a strong wind
speed belt south of the Tibetan Plateau and north of 20◦ N
over Indochina. They also suggested that a significant av-
erage peak of ozone concentration existed at around 4 km
in spring that was attributed to biomass burning across In-
dochina. Since active fire spots occur frequently and abun-
dantly over Indochina, the key question is how the biomass-
burning products are uplifted to above 3 km and then trans-
ported by the strong westerly wind downwind to Taiwan and
even the entire East Asia. Liu et al. (2003) indicated that
transport of air pollutants from the boundary layer (BL) to
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the free troposphere (FT) was mainly facilitated by three
mechanisms; fronts, convection, and orographic forcing over
mainland China. Frontal lifting is an effective mechanism to
transport surface pollutants to the FT over continents (Bethan
et al., 1998), and fronts frequently occurred over China dur-
ing winter and spring. Furthermore, orographic lifting over
Central and Eastern China combined with cold fronts could
enhance the transport significantly (Donnell et al., 2001; Liu
et al., 2003).

“Deep convection” occurrence over South East (SE) Asia
is the most frequently mentioned mechanism for the trans-
port of biomass burning products upwards. Some researchers
noted that the convective activity over SE Asia, together with
strong thermal buoyancy and turbulence created by active
fires is able to carry biomass air pollutants to higher altitudes
over SE Asia (Folkins et al., 1997; Jocob et al., 1999; Chan
et al., 2003a). However, so far, discussions of biomass burn-
ing in conjunction with a strong convection mechanism in
previous studies are limited to the low latitude equatorial ar-
eas such as Indonesia, New Guinea, and Malaysia (Folkins,
1997; Hsu et al., 1996). In other words, the “deep convec-
tion” mechanism seems to apply only to the area around the
equator due to the strong lifting from frequent and strong
tropical convection. The inter-tropical convergence zone
(ITCZ) can be the primary organizing contributor. For ex-
ample, the studies by Folkins (1997) and Hsu et al. (1996)
concerned such areas as New Guinea, Australia, Indonesia,
and Malaysia. On the other hand, there is a lack of such
tropical convective uplifting over Indochina during spring.
Thus, it is important to identify a different mechanism re-
sponsible for the uplifting of biomass-burning products over
Indochina below 3 km. The mechanism we propose is the
leeside trough at the eastern flank of the Tibetan Plateau and
the mountains of Indochina. The Tibetan Plateau represents
a huge obstacle that can block basic atmospheric flows, and
the leeside trough can form under favorable conditions. The
leeside trough plays an important role because the associated
upward motion is quite significant. Once the trough is gener-
ated and associates with profound biomass burning, it would
create favorable conditions for the biomass-burning products
to be transported aloft. As we understand, this is the first
time this mechanism is being proposed as biomass-burning
transport mechanism over Indochina.

In previous studies, trajectory analyses have generally
identified ozone peaks as possible air masses coming in from
the low troposphere (e.g. Harris et al., 1998; Oltmans et al.,
2004). However, such traditional analyses can only describe
atmospheric air mass motion in part as they do not consider
important physical processes (e.g. dry and wet depositions)
and dynamical processes (e.g. small-scale convection and
turbulent mixing). In this study, a newly developed tracer
module is integrated into the Weather Research and Fore-
casting/Chemistry (WRF/Chem, Grell, et al., 2005) model
(Ver. 3.0) and utilized in our study. We hence propose to ap-
ply this modeling system to demonstrate this newly identified

transport mechanism for uplifting biomass-burning products
from Indochina on the leeside of the Tibetan Plateau and the
Indochina mountains.

In this report, evidences of biomass burning over In-
dochina are presented first, followed by case studies using
data from an ozone sonde and satellites, traditional weather
data, and modeling results. Additional events are also pro-
vided to suggest the simulated cases are not singular. Then,
the uplifting mechanism over Indochina is identified as the
leeside trough at the eastern flank of the Tibetan Plateau. Fi-
nally the mean leeside trough over a period of 60 years during
the springtime is described as a prominent feature of clima-
tological importance.

2 Observations

Figure 1a shows the inter-annual variation of hot spots in
spring (March to May) over Indochina derived from the Col-
lection 4, Terra MODIS satellite images with 1 km reso-
lution from 2000 to 2007. The data were obtained from
the Land Processes Distributed Active Archive Center (LP-
DAAC). Clearly, there were many fire points over Indochina
in the past few years; there have been more than 20 000 ac-
tive fire detections annually during spring after 2004. Also,
biomass-burning fire counts indicated a very remarkable sea-
sonal variability over Indochina; active fire detections oc-
curred mainly during the later winter and spring (Fig. 1b).

According to an ozone sounding on 11 April 2005 in
Northern Taiwan (Panchiao station, 121.43◦ E, 24.98◦ N), the
ozone concentration in the troposphere lower than 2 km was
less than 50 ppb (Fig. 2a). However, there was a distinct
peak of 120 ppb around 4 km with high relative humidity
(greater than 80%). On the average, ozone concentrations
in the lower troposphere between 3 and 6 km over Northern
Taiwan ranged from 70 to 80 ppb in spring (Lin et al., 2009).
In other words, the ozone concentration for this episode was
about 40 ppb greater than the average at 4 km. The peak
ozone concentration around 4 km with high relative humid-
ity implied that the air masses mainly came from the lower
troposphere and low latitudes (Liu et al., 1999; Chan et al.,
2003a).

Figure 2b depicts the fire hot spots derived from MODIS
satellite observations from 8 April (blue crosses) to 9 April
(red dots) during the period of burning episodes when the
air masses passed over South Asia (Fig. 2c, detail described
in Sect. 4). Indeed, a large measure of biomass burning oc-
curred over the Indochina region upstream of Taiwan.

The near surface (925 hPa) weather map in Fig. 3a illus-
trates a chain of low pressure systems located from cen-
tral to south China and Indochina. At 850 hPa, a very
deep trough extended southward from northern China to In-
dochina around 105◦ E, 20◦ N (Fig. 3b). Even at 700 hPa,
there still was a deep trough over southern China and In-
dochina (not shown). This favorable weather condition
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Fig. 1. (a) The annual variation of active fire detections from
Terra MODIS satellite in spring (March, April, and May) over In-
dochina (10◦ N to 25◦ N, 90◦ E to 110◦ E) from 2000 to 2007(b)
The seasonal variation of active fire detections in Indochina (10◦ N
to 25◦ N, 9◦ E to 110◦ E) from 2000 to 2007.

should provide a lift for the local air masses over southern
China and the Indochina region. The wind profile associ-
ated with the ozone sonde (Fig. 2a) shows that the wind
direction changed to southwesterly when the elevation was
greater than 1 km, and the wind speed steadily increased to
more than 15 m/s as the altitude increased from 1 km to more
than 3 km. Therefore, these favorable conditions, including
weather patterns and abundant biomass emissions over In-
dochina, provided significant opportunity for ozone to form
reactively to a 4-km altitude.

3 Trajectory and tracer/dynamic models

In order to identify sources of the high ozone episode that oc-
curred on 11 April 2005 and to examine how transport paths
could affect the ozone concentrations profile in Northern
Taiwan, the HYSPLIT (Hybrid Single-Particle Lagrangian-
Integrated Trajectory) model (Draxler and Hess, 1988) was
used to trace the origins of the air masses. Furthermore,
we employed the WRF/Chem (Ver. 3.0) (Grell et al., 2005)
modeling system to identify the long-range transport associ-
ated with biomass burning over Indochina in our case study.
A new tracer module, developed by us, was integrated into
the WRF/Chem model and applied to identify the transport.
The tracers were assigned to the fire locations derived from
MODIS satellite data over Indochina ranging from 5 to 25◦ N
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Fig. 2. (a) The vertical profile of ozone (solid), relative humidity
(dash dot), potential temperature (dash), and wind field launched
over Northern Taiwan (Panchiao station, 121.4◦ E, 24.98◦ N) at
01:46 UTC (09:46 LST) 11 April 2005.(b) Geographical distribu-
tions of active fire detections from 8 (denoted by cross) to 9 (red
dots) April 2005.(c) Result of the HYSPLIT model backward tra-
jectory analysis started at 02:00 UTC (10:00 LST), 11 April 2005 at
altitudes of 3000, 4000, and 5000 m at Panchiao station in Northern
Taiwan.
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Fig. 3. The near surface weather charts from Central Weather Bu-
reau (CWB) of Taiwan for geographic height at 00:00 UTC on 9
April 2005. Symbols of H and L show the location of major high
and low pressure systems(a) 925 hPa,(b) 850 hPa.

and 90 to 110◦ E. They were placed at the first level above the
surface at each fire location with a concentration of 10 000
units per day (416.67 units/h). The meteorological initial
and boundary conditions for WRF/Chem were obtained from
NCEP-FNL data sets at 6-h intervals. The Yonsei University
(YSU) (Hong and Dudhia, 2003) planetary boundary layer
scheme was selected in this study. The horizontal resolu-
tion for our simulations was 27 km and the grid box had
200×200 points in both the east-west and north-south direc-
tions. There were 35 vertical levels (theσ levels were: 1.000,
0.998, 0.994, 0.990, 0.985, 0.980, 0.970, 0.960, 0.945, 0.930,
0.910, 0.900, 0.890, 0.870, 0.850, 0.820, 0.790, 0.760, 0.720,
0.690, 0.660, 0.630, 0.600, 0.550, 0.500, 0.450, 0.400, 0.350,
0.300, 0.250, 0.200, 0.150, 0.100, 0.050, 0.000) and the low-
est level was about 20 m above the surface. To assure the me-
teorological fields were well simulated, the four-dimensional
data assimilation (FDDA) scheme was activated based on the
NCEP-FNL analysis data.

4 Simulation results

Three-day back trajectory analyses using HYSPLIT at the al-
titudes of 3 km, 4 km, and 5 km from Northern Taiwan for the
event of 11 April 2005 (Fig. 2c) suggested that the air masses
in Northern Taiwan originated from major biomass burning
on 8 and 9 April in Southern China, Indochina, and possibly
India where burning occurred at a lower elevation than the
trace layer. The air mass paths revealed that the air masses of
the ozone peak layer primarily came from biomass-burning
regions for this episode. The trajectory at 3 km was back-
tracked to the eastern Bay of Bengal, and it lowered to about
1.7 km over the Indochina burning region. The connection
between the uplift from the burning surface to the steering
flow at about 3–4 km requires further investigation.

According to the trajectory analysis at 3–5 km (Fig. 2c)
the air masses passed over Indochina during 8 and 9 April
before reaching Taiwan. To examine the impact of biomass
burning on East Asia, we conducted tracer simulations with
WRF/Chem with tracers placed on 8 and 9 April over the
fire locations reported by the MODIS satellite. Figure 4 de-
picts the horizontal distribution of tracer concentration and
wind field at the level of 650 hPa (around 4 km). The rela-
tively strong wind belt (wind speed>10 m/s) at 650 hPa lo-
cated just south of the Tibetan Plateau (Fig. 4a) merged into
a higher-latitude strong-wind belt over East Asias marginal
seas at around 01:00 UTC 9 April (Fig. 4b). Simulation
successfully produced the necessary flow pattern for long-
range transport. At 12:00 UTC 9 April, the high concentra-
tion tracers were transported to the coastal areas of China
following the strong wind belts that extend to East Taiwan
(not shown). As a consequence, the strong wind belt ex-
tended in an East-West direction after 01:00 UTC 10 April
and the light tracer concentration had already reached North-
ern Taiwan (Fig. 4c). The elevated tracer concentration lay
in northeast-southwest belts and covered Northern Taiwan at
around 02:00 UTC 11 April (Fig. 4d).

To further illustrate what mechanism dominates the verti-
cal tracer transport over Indochina, tracer and other variables
are presented on a cross-section along line AB in Fig. 5a.
Figure 5a shows the geographic locations and the terrain in
Asia. Along line AB, we can see that the enhanced absolute
vorticity (colored) developed to as high as 700 hPa, showing
an upward motion (>8 cm/s, white contour lines) just over
the lee side of the mountain at 12:00 UTC 9 April (Fig. 5b).
Actually, the enhanced absolute vorticity over the leeside
lasted for the whole study period until 11 April (not shown).
Concurrently, the wind speed greater than 10 (15) m/s (con-
tour line) was from 300 hPa down to 900 (800) hPa and ex-
isted for more than 2 days (Fig. 5c–f). The enhanced vor-
ticity over the southern part of the leeside trough was rather
shallow (up to 700 hPa), and a significant upward motion oc-
curred on the eastern side of the trough (12:00 UTC 9 April,
Fig. 5b and d). During the period between 8 and 11 April,
the up- and down-ward motions were supported by the warm
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10/01 UTC10/01 UTC

11/02 UTC11/02 UTC

Fig. 4. Simulated distributions of tracer concentration (colored) and
wind field at 650 hpa(a) 01:00 UTC 8 April 2005,(b) 01:00 UTC
9 April 2005, (c) 01:00 UTC 10 April 2005, and(d) 02:00 UTC
11 April 2005. The thick contour lines represent the wind speed
starting at 10 m/s and at 10 m/s interval.
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09/12 UTCFig. 5. (a)The geographic locations of East Asia and the terrain in
Asia. Line AB displays the location of the East-West cross section
in Fig. 5b–f. (b) The East-West cross section at line AB in Fig. 5a
at 12:00 UTC 9 April 2005. The colored area represents the amount
of absolute vorticity. The vertical velocity equals 8 cm/s and is de-
noted by a solid white line.(c) The vertical distribution of tracer
concentration (colored) and wind field along cross section line AB
at 18:00 UTC 8 April 2005. The solid contours are the westerly
wind speed and equal 10 m/s and at 10 m/s interval. The dashed
line represents 0 m/s.(d) Same as Fig. 5c but for 12:00 UTC 9 April
2005.(e)Same as Fig. 5c but for 18:00 UTC 9 April 2005.(f) Same
as Fig. 5c but for 02:00 UTC 11 April 2005.(g) Simulated vertical
distribution of tracer concentration for different dates (12:00 UTC
10 April, 18:00 UTC 10 April, 00:00 UTC 11 April, 02:00 UTC 11
April, and 02:00 UTC 14 April 2005) over Northern Taiwan.
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Fig. 5.Continued.

advection on the eastern side of the lee trough and the cold
advection on the western side, respectively. Such synoptic-
scale relationship can be realized through the omega equa-
tion under the quasi-geostrophic dynamics (Holton, 2004;
Chap. 6). Further interesting synoptic- and meso-scale evo-
lutions and their dynamics will be discussed elsewhere later.

The upward motion carried the tracers as high as 700 hPa
(Fig. 5c–e). After the tracers be uplifted to a high elevation
and then followed the strong winds to the downwind areas
(Fig. 5e–f). Obviously, the existence of the leeside trough
played a dominant role in uplifting the tracers to the high
altitude. After that, the tracers were carried away from the
source area to downwind Taiwan and even East Asia by the
strong westerly wind. The leeside trough and strong prevail-
ing wind provide favorable weather conditions for the trans-
port of tracers to the downstream areas.

Figure 5g shows the vertical distribution of the tracer con-
centration from the WRF/Chem simulation at Panchiao sta-
tion over Northern Taiwan at different times. In general,
the peak of the tracer concentration was around 650 hPa
(∼4000 m) from 12:00 UTC 10 April to 02:00 UTC 11 April.
As shown in Figs. 4 and 5c–f, the highest peak of the hourly
tracer concentration was around 650 hPa over Northern Tai-
wan, which agrees with the ozone sounding measurement at
02:00 UTC 11 April (Fig. 2a). The modeled results identify
the long-range transport of the trace species as following the
strong westerly wind from the biomass burning source areas,
i.e. from South Asia and Indochina.

The above-discussed case was not the only event; two
more events (20 April 2005 and 6 May 2005) were identified.
Figure 6a shows the average ozone profile for the 3 cases with
significant ozone peak (about 95 ppb) around 4 km during our
measurement programs in the spring of 2004 and 2005. The
average weather map (the 850-hPa geo-potential height) for
these 3 cases clearly shows a significant leeside trough over
Indochina (Fig. 6b) based on the NCEP/NCAR reanalysis.
Among these 3 cases, the one on 11 April 2005, which we
simulated, had the highest ozone peak (120 ppb) during our
intensive measurement period.

5 Sensitivity study

To further examine the role of the leeside trough formation in
tracer transport, a case on 14 April 2005 with no significant
trough presence was studied. According to weather maps a
high pressure system dominated over southern China and In-
dochina at 850 hPa (Fig. 7a) with no significant trough at lev-
els 850 and 700 hPa (not shown). The observed vertical pro-
files (Fig. 7b) over Northern Taiwan showed an almost uni-
form ozone distribution, a two-layer structure as to relative
humidity (moist below 4 km and dry above upto 7.5 km), and
a stable troposphere with a mixed layer below 1 km. We fur-
ther utilized the HYSPLIT model to trace back the air parcels
(Fig. 7c) and found the parcels traversed north of Indochina

Atmos. Chem. Phys., 9, 7901–7911, 2009 www.atmos-chem-phys.net/9/7901/2009/



C.-Y. Lin et al.: Biomass burning transport from Indochina 7907

(a)

 11

(a) 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
 10 
 11 
 12 
 13 
 14 
 15 
 16 
 17 
 18 
(b) 19 
 20 
 21 
 22 
 23 
 24 
 25 
 26 
 27 
 28 
 29 
 30 
 31 
 32 
 33 
 34 
 35 
 36 
 37 
Figure 6a and 6b 38 

(b)

 11

(a) 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
 10 
 11 
 12 
 13 
 14 
 15 
 16 
 17 
 18 
(b) 19 
 20 
 21 
 22 
 23 
 24 
 25 
 26 
 27 
 28 
 29 
 30 
 31 
 32 
 33 
 34 
 35 
 36 
 37 
Figure 6a and 6b 38 

Fig. 6. (a) Averaged ozone profiles observed on 11 April, 20
April, and 6 May 2005, based on the measurements from ozone
sondes. (b) Averaged 850-hPa geo-potential height based on the
NCEP/NCAR reanalysis datasets for 11 and 20 April, and 6 May
2005.

in the westerlies. Without the presence of the leeside trough,
there was a lack of the synoptic-scale upward motion neces-
sary to lift the biomass burning pollutants to the levels where
the westerlies prevail. Consequently, there should be no pol-
lutant downstream toward East Asia. Another simulation,
using the same configuration in the WRF/Chem for the case
discussed in the previous section, was conducted. No signif-
icant peak appeared in either the tracer vertical distribution
over Northern Taiwan (Fig. 5g, line with crosses) or the hor-
izontal distribution at 650 hPa (Fig. 7d). The contrasts be-
tween the ozone and non-ozone events are obvious in both
measurements and model results.

Furthermore, 2 additional events (1 and 17 April 2005)
with almost uniform ozone in the vertical profiles and no
leeside trough were provided. The average vertical profile
of ozone from ozone sondes exhibits the ozone was less
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04/11 0412 041304/11 0412 0413

14/02 UTC14/02 UTC

Fig. 7. (a)The 850-hPa weather charts from Central Weather Bu-
reau (CWB) of Taiwan at 00:00 UTC on 12 April 2005. Symbols H
and L show the location of major high and low pressure systems.(b)
The vertical profile of ozone (solid), relative humidity (dash dot),
potential temperature (dash), and wind field launched over North-
ern Taiwan (Panchiao station, 121.4◦ E, 24.98◦ N) at 01:46 UTC
(09:46 LST) 14 April 2005.(c) Result of the HYSPLIT model back-
ward trajectory analysis started at 02:00 UTC (10:00 LST), 14 April
2005 at altitudes of 3000 and 4000 m at Panchiao station in North-
ern Taiwan.(d) Simulated distributions of tracer concentration (col-
ored) and wind field at 650 hpa on 02:00 UTC 14 April 2005. The
thick contour lines represent the wind speed starting at 10 m/s and
at 10 m/s interval.
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Fig. 8. (a)Averaged ozone profiles observed on 1, 14, and 17 April
2005, based on the measurements from ozone sondes.(b) Averaged
850-hPa geo-potential height based on the NCEP/NCAR reanalysis
datasets for 1, 14, and 17 April 2005.

than 70 ppb except for that in the lowest 0.5 km (>70 ppb)
(Fig. 8a). Based on the NCEP/NCAR reanalysis, the aver-
aged 850-hPa geopotential height map indicates a broad high
pressure system in most of China and the Indochina region
(Fig. 8b), and no trough was observed anywhere except over
the southern Japan area.

6 Discussion

Convective activity is a mechanism popularly recognized
for the injection of forest fire plumes to high altitudes
(e.g. Westphal and Toon, 1991; Fromm et al. 2003; Colarco
et al., 2004). However, the degree of the injection and the
application of this mechanism are strongly related to weather
conditions and geographic locations. For example, Labonne
et al. (2007) studied the injection height of biomass burning
aerosols by using the spaceborne lidar and concluded that
most of these aerosols were injected within the mixing
layer, except for high-latitudes areas. As mentioned earlier,
previous studies indicated that the convective activity over
SE Asia together with strong thermal buoyancy by active
fires carried biomass burning products to higher altitudes.
We already pointed out in the Introduction that convective
activity does not frequently occur in Indochina except
around the equator (e.g. ITCZ) in SE Asia. Especially
during dry seasons over Indochina from March to May
(Chan et al., 2003a), wet convection will not be the major
force. Thus the next question is: is it possible that the
biomass fire plumes can lift the emissions to above 3 km
over Indochina depending only on thermal buoyancy?
Actually, the theoretical plume rise height only shows
a few hundred meters under stable or neutral conditions
(assume buoyancy flux parameterFb=100∼1000 m4 s−3,
wind speed: 10 m/s) if we use the Briggs equations (Arya,
1999). Nopmongcol U. (http://www.crwr.utexas.edu/gis/
gishydro03/Classroom/trmproj/Nopmongcol/report.htm)
studied the plume rise for forest fires during the Texas Air
Quality Study period by using the ArcGIS modeling tool,
and found a similar trend for plume rise with a low altitude
at night time and a peak during the late afternoon (only a few
hundred meters) from three wild fire events. The peak plume
rise height was in the range of 800–1300 m over Texas in
his study. Therefore, even though the highest topographic
elevation is nearly 1000 m (cross section topographic in
Fig. 5b) over Indochina, additional forcing is needed for a
large amount of biomass burning products to be lifted to
above 3 km. Therefore, we believe the leeside trough east
of the Tibetan Plateau and the Indochina mountains is one
of the major contributors, at least, for uplifting the biomass
burning products from Indochina into the westerlies.

7 Mean leeside trough

The mechanism we propose in this study is the uplifting by
the leeside trough at the eastern flank of the Tibetan Plateau
and the mountains over Indochina. The Tibetan Plateau rep-
resents a huge obstacle which can block basic atmospheric
flows and split the prevailing westerlies into the northern and
southern branches (Yeh, 1950; Staff Member, 1957). The in-
teraction between the westerly flow and the Tibetan Plateau
causes the production of shallow vortices in the lee of the
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Plateau (Staff Member, 1958; Wu et al., 1985; Wang and Or-
lanski, 1987; Wang et al., 1993; Chang et al., 2000; Yasunari
and Miwa, 2006). These vortices are obviously related to the
leeside trough, and their relationship with the trough will be
discussed later in a separate report.

The leeside trough is the dominate feature over southern
China and Indochina. The associated upward motion and
the low-level southerly flow provide the uplift and northward
movements for the biomass-burning products at the surface.
For the spring (March, April, and May) average between
1948 and 2008 using the NCEP/NCAR reanalysis dataset,
this feature appears to be persistent at the eastern flank of
the Tibetan Plateau at 850 hPa (Fig. 9a), and only extends
from surface to 700 hPa. The vertical motion field at 925 hPa
(Fig. 9b) supports the leeside trough, with a broad region
of the upward motion extending southward over Indochina.
Moreover, the vertical cross-sections of the vertical motion
(Fig. 9c) and the meridional flow along 105◦ E (Fig. 9d) in-
dicate that the trough is really shallow (below 700 hPa), that
the north-south range of the upward motion extends for more
than 20 degrees (from 15◦ N to 35◦ N), and that the southerly
flow also prevails for more than 20 degrees (between 10◦ N
to 30◦ N) with a peak speed of 5 m/s at 850 hPa.

Based on the conservation of the potential-vorticity, a
trough is frequently and easily formed at the leeside of major
mountains under favorable conditions (Gill, 1982; Holton,
2004). The leeside trough plays an important role as it asso-
ciates a significant upward motion. It is important to note that
the effect of the leeside trough provides an important process
for the tracer to be uplifted. Once the trough is generated
and associates with abundant biomass burning, it would be
favorable for the biomass-burning products to be transported
aloft. The existence of such a trough can be seen as the most
important lifting mechanism for the average ozone peak to
be observed at around 4 km in Northern Taiwan.

8 Conclusions

In this study we analyzed the seasonal variability of biomass
fire events from the MODIS data over Indochina and exam-
ined the tracer transport mechanism by a newly developed
tracer module in the WRF/Chem model. Satellite data show
nearly 20 000 active fire detections per year from 2000 to
2007 over Indochina. Seasonal variation statistics indicate
that biomass fires occurred most frequently during the late
winter and spring over Indochina and hence they had a sig-
nificant impact on the ozone concentration of downwind Tai-
wan and even that of East Asia. Based on the WRF/Chem
tracer transport simulation results, we found that the exis-
tence of the mountain leeside trough can be the most impor-
tant mechanism for tracers to be transported from the surface
to above 3 km. Based on our data analyses and models sim-
ulations, both ozone and non-ozone events support our pro-
posal: the presence of the upward warm advection associated
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Fig. 9. (a) The average geo-potential height during the spring
months (March, April, and May) between years 1948 and 2008 de-
duced from NCEP/NCAR reanalysis at 850 hPa.(b) Same as Fig. 9a
except for the vertical motion in the pressure coordinate at 925 hPa
(unit: Pa/s).(c) The meridional cross section along 105◦ E for the
pressure-coordinate vertical motion (unit: Pa/s).(d) Same as Fig. 6c
except for the wind speed (unit: m/s).
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with the leeside trough east of the Tibetan Plateau and In-
dochina mountains supports the synoptic-scale uplifting of
the biomass burning products into the westerlies for further
downstream transport. Previously, studies commonly indi-
cated the thermal buoyancy and turbulence created by active
fires as the primary mechanism for pollutants to be trans-
ported. Over Indochina, such strong convection of tropical
type did not prevail during spring; it would be too weak for
the pollutants to be transported above 3 km. The existence
of the leeside trough over Indochina reasonably provides a
linkage between biomass burning in Indochina and the peak
ozone concentration at about 4 km over downwind Northern
Taiwan.
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