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Abstract

Satellite observations of methane (CH4) using the Atmospheric Infrared Sounder
(AIRS) on the EOS/Aqua platform from 2003–2007 demonstrate a strong, plume-like
enhancement of CH4 in the middle to upper troposphere over the South Asia during
July, August and September, and its maximum occurs in early September. Simulations5

using the global tracer model version 3 (TM3) also show similar seasonal enhancement
of CH4 in the same region. The model results also suggest that this enhancement is
associated with transport process and local surface emissions, thus the observations
to tropospheric CH4 during the monsoon season may be used to constrain the mod-
els for a better estimation of Asian CH4 sources. Further comparisons between AIRS10

observations and the model simulations indicate a possible overestimate of CH4 emis-
sions from rice paddies in Southeast Asia. Moreover, the observed tropospheric CH4
enhancement from AIRS provides evidence for the strong transport of atmospheric pol-
lutants from the lower to the upper troposphere in Asia during the monsoon season,
and the observed rapid disappearance of local CH4 maximum in September may pro-15

vide valuable information for studying the dissipation of the Tibetan anticyclone and the
withdrawal of monsoon.

1 Introduction

As the most important greenhouse gas next to carbon dioxide (CO2), methane (CH4)
is about 20 times more powerful at warming the atmosphere than CO2 by weight, and20

plays an important role in atmospheric chemistry (IPCC, 2007). Therefore, under-
standing the emission sources of CH4 as well as its transport from surface to upper
troposphere or even stratosphere is essential for climate change study. This problem
is strikingly important over Southeast Asia as (a) the seasonal high emission of CH4
from rice paddies, a major CH4 emission source in this region (Khalil et al., 1998;25

Huang et al., 2004), and (b) the deep convection over the Tibetan Plateau (TP) occur
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almost simultaneously in the same time during the monsoon season. By using satellite
observation of carbon monoxide (CO) from Microwave Limb Sounder (MLS) and water
vapor (H2O) from Tropical Rainfall-Measuring Missing satellite (TRMM), Fu et al. (2006)
established that the TP provides the main pathway for cross-tropopause transport of
water vapor and polluted air to the global stratosphere. Therefore, the transport of CH45

from the Asia under the impact of the TP and the monsoon may constitute an important
source pathway transporting CH4 from lower to the upper atmosphere.

The Tibetan Plateau is located in the southwest of China and is the highest and
biggest plateau in the world, with an area of 2.5 million km2. It is well known that the
TP acts as a very strong heat source in summer and has a significant impact on the10

Asian Summer Monsoon (ASM). The intense convective activity generated at the TP
and the large scale vertical motion associated with the ASM transport large amounts
of sensible heat, moisture, chemical pollutants, as well as air with low ozone con-
centration from near-surface layers to upper layers (Ye and Wu, 1998 and references
therein), as illustrated from many model simulations and observations. For example,15

model simulations (Lawrence et al., 2003; Liu et al., 2003) suggested that deep con-
vection associated with the ASM lifts boundary layer pollutants from India, Southeast
Asia, and southern China into the upper troposphere, and part of them can be trans-
ported westward by the tropical easterly jet to the Middle East (Li et al., 2001), and
the Arabian sea (Filipiak et al., 2005), extensively influencing a part of Asia, Africa20

and Europe from June to September (Liu et al., 2003). Satellite observations have pro-
vided some evidences for the transport of atmospheric components from surface to the
upper atmosphere. For example, the enhancements of CH4, water vapor and nitrogen
oxides near the tropopause over the monsoon region were observed from Halogen Oc-
cultation Experiment (HALOE) measurement on Upper Atmosphere Research Satellite25

(UARS) (Park et al., 2004 and references therein); enhancement of CO was observed
over India and southern China from Measurements Of Pollution In The Troposphere
(MOPITT) (Kar et al., 2004) and over the TP and southwest China from EOS MLS (Li
et al., 2005); and localized maximum of water vapor and minimum of ozone associated
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with monsoon were observed from AIRS (Randel and Park, 2006).
In addition to the impact of large scale vertical motion associated with the ASM,

the Tibetan anticyclone, which is one of the largest upper level anticyclones on Earth
associated with the South Asia High (not always situated over Tibet), is another im-
portant component of understanding the structure of atmospheric components in the5

monsoon region (Li et al. 2005; Randel and Park, 2006). When the anthropogenic
emissions from northeast India and southwest China were transported into the upper
troposphere, they were entrained by the upper level Tibetan anticyclone (Li et al. 2005).

Previous satellite observations of CH4 by HALOE were made only near and above
the tropopause. Measurements by the Michelson Interferometer for Passive Atmo-10

spheric Sounding (MIPAS) on Envisat (Payan et al., 2007) and by the Atmospheric
Chemistry Experiment (ACE) (Nassar et al., 2005; De Mazière et al., 2008) are in sim-
ilar altitude region. Nadir-viewing measurement of tropospheric CH4 has been made
by the Interferometric Monitor for Greenhouse Gases (IMG) on board the Japanese
Advanced Earth Observing Satellite (ADEOS) (Clerbaux et al., 2003) but only has a15

few months’ data. So, up to now systematic measurements and analysis of the ver-
tical variation of CH4 in the middle to upper troposphere over the TP do not exist to
our knowledge, and our knowledge about the distribution and transport of CH4 in the
monsoon region is poor, which is mainly attributed to the large uncertainty in the cur-
rent estimation of CH4 emissions from rice paddies in Asia (Huang et al., 2004; IPCC,20

2007). Until recent observations by AIRS on EOS/Aqua, Xiong et al. (2008) have
shown validated and valuable AIRS CH4 products in the middle to upper troposphere
for a couple years. As AIRS has the most sensitivity to CH4 at 150–300 hPa near the
tropics, which is just below the levels of the maximum confinement by Tibetan anticy-
clone at ∼200–100 hPa (Randel and Park, 2006), the distribution of AIRS CH4 in this25

altitude region could provide information on the Tibetan anticyclone. Therefore, analy-
sis of AIRS CH4 distribution can provide new insights into CH4 emissions and transport
in the monsoon region.

The aim of this paper is to explore the summer enhancement of CH4 in south Asia us-
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ing the data of CH4 in the middle to upper troposphere from AIRS observation and the
model simulation by an atmospheric transport model TM3 (Heimann and Körner, 2003;
Houwelling et al., 2006). The seasonal variation of CH4 in this region is studied in fur-
ther detail by comparing AIRS observations with model simulations taking into account
the averaging kernels characterizing AIRS retrieval skill (Maddy and Barnet, 2008).5

These comparisons demonstrate that the information of CH4 observed from AIRS is
reasonable. Moreover, an analysis of the seasonal change of AIRS CH4 indicated that
the observed tropospheric CH4 enhancement and its disappearance provided some
valuable information of the transport, including the dissipation of the Tibetan anticy-
clone and the withdrawal of monsoon.10

To better understand the impact of dynamic transport on the formation of CH4
plume, the monthly wind fields from National Oceanic and Atmospheric Administration
(NOAA), National Centers for Environmental Prediction (NCEP) analysis data were an-
alyzed. Furthermore, model simulations were carried out to investigate the sensitivity
of CH4 plume to the amount of the emission in Southeast Asia, and the results show15

that the enhancement of tropospheric CH4 during the monsoon season is sensitive
to surface emissions, suggesting the space-borne observations of tropospheric CH4
in this period may provide a constraint to the models for the estimation of Asian CH4
sources. Previous estimations of CH4 emission sources and sinks from model were
usually constrained using the ground-based measurement of tropospheric CH4 con-20

centration. From this perspective, AIRS CH4 observation should be valuable for the
study of global CH4 sources and sinks.

2 Data and method

AIRS was launched in the polar orbit (01:30 p.m, ascending node) on National Aero-
nautics and Space Administration (NASA) EOS/Aqua platform in May 2002. It has 237825

channels covering from 649–1136, 1217–1613 and 2169–2674 cm−1 at high spectral
resolution (λ/∆λ=1200, ∼0.5 cm−1) (Aumann et al., 2003) , and the noise equivalent
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change in temperature (NE∆T), at 250 K reference temperature, ranges from 0.14 K
in the critical 4.2µm lower tropospheric sounding wavelengths to 0.35 K in the 15µm
upper tropospheric sounding region. The spatial resolution of AIRS is 13.5 km at nadir,
and in a 24-h period AIRS nominally observes the complete globe twice daily. In order
to retrieve CH4 in both clear and partially cloudy scenes, 9 AIRS pixels in the footprint5

of an Advanced Microwave Sounding Unit (AMSU) pixel are used to derive the cloud-
cleared radiance in this field of regard (FOR), from which the retrieval is made with
the spatial resolution of about 45 km. The version 5 of AIRS product retrieval software
(APS) has been put into operation at NASA Goddard Earth Sciences (GES) Data and
Information Services Center (DISC), and these data are currently available at the God-10

dard DISC (http://disc.gsfc.nasa.gov/AIRS/data products.shtml). An “off-line” version
of the AIRS product has been run at Center for Satellite Application and Research,
National Environmental Satellite, Data, and Information Service (NESDIS), NOAA to
process AIRS data that is thinned in 3×3 degrees (latitude×longitude), and these data
are used in this paper. As detailed by Xiong et al. (2008), over 70 AIRS channels near15

7.6µm are used for CH4 retrieval, and validation using in-situ aircraft observations
showed the bias of the retrieved CH4 profiles is −1.4∼+0.1% and its rms difference is
about 0.5–1.6% (Xiong et al., 2008). In general, the information content of AIRS obser-
vations near the tropics is larger than in other regions, so it is easier for AIRS to observe
the variation of CH4 according to our validation using data in Hawaii and Rarotonga,20

Cook Islands (21.25◦ S, 159.83◦ W). Due to the lack of in-situ observation over the TP,
the validation to AIRS CH4 in the region studied in this paper can not be made. These
uncertainties could hamper the accurate comparison of satellite data with model, but
analysis of AIRS CH4 distribution and its seasonal change, and its comparison with
model simulations allow us to make a qualitative assessment to the impact of transport25

and surface emissions during the monsoon season. To further reduce the uncertainty
in the analysis of AIRS data, we tightened the quality control in addition to the quality
control based on the degree of freedom as described by Xiong et al. (2008), and this
was made by rejecting these profiles with obvious oscillation using a simple criterion
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based on the variation range of CH4 in the troposphere.
The global CH4 concentration data from transport model simulations, as reported by

Houweling et al. (2006), have been obtained using a source scenario (S3) as input to
the atmospheric transport model TM3 (Heimann and Körner, 2003). This scenario, S3,
includes direct plant emissions and the global emissions from rice is 60 Tgyr−1 (see5

Table 1 in Houweling et al., 2006), but still has a little overestimate of CH4 for South-
east Asia in comparison with measurements from the surface and SCanning Imaging
Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY) (Frankenberg
et al., 2005). Model simulations have been performed on 3.75×5 degree horizontal
resolution (latitude x longitude) for the period 2001–2004 with meteorological fields10

derived from the NCEP reanalysis (Kalnay et al., 1996). To test the sensitivity of the
tropospheric CH4 to surface emissions, we re-ran the model (denoted as the “2nd run”)
by changing the surface emissions only. Since the uncertainty in the estimated CH4
emissions from rice agriculture is large, for example, the estimated emissions can be
from 31 to 112 Tgyr−1 (IPCC, 2007 and references therein), for simplification, in the 2nd15

run we assumed an increase of CH4 emissions by 50% in Southeast Asia in the region
between 67.5◦ E–127.5◦ E and 3.83◦ N–42.13◦ N (denoted as region (I), the large box
in the Fig. 1). The area with significant CH4 enhancement considered in this paper is
chosen in the region between 80◦ E–110◦ E and 20◦ N–35◦ N (denoted as region (II),
the small box). The area of the region (I) is set to be much larger than the region20

(II) because the surface emissions from all area of the region (I) could possibly con-
tribute to the formation of CH4 plume in the region (II). The locations of regions (I) and
(II) are evident in Fig. 1. The wind fields plotted in this paper are downloaded from
NCEP/NOAA analysis data (http://www.cdc.noaa.gov/cdc/data.ncep.reanalysis.html).

Due to the change of information content inherent in the infrared observation, which25

is related to but not limited to the atmospheric temperature-moisture profiles, a good
comparison of satellite observation with model simulation requires to use the averaging
kernels to convolve the model data as below (Rodgers, 2000):

x̂ ≈ Ax+(I−A)xa (1)
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where x̂ is the convolved (or smoothed) CH4 mixing ratio profile, x is the profile from
model simulations, and xa is the first-guess profile (“a priori”), which is a function of lati-
tude and pressure but does not vary with time and longitude (Xiong et al., 2008). I is the
identity matrix, A is the averaging kernels. In real application for AIRS, log(x),log(xa),
and log(x̂) are used in Eq. (1) (Maddy and Barnet, 2008). Differences between AIRS5

observations and the model convolved data will reflect the biases between satellite ob-
servation and the model simulation (as a “truth”) after taking into account the retrieval
smoothing associated with the variation of information content in satellite observation.
Unless otherwise stated, the model data in this paper have been convolved with AIRS
averaging kernels.10

3 Results and discussion

3.1 Spatial distribution of tropospheric CH4 over Southeast Asia from AIRS observa-
tions and model simulations

Significant increase of CH4 in the middle to upper troposphere was observed by AIRS
in July, August and September, which is illustrated from the monthly mean distribution15

of CH4 at 300 hPa observed by AIRS and its counter part from model simulation (Fig. 1)
in Southeast Asia. Model data are convolved using the corresponding monthly mean
averaging kernels. The monthly horizontal wind fields at 300 hPa are overlaid with
AIRS observations in the upper panels of Fig. 1, and the monthly horizontal winds
at 150 hPa are plotted in the lower panels in order to demonstrate the strength and20

location of the Tibetan anticyclone. In July AIRS observed significant enhancement of
CH4 over North India. In August both AIRS observation and model simulation show
strong enhancement in the upper half of the the region (II). The maximum occurs in
September with the area of significant CH4 enhancement extending slightly southward
to lower part of the region (II). Overall, the location of the CH4 maximum as observed25

by AIRS is shifted westward compared with that of the model simulation. Particularly,
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in North India, higher CH4 is observed by AIRS than that from model simulation, while
in Southeast China lower CH4 is observed by AIRS than that from model simulation. A
recent study by Taniguchi and Koike (2008) indicates that there is more cloud activity
over north Indian during June–July than middle May to June. Some similarity between
the location of CH4 maximum with the location of Outgoing Longwave Radiation (OLR)5

(Fig. 13b in Taniguchi and Koike, 2008) indicates that uncertainties in the cloud-cleared
radiances used in the AIRS CH4 retrieval algorithm may dominate the retrieved spatial
structure over North India. The lower CH4 observed by AIRS than that from model
simulation in the southeast China may be associated with the possible overestimate of
CH4 emission in the model. However, we noticed that the CH4 maximum at 136 hPa10

observed by HALOE measurement is also toward the west of that from the simulations
by the Model for Ozone and Related Chemical Tracers (MOZART) (Fig. 3 in Park et al.,
2004). This consistency between HALOE (at a higher altitude) and AIRS observations
may indicate some possible uncertainties exist in the models as well.

The formation of the CH4 plume is closely related with the circulation, which can be15

seen from the wind fields in Fig. 1. To better illustrate the relation of CH4 plume with cir-
culation, we also compared the monthly change of CH4 mixing ratio at 300 hPa between
AIRS observations and model simulation in Fig. 2. The monthly change is defined as
CH4 mixing ratio in the present month divided by CH4 in the previous month, i.e. CH4
(present)/CH4 (previous)*100.–100. The wind fields at 850 hPa from June to Septem-20

ber are plotted in order to illustrate the dynamic transport in the lower troposphere. A
careful examination to the wind fields at 850 hPa and 150 hPa shows that there is strong
convergence around the TP (upper part of the region (II)) in July and August, and a
strong anticyclone over the TP in August and September. The center of anticyclone
moves southward slightly from around 30◦ N in August to 25◦ N in September. From25

June to July model simulations show that the most significant increase occurs in the
center of the region (II), but AIRS observations show the area with significant increase
is shifted northwestward in the region (II) and a larger enhancement westward of the
region (II). Moreover, observations from AIRS suggest the transport is mainly from the
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Middle East in the westerly jet, but this transport is relatively smaller in model simula-
tion. Instead, model simulation shows a stronger transport northwestward across the
Indian Subcontinent, which is likely associated with the propagation of the monsoon
from June to early July. From July to August, the area with significant increase from
model is more westward of that from AIRS. Model simulation also shows the transport5

is mainly from India as the monsoon moves to a higher altitude in the north of Indian
Subcontinent, and the transport from northeast China along the northern branch of
Tibetan anticyclone is relatively small. However, AIRS observation suggests that the
strong convergence around the TP is the driver for the enhancement in the center of
the region (II).10

From August to September the area with significant increase from model is eastward
of that from AIRS. Model simulation also shows the most significant increase of CH4
occurs in Southeast of the TP, which is likely associated with the transport of CH4
from southeast China along the southern slope of the TP in the easterly jet. But AIRS
observation shows that the most significant enhancement occurs in northern India,15

and the impact of transport from southeast China is much smaller than that from model
simulation. From the difference of the CH4 in September and the CH4 change from
August to September between AIRS observation and model simulation, we suggest
that the model possibly overestimates CH4 emission from rice paddies in Southeast
Asia, one of the main CH4 emission sources in this period.20

The uncertainties in AIRS retrievals include (a) the errors in atmospheric tempera-
ture and water moisture profiles, surface temperature and emissivity derived from other
channels of AIRS over high terrain like the TP, particularly the increase of moisture im-
ported by ASM to the TP region that pushes the most sensitive region of AIRS upward
and makes the variation of the retrieved CH4 confounded (Xiong et al., 2008), (b) the25

error in forward radiative transfer model (Strow et al., 2003), and (c) the error in cloud
clearing that may be larger as more clouds have been observed to form over the TP
region (Taniguchi and Koike, 2008). Therefore, instead of assessing whether AIRS
observations to the CH4 plume in Southeast Asia in the summer is better than model
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simulations, or vise versa, the aim of this comparison between AIRS observations and
model simulations is to illustrate the existence of some difference between them, and
call for more study in order to utilize AIRS observation in conjunction with model simu-
lation to better quantify the Asian CH4 sources and sinks in summer. Further validation
to AIRS observation, as well as the improvement to AIRS retrieval algorithm and quality5

control will be the on-going efforts in the future.

3.2 Seasonal variation of CH4 plume

Using the AIRS observations from August 2003 to December 2007, we computed their
mean CH4 profiles averaged in the region (II). To better illustrate the information content
of AIRS retrieval and the retrieved seasonal variation of CH4, only the mean profiles10

from ascending node (daytime) during May to October 2004 are plotted in Fig. 3. Sig-
nificant increase of CH4 at 150–300 hPa is evident since early July and the maximum
occurs at 5 September 2004. The most significant change of CH4 occurs at pressure
level between 150–300 hPa, reflecting the most sensitive regions of AIRS observations
in these levels. In lower troposphere the sensitivity is small, so AIRS retrieved profiles15

tend to “stick to” the first guess and the seasonal variation can not be observed by
AIRS.

Comparison of the seasonal variation of CH4 in the region (II) from AIRS observa-
tions and model simulations was made after removing their mean from August 2003 to
December 2007 separately (Fig. 4). This comparison of seasonal cycle instead of the20

absolute value of mixing ratio helps to reduce the bias between AIRS observation and
model simulation. As the model data are not available 2005–2007, we used the data in
2004 instead, but convolved them using the averaging kernels corresponding to each
AIRS observation. The seasonal change of about 100 ppb repeats every year, and the
annual difference in the CH4 maxima as well as its occurrence time are small. On aver-25

age, the minimum of CH4 occurs on 11 June and the maximum occurs on 7 September
with a standard division of about 1 week. These dates of CH4 plume occurrence and
disappearance are closely related with the ASM, whose mean onset date is 4 June
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with a standard deviation of about 7.4 days and mean withdrawal date is 7 September
with a standard deviation of about 11 days (Fasullo and Webster, 2003). CH4 mixing
ratio over south Asia decreases from its maximum quickly to the level in early June in
about 10–12 days. The rapid decrease of CH4 in September as compared to its slowly
increase from June is also similar to the progress of monsoon that takes a longer time5

to develop but withdraws rapidly. Such a similarity of CH4 variation with the onset and
the withdrawal of ASM implies the important impact of dynamic transport associated
with ASM on the formation of CH4 plume, and the time for the disappearance of the
CH4 maximum observed from satellite may be used as an index to mark the withdrawal
of the ASM.10

As reported by Li et al. (2005), MLS and MOPITT observed the CO maximum during
25 August to 6 September 2004 over the TP and south China. This consistency of the
CO and CH4 maxima, as well as the local maximum of water vapor and the minimum
of ozone, occurring at nearly the same time implies that the dynamic transport could
be the most important factor driving the formation of the local maxima of water vapor,15

CH4 and CO.

3.3 The pressure level dependence of the CH4 enhancement and its relation with the
anticyclone

By using the model simulation data, we computed the relative increase of CH4 av-
eraged in the region (II) from July to October as compared to the CH4 mixing ratio20

in June. As shown in Fig. 5, the seasonal trend in different pressure levels is simi-
lar; however, the magnitude of the ratio of CH4 in September to that in June, which
we will assume to represent the “plume strength”, varies greatly with altitude. Below
300 hPa the plume strength increases with altitude, i.e. it increases from 2.7% at 600
hPa to 3.1% at 300 hPa. Above 300 hPa the plume strength decreases with altitude25

and it becomes 2.0% at 110 hPa. This transition of the variation of plume strength with
altitude occurring at 110–200 hPa indicates the pressure levels where the Tibetan an-
ticyclone locates. The existence of the Tibetan anticyclone at 110–200 hPa helps the
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accumulation of CH4 and the formation of the CH4 plume near 300 hPa, and in lev-
els above the Tibetan anticyclone, i.e. 110 hPa, the seasonal increase of CH4 mixing
ratio from June to September is reduced significantly. In October, CH4 mixing ratio
decreases significantly in different levels with the most significant decrease occurring
200–300 hPa, indicating the rapid disappearance of the CH4 plume in the middle to5

upper troposphere.
Consistent with model simulations, the significant increase of CH4 in the middle to

upper troposphere, as observed by AIRS, and the increase in the lower stratosphere,
as observed by HALOE measurement (Park et al., 2004), provide evidences for the
transport of CH4 to the upper atmosphere. These observations suggest that this trans-10

port of CH4 during the monsoon season may constitute an important source pathway
by which CH4 is transported from surface to stratosphere. Such a transport of CH4 as
well as the transport of water vapor and other trace gases to stratosphere during the
monsoon season may play an important role in atmospheric chemistry, and is worthy
of further study.15

3.4 Sensitivity of CH4 plume to CH4 emissions from Southeast Asia

In order to investigate the relation between the enhancement of tropospheric CH4 with
the surface emissions, a sensitivity study was performed in which only the CH4 emis-
sions from Southeast Asia in the model were assumed to increase by 50% in the 2nd
run. A comparison was made for the increase of CH4 mixing ratio at 300 hPa from20

July to October as relative to the CH4 mixing ratios of June corresponding to each run
respectively. The results (Fig. 6) demonstrate that the relative enhancement of tropo-
spheric CH4 from June to September increases with the increase of surface emissions,
so the larger the surface emission, the easier it is to detect the enhancement of tropo-
spheric CH4 in the middle to upper troposphere.25

We also computed the difference of CH4 mixing ratio at 300 hPa in these two runs.
Here we used the CH4 mixing ratio from the 2nd run divided by the CH4 mixing ratio
from the 1st run, i.e. CH4 (2nd run)/ CH4 (1st run)*100.-100., for each month from
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June to September (Fig. 7). This difference represents the relative change of CH4
corresponding to the increase of surface emissions. To account for the imbalance of
CH4 sources and sinks in the 2nd run approximately, we subtracted the difference of
background concentration of CH4 mixing ratio in the 2nd run from the 1st run, which is
obtained as the mean mixing ratio over high southern hemispheric ocean. Significant5

increase of CH4 occurs in July, August and September with the maximum occurring in
September. The locations of the largest increase of CH4 are also similar to the locations
of the CH4 plume (Fig. 1). With a 50% increase of CH4 emissions in Southeast Asia,
the monthly mean CH4 mixing ratio at 300 hPa over Southeast Asia increases up to 4–
5% in September, which is overall significantly larger than the uncertainty in the AIRS10

retrieval. However, in reality the existence of the imbalance between the local sources
and sinks in a limited time is possible, so the subtraction of the background difference
of CH4 mixing ratio in these two runs may be inappropriate, and without subtracting this
background difference, the monthly mean CH4 mixing ratio at 300 hPa over Southeast
Asia increases up to 8–9% from June to September. Therefore, the observations of the15

CH4 plume over south Asia from space should be able to provide significant information
of CH4 emissions in the summer.

4 Summary and conclusions

Satellite observations of CH4 using AIRS on AQUA/EOS from August 2003 to De-
cember 2007 and some comparisons with model simulations using the TM3 were pre-20

sented. They both showed similar enhancement of CH4 from June to September over
South Asia. The maximum enhancement occurs in early September, and the value is
up to 100 ppbv at 300 hPa from AIRS observations, and the increase of the monthly
average from June to September is over 3% from model simulations. These results
indicate that AIRS observations contain significant information about the transport of25

CH4 to the middle troposphere. The rapid disappearance of the CH4 plume observed
by AIRS in September has a good correlation with the withdrawal of monsoon, sug-
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gesting this observation of CH4 by AIRS may be valuable for studying the dissipation
of the Tibetan anticyclone and the withdrawal of monsoon.

Consistent with other studies based on model simulations and/or observations, this
observation of CH4 enhancement in the middle to upper troposphere by AIRS provides
additional evidence for the transport of chemical pollutants from the boundary layer to5

the upper troposphere over South Asia during the summer monsoon. While the deep
convection and the Tibetan anticyclone are two important factors on the formation of
local maximum of CH4, the seasonal high CH4 emissions from rice paddies that occur
almost simultaneously with the strong dynamic transport in the summer will result in
a larger enhancement and transport of CH4 than that of some other gases (like CO),10

which may constitute an important source pathway for CH4 to be transported from the
surface to the upper troposphere and stratosphere. The impact of this transport to the
global CH4 budget, particularly to the stratospheric CH4, should be worthy for more
study.

Our model sensitivity study illustrated that surface source has played a major role in15

contributing to the mid to upper tropospheric enhancement of CH4 in these regions
influenced by the monsoon. For example, for an increase of CH4 emissions from
Southeast Asia by 50%, upper tropospheric CH4 increases by up to 8–9% (or 4–5%
if considering the imbalance of sources and sinks) over Southeast Asia in September.
Therefore, observation to the CH4 in the middle to upper troposphere and its seasonal20

change can provide valuable information of surface CH4 sources in these regions in the
summer. Such observation becomes possible by using of space-borne observations
from AIRS and other operational thermal sounders, such as the Infrared Atmospheric
Sounding Interferometer (IASI) on the METOP satellite series. Use of these data will
enable us to better understand the CH4 budget and study the global carbon cycle. How-25

ever, more validation and improvement to AIRS/IASI retrieval of CH4 need to be done
before we can use their observation as a constraint of models to accurately estimate
the Asian sources and sinks of CH4.
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Fig. 1. Spatial variation of monthly mean CH4 at 300 hPa from June to September 2004 in
Southeast Asia observed from AIRS observation (top) and model simulation using the TM3
(bottom). Significant enhancement of CH4 is evident in August and September. The wind fields
at 300 hPa (top) and 150 hPa (bottom) are shown respectively.
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Fig. 2. Spatial variation of the monthly changed CH4 at 300 hPa observed by AIRS (top) and
model simulation (bottom). The wind fields at 850 hPa are shown.
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Fig. 3. Time-pressure cross section of AIRS CH4 averaged in the region (II). Data is from as-
cending node (01:30 p.m. LST). Significant enhancement of CH4 at middle to upper troposphere
is evident with the maximum occurring in early September.

13474

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/13453/2008/acpd-8-13453-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/13453/2008/acpd-8-13453-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
8, 13453–13478, 2008

Methane over
South Asia

X. Xiong et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Fig. 4. Seasonal variation of CH4 at 300 hPa averaged in the region (II) from August 2003 to
December 2007. Blue is AIRS observations. Red is the model data in 2004 convolved with
averaging kernels from every AIRS observation. The CH4 increase from June to September is
up to 100 ppbv with small annual difference.
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Fig. 5. Seasonal change of CH4 averaged in the region (II) from July to October (relative to
June) and its dependence with pressure levels. All data are from model simulation only.
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Fig. 6. Seasonal change of CH4 averaged in the region (II) from July to October (relative to
June) for two different runs. The only difference between them is that in the 2nd run the CH4
emissions in Southeast Asia is increased by 50% than that in the 1st run. All data are from
model simulation only.
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Fig. 7. Spatial distribution of the relative increase of CH4 mixing ratio at 300 hPa corresponding
to 50% increase of CH4 emissions over Southeast Asia (region (I), as marked in the box). The
change of background concentration has been removed to account for the imbalance between
the sources and sinks after 50% increase of CH4 emissions. All data are from model simulation
only.
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