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Abstract: The Atmospheric Infrared Sounder (AIRS) on EOS/Aguatform provides a
measurement of global methane (rkh the mid-upper troposphere since September,
2002. As a thermal infrared sounder, the most geitgiof AIRS to atmospheric CHs in

the mid-upper troposphere with the degree of freedd ~1.0. Validation of AIRS Ci
productversusthousands of aircraft profiles (convolved using AIRS averaging kernels)
demonstrates that its RMS error (RMSE) is mosthg lthan 1.5%, and its quality is pretty
stable from 2003 to 2009. For scientific analydigshe spatial and temporal variation of
mid-upper tropospheric CHMUT-CHy) in the High Northern Hemisphere (HNH), it is
more valuable to use the AIRS retrievedGiHa layer of about 100 hPa below tropopause
(“Representative Layer”) than in a fixed pressayget. Further analysis of deseasonalized
time-series of AIRS Cilin both a fixed pressure layer and the “Represeptdayer” of
AIRS (only for the HNH) from 2003 to 2009 indicatdsat, similar to the CHin the
marine boundary layer (MBL) that was found to imse in 2007-2008, MUT-CHvas
also observed to have a recent increase but the sigpéficant increase occurred in 2008.
MUT-CH,4 continued to increase in 2009, especially in theHdMNoreover, the trend of
MUT-CH,4 from 2006 to 2008 is lower than the trend of G the MBL by 30-40% in
both the southern hemisphere and HNH. This delayhfe MUT-CH, increase of about
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one year than CHn the MBL as well as the smaller increase tresdMUT-CH, suggest
that surface emission is likely a major driver foe recent Chlincrease. It is also found
that the seasonal cycle of MUT-@I$ different from CH in the MBL due to the impact of
transport, in addition to the surface emission wedphotochemical loss.

Keywords: methane; mid-upper troposphere; satellite; AIR&dr seasonal cycle

1. Introduction

As one of the most important greenhouse gases,satmac methane (Cjis 25 times more
effective on a per unit mass basis than carbonidkoix absorbing long-wave radiation on a 100-year
time horizon, and accounts for 18% of the totaldf6 W m? of the anthropogenically produced
greenhouse gas radiative forcing [1]. The concéntraof CH, over the globe has risen dramatically
since the preindustrial era [2-4]. However, £hixing ratio is almost stable since 2000 [5,6], and
renewed increase was found in 2007 and 2008 [T1&}.increase of CHin 2007 was believed to be
largely caused by wetlands with a large tropicaitabution [7], and Dlugokenckgt al. [8] suggested
the most likely drivers of the CHanomalies during 2007 and 2008 were greater thamage
precipitation in the tropics plus anomalously higmperatures in the Arctic, however it is still dhéo
quantify the impacts from different sources in eliént regions. One large uncertainty in the
quantification of methane emissions can be fromhilgh northern latitude regions [9]. For example,
CH, is found to release from both thawing lakes anitk §40], and Shakhovat al. [11] recently
reported convincing evidence of GHutgassing from the Arctic continental shelf offrtheastern
Siberia (Laptev and East Siberia Sea).

In recent years, space-borne remote sensing hasdoegloyed for the measurement of Qtith
large spatial and temporal coverage. Two majordygdaneasurement are the measurement of the total
column using the near-infrared (NIR) spectrum ahé measurement of the MUT-GHsing the
thermal infrared (TIR) spectrum. The NIR measuretsi@m operation include the SCanning Imaging
Absorption spectroMeter for Atmospheric CHartogrdpliSCIAMACHY) instrument onboard
ENVISAT [12], and the Greenhouse gases Observ&@irellite (GOSAT) which carries the Thermal
And Near-infrared Sensor for carbon ObservationNE®) [13]. The TIR measurements in operation
include the Tropospheric Emission Spectrometer (T& NASA Earth Observing System (EOS)
Aura mission [14], the AIRS on EOS&qua mission [15], and the Infrared Atmospheric 18ting
Interferometer (IASI) on Europegpolar Meteorological Operational Platform (METOP{1p,17].
GOSAT also carries TIR measurement.

As one of the space-borne thermal infrared soundesperation, AIRS was launched in polar orbit
(13:30, ascending node) on the EOS/Aqua satetlitelay 2002. It is the first hyperspectral infrared
sounder designed to support weather forecast [1%]GH, is one of the research products. AIRS has
been very stable since its launch in 2002 [18], laasl provided more than eight years’ observation of
CH,. This paper reviews the characteristics of tha diam this sensor (Section 2) and its validation
(Section 3). Since only about one piece of inforarabf CH; can be obtained (the degree of freedom
is ~1.0) from AIRS, it is important to determine ian layer from the AIRS retrieved GHbrofile can
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be best used to analyze the variation of MUT;@Hth the least artificial impact from the sensiself
and the retrieval algorithm. The use of the AIR&ieged CH in a layer about 100 hPa below
tropopause and its comparison with situ aircraft measurements is also discussed in Se&ion
Section 4 analyzes the deseasonalized time-sefi®Ud-CH, in a fixed pressure layer and the
“representative layer” (for the HNH only), as welé its comparison with the Ghkh the lower
troposphere from ground-based measurements. A sgyrand conclusions are given in Section 5.

2. Characteristics of CH; Retrieval from AIRS

AIRS has 2,378 channels covering 649-1,136, 1,261-3land 2,169-2,674 cfat high spectral
resolution /AL = 1200), and the noise, which is represented e®dguivalent change in temperature
(NeAT) at a reference temperature of 250 K, ranges foold K in the 4.2um lower tropospheric
sounding wavelengths to 0.35 K in the 1% upper tropospheric sounding region [15]. The iapat
resolution of AIRS is 13.5 km at nadir, and in atur period AIRS nominally observes the complete
globe twice per day. For retrieval in both clead grartial cloudy scenes, 9 AIRS fields-of-view
within the footprint of the Advanced Microwave Salimy Unit (AMSU) are used to derive a single
cloud-cleared radiance spectrum in a field-of-rdg&OR). The cloud-cleared FOR radiance spectrum
is then used for retrieving profiles with a spatedolution of about 45 km. The Gfitst guess profile,
which is also thed priori” mean profile, in the retrieval is given as a ftiog of latitude and pressure
(to capture its strong latitudinal and vertical djemts), and is generated by using a non-linear
polynomial fitting to somein situ aircraft measurements and model data [19]. Theospireric
temperature profile, water profile, surface tempamand surface emissivity required as inputshi C
retrieval are derived from other AIRS channels gshe version 5 of AIRS product retrieval software.
These data are available at the NASA Goddard Ezctbnces Data and Information Services Center
(DISC) (http://disc.gsfc.nasa.gov/AIRS/index.shymAn “off-line” version of the AIRS product is run
at NOAA National Environmental Satellite, Data, almdormation Service (NESDIS), Center for
Satellite Application and Research (STAR), where dlata are thinned to a 3° x 3° spatial grid, and
these data are available at NOAA/NESDIS/STAR byuest The data from NOAA are routinely
reprocessed with algorithm updates.

2.1. Sensitivities of AIRS

71 CHichannels near 7.om H,O band are used in the retrieval. To illustrate gbasitivities of
AIRS, we first define it as the change in brighthésmperature divided by the thickness of layer
(AT/AZ, unit: K/km). Figure 1 shows the sensitivitiestbése AIRS channels for a 2% change of,CH
mixing ratio in different layers for three typicalofiles in polar, tropics and mid-latitude region
respectively. It is evident that the most sensitayeers are in the mid-upper troposphere. Given tha
the methane band resides inside the broagm.6&,0 band, the moisture optical depth pushes thg CH
peak sensitivity upwards, so for the peaks@Hsorption channels (red lines), the most semlsliiyers
are at 150-300 hPa in the tropics, and 200—-400imRae mid-latitude region. The most sensitive
layers for weak Cllabsorption channels (dark lines) are at an akitfdabout 50—-100 hPa lower than
those of the peak channels in the tropics and atitlstle regions. In the polar, the most sensitive
layers are at 300-600 hPa, and the sensitivitiesnarch less than in the tropics and mid-latitude
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regions. Obviously, from Figure 1 we can see tHerination from these channels is redundant, so
seven retrieval layers are used, which are 0.016#3§ 36-160 hPa, 160— 260 hPa, 260-359 hPa,
359-460 hPa, 460-596 hPa, and 596-1,100 hPa (maikiedlark dash lines in the top panel of
Figure 1). The thickness of layer is about 100 iP#he most sensitive regions between 150 and
600 hPa. For a more accurate computation of thiatreel transfer in the atmosphere, the atmosphere
is divided into 100 layers [20].

Figure 1. AIRS sensitivity AT/AZ, unit: K/km) for a 2% change in GHnixing ratio for
atmosphere profiles in polar, tropics and mid-leté respectively. Each line represents the
sensitivity for each of the 71 AIRS channels usethe retrieval. The locations of these 71
channels in the AIRS spectrum are marked as cokgadres in the bottom panel, and the
red squares represent peak absorption channels18¢36 cm', and the black squares
represent far wing weak absorption channels. Thiimopanel is the change of brightness
temperature AT, unit: K) in the spectrum spanning from 1,2101td00 cmfor a 2%
change in the total column of GHbr polar, tropics and mid-latitude profiles respeely.
Blue crosses are the noise level of AIRS channels.
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In the bottom panel of Figure 1, we can see thataf@% change of CHtotal column in the
atmosphere, the changes of brightness temperatiieir{f CH, spectrum for the tropical profile and
mid-latitude profile are very similar, and they aignificantly larger than the noise level in the
channels near 1,306 cHowever, for the polar profile th&T for most channels are close to the noise
level. These indicate that in the tropics and tiek latitude regions, AIRS can detect a 2% chandesy
of the total column of Cki however in the polar region, AIRS can barely dete2% change.

2.2. Variation of Degree of Freedom (DOF)

In the AIRS retrieval algorithm, the retrieval stdun is obtained by finding the eigenvectors and
eigenvalues of the covariance matrix of the samsitiweighted by an inverse of the estimates ef th
precision and accuracy of our radiative transfedeh@nd the errors and noise in the measurements.
The corresponding eigenvalues give an indicationthef usefulness of each component and the
component corresponding to small eigenvalues whraway or heavily damped in order to get a
stable solution. We define the degrees of freedD®K) as the fractional number of significant
eigenfunctions used in the retrieval process, s@ttan of DOFs reflects the change of sensitiaty
the retrieval, and represents how much portiorhefretrieved value is from the satellite observatio
approximately (the rest is from tha priori”). As an example, Figure 2 shows the variatioaiFs
in two regions, and on average the DOFs over SAsita and Alaska-Canada are 1.03 + 0.11(10.6%)
and 0.67 + 0.068 (10.2%), respectively. Overall,H30n the lower latitude regions are larger than in
the high latitude regions, in summer is larger tianvinter, and during the daytime is larger than
during the nighttime. Due to the impact of Asiammsuer monsoon, which brings more moisture into
South Asia and induces deep convection, variatibiDOFs in South Asia is pronounced. Over
Alaska-Canada the DOFs are anti-correlated withttbpopause height represented in hPa and the
correlation coefficient is —0.70, and that mearss ltigher the tropopause height (corresponding to a
smaller pressure level), the larger the DOF. Lol¥&Fs in the polar region in winter are mainly due
to the lower lapse rate. In general, the relatignbletween tropopause height and DOF is not obvious
if compared to the fact that the lower lapse rasels to lower DOF. As the DOFs in winter are smalle
than in summer, measurement of {Jkbm space is more difficult in winter seasonhe polar region.
Considering the large variation of tropopause & HNH, using the retrieved GHn a layer 50 to
250 hPa below tropopause to analyze, @fiation in the real atmosphere is better thangi€iH, in a
fixed pressure layer [21].

Due to the temporal and spatial variation of DO$eane of the variation in the retrieved QB
from artificial effects, which adds more complexityanalyzing CHvariation in the real atmosphere
using the retrieved CHlata alone. For example, in cases when the DOBnaadl, the retrieved values
are mostly from the & priori”. A rough estimate indicates that the uncertaiatiributed to the
variation of DOF is less than 0.8% in the high herh hemisphere [22] and 0.3% over South Asia.
This artificial impact has to be taken into accowhen analyzing the satellite retrieval produciickst
from any thermal infrared sounder, and while cormgathe retrieval products with model simulations
and/orin situ measurements, it is strongly recommended to ajmayaveraging kernels [19,23]. The
trace of the averaging kernel matrix is equivaterDOF.
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Figure 2. Seasonal variation of Degree of Freedom (DOF) in tegions: South Asia
(80-110°E, 20—35°N) and Alaska-Canada (165-90°W-/6EN). Lower panel shows the
anti-correlation between DOFs and the tropopaugghhever Alaska-Canada.
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3. Validation of AIRS CH,4
3.1. Validation Data Set

In situ aircraft measurements of GHrofiles are used for validations, which includg the profiles
from NOAA Earth System Research Laboratory, Glddahitoring Division (NOAA/ESRL/GMD)
Carbon Cycle Group obtained by routinely collectaig samples on biweekly to monthly aircraft
flights at over twenty sites; (2) the profiles frospecific campaigns, such as the Intercontinental
Chemical Transport Experiment (INTEX) A and —B,d&tisphere-Troposphere Analyses of Regional
Transport in 2008 (STARTO08) and The Arctic Reseatthe Composition of the Troposphere from
Aircraft and Satellites (ARCTAS).

(1) NOAA/ESRL/GMD aircraft measurements: Air sangplare collected using turboprop aircraft
with maximum altitude limits of 300-350 hPa. Indival flights required about 1.5 hours to
complete. Measurements are made by collecting ssgblair (approximately 0.7 liter volume at
40 psa) in glass containers. Twelve to twenty 8Baake held in a suitcase-sized container, and
collection of air in a single flask at a uniquatatie allows a sampling vertical resolution of op t
400 m in the boundary layer. After each flight titesk packages are shipped to the NOAA
laboratory in Boulder, Colorado for trace gas asialyTable 1 lists the locations of these sites and
their profile number used in validation.

(2) The INTEX-A field mission was conducted in teemmer of 2004 (1 July to 15 August 2004)
over North America (NA) and the Atlantic. This effdhad a broad scope to investigate the
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3)

(4)

(5)

transport and chemistry of long-lived greenhousgegaoxidants and their precursors, aerosols
and their precursors, as well their relationshiphwadiation and climate. NASA’s DC-8 and J-31
were joined by aircraft from a large number of Eagan and North American partners to explore
the composition of the troposphere over NA andAHantic as well as radiative properties and
effects of clouds and aerosols in a coordinatednmafi24]. An air sample is collected in a
conditioned, evacuated 2-L stainless steel canesjaipped with a bellows valve, and is returned
to the UC-Irvine laboratory for CH4 analysis usiggs chromatography (GC, HP-5890A) with
flame ionization detection. The use of the prim@i4 calibration standards dating back to late
1977 ensures that these measurements are intecoalystent. The measurement accuracy is +1%
and the analytical precision at atmospheric mixatgs is about 1 ppbv [6, 25].

INTEX-B was a major NASA led multi-partner atepheric field campaign completed in the
spring of 2006 (http://cloudl.arc.nasa.gov/intex-IMTEX-B was performed in two phases. In its
first phase (1-21 March), INTEX-B operated as pathe MILAGRO campaign with a focus on
observations over Mexico and the Gulf of Mexico.tthe second phase (17 April-15 May), the
main INTEX-B focus was on trans-Pacific Asian pota transport. Multiple airborne platforms
carrying state of the art chemistry and radiatiaglpads were flown in concert with satellites and
ground stations during the two phases of INTEX-B][2The CH4 aircraft measurements in
INTEX-B are similar to INTEX-A.

STARTO08 was conducted using the NSF/NCAR Grdéah V research aircraft during April-June
2008 [27]. STARTO08 was designed to study the chalmtcansport characteristics of the
extratropical upper troposphere and lower stratesphiegion. A total of 18 research flights
covered a large region of North America (25-65°Naititude and up to 14.3 km vertical range).
Methane was measureth situ by the Unmanned Aircraft Systems Chromatograph for
Atmospheric Trace Species. The 2-channel gas cliogregh employed a N20O-doped electron
capture detector to measure methane at intervals40fs. The measurements were calibrated
in-flight using whole air standards.

The ARCTAS mission was conducted in April anshe-July 2008 by the Global Tropospheric
Chemistry Program and the Radiation Sciences PmogrfaNASA. Its objective was to better
understand the factors driving current changes rictié atmospheric composition and climate.
Three research aircrafts (DC-8, P-3, B-200) weetluend a total of 24 research flights had been
made. The aircraft were based in Alaska in ApriR@TAS-A) and in western Canada in
June-July (ARCTAS-B). The DACOM instrument usedais infrared tunable diode laser
absorption spectrometer which makes measuremer@$idf(as well as CO and,N) at a 1 Hz
sample rate. The CH4 accuracy is tied to NOAA/ESFNMD carbon cycle group standards and is
nominally 1%, and the precision is 0.1% (1 secigina). CH4 observations during ARCTAS-A
showed little variability and no indication of sifjoant April emissions from Arctic ecosystems.
The July observations in ARCTAS-B over the Hudsay Rowlands revealed higher wetland
emissions of methane than previously recognizetl [28
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Table 1.26 Sites of NOAA/ESRL/GMD aircraft measurementd #re number of aircraft
profiles used for validation. The profiles are uselden there are valid AIRS retrieved
profiles within 800 km in the same day in our geddun data.

CODE | Location

AAO
BGI
BNE
BRM
CAR
CMA
DND
ESP
ETL
FWI
HAA
HFM
HIL
LEF
NHA
NWR
OIL
PFA
RIA
RTA
SCA
SGP
TGC
THD
VAA
WBI

AIRS averaging kernels have been applied tanhstu aircraft data for validation [23]. Because of

Bondbville, IL, United States
Bradgate, IA, United States
Beaver Crossing, NE, United States
BERMS, SK, Canada

Briggsdale, CO, United States
Cape May, NJ, United States
Dahlen, ND, United States
Estevan Point, BC, Canada

East Trout Lake, SK, Canada
Fairchild, WI, United States
Molokai Island, HI, United States
Harvard Forest, MA, United States
Homer, IL, United States

Park Falls, WI, United States
Worcester, MA, United States
Niwot Ridge, CO, United States
Oglesbhy, IL, United States

Poker Flat, AL, United States
Rowley, IA, United States
Rarotonga, Cook Islands

Charleston, SC, United States

40.05, -88.37
42.82, -94.41
40.80, -97.18
54.34, -104.99
40.37, -104.30
38.83, -74.32
48.14 , -97.99
49.58, -126.37
54.35, -104.98
44.66, -90.96
21.23, -158.95
42.54, -72.17
40.07, -87.91
45.93, -90.27
42.95, -70.63
40.05, -105.58
41.28, -88.94
65.07, -147.29
42.40, -91.84

-21.25, -159.83

32.77,-79.55

Southern Great Plains, OK, United Stales 36.80,507

Sinton, TX, United States
Trinidad Head, CA, United States
Cartersville, GA, United States
West Branch, 10, United States

27.73, -96.86

Latitude, Longitude Profiles used

202
23
73
9
124
87
76
131
90
24
45
49
85
122
67
45
35
72
26
42
83

128

82

41.054,-124.151 0 7

32.91, -79.36

41.725, -91.353

8
72

the limits of aircraft altitude, thim situ profiles provided by NOAA/ESRL/GMD are mostly beldie
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most sensitive region of AIRS and do not span tiigesvertical range defined by the AIRS weighting
functions. Extrapolation to the aircraft profilesrequired to generate validation profiles. In thaper
we used the monthly averaged CHlata from an Atmospheric General Circulation Model
(AGCM)-based chemistry transport model (hereina®€T M) [29] to extrapolate from the top of the
in situ aircraft profile to the top of atmosphere.

For the validation exercise using NOAA/ESRL/GMDcaaft data, we simply used AIRS gridded
run data archived at NOAA/NESDIS/STAR, and the mzdted AIRS retrieved profiles from AIRS
ascending mode (1:30 pm local time) were seledtédely are within 800 km of each site. For the
validation exercise using campaign data, we contpAI&S retrievals at the standard product spatial
resolution of 45 km, and the collocated AIRS refeie profiles were selected if they are within 200 k
of aircraft measurements. The mean of the colldcat®files were compared witim situ aircraft
measurements (convolved using the averaging kgrnels

3.2. Validation Results

Figure 3 shows the validation using data from eigitts of NOAA/ESRL/GMD aircraft
measurements, and a combination of aircraft datan f26 sites (Table 1). The eight sites used as
examples were selected from southmaest, (RTA) to northmosti(e., PFA) among these 26 sites.
Since the upmost level of these aircraft measurésrisrusually below 350 hPa, only the data at layer
359-460 hPa are compared in Figure 3. However)akes is below the most sensitive layers of AIRS,
which is at about 200-400 hPa in the tropics andHatitude regions, so the correlation between the
AIRS retrievals and the aircraft measurements shbel smaller than expected if using data in the
most sensitive layers. The correlation coefficieate about 0.5-0.6 for sites near the tropics and
mid-latitude regions, and decrease significantlytha high latitude regions.,e., 0.39 for site ETL
(54.35°N) and 0.14 for site PFA (65.07°N). The RM&E&0 increases from ~0.5-0.7% in the tropics
and mid-latitude regions to 0.94% for high latitgite ETL and 1.02% for site PFA. After merging all
data in 26 sites, the correlation coefficient oR&lI retrieval with observation is 0.65 and RMSE is
0.73%. These results are obviously hampered byntheideal validation data used, in which the
temporal difference between AIRS aindsitu aircraft measurements is at least a couple offy@und
the spatial difference is as large as 800 km. EBeenhese results indicate that space-borne olismrva
by AIRS has a certain capability to map the vasratof CH, in the mid-upper troposphere, but this
capability deteriorates towards the polar regione @eason for the low correlation coefficient i th
high northern latitude regions is associated wit@ karge difference in spatial collocation of AIRS
observations (within 800 km) with aircraft measueens as the air masses in such a big area with a
radius of 800 km are more likely different in thelgr regions than in the mid-latitude regions, and
using campaign data from ARCTAS, the correlatiomigh better, as will be shown in Figure 4.

Compared to validation made in Xiorgd al. [19] that used 671 profiles, more recent aircraft
measurements from NOAA/ESRL/GMD since February,&2@@re used. The retrieval algorithm is
almost the same, except for some minor changedannels. Some minor patches/changes in the
whole retrieval system have also been made, andripact of these changes is insignificant on,CH
results. One of the more significant changes inréiigeval was to accommodate the noise degradation
in AMSU Channel 4, which impacts the cloud-clearangd retrievals of temperature, moisture and



Remote Seng01Q 2 2518

surface emission, which, in turn, may impact theligy of all AIRS products. However, a rough
estimate of AIRS Cllquality based on the validation error and corretatcoefficient in different
years from 2004 to 2009 does not show any trenthenretrieval bias and RMSE, so the quality of
AIRS CH, product so far is relatively stable.

Figure 3. Scatter plot of AIRS/sin situ aircraft observations of Gt layer 359-460 hPa
for 8 sites separately and a mix of all profilesnfir26 sites from August 2003 to December
31, 2009 (N = 1,813). The dashed line is the 1rk,liand the Pearson correlation
coefficient (R), bias and RMSE (in parenthesis) gineen. X-axis is then situ aircraft
observations.
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In Figure 4 data from several campaigns were u€eumpared to aircraft measurements from
NOAA/ESRL/GMD sites in Figure 3, these aircraft m@@ments mostly took samples to higher
altitudes up to 200 hPa. So, in addition to theadsdtlayer 359-460 hPa, data in a higher layer at
260—-359 hPa is also compared. Except in the upger in INTEX-B, the correlation coefficients are
mostly larger than in Figure 3. The most significanprovement is in the high northern latitude
regions, as illustrated from ARCTAS data in thetdmmt two panels. However the RMSE in ARCTAS
data is still larger than in middle-lower latitudsgions.



Remote Seng01Q 2 2519

Figure 4. Same as Figure 3 but for two layers at 260-359 aidh 359-460 hPa,
respectively and using aircraft observations froempaigns INTEX-A, INTEX-B,
STARTO08 and ARCTAS.
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3.3. The Representative Layer in the AIRS Retri@kdProfile for Scientific Analysis in the HNH

CH,is well mixed in the troposphere; however, it hdarge vertical gradient in the boundary layer
and near tropopause. In the most,Gdnsitive layer of AIRS in the mid-upper troposehevariation
of CH, mixing ratio is relatively small. Such a charad®d allows us to use the AIRS retrieved CH
mixing ratio in its most sensitive layer for anahg the variation of MUT-Cl which is obviously
better than using the AIRS retrieved £H a fixed pressure layer. As detailed by Xiatal [21], in
the HNH the most sensitive layer of AIRS to {tds a good correlation with the tropopause, thus a
layer 50 to 250 hPa below tropopause, which isneefias the “Representative Layer” of AIRS, was
chosen for scientific analysis. We noted that wtentropopause is very low, for example at 400 hPa
in the polar region, the layer 50 to 250 hPa bet@mpopause will be at 450 to 650 hPa, which may be
out of the most sensitive region of AIRS and theaet from surface emission could be significant
(with a large vertical gradient of GHnixing ratio near 650 hPa). So, in this paper wbing& the top
level as 500*(Ptrop§- and lower level as 2,500*(Ptrop}, where Ptrop is the pressure of tropopause.
In such definition the “Representative Layer” igitfer in the high latitude regions than that dedine
Xiong et al [21].

As an example, using the data from the site PFAhe high northern latitude region, Figure 5
shows that the AIRS retrieved GH its “Representative Layer” has a much betteretation with
in situ aircraft measurements, R = 0.47, as comparedatoirtha fixed pressure layer (see the middle
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column and bottom panel in Figure 3, R = 0.14). @herage pressure bounds of this “Representative
Layer” at site PFA are between 302 hPa to 423 ORa.reason for this better correlation is obviously
associated with the average of the collocated AdB@ in a large region, as in this method the, CH
from the same airmass is more likely averaged hacirmasses impacted by stratospheric intrusion or
local emission are likely excluded. Given the nigkdy larger variation of tropopause and the exgean

of air between the lower stratosphere and uppeosgphere, it is more difficult to find a fixed psese
layer to represent the mid-upper troposphere WAHRS has a good sensitivity in the high northern
latitude regions, so it is more reasonable to asatiie variation of AIRS MUT-CHusing the data in
the “Representative Layer” than in a fixed pressayer in the HNH where the information content of
AIRS is relatively low.

Figure 5. Scatter plot of AIRSvs in situ aircraft observations in the “Representative
Layer” of AIRS (defined as a layer 500*(Ptrop) to 2,500%(Ptrop)’> below tropopause,
Ptrop) using the data at PFA only. The dashed ikn¢he 1:1 line, and the Pearson
correlation coefficient (R), bias and RMSE (in pahesis) are given. X-axis is tie situ
aircraft observations. The correlation coefficienbetter than that in a fixed pressure layer,
as shown in the middle column and bottom panelgiife 3.
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4. Multi-Year MUT-CH 4 Mixing Ratios from AIRS Observations, Seasonal Cyel and its
Increase in 2008—2009

CH,4 mixing ratio in the atmosphere is almost stabterat000, but a renewed increase was reported
in 2007 and 2008 from the ground-based measurenmeritee MBL [7,8]. In this session we will
analyze the trend of MUT-CHrom AIRS observations in the past 7 years from326@® 2009 and
examine the response of mid-upperQidpospheric corresponding to the renewed incred€, in



Remote Seng01Q 2 2521

the MBL in 2007-2008. A global view of its yearltange during 2007—2009 is shown in Figures 6
and 7. The trend of AIRS CHand its comparison with ground-based measurem@&g{sfdr three
focus regions in southern hemisphere, south Asialaa HNH will be discussed separately.

4.1. Global View of MUT-ClHand Its Increase during 2007—2009

Figure 6 shows the mean of MUT-@Ht layer 160—-260 hPa and the annual increase(n, ZD08
and 2009. The upper left panel is the differenc@@d7 minus the mean during 2003-2006, and the
upper right panel is the difference of 2009 minG9& and the lower left is the difference of 2008
minus 2007. The 2007 increase of Lbbserved in the MBL is not evident in the mid-uppe
troposphere, however, the increase in 2008 isf&ggnt over the globe, and the largest increasepof
to 1520 ppbv occurs near the tropics. The 200&ase in the HNH is up to 10 ppbv, but the increase
in high southern hemisphere is small. From 2002309 MUT-CH, continued to increase in most
regions, and the largest increase is in the higtham latitude regions, as shown in Figure 7 and
Table 2. However, there is little increase nearttbpics in 2009. Since the most sensitive layer of
AIRS in the high latitude regions is towards toowveér altitude than in the mid-latitude regions and
tropics, the annual change in the high latitudeoregycan be better shown from Figure 7. Tablet2 lis
the amount of increase of MUT-GHn two layers and in three regions during 2007-9200he
locations of these three regions are shown in ulgfiepanels in Figures 6 and 7.

Table 2. Annual change of MUT-ClHduring 2007-2009 in layers 160-260 hPa and
260—-359 hPa (in parenthesis) for three regions. chtange of the CHmixing ratios in
2007 is obtained by subtracting the mean from 2006 (unit: ppbv).

2007 2008 2009
Alaska-Canada -0.32(1.06) 5.42(4.93) 5.89(5.11)
South Asia -1.58 (0.93) 12.89(7.0) -0.29 (0.09)
South Hemisphere -1.63(-0.48) 1.92(3.06) 3.53(1.65)

Figure 6. Global distribution of MUT-CHfor layer at 160-260 hPa during 2003—-2006 and
its annual change during 2007-2009. The color bathe lower left is for the annual
change, and the color bar in the lower right istfie mean distribution.
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Figure 7. Same as Figure 6 but for layer at 359 hPa.
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4.2.MUT-CH,in Southern Hemisphere

In the southern hemisphere, vertical variation bl; @& small or has little increase with altitude in
the mid-lower troposphere due to the long-rangasgrart from northern hemisphere [19]. As shown in
the upper panel in Figure 8, it is reasonable MRS retrieved Cl at 258-358 hPa is close to £id
the MBL measured at site Cape Grim, Tasmania, Aliat(CGO, —40.6830°S 144.6900°E, 94 m). To
derive the trend of MUT-Ck] we need to remove its seasonal cycle first. Tie¢hod used in this
paper is to compute the monthly mean using data #603 to 2006, and subtract it to derive the,CH
anomaly since 2007. The linear trend from 2006 @0is obtained through linear-fitting to ¢H
anomaly with time. The trend of MUT-GHrom AIRS from 2006 to 2009 is 3.3 + 0.4c{1ppbvi/yr,
which is lower than Ckin the MBL, 6.3 + 0.5 ppbv/yr, by 41%.

Figure 8. The upper panel is the seasonal variation of fGHayer at 258—-358 hPa (black)
over the Southern Hemisphere and its comparisdm @kt in the MBL at site CGO (red).
The lower panel is the CGHanomaly (dots) deseaonalized using the monthlynnfiesam
2003 to 2006, and the solid lines are the lineardrfrom 2006 to 2009.
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4.3. MUT-CH in South Asia

It was found by Xionget al. [31] that over the South Asia AIRS GHas a strong, plume-like
enhancement in the middle to upper tropospherenguduly, August and September, with the
maximum occurring in early September. The seasam@tion of AIRS CH is consistent with model
simulation, as shown in Figure 9 (upper panel).eHACTM refers to an Atmospheric General
Circulation Model (AGCM)-based chemistry transpoddel [22]. Then situ measurements from the
Civil Aircraft for the Regular Investigation of thatmosphere Based on an Instrument Container
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(CARIBIC), a project to study and monitor importaittemical and physical processes in the Earth’s
atmosphere, provide evidence for the enhancemer@Haf during the summer [32]. The highest
MUT-CHg, in late summer is close to the ground-based measnts in Mt. Waliguan, China (WLG,
36.2879°N 100.8964°E, 3,810 m) while the annualaye of MUT-CH is about 70 ppbv lower than
ground-based measurements. The linear trend for {@H7 from 2006 to 2009, 6.2 + 1.3 ppbv/yr, is
very close to the trend of GHn the WLG from 2006 to 2008. However, differemdrh CH, in the
MBL that starts to increase in 2007, significartrease of MUT-CHlis evident in 2008. Also, AIRS
MUT-CH,4 shows a decrease in 2005, which is not obvious fie ground-based measurements.

Figure 9. The upper panel is the seasonal variation of thelNlH, at layer 160-259 hPa
(black line is the running mean over a biweekly daw) and its comparison with the
model simulation by ACTM (Green line) and grounddé measurements of ¢hhixing
ration at site WLG(red crosses). The lower panemshthe anomaly of MUT-CHand
CH, at WLG and the linear trend for both of them @akd line and black line are almost
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4.4. MUT-CH in the HNH

The mixing ratio of MUT-CH from AIRS is about 60 ppbv lower than € the MBL measured
at site Barrow, Alaska, USA (BRW). The low valueMUT-CH, in May agrees with the decrease of
CH, in the MBL. However, MUT-CH starts to increase in June-July due to the enldanedical
convection, and possibly a combination from theagmged emissions from wetlands or permafrost
regions. On the contrary, due to the photochemezdtion, the Chklin the MBL reaches the minimum
in the summer. This summer minimum for Cid the MBL is not evident from the AIRS observed
MUT-CH,4, even though sometimes the low mixing ratios waseerved from NOAA/ESRL/GMD
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aircraft measurements, but relatively high mixiatjas were also observed in some other times. The
trend of MUT-CH, from AIRS from 2006 to 2009 in the high northeratitude region is
3.9 + 1.0 ppbv/yr, which is close to that in theu@rn Hemisphere, but lower than the QHthe
MBL at Barrow, Alaska (BRW). Both the AIRS retridgaand ground measurements are more
scattered than in Figure 8, which is associatet thié larger emission sources in the HNH. As in the
South Asia, AIRS MUT-CH shows a decrease in 2005, and in agreement witRSAlthe
ground-based measurements also show similar decire#ss period.

Figure 10. Same as Figure 8 but using ground-based measureraersite BRW, and
MUT-CH, is derived from the AIRS retrieved GHh the “Representative Layer” of AIRS.
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4.5. Seasonal Cycle of MUT-GH

Using the data in Figures 8-10, we computed thetintpaverage of MUT-Chland CH during
2004 to 2009 to get their seasonal cycles. As destiby Xionget al. [22], the seasonal cycle of
MUT-CH,4 in the HNH is nearly opposite to GHn the MBL, and particularly MUT-Cldhas a
summer high while Ciin the MBL reaches the minimum in summer. Thidedénce of seasonal
cycle is evident from the top panel of Figure 1heTCH, mixing ratios in the MBL are about
70-80 ppbv higher than in the mid-upper troposphduweang the winter-spring seasons, but in
June-July this difference is reduced by about 38éth of them show a decrease from March to May,
and MUT-CH, reaches its seasonal minimum in May, but the minmof CH, in the MBL occurs in
July, which is driven by the photochemical lossCéf;,. The summer increase of MUT-Gl$ mainly
driven by the enhanced upward convection in thisode Obviously, the increase of Glmission
from the high northern ground, especially in thdyeaummer, will impact the CHn the mid-upper
troposphere, which, in turn, will join in the gldlmrculation and impact the climate.
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In the southern hemisphere (data shown in the migdinel of Figure 11 is 30°S—-60°S), the
difference of the seasonal cycle of MUT-E£With CH, in the MBL lies in the January—March. This is
the summer time in the southern hemisphere, andriaen by the photochemical loss, Chh the
MBL reaches the minimum in February. However, ti®tpchemical loss of MUT-CHis not as
strong as the loss of Ghh the MBL, because of the dependence of photoatedmeaction with
temperature. Under the impact of mixing of OH the mid-upper troposphere with Chh the MBL,
which is lower than MUT-Cl the MUT-CH, keeps decreasing after February to May. Both the
MUT-CH,4 and CH in the MBL increase in June, July and August.

Figure 11. Seasonal cycles of MUT-CHn Alaska-Canada, South Hemisphere and South
Asia and its comparison with ground-based measuresref CH, at sites CGO, Barrow
and WLG. Due to the difference of Glhixing ratio between the surface and mid-upper
troposphere, 60 ppbv is subtracted from the grdaaskd measurements at Barrow, and
70 ppbv is subtracted from ground-based measursnagiV/LG.
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In the South Asia, there is a good agreement irstimmer increase of MUT-GHand CH in the
MBL. However, the amplitude of seasonal changeCids in the MBL is smaller than MUT-CH The
maximum of CH from ground-based measurements in Mt. Waliguan rscau August, and the
maximum of MUT-CH occurs in early September [21] due to the incréasmission from rice
paddies in China, upward transport via deep cormecand the confinement by the anticyclone. With
the withdrawing of the Asian summer monsoon, thacacione dissipates quickly, leading to the
dispersion of Cllin the mid-upper troposphere.
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5. Summary and Conclusions

As a thermal infrared sounder, AIRS on EOS/Aqu#f@ian has provided a unique measurement of
mid-upper tropospheric CH(MUT-CH,;) since September 2002. From the analysis of AIRS
sensitivity, it is clear that AIRS is capable otefging a less than 2% change of atmospherig tGtal
column in the tropics and mid-latitude regions, hsitcapability deteriorates to about 2% or more in
the polar region. Validation witim situ aircraft measurements demonstrated that the vatriRMSESs
are mostly less than 1.5%; however, this validatsolmited due to the poor collocation of AIRS aat
with aircraft measurements, including the altitdisiit, time discrepancy (at least a few hours) and
spatial coverage. The number of aircraft measurémarthe southern hemisphere and high northern
latitude regions is limited for validation. Overalhe AIRS CH product is stable during the period
from 2003 to 2009, so we used this product to erantihe trend of mid-upper tropospheric £H
particularly to investigate the response of MUT-QH the recent increase of atmospheric,Gelr
the surface.

One challenge in the use of AIRS observation of, BHlue to the limited information content from
thermal infrared sounder, and the degree of free(lo®F) of the retrieval is about 1.0. In the high
northern latitude regions, it was found that theFO®correlated with the tropopause heiglet, when
the tropopause height is higher in summer seabenDOF is larger and AIRS has a better sensitivity
to detect the variation of atmospheric LIBue to the change of AIRS sensitivity with akiieuand
season, the AIRS retrieved ¢iHd the “Representative Layer” was used for analysithe HNH. The
advantages of using “Representative Layer’,@bt analysis are: (1) it represents the retrievedar
the most sensitive layer; (2) it avoids the intexfee of stratospheric intrusion and/or minimize th
impact from surface emission. The improvement ac¢brrelation coefficient between AIRS ¢dhd
in situ measurements in the “Representative Layer” sugdbst this use of CHn “Representative
Layer” is valuable. Due to the difficulty in retvig CH, in the high northern latitude regions, more
work is still required to improve the retrievalsalidation and usage of the retrievals for
scientific analysis.

Analysis of deseasonalized time-series of AIRS,Gi both a fixed pressure layer and the
“Representative Layer” in the HNH from 2003 to 20@€icates that the MUT-CHincreases about
3—6 ppbv/yr from 2006 to 2009, which is less thdty ©bserved in the MBL. The most significant
increase of MUT-CHl is about 13 ppbv near tropics and south Asia i882@&nd it continues to
increase in 2009 but with a smaller rate. In theH;iNhe increase in 2009 is about 5-6 ppbv.
Compared to CHin the lower troposphere that has the most sicamifi increase in 2007, the increase
of MUT-CH, is delayed about 1 year. If the major driver oferet CH increase is the increased
surface emission, it will be easy for us to undardtthe delay of the MUT-CHncrease and its lower
increase rate than the gldbserved in the MBL, as the mixing of the surfaoeission needs some
time and the mixing in the whole atmosphere leadtstdilution in the whole atmosphere.

The seasonal cycles of MUT-GHre different from Chlin the MBL, which suggests that in the
mid- upper troposphere, the impact of transpoof isquivalent importance as the surface emission an
the photochemical loss in controlling the seasawgale. Unlike the Chlin the MBL that reaches the
minima in both the northern latitude summer andgbethern latitude summer, the MUT-CHas a
seasonal high. This summer increase of MUT;@Hthe HNH suggests that the enhanced summer
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convection may provide a pathway for the {&rhitted from the high northern latitude regiongsth
the release of CHfrom northern wetlands, lakes and thawing pernstfnoay play a more important
role for climate change than expected, and catlsiare study.
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