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Abstract: Methane (CHy) is the second most significant contributor to climate change after carbon
dioxide (CO,), accounting for approximately 20% of the contributions from all well-mixed greenhouse
gases. Understanding the spatiotemporal distributions and the relevant long-term trends is crucial
to identifying the sources, sinks, and impacts on climate. Hyperspectral thermal infrared (TIR)
sounders, including the Atmospheric Infrared Sounder (AIRS), the Cross-track Infrared Sounder
(CrIS), and the Infrared Atmospheric Sounding Interferometer (IASI), have been used to measure
global CH, concentrations since 2002. This study analyzed nearly 20 years of data from AIRS and CrIS
and confirmed a significant increase in CHy concentrations in the mid-upper troposphere (around
400 hPa) from 2003 to 2020, with a total increase of approximately 85 ppb, representing a +4.8%
increase in 18 years. The rate of increase was derived using global satellite TIR measurements, which
are consistent with in situ measurements, indicating a steady increase starting in 2007 and becoming
stronger in 2014. The study also compared CH, concentrations derived from the AIRS and CrIS
against ground-based measurements from NOAA Global Monitoring Laboratory (GML) and found
phase shifts in the seasonal cycles in the middle to high latitudes of the northern hemisphere, which
is attributed to the influence of stratospheric CHy that varies at different latitudes. These findings
provide insights into the global budget of atmospheric composition and the understanding of satellite
measurement sensitivity to CHy.

Keywords: hyperspectral IR sounding; CHy; AIRS; CrIS; satellite measurement sensitivity; green-
house gases; carbon trace gases; methane

1. Introduction

Atmospheric methane (CHy) is the second most critical greenhouse gas responsible
for ~20% of the direct lower tropospheric warming caused by well-mixed greenhouse
gases [1-3]. According to climate data records reconstructed from polar ice cores [4,5], the
concentration of CHy in 2019 more than doubled since preindustrial times [6] (IPCC AR6
2021, A.2.1). CHy4 has a much shorter atmospheric lifetime (about one decade) than CO,
(longer than one century), while each CH4 molecule has a global warming potential of 84
and 28 times greater than CO, for time spans of 20 and 100 years, respectively [3,6-8]. CHy4
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may have caused as much as half of the global temperature increase since preindustrial
times [6]. It is therefore critical to monitor the global distribution of and changes in CH4 and
gain an understanding of the response and impact on the climate and environment [9-16].

Since current ground-based measurements are sparse, especially in remote land-based
source regions, measurements from environmental satellites play an important role in
assessing CHy4 concentrations by providing continuous spatiotemporal observations [17].
In the last two decades, a series of satellite passive sensors have been launched by in-
ternational space agencies to provide observations of atmospheric CHy as well as other
greenhouse gas (GHG) concentrations. Among these observing systems are the Scanning
Imaging Absorption spectrometer for Atmospheric ChartographY (SCIAMACHY) on-
board the European Space Agency (ESA) ENVISAT (2003-2012), which operates in the UV,
visible, and near-infrared (near-IR) spectral regions [18], followed by the Thermal and Near-
Infrared Sensor for Carbon Observation (TANSO) onboard the Japanese JAXA /NIES/MOE
Greenhouse gases Observing Satellite (GOSAT), which has been in operation since 2009,
along with GOSAT-2 starting in 2018 [19-21]. These NIR sensors were recently joined by
the Tropospheric Monitoring Instrument (TROPOMI) onboard the Copernicus Sentinel-5
Precursor (S5P) satellite, launched in October 2017 [22], along with GHGSat, launched
in June 2016 [23]. The CHy products derived from these NIR sensors measure a total
column average from hyperspectral measurements of reflected NIR radiation scattered and
absorbed by CH,4 with the spectra ranging from 1.6 to 2.3 pm, which includes a mixture
of surface and column atmospheric source contributions. The applications of the NIR
sensors have demonstrated capabilities of mapping the regional distribution and detecting
point source anomalies. Other source imagers soon to be launched, such as MethaneSAT,
GeoCarb, Carbon Mapper, etc., can also detect emissions from individual facilities [24].

In addition to these passive sensors and of specific interest to this work, the hyper-
spectral thermal infrared (TIR) sounders onboard the polar-orbiting satellites, such as
the Atmospheric Infrared Sounder (AIRS) onboard the NASA Earth Observing System
(EOS)/Aqua [25], the Cross-track Infrared Sounder (CrIS) onboard the Suomi National
Polar-orbiting Partnership (SNPP) and NOAA-20 [26], as well as the Infrared Atmospheric
Sounding Interferometer (IASI) operating on Metop satellites provided by Centre National
d’Etudes Spatiales (CNES, France) [27], have also been used to derive CHy concentration.
These hyperspectral sounders were originally designed for retrievals of the atmospheric
temperature and moisture soundings; however, the channels near the 7.66 um absorption
band can be used to detect methane concentrations. Over the past two decades, global
CH, environmental data records (EDRs) have been continuously generated by exploiting
data from these hyperspectral TIR sensors. While the TIR sensors are not sensitive to the
CHy in the lower troposphere near the surface (as described in Section 2), the continuous
global data records produced from these sensors provide valuable information for monitor-
ing CH4 concentration in the middle troposphere. The currently operating and planned
hyperspectral TIR sounders are listed in Table 1 [7].

Table 1. Hyperspectral TIR Sounders onboard LEO Environmental Satellites.

Satellite In.st.r uments LEXT Launch Dates
(Providing Agency)
Aqua AIRS (NASA) 01:30/13:30 2002
Metop-A,-B,-C IASI (CNES) 09:30/21:30 2006, 2012, 2018
SNPP, JPSS-1,2,3,4 CrIS (NASA) 01:30/13:30 2011, 2017, 2022, 2027, 2032
Metop-5G-A1,2,3 IASI-NG (CNES) 09:30/21:30 2024, 2031, 2037

Several previous studies have been conducted to demonstrate uses of the hyperspectral
TIR measurements for the evaluation of free tropospheric methane concentrations, for
example, Xiong et al. [28] for AIRS, Razavi [29] for IASI, and Smith and Barnet [30] for CrIS.
In this paper, we analyze the spatiotemporal global distributions, and long-term trends,
especially the latitudinal and seasonality dependencies of CH4 concentrations derived
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from the advanced hyperspectral sounders flown in the same 01:30/13:30 local equator
crossing time (LEXT) orbits (i.e., CrIS and AIRS). To gain insight into the changes between
the surface and upper tropospheric CHy, the satellite retrievals from AIRS and CrIS are
also compared with NOAA Global Monitoring Laboratory (GML) in situ observations and
model outputs. The AIRS physical retrieval algorithm has been adapted at NOAA for
application to the operational CrIS system (with ongoing updates and improvements). This
has enabled the provision of consistent atmospheric vertical profile EDRs from 2002 to the
present. The CrlS sensor is part of the technical baseline for the JPSS program satellites, so
these hyperspectral TIR data and profile EDRs are expected to extend through the JPSS-4
timeframe into the 2040s.

This study's main objective is to understand the spatiotemporal global distributions
and changes in atmospheric methane derived from the new generation of satellite hy-
perspectral TIR instruments (e.g., AIRS and CrIS). Section 2 describes the data sources
and retrieval methodology. The global CH, distributions, the rate of changes, and the
latitudinal variations derived from the satellite data are presented in Section 3. The results
are discussed in Section 4, followed by conclusions in Section 5.

2. Methods
2.1. CrIS and AIRS Observations

The CrIS instruments are Fourier transform spectrometers, and their characteristics
and channel information have been described in previous studies [31-36]. We use data
spanning back to December 2014, when the SNPP CrIS instrument was operating in full
spectral resolution at 0.625 cm ! in all 3 bands and a total of 2211 channels [32]. AIRS is an
IR grating spectrometer with 2378 discrete channels as described in studies [25,37,38]. AIRS
has demonstrated an estimated stability of ~4 mK/year [39]. The radiometric stability of
the AIRS radiances has been recently estimated to be better than 0.02 to 0.03 K per decade
versus minor gas anomalies in the NOAA/GML in situ measurements in several AIRS
channels, which are within the levels of climate trending, roughly on the order of 0.1 K per
decade [40].

2.2. The AIRS and CrlIS Retrieved CHy Profiles

The AIRS science team retrieval algorithm is described in Susskind et al. (2003) [41],
including the sensor calibration, microwave (MW) first guess retrieval, cloud-clearing,
initial first guess IR retrieval, and a final IR physical retrieval. The cloud-clearing step
enables the use of partially cloudy measurements [42,43]. Validation and improvements
of AIRS retrievals are described in Fetzer et al. [44], Tobin et al. [45], Divakarla et al. [46],
Chahine et al. [38], Susskind et al. [47], Nalli et al. [48], and many other studies. Because
of the AMSU-A2 instrument failure, AIRS products using both TIR and MW were discon-
tinued after 24 September 2016. Thus, for a consistent data record, we use AIRS Version 7
IR-only retrievals for the entire record from the NASA Goddard Earth Sciences (GES) Data
and Information Services Center (DISC) (https://disc.gsfc.nasa.gov, accessed on 4 June
2023) [49].

The NOAA Unique Combined Atmospheric Processing System (NUCAPS) is the
NOAA operational retrieval algorithm for the operational hyperspectral thermal IR
sounders [50]. The NUCAPS algorithm is based on the AIRS science team retrieval algo-
rithm Version 5 [30,41,47] which differs primarily in the first guess methodology (v5 uses a
linear eigenvector regression, whereas v7 uses a neural network nonlinear regression) [41].
The NUCAPS algorithm runs operationally at NOAA /NESDIS, with the operational prod-
ucts being publicly available from the Comprehensive Large Array-data Stewardship
System (CLASS).

Both the AIRS and NUCAPS CrIS retrieval algorithms use spectral channels near
7.66 pm to retrieve CHy [28,29]. The CH, channel selection is based on the sensitivity
to CHy as indicated by the kernel functions [51,52]. To reduce interference from other
absorbing species, channels with overlapping absorption bands (e.g., water vapor and
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HNO3) are minimized. The AIRS and NUCAPS CHy retrievals are generally sensitive
in the range between 650 hPa and the lower stratosphere, with peak sensitivity around
300—400 hPa, depending on surface and atmospheric conditions [53]. The CH4 weighting
function, or Jacobian matrix, describes the portion of the CHy profile represented by each
radiance measurement [54,55]. An example of the CrIS CHj, Jacobian matrix, calculated
from the Standalone AIRS Radiative Transfer Algorithm (SARTA, see algorithm description
in Strow et al., 2003), is shown in Figure 1. From Figure 1, it is clear that the most CHy-
sensitive region is the middle to upper troposphere (i.e., ~200-600 hPa), as depicted in
the non-red color shades in Figure 1. The peak of the sensitivity can be higher or lower
depending on the local scenario of CHy profiles.

0
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Figure 1. CH, Jacobians for CrIS based on an example atmospheric profile for 15°N latitude: the x-and
y-axes show spectral wave numbers (cm ') and the vertical pressure coordinate (hPa), respectively.

Prior to the CHy retrieval step in the algorithm, the atmospheric vertical temperature
and moisture profiles (AVIP and AVMP, respectively), surface skin temperatures, and
land emissivity are retrieved using different channels than those used for CHy retrievals.
These data, as well as the a priori profiles of CHy, are used as inputs to SARTA forward
calculation [56-58]. The difference between the observed and calculated radiances (obs
minus calc) is minimized to construct an error covariance matrix, from which the change
of CHy is derived using an eigenvector transformation and damping. The final retrieved
profile of CHy is usually obtained through several iterations. For more details on the
NUCAPS and AIRS algorithm, see Susskind et al. [41], the NUCAPS Algorithm Theoretical
Basis Document (ATBD) (2021), and Smith and Barnet [30]; for the details of the CHy first
guess and channel selections, see Warner et al. [51], Xiong et al. [28], and Gambacorta
etal. [52].

The NUCAPS CHy retrieval has been significantly improved over the last 2 years.
The major changes include updates of the CHy and N,O a priori, quality control criteria,
and refinements in the CHy4 channel selection. There were also other NUCAPS algorithm
enhancements, such as the updated TIR spectral tuning (i.e., an empirical radiance bias
correction), which improved the performance of the NUCAPS temperature and water vapor
retrievals, which in turn had a positive impact on the downstream CHy4 products. The CHy
retrievals from CrIS on SNPP and NOAA-20 have gone through a thorough validation
process by comparative analysis using in situ data and similar products from other satellite
sensors [59-62]. For the AIRS and CrIS CH, products, we estimated a precision of 1%. While
the same retrieval approach was used for AIRS and NUCAPS algorithms, the differences in
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the sensors, channels, a priori, tuning, and quality control can contribute to the differences
in CHy retrievals between AIRS and CrIS.

2.3. Rate of Change of CHy Concentrations

The global mean growth rate of CHy has been changing over the last three decades [63]
(Dlugokencky et al. 2003). The global growth rate of CH, based on GML in situ measure-
ments was 11.9 & 0.9 ppb yr~! from 1984 to 1989, declined from 1990 to 1998, and then
reached nearly zero growth from 1999 to 2005 [13,64—68]. A renewed strong growth in
global CH, began in 2006 [10,14,69]. Growth in global CH4 has been accelerating recently,
further increasing from 2015 to 2020 [9]. The annual CHy4 concentration increase in 2020
was 15.19 + 0.41 ppb yr~! (https:/ /gml.noaa.gov/ccgg/trends_ch4/, accessed on 4 June
2023), which was the largest annual increase recorded since 1983 when NOAA /GML’s
ongoing measurements began [70].

We attempt to examine the same trends using global TIR satellite measurements
spanning the last decades. We follow the fitting methods of Nisbet et al. (2016) [71] as
shown below:

We fit a daily averaged CHy time series at each latitude with a 2nd-order polynomial
and a number of periods of sine and cosine series,

y(t) =yp(t) +ys(t) + E(F) 1)

doy—0.5
Num_days
the day of the year, num_days is a total number of days in the year, year0O = 2000.0 is the

starting year, y,(t) represents trend signal,

where t =

+ year — yearQ represents middle point in each day, here DOY states

yp(t) = po + pit + pat? @)

and y;(t) represents seasonal signals,

1=

ys(t) = ) [Agsin(27kt) + Bycos(27tkt)] ©)]

k=1

k=0.5,1,2,3,4,6,12,24, and 52, which represents the 2-year, 1-year, 1/2-year, 1/3-year
and 1/4-year periods, 2-month, 1-month, half-month, and weekly cycles. There are total
of 21 fitting coefficients in each latitude. The table of coefficients was uploaded in two
separate NetCDF files, for AIRS and CrIS, respectively, in the Supplementary Materials.
E(t) represents the fitting residuals, which is filtered by a low pass filter, i.e., at roughly
2 years,
E(t) = Ejon(t) + € 4

where Ej,, (f) denotes the signal passed by the low band filter, and ¢ is the high-frequency
noise; yp is paired with Ej,, (t) to form the long-term trend of CH4 monthly mean, that is

Yn(t) = yp(t) + Eiow(t) @)

Then the annual CHjy rate at each day can be calculated

dy, (t) + dE oy (t
R(t):dygt(t): Y,(t) . low (1) ©)

2.4. CHy4 Ground Observation Network

NOAA GML has been recording CH4 measurements since 1983 at a globally dis-
tributed network of in situ surface sampling sites [62]; the details and maps of the site
locations are available on the public website: NOAA'’s Global Greenhouse Gas Reference
Network, https://gml.noaa.gov/ccgg/about.html, accessed on 4 June 2023. The network
was originally designed to sample the global “background” atmosphere far from strong
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local sources, and despite some increase in coverage over time, the network remains sparse
in space and time. More recently, in situ profiles have been added using a network of light
aircraft, communications towers, and balloon-borne samplers. These measurements are
well characterized and provide invaluable information for global CH4 monitoring [63].
GML profile observations from aircraft, balloon-borne, and AirCore have been used as the
truth for the validation of the NUCAPS CHj profile retrievals [61]. In this study, we use the
long-term GML in situ measurements in our analysis of TIR satellite CH, for comparison
purposes. Because most GML data are collected at the surface or in the lower troposphere
while TIR retrievals are mostly sensitive to the middle to upper troposphere, direct compar-
isons are not possible. Nevertheless, the interannual differences between the in situ and
TIR satellite observations provide valuable insights into vertical contrasts due to transport.

3. Results
3.1. CH,4 Global Distributions

The CHy time series from nearly two decades (2003-2020) of AIRS v7 retrievals [12,58,64,65]
were analyzed in this study. As described in previous Section 2.2, the AIRS methane re-
trievals are broadly sensitive in the range between 850 hPa and the lower stratosphere,
with peak sensitivity around 300—400 hPa, depending on surface and atmospheric condi-
tions. Figure 2 displays annual mean global maps of satellite-retrieved CHy at 400 hPa
for 2003 (left panel) and 2020 (right panel). The maps show similar patterns of the global
CHy4 distribution, such as higher concentrations over the northern hemisphere (NH), the
large-scale transport of plumes from biomass burning over Africa and South America, and
large industrial emissions over Asia. Global CH, concentrations significantly increased
over this time period, with the annual average in 2003 at ~1754 parts per billion (ppb) and
~1839 ppb in 2020. The total increase during this period was approximately 85 ppb, which
represents a ~4.8% increase. For the same time period (2003-2020), the annual average of
CHy4 concentrations observed from the GML surface measurements is ~1777 ppb in 2003
and ~1879 ppb in 2020, which is roughly a 5.7% increase. The satellite CHy concentrations
from TIR sounders, which represent a broad layer roughly spanning 200-400 hPa [62], are
lower than the GML in situ measurements as expected due to the latter’s proximity to the
source regions. Note that while the recent versions of the AIRS algorithm (V7, and V6) have
implemented improvements in methane retrievals over previous versions (V5 and earlier),
there might still be artifacts in the retrievals due to uncertainties in surface emissivity
(especially over land /snow /ice surfaces) and cloud contamination in the cloud-cleared
radiances that affect the results presented in Figure 2. There are ongoing efforts to improve
the AIRS retrieval algorithms [66].

Methane, Mole Fraction in Air (Daytime/Ascending, AIRS-only) Methane, Mole Fraction in Air (Daytime/Ascending, AIRS-only)

Jan-Dec 2003 @400 hPa Jan - Dec 2020 @400 hPa

———

Milhane, Mole Fraction in Air (Da%ime,’As(endini, AIRS—onIi) (ii)a) Mithane, Mole Fraction in Air (Da%ime,'Ascendini, AIRS—anIi) (ifa)

1700.0 1748.0

Dta Min = 165,

Figure 2. The annual mean of AIRS retrieved atmospheric CHy spanning a broad layer with an
effective pressure of ~2400 hPa for the years 2003 (left) and 2020 (right), using the same color scale.
(Data processed and downloaded from NASA GES Giovanni, and plotted with Panoply).



Remote Sens. 2023, 15, 2992

7 of 16

Latitude (°)

Latitude (°)

2004

AIRS V7 CH4 399hPa, Original, daytime

I t

2008

3.2. Rate of Change of CHy Concentrations from Satellite TIR Measurements

The evolution of CHy zonal distributions is shown in the upper panels of Figure 3,
where the top left panel shows AIRS measurements and the top right panel shows the
same measurements but with fitting, as described above. Whereas globally the CHy
concentrations increased for all latitudes over time, stronger increases were observed in the
NH in the earlier years, and beginning around 2008, the increases gradually expanded to
the southern hemisphere (SH) and the Arctic region. The lower panels of Figure 3 show
the rate of change calculated from the AIRS and CrlIS TIR observations, where the bottom
left and right are the deseasoned growth rates of AIRS and CrIS, respectively. The rate of
change from AIRS also demonstrated the overall increase of CHy after 2008, especially the
increases that have been expanding toward the SH and polar regions. The results from
CrIS for 2015 to 2020 show general agreement with those from AIRS for the same period.
Since it takes approximately one year for CHy to be mixed from the surface throughout
the troposphere, the years with strong regional growth are usually followed by declines in
the global background [72]. This pattern can be clearly seen from the early 2000s, but after
2014, the period of decline became less well defined and more dominant as seen by the
overall positive increase rates. The satellite TIR results presented here are also generally
consistent with those derived from in situ measurements [73].

.”
|

AIRS V7 CH4 399hPa, Fitted, daytime

' M”t
T ”"\'u.u!

2012 2016 2020 2004 2008 2012 2016 2020

A

~\’ l/

CH, Mixing Ratio (ppbv) CH, Mixing Ratio (ppbv)

1720 1740 1760 1780 1800 1820 1840 1860 1880 1900 1920 194 1720 1740 1760 1780 1800 1820 1840 1860 1880 1900 1920 1940

)

2004

AIRS V7 CH4 399hPa, Annual Rates, daytime

-5

2008

CrIS npp V3.0 CH4 399hPa, Annual Rates, daytime
n q,‘ . —' -

"B

.3 )

2012 2016 2020 2004 2008 2012
CH, Rate (ppb/yr) CH, Rate (ppb/yr)

0 5 10 15 -10 -5 0 5 10 15

Figure 3. CHy zonal distributions with time (upper panel): AIRS raw (upper left), AIRS fitted
(upper right), the corresponding rate of change from AIRS (lower left), and CrIS (lower right).

3.3. Interpolar CHy Difference

The zonal changes in CHy4 concentrations have been discussed in previous studies [9,70].
CHj concentrations are generally higher in the NH than the SH due to emission sources
predominantly from NH land surfaces. The black curve in Figure 4 shows the averaged
zonal mean variations from a 19-year average of AIRS CHy4 data at 400 hPa (2003-2021).
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The lowest value (~1730 ppb, leftmost) is over the Antarctic region, and the highest value
(~1858 ppb, rightmost) is over the Arctic region. The absolute CHy Interpolar Difference
(IPD: the difference between zonal averages calculated for 60-90°N and 60-90°S) for the
period is ~128 ppb. The zonal means from each year from 2003 to 2021 are also shown in
Figure 4. The increase in the South Pole region is the smallest, compared with increases in
the other latitudes. The two largest peaks of the increases in Figure 4 are in the north and
south subtropical zones.

® 2004 2005 2006 @ 2007 @ 2008 @ 2009 2010 2011 2012 2013
2014 2015 2016 2017 2018 2019 @ 2020 2021 @ 2003-2021

o

: BN 50 02 ©502 120 h0 AaD 160 210 e O a D 20 ® e Cn O a6 1D
\,%@1@5\31 »‘9\3\»‘3\,@5‘3\,@-‘9\,@-"\,&1 -‘"\’b"\b\:}")b\;ﬂb\ﬂ’bﬁ\,\’\ 5\,\\5 D L Gt

DD MDD e MeNoD s 1N 1DeDe DD

1 D0 D6 Ba D DHa By DD

Latitude (°)

Figure 4. Zonal means of AIRS v7 tropospheric CHy near 400 hPa (in ppb) vertical level for each year
from 2003 to 2021; the black line represents the averaged 19 years of AIRS data from 2003 to 2021.

3.4. Latitudinal Variations

To understand the latitudinal variation of TIR-derived CHy, we examined the time
series of CHy over different latitudinal zones retrieved from AIRS and CrIS and compared
those with the GML in situ measurements. It is important to keep in mind that the TIR-
based measurements represent a broad tropospheric layer roughly spanning 200400 hPa.
Figure 5 shows the CH4 zonal mean time series (centered at 400 hPa) for latitude ranges
of 60-90°N (top panel), 30-60°N (2nd panel), 0-30°N (3rd panel), 30°5-0 (4th panel), and
60-30°S (lowest panel) respectively. The CHy4 retrievals from AIRS (blue lines, 2003-2020)
and CrIS (orange lines, 2015-2020) agree well with each other, both showing that the
overall tropospheric CHy concentrations have been increasing across all latitudinal zones.
The trends are similar to those of the GML in situ observations (green lines, 2003-2020),
although the magnitudes of the CHy concentrations derived from each measurement
approach can vary.

@ [6090] AIRS @ [6090]CrIS = @ [60,90] GML

2006-Jan 2008-Jan 2010-Jan 2012-Jan 2014-Jan 2016-Jan 2018-Jan 2020-Jan

time

Figure 5. Cont.
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Figure 5. Time series of CHy (in ppb) retrieved from AIRS (blue), CrIS (orange) at 400 hPa, and in
situ measurements from NOAA GML (green) for different latitudinal zones: 60-90°N (top panel);
30-60°N (2nd panel); 0-30°N (3rd panel); 0-30°S (4th panel); 30-60°S (lowest panel).
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The CHy4 concentrations show annual cycles that vary at different latitudes. As seen in
Figure 5, the amplitudes of the annual cycle are higher for the middle and high latitudes
in the NH than they are in the tropics—this is primarily because the CHy sources are
mostly located in the NH mid-to-high latitudes. Additionally, microbial sources (especially
wetlands) can exhibit a strong seasonality, and more importantly, the seasonal cycles are
controlled by chemistry. In fact, at the surface in the NH, the minimum occurs in summer
when the microbial sources could be expected to be the strongest. Seasonal differences in
transport also play a role. Figure 5 shows clearly that the TIR retrieved CHy from AIRS and
CrIS has an overall negative bias than those from GML in the NH, which is consistent with
CHj4 concentrations being higher in the boundary layer from source regions at the surface
and decreasing in the free troposphere.

The in situ CH4 measurements from GML are higher than AIRS CHy by 105 ppb at
60-90°N, 122 ppb at 30-60°N, and 56 ppb at 0-30°N, respectively. However, in the SH, the
CHy retrievals at 400 hPa are higher than or close to those from the surface observations.
On average, the AIRS CHy is 4 ppb higher than those from GML in the SH, and 0.5 ppb
for CrlS.

Figure 5 also shows a prominent phase shift in the annual cycles of satellite TIR
retrievals and the in situ measurements, especially in the mid-to-high NH latitudes. This
phase shift is not obvious in the low latitudes in both the NH and SH. In the Arctic region
(60 to 90°N), the tropospheric CH, concentrations retrieved from AIRS and CrlIS show
about 7-8 months of lag compared with the in situ concentrations. Similar phase shifts are
observed in the NH middle latitudes (30-60°N), with lags of about 4-5 months. Such lags
are minimal for the NH and SH tropics (30°S to 30°N).

The AIRS CH4 in SH middle latitudes show two peaks in the seasonal cycles, one of
which represents the same seasonal cycle as in GML in situ measurements, whereas the
other peak shows a similar phase shift as in the NH middle latitude. The SH high latitudes
are not shown due to noisy retrievals contaminated by the Southern Ocean clouds.

4. Discussion

To better understand the vertical phase shifts in CHy seasonality, we examined the
results from CarbonTracker-CHy [74,75]. CarbonTracker-CH, is NOAA GML's global at-
mospheric inversion system for estimating emissions of atmospheric CHy by assimilating
global in situ measurements [76]. Since the first version of CarbonTracker-CH4 was pub-
lished in 2014, we revised our inversion system by jointly assimilating measurements of
CHy, and the stable isotopic ratio of CHy (denoted §'3C-CHy), incorporating spatially and
temporally resolved source signature of §'*C-CH, and optimizing fluxes at a grid scale. The
current CarbonTracker-CHy is based on the TM5-4DVAR inversion system [77]; it simulated
optimized monthly global microbial, fossil, and pyrogenic emissions at 3 x 2° horizontal
resolution (longitude by latitude) from 1997 to 2021. Based on the optimized emissions, the
mole fraction of atmospheric CHy is simulated at 3-h, 3 x 2° horizontal resolution with
25 vertical hybrid sigma pressure levels. Since CarbonTracker-CHy assimilates CH4 mole
fraction from more than 330 in situ sites, the simulated CH4 mole fractions of the surface
layer match well with the surface in situ measurements.

The CHy time series for different vertical levels and latitudinal bands from the
CarbonTracker-CH4 model runs are shown in Figure 6. Seven pressure levels are plotted
from 200 to 800 hPa at 100 hPa intervals for every 30° latitudinal band. Similar phase
shifts to those seen by the satellite TIR measurements, described in Section 3.3, can also
be seen in these model results. The seasonality of CarbonTracker-CHy results at 800 hPa
(Dark blue in Figure 6) resembles the seasonality of GML in situ measurements (Green in
Figure 5), and the seasonality of CarbonTracker-CHj, at 300-400 hPa (Green and sky blue
in Figure 6) resembles AIRS/CrIS seasonality at 400 hPa (Blue and Orange in Figure 5).
The seasonality of CarbonTracker-CH4 at 200 hPa shows the influence of stratospheric
chemistry (Figure 7). The seasonality of CarbonTracker-CH4 at 300—400 hPa is influenced
by both tropospheric (500-800 hPa) and stratospheric chemistry (200 hPa). The magni-
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tude of the vertical shifts in CHy seasonality likely depends on the age and transport
processes of CHy for the different zonal bands. This result is consistent with other studies
on TIR sounders (Xiong et al. 2013; Worden et al. 2015; Kulawik et al. 2021; Xiong et al.
2022) [78-81], as TIR sounders are sensitive to atmospheric CH, in the middle troposphere
through the lower stratosphere (2 to 17 km). These studies used TIR sounders to quantify
atmospheric CHy variations and uncertainties associated with the stratospheric intrusion
and troposphere-stratosphere exchange.
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Figure 6. Time series of zonally averaged CH,4 from GML CarbonTracker-CH, from 2003 to 2020
at 200-800 hPa for different zonal bands: 60-90°N (upper left); 30-60°N (upper middle); 0-30°N
(upper right); 90-60°S (lower left); 60-30°S (lower middle); and 30°S-0 (lower right).
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Figure 7. Pressure-altitude versus time cross sections of CH4 from CarbonTracker-CH4 from 2003 to
2020 for different zonal bands: 60-90°N (upper left); 30-60°N (upper middle); 0-30°N (upper right);
90-60°S (lower left); 60-30°S (lower middle); and 30°5-0 (lower right).
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The tropics (30°S to 30°N) show smaller vertical gradients than temperate and polar
latitudinal bands due to strong convection from Hadley cells (Webster 2004) [82]. There
are minimal phase shifts between the stratosphere and troposphere compared with the
mid-to-high NH latitudes. For latitudes, 0-30°N, CarbonTracker-CHy4 at 300—400 hPa did
not show a large seasonality (top-right plot in Figure 6), which is consistent with CrIS
results. For latitude 0-30°S, there are two peaks throughout vertical layers, a larger peak
in summer and a smaller peak in winter, consistent with GML’s in situ measurements at
Tutuila, American Samoa (bottom-right plot in Figure 6).

Figure 7 shows curtain plots of vertical cross sections of CHy over time for different
global polar, mid-latitude, and tropical bands as discussed previously. Similar phase shifts
are observed for the NH latitudes, and strong vertical gradients occur in the tropopause
regions for NH mid-latitude and polar zones. In the SH, CH, concentrations remain
almost constant throughout the troposphere. This may be attributed to the lack of emission
sources in the SH. Figures 6 and 7 show that for the broad layer between 200 hPa and
400 hPa, where the TIR (AIRS and CrIS) retrievals are most sensitive, the retrievals may
be influenced by stratospheric CHy. The magnitude of the stratospheric influence varies
with different latitude zones, depending on factors such as tropopause heights and deep
convection. Specifically, in the NH mid- and high-latitude regions, stratospheric CH4 seems
to dominate the seasonality of retrieval results, whereas the SH mid-latitude information is
a mix of tropospheric and stratospheric CHy information.

5. Conclusions

Hyperspectral thermal IR (TIR) sounders, such as AIRS and CrIS (as well as IASI),
provide continuous long-term global data records of the mid-to-upper tropospheric CHy. In
this study, we analyzed spatial and temporal variations using AIRS and CrIS remote sensing
measurements. Significant changes have been found for CHy4 concentrations at annual
and interannual time scales, and at various latitudes. Increases in CHy concentrations
and annual growth rates have also been studied. Our analyses showed strong increasing
trends in the mid-to-upper troposphere from satellite measurements. There are latitudinal
dependences for these increases, as well as seasonal dependencies.

We compared the TIR-retrieved broad-layer CH,4 concentrations with the GML global
in situ observation network and discovered temporal phase shifts of the CH, seasonality
between the two data sources. The phase shifts are most significant in the NH where the
surface emissions are higher. We conclude that the CHy4 broad-layer concentrations from
satellite TIR measurements are influenced by stratospheric contributions that represent
different seasonality from the troposphere in the NH mid-to-high latitudes. This phase shift
behavior is minimal in the low latitudes in both NH and SH; in the SH middle latitudes,
the retrieved CHy information is influenced by both the troposphere and stratosphere.
Additional analysis is needed to fully understand the seasonal phase differences between
the surface and upper troposphere/lower stratosphere, which may include more in-depth
model studies and high-altitude flight observations. Long-term annual to interannual trend
studies are also important to comprehend global changes in CH, distributions. The CrIS
sensors from NOAA-21 (launched successfully in November 2022), along with the planned
low earth orbit (LEO) satellite missions will help to serve this goal.
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