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Abstract: Carbon dioxide (CO2) is a significant atmospheric greenhouse gas and its concentrations can
be observed by in situ surface stations, aircraft flights and satellite sensors. This paper investigated
the ability of the CO2 satellite observations to monitor, analyze and predict the horizontal and
vertical distribution of atmospheric CO2 concentration at global scales. CO2 observations retrieved
by an Atmospheric Infrared Sounder (AIRS) were inter-compared with the Global Atmosphere
Watch Program (GAW) and HIAPER Pole-to-Pole Observations (HIPPOs), with reference to the
measurements obtained using high-resolution ground-based Fourier Transform Spectrometers (FTS)
in the Total Carbon Column Observing Network (TCCON) from near-surface level to the mid-to-high
troposphere. After vertically integrating the AIRS-retrieved values with the column averaging
kernels of TCCON measurements, the AIRS observations are spatio-temporally compared with
HIPPO-integrated profiles in the mid-to-high troposphere. Five selected GAW stations are used
for comparisons with TCCON sites near the surface of the Earth. The results of AIRS, TCCON
(5–6 km), GAW and TCCON (1 km) CO2 measurements from 2007 to 2013 are compared, analyzed and
discussed at their respective altitudes. The outcomes indicate that the difference of about 3.0 ppmv
between AIRS and GAW or other highly accurate in situ surface measurements is mainly due to the
different vertical altitudes, rather than the errors in the AIRS. The study reported here also explores the
potential of AIRS satellite observations for analyzing the spatial distribution and seasonal variation
of CO2 concentration at global scales.
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1. Introduction

Carbon dioxide (CO2) is considered as one of the primary greenhouse gases (GHGs) in the Earth’s
atmosphere [1]. Once CO2 is added to the atmosphere, it exists for a long time: between 300 and
100 years [2]. The global monthly mean CO2 mixing ratio reached about 414.38 parts per million (ppm)
in August 2020 [3], which is its highest record since preindustrial times. Understanding and managing
the global carbon cycle requires analysis of the spatial distribution and temporal changes of highly
accurate CO2 observations.

CO2 concentrations are often measured by in situ surface stations, aircraft flights or satellite
instruments. The horizontally sparse surface stations can continuously observe the near-surface CO2
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concentration at fixed sites with high accuracy. The vertical profiles of CO2 concentration are measured
when the aircraft ascends or descends. However, due to the uneven distribution of ground-based
stations, it is not possible to provide the macroscopic monitoring information of CO2 concentrations,
especially for the monitoring of CO2 over the ocean, polar region, desert, and other underpopulated
areas. Aircraft observations also have similar problems and cannot provide sufficient, stable and
continuous monitoring information of atmospheric CO2 concentrations. The advent of satellite
observations of CO2 offers exciting opportunities to address some of the above issues.

In the past decade, considerable efforts have been made to extract information about atmospheric
CO2 from satellite observations [4]. The TV Infrared Observation Satellite (TIROS), which carried
the TIROS Operational Vertical Sounder (TOVS) to provide vertical profiles for climate studies,
was first launched on 1 April 1960 [5]. Agencies such as the European Space Agency (ESA), National
Aeronautics and Space Administration (NASA), and Japan Aerospace Exploration Agency (JAXA),
have also initiated different satellite missions for retrieving estimates of XCO2, including the Scanning
Imaging Absorption Spectrometer for Atmospheric Cartography (SCIAMACHY) instrument on
Envisat [6], the Atmospheric Infrared Sounder (AIRS) on NASA’s Aqua spacecraft [7], the Orbiting
Carbon Observatory (OCO) mission [8–10], and the Greenhouse Gases Observing Satellite (GOSAT) [11].
The TanSat (CarbonSat, Tan means “carbon” in Chinese), the first mini-satellite of China dedicated to
CO2 detection and monitoring, was launched into space on 21 December 2016 [12]. It fills the gap in
GHG-observing technology in China [13]. More and more CO2-measuring satellites, including the
Fen-Yun-3D and Gaofen 5, have also been launched and others are also under planning [14]. Table 1
lists these satellite technologies for measuring CO2 in different ways. Since 2002, these satellites have
provided researchers with national or global atmospheric CO2 concentration data.

Table 1. Specification of satellite instruments for Carbon dioxide (CO2) measurements.

Satellite Instrument Launched
Year Height Range

Spatial (km)/
Temporal (Days)

Resolution

Precision
(ppm)

Accuracy
(ppm)

Envisat SCIAMACHY 2002 total column 30 × 60/35 14 1.1–1.2

Aqua AIRS 2002 mid-tropospheric 50 × 50/16 1.5 1–2

MetOp IASI 2006 mid-tropospheric 12 × 12/72 2 2

GOSAT TANSO-FTS 2009 total column 10.5 × 10.5/3 4 2.5

OCO-2
Three-channel

imaging grating
spectrometer

2014 total column 1.29 × 2.25/16 1–2 0.5–1

TanSat ACGS 2016 total column 2 × 2/16 1–4 2.11

The stable, continuous and large-scale atmospheric CO2 concentrations observed by satellites
have played an undeniably significant role in observing and understanding the global carbon cycle [15].
Table 1 shows a comparison of the satellites that provide CO2 retrievals with their height range,
spatial/temporal resolution, precision and accuracy information. As can be seen from the specification
in Table 1, AIRS retrievals use cloud-cleared thermal infrared radiance spectra with an accuracy better
than 2 ppm. Compared with other satellite missions, Envisat is an Earth observation mission of the
European Space Agency (ESA), which ended on 8 April 2012, following the unexpected loss of contact
with the satellite. The precision and accuracy of the Infrared Atmospheric Sounding Interferometer
(IASI), the Thermal and Near Infrared Sensor for Carbon Observation Fourier-Transform Spectrometer
(TANSO-FTS) and TanSat are lower than those of the AIRS. The height range, spatial/temporal
resolution, precision and accuracy of the Orbiting Carbon Observatory 2 (OCO-2) are indeed better
than the AIRS, but because it was launched in 2014, there is no time overlap between OCO-2 and
HIAPER Pole-to-Pole Observations (HIPPOs) (7 January 2009 to 15 September 2011). AIRS data are
still favorable for long-term monitoring and time-series studies which are used by weather prediction
centers around the world to improve their forecasts.
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Various studies about the inversion and validation of different XCO2 satellite products have been
carried out over the last two decades. The CO2 in the troposphere, derived from the SCIAMACHY [16],
IASI [17], TANSO-FTS [18,19] and OCO-2 [20], was validated and significantly improved through
comparing with the measurements from the ground-based Fourier transform infrared (FTIR) stations
network, Comprehensive Observation Network for Tracegases by Airliner (CONTRAIL) [21] or other
highly accurate in situ surface and aircraft measurements [22]. All these studies on satellite validation
of atmospheric CO2, however, are still in their early stage, and the validation in almost all of these
studies has been only carried out based on in situ surface and aircraft measurements, which are
horizontally discrete and cannot be very well compared with satellite observations.

In order to make AIRS observations useful for understanding the sources, sinks and the transport
of atmospheric CO2 from the surface into the troposphere around the globe, the differences between
the AIRS and other reliable accurate in situ surface and aircraft measurements should be validated,
understood and characterized. Table 2 lists a collection of major articles and studies related to the
validation of AIRS CO2 retrievals. The table summarizes the studies that compare AIRS CO2 retrievals
with other different in situ measurements to validate accuracy. Some studies attempt to validate
the AIRS CO2 retrievals by comparing them to highly accurate in situ aircraft data and in situ
surface measurements.

Table 2. Summary of the studies using different in situ measurements to compare and validate
Atmospheric Infrared Sounder (AIRS) CO2 retrievals.

Observation
Strategy Data Sources Spatial Location Temporal Overlap Accuracy Articles

in situ aircraft

Matsueda
(CONTRAL)

Between Japan
and Australia April–October 2003 0.9 ppmv Crevoisier et al.

(2004)

Western Pacific September
2002–April 2004 0.43± 1.20 ppmv Chaine et al.

(2005)

Between Japan
and Australia 2003–2008 Not given Olsen et al.

(2008)

Japan
Indochina peninsula

Southeastern Australia
Narita airport

2006–2011 Not given Lee et al. (2015)

NOAA
ESEL/GMD ±65◦ latitude 2005 1.77 ppmv Maddy et al.

(2008)

HIPPO ±60◦ latitude Not given 1.46 ppmv Christian et al.
(2016)

in situ surface GAW (WMO
WDCGG)

Assekrem (ASK)
Mauna Loa (MLO)

Niwot Ridge (NWR)
Plateau Rosa

Waliguan (WLG)

2003–2010 2.298 ppmv Zhang, Bai et al.
(2010)

Mt. Waliguan (WLG)
Crozet Island (CRZ)
Mauna Loa (MLO)
Assekrem (ASK)

Tenefire (IZO)
Niwot Ridge (NWR)

December
2003–November

2012
r = 0.94

Zhang,
Zhang, et al.

(2013)

70 matched stations Not given RMSD = 5.88 Zhang,
Jiang, et al. (2015)

Southern Great Plains
Point Arena

Begur
Pic du Midi

Plateau Assy
Puy de Dome
Schauinsland

September
2008–December

2010

Correlation
coefficient = 0.27 Diao et al. (2016)

Danum Valley January 2009–June
2012 Std = 1.82 ppmv Othman et al.

(2019)
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The mixing ratio of carbon dioxide in the troposphere was derived from the AIRS observations
with a high spectral resolution and compared to the aircraft measurements [23]. The CONTRAIL
observations obtained by commercial airliner Japan Airlines (JALs) from April 1993 to March 2003
between Japan and Australia were analyzed and reported by Mastsueda et al. [24], which covered the
altitude range of 9–13 km, and provided us with knowledge on CO2 distributions in the mid-to-upper
troposphere. The retrieved seasonal cycle of the AIRS and its latitudinal dependence were well aligned
with aircraft CO2 in situ measurements made at the same altitude range [25]. The AIRS, compared to the
aircraft flask CO2 measurements obtained by Matsueda et al. over the Western Pacific, demonstrated
skill in tracking the measured 5-ppmv seasonal variation with an accuracy of 0.43 ± 1.20 ppmv [26].
The validation of AIRS retrievals of CO2 via comparison to in situ measurements indicated that the
AIRS allowed the monitoring of the distribution of global CO2 in the free troposphere on a weekly
basis [27,28]. A methodology for comparing an offline observation of AIRS CO2 with all accessible
aircraft measurements of NOAA Earth System Research Laboratories (ESRL)/ Global Monitoring
Division (GMD) during 2005 was also proposed [29]. The HIAPER Pole-to-Pole Observations (HIPPOs)
were used to evaluate GOSAT, the Tropospheric Emission Spectrometer (TES) and AIRS remote sensing
estimates of CO2 [30]. CO2 concentrations measured by aircrafts are closer in altitude to what the
AIRS measured, but the difference (1–2 ppmv) found in previous studies could be simply due to
the averaging kernel of the AIRS which integrate CO2 concentrations across a wide swath of the
mid-to-upper troposphere; thus, the same air was not sampled.

Mid-tropospheric CO2 data retrieved from the AIRS were validated with five ground-based station
measurements, illustrating a good agreement in the Northern Hemisphere which had a monthly average
accuracy better than 3 ppmv [31]. The further accuracy comparisons of CO2 data derived from the AIRS,
SCIAMACHY and GOSAT with the ground-based data from six sites showed that the CO2 retrieved
from the AIRS was in excellent agreement with the ground-based data and the most of correlation
coefficients were more than 0.9 [32]. The comparison analysis of the global carbon concentration column
derived from the SCIAMACHY, AIRS and GOSAT with surface station measurements indicated that
the AIRS could reflect the distribution and changes of CO2 very well [33]. The reliability of the
mid-tropospheric CO2 data derived from the AIRS was confirmed by comparing with atmospheric
CO2 concentration data from GAW ground-based station observations in Malaysia and the deviation
between two datasets was less than 1 ppm [34]. From the above studies, CO2 concentrations at the
surface are often 2–3 ppmv deviated from that in the mid-to-upper troposphere directly above the same
spot on the surface, due to surface sources and sinks that most directly influence the near-surface air.
The surface flask data sampled in the boundary layer cannot be used as the estimates representing the
mid-to-upper troposphere. The CO2 mixing ratio varies across the different parts of the column, from
the near surface reflecting the surface fluxes most strongly to the mid-troposphere reflecting fluxes
at broader time/space scales, and the comparison of different measurements reflect the underlying
variability. Since these in situ surface measurements that measure CO2 in different vertical portions
of the atmospheric column are much lower than what the AIRS measures, the meaning of this direct
comparison is arguable. These direct comparisons to surface in situ data, which have been drawn in
most of the current studies, are not very useful for validating the AIRS data.

Rather than being acceptable, this level of difference will seriously skew the estimates of sources
and sinks of CO2 at the surface, if used in an atmospheric flux inversion. This will lead to incorrect
assumptions about what processes drive these fluxes and models for predicting future CO2 levels,
defeating the purpose of looking at the AIRS CO2 data in the first place.

The direct validation of the AIRS observations to in situ measurements was not statistically
correct due to lack of spatio-temporal coincidence between different measurements. Besides, the peak
sensitivity of AIRS CO2 retrievals provided by NASA is broadly in between 6 and 8 km at mid-latitudes,
because they are mid-tropospheric estimates rather than CO2 profiles [35]. Therefore, the in situ surface
and aircraft profiles should be vertically integrated with reference to the surface and flying altitudes in
order to better validate CO2 concentrations of the AIRS.
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Therefore, we believe that a real attempt at validating the AIRS CO2 data would be useful.
This might involve comparing individual AIRS retrievals to collocated in situ data which has a
high accuracy. Collocated data here include both horizontally and vertically collected data. Hence,
we attempt to compare the in situ surface data (GAW), full column XCO2 data from the Total
Carbon Column Observing Network (TCCON) and in situ aircraft data (HIIPPO) with mid-to-upper
tropospheric CO2 data from the AIRS, on equal terms—that is, sampling the same portion of the
vertical column.

The vertical profile information in the TCCON estimations can be integrated with the same
weighting as it is embodied in the other CO2 profile data.

This paper presents the results of a study on spatio-temporal validation of AIRS CO2 observations
using the GAW, HIPPOs and TCCON. The study aims to explore the potential of AIRS satellite
observations for monitoring and analyzing CO2 concentrations at global scales. The specific objective
of this paper are (1) to study the potential of the combination of high-resolution in situ surface and
aircraft measurements for validating AIRS observations by using GAW observations, HIPPO aircraft
measurements, TCCON column data and AIRS-retrieved observations; (2) to develop the method
and the parameters for validating AIRS using in situ surface and aircraft measurements by vertically
integrating the high-resolution HIPPO in situ aircraft and AIRS profiles with column averaging kernels
of FTS measurements; (3) to inter-compare the AIRS observations with GAW, TCCON (1 km, 5–6 km)
and HIPPO-integrated profiles for understanding the differences of CO2 at their respective altitudes;
(4) to analyze the spatial distribution, rising trend and seasonal variation using monthly averaged
AIRS observations. The results of the integration, comparison and analysis are also discussed.

2. Datasets and Methods

2.1. Datasets

To assess the derived sensitivity of the AIRS CO2 observations, we selected GAW observations,
HIPPO aircraft observations and TCCON column measurements to validate NASA’s AIRS satellite
retrieval data. The following sub-sections briefly describe these datasets.

2.1.1. NASA’s AIRS Satellite Data

NASA’s AIRS satellite datasets were used and validated against the GAW, HIPPOs and TCCON in
this paper. The NASA Aqua spacecraft carries AIRS instrument, which is an A-Train satellite following
705 km orbits and was launched on 4 May 2002 [36].

The AIRS, a high-resolution infrared spectrometer, covers a wide wavelength range from 3.7 to
15.4 µm, with 2378 spectral channels [37]. As a portion of the NASA’s Earth Observation Satellites
(EOSs), the AIRS is considered as one of the most reliable products of CO2 observation data at a global
scale [38]. The data have become important tools for improving numerical predictions and supporting
climate studies.

AIRS data products contain data at four levels: Level 0, Level 1, Level 2 and Level 3 [39]. The AIRS
data are assumed as the initial state for the Vanishing Partial Derivatives (VPDs) retrieval algorithm
that separately determines the tropospheric CO2 mixing ratio. The AIRS satellite data used in this paper
are AIRSX3C2M (AIRS/Aqua L3 Monthly CO2 in the free troposphere (AIRS + AMSU) 2.5◦ × 2◦ V005)
from 1 September 2002 to 29 February 2012, which has more overlapped time with the HIPPOs to
compare and validate. NASA has also provided another dataset named AIRS3C2M (AIRS/Aqua L3
Monthly CO2 in the free troposphere (AIRS only) 2.5◦ × 2◦ V005) from 1 January 2010 to 28 February
2017, which can be used in the future work. They are available from the NASA Goddard Earth Sciences
(GES) Data and Information Services Center (DISC) (http://disc.sci.gsfc.nasa.gov/).

http://disc.sci.gsfc.nasa.gov/
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2.1.2. HIPPO Airplane Information

The HIPPO research project, funded by the US National Science Foundation (NSF), aims at
investigating GHGs, aerosols particles, reactive species and CO2 isotopes. The program is overseen by
the Earth Observing Laboratory (EOL) of the National Center for Atmospheric Research (NCAR) [40].

The objectives of HIPPOs are to address the issue of detecting surface GHG emissions, fluxes
and transports. Its in-depth information can be utilized to validate both satellite observations and
global climate models. The HIPPOs include five worldwide aircraft programs that measure the air
from 85◦N to 67◦S across seasons [41]. Most vertical profiles range from elevations of roughly 0.3 to
8.5 km, but may sometimes go over 14 km.

All HIPPO data are available at EOL data archive (http://www.eol.ucar.edu/field_projects/hippo).
The HIPPO datasets contain values (e.g., CO2 observations) and auxiliary data (e.g., Coordinated
Universal Time (UTC) and altitude).

Currently, there are five HIPPO flight paths during five different periods. Three instruments have
been used to measure CO2, including the Harvard Quantum Cascade Laser Spectrometer (QCLS),
the NCAR Airborne Oxygen Instrument (AO2) and the Observation Middle Stratosphere (OMS) CO2

instrument onboard the HIPPO aircrafts (http://data.eol.ucar.edu/master_list/?project=HIPPO-1) [42].

2.1.3. Ground-Based Data

GAW Surface Data

Using eddy covariance towers or wireless sensors networks to obtain atmospheric CO2

concentrations has increasingly become an effective way to monitor the CO2 concentrations on a local
scale. In addition to this approach, the commonly adopted measurement method is a ground-based
measurement from the Global Atmosphere Watch (GAW) program of the World Meteorological
Organization (WMO). The GAW program facilitates the measurements of GHGs in the air environment
through a system of stations situated in more than 50 nations [43]. GAW observes the changes and
trends in physical and chemical parameters of air composition and evaluates the environmental
influences [44]. The GAW observing project provides datasets and services to the decision makers and
the public for scientific evaluation and forewarning of changes in the air composition that may have
adverse effects on environment [45].

The WMO’s World Data Center for Greenhouse Gases (WDCGGs) controls, archives and distributes
the surface station flask data, which provides efficient and dependable meteorological measurements
for monitoring the atmospheric environment of the Earth.

TCCON Column Data

The TCCON is a worldwide observing system of ground-based FTSs that records direct solar
spectrum in the near infrared. It is associated with the network for the GAW program and the Detection
of Atmospheric Composition Change Infrared Working Group (NDACC-IRWG) [46].

The TCCON achieves an accuracy and precision of 0.3 and 0.1 ppm, respectively, in total column
measurements and produces a fundamental validation resource for remote sensing observations [47].
It provides accurate measurements of the column average XCO2 at more than a dozen operational sites
worldwide. The sites are generally located at low altitudes, where the biosphere/ocean exchange has
the most impact on the atmospheric concentrations [48].

The GGG2014 TCCON data used in this study can be obtained from the TCCON Data Archive
(http://tccon.ornl.gov/), provided by the Carbon Dioxide Information Analysis Center (CDIAC).
The precision of the latest version has been improved through comparing with that of GGG2014 by
correcting laser-sampling errors and adding more aircraft and AirCore profiles as bias correction
data [49].

http://www.eol.ucar.edu/field_projects/hippo
http://data.eol.ucar.edu/master_list/?project=HIPPO-1
http://tccon.ornl.gov/
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TCCON observations are retrieved to provide a long-term, almost continuous time series to assist
vertical verification as a transfer standard between in situ measurements and satellite observations,
and to help better understand carbon cycle processes [50].

In this paper, the XCO2 data retrieved with AIRS, GAW and HIPPO are validated against the
collected ground-based measurements at TCCON sites listed in Table 3.

Table 3. Geolocation and reference of each TCCON station used in comparison and validation.

TCCON Sites Nationality Latitude Longitude Reference

Lamont America 36.6◦N 97.4◦W [51]
Park Falls America 48.4◦N 2.3◦E [52]]
Darwin Australia 12.4◦S 130.9◦E [53]

Ny Ålesund Norway 78.9◦N 11.9◦E [54]
Garmisch Germany 47.4◦N 11.0◦E [55]
Tsukuba Japan 36.0◦N 140.1◦E [56]

Izana Tenerife 48.4◦N 2.3◦E [57]
Bremen Germany 53.1◦N 8.8◦E [58]

Lauder 120HR New Zealand 47.4◦S 169.7◦E [59]
Wollongong Australia 34.4 ◦S 150.8 ◦E [60]

2.2. Methods

The spatio-temporal validation method is to inter-compare mid-to-upper tropospheric CO2 data
from AIRS retrievals with collocated highly accurate CO2 observations (GAW, TCCON and HIIPPO)
based on vertical integration method. The nominal precision and accuracy for these highly accurate
CO2 measurements are listed in Table 4.

Table 4. Precision and accuracy of highly accurate CO2 measurements (Unit 1: ppmv).

Instruments Precision (ppmv) Accuracy (ppmv)

GAW - 0.1 0.1

HIPPO
CO2_QCLS 0.1 0.1
CO2_AO2 0.3 0.1
CO2_OMS 0.1 0.1

TCCON Fourier Transform Spectrometers 0.8 1
1 These CO2 observed data are all in mole fraction unit: data × 106 = ppmv.

At present, there are more than 300 GAW ground-based observation stations for collecting and
distributing atmospheric GHG data, and about 212 of these are for monitoring atmospheric CO2

concentrations. GAW observations have decent accuracy, but are restricted to altitude, so additional
datasets (HIPPOs and TCCON) are needed for the surface and satellite retrievals. Most of the TCCON
sites are close to GAW ground stations, which provide a useful means for validating AIRS satellite
retrievals at different elevations with GAW surface observations. The sketch of spatio-temporal
validation among the GAW, HIPPOs, TCCON and AIRS are shown in Figure 1.

In the sketch of spatio-temporal validation, the blue dots on the floor represent the GAW surface
stations, the colored columns represent the TCCON retrievals, the orange lines indicate the HIPPO
flight paths, and the colored ceiling represent the AIRS observations. Taking the TCCON column as a
bridge, the vertical column of the TCCON is sampled and compared with other CO2 observations
from near-surface level to mid-to-high troposphere.
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Figure 1. Sketch of spatio-temporal validation: Global Atmosphere Watch Program (GAW) surface
stations (blue dots on the floor), Total Carbon Column Observing Network (TCCON) retrievals (colorful
columns), HIAPER Pole-to-Pole Observation (HIPPO) flight paths (orange lines) and AIRS observations
(colorful ceiling).

Figure 2 illustrates the overall process of this study which includes three stages: First, the TCCON
column averaging kernels and apriori profiles are used to vertically integrate HIPPO aircraft and
AIRS retrievals based on kernel-smoothing method. Second, the AIRS-integrated profile is compared
with highly accurate HIPPO aircraft profile at flying altitude; third, different portions of the TCCON
vertical column from near-surface level to mid-to-high troposphere are sampled to compare with CO2

observations retrieved by AIRS and highly accurate GAW at different altitudes.
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Figure 2. Overall process of spatio-temporal validation of AIRS CO2 observation.

When inter-comparing measurements made by remote sounders, it is necessary to consider the
differing characteristics of the observing system [61]. When inter-comparing AIRS, GAW, HIPPO and
TCCON observations, we used the vertical integration method based on averaging kernels and apriori
to kernel-smoothing.

After vertical integration of HIPPO aircraft and AIRS retrievals, multiple HIPPO routes can be
aggregated into a comprehensive HIPPO-integrated profile and the AIRS-retrieved values could also
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be regarded as the AIRS-integrated profile from 6 to 8 km. Therefore, the AIRS-integrated profile
can be compared with HIPPO profile at the aircraft flying altitude. Then, AIRS, TCCON (5–6 km),
GAW and TCCON (1 km) CO2 measurements are compared, analyzed and discussed at their respective
altitudes. In this study, the horizontal and vertical comparisons in the spatio-temporal framework
were performed at as many as possible different locations and times of year to characterize the AIRS
retrieval biases as broadly as possible.

2.2.1. Validation Sites and Dates

TCCON Sites vs. HIPPO Flight Paths

The TCCON can provide very useful means for validating AIRS satellite retrievals at different
elevations with HIPPO aircraft high-resolution observations. The accuracy of the TCCON differs at
locations, whose single XCO2 measurement (approx. 90 s) is usually less than 0.25 (1-sigma) if it is
under a clear sky or partly cloudy conditions (maximally 5% fractional change in solar intensity) and
the solar zenith angle is less than 82◦ [48]. The HIPPO completed campaign consists of numerous
flights from December 2008 to September 2011 (see the orange lines in Figure 3). To estimate the
accuracy of AIRS XCO2 observations, we use purple dots as shown in Figure 3 to display a dozen
operational TCCON sites at different locations and altitudes.
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In all TCCON sites, sufficient flight data were collected to conduct comparison analysis based on
the average values, except for those sites with no flight. The locations and dates of the HIPPO flights
over TCCON sites are given in Table 5. There are three overlapped TCCON sites, including Lamont
(OC), Park Falls (PA) and Darwin (DB), which can be used to compare with HIPPO flight profiles.
The first HIPPO mission (HIPPO-1) campaign [50] included cross sections of the globe from the North
Pole to the South Pole with vertical profiles over the TCCON site Lamont during 2009–2011.
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Table 5. HIPPO flights over TCCON sites. The TCCON site, HIPPO missions, locations, TCCON site
height, altitude range of the HIPPO profiles and overlap dates are listed.

TCCON
Sites

Site
Locations Site Height HIPPO

Missions
HIPPO

Instruments
HIPPO
Profile

Overlapped
Dates

Lamont (OC) 36.6◦N,
97.5◦W

0.32 km

1 AO2, OMS 0.4–13.0 km 30 January 2009
2 AO2, OMS 0.9–13.0 km 20 October 2009
4 AO2, OMS, QCLS 0.5–8.6 km 9 June 2011
5 OMS, QCLS 13.7 km 11 August 2011

Park Falls
(PA)

45.9◦N,
90.3◦W

0.44 km
2 AO2, OMS 0.6–11.0 km 22 October 2009
5 AO2, OMS, QCLS 0.3–3.1 km 9 August2011

Darwin (DB) 12.4◦S,
130.9◦E 0.03 km 4 AO2, OMS, QCLS 1.8–9.6 km 4 July 2011

GAW Stations vs. TCCON Sites

To estimate the accuracy of global XCO2 observations, we selected the GAW surface stations and
TCCON sites at different locations and altitudes as shown in Figure 4. The selected locations of GAW
and TCCON sites are appropriate choices for several reasons: (1) the GAW stations should be as close
to the TCCON sites as possible; (2) the time interval of the comparisons among the GAW, TCCON
and AIRS should be as long as possible. Site selection was also subject to the distribution of stations,
which may not be evenly distributed and may not be statistically representative.
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The five selected GAW stations were Zeppelinfjellet (ZEP), Hohenpeissenberg (HPB), Kisai (KIS),
Izana (IZO), and the Southern Great Plains (SGPs), which were used for comparisons with the five
TCCON sites near the surface of the Earth, including Ny Alesund (NY), Garmisch (GM), Tsukuba
(TK), Izana (IZ), and Lamont (OC). The TCCON sites located in TK were abandoned because they
only had data for 23 months. Instead, Bremen (BR), Darwin (DB), Lauder 120HR (LH), Park Falls
(PA), and Wollongong (WG) were taken into account because they had data on a longer period of time
for comparison.
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2.2.2. Vertical Integration Method

Integration of HIPPO Aircraft and AIRS Retrievals

The AIRS CO2 retrievals provided by NASA are mid-tropospheric estimates, not a CO2 profile,
and their extremely high sensitivity is within 6 and 8 km at mid-latitudes [21]. The AIRS-retrieved
values integrated vertically with TCCON column data could be regarded as the profile to validate
the accuracy of AIRS from 6 to 8 km. Besides, multiple in situ HIPPO aircraft paths also need to be
combined and aggregated into a comprehensive vertical HIPPO-integrated profile according to the
flying altitude of aircraft.

The TCCON apriori is treated as if it was a wet air mole fraction. When comparing the TCCON
data with other data, we found that the difference induced by different H2O formulations is small,
but ignoring H2O can cause a significant effect [62]. One site and time-specific TCCON apriori profile
per day is included in the GGG2014 netCDF files. These profiles are indexed (note that the index begins
at 0) to make it easy to link the apriori profile to a particular measurement. The TCCON is apriori
treated as if it is a wet mole fraction. In order to inter-compare the the TCCON data with HIPPO
measurements, it must therefore be converted to a dry-air mole fraction by [63]

xdry
co2 =

xco2

1− fH2O
(1)

where the xdry
co2 is the dry-air mole fraction of carbon dioxide, xco2 is the TCCON apriori profile (vector),

and fH2O is the mole fraction of H2O [62]. Then the total column-averaged dry-air mole fraction of
atmospheric CO2 (XCO2) can be calculated. TCCON sites are encouraged to obtain in situ profiles
as often as possible and to the highest possible altitudes to assure network accuracy and lack of
bias. Therefore, the altitude and height range of column at different sites are different. For all sites,
the retrieved vertical column abundances of CO2 have been provided in the TCCON archive in the
agreed format. Hence, the corresponding XCO2 should be calculated according to the respective height
ranges of different sites.

In order to compare TCCON data with high-resolution aircraft and other profile data, we need to
use TCCON column averaging kernels and apriori profiles. This information is also covered in the [48]
which based on kernels-smoothing method [51]. The main equation is:

ĉ = ca + hTaT(x− xa) (2)

where ĉ is the smoothed column dry-air mole fraction, ca is the TCCON apriori column, hT describes
the vertical summation, aT is the TCCON absorber-weighted column averaging kernel, x is the aircraft
profile or other model profile, and xa is the TCCON apriori profile. If x = xa, then it is ĉ = ca. There is
one apriori profile per local day of measurements, but many TCCON sites measure over two UTC
days per local day due to their time zones [62].

In order to properly validate the AIRS CO2 observations, the TCCON column data were integrated
vertically with HIPPO in situ aircraft profiles, which is considered as a high-resolution measure of
the true atmosphere CO2. The integration equation (Equation (3)) might be utilized as the basis
for validating observations and model predictions by the real measurements with detailed vertical
resolution and less reliance on the TCCON apriori. For such vertical integration, the scale factor and
the mean value of FTS kernels ought to be considered [61].

xHIPPO−Integrated = γxTCCON + A(xHIPPO − γxTCCON) (3)

where xHIPPO−Integrated denotes the averaging kernel-smoothed profile, γ is the retrieved profile scale
factor, xTCCON represents the apriori profiles of TCCON, A represents the averaging kernels of the FTS
measurements which are a formula involving air pressure and solar zenith angle, and xHIPPO is the
vertical profile of aircraft CO2 measurements.
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For column measurement validation, the profiles need to be vertically integrated according to
altitude calculated based on Equation (4), developed according to [63].

ĉHIPPO−Integrated = γcTCCON + a(xHIPPO − γxTCCON) (4)

where ĉHIPPO−Integrated is the averaging kernel-smoothed column from integrating the HIPPO aircraft
profile with TCCON apriori profile, and ā is a vector containing the FTS arid compression weight
column around kernels. The expression a(xHIPPO + γxTCCON) represents the vertical integration
weighted with the column mean kernel of the distinction between the HIPPO aircraft profile and the
TCCON apriori profile.

Similarly, the mean kernel-smoothed profile xAIRS−Integrated and the averaging kernel-smoothed
column from integrating the AIRS profile with the TCCON apriori profile ĉAIRS−Integrated are determined
by Equations (5) and (6) as follows, developed based on [63].

xAIRS−Integrated = γxTCCON + A(xAIRS − γxTCCON) (5)

ĉAIRS−Integrated = γcTCCON + a(xAIRS − γxTCCON) (6)

where xAIRS is the AIRS CO2-retrieved mid-tropospheric estimation.

Evaluation Parameters

A concentration c
(
c ∈

(
CTCCON, CHIPPO, CAIRS

))
is the daylight-portion average XCO2 of CO2

observations, which can be one of three possible types: TCCON, HIPPO-integrated or AIRS. The mean
absolute error (MAE) is a mean of the proving example of the absolute quantities of the changes. It is
used to estimate precision of continuous variables, which can be defined as MAE

(
CA, CB

)
between two

types of observed concentrations of CO2.

MAE
(
CA, CB

)
=

1
n

n∑
i=1

∣∣∣cA
i − cB

i

∣∣∣ (7)

where CA =
{
cA

i

∣∣∣i = 1, 2, . . . , n
}

and CB =
{
cB

i

∣∣∣i = 1, 2, . . . , n
}

are the observed CO2 datasets, which can

be processed into two token sets as
{
cA

i

}
and

{
cB

i

}
, and n is the number of matched days of XCO2

comparison. The root mean squared error (RMSE) is the square root of the mean of the squares of
absolute error, which is a risk function and thus incorporates both the variance of the estimator and
its bias.

RMSE
(
CA, CB

)
=

√√
1
n

n∑
i=1

(
cA

i − cB
i

)2
(8)

The average relative error (AVER) is the average of all relative errors, which is defined as the ratio
between the absolute error and the magnitude of exact value, which is defined as Equation (9).

AVER
(
CA, CB

)
=

1
n

 n∑
i=1

∣∣∣cA
i − cB

i

∣∣∣/cA
i

 (9)

3. Results

3.1. Validation with TCCON and HIPPO Flight Paths

The altitude range of flight data varied depending on the air traffic control restrictions. The aircraft
equipped with the AO2 and OMS instruments were carried out on 30 January 2009, 20 October 2009,
and 9 June 2011 over Lamont (36.6◦N, 97.5◦W). The largest altitude range of HIPPO flight data was
obtained over the TCCON site Lamont (OC), where a lower altitude range (0.4–2.0 km) and higher part
of the profile (2.0–13.0 km) were obtained together on 30 January 2009. Based on the above criteria,
the TCCON sites located in the Lamont (OC) site (red star in Figure 3) were taken into account because
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this site had the maximum profile data within the overlap location and time for integration. Here,
the 10-s merged CO2 data, obtained from the HIPPO-1 and the TCCON CO2 profile on 30 January 2009,
were used. The HIPPO-1, TCCON and integrated CO2 profiles over Lamont are shown in Figure 5.Remote Sens. 2020, 12, 3583  13 of 25 
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Figure 5. The integrated CO2 profile by comparing the HIPPO aircraft profiles with the TCCON column
data over Lamont (OC) on 30 January 2009. The red line shows the observed TCCON CO2 profile.
The light-green and black crosses indicate the observation data of different instruments: HIPPP-OMS
and HIPPO-AO2, respectively. The dark-red line shows the integrated CO2 profile.

As shown in Figure 5, the HIPPO aircraft profiles have good accuracy and precision, but lack of
smooth continuity in vertical altitude. Thus, additional TCCON column information for the surface and
the stratosphere needs to be utilized. There are two instruments—OMS and AO2 in this case—onboard
the HIPPO-1 aircraft to measure CO2. A mean (HIPPO-integrated) is applied with HIPPO1-OMS and
HIPPO1-AO2.

In this study, a mean (HIPPO-integrated) profile was created from HIPPO1-OMS and HIPPO1-AO2

data. The method for creating a HIPPO-integrated CO2 vertical profile from the HIPPO1-OMS
and HIPPO1-AO2 data points is described as follows. First, all of the HIPPO1-OMS data points
were averaged within each kilometer to create an altitude-averaged HIPPO-OMS profile. Second,
the altitude-average HIPPO1-AO2 was averaged so that its concentration fit to each of the HIPPO1-OMS
profiles at each level flight altitude. Finally, the integrated profile of the HIPPOs was created
from both the altitude-averaged HIPPO1-OMS profile and HIPPO1-AO2 profile over the Lamont
measurement location.

A straight comparison among absolute values therefore makes no sense as the instruments
measure CO2 at different altitudes of the atmosphere. In order to obtain the AIRS vertical profiles from
6 to 8 km, the AIRS-retrieved values were integrated vertically with TCCON column data according to
Equation (3). The HIPPO and TCCON CO2 data were all collected during the daylight portion of day,
and the AIRS Version 5 Level 3 CO2 products from 1 September 2002 to 29 February 2012 contain both
the daylight and night portions of day. Therefore, the night-portion AIRS data should be excluded
using the tag <DayNightFlag> to better compare profiles, which is embedded in the XML file for each
AIRS Level 3 dataset file.

Figure 6 shows the comparison of the AIRS CO2 profile with the TCCON and HIPPO-integrated
profile at mid-troposphere over the Lamont site on 30 January 2009. As clearly shown in Figure 6,
the AIRS is in good agreement with HIPPO-integrated CO2 data and the TCCON column data have
significant bias from the aircraft-based XCO2 of the HIPPOs, especially in the surface. The dependence
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of biases on altitude can be observed from Figure 6. The minimum deviation of the HIPPOs and
TCCON is less than 1 ppm at 12 km, while the maximum deviation is about 4 ppm at 1 km. The average
deviation between the HIPPOs and TCCON is 1.92 ppm. The average biases between the AIRS and
TCCON is 2.07 ppm. The reason is currently unknown which may be related to the different peak
sensitivity altitudes of the AIRS, HIPPOs and TCCON.
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3.2. Validation with GAW and TCCON

The different mean absolute errors, average relative errors and correlation coefficients between
TCCON and GAW observations show that the concentrations of CO2 are impacted by a number of
factors with various areas and heights, which include but are not limited to surface structure, land cover,
vegetation type, and human activities (Table 6).

Table 6. Results between GAW and TCCON observations. The TCCON and GAW observed data are in
mole fraction units: data × 106 = ppm in volume (ppmv).

Sites
Time Span (Months) MAE (ppmv) MSE (ppmv) AVER (%) R

GAW TCCON

ZEP NY 60 2.302 2.998 0.597 0.967
HPB GM 78 3.211 4.096 0.818 0.914
KIS TK 45 6.723 1.599 1.684 0.856
IZO IZ 68 0.959 0.957 0.245 0.974

SGPs OC 65 4.296 5.216 1.084 0.806
Mean 63 3.498 2.973 0.886 0.903

Table 6 shows the data comparison between TCCON sites and GAW stations near the surface
of the Earth. The data listed in this table are the calculations based on monthly average XCO2 in
the selected TCCON and GAW stations. The average of MAE

(
CGAW , CTCCON

)
is 3.498 ppmv, and the

average of RMSE
(
CGAW , CTCCON

)
is 2.973 ppmv. The value of AVER

(
CGAW , CTCCON

)
is less than 2%,

and the value of R
(
CGAW , CTCCON

)
is greater than 0.9030.

The scatter plots (Figure 7) were used to evaluate the retrieved TCCON measurements against
the GAW flask surface observations from the same or nearly the same latitude and longitude rages.
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Figure 7 illustrates the data validation between XCO2 derived from TCCON and GAW surface station
observations at five locations (ZEP vs. NY, HPB vs. GM, KIS vs. TK, IZO vs. IZ and SGPs vs. OC)
described in Figure 4. The results indicate that a positive correlation exists between TCCON and GAW
sites at a global scale, which in turn indicates that the TCCON is an important, reliable observation
data source in XCO2 validation research. It can reflect the actual trend of local XCO2 and serve as the
basis data for research on the validation of satellite observations of CO2.
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concentration from GAW surface locations: Zeppelinfjellet (ZEP) site vs. Ny Alesund (NY) station
(F), Hohenpeissenberg (HPB) site vs. Garmisch (GM) stations (N), Kisai (KIS) site vs. Tsukuba (TK)
station (�), Izana (IZO) site vs. Izana (IZ) station (•), Southern Great Plains (SGPs) site vs. OC station
(H). The black line is the 1:1 line between TCCON retrieval data and GAW data.

Table 7 depicts the comparison between TCCON and AIRS observations at 5–6 km observed
altitude. The average of MAE

(
CTCCON, CAIRS

)
is 2.066 ppmv and the average of RMSE

(
CTCCON, CAIRS

)
is

2.560 ppmv. All AVER
(
CTCCON, CAIRS

)
of monthly average XCO2 is less than 0.8% and R

(
CTCCON, CAIRS

)
is greater than 0.7.

The scatter plots in Figure 8 represent the validation of monthly average XCO2 between TCCON
and AIRS observations at AIRS observed altitude and the selected TCCON sites with locations described
in Figure 6. The validation result indicates that AIRS observations can reflect the monthly variation of
global XCO2 exactly and veritably.

Table 7. Validation between TCCON and AIRS observations at 5–6 km observed altitude.

TCCON Sites Time Span (Months) MAE (ppmv) MSE (ppmv) AVER (%) R

NY 46 2.977 3.699 0.773 0.718
GM 56 2.869 3.505 0.742 0.723
IZ 50 1.054 1.220 0.271 0.940
OC 43 1.9476 2.409 0.510 0.845
BR 82 2.789 3.608 0.725 0.769
DB 71 1.156 1.664 0.300 0.937
LH 79 1.421 1.709 0.371 0.958
PA 85 2.812 3.528 0.733 0.841
WG 45 1.540 1.699 0.397 0.927

Mean 62 2.066 2.560 0.538 0.851
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4. Discussion

4.1. Validation Results Analysis

To evaluate the long-term trends of the total CO2 column concentrations, we inter-compared
the mid-to-upper tropospheric CO2 data from AIRS, TCCON and GAW for the period from January
2007 to December 2013, as shown in Figure 9, on equal terms—i.e., sampling the same portion of the
vertical column over collocated location. We selected HPB (GAW station) and GM (TCCON site) as
comparison sites for analysis because they have good spatial proximity and time continuity. The two
sites, HPB and GM, had a contiguously overlapped time span from July 2007 to February 2012.
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Figure 9. Comparison of monthly average variation and tendency of CO2 concentrations among the
GAW, TCCON (GM 1 km), TCCON (GM 5–6 km) and AIRS.



Remote Sens. 2020, 12, 3583 17 of 26

Figure 9 also shows the time series of the monthly mean CO2 concentrations from different
observations. CO2 concentrations measured by the GAW (HPB 1 km) and TCCON (GM 1 km) at the
surface are often 2–3 ppmv away from the observations of the TCCON (GM 5–6 km) and AIRS in the
mid-to-upper-troposphere above the co-located locations, due to surface sources and sinks that most
directly impact the near-surface air. Since the CO2 mixing ratio varies across different parts of the
column, from the near-surface (which reflects the surface fluxes most strongly) to the mid-to-upper
troposphere (which reflects fluxes at very broad time/space scales), the measurements compared here
reflect very different levels of underlying variability.

As shown in Figure 9, GAW located at the HPB site (1 km) and the TCCON located at the GM site
(1 km) present higher seasonal amplitudes, which may be caused by vegetation growth, fossil fuel
emissions and other human activities. The reasons for this could be attributed to the carbon sources
and sinks at the near surface combined with atmospheric mixing determining the spatial distribution
and temporal variation of the CO2 in the lower troposphere.

On the other hand, the CO2 concentrations of the AIRS and TCCON (GM 5–6 km) show smaller
seasonal amplitudes, which can be attributed to the fact that CO2 is well-mixed within the mid-to-upper
troposphere. The results indicate that the amplitude of monthly mean XCO2 fluctuations gradually
decreases with increasing altitude and obviously show seasonal characteristics. It appears that
atmospheric mixing makes the upper tropospheric CO2 concentrations rather zonal, which indicates
that AIRS data inform on very broad features of the surface fluxes only.

Figure 9 further indicates that the monthly variation tendency of XCO2 retrieved from AIRS
observations has not only a good consistency with the TCCON measurements from the selected sites
at high altitudes, but also good agreement with GAW observations near the surface of the Earth.

The seasonal variation can be further compared to understand the deviation by plotting the
amplitude of monthly mean CO2 observations over the year. Figure 10 illustrates the amplitude of
monthly mean CO2 observations retrieved from the AIRS (red star), TCCON (GM 5–6 km, green triangle),
GAW station (light blue circle, HPB 1 km) and TCCON (GM 1 km, dark-blue triangle) from January to
December 2008. In 2008, the annual mean of the AIRS, TCCON (GM 5–6 km) and TCCON (GM 1 km) is
385.4574, 385.7304, and 385.8919 ppmv, respectively, while the annual mean of GAW is 387.1508 ppmv.
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After subtracting each monthly mean CO2 concentration by annual average, the monthly mean
CO2 amplitude is plotted in Figure 10. In 2008, the averaged seasonal cycle amplitude measured at
the surface by GAW is about 7 ppmv, whereas in the mid-to-upper troposphere the AIRS observes
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an averaged amplitude of about 1 ppmv. Additionally, it is worth noting that the maximum values
occur approximately three months earlier for the GAW (HPB 1 km) than for the AIRS over the year.
The time lag between the AIRS and GAW extremum indicates that the delay was caused by the upward
transportation of the seasonal signal from the surface to mid-to-upper troposphere.

Comparing the results (Figures 9 and 10) of this study with previous studies (Table 2), we find
that the difference of about 3 ppmv between the AIRS and GAW or other highly accurate in situ surface
measurements is mainly due to the different vertical altitude, rather than the errors in AIRSs. Hence,
a direct comparison between absolute values from AIRSs and other in situ surface measurements
is meaningless as the instruments observe and capture the seasonal variability within different
altitude layers of the atmosphere. The validation results demonstrate that AIRS data can provide
reliable inter-annual variation information for atmospheric CO2, which are able to provide a great
understanding of spatial distribution, temporal variation and vertical exchange of CO2.

4.2. Spatial CO2 Distribution of AIRS

The data file format of AIRS L3 monthly gridded products is Hierarchical Data Format—Earth
Observing System (HDF-EOS 2.12) corresponding to HDF 4, the canonical data format for standard
datasets retrieved from EOS missions [64]. It contains 4-byte floating derived average values, 4-byte
floating standard deviations and a 2-byte integer input counts, as well as the double array (array [0] is
latitude and array index [1] is longitude) giving the centers of the 2◦ (lat)× 2.5◦ (long) latitude–longitude
grids which use the equidistant cylindrical projection.

The nine global views of annual average AIRS XCO2 during 2003–2011 is visualized with
MATLAB, as shown in Figure 11. The arithmetic means of the CO2 observations have been averaged
into 2◦ (lat) × 2.5◦ (long) grids, from 60.0◦S to 84.0 ± 4◦N latitude and 180.0◦W to 180.0◦E longitude.
The polar regions (between 90◦S and 60◦S Latitudes) with no retrievals are not considered (white area
in Figure 11).
Remote Sens. 2020, 12, 3583  19 of 25 

 

 

Figure 11. Global views of AIRS annual average CO2 concentration from 2003 to 2011 as illustrated in 

(a–i), one for each year’s annual average CO2 concentration. White regions indicate the areas with no 

retrievals. These  figures are based on  the compute and visualization of  the AIRS  level‐3 product, 

which is gridded (2.5° × 2°) data, and they share the same color bar. 

The global distribution map of the average of AIRS mean average XCO2 over the 9 years after 

the high‐resolution reconstruction  is shown  in Figure 12. The areas with the highest value of CO2 

concentration  in  the mid‐troposphere are mainly between 30°N and 70°N. From west  to east,  the 

ocean  areas near  Southern Alaska,  the  central  region  of  the Northern America, Eastern Canada, 

surrounding  areas  of  Nuuk  in  Greenland,  Central  Asia  and  Northern  China,  have  mean  CO2 

concentrations of above 385 ppmv in the mid‐troposphere during 2003–2011. 

 

Figure 12. Global distribution map of the average of AIRS (from 6 to 8 km) annual mean XCO2 during 

2003 to 2011 after high‐resolution reconstruction. White regions indicate areas with no retrievals. 

Figure 11. Global views of AIRS annual average CO2 concentration from 2003 to 2011 as illustrated in
(a–i), one for each year’s annual average CO2 concentration. White regions indicate the areas with
no retrievals. These figures are based on the compute and visualization of the AIRS level-3 product,
which is gridded (2.5◦ × 2◦) data, and they share the same color bar.
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The global distribution map of the average of AIRS mean average XCO2 over the 9 years after
the high-resolution reconstruction is shown in Figure 12. The areas with the highest value of CO2

concentration in the mid-troposphere are mainly between 30◦N and 70◦N. From west to east, the ocean
areas near Southern Alaska, the central region of the Northern America, Eastern Canada, surrounding
areas of Nuuk in Greenland, Central Asia and Northern China, have mean CO2 concentrations of
above 385 ppmv in the mid-troposphere during 2003–2011.

The areas with low CO2 concentration values are mainly between the Tropic of Cancer and
the Tropic of Capricorn. The region in the Atlantic between the equatorial line, latitude 40◦W,
longitude 20◦S, 40◦W and the central meridian was the center of the low-value areas. It extends
eastward to Eastern Africa and Western India Ocean, and westward to Eastern Pacific Ocean and
Western South America.
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Figure 12. Global distribution map of the average of AIRS (from 6 to 8 km) annual mean XCO2 during
2003 to 2011 after high-resolution reconstruction. White regions indicate areas with no retrievals.

4.3. Seasonal Variation of AIRS

According to the data retrieved from the AIRS, the mid-tropospheric CO2 concentration was in
continuous growth. The average growth rate was approximately 2.1 ppmv/year from January 2003 to
December 2011, and the mean of the mid-troposphere CO2 concentration in 2011 exceeded 390 ppmv,
while preindustrial atmospheric CO2 concentration levels were around 280 ppmv [65].

During the 9 years from 2003 to 2011, the annual average CO2 concentration in the mid-troposphere
at a global scale was in a fluctuating state of growth which increased by 16.8 ppmv. The annual average
CO2 concentration in the Northern Hemisphere grew by 17.07 ppmv and in the Southern Hemisphere
it increased by 16.47 ppmv from 2003 to 2012. The growth rate of CO2 in the Southern Hemisphere
(the areas where effective data were not included) is slightly lower than that in the Northern Hemisphere.
The gap between the Northern and Southern Hemisphere is gradually increasing. The annual average
CO2 concentration in the Northern Hemispheric troposphere is 1.2 ppmv higher than that in the
Southern Hemispheric troposphere.
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Figure 13 shows the time–latitude Hovmöller diagrams which were created by averaging the
monthly AIRS retrieval results into 2◦ altitude bins for all longitudes from January 2003 to December
2011. As shown in Figure 13, there is a continuous flow of CO2 from the Northern Hemisphere to the
Southern Hemisphere with a time scale. The time cycle in the Northern Hemisphere shows a significant
increase around May, followed by a constant decrease, with maximum (peak) in spring (April or
May) and minimum (valley) in winter (November or December). The AIRS CO2 concentration in the
Southern Hemisphere showed a rising tendency different from those gained in the upper hemisphere.
The time cycle of AIRS-retrieved dataset in the Southern Hemisphere shows a small increase followed
by a small decrease, with a two-maximum structure in March and November, and a minimum in May.

The time series of the monthly average CO2 concentration in the Northern Hemisphere showed
a more significant seasonal change circle and the extremum was presented from month to month.
The seasonal amplitudes of AIRS-retrieved dataset in the Southern Hemisphere is significantly smaller.
This corresponds to what is presently known about the greenhouse effect [66].
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Figure 13. Time–latitude Hovmöller diagram of monthly average CO2 concentration in mid-troposphere
based on AIRS from March 2003 to February 2012. The regions without effective data are not included.

Figure 14 illustrates the amplitude of the monthly mean CO2 observations retrieved from AIRS
in the Northern (red bar) and Southern (blue bar) Hemisphere. The peak-to-peak fluctuation range
of the time variation in the Northern Hemisphere displays the evolution in time as follows: if the
rate increases faster, it also decreases faster, and vice versa. A clear amplitude of CO2 variability in
the Northern Hemisphere is about 4 ppmv, which is much greater than the amplitude of CO2 time
variability in the Southern Hemisphere (1 ppmv).
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5. Conclusions

In this paper, a spatio-temporal validation method of AIRS CO2 observations with the XCO2

retrieved from the GAW, HIPPOs and TCCON according to their observation locations and altitudes
was proposed for better understanding of the spatial and temporal variation of global XCO2. After the
TCCON (wet mole fraction) was apriori converted to a dry-air mole fraction, the high-resolution HIPPO
in situ aircraft profiles and AIRS CO2 retrievals were integrated vertically with TCCON column data.

To estimate the accuracy of global XCO2 observations, we selected the GAW surface stations and
TCCON sites at different locations and altitudes for two reasons: (1) the GAW stations should be as
close to the TCCON sites as possible; (2) the time periods of the comparisons among GAW, TCCON
and AIRS should be as long as possible.

Three overlapped TCCON sites, including Lamont (OC), Park Falls (PA) and Darwin (DB),
were used for comparisons with HIPPO flight profiles. The largest altitude range and the maximum
profile data of HIPPO flight data were obtained over the TCCON site Lamont (OC), where the
lower altitude range (0.4–2.0 km) and higher part of the profile (2.0–13.0 km) were obtained together
on 30 January 2009, where the scale factor and the averaging kernels of FTS measurements were
considered. The method for creating a HIPPO-integrated CO2 vertical profile from the HIPPO1-OMS
and HIPPO1-AO2 data points was proposed in this paper to validate the TCCON and AIRS.

The five selected GAW stations were used for comparisons with TCCON sites near the surface
of the Earth. With the TCCON sites located in TK adopted because they could be compared with
the AIRS for only 23 months, another four TCCON sites which have longer time spans to compare
with AIRS observations were added. The monthly variation tendency of XCO2 retrieved from the
AIRS shows a decent agreement with the high-altitude TCCON observations from the selected sites,
which also presented good consistency with the GAW observations near the surface of the Earth.

The spatial distributions of global AIRS XCO2 showed an obviously higher hemispherical
difference with concentrations of 1.2 ppmv in the Northern Hemisphere, in response to the effects by
natural sources and human activities. The CO2 concentrations increased yearly, with an average growth
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rate of approximately 2.1 ppmv/year from January 2003 to December 2011. A significant seasonal
variation of CO2 was shown with a peak in April or May and valleys in August or September.

The study results prove the potential of AIRS satellite observations for monitoring and analyzing
mid-tropospheric CO2 concentrations at global scales, which will provide new insights into more
accurate, sufficient, stable and continuous XCO2 observations. Future work is needed to extend
this spatio-temporal validation using an assimilation system. We expect that the CO2 observations
that are more reliable will eventually be assimilated into the chemical transport model to calibrate
AIRS observations.
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