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Abstract. The Atmospheric Infrared Sounder (AIRS) on the EOS Aqua spacecraft provides
accurate and consistent measurements of midtropospheric carbon dioxide (CO,) with global
monthly coverage. The data are widely used for studies of vertical transport of CO, due to
large-scale dynamics (e.g., ENSO, MJO, and the Walker Circulation). The purpose of this
paper is to characterize the response of CO, in the midtroposphere, at the altitudes where
AIRS is most sensitive, to geophysical changes at the surface across the globe. Our findings
confirm that surface factors, as well as weather and climate patterns, impact the global variability
of midtropospheric CO, as observed by AIRS. Despite a phase lag and a reduction in the sea-
sonal amplitude observed in AIRS CO, relative to surface CO, measurements in the Northern
Hemisphere, a significant correlation is observed between regional variability of CO, from AIRS
and Moderate Resolution Imaging Spectroradiometer (MODIS)-derived Gross Primary
Productivity at the surface, primarily in the high-latitude boreal forests during the peak of
the growing season (July). A video of global AIRS CO, and MODIS vegetation index clearly
shows the seasonal drawdown of CO, from the midtroposphere over highly vegetated areas in
the northern latitudes. In the Southern Hemisphere, we see higher amplitude in the seasonal
cycle, with the phase leading that of the surface. Both are indicative of interhemispheric trans-
port. © 2014 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JRS.8.084984]
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1 Introduction

Increases in atmospheric carbon dioxide (CO,) over the last century due to anthropogenic
sources have led to an increase in net radiative forcing, and net energy retained by the
Earth.! The resulting warming is expected to increase the frequency and/or magnitude of severe
weather events on global and regional scales. Surface measurements of atmospheric CO, have
traditionally played an important role in improving our understanding of CO, global growth
rates due to anthropogenic sources and potential impacts on the carbon cycle.” They provide
a long-term record and represent the gold standard for accuracy and precision since surface
measurements can be made in a controlled environment. While a large network of ground mea-
surements exists today (e.g., the National Oceanic and Atmospheric Administration Earth
System Research Laboratory (NOAA ESRL) global sampling network),® measurements on
a global scale are limited for logistical reasons. Considering the potential costs to society of
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increasing anthropogenic CO, emissions and current efforts to reduce emissions through regu-
lation and incentives, a better understanding of the location of sources and sinks and their impact
on the global flux is of extreme importance.

To fully understand global transport of CO,, repeated measurements of its vertical and
horizontal distribution are necessary. Relatively new measurement methodologies allow CO,
concentrations to be measured higher in the atmosphere. The Total Carbon Column
Observing Network (TCCON) is a network of stations using upward looking Fourier
Transform Spectrometers (FTSs) to measure the solar absorption spectra in the near-infrared
and provides total column CO, measurements.* The AirCore is an atmosphere sampling system
that passively samples the atmosphere by relying on changes in ambient pressure and may be
carried on balloons and aircraft as high as the stratosphere.’ Vertical profiles reveal as much as a
5 ppm decrease in CO, from the bottom of the free troposphere to the midtroposphere (approx-
imately 400 mb), depending on atmospheric conditions and locations.

Aircraft platforms enable high-spatial resolution measurements of the horizontal and vertical
distribution of CO,, as performed systematically by the Comprehensive Observation Network for
TRace gases by AirLiners (CONTRAIL) program,® Civil Aircraft for the Regular Investigation of
the atmosphere Based on an Instrument Container (CARIBIC) program,’ and specialized cam-
paigns including the High-performance Instrumented Airborne Platform for Environmental
Research (HAIPER) pole-to-pole observations (HIPPO).® Both ground-based and aircraft-
based systems provide excellent measurement accuracy; however, they lack the repeating global
coverage required to track CO, changes resulting from global atmospheric circulation.

Satellite observations of CO, provide a long term, near-global-coverage data set, enabling
studies of atmospheric circulation over multiple time scales and identification of large-scale
sources and sinks. Current space-based systems employ two different passive techniques to esti-
mate CO, abundances in the atmosphere: the first class includes instruments that use solar
reflected energy to determine the total CO, column, such as SCTAMACHY,” GOSAT,!® and
the OCO-2'! instrument to be launched in 2014. These instruments measure the total column
CO, over the sunlit hemisphere. They have good surface sensitivity and work best when viewing
land scenes or ocean scenes with sun glint. The second class of remote sensing instruments uses
thermal infrared emission of the atmosphere to derive CO,, and includes the AIRS on Aqua,12
the Infrared Atmospheric Sounding Interferometer (IASI),'* and the tropospheric emission spec-
trometer.'* These instruments retrieve atmospheric CO, primarily in the midtroposphere with
relatively low-spatial resolution, but with higher spatial and temporal coverage. A multiyear
comparison of CO, from satellite data and ground-based FTSs (TCCON) finds that the
AIRS CO, data provide superior coverage and accuracy over oceans as compared to
SCIAMACHY V2.2 and GOSAT VO01.xx, particularly over oceans.'

At first, the value of midtropospheric measurements was questioned due to the well-mixed
nature of this gas and the small expected variability. However, midtropospheric AIRS CO,
measurements are recognized as a consistent and stable tracer for detecting large-scale vertical
transport in the midtroposphere.'® The first meteorological processes studied using AIRS data
were associated with tropical seasonal oscillations, [e.g., the Madden—Julian Oscillation (MJ O)17
and the El Nifio Southern Oscillation (ENSO)'®!°] and validation of atmospheric transport mod-
els including GEOS-Chem.” The simultaneity of AIRS CO, and AIRS O; soundings allows
direct detection of polar stratospheric/tropospheric exchange and sudden stratospheric warm-
ing.”! AIRS data have also been used to examine regional fluxes of CO, over land.”**
Recent studies by carbon flux inversion modelers show that the assimilation of AIRS CO,
data should improve the accuracy of surface flux estimates, particularly when used in conjunc-
tion with OCO-2 or GOSAT.**** The recent interest in using AIRS midtropospheric CO, data for
surface flux inversion estimates inspires us to examine more closely the degree to which CO, in
the midtroposphere responds to changes at the surface.

The response of midtropospheric CO, to changes at the surface is characterized by a phase
and amplitude change in the (roughly sinusoidal) seasonal signal. Here, we compare the phase
and amplitude of the AIRS midtropospheric CO, product to equivalent parameters from the
NOAA Earth System Research Laboratory (ESRL, Boulder, Colorado) surface CO, database,
and also to Gross Primary Productivity (GPP), which is an indicator for photosynthetic activity,
derived from the Moderate Resolution Imaging Spectroradiometer (MODIS). The comparisons
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provide information on the transport time and degree of mixing between CO, at the surface and
the region of the atmosphere where AIRS is most sensitive. A video of AIRS CO, concentrations
and MODIS Enhanced Vegetation Index (EVI), used to derive GPP, was developed to clearly
show the spatial correlation of the seasonal drawdown by the global boreal forests.

2 Atmospheric Infrared Sounder Instrument and Carbon Dioxide Data
Product

AIRS is a hyperspectral infrared instrument on the EOS Aqua Spacecraft, launched on May 4,
2002. AIRS has 2378 infrared channels ranging from 3.7 to 15.4 um, and a 13.5 km footprint at
nadir. AIRS scans +49.5 deg from an orbit altitude of 705.3 km, covering 95% of the globe
every day.’® AIRS, in conjunction with the Advanced Microwave Sounding Unit (AMSU),
produces temperature profiles with 1 K/km accuracy on a global scale, as well as water
vapor profiles and trace gas amounts for CO,, CO, SO,, Os, and CH,. AIRS data are used for
weather forecasting, climate process studies, and validating climate models. AIRS and the Aqua
spacecraft are expected to continue operating beyond the year 2022.

Several international groups have successfully retrieved concentrations of midtropospheric
CO, from AIRS using a variety of methodologies.”” The CO, data discussed in this paper are
produced by the NASA AIRS project and are available at the NASA GES/DISC. All AIRS
data used in this paper are AIRS Science Team Version 5 products.”® The AIRS CO, data are
produced using the method of Vanishing Partial Derivatives (VPD).?* The VPD method solves
the CO, estimates by iteratively minimizing the root-mean square (RMS) difference between
the observed cloud-cleared radiances and forward-calculated radiances for the AIRS retrieved
atmospheric state in selected CO, channels using the AIRS radiative transfer algorithm. The
VPD algorithm is based on the coordinate descent methodology, that is, it applies the minimization
independently and sequentially to all geophysical parameters that impact the radiance of a given
channel used to retrieve CO,, e.g., atmospheric temperature, water vapor, ozone, and CO,. The
process is iterated until the radiance residuals are minimized or the change in CO, falls below
0.25 ppm. The resulting “Level 2” product yields over 15,000 midtropospheric CO, retrievals
per 24-hour period, each with a horizontal footprint of 90 X 90 km. Extensive quality control
is applied during the retrieval including: quality of the AIRS geophysical products, monotonically
decreasing radiance residuals from one iteration to the next, and the constraint that the spatial
homogeneity of a 2 X 2 set of retrievals (clusters) must be within 2 ppm in a RMS sense.

The vertical sensitivity of the AIRS CO, data product is a function of the channels used
in the retrieval and the atmospheric state. Only one CO, value is provided for each retrieved foot-
print, and represents a weighted average value in the midtroposphere over the vertical profile
defined by the averaging kernels. The averaging kernels (a measure of the vertical sensitivity
to a change in a geophysical parameter) for the AIRS Version 5 CO, data product are shown
in Fig. 1 for a variety of atmospheric conditions. Figure 1 indicates that the maximum sensitivity
to CO, is profile dependent and generally lies in the midtroposphere between 300 and 500 mb.

The AIRS Level 2 CO, retrievals were compared'? to aircraft measurements made in the mid-
troposphere by Machida et al.*® The aircraft measurements were taken over the Pacific Ocean at
>10 km altitude between Australia and Japan from September 2002 to March 2004. Comparisons
of the individual AIRS CO, daily concentrations to the concentrations measured on the aircraft
show an RMS deviation of less than 3.0 ppm with a bias of approximately 1.0 ppm (Matsueda-
AIRS). Over a 14-month period, comparison of the AIRS monthly average CO, to the aircraft
measurements indicates an RMS deviation of 1.2 ppm and a bias of 0.4 ppm.”’

The AIRS Level 3 (L3) monthly gridded CO, data files are produced using a simple aver-
aging of the valid Level 2 data points for the corresponding month in each 2.0° x 2.5° (lat X lon)
grid location. Considerably more samples are included in each bin of the monthly L3 data prod-
uct, depending on location, hence we can expect improved precision as compared to the daily
product. Independent comparisons of AIRS midtropospheric L3 CO, with CO, derived from
ground-based FTS from TCCON sites show a bias of —1.8 ppm (FTS-AIRS) with a relative
accuracy of better than 1 ppm.'
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Fig. 1 AIRS Version 5 CO, averaging kernels. AIRS CO2 data are weighted in the midtropo-
sphere region between 300 and 500 mb.

3 Comparison Data Sets

In order to examine the degree of coupling of CO, concentrations between the surface and
the midtroposphere, we compare the AIRS data with CO, measurements made at the surface
and with large-scale surface CO, sinks associated with global vegetation. For the AIRS data,
we generate a provisional monthly climatology of AIRS midtropospheric CO,, as well as
zonal averages, from the AIRS Version 5 L3 CO, data set. We also create a set of provisional
monthly climatologies for AIRS surface skin and 500 mb temperatures (from the AIRS L3
Standard Product), NOAA ESRL surface flask CO, measurements, and MODIS-derived
GPP. The data sets used to derive the monthly climatologies are identified in Table 1 and dis-
cussed below.

3.1 Atmospheric Infrared Sounder Carbon Dioxide Provisional Climatologies

A provisional set of monthly climatologies of AIRS midtropospheric CO, concentrations
was made from the AIRS Version 5 L3 data product to provide a measure of what AIRS
would observe in any given month, and provides insight into the seasonal variability of this
gas. In this section, we present the methodology used to create the climatologies and their
zonal averages and, before comparing with other data sets, we provide an interpretation of
the observed features in the data based on our current understanding and that of others cited
in the literature.

Table 1 Data sets used in the comparison study and the source where the data files can be found.

Product Instrument Level Source
Midtropospheric COyz, Ts00 mb, T surt AIRS L3 GES/DISC
Surface CO, In-Situ/flask N/A NOAA ESRL
EVI, Tyt (Used to derive GPP) MODIS L3 GES/DISC
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3.1.1 Constructing the Atmospheric Infrared Sounder carbon dioxide
provisional climatologies

The process for generating the mean CO, value in the AIRS climatologies first involves remov-
ing bad data points using the Level 3 AIRS CO2 data product quality control flags. The data
are detrended to 2003 levels by removing a linear fit to the 8-year data set for each grid cell.
The detrended monthly CO, mean values are averaged over all years for each month. Images of
the resulting detrended mean CO, values are shown in Fig. 2 for all months. The 2003-2010 time
frame was selected because it covers the period after which the AIRS instrument has stabilized

366 368 370 372 374 376 378

Fig. 2 Provisional monthly climatologies of AIRS midtropospheric CO, concentrations obtained
from the AIRS Level 3 monthly data product over the years 2003—2010 (detrended to 2003 levels).
AIRS high sensitivity enables identification of features related to global circulation patterns and
surface sources and sinks.
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and before the loss of AMSU channel 5. There is an AIRS-only retrieval that mitigates the loss of
AMSU channel 5 and shows excellent consistency with the AIRS/AMSU retrieval, but at the
time of this analysis, the data were not processed over the full mission time frame and showed no
benefit over the AIRS/AMSU retrieval over the time frame selected. AIRS Version 6 CO,
retrievals should be available in late 2014 or early 2015.

The climatologies reconstruct the original L3 monthly gridded CO, concentrations with a
standard deviation of 1.48 ppm over the 1,092,793 L3 values used to construct the climatologies.
20,846 L3 CO, values were found to exceed the three-sigma threshold for an outlier percentage
of 1.9%. This paper does not address trends in the AIRS CO, because the AIRS Version 5
temperature product showed a small but significant anomalous trend that could affect the
CO, accuracy over a long time frame.’!

The uncertainty of the AIRS CO, data for a given cell (latitude (i), longitude (j)), and month
(m), 6;jm, is calculated by combining the standard deviations in the L3 monthly gridded CO,
data sets for that month over all years (k), 6;ji,, according to

Zk 1 ljkm zjkm + Gljkln} 2
’Jm - Dt/m’ (1)
Zk 1 z]km
where
Zk 1 zjkm 1]km
D = =% N 2
Zk:l ijkm

and Ny, represents the number of L2 observations used to calculate the average CO, value,
D jjm» in each grid cell of the L3 monthly data set. The uncertainty for the month of July is
plotted in Fig. 3(a) and represents AIRS retrieval error and interannual variability of the
scene. The higher uncertainty of the AIRS CO, measurements in the polar regions is driven
by a lower yield and accuracy of the temperature profiles in these regions. Figure 3(b)
shows the number of valid L2 retrievals used to make the mean for the July climatology.
We see significantly fewer valid retrievals in the polar and tropical regions with high cloudiness
(e.g., the ITCZ). Uncertainty remains low in the tropics despite the lower number of observa-
tions, most likely due to the higher accuracy of the temperature profiles in this region as
compared to the polar regions.

3.1.2 Zonal average Atmospheric Infrared Sounder carbon dioxide
concentrations and uncertainty

To improve the precision in the AIRS CO, data, we create zonal averages of the AIRS CO,
monthly climatologies over 20° latitudinal bands. The zonal average seasonal dependence of
the AIRS CO, data is shown in Fig. 4(a) for each zone, along with the seasonal dependence
of other products as discussed below. The legend provides the center of each 20° zone (e.g., 0
represents —10° to +10°). Features seen in the AIRS data are discussed in the next section.
We calculate the uncertainty in the zonal mean as the standard deviation of the mean values
given in the climatologies for each zone. This method includes the precision of the measurements
and retrievals as well as the natural variability within the zone. Figure 5 shows the anticipated
uncertainty in the zonally averaged mean AIRS CO, concentrations using this method. We see
a significant improvement compared to the gridded data, resulting in approximately 1 ppm
uncertainty in the tropics and approximately 2-3 ppm uncertainty in the polar regions.

3.1.3 Seasonal variability in the Atmospheric Infrared Sounder
carbon dioxide data

The seasonal variability in the AIRS CO, data is distinctive, yet subtle, in terms of absolute
magnitude. Figure 6 shows the AIRS CO, zonal average means plotted as a function of
zone for each of the 12 months. Zone spacing is 5° starting at 60°S since, at this time, data
south of this latitude have not been released. Results for this region are available in Version
6 pending further validation.
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100 200 300 400 500

Fig. 3 (a) AIRS CO, data show higher uncertainties in the polar regions. (b) Uncertainty remains
low in the tropics despite fewer observations in many areas due to clouds.

In the Southern Hemisphere (SH), we see lower seasonal variability with a seasonal cycle
opposite that of the Northern Hemisphere (NH) at the same latitudes. This seasonal inversion has
also been seen in the CONTRAIL data in the Western Pacific.® SH variability is primarily driven
by interhemispherical transport.*> In the SH tropics, we see a significant reduction in the season-
ality of the zonal averages along with a curious depression of CO, values of about 1 ppm. We
originally thought this was due to high-vegetation levels in this zone producing a drawdown in
this region, but when we look at the AIRS CO, monthly climatologic means in Fig. 2, we see the
depression to be located over the South Atlantic Ocean. Further exploration and model
comparisons led to the discovery that this region experiences a large persistent downwelling
of stratospheric air into the midtroposphere associated with a Walker cell, leading to lower
CO, concentrations in this location.® The impact of the depression leads to an apparent
“belt” of CO,, poleward of the depression, alluded to in a prior work by these authors®’ and
others using HIPPO observations.®

As we cross into the NH, we see a significant increase in the seasonality associated with
the increase in deciduous forest and associated photosynthesis and respiration of CO,. In
the extratropics, near 40°N, we see a local increase in CO, associated with the major surface
sources in this zone. Similar results are seen in the CONTRAIL data.® Poleward of 40°N, we see
a significant increase in the amplitude of the seasonality with an apparent increase in the modes
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310
378
= 300 rpg—ag ST ey
2 376 Q290 FH—hy -
g £ 280
© 34 5
2 g 270
2 £
2 372 S 260
[
e Latitude(®)
370 201 o v
. : 240 . . —6—-60
0 5 10 0 5 10 —%— 40
Month Month —— 220
(c) Surface CO, from ESRL 0
2 —8— 20
385 0.25 0
€ 0.2 —o— 60
£ 380 : N o 80
& %
o~
o) 0.15
o
© 375 o
o) O]
g 0.1
f o
£ 370
2 0.05
365 0
0 0

Month

Fig. 4 Zonally averaged seasonal dependence between 2003 and 2010 for (a) AIRS
MidTropospheric CO,, (b) AIRS surface skin temperatures, (c) NOAA ESRL surface flask
measurements, (d) MODIS-derived GPP.

of the oscillation (see also Fig. 4(a), zone at 80°). Higher concentrations in the Arctic in April and
May could be related to CO, being transported north because of buildups of fossil fuels and
biomass burning in winter in the south. The averaging kernel for AIRS in the polar regions
peaks lower in altitude and could lead to an enhancement in the AIRS sensitivity. However,
further validation of the AIRS data in this region is needed pending improved data sets for
both AIRS (i.e., Version 6) and in-situ measurements in the midtroposphere in the polar regions.

Uncertainty in the zonal average AIRS CO2

Uncertainty (ppm)

05 I L . L . .
-60 -40 -20 0 20 40 60 80

Longitude (o)

Fig. 5 Standard deviation of the zonally averaged AIRS CO, over 20° x 360° (Lat x Lon) zones
from 60°S to 80°N. The uncertainty includes spatial and temporal variability within the zone as well
as AIRS precision.
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Fig. 6 AIRS midtropospheric CO, concentrations versus latitudinal zone for each month reveals
global circulation patterns and the influence of surface sources and sinks.

3.2 Atmospheric Infrared Sounder Midtropospheric and Surface
Skin Temperatures

We also examine AIRS midtropospheric and surface skin temperatures to explore potential cor-
relations with CO, and GPP. Provisional monthly climatologies of AIRS 500 mb and surface
skin temperature products were created by computing the average and standard deviation of
ascending (daytime) and descending (nighttime) data from the AIRS Version 5 Standard
Level 3 spatially gridded (1 deg x1 deg) monthly data sets, for each month, over the time
frame from 2003 to 2010, and by applying quality control contained within the L3 data
set.* Zonal averages were calculated as for CO, and the resulting seasonal dependence of sur-
face skin temperature is shown in Fig. 4(b) for each zone.

3.3 Earth System Research Laboratory Surface Flask Measurements

Comparing the seasonal signal of AIRS CO, to surface CO, data provides a direct measure of
change in phase and amplitude from the surface to the midtroposphere due to atmospheric
mixing and vertical transport. Additionally, since there are no sources or sinks of CO, in
the free troposphere, we can consider it a tracer gas and use it to estimate the age of midtropo-
spheric air on monthly timescales across the globe. Surface CO, data used in the analysis are
obtained from the NOAA ESRL. The CO, mixing ratios reported in these data sets were
measured by a nondispersive infrared absorption technique in air samples collected in glass
flasks at NOAA ESRL carbon cycle cooperative global air sampling network sites.”> Over
84 sites reported on a monthly basis are used in this analysis and their locations are shown
in Fig. 7.

Monthly climatologic mean and uncertainty of the ESRL CO, were calculated by binning
the valid data in 1 deg X 1 deg grid locations across the globe and computing statistics for each
month over the time frame from 2003 to 2010. Zonal averages of the mean and uncertainty were
then calculated as for CO, discussed above for all valid samples. The seasonal dependence of the
ESRL CO, is shown in Fig. 4(c) for each zone.
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Fig. 7 Locations of ESRL CO, surface measurement sites used in the study.

3.4 Moderate Resolution Imaging Spectroradiometer-Derived Gross
Primary Productivity

Terrestrial GPP is the largest global CO, flux, and along with respiration is one of the major
processes controlling land atmosphere CO, exchange.*® A set of monthly climatologies of GPP
was developed from the MODIS data to examine the influence of large-scale surface sinks on
midtropospheric CO, concentrations. The global nature of these satellite data sets provides a
unique opportunity to analyze the regional correlation between the seasonal uptake of CO,
and the annual increase in GPP. MODIS Level 3 GPP data were not available at the time of
the analysis, hence a monthly GPP product was generated from monthly L3 gridded
MODIS EVI*’ and nighttime land surface temperature (LST)® using a method outlined in Sims
et al.*” The process requires computation of the dimensionless quantities “scaled EVI,” “scaled
LST,” and a slope term, m, that accounts for empirical correlations with the product of these
variables and ground-based measurements of GPP such that

GPP = (scaled EVI x scaled LST) X m. 3)

The MODIS monthly L3 collection 5 EVI and LST data are gridded on 1 deg X1 deg bins,
and GPP was calculated for each bin. A map of the annual average GPP is shown in Fig. 8. Zonal
mean and uncertainty of the resulting climatology were calculated as for the other products dis-
cussed above with the mean shown in Fig. 4(d).

4 Results

The collection of data used in this analysis has led to two significant observations. First, we see
that CO, in the midtroposphere as measured by AIRS in the NH is more strongly coupled to the
surface at the equator than it is at the poles. This result is based on our finding that the AIRS CO,
seasonal cycle in the NH lags that of the surface by an amount that depends on latitude zone. We
also see that midtropospheric CO, in the NH has less seasonal variability (captured in the ampli-
tude) compared to that of the surface. Both effects become more pronounced as we go poleward
from the equator as expected based on the higher convection in the tropics. Despite the damping
relative to the surface in the NH, a significant correlation is observed in the regional variability of
CO, in the midtroposphere and MODIS-derived GPP at the surface, primarily in the northern
latitude boreal forests at the peak of the growing season (July). The second significant obser-
vation is that the amplitude and phase of the seasonal cycle of midtropospheric CO, in the SH are
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Fig. 8 MODIS-derived GPP used in the comparison, averaged over all months and years between
2003 and 2010.

higher and earlier than the surface, respectively, indicative of interhemispheric transport. These
results can be used to validate vertical and interhemispheric transport mechanisms in atmos-
pheric transport models.

4.1 Zonal Phase and Amplitude of the Seasonal Cycle

In this section, we present results comparing the phase and amplitude of the seasonal cycle in the
zonal averages of AIRS midtropospheric CO, and temperature data, surface ESRL CO, data,
and MODIS-derived GPP data.

The amplitude of the seasonal cycle is computed as the difference between the maximum and
minimum of the zonal average monthly climatologic means for each product. Results are shown
in Fig. 9(a) for CO,, and Fig. 9(b) for temperature and GPP. All zones are 20 deg in latitude
extent and average the full extent in longitude (180°W to 180°E) and the error bars represent the
combined £1 sigma uncertainty of the maximum and minimum values used to calculate the
amplitude. A distinct reduction in the amplitude of the seasonal cycle can be seen between
the AIRS midtropospheric data and the NOAA ESRL surface data in the NH, as well as a con-
sistent increase in seasonal amplitude poleward from the equator to 60°N. In the SH, we see a
higher amplitude than the surface, most likely due to interhemispheric transport. Evidence of
interhemispheric transport in the CO, seasonal cycle is also seen in the CONTRAIL data sets.°®
For reference, we also plot the amplitude variability for the temperature and GPP products in
Fig. 9(b). Here, we see a reduction in the amplitude of midtropospheric temperatures relative to
those at the surface as seen for CO,. The GPP seasonal amplitude increases poleward except in
the Arctic, most likely due to the transition from deciduous to evergreen forest in this region. The
reduction in seasonal amplitude is not observed in the AIRS CO, in the Arctic and may indicate
that GPP plays a lesser role in CO, concentrations than atmospheric circulation at these high
latitudes.

Prior work by the authors has examined the trends, semiannual, and annual variability in
the AIRS data using EOF analysis and attributes observed variability to atmospheric circulation
patterns.”’ In a study using several atmospheric chemical transport models and surface flux
estimates, a distinct semiannual oscillation appears in the predicted midtropospheric CO, con-
centrations! that can be attributed to the exchange of the surface with the biosphere. This latter
work could explain the semiannual oscillations seen in the AIRS data using the EOF analysis,
and indicate the presence of a distinct influence of the surface on the midtroposphere.

For comparison of the phase, we locate the time of the minimum in the seasonal cycle of
zonally averaged CO, and time of the maximum for zonally averaged temperature and GPP.
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Fig. 9 Zonal average amplitude of the seasonal cycle for (a) AIRS and ESRL CO,, and (b) AIRS
Surface and Midtropospheric Temperatures (in K) and GPP (in %). Midtropospheric CO, seasonal
cycle amplitudes are diminished in the NH due to mixing, but higher in the SH due to interhemi-
spheric transport.

Results are shown in Fig. 10. The time of the minimum and maximum is found using cubic
splines to improve temporal precision, and uncertainties in the time are found by applying
the bootstrap method of varying the signal by a random fraction of the uncertainty.

Figure 10(a) shows a 1-4-month phase difference in the minimum of the seasonal cycle of
CO, between the surface and midtroposphere depending on the zone with the most difference in
the polar regions. The midtropospheric CO, lags the surface in the NH, most likely due to atmos-
pheric mixing and circulation patterns and leads the surface in the SH, most likely due to inter-
hemispheric transport. NH flights from the Philippines to China during the CARIBIC campaign
show a minimum in CO, concentrations in September for the troposphere and in October for the
lower stratosphere, about 1-2 months earlier than observed by AIRS.” The minimum of mid-
tropospheric CO, at 40°S is seen between January and April in the CONTRAIL aircraft flights®
as well as the bimodal seasonal cycle also seen in AIRS data shown in Fig. 4(a). GEOS-Chem
model simulations agree with AIRS in the northern tropical latitudes but also lead the AIRS
data by 1-2 months in the northern midlatitudes.?® Differences are likely due to algorithm dif-
ficulties identifying the month of the minimum in the AIRS CO, and comparison data sets and
differences in the vertical sensitivity of AIRS.

Figure 10(b) shows the month of maximum in the seasonal cycle of MODIS-derived GPP and
AIRS temperatures. The month of maximum GPP correlates well with the month of minimum
CO, at the surface, indicating GPP is a major player in the seasonal cycle of CO,. The AIRS
temperature and MODIS-derived GPP agree well, as expected, since warmer temperatures lead
to higher GPP. We do not see a difference in the phase between the surface and midtropospheric
temperatures as in CO,, since CO, variability is primarily driven by surface phenomena and
requires transport to the midtroposphere, while atmospheric temperature is driven by solar forc-
ing and weather patterns. We observe no evidence of a correlation between the phase of the AIRS
CO, and temperature products that would result from a retrieval error. The phase of GPP and
temperature at the equator is ambiguous due to the weak and bi-modal seasonal cycle in this
region and therefore is not included in the figure.
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Fig. 10 (a) Minimum in the seasonal cycle of AIRS midtropospheric CO, lags that of the surface in
the NH and leads in the SH. Differences are due to atmospheric circulation and interhemispheric
transport. GPP highly influences the seasonal cycle of CO, at the surface as evidenced by high
correlation of the month of minimum in CO, with the month of maximum MODIS-derived GPP and
AIRS Temperature (b).

4.2 Regional Correlation of Atmospheric Infrared Sounder Carbon Dioxide and
Moderate Resolution Imaging Spectroradiometer-Derived Gross Primary
Productivity

The excellent spatial and temporal coverage of the AIRS and MODIS satellite data sets enable a
unique study of the correlation of midtropospheric CO, with surface vegetation on a global scale.
To examine the correlation, we create regional averages from the monthly climatologies of AIRS
CO, and MODIS-derived GPP in 10° X 10° bins centered on 35°N, 45°N, 55°N, and 65°N for 36
longitude bins from 180°W to 180°E of equal size. We examine the month of July where we
expect the highest GPP values and compare CO, concentrations from AIRS to the MODIS-
derived GPP for each bin (except for those regions that failed quality control, primarily over
oceans). Results give a correlation coefficient of —0.16, —0.80, —0.45 and —0.16 for 35°N,
45°N, 55°N, and 65°N, respectively, between the two data sets. Figure 11 shows the case of
highest correlation at 45°N with each longitude region represented by a different color. The
high correlation in this zone indicates a significant influence of the surface on midtropospheric
CO, when and where the GPP is high.

The above correlation analysis was inspired by a time series of AIRS CO, and MODIS EVI
Level 3 products shown in Video 1. In this video, we present the 12 AIRS CO, monthly cli-
matologic means in a loop synchronized with a time series of MODIS normalized difference
vegetation index, similar to EVI and GPP, averaged over the period 2003-2006. Use of the cli-
matologic means removes the annual increase due to anthropogenic sources, leaving the seasonal
cycle variability due to atmospheric circulation and the interaction with the surface biosphere.
The AIRS data are spatially and temporally smoothed using a Fixed Rank Kriging algorithm to
improve the horizontal sampling of the AIRS data and match the MODIS time resolution. We see
the annual buildup of CO, in the NH with a maximum around May. The maximum in the
vegetation cycle follows the maximum in CO,, occurring in late summer. Following the
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Fig. 11 Correlation of AIRS midtropospheric CO, and MODIS-derived GPP for the month of July,
for 10° x 10° bins centered at 45°N latitude from 180°W to 180°E longitude. High correlation (—0.80)
indicates a strong influence of the boreal forests on the seasonal drawdown of midtropospheric CO,.

Jan 01

Video 1 Interpolated AIRS midtropospheric CO, (orange) overlaid with MODIS Normalized
Difference Vegetation Index (NDVI) (green). The time series highlights the regional correlation
between the surface and midtroposphere, particularly in the boreal forest of Asia and North
America (Video 1, MOV, 10.1 MB) [URL: http://dx.doi.org/10.1117/1.JRS.8.084984.1].

peak in the vegetation, the drawdown of atmospheric CO, due to photosynthesis is apparent,
particularly over the boreal forest areas in the NH. The video was produced by the NASA science
visualization studio and is available on their website at http://svs.gsfc.nasa.gov/vis/a000000/
a003900/a003947/index.html.

5 Summary and Conclusions

The AIRS instrument provides valuable midtropospheric CO, measurements that cover the time
frame from 2003 to the present. Prior efforts have shown that the AIRS CO, data are consistent
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with aircraft measurements with a bias of +-0.43 ppm and an RMS deviation of 1.2 ppm, and with
TCCON with a bias of —1.8 ppm and a relative accuracy of better than 1 ppm. These levels of
precision and accuracy are validated in the mid to northern latitudes and are sufficient to observe
the influence of atmospheric circulation and large-scale CO, sources and sinks in these regions.

AIRS CO, data have enabled observation of small changes in midtropospheric CO, asso-
ciated with vertical transport due to seasonal and interannual oscillations (e.g., MJO and ENSO)
as well as general features of the global circulation, including a persistent depression in CO,
concentrations in the South Atlantic due to a downwelling branch of the Walker circulation.** In
this paper, we show the impact of surface sources and sinks on the midtropospheric CO, levels
including generally higher CO, levels in the NH extratropics and a high seasonal component in
the NH subpolar region. We also show a dampening of the seasonal amplitude from the surface
to the midtroposphere in the NH, and an increase in the seasonal amplitude as we move poleward
from the equator. There exists a distinct phase lag of about 1-4 months between the surface and
the midtroposphere in the NH mid latitudes that has been seen to a lesser extent in aircraft obser-
vations and models. Further investigation is needed to better understand the differences. In the
SH, we see the phase of the seasonal cycle of midtropospheric CO, from AIRS lead that of the
surface with higher amplitude, both due to interhemispheric transport. Lastly, good correlation is
seen between surface MODIS-derived GPP and AIRS midtropospheric CO, where the season-
ality of GPP is greatest (NH subpolar). High uncertainty in the AIRS data in the polar regions
and a lack of correlative data in the polar midtroposphere leads to inconclusive results in these
regions. These results identify a clear influence of surface sources and sinks on CO, in the mid-
troposphere in addition to global circulation patterns, weather, and climate variability.

The synergy of AIRS midtropospheric measurements with the NASA OCO-2 mission is
expected to be high. OCO-2 will measure a total column XCO, that, when used in conjunction
with the AIRS midtropospheric CO, data, will improve the information content near the surface
compared to OCO-2 alone. In addition, AIRS measures upwelling thermal infrared radiances,
allowing measurements and retrievals in the high-northern latitudes at times of year that are
unavailable to OCO-2 due to low sun angle. Finally, AIRS CO, data can be acquired in modestly
cloudy areas such as the tropics, where OCO-2 will have difficulty. Retrieval and data assimi-
lation studies are underway at JPL to realize these benefits in the coming years.

Future work will include incorporating the AIRS Version 6 CO, data product into the com-
parisons. This product is built on an improved AIRS Version 6 temperature and water vapor
product that has significantly higher yield and accuracy compared with Version 5, particularly
in the polar regions. Version 6 accommodates the loss of AMSU channel 5 that significantly
impacted the yield of the AIRS Version 5 CO, retrievals after 2010, and will enable the analysis
to consider the full AIRS mission data set. Alternate sources of MODIS-derived GPP and chloro-
phyll fluorescence will also be included in the comparisons.
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