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As one of the major greenhouse gases, atmospheric carbon dioxide (CO,) concentra-
tions have been monitored by both top-down satellite observations and air sampling
systems on surface stations. The Atmospheric Infrared Sounder (AIRS) on board
NASA’s Aqua low Earth orbit (LEO) satellite is a high-resolution infrared sounder
that has been in operation for more than 10 years. The World Data Centre for
Greenhouse Gases (WDCGG) archives and provides data on CO, and other green-
house gases measured mainly from surface stations. In this article, we focus on the
correlation between the two different sources of CO, data and the influencing factors.
In general, we find that a linear positive correlation occurs at most stations. However,
the variation in the correlation coefficient is large, especially for stations in the
Northern Hemisphere. The station’s location, including its latitude, longitude, and
altitude, is an important influencing factor because it determines how much its CO,
measurements are influenced by human activities. We also use root mean square
difference (RMSD) and bias as evaluation indicators and find that they have similar
trends like correlation coefficients.

Introduction

Atmospheric carbon dioxide (CO,) is a prominent greenhouse gas and a marker of climate
change and the carbon cycle. CO, absorbs radiation in the infrared and near-infrared range
and plays a significant role in the greenhouse effect. As a trace gas, the current concen-
tration of CO, was only approximately 390 ppm (parts per million) in 2011, with an
annual mean growth rate of 1.68 ppm year ' (Dlugokencky and Tans 2013). However, the
CO, concentration has been growing roughly exponentially with respect to its pre-
industrial concentration of 280 ppm. The increased concentration of CO, in the atmo-
sphere influences Earth’s radiation balance and has long-term effects on climate change.
Determining the sources and sinks of CO, quantitatively to understand its distribution and
dynamic change is an urgent task for scientists in the face of severe climate consequences
and risks. To support related scientific studies and provide reliable data to policy-makers
to enable them to respond to climate change, it is of prime importance to gather and
analyse CO, measurements and data from different sources.

Currently, there are two major means to obtain atmospheric CO, concentrations:
satellites and surface stations. Satellites such as the Atmospheric Infrared Sounder
(AIRS), Infrared Atmospheric Sounding Interferometer (IASI), Scanning Imaging
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Absorption  Spectrometer for Atmospheric Chartography (SCIAMACHY), and
Greenhouse Gases Observing Satellite (GOSAT) have played an important role in CO,
remote sensing. These satellites can obtain the temporal and spatial variation of CO, in
long time series and their trends at both global and regional scales (Crevoisier et al. 2009;
Hammerling et al. 2012; Wang et al. 2011). The World Data Centre for Greenhouse Gases
(WDCGG) archives and provides data on CO, and other greenhouse gases measured
mainly from surface stations. These stations are under the direction of Global Atmosphere
Watch (GAW) and other programmes and have been built throughout the world to acquire
information about the variation in CO, (Conway et al. 1994; WMO GAW Report No.
161. 2005). Studies have been conducted to define the annual and seasonal changes of
CO, using CO, measurements from stations (Worthy, Higuchi, and Chan 2003;
Rutgersson, Norman, and Astrom 2009). One important result is that the fluctuation in
CO, concentration exhibits long-range power-law correlations using monthly mean values
of CO, concentration measured at Mauna Loa station over the period 1958-2004
(Varotsos, Assimakopoulos, and Efstathiou 2007). As a result, a correctly rescaled subset
of the original time series of the CO, concentrations resembles the original time series.

AIRS is sensitive to CO, in the middle to upper troposphere (Yoshida et al. 2011). The
CO, values measured by stations represent its concentrations at different altitudes. Data
on the spatial distribution and temporal evolution of CO, are limited due to the rather
sparse network of surface stations. Retrievals from the satellites have the potential to
overcome these limitations (Buchwitz et al. 2005). Comparisons of the CO, concentra-
tions retrieved by AIRS and those measured by stations have been carried out in many
studies. The results of comparisons using aircraft measurements demonstrate the remark-
able ability of AIRS to track seasonal and latitudinal variations of CO, in the middle to
upper troposphere with an accuracy better than 2 ppmv (Olsen 2009). AIRS CO, products
have also shown good agreement with five ground-based station observations (Bai,
Zhang, and Zhang 2010). AIRS estimates and National Oceanic and Atmospheric
Administration (NOAA) Earth System Research Laboratory/Global Monitoring Division
(ESRL/GMD) aircraft measurements obtained during 2005 correlate very well (76%
correlation), with an root mean square difference (RMSD) of 2.05 ppmv and a bias
(AIRS-ESRL) of —1.03 ppmv (Maddy et al. 2008). On the one hand, however, different
station measurements have diverse correlations with AIRS CO, retrievals, but there are no
comprehensive comparisons between AIRS and surface stations at the global scale. On the
other hand, the influencing factors also need to be analysed.

This article studies the correlation of CO, data from AIRS with those from surface
stations. The influencing factors are also analysed to make better use of these two data
sources.

CO, data sources
Satellite-derived data

The satellite data used in this article were retrieved from the AIRS instrument and
downloaded via NASA’s official AIRS CO, product site. AIRS has orbited the Earth on
NASA’s Aqua satellite in a Sun-synchronous near-polar orbit since 2002. The satellite is
equipped with a cross-track scanning grating spectrometer covering a spectral range of
3.74 pm to 15.4 pm with 2378 channels. AIRS, for the first time, has allowed the retrieval
of daily CO, concentrations globally, including over land, oceans, and polar regions
during daytime and night-time and in the presence of clouds (Chahine et al. 2008).
Level2 (L2) CO, products are retrieved by the Vanishing Partial Derivative (VPD)
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algorithm (Chahine et al. 2005). These products have a spatial resolution of 90 km x 90 km
at nadir. Level3 (L3) CO, products are created by binning on 2.0° latitude by 2.5°
longitude grids from L2 CO, standard products. The global spatial coverage of AIRS
CO, data ranges from 90° N to 60° S. In this article, L3 calendar monthly data from
September 2002 to January 2012 are used.

Station-measured data

The station measurements are from the World Meteorological Organization (WMO)
WDCGG website. The WDCGG, first established in 1990, has been operating for more
than 20 years and is one of the World Data Centres (WDCs) under the WMO GAW
programme. The WDCGG gathers, archives, and provides data on greenhouse gases (e.g.
CO,, CHy, CFCs, N,O and surface ozone) and related gases (e.g. CO, NO,, SO, and
VOC) in the atmosphere and oceans, as observed under GAW and other programmes. The
data vary due to different observation categories and sampling and data types. Monthly
mean data measured by air sampling observations at stationary platforms from September
2002 to January 2012 are used in this article (see Figure 1 for station locations). There are
a total of 132 CO, measurements at 114 stations. The sampling types of these data are ‘cn’
and ‘f’, that is, continuous or quasi-continuous in sifu measurements and analysis of air
samples in flasks, respectively. More information is described in the WDCGG guide.

Methodology
Association of surface stations with AIRS CO, grid points

The spatial resolution of AIRS CO, retrievals is 2.0° latitude by 2.5° longitude, so the
global continents are divided into 12,960 grids of the same size, and a station is associated
with a CO, grid point. In a certain grid in which the station is located, the CO, data of this
grid from AIRS and from the station were matched for analysis. A total of 106 grids were
matched between AIRS and the stations. The sample numbers, which varied from 4 to 110,
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Figure 1. Geographical distribution of surface stations and sample numbers in associated grid
cells.
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differed for each grid cell due to variation in periods of CO, data measured by the stations
(Figure 1). Of these grids, 83% had more than 50 sample numbers.

Evaluation indicators

The evaluation indicators used in this article are the correlation coefficient (r), the
RMSD, and the mean difference (bias). The correlation coefficient is one of the most
common and useful statistical methods for studying the relationship between two
variables, and its results range from —1 to +1. Zero indicates that there is no relation-
ship between the variables, while a negative correlation indicates that as one variable
goes up, the other goes down. A positive correlation indicates that both variables
move together in the same direction. To eliminate the influence of sample number, the
significance of the correlation coefficient was tested by employing the t distribution
(Zimmerman 1986). The correlation analysis was performed to define the relationship
between the CO, data from AIRS and those from the surface stations. RMSD is an
indicator that is frequently used to quantify the differences between values predicted
by a model or estimator and the values actually measured. In this article, RMSD was
used as an indicator of the difference in CO, concentrations between AIRS observa-
tions and station measurements. The bias defined in the study measured the inclination
of the AIRS CO, value to be above or below a station’s CO, value. Thus, if it has a
positive bias, on average the AIRS observation exceeds the station-measured value.
The formulas are described in Table 1.

Reprocessing

There were 119 CO, measurements at 104 stations that passed the significance test (with a
significance level of 0.05) for the relationship between CO, concentrations from AIRS
and those from the stations. Twelve stations had different data sources, so the similarities
and differences were analysed further. Moreover, two stations had a slightly negative
correlation with AIRS, so the time series of CO, at the two stations were compared with
the AIRS CO, concentration.

Table 1. Formulas of the three indicators.

Indicator Formula Range
Correlation coefficient () = > =B i) [-1, +1]
@07 [ > i)
i=1 i=1
Root mean square difference (RMSD) N , [0, +o0)
RMSD = #Zl (vi—x;i)
iz
Bias [0, +o0)

Notes: n is the sample number; x; represents the value of x for the sample i, that is, the CO, data measured at
surface stations; y; represents the value of y for the sample i, that is, CO, retrieved from AIRS; x is the mean
value for all x;; and y is the mean value for all y;.
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Results and analysis
AIRS global CO; concentration

The distribution of global averaged CO, concentration, based on the AIRS 2003-2011
Level3 CO, monthly product, is shown in Figure 2. The white area of the map indicates
that no data were retrieved by AIRS. It will be clearly observed that the CO, concentra-
tion is higher in the Northern Hemisphere than in the Southern Hemisphere. The highest
CO, concentration belt is within the region between 30° N and 60° N, which may be
strongly influenced by surface sources and the large-scale circulations of mid-latitude
Northern Hemisphere pollution belts (Zhang et al. 2006). The lowest CO, concentration
region is the 0-30° S belt of the Atlantic Ocean. The latitudinal gradient in the CO,
concentration is a result of the larger amount of land in the Northern Hemisphere than in
the Southern Hemisphere (Engelen and McNally 2005).

Evaluation indicator results

Figure 3 depicts the geographical distribution of the three evaluation indicators between
AIRS and the stations’ monthly mean CO, data. For most stations located in the region
between 60° S and 30° N, the correlation coefficients are higher than 0.8 between their
CO, measurements and those observations from AIRS. The bias and RMSD are smaller as
well, with averages of 0.16 and 2.49 ppm, respectively. The strongest correlation is found
at the Cape Point (CPT) station, where the coefficient is 0.988 with a bias of 0.7 ppm and
an RMSD of 2.7 ppm. The CPT station is administered by the South Africa Weather
Service (SWAS). Continuous measurements of CO, at CPT started in 1993 using the non-
dispersive infrared (NDIR) absorption technique (Zellweger et al. 2011). The CPT station

120° W 60° W 0° 60°E 120°E 180°E
90° e >

60° N
30° N -

0° 4
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Figure 2. Global distribution of AIRS-averaged CO, concentrations from 2003 to 2011.
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Figure 3. Evaluation indicators between AIRS and stations’ monthly mean CO,,

is located in a nature reserve at the southern end of the Cape Peninsula, which is
approximately 60 km south of the city of Cape Town. The station is exposed to the sea
on the top of a cliff that is 230 m high and is subjected to maritime air from the South
Atlantic most of the time. The surrounding environment of the station is seldom influ-
enced by human activities and land-use changes. Thus, CO, is conserved after its long-
range transport from the near surface to the mid-troposphere because it is chemically
stable, which may explain why the highest correlations of CO, observations between
AIRS and the surface stations are found in maritime areas.

For the majority of the stations located within the range 30° N to 90° N, the
coefficients vary from 0.2 to 0.8. The average bias is —2.65 ppm and the average
RMSD is 6.57 ppm. On the one hand, there is a large amount of land in this region,
and the terrestrial biosphere is one of the most important components of the Earth system
that influences atmospheric CO, concentrations (Erickson et al. 1996). On the other hand,
the increase in CO, is also partly affected by human activities. There are numerous
stations in the regions of 10° W to 30° E and 30° N to 60° N and in Korea, as well as
in Japan, regions where the population is relatively high (as of 5 July 2013, the website
‘http://www.populationlabs.com/World Population.asp’). With a growing population,
more energy is being used for socioeconomic development and CO, emissions have
been increasing as a result (Figure 4). These stations are likely to be influenced by
human activity. Therefore, CO, measurements at these stations have distinct fluctuations
compared with the mid-tropospheric CO, retrieved from AIRS.

The influencing factors

The first influencing factor is the latitude of the stations. The variations of the three
indicators in five latitudinal gradients are displayed in Figure 5. The correlation
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Figure 4. Growth of energy use, CO, emissions, and global population from 1975 to 2008; the
index of the y-axis denotes the growth extent compared to 1975 (Data obtained from World Bank
Development Indicators).
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Figure 5. Variation in the three indicators in five latitudinal gradients.

coefficients continue decreasing with latitude from south to north. The average RMSD is
lower in the Southern Hemisphere than in the Northern Hemisphere. It can be shown that
the biases of the Northern Hemisphere are negative, which illustrates that CO, concentra-
tions retrieved from AIRS are lower than the stations’ CO, measurements. In the Southern
Hemisphere, however, the phenomenon is precisely the opposite.

The second influencing factor is the altitude of the stations, which also influences the
relationship of CO, concentrations between AIRS and the surface stations (Figures 6(a)—
(c)). The correlation coefficients increase with an increase in station altitude, with
decreasing RMSD and an absolute bias value. First, all stations of altitude higher than
2 km have high correlation coefficients and smaller biases and RMSDs. Then, among the
20 stations of altitude higher than 2 km, all of the high stations located between 30° N and
60° N have a bias of less than 1.3 ppm and an RMSD of less than 5 ppm. Stations far
from the sea are also included (i.e. Niwot Ridge in the USA, Pic du Midi in France, and
Mt Waliguan in China). Finally, stations of altitude near 0 km but with low bias and
RMSD are all located near the sea.
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Different sampling types or contributors

Some stations have different data sources (i.e. measurement techniques). Data sampling
types are mainly divided into flask and continuous, and the instruments contributing the
data are non-identical. The continuous method often samples data at an hourly frequency,
and flask sampling measurements are taken at a frequency of approximately once per
week. High-frequency data sampling can record the changes in CO, concentrations
effectively, and continuous measurements are usually considered better for use under
adequate background conditions (Tsutsumi et al. 2009). Figure 7 presents the correlation
coefficient variability of these 12 stations with different sources. The CO, data taken at
Lampedusa station, shown in red in the figure, exhibit the greatest difference.

Lampedusa station is located on a small island in the Mediterranean Sea, 120 km or
more from larger islands or continents. The island is rocky and relatively flat and has very
poor vegetation. The Italian National Agency for New Technology, Energy and the
Environment (ENEA) and the NOAA/ESRL have presented CO, data to the WDCGG.
The measurement method utilized by ENEA is NDIR, and the sampling type is flask. Air
samples are collected every Friday. NOAA/ESRL uses the NDIR instrument to analyse
data at a weekly sampling frequency.

The correlation coefficient between CO, data contributed by NOAA/ESRL at
Lampedusa station and AIRS is 0.63, with a bias of 0.03 ppm and RMSD of 2.96 ppm.
However, the correlation coefficient between CO, data contributed by ENEA at
Lampedusa station and AIRS is 0.78, with a bias of —1.39 ppm and RMSD of 3.77 ppm.
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The seasonal cycle is similar for CO, measured at Lampedusa station and that
observed by AIRS satellite (Figure 8), that is, CO, has its maximum value in spring
and minimum in autumn. The AIRS CO, data behave similarly to the CO, values from
Lampedusa station, but are much more uniform and with only slight fluctuations. Various
contributors use different sampling frequencies to measure the CO, data and are able to
acquire coincident values. The most probable reason for the different correlations is the
number of observation matches between AIRS and Lampedusa station (N). The correla-
tion coefficient tells us about the strength of the linear relationship between two variables.
However, the reliability of the linear model also depends on how many observed data
points are in the sample (Bloom 2010). Therefore, when there are more data, the results
should be reanalysed. Further surveys should be carried out to investigate this relationship
of diverse sampling types or instrument contributors and their correspondence with AIRS
CO, observations.

|—=— AIRS
395 ] —*— NOAA/ESRL

CO, concentration (ppm)

3701 Lampedusa
T T T T T T T T T T T T T T T
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Figure 8. CO, concentration measurements at Lampedusa station with different contributors and
CO, retrievals from AIRS.
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Table 2. Station information, including two stations slightly negatively correlated with AIRS and
the stations used for validation.

Alt RMSD  Bias
Station name  Country Lat. (°) Long. (°) (m) Type r (ppm) (ppm) N
BEO Moussala Bulgaria 42.1792 23.5865 2925 Continuous —0.14 56.28 47.03 30
Black Sea* Romania 44.17 28.67 3 Flask 0.75 12.6 -11 100
Finokalia* Greece  35.3378 25.6694 150 Flask 073 3.8 033 23
Hok Tsui Hong 22.2095 114.2579 60 Continuous —0.06 9.8 -035 12
Kong
Yonagunijima* Japan 24.47 123.02 30 Continuous 0.89 4.2 -3.17 112

Note: The symbol ‘*’ indicates the station used for validation.

Two exceptional stations

There are two stations that have a slightly negative correlation with AIRS, as shown in
Table 2. The Black Sea and Finokalia stations are used to verify the Basic Environmental
Observatory (BEO) Moussala station, and the Yonagunijima station is used to verify the
Hok Tsui station. The principle for selecting validation stations is the distance between
two stations, with the nearest stations chosen because of their similar background
environments.

The BEO Moussala (42° 10’ 45" N; 23° 35" 07" E) is located at the top of the highest
mountain on the Balkan Peninsula, Moussala (Angelov et al. 2011), which is 2925 m
above sea level. This site is one of the best for environmental monitoring in the Balkan
region due to its low anthropogenic influence. The station was accepted into the GAW
regional station group in 2010 for two reasons: the acknowledged significance of its
location in Eastern Europe and its high-quality measurements. The main feature of the
BEO Moussala station is its complexity (Stamenov et al. 2007). The time series of CO, at
BEO Moussala, the Black Sea, the Finokalia stations, and from AIRS are shown in Figure 9(a).
The Finokalia CO, data are highly coincident with those from AIRS. The Black Sea CO,
observations are mostly higher than those from AIRS, and its RMSD and bias are relatively

—
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Figure 9. (a) Time series of CO, concentration measurements at three stations (BEO Moussala,
Black Sea, and Finokalia) and corresponding observations from AIRS; (b) time series of CO,
concentrations at two stations (Hok Tsui and Yonagunijima) and corresponding observations from
AIRS.
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high (Table 2). However, the CO, measurements at BEO Moussala fluctuated dramatically
from July 2007 to December 2009, ranging from 252.98 to 417.89 ppm with an average
standard deviation of 39.06 ppm. Thus, the CO, values from BEO Moussala should be used
prudently.

Hok Tsui, with an elevation of 60 m above sea level, is a relatively remote coastal site
located at the southeastern tip of Hong Kong Island. The site is situated on a cliff in a
relatively clean area of Hong Kong. The urban areas of Hong Kong are approximately
10 km from the site and are normally downwind under the prevailing east—northeast flow
in spring. The atmospheric background environment of the site could be affected by
emissions from populated areas such as the Pearl River Delta due to its close proximity to
urban centres. Emissions from ships in and around Hong Kong can also be an important
source of CO, (Wang et al. 2003). The time series of CO, from the Hok Tsui and
Yonagunijima stations and from AIRS are displayed in Figure 9(b). AIRS CO, concen-
tration has a relatively minor fluctuation, from 390 to 395 ppm. The CO, measurements at
the Yonagunijima station fluctuate slightly compared with AIRS. However, CO, values
measured at the Hok Tsui station range from 375 to 410 ppm, with a mean standard
deviation of 6.2 ppm. These values may be affected by emissions from the polluted areas
mentioned above.

Station classification

Through the above analysis, the stations are classified into three grades: ‘Class One’,
‘Class Two’, and ‘Class Three’, under the following conditions. First, because the
difference between the column-averaged CO, mixing ratio and the surface value varies
from 2 to 10 ppm, depending on location and time of year (Olsen and Randerson 2004),
the four stations with biases greater than 10 ppm in comparison with AIRS are rejected.
The remaining stations are then classified according to the criterion shown in Table 3.
Stations are classified as ‘Class One’ if the coefficients are equal to or greater than the
average of the coefficients of all the stations (i.e. 0.78), and if the bias and RMSD are
equal to or less than the average. ‘Class One’ comprises 29 measurements accounting for
29% of the total. Other stations whose coefficients are equal to or greater than 0.78, but
with a larger bias and RMSD, are considered as ‘Class Two’, with 29 stations (29% of the
total). The remaining 42 stations are classified as ‘Class Three’, these accounting for 42%
of the total. The classification results are displayed on a map (Figure 10) according to their
locations.

When performing research on CO, retrieval from the AIRS instrument, it is crucial to
validate the retrieval results, and the ‘Class One’ stations can be used for validation and
comparison. However, for CO, retrieval in a region without any ‘Class One’ station, CO,
results from model predictions or from other satellites should be adopted to perform the
test. Also, the reason for the large difference between surface and mid-tropospheric CO,
should be researched further.

Table 3. The criterion for station classification.

Grade Criterion
Class One r>F bias < bias, RMSD < RMSD
Class Two bias > bias, RMSD > RMSD

Class Three r<r
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Figure 10. Classification results of stations according to their locations.

Conclusion

In this article, a correlation analysis from several aspects was performed on CO, values
retrieved from AIRS and those from 132 surface station measurements. The CO, mea-
surements from the stations located within the region between 60° S and 30° N were
highly correlated with the AIRS CO, retrieval data, and the bias and RMSD between the
two were small, at 0.16 and 2.49 ppm, respectively. The strongest correlation was found at
the CPT station, whose surrounding environment is seldom influenced by human activities
and land-use changes. The coefficient at the CPT station is 0.988, with a bias of 0.7 ppm
and an RMSD of 2.7 ppm. However, for the stations located between 30° N and 90° N
the correlation coefficients dramatically change from 0.2 to 0.8. The average bias and
RMSD are —2.65 and 6.57 ppm, respectively. The large mass of land within this latitude
belt is one reason for this result. Second, the population of the region within 10°W to 30°
E and 30° N to 60° N, as well as Korea and Japan, is relatively high, so these stations are
influenced by human activities with more energy use emitting more CO,.

Two influencing factors were analysed in this research. One is the latitude at which a
station is located, with the coefficients decreasing from south to north. The average
RMSD of sites in the Southern Hemisphere was less than that in the Northern
Hemisphere. Another influencing factor is the altitude of the stations. With an increase
in altitude, the correlation coefficients increase with decreasing RMSD and the absolute
value of the bias. On the one hand, bias and RMSD between the CO, data from AIRS and
sites higher than 2 km were lower, regardless of where the station was situated. On the
other hand, stations of altitude near 0 km but with low bias and RMSD according to AIRS
are all located near the sea.

Although the CO, data from the Lampedusa station were measured by two different
contributors using different sampling strategies, concentrations were similar. The CO,
measurements from the Lampedusa station display a similar seasonal cycle, reaching a
maximum value in spring and minimum in autumn. The AIRS CO; retrieval is similar to
that of the Lampedusa station, but it fluctuated slightly. When there are more data from
different data sources, the results should be researched once more.

There were two exceptional stations with a slightly negative correlation with AIRS:
the BEO Moussala station in Bulgaria and the Hok Tsui station in Hong Kong. The time
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series of CO, at the two stations fluctuate dramatically compared with AIRS and the
surrounding stations, most likely due to the stations’ own observation errors or the
influence of polluted areas near the stations.

Finally, the stations were classified into three grades, ‘Class One’, ‘Class Two’, and
‘Class Three’, based on the three indicators. The proportions of each grade were 29%,
29%, and 42%, respectively. ‘Class One’ stations can be used for the validation of CO,
retrieved by AIRS.
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