
IOP Conference Series: Earth and Environmental Science

PAPER • OPEN ACCESS

Interannual and Seasonal Cycles of CO2 from GOSAT and AIRS

To cite this article: N Ying et al 2019 IOP Conf. Ser.: Earth Environ. Sci. 237 022003

 

View the article online for updates and enhancements.

This content was downloaded from IP address 218.22.7.62 on 08/11/2019 at 12:48

https://doi.org/10.1088/1755-1315/237/2/022003


Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

ICAESEE 2018

IOP Conf. Series: Earth and Environmental Science 237 (2019) 022003

IOP Publishing

doi:10.1088/1755-1315/237/2/022003

1

Interannual and Seasonal Cycles of CO2 from GOSAT and 
AIRS 

N YING 1, Q YE 1, J J XIA2 

1Faculty of Geographical Science, Beijing Normal University, Beijing 100875, China  
2Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing 100029, 
China 
*Corresponding author’s e-mail: yingna@mail.bnu.edu.cn 

Abstract. In this paper, the spatiotemporal variations of carbon dioxide (CO2) are examined 
using the CO2 datasets retrieved from the Greenhouse Gases Observing Satellite (GOSAT) and 
Atmospheric Infrared Sounder (AIRS). These results demonstrate that the distribution of 
GOSAT CO2 is strongly influenced by CO2 emissions from human activities and natural 
processes, while the characteristics of AIRS CO2 are concerned with both surface sources and 
large-scale circulation systems. Meanwhile, the spatial difference (GOSAT minus AIRS) 
ranges from 2–10 ppm, with a maximum value near the Greenland region (>8 ppm). The major 
pattern of both GOSAT and AIRS CO2 variability exhibits a gradual increase globally. The 
dominant pattern of GOSAT is proportional to its average distribution, while the leading 
distributions of AIRS are relatively mixing homogeneity. Additionally, the seasonal amplitudes 
of GOSAT CO2 are larger in Northeast Asia and Northeast North American (>10 ppm). The 
largest fluctuation of AIRS CO2 occurs in the Arctic zone, which is dominated by the carbon 
cycle of the terrestrial biosphere. The seasonal fluctuation from the column-averaged CO2 is 
more significant than that in the mid-tropospheric CO2, possibly because of tropospheric 
adjustments of sensible and latent heat at the tropopause. These results regarding the spatial 
patterns of CO2 at the global scale will help us to better understand the vertical transport of 
CO2 and its impact on climate change. 

1.Introduction 
As a result of fossil fuel emissions, the concentrations of carbon dioxide (CO2) in the atmosphere have 
increased from 280 ppm in the pre-industrial era to 405.1 ppm in 2016 [1]. Consistently increasing 
CO2 concentrations in the atmosphere can significantly influence the radiative forcing and surface 
energy balance, leading to global warming [2–3]. To better understand the impacts of CO2 on climate, 
it is essential to clarify the distribution and variability of CO2 [4].  

CO2 concentrations have been monitored systematically at many places around the world since the 
mid-1950s. Furthermore, monitoring has since expanded to a global network of ground-based flask 
observations [5]. However, these measurements are too sparse to obtain information on regional or 
global distributions of CO2 concentrations. Recently, satellite observation has become an effective 
approach to monitoring the spatial coverage of CO2 on a continuous basis. Substantial progress has 
also been made in understanding the spatiotemporal patterns of atmospheric CO2. Utilizing the mid-
tropospheric CO2 data from the Atmospheric Infrared Sounder (AIRS), it has been found that the 
variability of AIRS CO2 is influenced by both surface factors [6] as well as large-scale circulation 
systems, such as the Madden–Julian Oscillation [7], El Niño–Southern Oscillation [8], and South-
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Atlantic Walker circulation [9]. Additionally, important studies have also been conducted using 
Greenhouse Gases Observing Satellite (GOSAT) data to investigate the spatial distributions of 
anthropogenic emissions [10, 11] and identify net fluxes [2–3]. 

Presently, however, we still do not know enough about the characteristics of atmospheric CO2 in 
terms of its interannual and seasonal variations at large continental scales. More importantly, their 
spatial differences remain poorly understood. In the present study, GOSAT and AIRS datasets were 
used to analyse the temporal characteristics of trends and variations of CO2 over the globe. The 
primary objective of the work was to explore the temporal characteristics and correlations between 
column-averaged CO2 concentrations and mid-tropospheric CO2 changes. 

2.DATA AND METHODS 

2.1 CO2 data  
GOSAT and AIRS data were employed to explore the spatial patterns. GOSAT was the first space-
based orbiting to monitoring carbon dioxide (CO2) and methane (CH4), launched in January 2009 [14–
15]. CO2 retrieval data (FTS SWIR Level 3 V02.26, bias corrected) are available from June 2009 to 
April 2014 and can be download from https://data2.gosat.nies.go.jp. The spatial resolution of 
GOSAT’s CO2 data is 2.5° latitude × 2.5° longitude. 

AIRS was the first instrument to detect mid-tropospheric CO2 [16–17]. AIRS (V005 Level 3 
Monthly) CO2 retrievals are available at a spatial resolution of 2° latitude × 2.5° longitude, from 
September 2002 to the present day. The data can be downloaded from 
https://disc.gsfc.nasa.gov/datasets/AIRS3C2M_V005/. 

In this study, considering the continuous period of GOSAT, we selected the monthly-mean CO2 
from July 2009 to April 2014 as the study period (total of 58 months). The AIRS data were 
interpolated to 2.5° × 2.5°. We excluded the regions around the South Pole (60°S–90°N), which are 
poorly covered by the retrievals or have large retrieval errors. The Mauna Loa (MLO) station record at 
the same time was also selected, to compare with the AIRS and GOSAT data. 

2.2 Methods  
To isolate the prominent patterns of CO2 and their temporal variability, empirical orthogonal function 
(EOF) analysis has been performed [18]. We decomposed the data into EOFs, which define the spatial 
patterns and the accompanying principal components (PCs) characterizing the temporal behavior of 
these patterns. They were determined here using the singular value decomposition code available in 
Matlab. Prior to computing the EOFs, we removed the seasonality of the data by subtracting the 
calendar-month mean from each grid point, so that the calculated EOFs referred to the tendency 
distribution: 

( ) ' ( ) mean( ' ( ))y y y
i i iC m C m C m   

Where y indexes the year and i indexes the nodes. The CO2 anomaly time series, ( )y
iC m , is 

constructed by removing the seasonal cycle. 

3.RESULTS AND DISCUSSION 

3.1 Spatiotemporal characteristics of CO2 
The time series of monthly global-mean CO2 concentrations from AIRS, MLO and GOSAT is shown 
in figure 1. Each data source shows predominant rising trends and seasonal variations of CO2. The 58-
month averages of GOSAT, AIRS and MLO CO2 are 389 ppm, 392 ppm and 392.3 ppm, respectively. 
The global mean CO2 concentration retrieved from AIRS is about 3 ppm higher than that from 
GOSAT. As described in the GOSAT Validation Report [19], GOSAT CO2 data are, on average, 1.2 
ppm lower than Total Carbon Column Observing Network (TCCON) data. So, 40% of the observed 
bias (1.2 ppm/3 ppm) can be explained by the biases inherent to the GOSAT product. 
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The peak-to-trough variation amplitude of the AIRS CO2 matches the MLO data, as they have the 
same retrieved height. The spatial distribution of GOSAT CO2 has a clear north–south gradient [Fig. 
1(b)]. Higher concentrations occur in East and West Asia, the Southeast U.S., Central South America, 
Central Africa, and West Europe. The spatial pattern of AIRS CO2 is characterized by a strong 
contrast between the Northern Hemisphere (NH) and Southern Hemisphere (SH). In the NH, large 
enhancements occur over a belt from 35°N to 45°N and in the northern Polar Regions. 

We further quantified the spatial pattern of the difference between the GOSAT and AIRS CO2 [Fig. 
1(d)]. The results show that the difference (GOSAT minus AIRS) varies from 2 to 10 ppm, and the 
greater discrepancy is concentrated at higher latitudes (above 60°N). More specifically, the largest 
difference occurs over the Arctic region (>6 ppm), especially over the Greenland region (>8 ppm). We 
also find that the negative values (<2 ppm) are concentrated over the northern tropical Pacific Ocean. 

 
Figure 1. (a) Time–series of monthly average AIRS, MLO and GOSAT CO2 concentrations for the 

studied period; (b) The spatial distribution of monthly mean GOSAT CO2; (c) The spatial distribution 
of monthly mean AIRS CO2; (d) Differences between AIRS CO2 and GOSAT CO2 (AIRS minus 

GOSAT). Units: ppm 

3.2 Methods Interannual variations of CO2 
The first mode of deseasonlized GOSAT and AIRS CO2 explains 90.3% and 85.3% of the variability 
[Table 1]. The EOF-1 of the GOSAT CO2, shown in Fig. 2(a), displays a global increase, with 
maximum values over land regions. The EOF-1 of the AIRS CO2 [Fig. 2(b)] exhibits a global rising 
mode, with significant enhancement over the Middle East and the Mediterranean. The second EOF 
(2.68% of the variability) of GOSAT displays opposite polarity between the Arctic region and 
southern regions [Fig. 2(c)]. The EOF-2 of AIRS [Fig. 2(d)] is similar to that of GOSAT, with a large 
area in North Asia. The PCs corresponding to EOF-1 are separately shown in Fig. 2(e). The PC-1 time 
series is remarkably linear in their increase, and oscillates with annual periodicities. The PC-2 displays 
semi-annual and annual variability.  

Table 1. Variances (in %) accounted for by the first five PCs of the AIRS and GOSAT CO2. 
CO2 λ1 λ2 λ3 λ4 λ5 

GOSAT 90.3% 2.68% 0.94% 0.66% 0.51% 
AIRS 85.3% 3.3% 2.08% 1.06% 0.98% 

a                                                                             
b  
 
 
 
 
 
 
 
c
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Figure 2. The CO2 EOFs and the corresponding normalized PCs of the CO2 (in ppm). The first modes 
of GOSAT CO2 (a) and AIRS CO2 (b); the second modes of GOSAT CO2 (c) and AIRS CO2 (d). The 

normalized PC– 1(e) and PC–2 (f) of the GOSAT and AIRS CO2. 

3.3 Seasonal variations of CO2 
The difference between the maximum and minimum months of monthly CO2 is utilized to explain the 
amplitude of the seasonal cycle. The long-term increasing trend was removed before calculation of the 
difference between the maximum and minimum concentrations in a year. Although the global average 
peaks in April, regional differences still exist. The seasonal amplitude of the GOSAT CO2 is shown in 
Fig. 3(a). In the NH, a larger CO2 seasonal amplitude can be clearly seen over northeast Asia (>12 
ppm), northeast North America (>10 ppm), and the northern tropical Pacific Ocean (>6 ppm). 
Conversely, in the SH tropics, we see significantly lower levels of CO2, with lower seasonal variability 
that correlates well with tropical rainforest regions.  

Figure 3(b) shows the seasonal amplitude of the AIRS CO2. Higher variations are observed in the 
transition zone across the Aleutian Islands and Alaskan Gyre (≥8 ppm). The transition region 
witnesses these seasonal variations with a maximum and minimum in April and November, 
respectively. This region is a large sink for atmospheric CO2, where CO2 uptake dominates from April 
through November. Moreover, we also see a large enhancement over the Greenland region (≥12 ppm). 
It can be discerned that the seasonal signals of CO2 reach a maximum in April and minimum in July. 
The seasonal amplitude of AIRS shows similar results to GOSAT in the SH. In the NH, the GOSAT 
measurements exhibit strong amplitude, due to their sensitivity to the near-surface CO2, where the 
impact of the seasonal summer uptake by vegetation and the ocean sink are more pronounced [20]. 

c 

a                                                                          b 
 
 
 
 
 
 
 
c                                                                         d 
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Figure 3. The distribution of seasonal fluctuations of GOSAT(a) and AIRS(b) retrieved CO2 (in ppm) 

4.CONCLUSION 
In this study, we analysed the temporal and spatial variations of satellite-derived, column-averaged 
and mid-tropospheric CO2, and associated the observed variability with known atmospheric transport 
processes, as well as sources and sinks of CO2. 

The GOSAT CO2 data and AIRS mid-tropospheric CO2 data show consistency with the MLO 
observations. We have shown that the distribution of the GOSAT CO2 is strongly influenced by CO2 
emissions from human activities and natural processes. The characteristics of the AIRS CO2 are 
related to both surface sources and large-scale circulation systems [21–22], such as convection and 
eddy mixing. The monthly average bias between GOSAT and AIRS is 3 ppm, while their spatial 
difference (GOSAT minus AIRS) ranges from 2–10 ppm. The distribution suggests a dominant 
transport pathway for lifting pollution from the column average (GOSAT) into the middle and upper 
troposphere [23]. The dominant modes of the GOSAT and AIRS CO2 explain 90.3% and 85.3% of the 
variability, respectively. The leading pattern from GOSAT displays a global increase over land regions, 
while the AIRS pattern exhibits a relatively homogeneous rising mode. 

Additionally, the distribution of seasonal amplitudes was also analysed. The significant GOSAT 
CO2 seasonal amplitudes were found to occur in northeast Asia, northeast North America, and over the 
northern tropical Pacific Ocean. The distributions are dominated by the carbon cycle of the terrestrial 
biosphere [24] and the long-range transport of pollutants from Asia to the Asian Pacific region [25]. 
Moreover, the centre of the AIRS seasonal variations is located in the transition zone across the 
Aleutian Islands and Alaskan Gyre (≥ 8ppm) and Greenland region (≥ 12 ppm). The seasonal 
variations present significant differences in the Arctic regions, indicating the function of tropospheric 
adjustments of sensible and latent heat at the tropopause [26]. 

Lastly, it is important to note that, since no 3-D transport model was used in this study, the origins 
of the CO2 concentrations and the feedback of the spatial distribution of CO2 to climate change need 
further and more detailed study. 
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