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Abstract: Spatiotemporal modal analysis and prediction of tropospheric atmospheric CO concentra-
tion in the world and East Asia from 2002 to 2021 using the inversion data of airs sounder. The results
show that: The CO concentration in the northern hemisphere is higher than that in the southern
hemisphere; from the upper troposphere to the lower troposphere, the CO concentration changes
from “∧“ to “

√
”; the fluctuation range of near surface CO concentration in the northern hemisphere

is relatively intense, and the fluctuation range in the southern hemisphere is relatively small. Using
MK, Sen slope estimation, and EOF analysis, it is found that CO concentration in the convective
middle layer tends to decline in more than 90% of the global area, and the decline rate in the northern
hemisphere is significantly higher than that in the southern hemisphere. In East Asia, the CO concen-
tration in the lower tropospheric marine area is significantly lower than that in the land area. The
average concentration and decline rate of CO in East Asia is always higher than that in the world;
the CO concentration in East Asia is the highest in spring and winter in the lower troposphere; and
the CO concentration in East Asia is lower in the northeast and higher in the southeast in the upper
troposphere in spring, autumn, and winter, and higher in the northeast and Central Plains in summer.
Compared with the three-exponential smoothing model, the prediction error of the VMD-LSTM
hybrid model for atmospheric CO concentration is significantly reduced, which indicates that the
improved neural network prediction model has higher prediction accuracy. The factors affecting the
change of tropospheric CO concentration are not only affected by the ground factors, but also related
to indirect factors such as water vapor, methane, and atmospheric temperature in the atmosphere.

Keywords: CO; EOF; MK; Sen slope estimation; three-exponential smoothing model; VMD-LSTM

1. Introduction

Carbon monoxide (CO) plays a very important role in atmospheric environmental
pollutants. It is one of the main gases of atmospheric pollution sources and is also the gas
with the highest carbon content in the atmosphere—except carbon dioxide and methane.
It acts as an important oxidant in the troposphere when chemical reactions occur, and
plays an important role in the global carbon cycle [1–4]. Since CO is the main sink of OH
free radicals in the atmosphere, the effect of CO on global climate, mainly through the
consumption of OH radicals (about 60%), can be from the impact of the concentration
distribution of greenhouse gases in the atmosphere (CO2, CH4, and O3)—with both a
global or regional influence “greenhouse effect”—which will also have a great impact on
the chemical reactions of free particles in the atmosphere and seriously affect global climate
change [5–8].

CO mainly comes from human activities and the natural ecological environment [9].
Human factors include the metallurgical industry, coal combustion, mine explosions,
exhaust emissions from some vehicles (cars), metabolism and body combustion of some
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animals, etc; the natural factors include frequent earthquakes and volcanic eruptions in
many areas of the island, as well as forest fires. In recent years, the frequent increase
of human industrial activities, which has seriously affected the global CO budget and
climate change has made the research on the temporal and spatial distribution of the CO
concentration of great significance. Given that ground CO observation data will be affected
by the uneven distribution of stations and human factors, satellite detection technology with
omnidirectional, stable, and long time-series can be used to analyze air pollutants [10,11] At
present, many scholars around the world have studied the spatial and temporal distribution
of global or regional CO concentration through data statistics, ground observation, and
satellite remote sensing technology. Since the late 1960s and early 1970s, many scholars
have begun to study the distribution of CO in the troposphere. First, Robbins R C et al. [12],
Seiler et al. [13], and Fishman J et al. [14] analyzed the total amount of carbon monoxide
and ozone columns in the world in terms of latitude and vertical height; the results showed
that the content of these pollutants in the northern hemisphere is always higher than that
in the southern hemisphere, and the change in CO concentration is seasonal. The highest
season of CO concentration in the northern hemisphere is spring, while the highest season
of CO concentration in the southern hemisphere is autumn, and the change is more obvious
in the northern hemisphere. At present, there are relatively few ground-based observation
stations in the world, so many scholars at home and abroad are using satellite remote
sensing data to analyze the spatial–temporal distribution and impact of CO concentration
around the world. Tang born et al. [15] used SCIAMACHY column total data to study
the influencing factors of global and regional distribution. Worden H M et al. [16] used a
MOPITT space instrument to analyze tropospheric CO after 2000, and the decline trend in
the United States, Europe, and East Asia from 2000 to 2010 was very significant. Jindal P
et al. [17] analyzed the temporal and spatial characteristics of atmospheric temperature,
water vapor, ozone, methane, and carbon monoxide in major Indian cities from 2003 to 2012
by using Aqua-AIRS products and found that the total amount of methane columns in all
studied cities showed an upward trend, but the total amount of carbon monoxide columns
showed an obvious downward trend. It is also the focus of many experts and scholars in
the world to study the spatial–temporal variation of atmospheric CO in East Asia, where
the economy is developing rapidly and the industry is already developed. Peng L et al. [18]
calculated the total amount of CO column over the land of China by using satellite model
inversion. Streets D G et al. [19] calculated the concentration of CO in China and revised
the emissions by using sciamachy data. Tohjima Y et al. [20], Yumimoto K et al. [21], Jiang
Z et al. [22], and Zheng B et al. [23] analyzed CO emissions in East Asia and found that
human activities were the main source of CO in East Asia. The increase of CO emissions
in East Asia was mainly caused by the increasing human base. According to MEIC data
analysis, China’s CO emission reduction accounted for 84% of the global total emission
reduction from 2005 to 2016.

Although many scholars have studied the temporal and spatial distribution of CO con-
centration, most of them have studied the total amount of CO column in the global region.
Atmospheric CO plays different roles and changes in different atmospheres. Given that the
troposphere is the level that has the closest contact with human beings, the troposphere
is also the level that has the most drastic changes. Affected by the chemical properties of
CO itself, analyzing the changes of atmospheric CO concentration at different levels in the
troposphere will not only have a significant impact on the study of complex and changeable
tropospheric greenhouse gases, it also provides valuable reference materials for scholars
studying the Earth’s atmosphere system. The total amount of CO column mainly reflects
the overall change of each region, and it is difficult to reflect the space-time distribution
characteristics of atmospheric CO at each level. Therefore, it is necessary to evaluate the
CO concentration at different levels of the atmosphere.

Few studies have studied the temporal and spatial variation trend of CO concentration
in different atmospheric pressure layers in the troposphere in East Asia, where the economy
has developed rapidly, especially during the past decade. In this paper, the spatial–temporal
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characteristics of the global and East Asian regions are analyzed by using the CO data of
different tropospheric pressure layers that were retrieved by the long time-series satellite
detector, AIRS, and the spatial–temporal modal analysis and trend prediction of the global
and East Asian CO concentration changes are carried out by using the meteorological
research algorithms, such as trend testing and modal prediction, which are commonly used
in climate analysis methods.

2. Data Sources and Analysis Methods
2.1. Data Sources

AIRS (Atmospheric Infrared Sounder), a satellite detector mounted on the Earth
observation system (EOS), was launched on 4 May 2002, and its detection wavelength is
4–120 µm. There are 2378 spectral channels with a resolution of 1200 (λ/∆λ), and it mainly
collects atmospheric parameters such as atmospheric temperature, pressure, water vapor,
methane, ozone, and CO. The retrieved standard CO data is from 1000 hPa to 1 hpa, with a
total of 24 pressure layers and a longitude and latitude resolution of 1◦ × 1◦ for a monthly
average dataset—the data storage format is an HDF file, which can be found on the official
website http://old-cdc.cma.gov.cn/satellite/subject.jsp?product=AIRS Get data [24–26],
(accessed on 6 June 2022).

Zhang L et al. [27] used six ground stations at different locations and elevations,
which were used to verify the spectrometer for atmospheric charting (SCIAMACHY),
measurement of pollution in the tropism (MOPITT), and AIRS detectors, respectively.
The research results show that these three kinds of instruments can reflect the spatial
distribution of CO well, and MOPITT and AIRS show high accuracy, and the correlation
coefficient with the detected CO concentration on the ground is mostly more than 0.70.
In conclusion, the carbon monoxide data obtained by using the AIRS detector has high
reliability when analyzing the space-time characteristics.

2.2. Research Methods
2.2.1. Pearson Correlation Coefficient

A Pearson correlation coefficient is mainly used to measure the closeness of the
relationship between two variables, and R is usually used to represent the correlation
coefficient of two groups of variables. In this paper, Pearson’s correlation coefficient is used
to measure the correlation between base station CO data and satellite CO data. At the same
time, the correlation test was also carried out between near-surface CO data and water
vapor, atmospheric temperature, and methane data. The specific calculation formula is
as follows (the calculation formula takes satellite CO data set and satellite methane data
as examples):

xi = (x1, x2, · · · , xn) means a long time-series set of CO data, and yi = (y1, y2, · · · , yn)
means a long time-series set of methane data.

R =

n
n
∑

i=1
xiyi −

n
∑

i=1
xi•

n
∑

i=1
yi√

n
n
∑

i=1
xi

2 −
(

n
∑

i=1
xi

)2
•

√
n

n
∑

i=1
yi

2 −
(

n
∑

i=1
yi

)2
(|R| ≤ 1) (1)

When R > 0, which means the CO data is positively correlated with methane data,
the methane concentration increases; when R < 0, which means the CO data is negatively
correlated with methane data, the CO concentration decreases with the increase of methane
concentration; and when R = 0, said CO and methane data have wireless sexual relation-
ships, in which the greater the absolute value of R, the stronger the correlation between the
two sets of data.

http://old-cdc.cma.gov.cn/satellite/subject.jsp?product=AIRS
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2.2.2. Linear Inclination Rate

The linear tilt rate is mainly used to judge the growth rate of variables with years.
In this paper, the linear tilt rate was used to calculate the annual change rate of different
pressure layers in the world and East Asia from 2003 to 2021. The specific formula is
as follows:

xi represents a variable with CO data amount of N, ti represents the corresponding
time of xi, and the established linear regression equation is as follows:

xi = b + kti (2)

In the formula, k is the slope, b is the regression constant, constant b and slope k are
estimated by the least square method, and the formula is:

k =

n
∑

i=1
xiti − 1

n

(
n
∑

i=1
xi

)(
n
∑

i=1
ti

)
n
∑

i=1
t2
i −

1
n

(
n
∑

i=1
ti

)2 (3)

b = x− kt (4)

The sign of slope k represents the trend of CO. When k < 0, the CO concentration shows
a downward trend in this period; when k > 0, the CO concentration shows an upward trend
in this period. The absolute value of k can measure the degree of the upward or downward
trend of CO concentration change in this period.

2.2.3. Sen Slope Estimation

The linear tilt rate is mainly used to judge the growth rate of variables with years.
In this paper, the linear tilt rate was used to calculate the annual change rate of different
pressure layers in the world and East Asia from 2003 to 2021. The specific formula is
as follows:

The Sen slope estimation method is a robust trend calculation method of non-parametric
statistics proposed by Sen in 1968. This method is insensitive to abnormal data and is
superior to other regression models [28] for trend analysis of long-term series. It is often
used with an MK trend test, and the specific calculation formula is as follows:

β is the Sen slope value of the long time series of CO, which represents the average
change rate and trend of the series. If β > 0, it indicates that the CO concentration shows an
upward trend over time. If β < 0, it indicates that the CO concentration decreases with time.
For CO time-series, xi = (x1, x2, · · · , xn), the Sen slope calculation formula is as follows:

β= Median
( xj − xi

j− i

)
, ∀j > i (5)

In this formula is the median function.

2.2.4. Mann-Kendall (MK) Trend Test

The Mann-Kendall trend analysis method is widely used in meteorology and hy-
drology. The main purpose of this method is to evaluate whether there is an upward or
downward monotonic trend in the dataset [29]. The MK calculation formula is as follows:

For CO time-series, xi = (x1, x2, · · · , xn), n ≥ 0 defines statistic S:

S =
n−1

∑
i=1

n

∑
j=i+1

sgn
(
xj − xi

)
(6)
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sgn(θ) is a sign function. If θ is less than 0, the value is −1; if θ is equal to 0, the value
is 0; and if θ is greater than 0, the value is 1. Z is obtained by standardizing S, and the Z
value is used for the significance test. The formula is as follows:

V =
n(n− 1)(2n + 5)

18
(7)

Z =


S− 1√

V
S > 0

0 S = 0
S + 1√

V
S < 0

(8)

In this paper, Z> 0 can indicate that the carbon monoxide concentration presents an up-
ward trend, otherwise it presents a downward trend. Given significance level α, |Z| ≤ Z1− α

2
,

which shows the trend is not significant. On the contrary, the trend is significant.

2.2.5. Empirical Orthogonal Decomposition Method

The empirical orthogonal function analysis (EOF) is often used to analyze the spatial
and temporal changes of a single field. This analysis method mainly decomposes the
variable field that changes with time into a spatial function part that does not change with
time and a time part that only depends on time [30]. EOF represents the modal space
part, and PC represents the change of the corresponding spatial mode with time. In this
paper, the CO concentration matrix X is decomposed into spatial modes and time-series,
that is X = EOFm∗n ∗ PCm∗n, where m is the global grid number of the CO longitude and
latitude and n is the length of the CO time-series. Therefore, when using EOF to analyze
the spatiotemporal variation characteristics of global CO, it is necessary to combine the
spatial function and time coefficient for analysis and research.

2.2.6. Three-Exponential Smoothing Model Prediction

Exponential smoothing is done by observing the recent data and by giving it a higher
weight compared to the weight given to the earlier data by low, weighting geometric
diminishing at a constant rate, which is done to the recent training data that will play a
role in the forecast analysis in the future, especially when the change in the single index
mathematical model is suitable for a smooth time-series, and when the mathematical model
is suitable for a double index and has a trend in the time-series data. The three-index model
is suitable for time-series data with a trend and periodicity, and is very suitable for the
prediction of seasonal CO concentration trend changes in this paper.

2.2.7. Introduction to the Basic Principles of VMD

VMD is a signal processing and noise reduction method proposed based on time-
frequency analysis. By calculating the Hilbert transform of each modal component, and then
estimating each component using Gaussian smoothing, the sum of the modal bandwidths
can be minimized. The specific formula is as follows:

min
{uk},{wk}

{
K
∑

k=1
||ϑt [(δ(t) +

j
πt ) ∗ uk(t)]e−jwkt

∣∣|22}
s.t.

K
∑
k

uk = f
(9)

where K is the number of set modal components, ukwk are the kth modal component and
the center frequency of the decomposition, and F is the original sequence.

In order to obtain the optimal solution for Formula (9), the constrained variational
problem is changed to the unconstrained variational problem, and the Lagrange function
needs to be used:
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L({uk}, {wk}, λ) =

α
K
∑

k=1
||ϑt [(δ(t) +

j
πt ) ∗ uk(t)]e−jwkt

∣∣|22 +
||x(t)−

K
∑

k=1
uk(t)

∣∣|22 +

〈
λ(t), x(t)−

K
∑

k=1
uk(t)

〉 (10)

where α is the penalty factor of the quadratic term and λ is the Lagrange multiplier.
Finally, VMD uses the alternating multiplier direction algorithm to obtain the optimal

solution for Formula (9) [31].

2.2.8. Introduction to the Basic Principles of LSTM

LSTM is a variant structure proposed to solve the gradient disappearance caused
by the long-term dependence of recurrent neural networks, which has achieved excellent
results in time-series prediction [32,33]. The specific architecture is shown in Figure 1.
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Figure 1. LSTM model diagram.

Ct in the figure represents the cell state; ht is hidden;i, f , and o are the input gate,
forgetting gate, and output gate, respectively; xt is a single cell input; ct−1 is the last cell
state; and ht−1 is the hidden state of the previous cell. The specific calculation formula is
as follows:

ft = sigmoid(W f ∗ [ht−1, xt] + b f ) (11)

it = sigmoid(Wi ∗ [ht−1, xt] + bi) (12)

ot = sigmoid(Wo ∗ [ht−1, xt] + bo) (13)

zt = tanh(Wz ∗ [ht−1, xt] + bz) (14)

ct = (ct−1 ⊗ ft)⊕ (Zt ⊗ it) (15)

ht = tanh(ct)⊗ ot (16)

2.2.9. Evaluating Indicator

1. The mean absolute error (MAE)—the loss value of absolute error—is the mean of
the error between the predicted value and the actual value, which can better represent the
measurement standard between the predicted value and the real value. The calculation
formula is as follows, where n is the number of samples,yi is the actual value of CO
concentration, and h(xi) is the model predicted value:
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MAE(X, h) =
1
n

n

∑
i=1
|h(xi)− yi| (17)

2. The root mean square error (RMSE), which represents the standard deviation of the
deviation between the real value and the predicted value, is calculated as follows:

RMSE =

√
1
n

n

∑
i=1

(yi − h(xi))
2 (18)

3. The coefficient ( ) is determined to represent the generalization ability of the model,
and the values range from 0 to 1. The larger the value is, the better the prediction effect
of the model. When the value is 1, the model has the best performance. The calculation
formula is as follows:

y =
1
n

n

∑
i=1

yi (19)

R2 = 1−

n
∑

i=1
(h(xi)− yi)

2

n
∑

i=1
(yi − y)2

(20)

3. Temporal and Spatial Distribution Characteristics of Global CO
3.1. Spatial Variation Characteristics of CO in Different Pressure Layers of Troposphere

Figure 2 shows the spatial distribution and latitude variation trend of global CO
concentration when the atmospheric pressure layer is 850 hPa, 500 hPa, and 100 hPa, respec-
tively. The selected period is the average CO concentration from 2003 to 2020. Figure 2a,b
shows the CO concentration data in the lower troposphere close to the ground (850 hPa).
It can be seen from Figure 2b that the latitude variation curve of CO concentration in this
atmospheric pressure layer shows a “spoon”-type change. The CO concentration in the
southern hemisphere is lower than that in the northern hemisphere as a whole, mainly
because the CO concentration is mainly influenced by human activities and surface organ-
isms (photosynthesis)—since the majority of sea areas are in the southern hemisphere and
there is more land distribution in the northern hemisphere; furthermore, human activities
and vegetation growth are mainly concentrated in the northern hemisphere. Therefore,
compared with the southern hemisphere, the spatial distribution of CO concentration in the
northern hemisphere is scattered and fluctuates greatly. It can be seen from Figure 2a that
the CO concentration in East Asia, North America, and parts of Africa is generally higher.
The regions with high CO concentrations in the world are mainly concentrated in the East
Asian mainland, which may be because the CO concentration in China is generally higher
than that in other regions due to the rapid economic development and heavy industry
activities in China over the past 40 years. Figure 2c,d shows the CO concentration in the
middle troposphere (500 hPa). The change pattern of this atmospheric pressure layer is
similar to that of the lower troposphere. Under the influence of land (human activities
and surface organisms) and ocean, the CO concentration in the northern hemisphere is
significantly higher than that in the southern hemisphere, and the overall concentration in
this layer is relatively low. However, in addition to the East Asian continent, the high-value
area also increased in central Africa. The reason why central Africa forms a high-value area
in the middle troposphere may be caused by the climate, geographical location, and tropo-
spheric characteristics. Central Africa belongs to a tropical climate and tropical rainforest
climate and is in a high-temperature state all year round. Therefore, atmospheric CO in
the lower troposphere is easy to react with OH ions in the air, resulting in low CO in the
lower troposphere, and because tropospheric temperature gradually decreases with the
increase of altitude. Moreover, most of northern Africa is a plateau, however, central Africa
is located in a basin, so as the height increases, CO reacts less with free factors in the air
and CO from the plateau around the plain will also flow to the central region, thus forming
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a high-value area of CO concentration in the central troposphere. Figure 2e,f shows the
perennial average distribution of CO in the upper troposphere (100 hPa). Combined with
Figure 2a,c,e, it can be seen that with the gradual decrease of the atmospheric pressure layer,
the spatial variation of CO concentration shows a great change. When the atmospheric
pressure layer is 100 hPa, the global CO concentration is generally at a low value. It is
difficult to see the global CO concentration distribution from the spatial distribution map,
so it can only be analyzed from the latitude change curve. For example, Figure 2f is the
tropospheric latitude change map of 100 hPa. Given that it can be seen from Figure 2e, the
CO concentration in the upper troposphere is at a very low value compared with the CO
concentration in the lower troposphere. When drawing the latitude change map of the
upper troposphere, the maximum and minimum values of CO concentration in the upper
troposphere are selected as the critical values for controlling the concentration range of the
latitude change curve. It can be seen from the figure that when the pressure layer reaches
100 hPa, its latitude change curve shows a “∧” type structure, that is, the CO concentration
reaches the highest value near the equator.

In different pressure layers, global CO concentration and latitude changes make a
big difference in spatial distribution and the main reason for this may be affected by the
biological activity on the ground as well as atmospheric circulation; and CO from the
ground up to the sky, in different altitude and warp/weft regions, CO and OH radicals,
ozone in the air, and hydrogen. Therefore, the distribution of CO concentration varies
greatly under different atmospheric pressure layers.

3.2. Analysis of Temporal Variation Characteristics of Near-Surface CO

Figure 3 shows the time variation characteristics of global CO concentration in at-
mospheric pressure layers at 850 hPa (about 1 km above sea level) from January 2003 to
December 2020. Figure 3a shows the characteristics of the global monthly average changes
in even years. It can be seen from the figure that CO concentration reaches the lowest
value from June to August, which may be because the northern hemisphere is in summer
from June to August—the growing season for land plants. Figure 3b shows the monthly
average variation of CO concentration in the northern and southern hemispheres. It can be
seen from the figure that CO concentration in the northern hemisphere presents a down-
ward trend, while the change in the southern hemisphere is relatively gentle. This may
be influenced by human activities and surface organisms. Compared with the southern
hemisphere, the CO concentration in the northern hemisphere has a larger cyclical range
and a more violent fluctuation. As the seasons in the northern and southern hemispheres
are opposite, vegetation growth and climate change show opposite trends, so the periodic
change of CO concentration in the southern hemisphere is indirectly opposite to that in
the northern hemisphere, that is, the highest season of CO concentration in the northern
hemisphere is spring, while the highest season in the southern hemisphere is autumn.
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3.3. Temporal and Spatial Variation Characteristics of Nea- Surface CO during the Four Seasons

Since the four seasons in the southern hemisphere and the northern hemisphere are
not the same, this section analyzes the global four seasons according to their quarterly
distribution. The specific division is as follows: March to May stands for the first quarter;
June to August stands for the second quarter; September to November stands for the third
quarter; and December to February of the next year stands for the fourth quarter. Figure 4
shows the broken line chart and violin chart of the seasonal changes of the atmospheric
pressure layer at 850 hPa in the world, and for the northern hemisphere and the southern
hemisphere. Combined with the statistical analysis of the seasonal data in Table 1, it can be
seen that the seasonal changes of CO in the world and the northern hemisphere are the same.
It can be clearly seen from Figure 4a,d and Figure 4b,e that CO presents a “

√
” shape change

during the four seasons of the year, which means CO concentration decreases from the
first quarter and gradually increases after reaching the lowest value in the second quarter.
It can be seen from Figure 4c,f that the CO concentration in the southern hemisphere
shows a reverse change of “

√
” shape throughout the year, that is, the CO concentration

increases from the first quarter and begins to decrease after reaching the peak in the third
quarter; the reason may be that the seasonal variation of CO in the northern hemisphere
accounts for a larger weight in the world due to the opposite seasons in the southern
hemisphere and because of the majority of land in the northern hemisphere, as well as
the more intensive plant growth and human activities, forming the same type of seasonal
variation in the global and northern hemispheres, while the change type in the southern
hemisphere is opposite. By observing the analysis in Figure 4a–c, it can be seen that CO
concentration in the global and northern hemispheres show a downward trend, while that
in the southern hemisphere shows a gentle change, which is the same as discussed in the
previous discussion. According to Figure 4d–f and Table 1, under the influence of ground
factors, the seasonal mean and variance of the northern hemisphere are significantly higher
than those of the global and southern hemispheres, indicating that CO concentration in
the northern hemisphere varies greatly and fluctuates violently. In addition, there are
obvious discrete values of CO concentration during the first quarter in the global and
northern hemispheres, while there are obvious discrete values in autumn in the southern
hemispheres. From the perspective of probability distribution, the distribution of CO
concentration during the four seasons in the global and northern hemispheres is extremely
uneven, which may be influenced by regional factors and animal and plant activities.

Table 1. Mean value, standard deviation, and minimum value and maximum value of CO concentra-
tion during the four seasons of the world, northern hemisphere and southern hemisphere from 2002
to 2020.

Area Mean (×10−9) Std (×10−9) Min (×10−9) Max (×10−9)

Global First quarter 104.99 4.12 98.88 112.97
Global Second quarter 92.17 3.35 87.77 100.98
Global Third quarter 100.51 3.56 95.47 106.56

Global Fourth quarter 104.60 3.54 98.92 110.50
Northern First quarter 138.83 6.52 129.21 150.97

Northern Second quarter 105.43 4.76 98.35 118.46
Northern Third quarter 112.06 3.76 107.32 121.14

Northern Fourth quarter 135.21 5.05 127.62 142.79
Southern First quarter 66.32 1.61 63.95 69.55

Southern Second quarter 77.01 1.98 74.22 81.02
Southern Third quarter 87.31 3.74 81.89 93.49

Southern Fourth quarter 69.87 2.22 67.11 73.77
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Figure 4. Line chart and violin chart of the four seasons change of the Global CO concentration
850 hPa pressure layer from 2003 to 2020. (a,d) Global; (b,e) northern hemisphere; (c,f) southern
hemisphere.

Figure 5 shows the spatial distribution of global CO concentration in the even number
years of 850 hPa atmospheric pressure from 2003 to 2020. It is obvious from the figure
that global CO concentration shows a decreasing trend, and the CO concentration in the
northern hemisphere is higher than that in the southern hemisphere. As can be seen from
the spatial distribution diagram of the four seasons, the CO concentration is highest during
the first quarter in China in the northern hemisphere, and highest in the third quarter in
southern Africa in the southern hemisphere. In addition, the CO concentration is high
in some regions with rapid development and developed animal husbandry and heavy
industry (such as East Asia, Africa, and North America). Especially in eastern China, high
values of CO concentration often occur during the first quarter and fourth quarter, but
default values occur in Greenland, Antarctica, and the Qinghai-Tibet Plateau. Due to the
influence of altitude factors on the Qinghai-Tibet Plateau, the default value appears in
the area of the Qinghai-Tibet Plateau. The specific reasons will be studied in East Asia in
the following part. Antarctica and Greenland are relatively cold arctic climates where the
temperature is low, the content of the vegetation is less, and human activity is relatively
low, leading to low CO concentrations. In a year, the four seasons in Antarctica, Greenland,
and the polar regions of the Qinghai-Tibet Plateau produce a low content of atmospheric
pollution gases, such as CO.
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4. Temporal and Spatial Distribution Characteristics of CO in East Asia

According to the analysis of the global CO temporal and spatial distribution map, it
can be seen that the economic development in East Asia has been relatively rapid during
the past 40 years, and human activities have been relatively intensive, resulting in high
CO concentrations and violent fluctuations in this region. Therefore, this section mainly
analyzes the spatial and temporal distribution characteristics of CO in East Asia. From
the analysis of the space-time distribution characteristics of different pressure layers in the
world, it can be concluded that the minimum and maximum values of different pressure
layers in the troposphere are very different. Therefore, the minimum and maximum values
of CO concentration in this layer are selected for the control of plotting the concentration
range of different pressure layers in this section.

4.1. Spatial Variation Characteristics of CO at Different Pressure Layers in Troposphere

Figure 6 shows the spatial distribution of CO concentration in East Asia in the baro-
metric layer at 850 hPa, 500 hPa, 300 hPa, and 150 hPa, respectively. Combined with
the analysis of the mean, variance, and standard deviation of each barometric layer in
Table 2, the average layer-by-layer concentration gradually decreases with the upward
diffusion of the atmosphere and the horizontal movement of some aerosols, and the spatial
distribution of each layer varies greatly—while the standard deviation of the four layers
decreases gradually. The CO concentration becomes more and more stable with the increase
in altitude.
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from September 2002 to December 2021. (a) 850 hPa; (b) 500 hPa; (c) 300 hPa; (d) 150 hPa.

Table 2. From September 2002 to December 2021, the mean, variance, and standard deviation of CO
in different pressure layers in East Asia.

Atmospheric Pressure Layer (hPa) Mean (×10−9) Var (×10−9) Std (×10−9)

850 125.56 246.43 15.70
500 109.93 133.77 11.57
300 92.09 54.41 7.38
150 58.49 6.96 2.64

Figure 6a shows the data for CO concentrations in the lower troposphere (850 hPa). It
can be seen from the figure that most of the area in the Qinghai-Tibet Plateau is missing,
because the average altitude of the Qinghai-Tibet Plateau is 1 km under 850 hPa atmo-
spheric pressure, while the average altitude of the Qinghai-Tibet plateau is 4–5 km and
the corresponding pressure is about 700 hPa to 500 hPa. Therefore, no specific study has
been made on the 1000–700 hPa pressure layer in the Qinghai-Tibet Plateau. However, in
East Asia, the data of longitude 110◦ E to the east is reliable. It can be seen that the CO
concentration in some areas of eastern China (110◦ E~120◦ E, 35◦ N~40◦ N) is high, and the
average total value of CO can reach 125.56 × 10−9—and the CO concentration in marine
areas are significantly lower than that in land areas; this could be due to human activity
and surface life. The CO high values in East Asia are mainly in the hinterland of central
China (Beijing, Tianjin, and the neighboring provinces), Sichuan Basin, and Yangtze River
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Delta. Figure 6b shows the spatial distribution of CO at the middle troposphere (500 hPa).
As can be seen from the figure, since the average altitude at 500 hPa is 5.5 km, there is
no missing value of CO concentration in the Tibetan Plateau, which can better reflect the
spatial distribution characteristics of CO in East Asia.

According to the analysis of the spatial distribution diagram in Figure 6, it can be
concluded that between the pressure layers of 500 hPa and 150 hPa, the two main high-
value areas in East Asia are the hinterlands of central China (Henan, Hebei, Shandong,
etc.), the Sichuan Basin, and the southeast coastal area. In general, the spatial distribution
of CO concentration in China is high in the east and low in the west. With the atmospheric
pressure rising from 850 hPa to 150 hPa, the high-value area of CO concentration in China
gradually shifts to the southeast coastal areas.

4.2. Temporal Variation Characteristics of Different Pressure Layers in Troposphere

Figure 7 shows the time-series variation in the tropospheric CO concentration in
East Asia.
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It can be seen from Figure 7a that during the period from 2003 to 2020, when the atmo-
spheric pressure layer is 850 hPa and 500 hPa, the CO concentration in East Asia gradually
decreases periodically. As can be seen from the figure, the lower the troposphere is (that is,
the closer it is to the ground), the more significant the change trend of CO concentration
and the more severe the fluctuation is. Possible reasons for this are that CO is consumed
by some OH free radicals in the atmosphere during upward transportation, which makes
the concentration of CO more stable at high levels, and is affected by human factors due to
its proximity to the ground (such as automobile exhaust emissions, fossil fuel combustion,
and forest fire combustion, etc.). The CO concentration in the lower troposphere fluctuates
greatly, while the CO concentration in the upper troposphere changes gently.

It can be seen from Figure 7b that monthly changes are obvious in the middle and
lower troposphere (850 hPa and 500 hPa). At 850 hPa, CO increased gradually from January
to March, reached the highest concentration in March, then decreased to the lowest value
in July, then slowly increased again. At 500 hPa, CO concentration increased from January
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to April, reached the highest value in April, and then decreased to the lowest value in July,
and then slowly increased.

4.3. Interannual Variation Characteristics of Different Atmospheric Pressure Layers in Troposphere

In order to analyze the annual change trend of CO concentration at different atmo-
spheric pressure levels in East Asia, this section selected CO concentration data from 2003
to 2021 at different atmospheric pressure levels by year aggregation grouping. AIRS CO
data can be divided into 24 atmospheric pressure layers. In this paper, 1000 hPa, 925 hPa,
and 850 hPa are divided into lower troposphere, 700–400 hPa into middle troposphere, and
300–100 hPa into high troposphere. In this section, 850 hPa is selected as low troposphere,
500 hPa as middle troposphere, and 300 hPa as high troposphere CO data. Then, the CO
concentration of different pressure layers was linearly fitted.

Combined with Figure 8 and Table 3, it can be observed that: In the lower troposphere,
as shown in Figure 8a, the average CO concentration in East Asia was significantly higher
than the global average CO concentration during the same period. On the whole, the CO
concentration in both the world and East Asia showed a significant downward trend. The
interannual linear regression between the world and East Asia revealed that the correlation
coefficients were −0.904 and −0.954. The fitting slopes of CO concentration in the lower
troposphere of the world and East Asia are −0.552 × 10−9 and −1.129 × 10−9, respectively.
In other words, CO concentration decreased by 5.52 × 10−9 and 11.29 × 10−9 per decade
in the global and East Asia regions, respectively. The average annual decline rate of
CO concentration in East Asia was larger than that of the global rate during the same
period. It can be seen from Figure 8b that the variation trend of CO concentration in the
middle troposphere and in East Asia is similar to that in the lower troposphere, showing
a downward trend, but the trend is gentler than that in the lower troposphere. After the
annual average linear regression for the global and East Asian regions, they both pass the
significance test of 0.01, and the Pearson’s correlation coefficients of the two are −0.662 and
−0.825 respectively, which are significantly negatively correlated with the annual growth.
The fitting slopes of global and East Asian CO concentrations in the middle troposphere
are −0.297 × 10−9 and −0.700 × 10−9, respectively, that is, the concentration of CO in the
world and East Asia decreases by 2.97 per 10 years ×10−9 and 7.00 × 10−9, respectively,
and the global decline rate ratio is still smaller than that in East Asia. Figure 8c shows that
the change trend of global and East Asian CO concentration in the upper troposphere is
very different from that in the middle and lower troposphere. First, the change in CO in
the upper troposphere is relatively gentle, and there is no obvious upward and downward
trend. After linear fitting, it is found that the correlation coefficients of the two are −0.037
and −0.417, and neither of them has passed the significance test of 0.01, indicating that in
the upper troposphere, although the regional and global CO concentration in East Asia is
negatively correlated with the year, the change trend is not obvious.
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Table 3. Linear fitting of different pressure layers of CO concentration in East Asia and the world
from 2003 to 2020.

Atmospheric Pressure Layer
(hPa) Area Linear Fitting Slope

(×10−9/a) Correlation Coefficient

850
Global −0.552 −0.904 **

East Asia −1.129 −0.954 **

500
Global −0.297 −0.662 **

East Asia −0.700 −0.825 **

300
Global −0.009 −0.037

East Asia −0.159 −0.417
Note: ** It means passing the significance test of 0.01.

4.4. Interannual Variation in Different Latitudes of Different Tropospheric Pressure Layers

In order to further study the variation of CO concentration in different latitudes in East
Asia under different pressure layers, this paper analyzes different latitudes according to the
division of seasonal years (September 2002–August 2003 is the average CO concentration
in different latitudes in 2002) from September 2002 to September 2021. The longitude and
latitude range of East Asia is: latitude; 0◦ N~60◦ N, longitude; 70◦ E~150◦ E. Figure 9a
shows the interannual variation diagram of different latitudes at 850 hPa in the barometric
layer. From the vertical view of the figure, the concentration in the latitude zone from 0–10◦

N to 20–30◦ N rises section by section. After 20–30◦ N, the change of CO concentration is not
obvious, showing a state of line adhesion. From the horizontal (interannual change) of each
latitude segment in the figure, each latitude segment shows a gradually decreasing trend
at 850 hPa, which is consistent with the interannual change trend of the whole East Asia
region studied above. Figure 9b–d show the interannual variation of CO at 500 hPa, 300 hPa,
and 150 hpa, respectively. From the figure, it can be seen that with the gradual increase of
the pressure layer, the interannual variation of CO concentration at each latitude is more
disordered, which may be due to the different absorption capacities of aerosols at different
latitudes when CO diffuses to the upper layer, resulting in more and more disordered CO
concentration at different latitudes of different pressure layers. As can be seen from the
figure, in the interannual variation of CO at different atmospheric pressure layers and
at different latitudes, the concentration of CO suddenly increased in 2015, especially at
low latitudes. According to the data consulted, it was found that fires occurred in East
Asia many times in 2015. For example, an explosion of industrial alcohol in Kunming,
Yunnan Province; a major fire and explosion accident in Tianjin, an explosion of a chemical
plant in Shandong Province, and a fire accident in Harbin, etc., may all be the cause of the
sharp increase in CO concentration. In addition, the change of CO concentration may also
be related to atmospheric temperature. According to the 2015 Climate Status Statement
released by the World Meteorological Organization, due to the influence of human activities
and strong El Niño, May 2015 be the hottest year in the world, and the ocean temperature
will increase significantly and the ocean heat will break the record again. The mutation
of CO concentration was most obvious in the low latitude region of East Asia, where the
proportion of low latitude ocean region was larger.
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4.5. Seasonal Spatial Variations of Different Atmospheric Pressure Layers in Troposphere over
the Years

In order to further analyze the seasonal spatial variation of CO in East Asia, the AIRS
satellite sounder was used to obtain the seasonal variation of CO concentration in different
atmospheric pressure layers from September 2002 to August 2021. Since East Asia is located
in the northern hemisphere, spring, summer, autumn, and winter were divided according
to the seasonal and monthly variations of the northern hemisphere. The spring in East Asia
is from March to May, the summer is from June to August, autumn is from September to
November, and winter is from December to February. Figure 10 shows the spatial changes
in East Asia during four seasons at 850 hPa, 500 hPa, 300 hPa, and 150 hPa from 2002
to 2020.

As can be seen from the strip of each layer in the figure, the CO concentration gradually
decreases with the increase in the altitude layer, which is consistent with the previous
conclusion. From space, the four seasons change each layer of CO concentration that exists
because of obvious seasonal change at 850 hPa due to high altitude areas, such as the
Qinghai-Tibet Plateau satellite, which did not detect the CO concentration, so the default
value of the obvious—the spring and winter CO concentration—were significantly higher
than that of summer and autumn, and the high-value area in the middle and lower reaches
of the Yangtze River in China, as well as the central plains and coastal regions in northeast
China. The possible reason for this is that in winter and spring, when the weather is
cold and heating is supplied in northeast China, a large number of fossil fuels (coal, oil,
natural gas, etc.) will be burned, resulting in a large number of polluting gases, such as
CO. The development of heavy industry in the hinterlands of central China and coastal
areas (for example, iron and steel smelting, machinery industry, and chemical industry,
etc.) will produce harmful gases, such as methane and CO, and greenhouse cultivation in
recent years gradually increased due to this because of the need to increase greenhouse
temperature in winter, given that most people will use a coal fire for heating. Given that
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incomplete combustion in the process also produces CO, this may be one of the causes
of CO in the spring and winter; secondly, this may be due to the festival in the spring
and winter when temperatures are low, which results in the diffusion of some discrete
gases and pollutants into the air. However, in the summer, due to rising temperatures,
the diffusion of atmospheric pollutants is accelerated, and the chemical reaction is active
in the atmosphere in the summer, making it easier for CO oxidation and OH particles to
produce carbon dioxide—resulting in the CO concentration being low in the summer. In
addition, there is more rain in autumn because the rain also plays a role in washing and
cleaning some pollutants in the atmosphere, which may also cause the low concentration
of CO in autumn. The seasonal spatial variation varies greatly from 500 hPa to 850 hPa.
Although the CO concentration is still high in spring and winter, the coverage area of the
high-value area increases gradually, and the value is also detected in areas with higher
elevations (such as the Qinghai-Tibet Plateau), especially in spring, where the high-value
areas of CO concentration almost cover the whole region of China. At 300 hPa and 150 hPa
atmospheric pressure layers, the spatial distribution of CO in the upper troposphere is quite
different from that in the middle and lower troposphere. In the upper troposphere, the
CO concentration is higher in the southeast and lower in the northeast in spring, autumn,
and winter, and the high-value areas are always located in the southeast coastal region. In
summer, the CO concentration in the northeast and central China is significantly higher
than that in the south. This may have to do with the temperature of the atmosphere as the
gas spreads upward and because of the seasonal wind directions.
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to 2020.

5. Analysis of Temporal and Spatial Variation Trend of CO

In order to explore the variation trend of tropospheric CO concentration in the world
and East Asia deeply, based on CO concentration data from 2003 to 2021, this section uses
the MK trend test and EOF method to analyze the spatiotemporal variation of global CO
concentration. Figure 11 shows the annual mean value and change rate of CO concentration
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at 24 vertical layers in the world and East Asia from 2003 to 2021. It can be seen that the CO
concentration and decline rate in the troposphere in East Asia are always higher than those
in the world, and the mean value and change rate of CO concentration gradually fits with
the increase of altitude. When the atmospheric pressure reached the stratosphere, the line
chart of CO concentration and change rate in the global and East Asia regions gradually
coincided. The analysis showed that the change of CO concentration in the troposphere
was relatively complicated. Given that the CO concentration in the polar regions in the
lower troposphere (Greenland, Qinghai-Tibet Plateau, and Antarctica, etc.) was affected
by geographical factors, it was difficult to detect the CO concentration. The middle and
upper troposphere was selected for analysis of the temporal and spatial variation trend of
the CO concentration.
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5.1. Analysis of Long-Term MK Space Variation Trend of CO Concentration in the Global Middle
and Upper Troposphere for many Years

In order to better predict the change trend of global CO concentration, the MK trend
test and prediction method are used in this section to predict the advance trend test and
Sen slope estimation of each fence grid point in the global middle and upper troposphere
(500 hPa, 300 hPa, and 100 hPa) from 2003 to 2021, as shown in Figure 12. Figure 12a,b
shows the MK z-value trend test and Sen slope space estimation prediction diagram when
the atmospheric pressure layer is in the middle troposphere (500 hPa), respectively. It can
be seen from the figure that CO concentration shows a downward trend in more than 90%
of the global regions, and the decreasing rate in the northern hemisphere is significantly
higher than that in the southern hemisphere, and the CO concentration drops especially
rapidly in East Asia. In particular, the decline rate is the largest in the Central Plains
and southeast regions of China, which may be related to the promulgation of low-carbon
development and the increase of vegetation planting in China in recent years—so that
the CO emissions in land areas gradually decreased, and the decline rate is relatively fast
compared with other regions. Figure 12c,d and Figure 12e,f show the spatial trend variation
of the upper troposphere (300 hPa and 100 hPa). The figure shows that with the rise of the
altitude level, the spatial trend of CO changes greatly. At 300 hPa, there are many high
values of the CO concentration rising trend between 30◦ S and 30◦ N, but there is still a
significant downward trend of CO concentration in most parts of East Asia. When the
pressure layer reaches 150 hPa, there is an obvious high-value belt of CO rising from the
south latitude to equator. At this time, there was an obvious upward trend in most parts
of the northern hemisphere, but there was still an obvious downward trend in Antarctica,
Greenland, and some parts of East Asia (Beijing, Tianjin, Hebei, Shandong, and Sichuan
in China).
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has passed the 95% significance test.

At different altitudes, there is a huge difference in the spatial variation trend of CO,
which may be mainly due to the reduction and oxidation of CO, which is prone to chemical
reactions. In the upward diffusion of CO with atmospheric circulation, under different
latitudes, humidity and temperature, and other spatial factors—under certain conditions—
CO easily reacts with OH, O, H, and other free particles in the air. Due to the complex
atmosphere of the troposphere, there are huge differences in the variation trend of CO in
different regions at different altitudes.

5.2. Analysis of Temporal and Spatial Modal Characteristics of Global Tropospheric CO
Concentration over the Years

In this section, the monthly average data of global atmospheric CO concentration are
processed by using the detection data from 2003 to 2021 to obtain the annual average CO
concentration of different atmospheric pressure layers in the troposphere. In this section,
100 hPa, 500 hPa, and 850 hPa are selected to represent the variation trend of CO in the high
and low troposphere, respectively. Then, the EOF method (empirical orthogonal function
analysis method) was used for modal decomposition, and the variance contribution rates
of the first six modes of CO concentration in the three global atmospheric pressure layers
were obtained, as shown in Table 4. The larger the variance contribution rate was, the
more it could reflect the spatial and temporal distribution characteristics of atmospheric
CO concentration in different atmospheric pressure layers in the global troposphere over
19 years.
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Table 4. Variance contribution and cumulative variance of the first six modes of EOF analysis of CO
concentration in different pressure layers of the global troposphere.

Mode EOF1 EOF2 EOF3 EOF4 EOF5 EOF6 Cumulative Variance

850 hPa 88.90% 3.32% 2.65% 1.15% 0.67% 0.55% 97.24%
500 hPa 56.84% 14.95% 13.98% 3.86% 2.05% 1.45% 93.13%
100 hPa 80.72% 6.25% 4.00% 2.22% 1.06% 0.85% 95.10%

It can be seen from Table 4 that the three levels of the troposphere before the six modal
cumulative variance contribution rates were over 93.13% because each layer—EOF1, which
accounted for the largest area—has can basically reflect the characteristics of the spatial
and temporal variations of different pressure layers, so this section is mainly used for
different air layers of the first mode of the corresponding coefficient of space and time
change. Figure 13 shows the spatial distribution and time coefficient of the pressure layer
in the first mode of 850 hPa, 500 hPa, and 100 hPa.
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Figure 13a,b show the spatial distribution of EOF1 and the time coefficient of PC1
when the pressure layer is in the lower troposphere (850 hPa), respectively. As can be seen
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from the spatial distribution diagram in Figure 13a, except for positive values in a few areas
such as Antarctica and default values in some polar regions, negative values are observed
in other regions of the world. This indicates that the global spatial variation trend in the
lower troposphere is consistent from 2003 to 2021, that is, the CO concentration in the lower
troposphere increases or decreases simultaneously. Combined with the time coefficient
figure in Figure 13b, it can be seen that the time coefficient was negative from 2003 to 2008,
but positive after 2011, indicating that the global atmospheric CO concentration in the
lower troposphere showed a downward trend. Especially after 2017, the time coefficient
value was very large and positive. This reflects that the global CO decline trend after 2017
is extremely significant.

Figure 13c,d show the spatial distribution of EOF1 and the time coefficient of PC1 in
the middle troposphere (500 hPa), respectively. It can be seen from the spatial distribution
diagram of Figure 13c that the spatial variation trend of the middle troposphere and lower
troposphere is roughly the same. Except for Antarctica, the Arabian Sea, and the Bay
of Bengal, other regions of the world show negative values. Combined with the time
coefficient diagram of Figure 13d, it can be seen that the time coefficient was negative
during 2003–2007. The positive values are mostly from 2008 to 2021, which indicates that
the global atmospheric CO concentration in the middle troposphere has a declining trend
during the past 19 years, which is consistent with the spatiotemporal variation trend of the
global atmospheric CO concentration in the middle troposphere analyzed by MK above.

Figure 13e,f shows the spatial distribution of EOF1 and the time coefficient of PC1
when the pressure layer is in the upper troposphere (100 hPa), respectively. As can be seen
from the spatial distribution diagram in Figure 13e, the spatial variation trends of the upper
troposphere and the middle and lower troposphere are very different, with negative values
in Greenland, the Mengjiala Bay Sea, South China Sea and parts of Sichuan, and North
and East China, while there are positive values in other parts of the world. Combined with
Figure 13f’s time coefficient figures, it can be seen that the time factor in the 2003–2011
annual average is negative, while later in 2012, when it is in the majority, it is positive. The
CO concentration in the upper troposphere in 2012 in many parts of the world is increasing,
but the South China Sea in China, as well as Sichuan, Beijing, Tianjin, Hebei, and Shandong,
among other places, are part of a downward trend. This is consistent with the previous
analysis of the spatiotemporal variation trend of global atmospheric CO concentration in
the upper troposphere for 19 years by MK.

5.3. Prediction and Analysis of Near-Surface Global and East Asian CO Concentration Using the
Three-Exponential Smoothing Model

In this section, the atmospheric pressure layer is selected as 850 hPa to conduct a
time-series data prediction and analysis on the monthly mean concentration of CO in the
global and East Asian regions for the 19 years from January 2003 to December 2021. As can
be seen from the above analysis, CO concentration in the near-surface region (850 hPa) in
the global and East Asian regions shows a periodic trend change. Therefore, this section
carries out a prediction and analysis by constructing a three-exponential smoothing model
that is suitable for seasonal changes.

Figure 14 shows the prediction of CO concentration in the global and East Asian
near-surface regions using the three-exponential smoothing model with a 95% confidence
interval. It can be seen from Figure 14 that the three-exponential smoothing prediction
model has a good prediction effect on the global and East Asian regions, and the errors
between the predicted value and the real value are small—all within the 95% confidence
interval. As can be seen from the prediction results, the near-surface CO concentration in
the global and East Asian regions will continue to maintain a seasonal downward trend
in the future. Table 5 is the evaluation index of the model. It can be seen from the model
index that the MAE and RMSE of the three-exponential smoothing prediction model in the
world and East Asia are relatively low, while the is relatively high—both above 0.9—and
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the prediction accuracy is relatively high. Therefore, the model is relatively reliable for the
future global and East Asian CO concentration temporal variation trend.
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Table 5. Evaluation index of global and East Asian near surface CO data sets under three-exponential
smoothing model.

Area MAE RMSE R2

Global 1.469 1.915 0.918
East Asia 2.154 2.797 0.972

5.4. Construction of Global CO Concentration Prediction Model Based on VMD-LSTM

In recent years, with the rapid development of deep learning, artificial intelligence
based on deep neural networks has been widely used in various fields. Among them, LSTM
is a special time recursive neural network. Due to the non-linearity and non-stationarity of
atmospheric CO concentration time-series data, the prediction accuracy of using an LSTM
model alone is not ideal. Therefore, in this section, VMD is used to preprocess the CO
time-series data, extract the essential features in the complex series, and then LSTM is used
for the prediction and reconstruction, respectively. Finally, the evaluation index is used to
evaluate the model, and the evaluation accuracy of the prediction is compared with that
of the three-exponential smoothing model. In Figure 15, the framework diagram of the
VMD-LSTM atmospheric CO concentration prediction model is shown.

First, the experimental data used in this section are the 228-month average CO con-
centration data in the troposphere for 850 hPa for the global region from January 2003 to
December 2021, with a time resolution of months. Secondly, the dataset is divided. In
this section, the CO concentration time-series dataset is divided into a training set and a
verification set according to the ratio of 8:2. The prediction model is generated using the
training set. Finally, the error and accuracy of the model are tested using the verification
set data.

In Figure 16, the decomposition diagram of the CO concentration VMD signal is
shown. VMD confirms the appropriate number of variational modes according to the
distribution of the central frequency. The decomposition effect of VMD is mainly affected
by the value of the number of modes. For example, when the number of modes is small,
some important information from the original data may be filtered out, thereby affecting
the prediction accuracy. If the number of modes is large, it may cause mode repetition or
noise. After many experiments in this paper, it was concluded that it is optimal when the
number of modes is 5, that is, the original data is decomposed into 5 IMF. The bandwidth
alpha is 7000, the noise tolerance tau is 0, and the control error constant Tol is 1 × 10−7. The
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model decomposes the 228-month CO concentration time-series set. The IMF components
are ranked from low frequency to high frequency. Imf1 fluctuates greatly, representing that
the overall change trend of CO concentration is similar to the residual component of EMD
decomposition and shows a downward trend. Imf2, imf3, and imf4 have good periodic
waves and strong regularity. The side reaction CO concentration shows a periodic change
trend, which is consistent with the conclusion drawn from the previous analysis of the
global monthly average change trend of CO.
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Based on the VMD decomposition data, each IMF is predicted by LSTM, as shown
in Figure 17. There is a comparison between the real value and the predicted value of the
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training set and the verification set of the VMD-LSTM prediction model. It can be seen from
Figure 17 that the VMD-LSTM prediction model has a good fitting effect and a high degree
of agreement on both the training set and the verification set. The comparative analysis
of the three-exponential smoothing model and VMD-LSTM by using the evaluation index
shows that the Mae and RMSE of VMD-LSTM are lower than those of the three-exponential
smoothing model, which proves that the prediction effect of the VMD-LSTM mixed model
is better.
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6. Discussion
6.1. Temporal and Spatial Changes and Trends of Atmospheric CO Concentration in the World and
East Asia

Previous scholars’ research on the temporal and spatial distribution of global CO
shows that the atmospheric CO content in the northern hemisphere. is higher than that in
the southern hemisphere, and it changes periodically. The highest season of the northern
hemisphere is the first quarter, while the highest season of the southern hemisphere is the
third quarter [12–14], which is consistent with the conclusion of this paper in analyzing the
temporal and spatial variation characteristics of global near-surface CO (Figures 3 and 4). In
order to further highlight the change of CO concentration near the ground in the northern
and southern hemispheres, this section uses the CO concentration data when the pressure
layer is 850 hPa to draw the contribution analysis diagram of the global four seasons to
the annual zonal average concentration of CO, as shown in Figure 18. It is obvious from
the figure that in the south of the equator, the contribution of the second quarter and third
quarter festivals to the annual CO concentration is significantly higher than that of the first
quarter and fourth quarter. As well, the third quarter contributes the most to the annual
CO concentration, while in the north of the equator, the first quarter and fourth quarter
have a higher contribution to the annual CO concentration. In the fourth quarter, it can
be seen from the interannual gradient change that the latitude shows a slow downward
and upward trend from 90◦ S to 55◦ S, and a slow upward trend from 55◦ S to 15◦ S. Given
that the CO concentration in the northern hemisphere is higher than that in the southern
hemisphere, the change speed will increase when the southern hemisphere transits to the
northern hemisphere, that is, 15◦ S–10◦ N shows a fast upward trend when 10◦ N starts
to show a slow upward trend, and when the latitude is around 50◦ N, it will reach the
maximum—and then the high latitude area will show a slow downward trend.
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Some scholars have found that some regions with dense traffic, frequent industrial
activities, and a large population base (such as East Asia, India, and North America) are
regions with high total CO column values [34,35], which is consistent with the conclusions
of this paper on the spatial distribution of CO concentration in different atmospheric layers
in the troposphere (Figure 2). Zhang X et al. [36] studied the total amount of CO column
in Asia in the four seasons. It was concluded that the total amount of atmospheric CO
column in spring and winter in Asia is higher than that in summer and autumn, which is
consistent with the trend described in this paper for the four season spatial variation of
CO concentration in different troposphere layers in East Asia from 2003 to 2020. In order
to further explore the four season variation trend of the near-surface CO concentration in
East Asia, in this section, the atmospheric pressure layer is used to draw the contribution
analysis diagram of the four seasons in East Asia to the annual zonal average concentration
of CO (Figure 19) for the 850 hPa CO concentration dataset. From the diagram, it can be
concluded that the contribution of spring and winter to the annual CO concentration is
significantly higher than that of summer and autumn.

Zhang X et al. [36] used MOPITT and AIRS sounding instruments to study the total
amount of CO column from 2003 to 2017, and found that there was a strong interannual
change in Asia. In other words, CO reached its peak in 2015 due to large-scale fire events
(the year of El Niño) possibly caused by drought conditions [37,38], which is consistent with
the conclusion obtained in this paper on the interannual variation of different atmospheric
pressure layers at different latitudes in East Asia. Zhang X et al. [36] and Worden H M
et al. [16] found that the measured values of the general column of CO in the northern
hemisphere showed a significant decreasing trend, and the decreasing trend was most
obvious in eastern China, which was consistent with the conclusion of this paper on the
trend change of CO concentration in different atmospheric pressure layers in the global
troposphere. Although in the past most scholars studied the time and space distribution
of CO, the important factor is the total global column analysis—which is not for the rapid
development of global and regional CO concentration stratification research—though
this paper mainly deals with the rapid development of global and regional tropospheric
CO concentration in East Asia through a modal analysis and prediction research of time
and space.
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6.2. Discussion and Analysis on Influencing Factors of Tropospheric Atmospheric CO Concentration

In the past, many scholars found that the change of atmospheric CO concentration was
mainly caused by the natural environment and human activities, such as Yin Y et al. [39].
This is mainly due to the improvement of China’s industrial combustion efficiency in recent
years and the reduction of emissions of polluting gases. Zheng B et al. [23] used a MOPITT
detector to invert the CO data and found that the CO concentration generally decreased
in East Asia from 2005 to 2006, which is consistent with the conclusion reached in the
analysis of the temporal and interannual changes in East Asia from 2003 to 2020 in this
paper (Figures 7 and 8). The decreasing trend of CO in East Asia is mainly caused by the
gradual reduction of China’s resources. According to MEIC data, it is estimated that the
main four units of CO emission reduction are the iron and steel industry, residential sources,
automobile combustion, and the construction industry. Some scholars believe that the
change of atmospheric CO concentration may be caused by fire and biological combustion
in the natural environment. Some scholars find that the peak value of CO concentration is
usually consistent with the number of fires occurring in the region or the world in the same
year. Zhang X et al. [36] studied the total amount of CO columns in fire-prone regions of
Asia (southern Siberia, Indochina Peninsula, and Indonesia) and found that biocombustion
had a great influence on CO concentration in the region, especially in fire-prone seasons.

The above studies indicate that ground factors have a great impact on CO emissions,
but CO entering the atmosphere mainly reacts with OH, so the concentration of OH in
the atmosphere directly affects the trend of CO concentration. As the OH concentration is
affected by various atmospheric components such as solar radiation, water vapor, methane,
and so on, the water vapor, methane concentration, and atmospheric temperature indirectly
affect the change of CO concentration. IA Girach et al. [40] used MOPITT data to study
these effects and found that the increase in tropospheric water vapor is part of the reason for
the decline of total CO column. Due to the low water vapor content and gas concentration
in the middle and upper troposphere, this section conducts a correlation analysis between
the CO concentration and atmospheric temperature, methane, and water vapor in the lower
troposphere. Table 6 shows the correlation between the global atmospheric temperature,
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methane, water vapor, and CO in the lower troposphere (1000 hPa, 925 hPa, and 850 hPa)
from 2003 to 2021.

Table 6. Correlations between atmospheric temperature, methane, water vapor, and CO in the global
lower troposphere from 2003 to 2021.

Atmospheric Pressure Layer (hPa) Atmospheric Parameters Correlation Coefficient

1000 atmospheric temperature −0.829 **
methane −0.419 **

water vapor −0.758 **
925 atmospheric temperature −0.801 **

methane −0.538 **
water vapor −0.788 **

850 atmospheric temperature −0.749 **
methane −0.529 **

water vapor −0.726 **
Note: ** It means passing the significance test of 0.01.

It can be seen from Table 6 that in the lower troposphere, CO is negatively correlated
with atmospheric temperature, methane concentration, and water vapor content, all of
which pass the significance test of 0.01. The reason is that CH4 reacts with OH in the
atmosphere to further reduce the concentration of OH, thus indirectly increasing the con-
centration of CO. Although CO is difficult to dissolve in water, under certain environmental
conditions, CO can dissolve in water vapor, and the OH concentration can also come
from water vapor at a certain temperature, further increasing the concentration of OH
so as to reduce the concentration of CO in the atmosphere. It can be concluded that the
rise in methane, water vapor, and atmospheric temperature in the troposphere is partly
responsible for the reduction of CO concentration. As methane and water vapor are both
greenhouse gases, when greenhouse gases increase in the lower troposphere, which is
relatively low from the ground, they will lead to a strong greenhouse effect in some areas.
The rise of greenhouse gases and atmospheric temperature will not only accelerate the pace
of global warming but also affect the precipitation change in some areas.

7. Conclusions

In this paper, the spatial–temporal modal analysis and prediction of CO concentration
in the troposphere of the world and East Asia from 2002 to 2021 were studied by using
AIRS data inversion with high accuracy and long time-series. The effects of temperature,
methane, and water vapor on CO concentration in the troposphere are also discussed. The
following conclusions are drawn:

The spatial distribution of CO varies greatly under different pressure layers, and the
CO concentration in the northern hemisphere is higher than that in the southern hemisphere
as a whole. The CO concentration in the upper troposphere shows a “∧” type structure
in the latitude variation. The variation of CO concentration in the middle and lower
troposphere shows a “spoon” type structure in the latitude. The fluctuation range of the
near-surface CO concentration in the northern hemisphere is relatively intense, and the
fluctuation range in the southern hemisphere is relatively small. Using MK, Sen slope
estimation, and EOF analysis, it was found that the CO concentration in the convective
middle layer has a downward trend in more than 90% of the global area, and the downward
rate in the northern hemisphere is significantly higher than that in the southern hemisphere.
The seasonal changes of CO in the global and northern hemispheres are the same. Affected
by vegetation growth and climate change, the periodic changes of CO concentration in
the southern hemisphere are opposite to those in the northern hemisphere. Under the
influence of human factors, the CO concentration in the lower tropospheric marine area in
East Asia is significantly lower than that in the land area, of which the high-value area of
CO concentration is mainly located in eastern China; furthermore, with the continuous rise
of altitude, the high-value area of CO concentration in East Asia gradually moves to the
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southeast coast of China. As East Asia is an area with intensive human activities, the annual
average CO concentration in East Asia is always higher than that in the world, and the
rate of decline is always higher than that in the world. Affected by human activities and El
Nino, the CO concentration in different pressure layers and latitudes in 2015 was in a state
of sudden increase. In the middle and lower troposphere, CO in East Asia is significantly
higher in spring and winter than in summer and autumn. In the upper troposphere, it
is lower in the northeast and higher in the southeast in spring, autumn, and winter. In
summer, the CO concentration is higher in the northeast and the Central Plains.

The prediction error of the VMD-LSTM hybrid model for the atmospheric CO concen-
tration is smaller than that of the three-exponential smoothing model, which indicates that
the improved neural network prediction model has a higher prediction accuracy.

The factors affecting the change in tropospheric CO concentration are not only affected
by the ground factors, but also related to indirect factors such as water vapor, methane, and
atmospheric temperature in the atmosphere.
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