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13 Abstract
14  Carbon monoxide (CO) is one of the important trace gases in the atmosphere capturing the
15  evolution of chemical properties of the troposphere. Here we analyze the growth rates of CO
16  during the period of 1991 — 2020 using in situ measurements from the World Meteorological
17  Organization's (WMO) Global Atmospheric Watch (GAW) program. The analysis of trends
18  has been done on different spatial and temporal scales. Our analysis supports the decline in
19  the overall CO mixing ratios over the globe but inter-decadal and regional trend analysis has
20 shown heterogeneous changes in the given period of study. On average, there has been a
21  decrease of -16.22 + 1.92 ppb and -4.5 + 0.64 ppb observed at the sites in the northern
22 hemisphere (NH) and southern hemisphere (SH), respectively. This decline occurred at rates
23 0of-0.80 = 0.12 ppb yr'! in the NH and -0.12 + 0.03 ppb yr'!' in the SH. Bifurcating the annual
24  trends for seasonal analysis reveals the impact of emissions, chemistry and atmospheric
25  transport on CO variation over different regional clusters of stations. Seasonal trend analysis
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provides further evidence regarding heterogeneous patterns in the South-East Asia region.
Our study highlights a slowdown in CO decline during the 2011-2020 decade when
compared to the rate of decrease observed in 2001-2010. This is inferred from the variability
and much slower decline of CO emissions across different regions, contributing to a

weakening in CO trends.

Keywords: Carbon monoxide, trends, emissions, inter-decadal, regional trend analysis

1. Introduction

Carbon monoxide (CO) is not only an important toxic atmospheric pollutant but also a crucial
player in regional and global atmospheric chemistry. In the radiation budget of Earth’s
atmosphere, CO has an indirect radiative forcing of +0.2 Wm2 (Myhre et al., 2013). As a
primary pollutant, it reduces the oxygen-carrying capacity of the blood, which can lead to
unconsciousness and even death at high CO levels (WHO, 1999). The sources of CO are
ubiquitous as it is formed during incomplete combustions of carbon-containing materials
including fossil fuels in industry, transportation, residential combustion, burning of
agricultural residues, and forest fires. About 2600 Tg CO is emitted per year globally, split
between direct emissions and chemical production. The direct emission sources include
anthropogenic (27%), biogenic (7%), and biomass burning (19%) while chemical sources
include CH4 oxidation (34.5%) and NMVOC oxidation (11.5%) (Zheng et al., 2019). It can
be conceived that with increasing needs for food and fuel, the emission of CO will increase,
particularly in developing regions of the world. The emissions can additionally lead to an
increase in CO through the oxidation of hydrocarbons in the atmosphere. The overwhelming
contribution of anthropogenic CO emissions in the Northern Hemisphere (NH) is responsible

to maintain CO at a twice higher level in the NH than in the Southern Hemisphere (SH) and it



51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

has grown in the latter part of the 20th century following the industrialization and population
growth (Ehhalt and Prather, 2001). This is because the OH concentrations are suggested to be
in parity between the hemispheres (Patra et al., 2014; Strode et al., 2015) and in the SH, CO
is primarily emitted from biomass burning and as an oxidation byproduct of the volatile

organic carbon (VOCs) (Gaubert et al., 2016; Lelieveld et al., 2016).

CO is a major sink (about 40%) for atmospheric OH radicals, the major cleansing agent of
the atmosphere, at weekly-monthly time scales (Lelieveld et al., 2016). The oxidation of CO
by OH (R1) has several implications for atmospheric chemistry including the HOx cycling,
the production of tropospheric ozone, and the lifetime of greenhouse gases like methane,
hydrofluorocarbons (HFCs). In addition, CO changes has strong impact on coupled system of
CO-OH-CH4 chemistry in atmosphere. Lifetime of methane is very sensitive to the CO
changes (Nguyen et al., 2020; Shindell et al., 2006). Increase in CO will lead to lower levels
of OH in the atmosphere and cause increase in CHjs lifetime and vice-versa (Ehhalt and

Prather, 2001; Gaubert et al., 2017)

CO+OH+02 > CO2+HO 2o R1

CO constitutes a significant part of OH reactivity for low OH reactivity environments
(Safieddine et al., 2017). In strong polluted air, NO> can also be a large OH sink through self-
limiting reaction. NOx is an important contributor to atmospheric chemical cycling impacting
both O3 production as well as secondary OH production through recycling process. For a low
NOx environment in Cyprus where OH could be successfully simulated within 10% of
observations, it was observed that the OH recycling efficiency increased from 0.28 at 10 pptv
of NO to 0.7 at 100 pptv of NO corresponding to a chain length of 2.8 (Mallik et al., 2018).
The recycling efficiency peaked at 0.85 at 500 pptv of NO or about 3 ppbv of NOx after

which it stabilized, meaning no additional efficiency of OH production at higher NO. This
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situation may resemble relatively low anthropogenic emission regions of the world while at
higher emission regions, the NOx recycling mechanism of OH results in O3z production
through photo-dissociation of NO> in presence of UV (Lelieveld et al., 2016). The reaction of
NO:> with OH will be a direct competitor for the reaction of CO with OH as though CO-OH
rate constant is much slower; the CO has much higher concentration. The situation can be
analogous to the large CHs depletions observed in tropical regions with high atmospheric
H>O concentrations and a strong formation of Oz due to the NOx emissions (Rosanka et al.,
2020). While the global distribution of OH shows higher values between the tropics with
hotspots over equatorial rainforests (Lelieveld et al., 2016), high secondary OH formation is
observed over India and South-East Asia in addition to biogenically dominated rainforest
regions.

CO air samples collected by NOAA/CMDL revealed a significant long term downward CO
trend during 1990s that was largely confined to the NH. In SH, CO exhibits a considerable
interannual variability but the trend was insignificant (Novelli et al., 2003). A global decline
of 0.52 £ 0.10 ppb yr! between 1991-2001 was estimated with a steady decline of 0.92 +
0.15 ppb yr! in NH. Various regional studies have mentioned a significant decline in CO
during mid 1990’s and reported that changes were due to decrease in vehicular emissions in
Europe and USA. (Bradley et al., 1999; Hallock-Waters et al., 1999; Novelli et al., 1998).
ECHAMS/MESSy, an atmospheric chemistry GCM simulated downward trend in NH as well
as in SH with decreasing rate of 13.5 £ 11.1 ppbv/decade and 0.8 + 6.7 ppbv/decade
respectively with global decline of 7.2 + 7.8 ppbv/decade during 2001-2010. Modeled surface
CO estimated a significant decrease in over northern Australia, eastern USA, western Europe
with rates of 13.7 £ 9.5, 59.6 + 9.1, 35.5 £ 5.8 ppbv/decade, respectively. But in southern
Asia and eastern China, a positive CO trend of +8.9 + 4.8 ppbv/decade and +9.1 + 9.7

ppbv/decade was present, though not statistically significant (Yoon and Pozzer, 2014).
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Tropospheric CO columns observed by MOPITT declined at an average rate of -0.32 +
0.05 % yr'! over the whole globe and is consistent with the negative trends at WDCGG
network (60°N-60°S) during 2000-2017 (Deeter et al., 2015; Worden et al., 2013; Zheng et
al., 2019). MOPITT, AIRS, TES and IASI measurements consistently showed a decrease in
CO trends in NH and SH during 2000-2011 particularly over the regions with high
population density (Worden et al., 2013). MOPITT showed decreasing trend of -1.4 + 0.2 %
yrland 1.6 £ 0.5 % yr! over USA and China during 2000s. However, a spatial heterogenity
existed with the largest decrease in northern mid latitudes (30°N—60°N) (Gaubert et al., 2017).
The tropical region (30°S—30°N) has a smaller decrease in CO columns due to increasing
trends existing over South Asia and a large part of Africa. However, such fire-prone regions
could potentially counteract with global decline in CO by local changes in biomass burning
especially in summer. Because of the large fire activities and interannual variabilities in
sources, determining the CO trends is such regions is very difficult (Fanin and van der Werf,
2017; Strode and Pawson, 2013). Asia is the only region that has a statistically significant
trend of rising CO columns since 2000 (Zheng et al., 2019). In the southern mid-latitudes
(30°S-60°S), which are mostly covered by oceans and have limited landmasses, both
MOPITT and WDCGG data consistently indicate a notable decline in CO levels (Zheng et
al., 2019). Satellite observations are consistent in the negative trend with WDCGG sites
during 2001-2015 which confirms the decrease in global tropospheric CO (Jiang et al., 2017;
Warner et al., 2013). TIR-CO satellite records of 2002-2018 from MOPITT, AIRS, TES,
IASI has shown a global slow-down to a reduced negative trend in recent years by comparing
trends for 2002-2010 with 2010-2018 from -1 % per year to -0.50 (£0.3) % per year

(Buchholz et al., 2021).
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Due to its fairly long lifetime (weeks - months), CO emissions over a region can influence its
zonal-mean mixing ratio levels. Since local CO emissions can quickly transcend to zonal
scales, it is necessary to study a global network of stations to make inferences regarding
factors influencing CO levels and growth rates over a location. Systematic ground-based
observations of CO started in the late 1980s pioneered by NOAA's cooperative flask

sampling network (Novelli et al., 1992; Novelli et al., 1998a).

Availability of long-term measurements of CO from several sites around the globe from the
World Data Center for Greenhouse Gases (WDCGG) makes it a lucrative option to study
global and regional CO growth rates. As CO levels in a location are impacted by local
emissions, atmospheric transport as well as atmospheric photochemical process, deciphering
the intricacies of CO trends has been a topic of much debate (Buchholz et al., 2021; Hedelius
et al., 2021; Zheng et al., 2019) In the present study, we analyze the growth rates of CO
during the period of 1991 — 2020 using data from ground-based in situ observations and flask
samples retrieved from the WDCGG to unravel the heterogeneities in different regional,

spatial and temporal scales.

2. Materials and methods

For the present study, 49 stations from an initial list of 129 stations of the WDCGG data
archive were selected based on the data availability and location of the stations (Figure 1,
Table 1). WDCGG is a World Data Centre operated by the Japan Meteorological Agency
(JMA) under the Global Atmospheric Watch (GAW) program of the World Meteorological

Organization (WMO) (https://gaw.kishou.go.ip/). CO sampling follows WMO

recommendations and utilizes three methods: continuous in-situ observation, surface flask air

sampling, and onboard ship-based (mobile) sampling (Crotwell et al., 2020; NOAA, 2018).
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The stations in our study employ both in-situ and flask-based sampling (Table S1). Flask air
sampling collects discrete air samples in specialized flasks, analyzed centrally. NOAA and
CSIRO use glass flasks with Teflon (PTFE or PFA) with O-rings for long-term storage,
offering cost-effective CO data collection for monthly, seasonal, and inter-annual analysis.
Air samples are collected in metal and glass flasks, carefully considering materials, protocols,
and storage conditions to minimize contamination. Weekly sampling ensures data quality and
trend analysis. /n situ continuous observations provide near-real-time data with a temporal
range from seconds to one hour. For precise CO measurements, various techniques are
employed, including NDIR, GC/FID, GC/HgO, and VURF, which can detect fast changes in
the mole fractions (Zellweger et al., 2009). These techniques exhibit overall agreement better
than 2% for 1-hourly averages. Each technique has unique advantages and limitations; NDIR
offers robustness, GC/HgO has low detection limits, VURF provides high-frequency
measurements, and GC/FID simultaneously detects additional greenhouse gases like CO» and
CHa4, enriching the QA/QC framework to cover various environmental scenarios. VURF,
based on resonance CO fluorescence in the vacuum ultraviolet, excels in accuracy and low
detection limits (Gerbig et al., 1999). The data processing involves automated quality control
and manual review. It aims to create a time series of mole fractions representing ambient
conditions, while flagging artifacts. No entries are removed; instead, non-representative
samples are flagged. Flags stem from calibration and instrument issues, to outlier detection
(via sophisticated curve fitting). High-resolution CO data are aggregated into hourly, daily,

weekly, and monthly averages for analysis (WMO-GAW, 2010)./

For the atmospheric transport of CO using wind vector analysis, reanalysis data of global

wind was collected from NOAA (https://psl.noaa.gov). Anthropogenic emissions of CO from

different sources are taken from EDGAR-v6.0 inventory
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(https://edgar.jrc.ec.europa.eu/dataset ghg60) (Crippa et al., 2021). The ENSO Index time
series was taken from Multivariate ENSO Index Version 2 (MEILv2) provided by the
Physical Sciences Division of the Earth System Research Laboratory of the National Oceanic
and Atmospheric Administration (NOAA). (NOAA, 2020)

(https://www.psl.noaa.gov/enso/mei/)
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Figure 1. Spatial coverage of stations selected for this analysis from the WDCGG database

(http://ds.data.jma.go.jp/gmd/wdcgg/). See Table S1 for other details of stations.

The WDCGG data repository hosts hourly, daily, event, and monthly datasets. For the given
study, monthly data have been used. The monthly datasets had continuous time series of CO
with some data gaps for a few sites. To fill these missing monthly data points in such case a
simple linear interpolation is not an adequate approach and, a curve-fitting procedure was
applied. The digital filtering (DF) and curve fitting technique was developed at Tohoku
University (Nakazawa et al., 1997a), which has been used for various flask measurements in

the past for long term-trend determination (Chandra et al., 2022; Patra et al., 2005; Yashiro et
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al., 2009).. Digital filtering is a statistical procedure that uses Fourier harmonics, Reinsch-
type cubic splines, linear interpolation, and a Butterworth filter to approximate the long-term
temporal trends, seasonal cycles, and growth rate. The processes primarily involve the
following four steps: (i) approximation of seasonal cycle and long-term trend, (ii)
extrapolation and interpolation of the data, (iii) calculation of the seasonal cycle and long-
term trend on average, and (iv) extraction of the seasonal cycle and interannual variations. To
determine the long-term trend and curve fitting each data point was fitted individually using
the Butterworth filter with a cut-off duration of 48 months and 3 harmonics (sinusoidal form
of a Fourier function) in this technique. Unevenly spaced initial data is first detrended and
then seasonal cycles are removed by fitting smoothing spline & Fourier components of data.
The residuals were then interpolated onto evenly spaced data format followed by passing it
through the Butterworth filter. Outliers, defined as data larger than 3 standard errors away
from the fitted curve, were successively rejected after each iterative fit. More detailed
information about the DF technique can be found in (Hung et al., 2005; Nakazawa et al.,
1997a; Pickers and Manning, 2015). The fitted curve of the DF method generally exhibits a
good representation of sharp temporal variation in mixing ratios without erroneous ripples.
After applying DF on the raw monthly dataset of 1991-2020, a smooth fitted continuous time
series data with no gaps was generated for each station. The availability of final monthly data
is shown in Figure 2. This smoothed fitted monthly dataset was then used for the trend
analysis. Then the Mann-Kendall test and Theil-Sen estimator were used to conduct a trend
analysis on the monthly averaged time series. Mann-Kendall test is a statistical tool to check
whether the time series has decreasing, increasing or no trends. And if a trend is present, the
Theil-Sen estimator or Sen's Slope technique was used to calculate the slope of the trend (Li
et al., 2022). The Theil-Sen method is a robust linear regression method widely used for

trendline's slope estimation. It competes effectively with simple linear regression and the
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simple least squares methods and is an efficient and commonly used nonparametric method

of estimating a linear trend (Jindal et al., 2020; Kamal and Pachauri, 2019).

The data from the majority of stations comes from flask-based sampling. Although the

sampling is designed to sample background air, local influences cannot be entirely ruled out

and sporadic polluted samples can sometimes bias the monthly mean values. About 83.7 % of

the stations have more than 25 years of data while 14.3 % of stations have data between 20-

25 years. Only 1 station out of 49 have comparatively less data e.g., ‘bkt’ in Indonesia have

less than 20 years of data, but these sites are retained in our analysis due to their strategic

location. To compute the long-term decadal trends, the 2/3 rule was strictly followed, i.e., at

least 67% of data (7 years) in each decade must be present for decadal trend calculation.
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Figure 2. Data coverage for each site selected for this analysis from the WDCGG database

(http://ds.data.jma.go.jp/gmd/wdcgg/). The left panel is the data availability of original
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monthly dataset having some missing data points for a few sites. The right panel is the final

monthly data availability after curve fitting.

3. Results and discussion

3.1. Global CO levels, variability, and trends: General features

Out of the 49 stations analyzed during this study, a decrease in CO levels is observed for 45
stations, and these trends were further classified into statistical significance categories.
Specifically, 38 stations exhibited a statistically significant decrease, with a level of
significance at 0.05 under The Theil-Sen method, while the remaining 11 stations showed a
slightly positive trend (Figure 3). There is an overall declining trend in CO in the last 3
decades. Stations having significant and non-significant CO trends with p-values can be
found in Figure S1. There are few sites like ‘bkt’ with insignificant confidence interval.
However, these sites are kept in the analysis for their critical location on the global scale. The
‘bkt’ station on Western Sumatra is occasionally exposed to emissions from persistent
biomass burning events. Thus, the calculated trend can be biased by the appearance and the
strength of these events within the observed period (Figure S2). Over the past three decades,
there has been a consistent decline in CO levels. While this global trend shows a general
decrease in CO, it is important to note that there is significant spatial variation in the
distribution of these trends.. Three out of 18 stations in SH have slight positive trends
(increase rate less than 0.25 ppb yr!) and other stations show slight negative trends in CO
(decrease rate less than 0.25 ppb yr'!) whereas downtrends within NH stations are very
contrasting.

The decreasing trends of CO could either be related to an increase in CO chemical loss rates

or a decrease in both the CO primary emissions and chemical production. The CO loss (R1)

11
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and it’s chemical production involves OH, and their effects on CO mixing ratio are opposite.
The loss rates of methyl chloroform (MCF), derived from the 12-month difference of
monthly means in successive years, shows very small normalized variation (of the order of
0.2%) during 2001-2018 (Patra et al., 2021). This does not support the hypothesis that the CO
decrease can be explained based on changes in global OH distributions alone (Jiang et al.,
2017). Rather, the decrease in CO emissions is a more reasonable explanation for stronger
decreasing trends of CO in the northern latitudes (>23.5°N), relative to the sites in the

latitudes south of this (Figure 1).

Global CO Trends: 1991-2020
90 T T 36 T ; -
sum

A
L
3 d a '8&5“" aé@ ask ‘Bs 8{6
'8 r&b
. cfa
eic dog |
8 Lo cgo b('j'd
ush mga
-60 psa Sxon:aa cya .
v

5

0
0

0.5

Latitude °N
(=]
3
(o]
&
Trend (ppbl/year)

&
o
T

1

hba

SpO
-90 '] L L 8 A 1 1 L
-180 -135 -90 -45 0 45 90 135 180

Longitude ° E

1.5

Figure 3. Spatial distribution of long-term trends in atmospheric CO during 1991-2020.

In the northern latitudes, all CO time series show negative trends for the 1991-2020 period
(see Figure 3). Reduction in atmospheric CO levels was particularly recorded since 2003-
2004 in agreement with the EDGAR anthropogenic emissions (Figure 4). Between 2000-
2004, 22 sites out of 25 in this region have shown the highest growth rate in CO. This high

growth rate was prominent between 50° N -70° N (sum, brw, ice, cba, mhd, shm) (Figure S4

12
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A). Whereas some European sites (kos, hun, jfj) (Figure S4 B) have comparatively less
growth rate during this period. However, over the tropics, the CO growth rates are not in sync
with EDGAR emissions. East Asia shows high growth in emissions driven by energy use and
industries; however, this is not reflected in mixing ratio trends in CO even over East Asian
sites (Figure 3). For this zone, the average CO concentrations shows stabilization for most
part of this century. Thus, an enhancement in CO from the EDGAR inventory emissions over
East Asia (China, Hong Kong, Mongolia, Taiwan) and South Asia (India, Pakistan, Sri Lanka,
Bangladesh) must be somewhat balanced by an increased CO chemical sink (OH) as

observed for some stations in Figure S3.

Alternatively, reduced transport from higher latitudes may partly explain the stabilization.
Moreover, the emissions from South Asia nations started increasing much later than the
emissions from East-Asian countries (China, Hong Kong, Mongolia, Taiwan), suggesting a
large influence of emissions from Chinese region on the tropical CO growth rates despite the
fact that CO emissions by a major contributing sector (road transportation) have a decreasing
slope after 2000s (Figure S5). However, the CO contribution from other sectors like
industries, electricity-heat production, and solid fuels has increased unabated. South America
is the major contributor to anthropogenic CO emissions (EDGARv6.0) in SH in all sectors
except solid fuel while Southern Africa and Oceania (Australia, New Zealand, etc.) have

contributed to a moderate increase in different sectors.

(Crippa et al., 2023) present HTAP _v3 MOSAIC CO emission data which shows a decline in
Global CO emissions from 502.7 Mt to 499.8 Mt between 2000 — 2018. However, it has not
been monotonically downwards but exhibits variability in regional trends (Crippa et al.,

2016). Road transport accounted for the majority of CO emissions in the European Nations,
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UK, USA and China and the development of emission standards contributed to a drastic
reduction in total emissions (Guan et al., 2021; Oreggioni et al., 2022). Europe and North
America, have shown reductions of -42% and -62%, respectively, in CO emissions. This is a
consequence of implementing the EURO standards that have enabled specific emission
reductions of up to 91% per unit of gasoline consumed which is a major contributor
(Oreggioni et al., 2022). The combined effect of European policy and technological advances
not only had significant positive effects on Europe itself but also significantly improved air
quality in other regions of the world (Crippa et al., 2016; Kuklinska et al., 2015). CO
emissions in Africa and South Asia have increased by 45% and 49%, respectively even
though CO emissions from road transportation have reduced by 55% over the same period,
while emissions from other sectors have increased (Crippa et al., 2023). These findings are
consistent with (MOPITT) satellite retrievals, with similar patterns over different regions
(Worden et al., 2013; Y Yin et al., 2015). MOZAIC-IAGOS measurements from commercial
aircrafts (2001-2012) also showed a decline in CO in the NH along with a strong

interhemispheric CO gradient in late winter/early spring (Osman et al., 2016).

Between 1985 and 2015, CO emissions from road transport significantly decreased by 93%
in European nations and the UK, despite a 56% increase in total fuel consumption. This
reduction is primarily attributed to the implementation of EURO standards, which achieved
specific emission reductions of up to 91% per unit of gasoline consumed (Oreggioni et al.,
2022). In ASEAN countries, this sector experienced the fastest growth during the same
(Kurokawa et al., 2013). If controls, based on CHN-3 and CHN-4 standards, had not been
enforced in China, CO emissions would have been 58% higher than the most recent data

included in the EDGAR database (Oreggioni et al., 2022).
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Based on EDGARVYS release, emissions from the energy and transport sectors significantly
declined in the European Union, UK and USA between 1985 and 2015 and regions that are in
the midst of industrialization, like China and other Southeast Asian nations, have witnessed
exponential growths (M et al., 2021; Oreggioni et al., 2022). China experienced such growth
in CO emissions between 1990 and 2005 due to rising demand, followed by relevant
reductions. Since 2005, China's CO emissions have been decreasing due to improvements in
energy efficiency and emission control laws (Guan et al., 2021; Xia et al., 2016). Among the
available inventories, only the MEIC regional inventory for China aligns with the observed
decrease in CO emissions as diagnosed through inversion methods. MEIC dataset shows that
there is a cumulative decline of —32% from 2005 to 2016 and the decreasing CO emissions is
driven by rapid technological changes with improved combustion efficiency and emission
control measures in four main sectors (iron and steel industries, residential sources, gasoline-
powered vehicles, and construction materials industries) in China. This led to 76% of the
inversion-based trend of East Asian CO emissions. Global emission inventories
underestimate the strength of emission control and recent reduction in CO emissions in China,
which occurred despite the increased consumption of carbon-based fuel (Bo Zheng et al.,
2018). Based on MEIC dataset, CO emissions increased from by +31% between 2000-2005
and then declined by —6% from 2006 to 2010 (Meng Li et al., 2017). Improvements in
combustion efficiency, the recycling of industrial coal gases, and stringent car emission rules
are all responsible for the decrease in CO emissions during 2006-2010 i.e. 11th FYP (M Li et
al., 2017). CO emissions were falling by 1.2% year, which is in good agreement with many
satellite datasets (Buchholz et al., 2021; Worden et al., 2013; Yumimoto et al., 2014).
According to MEIC v1.2, CO emissions are down by 4% from 2011 to 2015, reaching a

maximum reduction of 162 Tg. Due to the implementation of stringent vehicle emissions
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standards, the share of transportation has decreased since 2006 (Buchholz et al., 2021; Meng

Lietal., 2017).

Overall, CO growth rates calculated using WDCGG data are not in good agreement with
emission inventories (e.g., EDGARv6.0), over the northern tropics and the southern
hemisphere. The relatively stable CO concentration in the tropics could be a result of
transport of decreasing CO from the NH extratropics (Figure 4a) and an increasing CO due to
the increasing emissions within the tropics (Figure 4e). The emission increase in the SH is
very small, at about 1 Gg yr!' during 2005-2018 (Figure 4f), and the decrease in CO in the
SH extratropics (Figure 4c) could be caused by the transport of airmass from the NH to SH

through the upper troposphere (Belikov et al., 2022; Frederiksen and Francey, 2018).
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Figure 4. Time series of yearly averaged CO mixing ratios from WDCGG for the 3 broad
latitude bands, of 75°N - 23.5°N, 23.5°N - 23.5°S, and 23.5°S - 75°S (panels a-c). The
corresponding regional total CO emissions derived from EDGAR v6.0 are also shown (panels
d-f). ENSO Index has shown (moderate La Nina: 2007-08, 2010-11; very strong El Nino:

1997-98, 2015-16; moderate El Nino: 2002-03, 2009-10, 2018-19).

3.2.Latitudinal variation and regional CO trends
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The spatial heterogeneity in decreasing CO trends is addressed by looking into its spatial
distribution. Figures 4 and 5 show a clear distinction in CO mixing ratios between both
hemispheres. Mixing ratios were considerably higher in the Northern latitudes, especially in
the early years of the observations. Moreover, NH stations, especially between 15°N-60°N
have shown the strongest negative trends compared to other globally distributed sites. In this
latitudinal region, 18 out of 22 stations have shown very high seasonal CO mixing ratios
peaks varying between the range of 140-200 ppb having few sites (kos, hun, tap,) with more
than 250 ppb which is higher than the average global CO mixing ratio ~90 ppb as compared
to other sites in the NH. Also, these CO mixing ratio ranges are decreasing when moving
towards the Southern part of the globe. The difference in CO mixing ratio between the both
hemispheres is so high (average = 80-90 ppb) that the peak CO mixing ratio of sites between
15 °S -90 °S is below the minimum CO mixing ratio of most of NH sites. Despite
significantly higher mixing ratio in NH attributed to strong emission sources, the transport of
CO may not be able to reduce the N-S gradient significantly due to the short lifetime of CO.
Species with lifetime of about 1 year could be transported from one hemisphere to the other
(Belikov et al., 2022). The higher decreasing trends are observed in NH and become less
prominent towards the South. Figure 5 evinces a systematic distribution with negative trends
in the NH (<-0.5 ppb/year) and approaching the zero line with decreasing latitudes and close

to zero values from southern tropics to South Pole.

Apart from absolute values of trends, the variability of trends is higher in the NH compared
to the SH. The mean growth rate of CO is -0.87 + 0.16 ppb/year (p<0.01) in the Northern
midlatitudes (23.5°N-66.5°N) while this value is -0.13 = 0.04 ppb/year (p<0.05) in the
Southern midlatitudes. The tropical regions of the NH show a growth rate of —0.57 £+ 0.08

ppb/year (p<0.01) in the 0-23.5°N while the rate is -0.15 £+ 0.04 ppb/year (p<0.01) in the O-
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23.5°S. The latitudinal distribution of CO not only depends on the primary emissions but is
also controlled via chemical production through oxidation of CHs by OH and chemical
oxidative losses (Tie et al., 1992). Thus, the latitudinal distribution of OH will also exert a

control on the photochemical production of CO.

Apart from the magnitude of OH and OH recycling probability, the trends in OH must be
known to interpret their impacts on CO trends. To understand the relationship between CO
and OH, the observed CO is compared to OH provided by TCR-2 (Tropospheric Chemistry
Reanalysis version 2) (Miyazaki et al., 2020). Results are shown for a few example stations
in Figure S3. For many stations like bhd, gmi, mnm and even to some extent ‘yon’, CO and
OH are anti-correlated and a long-term decline in CO is accompanied by a long-term increase
in OH indicating the important of atmospheric chemical mechanisms in controlling CO losses.
Interestingly, unlike stations in Pacific where anti-correlation is clearly observed, in ‘tap’ at
Korea directly experiencing humungous outflow of pollution from China, the trends in both

CO and OH are negligible and run parallel to each other.
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Figure 5. Latitudinal gradient of CO trends as observed at 49 sites. A dominancy of NH sites
is observed latitudinally, with continental sites (O-marker) contributing higher CO (ppb) than
the sites with marine background (A-marker). The colored circle inside each marker provides

the information of the length of time series data (in years) available for each site.

To address the spatial heterogeneity in global CO trends, we conducted an in-depth analysis
of regional trends. 5 groups were identified using weighted k-mean cluster analysis based on
long-term trend, latitude, and longitude values with assigned weights of 16.6%, 33.3% and
50% respectively. (Figure 6). This method partitions N observations into k number of
clusters based on the weight of input data. The trend values show largest variability (~ -0.23
to -3.7 ppb/year) in Cluster 1 with an average value of -1.05 ppb/year (Figure 6) and lowest
variability (0 to -0.4 ppb/year) in the Australia region (Cluster 5, Figure 6). This is because
Cluster 1 has a larger number of stations (14) as compared to other clusters and spans a large
geographical area (European and East-American regions). These regions have mostly been
regulated by emission control protocols as evident in the emission estimates in Figure 4
indicating reduced emissions could be responsible for the large negative trends as there is
reduction in anthropogenic emission in industries, road-transportation etc. (EDGARvV6.0).

Data collected from the website of the International Energy Agency (https://www.iea.org/)

also correlates with the fact that coal fuel consumption has been drastically reduced since
1990s in Europe. Lower variability is also observed for cluster 2 (0.09 to -0.46 ppb/year)
while clusters 4 (0.1 to -1.0 ppb/year) and cluster 3 show intermediate variability (-0.2 to -1.1
ppb/year). The increasing strength and frequency of El-Nino events rather than the increase
in fire events in the 2010-2020 period is likely to be responsible for the flipping of the CO
growth curve from expected lines during 2015-2020 (Figure S2). ENSO can modulate the

interdecadal CO growth rates in case more La Ninas in 2001-2010 produced a +ve (positive)
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OH anomaly (negative CO growth rate), while more El Ninos in 2011-2020 produced -ve
(negative) OH anomaly and positive CO growth rate. La Nina / El Nino also modulate the
strength and the appearance of biomass burning. The El-Nino effect is also observed for other
stations e.g. maa and mqa in the SH (Figure S6). Cluster 3 and 4 are dominated by emissions
from China and stations located in East-Pacific region. Cluster 4 representing emissions over
South-East Asian region shows high CO mixing ratios but low magnitude in annual negative
trends. Despite having similar ranges because CO is relatively well mixed zonally (Figure 6),

these trends are further decoupled into decadal and seasonal components to understand their
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Figure 6. 5 regional clusters representing average CO trend of in respective region. Each
cluster is grouped according on the closeness to centroid value of long-term trend, latitude
and longitude. Right corner panel is a visual representation of each cluster on global map
marked with average CO trend in respective cluster. Each panel of clusters has a de-
seasonalized CO time series colored with respective trend values. A set of European + North

Atlantic sites; Cluster-1 shows most negative trends of all groups and contributing more to
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negative trends in NH. Each cluster differs in average CO ranges and magnitude of trend

slope (ppb/yr).

Biomass burning is a common source for both NOx and CO. Coincidentally, some of these
regions have also exhibited a strong positive trend in NOx e.g. over India (+29 %/decade),
China (+26 %/decade) based on surface emissions (Miyazaki et al., 2017). It was also
observed that tropospheric NO; showed an enhancement over China (40%), India (25%) and
SE Asia (13%) during 2005-2014 (Miyazaki et al., 2017). Negative trends were also observed
over several places in USA and Europe with larger negative trends during 2005-2010 than
2011-2014 while negative trend in NOx over China was observed after 2011. The same
analysis beautifully shows a correspondence between OH and NOx changes over many
places of the world using an approach to constrain the interdependent chemistry of CO and
NOx thorough O3 and OH. Thus, changes in CO are not independent of NOx emissions due
to common constraining OH chemistry and if instances of large CO emissions like biomass
burning plumes are also accompanied by large NOx emissions, the oxidation chemistry may
be directly dependent on the recycling efficiency. In fact (Lelieveld et al., 2004) describe the
limiting nature of NOx on OH recycling and O3 formation and point to a decrease in CO

concentration in NH along with an increase in NOx emissions in Asia.

A large fraction of CO variability is associated with ENSO and they vary by region to region,
e.g., as shown in Fig. 4. Interannual variability in upper tropospheric CO peaks in Southern
Hemisphere was observed using aircraft observations with enhanced values during strong El
Nino years e.g. 1997 (Matsueda et al, 1997). Although the CO peak in the SH high latitudes
in 2019-2020 (Fig. 4c) could be caused by the large Australian bush fires (Canadell et al.,

2021; Yang et al., 2021), GFAS fire emission flux shows a decreasing trend in most of the
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region in last two decades (Fan et al., 2023). Also, a 25 % global decline has been observed
in burned area and fire emissions between 1997-2015 and the area of global grassland fires
generally shows a downward trend, except for parts of the Australia (Yin et al., 2020). The
relative changes in burned area in Australia are highest suggesting that the fire occurred
frequently with high intensity(Ohneiser et al., 2022; Yang et al., 2021) However, there exists
a large interannual variations in the previous years (Chen et al., 2023; Fan et al., 2023). Those
cannot be explained by the ENSO cycle, which we show to have a compact relation with CO
variation in the tropics (Fig. 4b). Overall, variability and trends in vegetation fires vary
strongly from continent to continent, as summarized by (Bowman et al., 2020). While Africa
features a consistent decline in vegetation fire emissions (see also (Jiang et al., 2020)), fire
emissions increased in the last decades especially in Brazilian Amazonia and the Western
United States. In fact, in recent years, fire emissions during summer had increased whereas in
winter it had decreased, therefore there has not been a major shift in the multi-year average
emissions (Fan et al., 2023). Tagged CO experiments with CHASER model using data from
container ships has revealed impact of forest fires and biomass burning on CO (Yashiro et al.,
2009). A review by (Bowman et al., 2020) of studies looking into future projections of fire
activity does not reveal a consistent pattern (i.e., either no change, mixed results or increase
in fire activity). However, it does not report a decrease in fire activity in the future either.
Decadal variations in CO trends

To get an insight into the temporal evolution of CO trends, the analysis period of 1991-2020
has bifurcated into three decades: 1991-2000, 2001-2010 and 2011-2020. From this point
forward, these decades will be referred to as the 1990s, 2000s, and 2010s, respectively. It
must be noted that there are few sites having less data than 7 years between 1991-2000 (e.g.,
ask, crz). Decadal trends (1991-2000) of such sites are not calculated and not compared as

1991 vs 2000. Since these sites have continuous data after 2000, so comparison of these sites
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can be seen in 2000s vs 2010s. These decadal trends shown in Figure 7 present a riveting
picture. The general downward trend in CO is not consistent for the whole period. The
number of sites with positive trend keeps increasing in each decade i.e., 7 sites in 1990s to 20
sites 2010s which is mainly noticeable in SH otherwise negative trends are constant to the
north of 20°N in each decade. The CO mixing ratios in the NH remains rather constant in the
1990, followed by a decrease till now. For SH, there is slight decrease observed from the
beginning but a leveling-off after 2010.The positive trend during 1990s for SH sites could be
influenced by a strong El Nino effect in the late 1990s, leading to increased biomass burning
contributions to CO. It may also indicate a reduction in strength of OH mediated chemical
loss of CO. It may be noted that the regions of high OH reactivity as well as OH recycling
probability lie in the SH (Lelieveld et al., 2016). So, a strong biomass burning event can
quickly disturb the natural OH cycling by injecting copious amounts of hydrocarbons. Thus,
these events will not only lead to primary CO emissions into the atmosphere but also change
the strength of chemical losses. Figure S3 for bkt shows simultaneous changes in observed
CO and modeled OH. It is very interesting to observe that normally the peaks in CO coincide
with the trough in OH. However, around 2013, the peaks in CO and OH are in sync, both
showing simultaneous enhancement along with strong biomass burning emissions (Figure
S3). The sync is also somewhat observed during 2017. Studies in 1990s pointed out that
emissions of CO and CH4 by biomass burning can affect the oxidation efficiency of the
atmosphere by scavenging hydroxyl radicals (Crutzen and Andreae, 1990). However, with
advancement in measurement techniques and detection of larges suites of non-methane
organic gases (NMOGs), biomass burning plumes, despite their importance, have mystified
our understanding as represented by contrasting characteristics in O3 enhancement ratios
(AO3/ACO) which has been shown to increase, decrease as well as remain unchanged

(Coggon et al.,, 2019) depending on NMOG/NOx ratios, downwind meteorology, and

23



524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

incident solar radiation. This indicates that a systematic relation (sync or anti) in BB emission
regions between CO and OH can be very quickly perturbed. (Miiller et al., 2016) investigated
temporal evolution of BB plumes from its origin to several kilometers downwind using high
precision measurements along with a photochemical box model and found stable OH radical
concentrations of 7.45 + 1.07 x 106 cm—3 along a 13 km transect and NMOGs with more
than 10 carbon atoms were found to be absent at mixing ratios larger than 50 pptv/ppmv CO
emitted. Several studies have shown an enhancement in oxidation capacity of the atmosphere
and hence OH formation during biomass burning and found a correlation between the
interannual variation in O3 and burned area (Zhu et al., 2021). While O3 formation was found
to be mainly limited by the availability of NOx, depending on the fuel nitrogen content and
the combustion efficiency (Jaffe and Wigder, 2012), an efficient HO, regeneration was also
observed (Alvarado et al., 2015). The HO2 regeneration can increase the OH levels through
recycling while CO levels can be enhanced through oxidation of carbon compounds changing
the OH-CO relationship from anti to sync and vice versa through high OH reactivity of a
plethora of C compounds. The biomass burning net influence in South-East Asia was found
to be large at 50% for OH, 40% for HO>, 60% for HCHO, and 10 ppbv for O3 along with an
enhancement of CO. While on one hand, the OH decrease due to BB influence can be upto
40% in downwind regions below 1 km altitude, the BB nonradiative influence on OH

becomes positive and can enhance OH concentrations by up to 90% (Tang et al., 2003).

Interesting, in the 2000s, most of these positive trends in SH had turned into negative. Going
by the previous logic, the El-Nino events towards end of the 2000s decade were weaker.
Under unstressed conditions, OH is mostly well-buffered and recycling would restore OH
levels and the loss mechanisms will operate smoothly (Lelieveld et al., 2016; Mallik et al.,

2018). Most of the European stations have continued their overall decreasing trend from
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1990s into the 2000s. Interestingly, the negative trends over Korea during the 1990s have
turned into positive (although very close to zero) during the 2000s. Although along with
developed regions of the world in USA and Europe, most of the stations in East Asia also
continued with negative trends (Table S1, Figure 7). The tropical regions around Africa and
Asia have also shown positive trends in the 2000s, dominated by biomass burning effects
(Figure 4). The positive trends at ‘tap’ is consistent with other studies which says that the

trends at northeast Asia could potentially be effected by the changes in meteorology (Jiang et

al., 2017).
a) Global CO Trends: 1991-2000 b) Global CO Trends: 2001-2010
90 T T T T T T T p<0.05] T T T T T T T
o (] l-p>o.nsl o ° o o g0
. [ ] | F (o] g
“Ire Q ) d o Oa Q
©" Lo | o e o e Fes | & 3
"Pg A% O o] 9o “@° @o so1| &
. ® o . ® g
5 or @ (] 1 i o (] (] 05
= 10 ® lo L] 3
o =
= 30 L w N b o O i =
. - = A
| " @ | | [ " |
0 " - . . o . = L .
90 A i . A i A i A A i A A i L A5
-180 -135 -90 45 0 45 20 135 180 -180 -135 -90 -45 L Ot - 45 135 180
Longitude °E angmica
¢ Global CO Trends: 2011-2020 /- .'"‘e".:eca.d‘" Trend 'ﬂ"jg?nce : i
20 T T T T T T T E O 4z
l o 3 ol % | B g o5 e =
O re .a E o° o EEU:. £
L -..0 : o o %y _0°F i 3
o e® “o® oo : L B gy i, 8
N ) ® | ¢ al @GO 1 3
T of ® o= o o o J
-] ™ - Q O J@" s
£ 10 - % jie £
© o o o) o O\'_'.'r E Eﬁ %
b | @ E %o g O EE- ]
o g n—>L ot 1&g
o E un o v ] & &
L o E a o © ] ﬁé‘a 5
-60 o O E o o R 15 E
@ o] E[ O 20005 vs 19905 1 .. i =
O E| © 2010svs 20005 o oo 1 9
90 L O 1 F zero line o T L
480 135 90 45 0 45 %0 135 180 L N ] L O, L L 1 spo
-2.5 -2 -1.5 -1 -0.5 0 0.5 1 15 25
Longitude °E J-Decadal Trend (ppb/year)

Figure 7. Decadal decouple of CO trends into 1990s, 2000s and 2010s. Representation of
non-uniform decrease in all decades mostly in SH whereas a continuous decrease in NH. But
a positive inter-decadal trend difference (6-trend) reveals the weakening of decreasing trends
of CO in 2010s w.r.t to previous decades.
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When it comes to 2010s, it is observed that trends are positive for 20 out of 49 stations. In
fact, all 16 sites in SH (> 10 °S) have shown positive trends such that 15 sites had negative
trends in 2000s. Though NH sites have continued to show negative trend in 2010s decade but
a decline in the strength of decreasing trend has been observed for many NH sites, too. The
inter-decadal trend difference (o-trend) of 2010s and 2000s for each station showed positive
o-trend difference in total 41 out of 49 stations averaging to 0.96 + 0.42 i.e. there is observed
slowdown in decreasing rate of CO trends in 2010s (Figure 7). This global reversal of CO
trends in 2010s is visible in many stations barring a few stations in Europe, Pacific and
Atlantic. Figure 8 shows the sites where relative decadal changes i.e. relative
uptrend/downtrend reversal during 2010s w.r.t. 2000s is observed. Sites of relative +ve o-
trend are observed in 41 out of 49 which means the strength of CO negative trends has been
weakened at these sites in the recent decade of 2010s. Relative downtrend are the -ve d-trend
sites where CO is decreasing at a higher rate in 2010s than 2000s (Figure S7). It can be
concluded that though the trends are still negative but CO is decreasing at a slower rate
during 2010s with respect to 2000s. This conclusion is largely in consistent with (Buchholz et
al., 2021) in which a global slowdown in the CO decline has been shown in 2010s as
compared to CO trends from earlier studies using TIR CO satellite records from MOPITT,
AIRS, TES, IASI. The reversal in CO trends in 2010s can have several reasons depending on

the station location.

However, the large heterogeneity in the rate of decrease in each of the cluster (Table S1)
points to strong local effects in addition to an overwhelming global effect like ENSO events
pointing to increased CO emissions from a warming climate (Figures S3 and S2). The local

effects can be either be change in emission patterns or the change in CO loss chemistry
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mediated by the OH mixing ratios and recycling probabilities. Despite an overall global effort
in curbing emissions, the enhanced CO columns could be influenced by fire and
anthropogenic emissions (Buchholz et al., 2021). The overall decrease in CO coincides with
advancements in the combustion efficiency of anthropogenic sources (B Zheng et al., 2018),
a reduction in global fire emissions from 1997 to 2009 (van der Werf et al., 2010), and a
negative trend in burned area (Andela et al., 2017). Since 33% of the world's CO emissions
come from fire emission (Y. Yin et al., 2015), a trend in fires can have a significant impact
on atmospheric CO. (Buchholz et al., 2021; McDonald et al., 2013) suggests that the
slowdown in decreasing CO may be caused by diminishing returns from advancements in
combustion efficiency and emission controls. . This is because unlike NOx which have
predominant contributions from anthropogenic emissions, CO sources have competing
anthropogenic and natural/biomass burning components (Strode and Pawson, 2013).Thus CO
reduction efforts must consider fire mitigation and containment strategies. Despite opposite
trends in NOx over Korean (tap) and Japanese (mnm) sites (Figure S8 & Figure S10), the
decreasing effect on CO is more homogeneous (Figure S8). Apart from the atmospheric
chemistry component, the much longer lifetime of CO compared to NOx allows for
atmospheric transport mechanism to impact the CO budget. As transport patterns change
season wise, the seasonal variation of CO trends is investigated to understand the role of

atmospheric transport on CO trends.
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Figure 8. Spatial representation of relative decadal changes in growth rate in 2011-2020
decade with respect to 2001-2010. o-Trend is the difference of growth rates in 2010s and
2000s. +ve difference in 6-Trend meaning the magnitude of negative growth rates in CO has
been reduced or have become positive and vice versa in the recent decade. Red/brown
markers are the spatially distributed 39 out of 49 sites depicting CO is decreasing with slower

rate or have positively increasing trend during 2010s with respect to 2000s.

3.3.Seasonal variations in CO trends

Peaks of CO mixing ratio are found from late winters to early springs and minimum during
summer season. In NH, February- March are the peak and July-August are the minimum CO
months (Figure 9, Table S2). Similarly, in SH, spring months i.e., September-October
exhibits the peak mixing ratios consistent with (Osman et al., 2016) . Biomass burning is very
favorable during this period on the south of equator due to which SH has sharper peaks than
NH (Chandra et al., 2016; Worden et al., 2013). A seasonal pattern in the inter-hemispheric
CO mixing ratio difference is observed with maximum difference 103-107 ppb) during
February-March (103-107 ppb) and a minimum difference (~34-35 ppb) (Figure 9) during

July-August. CO destruction by OH is high during summer (Khalil and Rasmussen, 1990).
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625  Photolysis in the presence of higher temperature and atmospheric moisture results in high OH
626  primary production in summer (Hildebrandt et al., 2010) leading to CO chemical losses by
627 OH mediated oxidation resulting in reduced CO mixing ratios (Worden et al., 2013).
628 Oxidation by OH also reduces the lifetime of CO to few weeks (~10 days) in summer

629  whereas during winters its lifetime can extend to a few months (>60 days) (Holloway et al.,
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632  Figure 9. a) The box plot shows the average range of CO values varied in each month
633  between 1991-2020. The variability of CO (ppb) values shows that highest differences are
634  observed during Feb-March and lowest in July-August in between both hemispheres. b)
635 Mean seasonal variations in CO Seasonal cycles of CO at 2 sites each in the NH (top row)
636 and SH (bottom row). A blue to red color shift correspond to the reduction in the range of CO
637  (ppb) seasonal.

638

639  Decomposition of the CO time series into seasonal trend component (1991-2020) reveals the
640  season which has a dominant impact on CO trends. The seasonal trend analysis is performed

641 for each meteorological season (Table S3) in NH and SH. Seasonal trend slopes are
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calculated using the Sen Slope method on annually averaged season-wise CO values. In NH,
decreasing trend is dominating in DJF and MAM seasons while in SH the overall trends are
controlled by SON. There is a large difference (> -1.01 ppb/yr, p<0.05) in the inter-seasonal
trends (between DJF, MAM and JJA, SON) at higher latitudes (50°N - 90°N) (Figure 10) i.e.,
CO is decreasing at a higher rate in winter and spring than other seasons at higher latitudes.
Seasonal trends during DJF and MAM are close to ~ -1.35 to -1.48 ppb/yr, p < 0.01 for each
respective station at this latitude belt and for JJA and SON are ~ -0.47 & -0.34 ppb/yr, p <
0.01. This dominancy of DJF and MAM is noticeable in NH and as going down south of
equator SON starts dominating the decreasing trend, though magnitude of decreasing trends

remains very low and barely falls below -0.5 ppb/yr in any season.
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Figure 10. Latitudinal gradient of CO seasonal (DJF, MAM, JJA, SON) trends and overall
decrease in CO mixing ratio during 1991-2020. Extreme negative trends in 40 °N -50 °N
resulted in maximum CO (ppb) decrease over these sites (> -30 ppb) in all seasons. SON

season dominated an average reduction of ~ 3.5 — 3.7 ppb in SH.
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A difference of averaged decadal CO mixing ratio of 2010s and 1990s shows that on average,
there is a decrease of -12.6 to -14.8 ppb, p < 0.05 in NH sites with large decreases (> -40 ppb)
seenin 45°N -50°N (Figure 10). 50% of this is attributed to the JJA season, in which average
decrease is -7.08 to -8.03 ppb, p < 0.05 in NH, while average decrease during the DJF and
MAM seasons are -19.93 and -20.85 ppb, p < 0.05 respectively. Similarly, SH station also
has shown average -3.5, p < 0.05 decreases over the period with the maximum decrease of -
6.1 ppb, p < 0.05 during SON season and -3.7 ppb, p < 0.05 in other seasons. In NH,
negative trends are observed consistent throughout the year. In contrast, SH exhibits most
negative trends (p<0.05) specifically in SON season aligning with the most pronounced
decline in CO levels occurs during the fire season along with global decrease in burned area
reported by (Andela et al., 2017). Notably, the SON season has the most stations showing
negative trends compared to other seasons (see Figure 10). This suggests that in other SH
seasons, CO sources and sinks might be equilibrium, indicating that CO levels remain stable
during these periods. In summary, in the NH, various factors contribute to the trend,
including improved combustion efficiency, while in the SH, the main driver of CO level

changes is wildfires (Buchholz et al., 2021).

While NH seasonal trends are dominated by negative values, 5 stations in South-East Asian
region show positive trends during JJA (Figure 11). These stations are: ’bkt’ (Indonesia),

[3

‘mnm’ (Japan), ‘ryo’ (Japan), ‘wlg’ (China), ‘yon’ (Japan). Atmospheric transport
mechanisms are invoked to provide a first-hand explanation of these positive trends. During
MAM season when CO mixing ratio is highest in the NH, it is seen that trends are less
negative at ‘mnm' site in Pacific compared to mainland Korean and Japanese sites which are

still much lower compared to mainland China sites. This gradual decrease in trends from

mainland China to the east towards Japan and finally the ocean is supported by the wind
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patterns. Coastal South China experiences a significant influence from subregional and
regional-scale sources due to the multiscale transport and dispersion of air pollution.
Influenced by the Asian monsoon, stations in South China are primarily affected by marine
air from the South China Sea during the summer and by continental outflows from the
Eurasian Continent. Consequently, the region serves as an excellent receptor for continental
outflows, especially the regional emissions from East and South China (Ding et al., 2013;
Wang et al., 2009; Zhang et al., 2011). (Ding et al., 2013) also concluded that the CO mixing
ratios during JJA months are influenced by coastal regions in South China and East China,
while North China is not a significant factor in this regard, considering the seasonal wind

patterns and air mass trajectories.

" JJA:1991-2020 _ - A,

e wig ¥ Aap VRN LT MG
> :\;\ N ’/"/'//’f/f//‘;ff////

A A /o o =
%30 .|//fr|\\\ én/////n‘#r;nﬁl/// 05§
3 | - - L— sl /o Vo s
= R iy ‘\‘ £ ami s L 2
BV S )

N /

m//} AN T 1

TH R

f
_15L\‘\|,,/.//\\\A‘LTAAA jf{f/

-1.5
60 90 120 150 180

Longitude ° E
Figure 11. A contrasting positive trend over South-Asian sites during 1991-2020 in JJA

season. 5 out of 9 sites had positive trends unlike other seasons.

It is to be noted that stations with positive trends (Figure 11) are non- significant (p>0.05)
and there are several factors that leads to non-significance CO trends during summer season
in this region. High variability in CO mixing ratios during these months can impact the
significance of trends (Zhang et al., 2020). Also, major tropical fire hotspots (the islands of

Kalimantan, Sumatra, and Papua; Indonesia) are in this region and fire emissions from these
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boreal fires can be responsible for the weakening of the CO trend in this season (Buchholz et
al., 2021; Fanin and van der Werf, 2017). This region has been affected by two strong
biomass burning events in the middle of last two decades due to El-Nino events; one in 2006
and occurred from late 2014 to early 2016. These biomass burning events have also
contributed to the increase in CO mole fractions (Babu et al., 2021; Fadnavis et al., 2019;
Ribeiro et al., 2020). CO trends indicates negative trends in this region when 2015 El-Nino
driven fires are excluded from the analysis(Jiang et al., 2017). Furthermore, agricultural
burning, which typically peaks in June (Li et al., 2018; Wu et al., 2017), may potentially be a
factor in the elevated CO levels. Studies have suggested an increase in strength of the
summer monsoon rainfall over China and a decrease in number dry days (Li and Hu, 2019).
A possible result of this may be the observed increase cloud cover (Cai et al., 2017) leading
to decreased primary production of OH and hence decreased photochemical losses of CO

causing an enhancement in trend.

(Xiong et al., 2022) provided long term seasonal analysis between 2004-2019 at higher
altitude site in China (‘wlg’). This study revealed that there was a distinct increasing trend for
the amplitude of CO mole fraction in diurnal cycle in summer., The highest CO mole
fractions increased from 152.3 + 7.4 ppb in to 180.4 + 20.3 ppb between 2004-2019
specifically to daytime in summer season. CO generally peaks in afternoon and then
decreases in other seasons but it was observed that in summer it rises again from afternoon
and reaches maximum value in dusk. In this season, the strengthening of wind (Wang et al.,
2006) in the afternoon is responsible for local transport of emitted CO to ‘wlg’ which lead to
second peak at dusk. In the nearby Chinese province of Qinghai, urban industrialization led
to extensive fossil fuel consumption, which increased CO> emissions from 19.0 MT to 51.9

MT between 2004 and 2018, with coal accounting for most of that increase having highest
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peak of 212.0 MT in 2014-2015. In Gansu (another nearby province) also CO, emission
reached to highest peak of 209.0 MT in 2015. Due to the significant contribution of this, CO
emissions in urban areas increased over time and eventually reached ‘wlg’ with air masses

(Lin et al., 2011; Xiong et al., 2022)

MOPITT constrained inverse analysis suggested decreasing CO emissions from east China
(Strode and Pawson, 2013; Worden et al., 2013) between 2008-2014 however there is an
increase of 6 ppb in CO concentrations over the outflow of east China during this period
(Jiang et al., 2017). This increase has been influenced by a considerable increase in
anthropogenic emissions from India and southeast Asia and this could be a possible reason
for the rise in CO concentration that WDCGG stations have reported in this region (Jiang et

al., 2015).

4. Conclusions

This study utilizes the observations from 49 stations across the globe to understand the CO

trend during 1991-2020. It mainly shows

1. Atmospheric CO exhibits a decreasing trend during 1991-2020 although it is not
homogenously decreasing globally on spatial and temporal scale.

2. CO changes have a latitudinal and regional dependency. Negative trends are more
prominent in northern higher latitudes. Sites in midlatitudes (23.5°N-66.5°N) have the
highest CO mixing ratio (150-250 ppb) and most negative trends. Trend ranges from -
0.35 to -3.77 ppb/year between 25°N -90°N and -0.02 to -0.46 ppb/year between 25°S

-90°S. Different regions have different rates of decreasing trends within the
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hemisphere i.e., European continent has higher decreasing trends than USA and Asian
continent in NH. When it comes to emissions, there a difference on CO growth rate,
depending on where CO emission change occurred. If CO emissions changed in the
high latitudes (long lifetime region) the effect on CO growth rate is bigger, and any
change in CO emission in the tropical latitudes (short lifetime region) has lesser

impact on CO growth rate.

. There is strong inter-hemispheric gradient in decreasing trend and in CO mixing ratio.

The peak CO mixing ratio of every SH site are below the base mixing ratio of NH
sites. A maximum difference in CO (ppb) between NH and SH is 103-107 ppb during
Feb-Mar and minimum difference of 35-36 ppb during July-August.

CO was decreasing with stronger rate till 2000s but a reversal is observed in 2010s as
the strength of decreasing CO has weakened in 2010-2020 decade. Given that the
global total emissions did not increase much in 2001-2010, it may be related to
several factors like ENSO modulating interdecadal CO growth rate highlighting the
relevance of climate vis a vis emissions in modulating the growth rate.

Our analysis points to a weakening of the negative growth rate in CO in the 2011-
2020 period compared to the previous decade. This observation, however, does not
imply that the recent reduction in growth rate will continue to weaken in future or
even turn in to an increasing trend. However, these observations provide a
challenging background for modeling studies of CO to understand past trends under
different scenarios of emission and project for the future possibilities. Both the
emission and loss budget scenarios must be considered in order to explain the CO

trends.

. Among all regional clusters, Cluster-1 (European region) showed a largest and

continuous decrease in CO in 1991-2020.
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7. NH sites have maximum CO in DJF-MAM seasons and SON season dominates in SH.
8. There is an average reduction of -16.22 = 1.92 ppb and -4.5 = 0.64 ppb CO in the

NH and SH respectively between 1991-2020.
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List of Figures

Figure 1. Spatial coverage of stations selected for this analysis from WDCGG database
(http://ds.data.jma.go.jp/gmd/wdcgg/). The sites are operated by NOAA and JMA. See Table
S1 for full names and coordinates of the stations.

Figure 2. Data coverage for each site selected for this analysis from WDCGG database

(http://ds.data.jma.go.jp/gmd/wdcgg/). Left panel is the data availability of original monthly

dataset having some missing data points for few sites. Right panel is the final monthly data
availability after curve fitting.

Figure 3. Spatial distribution of long-term trends in atmospheric CO during 1991-2020.
There is an overall declining trend in CO in last 3 decade. The significance of CO trends as p-
values can be found in Figure S1. There are few sites with insignificant confidence interval.
However, these sites are kept in the analysis for their critical location on world map.

Figure 4. Time series of CO mixing ratios from WDCGG for the 3 broad latitude bands, of
75°N - 23.5°N, 23.5°N - 23.5°S, and 23.5°S - 70°S (panels a-c). The corresponding regional
total CO emissions derived from EDGAR v6.0 are also shown (panels d-f). ENSO-events are
also shown (moderate La Nina: 2007-08, 2010-11; very strong El Nino: 1997-98, 2015-16;

moderate El Nino: 2002-03, 2009-10)
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Figure 5. Latitudinal gradient of CO trends as observed at 49 sites. A dominancy of NH sites
is observed latitudinally, with continental sites (A-marker) contributing higher CO (ppb) than
the sites with marine background (O- marker). The colored circle inside each marker
provides the information of the length of time series data (in years) available for each site.
Figure 6. 5 regional clusters representing average long-term trend of each cluster. Each
cluster is grouped according on the closeness to centroid value of long-term trend, latitude
and longitude representing each region. A set of European + north Atlantic sites; Cluster-1
shows most negative trends of all groups and contributing more to negative trends in NH.
Figure 7. Decadal decouple of CO trends into 1990s, 2000s and 2010s. Representation of
non-uniform decrease in all decades mostly in SH whereas a continuous decrease in NH. But
a positive inter-decadal trend difference (6-trend) reveals the weakening of decreasing trends
of CO in 2010s w.r.t to previous decades.

Figure 8. Spatial representation of relative decadal changes in growth rate in 2011-2020
decade with respect to 2001-2010. 6-Trend is the difference of growth rates in 2010s and
2000s. +ve difference in 6-Trend meaning the magnitude of negative growth rates in CO has
been reduced or have become positive and vice versa in the recent decade. Red/brown
markers are the spatially distributed 39 out of 49 sites depicting CO is decreasing with slower
rate or have positively increasing trend during 2010s with respect to 2000s.

Figure 9. Seasonal cycles of CO at 3 sites each in the NH (top row) and SH (bottom row).
Blue to red color correspond to the seasonal cycles with high and low annual CO mixing ratio,
respectively, during the period of the 1991 to 2020.

Figure 10. Latitudinal gradient of CO seasonal (DJF, MAM, JJA, SON) trends and overall
decrease in CO mixing ratio during 1991-2020. Extreme negative trends in 40 °N -50 °N
resulted in maximum CO (ppb) decrease over these sites (> -30 ppb) in all seasons. SON

season dominated an average reduction of ~ 3.5 — 3.7 ppb in SH.
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1251  Figure 11. A contrasting positive trend over South-Asian sites during 1991-2020 in JJA

1252  season. 5 out of 9 sites had positive trends unlike other seasons.
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	CO + OH + O2 → CO2 + HO2………………………………R1

