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Carbon monoxide (CO) is an important trace gas in the troposphere, while the El Nifio-
Southern Oscillation (ENSO) phenomenon is the most important tropical climate variability.
ENSO is known to influence interannual variation in meteorological variables on the global
scale but its influence on atmospheric CO over large areas in a long term is uncertain. Here
we report a strong positive teleconnection between the El Nifo—Southern Oscillation
(ENSO) in winter (November to February) to tropospheric CO over the North Atlantic
European region (NAE) in the following spring (March to May). This ENSO teleconnection is
evident in trajectory-mapped airborne CO data (In-service Aircraft for a Global Observing
System, IAGOS) over 2002-2019. CO concentrations in El Nifio years are 5-20 ppbv
higher than those in La Nifia years over the NAE troposphere. The regional mean difference
from the surface to 300 hPa is 9.4 ppbv (7.6% of the mean). The correlation coefficient (r)
between the ENSO index and detrended CO concentrations in the NAE is 0.67 at 400 hPa
and 0.63 near the surface, both statistically significant at the 95% level. Such a
teleconnection is also observed in independent surface observations, with r ranging
from 0.57 to 0.74, all at 95% significance level. From analysis of fire emissions and
atmospheric conditions, combined with tagged CO simulations using a chemical transport
model, GEOS-Chem, we conclude that this teleconnection results from the combined
effects of ENSO on both biomass burning and atmospheric transport. We find that in El
Nifo years, CO emissions from biomass burning are significantly enhanced in Northern
Hemispheric South America, Southeast Asia, and North America due to warmer air
temperatures and lowered precipitation. In addition, ENSO enhances CO transport
from these regions to the NAE by enhancing upward and northeastward motions in
the fire regions, accelerating westerlies over 20°N-40°N, and prompting ascents over the
Atlantic and descents over Europe, while reducing CO outflow at the eastern boundary of
Europe. The combined effect of ENSO on both CO emissions and CO transport leads to
interannual variability in tropospheric CO over the NAE.
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1 INTRODUCTION

Carbon monoxide (CO) is a by-product of incomplete
combustion of carbon-based fuels. In addition to being a
major pollutant near the ground, CO also acts as the major
sink for hydroxyl radicals (OH), responsible for about 75% of its
removal (Thompson, 1992). CO therefore influences the
oxidation of the atmosphere and the global climate by
affecting the concentrations of OH. Under high NO,
conditions, CO is a precursor of ozone (Os), while under low
NOj conditions, CO participates in O3 destruction (Jacob, 1999;
Holloway et al., 2000). O; is important to radiative forcing as a
short-lived climate pollutant and to tropospheric chemistry as a
major oxidant (Ramaswamy et al., 2001); CO thus participates in
radiative forcing and tropospheric chemistry. Depending on
location and season, the atmospheric lifetime of CO varies
from several weeks to several months. Therefore, CO is a good
tracer for studying the transport of airmass (Edwards et al., 2006a;
Liu et al.,, 2006; Osman et al., 2016; Han et al., 2018), and can help
track co-emission pollutants that are more difficult to measure,
such as black carbon (Arellano et al., 2010), aerosols and other
trace gases (Edwards et al., 2004; Zhang et al., 2006; Bian et al.,
2010; Pumphrey et al., 2011).

The El Nifo-Southern Oscillation (ENSO) is generally
characterized as an oscillation between El Nifio and La Nifa
events, which usually lasts for 1-2years and recurs every
3-7 years (Rasmusson and Carpenter, 1982; Neelin et al., 1998;
Timmermann et al,, 2018). The ENSO cycle is irregular (Kessler,
2002). Most El Nifio events tend to decay rapidly after the peak
while many La Nifa events last around 2 years (Okumura and
Deser, 2010; Ohba and Watanabe, 2012; Hu et al., 2013; Zhang
etal., 2019). ENSO can greatly influence the interannual variation
(IAV) of the global climate (Webster et al.,, 1998; Li and Hsu,
2018). El Nino events often lead to widespread changes in fires,
wetland emissions, and atmospheric circulation (Feely et al,
1987; Jones et al., 2001; McPhaden et al., 2006). These effects
are strongest in the tropics, but can also trigger atmospheric
teleconnections far away from the Pacific tropics and thus have a
global impact (Jones et al., 2001).

ENSO teleconnection to the North Atlantic European region
(NAE) is currently an active topic of research (Lorenzo et al.,
2010; Rodriguez-Fonseca et al., 2016; Joshi et al., 2021). El Nifio
usually impacts climate with a time lag (Hertig et al, 2015).
Bronnimann (2007) suggested that ENSO influence on the NAE
is strongest in late winter and early spring. For example, El Nifio
will increase precipitation in the following spring in Europe (van
Oldenborgh and Burgers, 2005; Herceg-Buli¢ and Kucharski,
2012; Shaman, 2014; Herceg-Buli¢ et al., 2017). However,
whether and how ENSO influences variability in atmospheric
CO in the NAE remain unclear.

Biomass burning (BB) is an important source of tropospheric
CO (Novelli et al., 2003; Liu et al., 2005; Duncan and Logan, 2008;
Liu et al,, 2013; Livesey et al., 2013; Cussac et al., 2020; Zhang

etal., 2020). Voulgarakis et al. (2015) stated that biomass burning
emissions are almost entirely responsible for global CO
interannual variability. In the upper tropical troposphere, fire
emissions from Indonesia during El Nifio are the main drivers for
interannual variability of CO (Huang et al., 2014). Previous
studies have explored linkages among CO, biomass burning,
and ENSO. Some of the studies reported that ENSO can
influence atmospheric CO in the Arctic (Monks et al., 2012),
Amazon (Ribeiro et al, 2020), the Southern Hemisphere
(Buchholz et al, 2018), and the tropics (Edwards et al,
2006b), mainly by enhancing or suppressing biomass burning
in their respective source regions. The scale of global fire activities
is apparently related to ENSO phases (Doherty et al., 2006; Fuller
and Murphy, 2006; Le Page et al., 2008; Fang et al., 2021). The
largest CO releases from uncontrolled forest wildfires are often
associated with ENSO-induced droughts (Duncan et al., 2003).
During the 1997-1998 El Nifo phase, global biomass burning
emissions increased, resulting in a 40% increase in global CO
concentrations and 9% decrease in OH concentrations
(Rowlinson et al, 2019). Some studies attributed ENSO-
induced CO IAV to the variability in climate and atmospheric
circulation. Szopa et al. (2007) suggested that in the tropics,
climatic variability can explain 50-90% of CO IAV, while in high
latitudes, CO IAV is driven by variability in biomass burning and
climate almost equally. Zhang (2011) suggested that negative
(positive) anomalies in CO total column are associated with
positive (negative) anomalies in precipitation during ENSO.
Transport can also influence variations in CO globally (Stohl
et al., 2002). The elevated CO concentrations in 1999 spring in
Europe were linked to long-range transport of pollution from
extremely large fires in China, Southeast Asia, and India
(Koumoutsaris et al,, 2008). Other studies found that in El
Nifno years, the global OH level has a downward tendency
(Prinn et al., 2001). Anderson et al. (2021) pointed out that in
the boundary layer, H,O increases during El Nifo years; as OH
production is dominated by the reaction of O;D with water, OH
also increases. However, in the upper troposphere, OH is mainly
controlled by NO, so that in El Nifio years, NO decreases, and so
does global tropospheric OH.

In view of the importance of CO as a major pollutant and
precursor of ozone, it is desirable to investigate CO variability in
different time scales, including IAV, and the associated
controlling mechanisms. Investigating ENSO influence on IAV
in atmospheric constituents, including CO, is challenging
(Buchholz et al., 2018) because of the complexity of ENSO
effects on atmospheric constituents and their interactions.
Such investigation also requires long-term datasets. Previous
studies are limited to model simulations (Szopa et al., 2007;
Koumoutsaris et al., 2008; Monks et al, 2012; Voulgarakis
et al, 2015; Rowlinson et al., 2019), or observations at the
surface (Ribeiro et al., 2020) or from satellites (Zhang, 2011;
Buchholz et al., 2018). Observations at the surface are scattered
and affected by complex boundary-layer processes, while satellite
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FIGURE 1 | (A) The seasonal mean CO distribution in March, April, and May (MAM, the same for the figures and tables below) at 400 hPa in El Nifio years (2002,
2007, 2010, and 2016, the same for the figures and tables below). The dashed lines indicate the North Atlantic European region (NAE). The blue, magenta, and green
stars indicate three ground-level sites: IZO (Izafa), WIS (Sede Boker) and JFJ (Jungfraujoch), respectively. (B) The same as (A), but in La Nifia years (2006, 2008, 2009,
2011, 2012, and 2018, the same for the figures and tables below). (C) The longitude-altitude cross section of the CO difference between El Nifio and La Nifa years
averaged over 30°N-60°N, MAM, overlaid with the corresponding wind difference between El Nifio and La Nifia years. The vertical wind velocity is enlarged by
1,000 times for illustration purposes. The dashed vertical lines at 60°W and 50°E indicate the longitudinal borders of the NAE. (D) Interannual variation during 2002-2019
in MAM CO concentrations averaged over the NAE (the boxed area in Figure 1A), varying with altitude. Red and blue lines denote El Nifio and La Nifia years, respectively.
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data have low vertical sensitivity (Jacob et al., 2003; Ding et al.,
2015). In recent years, a trajectory-mapped CO dataset (Osman
et al., 2016) has been constructed based on airborne IAGOS data
(In-service Aircraft for a Global Observing System, Nédélec et al.,
2015). This global CO dataset is latitudinally, longitudinally, and
vertically resolved with a vertical resolution of 1 km. It also covers
decadal periods. This observation-based dataset provides an
unprecedented opportunity to investigate ENSO influence over
large areas and in fine vertical and horizontal resolutions that
have not been available before. With this dataset, we aim to
address the following scientific questions: 1) is there an ENSO
teleconnection to TAV in CO concentrations over the NAE? 2)
what are possible drivers for the teleconnection? To help interpret
the observational CO data, we conduct CO simulations using a
global chemical transport model, GEOS-Chem.

The paper is organized as follows. After this introduction, data
and methods are described. Then, our analysis is presented in two
sections: 1) an ENSO teleconnection to the IAV in springtime CO
concentrations over the NAE and 2) underlying mechanisms for
this ENSO connection. In the Discussion section, we further
examine whether CO in the NAE is connected to other climate
modes. Conclusions are provided in the last session. We also
briefly discuss the new contributions of this study to the field.

2 DATA AND METHODS

The primary data for this study are the trajectory-mapped IAGOS
CO data (Osman et al., 2016). We also supplement our analysis
with ground-level CO observations and GEOS-Chem model
simulations. To explore how ENSO affects the interannual
variability of tropospheric CO in the NAE (30°'N-60°N,
60°W-50°E, see Figure 1A), NCEP meteorological reanalysis,
and Global Fire Emissions Data (GFED) are used.

2.1 Trajectory-Mapped IAGOS CO Data

The TAGOS airborne CO data are available from the European
Research Infrastructures programme (https://www.iagos.org,
Nédélec et al, 2015). The IAGOS data are unevenly
distributed in space and time. Through trajectory mapping of
the TAGOS data, Osman et al. (2016) constructed a three-
dimensional CO dataset at 5 ° x 5 “x1 km (latitude, longitude,
altitude), available monthly from 2002 to 2012 at ftp://es-ee.tor.
ec.gc.ca/pub/ftpdt/MOZAIC_output_CO/.  The trajectory-
mapped CO dataset was carefully evaluated. The dataset is in
good agreement with laboratory-analyzed NOAA aircraft flask
data. The CO total column is 12-16% higher than that estimated
by MOPITT (Osman et al.,, 2016).

In this study, the trajectory-mapped CO dataset is extended to
2019 to cover a study period of 18 years, from 2002 to 2019. The
global monthly CO data fields after the trajectory-mapping still
have data gaps, with 30-70% missing data depending on region
and layer. A weighted average approach was used to interpolate
data into these gaps, on each of the 1-km layers. The CO
concentration for a gridpoint without CO data is determined
by the mean of the CO values from the closest surrounding

ENSO-CO Teleconnection over the NAE

gridpoints where CO data are available, weighted by distance. The
weight w for each gridpoint in the weighted mean is determined
by Eq. 1, which is a slightly modified version of Liu G. et al. (2009)
and Osman et al. (2016):

w = N#e %)y (1)

where N is the number of trajectories at the gridpoint with CO data
when generating the trajectory-mapped CO data for that grid. This
value is available with the CO dataset. D is the distance between this
gridpoint and the target (the gridpoint with no data), and R is the
correlation length of CO (taken as 700 km in this study, the same as
Osman et al. (2016)). y is a constant value taken as 1.5 in the study
(for discussions of y values, see Liu G. et al. (2009)). We set D,
(taken as 1,000 km in this study) to avoid the use of CO data too far
away. If D is larger than D,,,,, CO value for that gridpoint is not
used. We also set Nin_sum (Nmin_sum = 10 in this study) to prevent
unreliable filling due to insufficient records. When filling gaps, we
first find the gridpoints that are closest to the no-data gridpoint,
and then calculate the sum of N of all the closest gridspoints,
termed as Nyp,. If N,y is larger than Ny, _sum, we use the CO
values in these gridpoints to fill in the gap. Otherwise, we extend
the circle to a larger size (one gridpoints further from each
direction) until Ny, is larger than Npi, gm. If all D are
beyond D,,u but Ng,, has not yet reached Npin_sum> the no-
data gridpoint is left unfilled. Gap filling is not performed if a
gridpoint in a layer is below the surface elevation. After gap-filling,
the no-data rate drops by more than 30% in the Northern
Hemisphere (NH). For the study domain, the NAE, the no-data
rate becomes 0-10% from 900 hPa to 300 hPa and 25-45% at the
surface. Finally, we convert monthly CO concentrations from the
original altitude coordinate to a pressure coordinate based on the
NCEP geopotential reanalysis for each month.

2.2 ENSO and Other Climate Mode Indices
We use the bi-monthly Multivariate ENSO Index (MELv2,
https://psl.noaa.gov/enso/mei/) to describe ENSO variations
(Wolter and Timlin, 2011). The MELv2 is a leading principal
component time series of the Empirical Orthogonal Function
(EOF) of five different atmosphere ocean variables over the
tropical Pacific basin (30°S-30°N and 100°E-70°W). The MEL
v2 allows for spatial variations in its key features with the seasonal
cycle, and can reflect multiple characteristics of ENSO and has
less vulnerability to errors.

Since the mature stage of ENSO often occurs in cold seasons,
we define the average of MELv2 in November of year 0 to
February of year 1 (NDJF) as the ENSO index of year 1
(Monks et al,, 2012). In this study, an El Nifio event is defined
when the MEI v2 > 0.5 for five consecutive months and the mean
of MEI v2 in NDJF > 0.5, while a La Nifa event is defined when
the MEIL v2 < —0.5 for five consecutive months and the mean of
MEL v2 in NDJF < -0.5. Over 2002-2019, there are four ENSO
cycles with four El Nifo and six La Nifia phases. We use El Nifio
and La Nifia years to describe the years affected by El Nifio or La
Nifia events in the previous winters. Therefore, El Nifio years
include 2003, 2007, 2010, and 2016, while La Nifa years include
2006, 2008, 2009, 2011, 2012, and 2018.
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We also examine whether there are connections between the
CO concentrations over the NAE and other climate modes,
including the North Atlantic Oscillation (NAO), Pacific North
American pattern (PNA), the Atlantic Multi-Decadal Oscillation
(AMO), and sea surface temperature (SST). The NAO index and
the PNA index are derived from the Rotated Principal
Component Analysis technique. The tropical North Atlantic
sea surface temperature (TNA SST) index is the anomaly of
the average of the monthly SST over 5.5°N to 23.5°N and 15°W to
57.5°"W. The NAO, PNA, and TNA SST indices can be
downloaded from https://psl.noaa.gov/data/climateindices/list/.
The AMO index is based on the average anomalies of SST in
the North Atlantic basin, typically over 0°~80°N. To remove the
climate change signal from the AMO index, the SST data need to
be detrended by subtracting the global-mean SST anomaly time
series from the spatially averaged time series. The AMO index can
be downloaded from https:/climatedataguide.ucar.edu/sites/
default/files/amo_monthly.txt. The NINO 1 + 2 index is the
area-averaged SST from 0° to 10°S and 90°W-80°W and the
NINO 4 index is the area averaged SST from 5°S to 5°N and
160°E-150°W. SST Indices (NINO 1 + 2 and NINO 4) are
downloaded from https://psl.noaa.gov/gcos_wgsp/Timeseries/.

2.3 Ground-Level CO Observations

We employ surface CO measurements from three sites in the
NAE (Figure 1A). Flask measurements are made at IZO (Izafa)
and WIS (Sede Boker) while in-situ measurements are made at JFJ
(Jungfraujoch). Details of the stations and sampling network can
be found in Dlugokencky et al. (2005), Novelli et al. (1998), and
Yu et al. (2020). Data are available from the World Data Centre
for Greenhouse Gases (WDCGG, https://gaw.kishou.go.jp/) and
the NOAA Global Monitoring Laboratory (GML, https://gml.
noaa.gov/ccgg/flask. html).

2.4 Emission Data

Data for CO emissions from biomass burning are from the GFED
version 4.1 with small fires (GFED4.1s) from 1997 to 2021 (Giglio
et al. (2013); van der Werf et al. (2017), available at https://
globalfiredata.org/pages/data/). The gridded emission data have
spatial resolution of 0.25° latitude x 0.25° longitude and monthly
temporal resolution. Emissions of fire-generated trace gases are
derived by combining satellite information on burned areas,
biogeochemical model estimates of fuel burned, and estimated
emission factors for each species.

The anthropogenic CO emission inventories are from the
Community Emissions Data System (CEDS) database
(v_2021_04_21, last access: 2022/02/10; Hoesly et al., 2018),
available at https://doi.org/10.25584/PNNLDataHub/1779095.
The spatial resolution of the inventory is 0.5 latitude x 0.5°
longitude. Emissions are provided as monthly averages. The
scaled emission estimates are extended back to 1750 by
extending activity data and emission factors separately to
produce a full trend from 1750 to 2019.

2.5 NOAA/NCEP Reanalysis Data

The observed precipitation data used are the National Oceanic and
Atmospheric Administration (NOAA) Precipitation Reconstruction

ENSO-CO Teleconnection over the NAE

Dataset (PREC) (Chen et al., 2002). The PREC dataset is an analysis
of monthly precipitation constructed on a 2.5° latitude x 2.5°
longitude grid over the globe from 1948 to the present.

The reanalysis data of pressure, air temperature, sea level
pressure, geopotential height, zonal wind, meridional wind, and
vertical motion are provided by the National Centers for
Environmental Prediction (NCEP, https://psl.noaa.gov/). The data
have a horizontal resolution of 2.5° latitude x 2.5° longitude, and a
vertical resolution of 17 layers from 1,000 hPa to 10 hPa.

2.6 GEOS-Chem Simulation
Here we use the GEOS-Chem (v12-09-03, http://geos-chem.org)
chemistry transport model to simulate tropospheric CO globally
over 2002-2019 (using 2000-2001 for spin-up). The model is driven
by the Modern-Era Retrospective Analysis for Research and
Applications, Version 2 (MERRA2) meteorological data (Gelaro
et al., 2017). To match the resolution of the IAGOS data, GEOS-
Chem simulations were carried out at 4’ latitude x 5° longitude grids.
We ran two simulations: the standard and tagged CO simulations.
The results from the standard simulations are used to compare
with observations. The standard simulations have 72 vertical
layers, including about 35 levels in the troposphere from 1,000
to 100 hPa. GEOS-Chem uses global anthropogenic emissions
from CEDS, supplemented by some regional emission
inventories, such as Air Pollutant Emission Inventory (APEI)
and monthly mean contiguous U.S. (CONUS) emissions from
2011 National Emissions Inventory (NEI 2011) inventory. The
biomass burning emissions are from GFED monthly inventories.
Emissions from other natural sources (e.g., lightning, volcanoes)
are also included. The GEOS-Chem standard simulation
considers most of the factors in climate change, and can
accurately simulate the interannual variations of common
atmospheric substances such as CO and Os. It is known that
GEOS-Chem underestimates CO concentrations by ~10% (Heald
et al., 2003; Duncan et al., 2007; Kopacz et al., 2010; Ding et al,,
2015). The underestimate is possibly due to biases in the CO
inventory or model parametrization or both (Kopacz et al., 2010).
The tagged CO simulation can assess how much CO is
transported from a defined domain to other regions. The tagged
CO simulations can help analyze the impact of CO produced in
one region on CO concentrations in other regions. Tagged CO
simulation can separate the CO from biomass burning and from all
sources, including anthropogenic and biofuel sources. The tagged
CO simulation has 47 vertical layers, with 35 vertical layers
(1,000-100 hPa) in the troposphere. GEOS-Chem tagged CO
simulations use the same anthropogenic emission inventories as
the standard simulations, including CEDS, APEI, and NEI 2011.
The biomass burning emission inventory used for the tagged CO
simulations is Quick Fire Emissions Database v2 (QFED2). The
tagged CO simulation first defines CO source and receptor regions.
This study divides the world into 10 areas (Supplementary Figure
S1), namely the North Atlantic European region (NAE, the
receptor region), North America (NA), Northern Hemispheric
South America (NHSA), Southern Hemispheric South America
(SHSA), Northern Hemispheric Africa (NHAF), Southern
Hemispheric Africa (SHAF), Asia (AS), Southeast Asia (SEAS),
Australia (AUST), and the rest of the world (ROW).
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TABLE 1 | Vertical variations in CO concentrations, CO anomalies in El Nifio and La Nifia years, the relative differences of the anomalies, the coefficient of variation (CV = STD/
mean), trend of CO concentrations, correlation coefficients (r) between the ENSO index and detrended CO concentrations in the North Atlantic European region
(COpT_Nag). “ACO” is the difference in CO concentrations between El Nino and La Nina years.

Altitude (hPa) Mean CO (ppbv) EI nifno anomaly (ppbv)

200 67.1 2.68 -2.19
300 101.7 5.12 -3.89
400 115.6 6.04 -4.19
500 121.7 6.71 -3.61
600 126.7 6.23 -2.95
700 131.5 6.32 -2.82
850 137.9 6.49 -2.85
1,000 142.2 5.99 -2.42

La nifia anomaly (ppbv)

ACO/mean (%) CV (%) Trend (ppbv/year) r (COpr nae; ENSO)

7.3 13.0 0.31 0.19

8.9 6.2 -0.31 0.51%
8.8 5.6 —0.67#: 0.67#=
8.5 5.9 —0.91 0.63sx
7.2 6.1 —1.08#3#x 0.57=
7.0 6.2 —1.27 0.55%
6.8 5.9 —1.25%#% 0.59
5.9 5.0 —1.10%x 0.6

“+” indicates that r is at the 90% significance level (p < 0.10), “++" at the 95% level (p < 0.05), and “s++" at the 99% level (p < 0.01).

2.7 The Effective Degrees of Freedom
Because of the autocorrelation of climate variability, the effective

degree of freedom (N, ) is usually lower than its original degree
of freedom when testing the significance of correlations
statistically between time series (Bretherton et al, 1999). The
effective degrees of freedom can be determined by Eq. 2
(Bretherton et al., 1999):

N
N-1 : XX VY
zizf(Nq) (1 - |Z|/N)p1 Pi
where N is the sample size and pX* and p!? are the
autocorrelations of two sampled time-series X and Y at time

lag 7, respectively. The significance tests throughout this study all
use N.ff, rather than N.

2)

Negy =

3 IS THERE AN ENSO TELECONNECTION
TO SPRINGTIME CO OVER THE NAE?

Figures 1A,B respectively show the spatial distribution of CO
concentrations in El Nifio and La Nina years at 400 hPa in spring
(mean of March, April, and May (MAM)). Spatially, CO
concentrations at this level are highest in northeastern Asia
and northern North America, reaching more than 180 ppbv in
El Nifio years. With increasing latitude, solar radiation and OH
radicals decrease (Lu and Khalil, 1991), leading to an increase of
CO concentrations from the equator to the Arctic. CO
concentrations in El Nifo years are higher than those in La
Nifa years over most of the NH.

Figure 1C shows a latitudinal-vertical cross section of the
difference in CO between El Nifio and La Nifa years, averaged
over 30°N-60°N. The difference in CO concentrations over the
NAE is evident throughout the troposphere. The maximum
difference in CO concentrations between El Nifio and La Nifia
years can reach 20 ppbv at some locations. On average (Table 1),
CO concentrations over the NAE are about 9.4 ppbv (7.6% of the
mean) higher in El Nifio years than in La Nina years from the
surface to 300 hPa. The difference in CO concentrations between
El Nifo and La Nifa years at the latitudes in Table 1 reaches the
95% significance level from 1,000 to 400 hPa and the 90%
significance level at 300 hPa.

Also shown in Figure 1C is the difference in wind between El
Nifio and La Nifa years. As is well known, westerlies prevail over
the NAE troposphere (Supplemenatry Figure S2A). Previous
studies have suggested a pollution transport pathway from the
east coast of North America in the lower troposphere to the west
coast of Europe in the middle and upper troposphere (Li et al.,
2002; Stohl and Eckhardt, 2004; Liu et al., 2006; Liu J. J. et al,,
2009). When CO from other regions is transported to the western
border of the NAE, airmass carrying CO ascends between 30°W
and 60°W from the lower troposphere to the middle and upper
troposphere, and then descends to the lower troposphere between
10°W and 30°E (Supplementary Figure S2B). Figure 1C shows
that in El Nifo years, the eastward and upward winds in the
western NAE strengthen, increasing CO concentrations in the
upper troposphere, while the subsidence becomes stronger
around 10°W and 30°E, facilitating CO accumulation in the
lower troposphere and enhancing ground-level CO
concentrations in Europe. At the same time, CO outflow at
the eastern border of Europe decreases. All these variations in
wind fields are conductive to CO accumulation in Europe, which
will be discussed in detail in Section 4.2.

Figure 1D shows the year-to-year variation in MAM CO
concentrations over 2002-2019 in the NAE at different altitudes.
Generally, the higher the altitude, the lower the CO
concentrations, as the major CO sources are at the surface. At
all altitudes, the four El Nifio years are all associated with an
increase in CO concentrations, while the five La Nifia years are
associated with a decrease in CO concentrations, except for 2018.
There is a CO peak in 2014 that apparently has no connection
with ENSO, suggesting other influences. In fact, the elevated CO
in 2014 is related to an anomalous increase in biomass burning in
Southeast Asia resulted from human activities (World Resources
Institute, 2014). Some studies regard 2017 as a weak La Nifia year
(Setimela et al., 2018; Ferrer et al., 2019; Zhang et al., 2019), and
CO concentrations in 2017 also decline. The overall magnitude
for the TAV, as expressed by the coefficient of variation (CV),
stays around 5-7% below 200 hPa (Table 1).

In addition to the IAV in CO concentrations, there is a
downward trend in CO concentrations in the troposphere from
2002 to 2019. The declining trend is most significant in the lower
troposphere (Table 1). To analyze IAV in CO, we first remove the
decreasing trend in CO concentrations over 2002-2019 for the
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entire CO database. Figures 1A,B show that over the NAE, CO
concentrations appear to be more sensitive to ENSO than in other
regions: high in El Nifio years and low in La Nina years. This is
further confirmed in Figure 2A that shows correlations between
the ENSO index in winter (November to February) and detrended
CO concentrations (COpr) in the following spring (March to May)
over 2002-2019 at 400 hPa. Positive correlations between COpr
and the ENSO index are significant over the central Europe and the
Mediterranean region, as well as over the central North Atlantic. In
El Nifio years, COpr in the NAE increases in spring, while in La
Nifia years, COpr in the NAE decreases in spring. On average over
the entire NAE (Table 1), the two series correlate significantly from
the surface to 300 hPa (all p < 0.10), with strongest correlation at
400 hPa (r = 0.67) and at the surface (r = 0.63). An example of these

correlations is shown in the time series over 2002-2019 at 400 hPa
(Figure 2B).

The variation in the correlation between ENSO and COpr at
different altitudes is also of interest (Figure 2C). In the central
North Atlantic, the correlation appears stronger in the lower
troposphere, while over Europe, the correlation becomes stronger
in the middle and upper troposphere. This can be explained by
Figure 1C, which shows that the eastward and upward winds are
strengthened in El Nifio years over the North Atlantic. The
variations in vertical and horizontal wind field with ENSO will
be examined in detail in Section 4.2.

Figure 3 further shows the connection of ENSO to IAV in
ground-level COpr in spring at three sites in the NAE
(Figure 1A): Izana (IZO, 16'W, 28°N, and 2,372m), Sede
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2012 2014 2016

Boker (WIS, 35°E, 29°N, and 151 m), and Jungfraujoch (JFJ, 7.9°E,
46°'N, and 3,580 m). Despite their geographical differences, the
correlations of the ENSO index and COpy are all positive and
significant (p < 0.05). Similar positive correlations between COpr
concentrations and the ENSO index can also be observed from
MOPITT (Measurements Of Pollution In The Troposphere,
Supplementary Material S1) CO data (Supplementary Table
S1). This correlation is also supported by GEOS-Chem
simulations (Supplementary Table S1): an example at 400 hPa
is shown in Supplementary Figure S3A, although CO
concentrations from GEOS-Chem are about 15% lower than
TAGOS-based ones. The spatial distributions of the simulated
MAM CO concentrations at 400 hPa in El Nifio and La Nina
years are shown in Supplementary Figures S3B,C, which
compare well to Figures 1A,B. All the analysis indicates that
the ENSO index in the cold season is positively and significantly

correlated with the CO anomaly in the following spring over the
NAE, and the correlation persists from the ground up to the
upper troposphere.

4 HOW DOES ENSO MODULATE
SPRINGTIME CO OVER THE NAE?

4.1 ENSO Influence on Biomass Burning
We assess CO emissions from biomass burning (COgp) in the NH
from six regions (Figure 4A), including North America (NA;
160°W-60"W, 12.5°’N-80°N), NH South America (NHSA;
82°W-50°W, 0°-12.5°N), Southeast Asia (SEAS; 90°E-130°E,
0°-25°N), NH Africa (NHAF; 20°W-50°E, 0°=30°N), the North
Atlantic European region (NAE; 60°"W-50°E, 30°N—60°N), and
Asia (AS; 50°E—180°E, 25°N-80°N).
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Figure 4B shows the IAV in COgp emissions in MAM from
NHSA, SEAS, and NA. Chen et al. (2017) found that, following an
El Nifo episode, fires peaked in SEAS and NHSA from January to
April and in central America from March to May. Figure 4B and
Table 2 show that the ENSO index correlates well with COgp
emissions in NHSA (r = 0.53) and SEAS (r = 0.50). Although the
correlation coefficient for NHSA is higher, its effective degrees of
freedom is lower than that for SEAS, so the ENSO connection to
fire emissions from SEAS is more significant. The ENSO
correlation with COpp emissions in NA is complex, and can
be discussed individually for three sub-regions (Supplementary
Figure S4): boreal North America (BONA, 40°N-80°N),
temperate North America (TENA, 20°N-40°N), and central
America (CEAM, 12.5°N-20°N). In BONA, the COgg
emissions per unit area are small, but the total fire area is
large, and COpp emissions in BONA are generally positively
correlated with ENSO, while in TENA, the total fire area is small
and COpp emissions per unit area are moderate, but ENSO is
negatively correlated with COgp emissions. In CEAM, the total
fire area is small, but COpp emissions per unit area are large, and
COpgp emissions are positively correlated with ENSO. Overall, the
correlation coefficient between ENSO and COgg emissions over
the entire NA reaches 0.31, positive and moderately strong,
although not passing the 90% significance level. Although
COgp emissions in NHSA, SEAS, and NA usually increases in
El Nifio years and decreases in La Nifa years, they are not
completely synchronized in every year. For example, 2003 is

an El Nifio year while 2004 is a neutral year; COpp emissions in
NHSA and NA in 2003 are higher than those in 2004, but the
opposite is true in SEAS. Similarly, 2010 is an EI Nifio year while
2011 is a La Nifa year; COpp emissions in NHSA and SEAS in
2010 are higher than those in 2011, but the opposite is true in NA.
None of the three regions individually corresponds to ENSO
variations impeccably. However, the overall response of COgp
emissions in the three regions corresponds well to the ENSO
signal (r = 0.72, p < 0.02). In sum, ENSO apparently correlates to
the IAV in COgg emissions from NHSA and SEAS positively and
significantly. ENSO shows a positive impact on COgp emissions
from NA, but not to a significance level. In contrast, ENSO
impact on fires in the NAE, as well as in NHAF and AS, appears
non-significant.

Temperature and precipitation are the most important factors
affecting IAV in COgp emissions (Field and Shen, 2008; Marlon
et al,, 2008; Pechony and Shindell, 2010; Daniau et al., 2012). It is
known that ENSO can disturb normal climatic patterns in air
temperature and precipitation around the world (Ropelewski and
Halpert, 1986; Bradley et al., 1987; Magana et al., 2003; Yu et al,,
2012; Cai et al.,, 2020). Chen et al. (2017) suggested that on
average, reductions in precipitation and terrestrial water storage
during and after El Nifio episodes increased fire emissions in pan-
tropical forests by 133% relative to after La Nifia episodes. Table 2
shows the mean air temperature and precipitation over
2002-2019 and their correlations with ENSO in different
regions. In SEAS and NHSA, ENSO is positively correlated
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TABLE 2| CO emissions from biomass burning (COgg_g) in different regions based on GFED4.1s data. Correlation coefficients (r) between the ENSO index and COgg _E, air
temperature (T), and precipitation (Precip) at the surface. See Figure 4A for the region definition.

Source region COgs _E (Tg/yean

NH South America (NHSA) 0.61 0.53*
Southeast ASIA (SEAS) 3.69 0.50s
North America (NA) 1.99 0.31

Asia (AS) 4.83 -0.10
North Atlantic European region (NAE) 0.46 -0.21
NH Africa (NHAF) 1.71 -0.33
NA + NHSA + SEAS 6.29 0.723%x%

r (COBBiE! ENSO)

T (°C) r (T, ENSO) Precip (mm) r (Precip, ENSO)
26.22 0.61#x 0.02 -0.35
26.73 0.66%: 0.13 —0.49
2.62 0.41 0.02 0.16

6.37 -0.05 0.03 0.67 3
12.93 0.07 -0.05 0.28

29.89 0.54x -0.04 0.40%*

7.40 0.46% 0.04 -0.27

“" indicates that r is at the 90% significance level (p < 0.10), “+*" at the 95% level (p < 0.05), and “+**" at the 99% level (p < 0.01).

TABLE 3| Correlation coefficient (r) of detrended CO concentrations over the NAE
(COpT nag) against fire-induced CO emissions (COgg_g) from North America
(NA), NH South America (NHSA), and Southeast Asia (SEAS). See Figure 4A for
the region definition.

Altitude (hPa) r (COpt naEs COBB E)

SEAS NA NHSA SEAS + NA  SEAS + NA +
NHSA
200 0.06 0.38 0.41 0.29 0.35
300 0.23 0.57 3 0.64 0.5 0.62:
400 0.32 0.43% 0.70%x* 0.57#x 0.67#x*
500 0.29 0.38 0.66%x* 0.51% 0.613x*
600 0.25 0.32 0.60%* 0.44 0.53s
700 0.26 0.30 0.633x 0.44x 0.54x
850 0.35 0.16 0.56%x* 0.44 0.52%
1,000 0.31 0.15 0.55% 0.40 0.48

“+” indicates that r is at the 90% significance level (p < 0.10) and “x*” at the 95% level
(P < 0.05).

with air temperature (p < 0.05) and negatively correlated with
precipitation (p < 0.05), more strongly in SEAS. These
correlations explain why ENSO is positively correlated with
COgg emissions in SEAS and NHSA. In AS, NAE, and NHAF,
ENSO appears to be positively correlated to precipitation,
significantly in AS and NHAF. This may be the reason for
negative but non-significant correlation between ENSO and
COpgp emissions in these three regions. In NA, the relationship
between the ENSO index and air temperature or precipitation can
also be assessed in three sub-regions: BONA, TENA and CEAM
(Supplementary Figure S5). Overall, in El Nifio years, BONA
and CEAM show an increase in air temperature and a decrease in
precipitation, while TENA shows the opposite, consistent with
the impact of ENSO on COgp emissions in BONA, TENA, and
CEAM. Human activities are another factor driving IAV in COgp
emission. In particular, large biomass burning in 2014 over SEAS
was related to human activities (World Resources Institute, 2014),
and clearing land for agriculture is the major cause of these fires
(Earth Observatory, 2014).

We directly correlate CO variability in the NAE with COgp
emissions in three major source regions (NHSA, SEAS, and NA)
(Table 3). As in Table 1, detrended CO concentrations in the
NAE are expressed COpt nag- The results show that the sum of
COgp emissions in SEAS, NA, and NHSA is highly correlated
with COpr nag throughout the troposphere from 850 hPa to

300 hPa (at least p < 0.10). The positive correlation between
COpt nag and the sum of COgg emissions in SEAS, NA, and
NHSA is largest at 400 hPa, consistent with the fact that
COpr nag and ENSO show the largest correlation at 400 hPa.
COpgp emissions in NHSA are also correlated with COpr nag
from 850 hPa to 300 hPa, while COgp emissions in NA and
COpr nag  are correlated — significantly the upper
troposphere only (400 hPa and 300 hPa).

How does the positive correlation between ENSO and COgg
emissions in NHSA, SEAS, and NA (the source regions) affect
the CO variability in the NAE (the receptor region)? The
GEOS-Chem tagged CO simulation can help to address this
question (Figures 5, 6). The simulation can separately assess
the transport of fire-induced CO (COgp) from different
regions to the NAE. Figure 5 shows an example of the
transport pathways of COgpp from individual source regions
at 850 hPa. The COggp in SEAS (Figure 5A) is first uplifted and
transported northeastward to around 30°N in Asia, then
crosses the Pacific Ocean along the 30°N parallel to reach
the west coast of North America. This airmass then flows
across the United States, joining airmass carrying NA COgp
(Figure 5B) to cross the Atlantic along the 30°N-60°N latitude
belt, and to finally reach the NAE. COgp produced in NHSA
(Figure 5C) is also uplifted to 850 hPa. A part of it is
transported northeastwards and reaches the NAE, while the
rest of it is transported southwestwards to the equatorial
Pacific Ocean. Figure 6 further shows the difference in CO
concentrations from individual source regions and along the
transport pathways between El Nifio and La Nifia years.
Clearly shown, COgp transported to the NAE from SEAS,
NHSA, and NA is enhanced during El Nifio years.
Supplementary Table S2A shows COgp from several source
regions that has reached the NAE, using the mean CO
concentrations over the NAE (COpp nag) at 400 hPa as an
example. As known, using the tagged CO simulation,
COgpp nag can be partitioned to COpp from different
regions. Among all the regions, ENSO is most correlated to
COgp_nat from NHSA, SEAS, and NA.

Switching from the receptor region to the various source
regions, we examine the ENSO connection to COpgp
concentrations in the source regions at 400 hPa, termed as
COgp_sourcee Comparing Supplementary Table S2B with
Supplementary Table S2A, we note that ENSO correlates

in
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FIGURE 5 | GEOS-Chem tagged CO simulations at 850 hPa. (A) Spatial distribution of fire-induced CO (COgg, ppbv, in color) from Southeast Asia (SEAS) only,
overlaid with the winds (arrows). (B) The same as (A), but for COgg from North America (NA) only. (C) The same as (A), but for COgg from Northern Hemispheric South
America (NHSA) only. (D) The same as (A), but for COgg from Southeast Asia (SEAS), North America (NA), and NH Southern America (NHSA) in total. All values are
averaged MAM CO concentrations over 2002-2019.

better with COpg nag in the receptor region that is transported 4,2 ENSO Influence on CO Transport
from NHSA and SEAS than with COgp in the corresponding ~ Atmospheric transport can lead to variations in CO

source regions (NHSA and SEAS). This suggests that ENSO can concentrations at regional and global scales (Stohl et al., 2002;
also modulate CO transport from the source regions to the NAE. ~ Bowman, 2006; Liu et al., 2006; Ding et al., 2015; Han et al., 2018).
This is addressed in Section 4.2. For example, the increase in CO concentrations over Europe in
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FIGURE 6 | The same as Figure 5, but for the differences in COgg concentrations and wind between El Nifio and La Nifia years.

the 1999 spring has been related to the long-distance transport of
CO from large-scale fires in China, Southeast Asia, and India
(Koumoutsaris et al., 2008). CO transport is driven by the global
atmospheric circulation, which is sensitive to different ENSO
signals. We find that ENSO can impact IAV in CO transport to
the NAE through the following processes: 1) enhancing upward,
northward, and eastward motions over the SEAS fire regions, 2)
strengthening westerlies around 10°N-50°N, 3) enhancing

northward motion over the NHSA fire region, 4) enhancing
ascents over the Atlantic and descents over Europe, and 5)
reducing outflow from the eastern border of the NAE. These
processes are examined from the perspectives of sea level pressure
(Figure 7A), geopotential height (Figure 7A), and horizontal and
vertical winds (Figures 7B,C, Supplementary Figure S2). The
connection between ENSO and the atmospheric circulation is
illustrated from the differences in pressure and wind fields
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between El Nifio and La Nifia years (Figure 8, Supplementary
Figures S6) and the correlations between the ENSO index and
wind fields, including zonal wind (Figure 9), meridional wind
(Supplementary Figure S7) and vertical wind (Supplementary
Figure S8). Furthermore, GEOS-Chem tagged CO simulations
help understand these processes by showing CO transport
pathways to the NAE from different source regions (Figure 5)
and the differences in the transport pathways between El Nifio
and La Nifia years (Figure 6). Note that except for Figures 5, 6,
and Supplementary Table S3, all the dynamic analysis in this
section is based on the reanalysis data.

Figure 7A shows the mean status of sea level pressure (in
color) and geopotential height (in contour) at 850 hPa in spring
averaged over 2002-2019. The Pacific is under control of the
Aleutian low and the Hawaiian high, forming a trans-Pacific
airflow along the 30°N-45'N latitude belt (Figure 5A,
Figure 7B,C), while the North Atlantic under control of the

Icelandic low and the Azores high, forming a trans-Atlantic
airflow along the 30°N-45°N latitude belt. SEAS, NHSA, and
Mesoamerica are controlled by low pressure systems, leading to
vertical updraft in the three regions (Figures 7B,C).

Figures 7B,C respectively show the mean status (2002-2019)
of horizontal wind flows (streamlines) and vertical velocity (in
color) at 850 hPa and 400 hPa in spring. At 850 hPa (Figure 7B;
Figure 5A), updrafts over SEAS are evident, which facilitate
transport of CO from the surface to the middle and upper
troposphere. The horizontal wind there is dominated by
southwesterlies, which transport CO northeastward across the
Pacific Ocean to the west coast of North America along the
30°N-45°N latitude belt. On the west coast of North America, the
airmass carrying SEAS CO is partially blocked by the Rocky
Mountains and turns to the south. Some of this airmass crosses
over the Rocky Mountains. Together with CO from central North
America, SEAS CO ascends along the northern rim of the Azores
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high and flows northeastward along the 30°N-60°N latitude belt
across the Atlantic to Europe (Figure 7B, 5A,B, also see Li et al.,
2002; Stohl and Eckhardt, 2004). On the west coast of Europe, the
air flow is divided into two branches, southward and northward,
with the northward flow transporting CO to northern Europe and
the southward flow transporting CO to the Mediterranean
(Huntrieser and Schlager, 2004). As subsidence prevails over
most of Europe (Supplementary Figure S2B over 10°W-30°E),
CO from SEAS and NA is then transported downward to the
surface. For CO from NHSA (Figure 7B and 5C), the transport
pathway is rather different (Figure 5C): the NHSA CO can be
uplifted to 850hPa (Figure 7B) and then is transported
northeastward across the Mesoamerica (the south rim of the
Azores high), and then to the NAE. Overall, the spatial variation
in wind field at 400 hPa (Figure 7C) is similar to that in 850 hPa,
although zonal winds prevail more at 400 hPa. The airflow at
400 hPa is not blocked by the Rocky Mountains, so SEAS CO at
this level can be more efficiently transported to North America
and then to the NAE.

In El Nifo years, both the Aleutian low and the Hawaiian high
over the North Pacific intensify (Supplementary Figure S6A),
which can strengthen the trans-Pacific flow from Asia to North
America. Over the North Atlantic, a low-pressure anomaly over
the east coast of North America can enhance updrafts, while a
high-pressure anomaly over northern Europe would bring about
more descents over Europe. High-pressure anomalies in western
Africa and low-pressure anomalies in eastern North America will
also enhance northward transport from the NHSA to Europe.
The overall spatial distribution of sea level pressure and
geopotential height anomalies in La Nifia years is opposite to
that in El Nifio years (Supplementary Figure S6B).

ENSO anomalies in wind fields are shown in Figure 8A for
850 hPa and Figure 8B for 400 hPa. In El Nifo years, upward
motion is enhanced over northern SEAS (Figure 8A and
Supplementary Figure S8A). In the meantime, eastward
(Figure 9) and northward (Supplementary Figure S7A)
motion is also promoted there (Process 1). Therefore, COgp
from SEAS can be more effectively uplifted and transported
northeastward to join the westerlies (Figure 6A). Process 2 is
well illustrated in Figure 9A (for 850 hPa) and Figure 9B (for
400 hPa): westerlies over the 20°N-40°N latitude belt are generally
enhanced, more significantly at 400 hPa than at 850 hPa. There
are three regions where westerlies are significantly enhanced at
400 hPa (Figure 9B), including regions near 20°N over SEAS,
over the Pacific around 10°N-40°N, and over the Atlantic between
20°N and 40°N. This process can facilitate more COggp transport
from the major source regions to the NAE; the large enhancement
in westerlies over the Atlantic is the main driver for positive
anomalies in NA COpgj to be transported to the NAE (Figure 6B).
Process 3 is related to CO from NHSA. In El Nifio years, eastward
(Figure 9A) and upward (Figure 8A) motions are enhanced over
NHSA, although the connection of ENSO to these enhancements
is not statistically significant. The significant influence of ENSO is
the elevated northward motion (Figure 8A and Supplementary
Figure S7A) that transport COpp from NHSA to the NAE
(Figure 6C). Process 4, enhancing vertical motion along the
northern rim of the Azores, is evident in Figures 8A,B,

ENSO-CO Teleconnection over the NAE

Supplementary Figure S8A,B at both 850 hPa and 400 hPa.
The enhancements are apparent over the west cost of Europe,
the Mediterranean Sea, and the Black Sea at 400 hPa
(Supplementary Figure S8B). These anomalies are
significantly correlated with ENSO in southwest Europe at
850 hPa (Supplementary Figure S8A). Process 5, an ENSO
effect of reducing outflow from the eastern border of the
NAE, has been discussed for Figure 1C. We further examine
this process in terms of CO flux. Supplementary Figure S9 shows
the mean horizontal CO flux at the eastern and western borders of
the NAE, and Figure 10 shows the corresponding flux differences
between El Niflo and La Nifia years. As expected, eastward CO
flux dominates. In El Nifio years, the horizontal CO inflow at the
western border of the NAE increases throughout the entire
tropospheric column, with largest increase of 600 ppbvm s
around 400-300 hPa (Figure 10A), while the CO outflow
from the eastern border of the NAE decreases by up to
500 ppbvms™' (Figure 10B). The combined effect of
Processes 4 and 5 may explain the vertical ENSO-CO
relationship over the NAE (Figure 2C).

Supplementary Figure S10 shows the horizontal CO flux at
850 hPa. The arrows perpendicular to the four borders of the
NAE indicate the direction of CO flux. On average
(Supplementary Figure S10A), only the western border of
NAE experiences CO inflow, while the other three borders
experience CO outflow, their implying CO flux
divergence over the NAE. However, when the differences
between El Nifio and La Nifia years are considered, only the
northern border experience CO outflow, while the other borders
experience CO inflow. The total horizontal CO flux difference
between El Nifio and La Nifia years is 28 ppbv m s~ (about 5.0%
of the mean over 2002-2019). Meanwhile, the upward CO flux
over the North Atlantic (15 ppbv Pas™', about 241.3% of the
mean over 2002-2019) and the downward CO flux over Europe
(6 ppbv Pas™', about 6.5% of the mean over 2002-2019) are also
strengthened. The positive horizontal and vertical CO fluxes lead
to CO accumulation over the NAE.

We further assess CO anomalies in the NAE under El Nino
and La Nifia conditions and partition the CO anomalies by source
region, using GEOS-Chem simulations (Supplementary Table
$3). At 850 hPa, the total of CO concentration from all regions is
109 ppbv at 850 hPa. CO anomalies are 2.5 ppbv (2.3% of the
mean) in El Nifio years and —1.1 ppbv (-1.0% of the mean) in La
Nina years. Although of the same signs, the simulated CO
anomalies are lower than the observed ones shown in Table 1.
In the Northern Hemisphere, ENSO influences on CO
transported from NHSA is largest (39% of the mean in El
Nifio years, the same as below), followed by that from SEAS
(24%), and NA (7%). The case at 400 hPa is rather similar to that
at 850 hPa.

Overall, positive ENSO events can enhance upward and
northeastward transport of CO from SEAS to higher altitudes
and middle latitudes, and increase northward transport of CO
from NHSA toward the Atlantic. The westerlies between 20°N
and 50°N become stronger, especially over the Pacific and the
Atlantic at the upper troposphere. Furthermore, the upward
motion along the transport pathway over the Atlantic is

sum
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Wmd field, El Nifio - La Nlna years 850 hPa, MAM

FIGURE 8 | (A) Difference in horizontal wind (arrows) between El Nifio and La Nifa years in MAM at 850 hPa. Overlaid is the corresponding difference in vertical
velocity (in color, Pa s™"). (B) The same as (A), but at 400 hPa. Note the upward velocity is negative (in blue).
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FIGURE 9 | (A) Correlation between the ENSO index and wind in the U
direction at 850 hPa in MAM over 2002-2019, with asterisks indicating the
95% significance level. (B) The same as (A), but at 400 hPa.

enhanced, and so is the downward motion over Europe. In
addition, the outflow along the eastern border of the NAE is
weakened. All these variations explain why the ENSO correlation
with CO in the NAE is the highest in the middle to upper
troposphere around 400 hPa (Table 1).

To identify the relative importance of ENSO impacts on CO
emissions and CO transport, we partition CO flux into CO

concentration and wind speed (Eq. 3). Also, CO concentration
can be partitioned into the mean state CO (CO) and transient
state CO (CO'), and wind speed can be partitioned into the mean
state wind (Wind) and instantaneous wind (Wind'). Therefore,
CO flux is partitioned into the following terms:

CO flux = CO*Wind
= (CO + CO")#(Wind + Wind')
= CO*Wind + CO*Wind' + Wind*CO' + CO'«Wind'

3)

We define Wind+*CO' and CO*Wind' in Eq. 3 as CO
anomaly and wind anomaly, respectively. Since we restrict
ourselves to the differences between El Nifo and La Nifa
years, we assume that CO anomaly is mainly due to ENSO-
induced IAV in COgp emissions, while wind anomaly is mainly
due to ENSO-induced IAV in wind speed. They have the same
dimensions and can describe the ENSO effect on COgp
emissions and CO transport. CO*Wind is the average CO
flux from 2002 to 2019, which does not change with ENSO.
CO'+Wind' can be ignored because of its much smaller
magnitude as the product of perturbation quantities.
Figure 11 shows the flux differences in CO and wind
anomalies between El Nifio and La Nina years at 400 hPa
and 850 hPa. At 400 hPa, CO anomalies and wind anomalies
are of the same magnitude, with a maximum reaching
400 ppbvm s~'. However, the spatial distributions of the two
are rather different. In El Nifio years, CO concentrations in the
entire NH have increased notably, but the impact of ENSO on
the wind field is mainly concentrated in the transport pathway
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around 20°N-40°N and thus enhances CO transport from SEAS,
NHSA, NA to the NAE in El Nino years. At 850 hPa, CO
anomalies are larger than wind anomalies, indicating a stronger
ENSO influence on COgp emissions than on CO transport near

the surface. At 850 hPa, in El Nifio years, CO anomalies are most
apparent in NHSA, the outflow of Asia, and the North Atlantic,
while the wind anomalies show enhanced eastward transport
from Asia to North America.
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TABLE 4 | (A) Correlation coefficients () between climate mode (NAO, AMO, TNA
SST, PNA, C-Index, and E-Index) indices and detrended CO concentrations in
MAM over the NAE at different altitudes. All the climate indices are averaged from
November of year 0 to February of year 1 (NDJF). (B) The same as (A), but all the
climate indices are averaged from March to May (MAM) i.e. (A) Correlation
between climate mode indices and COpt nae With a time lag. (B) Correlation
between climate mode indices and COpt nag Without a time lag.

Altitude (hPa) r (COpt naE; climate mode index)

NAO AMO TNA SST PNA  C-index E-Index
A
200 0.27  -0.15 -0.15 0.08 0.19 0.46
300 0.14  -0.34 -0.01 0.24 0.52 0.43
400 0.09 -0.38 0.08 0.35 0.69s: 0.26
500 014  -0.27 0.09 0.35 0.61:x 0.22
600 0.16  -0.15 0.10 0.28 0.54% 0.14
700 0.18 -0.13 0.02 0.29 0.51 0.14
850 0.09 -0.12 0.07 0.36 0.54% 0.14
1,000 -0.06 -0.21 0.06 0.55: 0.56: 0.20
Altitude (hPa) r (COpr_naE; climate mode index)

NAO AMO TNA SST PNA C-index E-Index
B
200 0.45%  -0.28 -0.37 -0.03 0.20 -0.35
300 0.21 -0.20 -0.11 0.03 0.47 —0.48x
400 0.21 -0.17 0.05 0.03 0.60%3 -0.46%
500 -0.01 -0.08 0.06 0.05 0.48: -0.44%
600 -0.008 -0.09 0.02 -0.02 0.42 -0.40
700 -0.01 -0.08 -0.02 -0.02 0.37 -0.43+*
850 -0.11 -0.05 0.14 0.09 0.35 -0.34
1,000 -0.41%  -0.29 0.42: 0.33 0.30 -0.20

“+” indicates that r is statistically significant at the 90% level (p < 0.10), “x+" at the 95%
level (p < 0.05).

5 DISCUSSION

5.1 Impact of Other Climate Modes on IAV in

CO Concentrations Over the NAE

Besides ENSO, there are other climate modes that may affect CO
concentrations in the NAE, such as NAO and AMO. Previous
studies have found that NAO could affect pollution transport
over the Atlantic (Li et al., 2002; Creilson et al., 2003; Christoudias
etal., 2012; Bacer et al., 2016). Pope et al. (2018) stated that under
the positive NAO, the enhanced westerlies will enhance the
outflow of the primary pollutants such as CO from Europe,
while during the negative NAO, more stable meteorological
conditions will lead to a build-up of pollutants in Europe.
However, secondary pollutants such as ozone show the
opposite signal, the positive NAO will introduce more Atlantic
ozone-enriched air into Europe, resulting in an increase in
European ozone concentrations. Both NAO and AMO can
affect the climate in the NAE (Rod¢ et al., 1997; Enfield et al,,
2001; Knippertz et al., 2003; Sutton and Hodson, 2005; Kushnir
etal., 2010) and may regulate or co-vary with ENSO (Huang et al.,
1998; Knippertz et al., 2003; McCabe et al., 2004; Garcia-Garcia
and Ummenhofer, 2015; Hardiman et al., 2019; Johnson et al.,
2020). Table 4A shows correlations between NAO or AMO in
winters to CO concentrations over the NAE in the following
springs. The correlations are mostly positive for NAO and

ENSO-CO Teleconnection over the NAE

negative for AMO through the tropospheric column, but non-
significant statistically. We also correlate the two data series
without time lags and no significant correction is found
(Table 4B).

PNA can greatly influence the climate and dynamics over the
North America (Leathers et al., 1991; Guan et al., 2013; Harding
and Snyder, 2015; Feng et al., 2016). The positive-PNA pattern is
usually characterized as below-normal geopotential heights in the
North Pacific and the south-eastern United States and above-
normal geopotential heights over western Canada (Horel and
Wallace, 1981). It has been suggested that ENSO-related
circulation anomalies in mid-high latitudes in the middle
troposphere resemble the PNA pattern (Horel and Wallace,
1981; van Loon and Madden, 1981). However, Straus and
Shukla (2002) pointed out that ENSO is not just related to the
PNA circulation pattern. Li et al. (2019) stated that ENSO can
only explain 29% of the variance in PNA, while other processes,
including atmospheric internal dynamics and sea surface
temperature variations in the North Pacific, explain the
remaining 71%. This study finds that in El Nifo years,
geopotential height anomalies resemble the positive-PNA
pattern. ENSO can influence the atmospheric circulation over
the western flank of the NAE (or the north eastern America)
through PNA and introduce more CO from north America to the
NAE (Supplementary Figure S10). Nevertheless, PNA is not
fully determined by ENSO; ENSO impact on the NAE CO is not
limited to enhanced CO transport over the western flank of NAE.
Therefore, there is moderately positive but non-significant
connection between wintertime PNA and the IAV in spring
CO over the NAE (Table 4A).

5.2 Impact of Two ENSO Types onlAVin CO

Concentrations Over the NAE

Overall, although the NAO, AMO, PNA, and TNA SST can affect
springtime CO concentrations over the NAE in some particular
years, these modes show no clear connection to the CO IAV in
spring over the NAE with or without a time lag. (Table 4).

Recent studies have paid attention to ENSO diversity and
suggest that ENSO has two different types: eastern Pacific (EP)
ENSO and central Pacific (CP) ENSO (Ashok et al., 2007; Kao
and Yu, 2009; Takahashi et al., 2011), which may have distinct
impacts on climate and atmospheric circulation (Yu et al., 2012;
Zhang et al.,, 2014; Paek et al., 2016; Ding et al., 2017; Paek et al,,
2017; Xie et al., 2018; Yu and Zhang, 2018; Peng et al., 2019; Peng
et al., 2020). There appears a shift to a higher frequency of CP
ENSO recently (Lee and McPhaden, 2010; Yu et al., 2012). By
using Eqs 3 and 4 in Takahashi et al. (2011), we obtain C-index
and E-index values to represent CP ENSO and EP ENSO
respectively. The teleconnection of ENSO and NAE CO IAV
over 2002-2019 is attributable to CP ENSO more than to EP
ENSO (Table 4).

To examine if there are any differences in dynamical
mechanisms for the ENSO-CO relationship between the two
types of ENSO vyears, we extend the time series backward to
1983, thus obtain a study period from 1983 to 2019, to have more
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samples for EP/CP ENSO events, following the method in Jiang
and Li (2022). In total, there are three EP El Nifio years (1983,
1998, and 2016) and four CP El Nifio years (1995, 2003, 2005, and
2010). The total COgg emissions from SEAS, NHSA and NA
increased in both types of the ENSO years. In CP El Nifio years
(Supplementary Figure S11), all the five processes discussed for
Figures 7-9 are present, with two differences. First, the upward,
northward, and eastward motions over SEAS are elevated, but
with lower magnitudes. Second, the inflows to the north eastern
America related to PNA disappear, which may weaken CO
inflows to the NAE from BONA. In EP El Nino years
(Supplementary Figure S12), Processes 1-3, and 5 are similar
to these in CP El Nifio years. However, Process 4 (enhancing
ascents over the Atlantic, descents over the Europe and horizontal
transport from Florida to Europe) does not happen or becomes
opposite, which may explain why the teleconnection of ENSO to
the CO IAV in the NAE appears stronger in CP ENSO years than
in EP ENSO years.

5.3 Impact of Other Climate Modes on
Temperature and Precipitation in the Major

Biomass Burning Regions

This study suggests that ENSO is an important factor that drivers
TAVs in air temperature and precipitation, but not the only one.
For example, Kushnir et al. (2010) found that during the cold
season (October-March), the North American precipitation
variability, associated with the TNA SST fluctuations, is
considerably weaker than its association with ENSO. During
the warm season (April-September), however, the Atlantic
influence, per standard deviation of SST anomalies, is larger
than that of ENSO. Moreover, similar to TNA SST, AMO,
possibly covarying with ENSO (McCabe et al., 2004; Garcia-
Garcia and Ummenhofer, 2015; Johnson et al., 2020), can also
affect air temperature and precipitation over North America and
Europe (Enfield et al., 2001; Sutton and Hodson, 2005; Kushnir
et al, 2010). Seager et al. (2014) and Pu et al. (2016) found that
precipitation in the Southern Great Plains or the southern
United States and northern Mexico (TENA in this study) is
affected by ENSO, NAO, and TNA SST. In TENA, El Nifio
episodes and warm TNA SST can co-occur, while La Nifa
episodes can co-occur with colder TNA SST. As precipitation
responds to ENSO and TNA SST in opposite ways, the variation
in precipitation in TENA is a compromise between ENSO and
TNA SST. The La Nina phase, negative NAO, and warm TNA
SST are all factors causing the 2011 TENA drought, resulting in
the abnormally high COgg emission in NA in 2011 (Figure 4B).

5.4 The Long-Term Variations in CO

Concentrations in the Lower Troposphere

The long-term variations in MAM CO concentrations at 850 hPa
in the NAE show a significant downward trend (Supplementary
Figure S13A, Table 1), which correlates well with the long-term
variation in anthropogenic CO sources in the NAE. Declining
trends in tropospheric CO have been reported on global and
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regional scales, i.e., Worden et al. (2013), Petetin et al. (2015),
Osman et al. (2016), Jiang et al. (2017) and Zhang et al. (2020).
Previous studies suggested that the decline of anthropogenic CO
emissions may be one of the reasons for the decrease of
tropospheric CO concentrations in recent decades (Granier,
et al, 2011; Zheng, et al, 2019). We find that 74% of the
variation in CO in the troposphere can be explained by
anthropogenic emissions in the NAE alone, while the ENSO
index explains less (13%). However, if the decreasing trend in the
CO concentrations is removed, the ENSO effect becomes
dominant and can explain 35% of the variation in COpr
(Supplementary Figure S13B), while anthropogenic emission
variations explain little (1%). Overall, the reduction in
anthropogenic CO emissions in the NAE would be one of the
main reasons for the declining trend in CO concentrations in the
lower and middle troposphere over the NAE, while ENSO plays a
dominant role in modulating the IAV in CO
concentrations there.

6 CONCLUSION

We report an ENSO teleconnection to the IAV in tropospheric
CO concentrations over the NAE in spring (MAM). Our finding
is mainly based on the analysis of trajectory-mapped IAGOS CO
data, with support from ground-level CO observations. Using a
chemical transport model, GEOS-Chem, we track CO transport
to the NAE from different regions with fire and anthropogenic
sources. Through analysis of GFED4.1s fire emission data and
NOAA /NCEP meteorological data, we investigate the underlying
mechanisms for the teleconnection. The primary conclusions are
summarized below.

The TAV in springtime CO concentrations over the NAE is
positively correlated with the ENSO index in the previous winter
from the surface to the upper troposphere with high confidence
(on average over the NAE, r = 0.5-06, p < 0.1). CO
concentrations in spring over the NAE increase in El Nifo
years and decrease in La Nifia years. Among all altitudes, the
highest correlation is around 400 hPa. In the lower troposphere,
the positive correlation is strongest over the central North
Atlantic, while in the upper troposphere, the maximum
correlation shifts to central Europe and the Mediterranean.
That is, moving from the surface to the upper troposphere,
the positive correlation shifts eastward. The positive
correlation between CO concentrations in the NAE and ENSO
is also found to be significant in ground-level CO measurements,
MOPITT satellite data, and GEOS-Chem model simulations.
This teleconnection appears stronger in CP ENSO years than
in EP ENSO vyears.

We find this ENSO-CO teleconnection over the NAE is
established through ENSO modulation of: 1) CO emissions
from fire regions and 2) atmospheric circulation that facilitates
CO transport from the rest of the world, including fire-regions, to
the NAE. In El Nifio years, surface air temperature increases and
precipitation decreases, leading to more fire activity, especially in
SEAS, NA, and NHSA. Consequently, COpp emissions in SEAS,
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NA, and NHSA all increase. The sum of CO emissions in the
three regions corresponds strongly to ENSO with r = 0.72 and p <
0.02. Directly, the sum of the COgp emissions in the three regions
positively correlates with IAV in CO concentrations over the
NAE, most strongly at 400 hPa. We identify the following
processes that ENSO can modulate CO transport: 1) elevating
upward, northward, and eastward motions in fire regions over
SEAS, 2) strengthening westerlies around 10°N-50°N, 3)
enhancing northward motion over NHSA fire region, 4)
enhancing ascents over the Atlantic and descents over Europe,
and 5) reducing outflow from the eastern border of the NAE. We
further assess that ENSO-induced anomalies in CO emission and
CO transport have different spatial variations in the Northern
Hemispheric troposphere. The two anomalies are with the same
magnitude at the upper troposphere. However, stronger ENSO
influence on COgg emissions than on CO transport appears in the
lower troposphere.

ENSO influence on IAV in atmospheric CO is complicated
because of complexity of both ENSO and CO. ENSO-CO
connections have been explored in the equator or the Southern
Hemisphere (Huang et al., 2014; Buchholz et al., 2018; Ribeiro et al.,
2020). Some studies were focused on one or few extreme events or
within a short period of time (Duncan et al., 2003; Edwards et al,,
2006b; Szopa et al,, 2007; Seager et al., 2014). Some studies were
based on surface observations at sites (Ribeiro et al., 2020) or satellite
observations (Edwards et al., 2006b; Zhang, 2011; Buchholz et al,
2018). Atmospheric chemical models have also been used (Szopa
et al., 2007; Koumoutsaris et al., 2008; Monks et al., 2012; Ding et al.,
2015; Voulgarakis et al., 2015; Rowlinson et al., 2019). Observational
data can be site-specific or have low vertical sensitivity, while models
can suffer from biases induced by input data, coarse resolution, and
model parameterization. Here, by using trajectory-mapped airborne
CO data, we are able to show the ENSO-CO connection over a large
area with unprecedented vertical and horizontal detail. This level of
detail on CO variability, vertically and horizontally, is not generally
available from observation-based datasets. As the analysis is based on
an 18-years observational dataset, our conclusions are reasonably
robust.

Previous studies often attributed ENSO modulation of CO
concentrations of a region to local or nearby fires (Monks et al.,
2012; Ribeiro et al., 2020). This study shows that in fact, ENSO
induces little perturbation in local fire activity in the NAE. It is
the ENSO influence on fires distant from SEAS, NHSA, and
NA that is seen in CO IAV in the NAE. We find that ENSO
affects both CO emissions from fires and CO transport from
distant fire regions, not just one of them. These new
understandings of ENSO regulation of CO interannual
variability can be beneficial to CO prediction in mid to high
latitudes when an ENSO event occurs.
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