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Anomalies of O3, CO, C2H2, H2CO, and C2H6 detected
with multiple ground-based Fourier-transform infrared
spectrometers and assessed with model simulation in
2020: COVID-19 lockdowns versus natural variability

Ivan Ortega1,*, Benjamin Gaubert1, James W. Hannigan1, Guy Brasseur1,2, Helen M. Worden1,
Thomas Blumenstock3, Hao Fu4, Frank Hase3, Pascal Jeseck4, Nicholas Jones5, Cheng Liu6,
Emmanuel Mahieu7, Isamu Morino8, Isao Murata9, Justus Notholt10, Mathias Palm10,
Amelie Röhling3, Yao Té4, Kimberly Strong11, Youwen Sun12, and Shoma Yamanouchi11

Anomalies of tropospheric columns of ozone (O3), carbon monoxide (CO), acetylene (C2H2), formaldehyde (H2CO),
andethane (C2H6) are quantified during the2020stringentCOVID-19world-wide lockdown usingmultiple ground-
based Fourier-transform infrared spectrometers covering urban and remote conditions.We applied an exponential
smoothing forecasting approach to the data sets to estimate business-as-usual values for 2020, which are then
contrasted with actual observations. The Community Atmosphere Model with chemistry (CAM-chem) is used to
simulate the same gases using lockdown-adjusted and business-as-usual emissions. The role of meteorology, or
natural variability, is assessed with additional CAM-chem simulations. The tropospheric column of O3 declined
between March and May 2020 for most sites with a mean decrease of 9.2% ± 4.7%. Simulations reproduce these
anomalies, especially under background conditions where natural variability explains up to 80% of the decline for
sites in the Northern Hemisphere.While urban sites show a reduction between 1% and 12% in tropospheric CO,the
remote sites do not show a significant change. Overall, CAM-chem simulations capture the magnitude of the
anomalies and in many cases natural variability and lockdowns have opposite effects. We further used the long-
term record of the Measurements of Pollution in theTroposphere (MOPITT) satellite instrument to capture global
anomalies of CO. Reductions of CO vary highly across regions but North America and Europe registered lower
values in March 2020.The absence of CO reduction in April and May, concomitant with reductions of anthropogenic
emissions, is explainedbyanegative anomaly inthehydroxyl radical (OH) foundwith CAM-chem.The implications of
these findings are discussed for methane (CH4), which shows a positive lifetime anomaly during the COVID-19
lockdown period.The fossil fuel combustion by-product tracer C2H2 shows a mean drop of 13.6% ± 8.3% in urban
Northern Hemisphere sites due to the reduction in emissions and in some sites exacerbated by natural variability.
For some sites with anthropogenic influence there is a decrease in C2H6.The simulations capture the anomalies but
the main cause may be related to natural variability. H2CO declined during the stringent 2020 lockdown in all urban
sites explained by reductions in emissions of precursors.
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1. Introduction
The stringent 2020 worldwide lockdown due to the
COVID-19 pandemic provided an opportunity to study the
impact of reduced anthropogenic activity on atmospheric
composition. Surface in-situ and satellite platforms have
been predominantly used in the analysis of stay-at-home
impacts on air quality. A comprehensive overview of mul-
tiple studies related to COVID-19 lockdown impacts on air
quality have been documented in Gkatzelis et al. (2021)
and data have been digitized and are available on a dedi-
cated website (https://covid-aqs.fz-juelich.de/). Gkatzelis
et al. (2021) pointed out that nitrogen dioxide (NO2),
PM2.5, and ozone (O3) have been broadly studied while
other compounds are found to be understudied. Another
review by Addas and Maghrabi (2021) found that the
majority of studies focused over Asia and that more than
60% of the studies included NO2. A list of publications on
emissions and atmospheric compositions is available
online from the Analysis of eMIssions usinG Observations
working group of International Global Atmospheric
Chemistry (https://amigo.aeronomie.be/index.php/
covid-19-publications/peer-reviewed).

O3 varies nonlinearly with changes in emissions and
meteorology (Kroll et al., 2020) and therefore both posi-
tive and negative anomalies were found due to photo-
chemical regime change and meteorological anomalies
around the world (Ordóñez et al., 2020; Deroubaix et al.,
2021; Gaubert et al., 2021; Grange et al., 2021; Liu et al.,
2021; Zhang et al., 2022). Steinbrecht et al. (2021)
reported a widespread decline of 7% in O3 in the free
troposphere in the Northern extratropics from multiple
observations. Bouarar et al. (2021) assessed the cause of
the reduction in O3 using global model simulations in the
free troposphere and concluded that one third in the
decrease was attributable to reduction of surface emis-
sions, primarily due to a global reduction of NOx emis-
sions of at least 15% (Levelt et al., 2021; Miyazaki et al.,
2021), another one third attributed to reduction in air
traffic and the remaining to meteorological conditions
in the extra tropics of the Northern Hemisphere.

Analysis of other gases, in particular, carbon monoxide
(CO) and volatile organic compounds (VOC) is limited to
a few studies (Levelt et al., 2021; Stavrakou et al., 2021). A
global analysis reported in Sokhi et al. (2021) shows lower
CO concentrations relative to a few years in the past
within major cities, although the study points out the
importance of other complex factors such as dispersion,
temperature, and precipitation. Zhou et al. (2021) used
surface and TROPOMI and IASI satellites observations to
quantify the change of CO in China observing a decrease
in the surface between 8% and 27%, while satellites
detected a decrease of 2%–11%, however an increase of
CO columns of 8.8% was also observed in South China
attributed to fire emissions transported from Southeast
Asia. Sun et al. (2021) examined changes in formaldehyde
(H2CO) during the early stage of the COVID-19 pandemic
(January to April 2020) and found a decrease in Northern
China while some increase in other parts of the world was
likely linked to open fire emissions, although linking

changes to COVID-19 in most regions is difficult to assess
due to the natural variability of H2CO (Levelt et al., 2021).

For the first time, we examine changes of several tro-
pospheric gases during the stringent 2020 world-wide
lockdown detected with ground-based Fourier-transform
infrared spectrometers (FTIR) at multiple sites, most of
them within the Network for Detection of Atmospheric
Composition Change (NDACC, www.ndacc.org). These
changes are assessed with model simulations in order to
understand the possible impact of COVID-19 lockdown
emissions and the role of natural variability, primarily the
record-low stratospheric O3 depletion in the Arctic in
2020 (Manney et al., 2020). It has been shown elsewhere
that the growth rate of methane (CH4) was not slowed by
the COVID-19 induced changes in the emissions (e.g.,
Laughner et al., 2021). It is essential to quantify the role
of potential interannual variability in hydroxyl radical (OH)
on the CH4 growth rate in order to accurately quantify CH4

emission (Zhao et al., 2020). Global chemistry models esti-
mate a significant reduction in OH driven by NOx emissions
reduction, but with a significant role of natural variability
(Gaubert et al., 2021; Laughner et al., 2021; Miyazaki et al.,
2021). Recently, Stevenson et al. (2022) argued that nearly
half of the CH4 growth rate in 2020 could have been a result
of the emissions reduction of nitrogen oxides (NOx), CO,
and nonmethane volatile organic compounds (NMVOCs).
Qu et al. (2022) estimated that only 14% of the growth
rate increase was due to the decrease in tropospheric OH.
McNorton et al. (2022) showed that the growth rate was
driven by a continued increasing trend in CH4 emissions
but only considered a climatological OH sink. In this work,
we further used model simulations to estimate anomalies
in lifetimes of CH4 and CO during the 2020 stringent
COVID-19 period.

Ground-based long-term monitoring of upper tropo-
spheric and lower stratosphere (UTLS) composition during
the 2020 stringent period is limited. Most studies on
atmospheric composition changes during the COVID-19
pandemic have focused on surface observations, with only
a few employing numerical simulations and aircraft obser-
vations to report changes above the boundary layer (Clark
et al., 2021; Cristofanelli et al., 2021; Nussbaumer et al.,
2022; Reifenberg et al., 2022). To bridge this gap, we have
analyzed FTIR data and focused on O3 and CO anomalies
in the UTLS, as these gases have high sensitivity in these
layers.

2. Methods and data
2.1. Ground-based NDACC FTIR observations

The data presented here are collected with globally dis-
persed ground-based FTIR stations. Figure 1 shows the
locations of the sites that contributed data to this study.
Table 1 contains more details for each site ordered by
latitude and lists the species that were available at each
site. Most of the stations are part of the NDACC. Currently,
the stations at Paris, Karlsruhe, and Hefei are not officially
part of NDACC though their observation strategy is similar
to the InfraRed Working Group (IRWG) standards (www2.
acom.ucar.edu/irwg). The sites are located in either urban
(or semi-urban) or remote locations and the initial year of
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operation varies by site but the period between 2010 and
2020 is covered by all sites and used in the long-term
analysis for consistency, except Hefei that started observa-
tions in 2015. These sites continued observations during
lockdowns in 2020. Unfortunately, several other NDACC/
IRWG stations could not perform or had limited measure-
ments during the period of interest in this study (March–
May 2020).

The FTIR instruments acquire direct sun spectra in
selected spectral band regions (to maximize signal to
noise) through the mid-infrared with high-resolution, typ-
ically with an optical path difference of 250 cm (but min-
imal of 180 cm) resulting in nominal spectral resolution of
about 0.004 cm�1 using liquid nitrogen-cooled InSb

(approximately 1,850–10,000 cm�1) and HgCdTe (approx-
imately 600–6,000 cm�1) detectors. Measurements are
performed routinely under cloud free conditions.

The operational retrieval strategies for O3, CO, C2H6,
and H2CO have been consistently applied by all sites per
the guidelines of the IRWG (www2.acom.ucar.edu/irwg)
including a common vertical grid above 7 km and
adjusted grid below to accommodate the local station
altitude. C2H2 is not a “standard” retrieved gas in the
IRWG, however, it has been successfully retrieved in sev-
eral other studies (Vigouroux et al., 2012; Viatte et al.,
2014; Ortega et al., 2021). Briefly, all the gases are
retrieved using either the retrieval code PROFITT9.6 (Kir-
una, Karlsruhe, Hefei, Izaña, and Paris) or SFIT4 (Thule,

Figure 1. Location of FTIR stations contributing to this study. Red and green sites are considered urban and
remote sites, respectively.

Table 1. List of stations with location details contributing to this study

Station N. Latitude [�] E. Longitude [�] Altitude [m.a.s.l] Type Species

Thule (TAB) 76.53 291.26 225 Remote O3, CO, H2CO, C2H6, C2H2

Kiruna (KIR) 67.84 20.41 420 Remote O3, CO, H2CO, C2H6

Bremen (BRE) 53.10 8.90 27 Urban O3, CO, H2CO, C2H6

Karlsruhe (KAR) 49.10 8.42 60 Urban CO, H2CO, C2H6

Paris (PAR) 48.85 2.36 60 Urban CO, H2CO, C2H6

Jungfraujoch (JFJ) 46.55 7.98 3,580 Remote O3, CO, H2CO, C2H6, C2H2

Toronto (TOR) 43.66 280.60 174 Urban O3, CO, H2CO, C2H6, C2H2

Boulder (BLD) 40.04 254.76 1,612 Urban O3, CO, H2CO, C2H6, C2H2

Tsukuba (TSK) 36.05 140.12 31 Urban O3, CO, H2CO, C2H6, C2H2

Hefei (HEI) 31.91 117.17 34 Urban O3, CO, H2CO, C2H6

Izaña (IZA) 28.30 343.52 2,370 Remote O3, CO, H2CO, C2H6

Wollongong (WLG) �34.41 150.88 30 Urban O3, CO, H2CO, C2H2
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Bremen, Jungfraujoch, Toronto, Boulder, Tsukuba, and
Wollongong). A description of both retrieval algorithms
is found in Hase et al. (2004) illustrating the agreement
in retrieved data products and sensitivity. A thorough
description of the retrieval inversion is given in more
detail elsewhere (e.g., Rodgers, 2000).

All the gases have good vertical sensitivity throughout
the troposphere with C2H2, C2H6, and H2CO showing at
least one degrees of freedom for signal (DOFS) while O3

and CO contain 4–5 and 2–3 DOFS, respectively. The total
error budget is obtained by an error propagation of the
random and systematic uncertainty obtained in the
retrieval. Table 2 includes a summary of the uncertainty,
DOFS, and references for further details. The data used
here are stored as standard IRWG files at the NDACC Data
Handling Facility for all NDACC stations.

Tropospheric weighted volume mixing ratios (wVMR)
are used to estimate anomalies. wVMR are calculated with
the expression below:

wVMR ¼

Xn

z¼1

xz � Kz

Xn

z¼1

Kz

ð1Þ

where z is the altitude layer on the retrieval grid, xz is the
retrieved mixing ratio profile in that layer, and kz is the
associated air mass. The influence of the tropopause is
excluded by using a maximum altitude that is lower than
the tropopause height. We use the latitudinal dependent
annual cycle tropopause height from the National Centers
for Environmental Prediction (Kalnay et al., 1996) and
calculate the maximum height as the tropopause height
minus the standard deviation obtained in the annual
cycle. A similar approach has been recently applied in
Hannigan et al. (2022) to determine tropospheric columns
of carbonyl sulfide within the NDACC/IRWG. Anomalies
in the UTLS are also calculated for O3 and CO. For consis-
tency among all sites we use the tropopause ±4 km,
which typically contains the second DOF.

2.2. CAM-chem simulations

The Community Atmosphere Model with chemistry
(CAM-chem) within the Community Earth System Model
(CESM) framework version 2.2 described in detail in
Danabasoglu et al. (2020) is used for the simulations. A
thorough description of the model simulations during
COVID-19 lockdowns is given by Gaubert et al. (2021)
and Bouarar et al. (2021). Table 3 shows a summary of
the different model parameters used in the simulations.
A main difference consists of an update to the anthropo-
genic emissions (CAMS_GLOB_ANT v5.1). To account for
the effect of the COVID-19 lockdowns, we follow the
emission reductions estimated in the Daily CONFORM
v2.1 (COvid-19 adjustmeNt Factors fOR eMissions)
(Doumbia et al., 2021).

Bouarar et al. (2021) describes in detail several
model simulations to obtain a quantitative response
of different parameters considered such as the reduc-
tion in air traffic, surface emission reductions, and
meteorological conditions, including the effect of the
significant springtime ozone depletion in the Arctic in
2020. In this work, we do not aim to quantitatively
analyze the effect of all parameters. Rather, we focus
on assessing the impact of the stay-at-home response in
comparison to a business-as-usual scenario, while also
quantifying the effect of natural variability. Natural var-
iability, in this context, pertains to meteorological var-
iations that occur in the absence of any changes in
emissions from anthropogenic and biomass burning
sources. For the natural variability simulation, we uti-
lized repeated anthropogenic and fire emissions from
the year 2020, in conjunction with greenhouse gas
levels from the same year. Our simulation commenced
on January 1, 2001. Therefore the anomalies obtained
from this simulation only account for changes in natu-
ral variability such as meteorology and related feedback
on atmospheric composition (e.g., biogenic emissions
responses to temperature). Note that the calculated
anomalies use the same time period as the FTIR obser-
vations, which spanned from 2010 to 2020. In all cases,
the simulations are nudged to MERRA-2 temperatures
and winds at every physical step (30 mins). Further-
more, in order to evaluate changes of the downward
transport of stratospheric O3 into the troposphere due
to the exceptional ozone depletion in the Arctic, we use
a stratospheric tagged ozone in the simulations
(Emmons et al., 2012). Table 4 provides an overview
of the main model simulation cases utilized in this
study. The information presented in the table includes
the name of each simulation case, a brief description of
the model setup, and specific details used. Simulations
were extracted for each site and to account for limited
vertical profile sensitivity of the FTIR, the simulated
profiles were smoothed by the mean FTIR averaging
kernels at each site (Rodgers and Connor, 2003). For
consistency with the FTIR, tropospheric wVMR are also
used here. Our goal is to evaluate the relative differ-
ences observed during the stringent worldwide COVID-
19 lockdown, rather than validate the magnitude of the
simulations. Previous studies by Gaubert et al. (2021)

Table 2. Summary of degrees of freedom for signal
(DOFS) and random and systematic uncertainties for
each gas

Gas DOFS Random [%] Systematic [%] Reference

O3 4–5 *3 *9 Vigouroux et
al. (2015)

CO 2–3 *1 *3 Sha et al.
(2021)

H2CO 1 *8 *13 Vigouroux et
al. (2018)

C2H6 1.5 *2.5 *6 Franco et al.
(2015)

C2H2 1.5 *12 *6 Viatte et al.
(2014)
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and Bouarar et al. (2021) have demonstrated the ability
of CAM-chem to accurately reproduce O3 anomalies
during COVID-19 impacts. Ortega et al. (2021) con-
ducted a comparison of long-term CAM-chem simula-
tions of tropospheric species with FTIR at Boulder,
Colorado, and found that the model generally repre-
sents seasonal variations of all gases well, though it
often underestimates magnitudes. Similarly, Gaubert
et al. (2020) compared CAM-chem simulations using
aircraft measurements taken in Korea and found a neg-
ative bias for CO but a good agreement for O3. Recently,
Albores et al. (2023) compared CAM-chem simulations
against satellite and ground-based column CO observa-
tions over North America and showed that the model
generally underestimated CO from fires but adequately
reproduced spatial and temporal variability. Since the
model accurately reproduces the seasonal variation of
all gases, we can use it with confidence to observe
relative differences during the COVID-19 lockdown.

2.3. Extracting the 2020 signal from the NDACC

time series

A baseline (or reference) period is needed in order to
calculate anomalies for each chemical species during
2020. Using a similar period as in 2020 but from past
years, for example, 2019, or even climatological values
that then are compared to 2020 is a common approach.
However, uncertainties may be present due to different
synoptic meteorological conditions. Furthermore, taking
into account decreasing (or increasing) trends is important
when constructing a reference period in order to avoid
significant biases in the results. For example, Northern
Hemispheric CO has been decreasing significantly in the
past 2 decades (Worden et al., 2013; Buchholz et al., 2021),
and using climatology mean values as the baseline for the
comparison during stringent months in 2020 would yield
large errors due to the weighted values in earlier years. CO
can also present large interannual variability, for example,
rising emissions from wildfires in August in North Amer-
ica (Buchholz et al., 2022), and a simple extrapolation may
result in additional errors. In this study, we applied an
innovative methodology to predict monthly business-as-
usual values for the FTIR observations in 2019 and 2020,
leveraging the monthly time series data from 2010 to
2018. This method is only applied to observations. For the
simulations, the business-as-usual scenario is defined by
the Control 2020.

The predicted data are produced using a probabilistic
exponential smoothing method taking into account
trends (Holt, 2004). Exponential smoothing methods are
weighted averages of the past observations, with the
weights decaying exponentially as the observations get
older, that is, the more recent the observation, the higher
the associated weight. We utilize DARTS, which is an open
source Python library for manipulation and forecasting of
time series (Herzen et al., 2022; https://unit8co.github.
io/darts/).

The evaluation of the exponential smoothing model
consists of 2 different parts. First, the model is evaluated
using the fitting residuals of the model in the period used
to construct the prediction, that is, 2010–2018. The resi-
duals, difference between the fitted model and actual

Table 3. Summary of the CAM-chem model parameters

Model Component Model Input Reference

Chemistry of gases and
aerosols

Model for O3 and Related chemical Tracers (MOZART) chemistry
mechanisms in tde Troposphere Stratosphere (TS1)

Emmons et al. (2020)

Aerosol concentrations and
size distribution

Derived from the 4-mode Modal Aerosol Model (MAM4) Liu et al. (2016); Mills
et al. (2016)

Meteorological conditions Nudged using the MERRA-2 analysis Gelaro et al. (2017)

Biogenic emissions From the Model of Emissions of Gases and Aerosols from Nature Guenther et al. (2012)

Biomass burning emissions Daily Quick-Fire Emissions Dataset Darmenov and da
Silva (2014)

Anthropogenic surface
emissions

Copernicus Atmosphere Monitoring Service (CAMS) global inventory Soulie et al. (2023)

CAM-chem ¼ Community Atmosphere Model with chemistry.

Table 4. Overview of the model simulations used in
the analysis

Simulation
Name Description Details

Clim Baseline case for
climatology (2010–
2019)

Daily emissions with
meteorology

Control Baseline case for
2020

2020 daily emissions
with no COVID-19
effects and with
2020 meteorology

COVID-19 Effects of combined
adjustments in
2020 surface and
aircraft emissions

Same as Control, but
with surface and
aircraft emissions
adjusted for COVID-
19 lockdown effects

ClimNAT Effects of natural
variability

Same as Control but
with 2020
emissions repeated
in past years
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observations, are captured and some statistics are evalu-
ated. For example, residuals with a mean close to zero and
uncorrelated residuals are ideal. Second, the accuracy of
the prediction is determined by comparing with actual
observations not used when fitting the model prediction,
in this case in 2019. Figure 2 shows an example of the
reference period construction using monthly mean time
series of O3 at the Boulder, Colorado, station. A major
instrument upgrade occurred in most of 2018, hence the
2010–2017 period (blue) is used to train the model and
predict 2018–2020 (orange). The red period shows the
data used for the validation in 2019 and the green period
represents the observations in 2020 to calculate anoma-
lies. The validation period in 2018–2019 consists of the
quantitative comparison of the prediction and actual
observations during coincident months. A bias is esti-
mated using the mean absolute percent error (MAPE) cal-
culated with the following equation:

MAPE ¼ 1
n

Xn

t¼1

At � Pt

At
ð2Þ

where n is the number of coincident months in 2019, At is
the actual FTIR wVMR, and Pt is the predicted wVMR. The

MAPE value calculated for the example given in Figure 2
is �0.41%. An advantage of calculating the bias is that the
model predicted values are further corrected to estimate
business-as-usual values in 2020. In the following sec-
tions, results are shown only for sites when the forecasting
approach is applied successfully, MAPE values are low,
typically lower than 20%, and the number of days for each
month in 2020 are checked individually. For example, due
to local restrictions Paris stopped observations in mid
March and resumed observations early in May 2020.
Observations at Bremen were also limited to March and
April only.

3. Results
3.1. Anomalies of O3 in the troposphere

Figure 3 shows O3 results for Boulder, Colorado. The
monthly mean wVMR values are shown on top for the
FTIR (left) and CAM-chem simulations (right). The FTIR
observations and predicted (business-as-usual) wVMR in
2020 are shown in red and orange, respectively. To quan-
tify anomalies, the relative difference is calculated as the
fraction of the difference between actual observations and
the predicted 2020 divided by the predicted value itself.

Figure 2. Time series of monthly mean O3 weighted volume mixing ratios (wVMR) at Boulder, Colorado. The
blue line represents the observations used to train the model and predict 2018–2020 monthly values (orange), which
then are assessed in 2019 during the validation period (red) and calculate anomalies during the COVID-19 stringent
period in 2020 using actual observations (green). The shaded area represent the standard deviation.
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This is illustrated in the bottom plots. For CAM-chem, the
monthly mean natural variability (ClimNAT) using the
2010–2019 period, Control (2020), and adjusted COVID-
19 (2020) simulations are shown in brown, green, and red,
respectively (see Table 4 for additional details). To quan-
tify the impact of the stringent COVID-19 lockdowns on
the simulations, the difference between COVID-19 and
Control (2020) (i.e., business-as-usual) simulations has
been considered (see the legend for COVID19–Control).
The difference between Control and natural variability
highlights the effect of the natural variability (see Con-
trol2020–ClimNAT). Finally, the total anomaly in the simula-
tions is derived by summing the anomalies from both
effects COVID-19 lockdowns and natural variability (blue).
The error bars in Figure 3(a) and (b) represent the stan-
dard deviations, while error bars in Figure 3(c) and (d)
represent the uncertainty propagated from the standard
deviations within each month.

The FTIR O3 anomalies at Boulder reveal that after
March 2020, the ozone decreased by about 10% with
lower levels between March–June, which coincides with
the stringent lockdowns in the region, across the United
States, and in many parts of the world. Interestingly, ozone
remained low for the rest of 2020. The total anomalies in
the simulations are consistent with observations with
larger positive values in February followed by a sharp
decrease in March through July. Note that between April
and June 2020 both the natural variability and COVID-19
lockdowns played an equal role in the decrease of O3 and

after July 2020 the natural variability is positive due to
fires in 2020 while COVID-19 restrictions show still
a decrease. This is likely the reason for the negative anom-
alies in the observations, that is, without the effect of
COVID-19 restriction, the magnitude of the O3 anomalies
within the fire plumes would be positive.

The above methodology is applied to all sites and Fig-
ure 4 shows a map with anomalies calculated between
March and May 2020 for all sites. This period corresponds
to stringent COVID-19 lockdowns across the Northern
Hemisphere, primarily North America and Europe accord-
ing to COVID-19 Google mobility trends (see https://
ourworldindata.org/covid-mobility-trends). The orange
bars are FTIR anomalies; the CAM-chem blue bars are the
total anomalies estimated from the COVID-19 (red) and
natural variability (brown) contributions. All sites show
a decline of O3 in the troposphere with a global mean
of 9.2% ± 4.7% during March–May 2020, in agreement
with Steinbrecht et al. (2021) and Ziemke et al. (2022). The
total decrease is well captured in the CAM-chem simula-
tions, especially for the remote sites, for example, Thule,
Kiruna, Jungfraujoch, where natural variability plays
a more important role in the decrease in O3, explaining
up to 80% of the decrease. In urban sites, the total
decrease is not totally captured, likely COVID-19 emission
precursors are underestimated on these sites, and natural
variability explains about a third of the decrease.

Table 5 provides a detailed summary of the mean
changes in tropospheric O3, comparing the observations

Figure 3. (a) Monthly mean weighted volume mixing ratios (wVMR) of O3 observed (red) and predicted
business-as-usual in 2020 (orange) at Boulder, Colorado. (b) CAM-chem simulations for the control scenario
in 2020 (green), COVID-19 adjusted emission scenario (red), and natural variability climatology simulations (brown).
(c) Illustrates the relative differences between the observations and predicted levels for each month in 2020. (d)
Relative differences between the COVID-19 and control (red) and between the control and natural variability
simulations (brown), with the combined effect of COVID-19 lockdown and natural variability depicted in blue. A
comprehensive overview of the various simulations and methods used to obtain them is available in Table 4.
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with the simulation outcomes. It is worth noting that at
Wollongong, O3 measurements were conducted in January
and February 2020, but were halted during March–April,
and subsequently resumed in May 2020 with good num-
ber of observations. Moreover, O3 observations at Bremen
were very limited to a few observations in March and April
and therefore not included in the results. This study pro-
vides valuable insights into the significance of combining
column and near-surface localized observations. Notably,
previous studies have demonstrated that reductions in
NO2 concentrations at European and Chinese urban sites
were accompanied by considerable increases in O3, result-
ing in a shift from a VOC-limited regime to a NOx-limited
regime (Gaubert et al., 2021; Grange et al., 2021; Liu et al.,
2021; Zhang et al., 2022).

3.2. Anomalies of CO, C2H2, C2H6, and H2CO in the

troposphere

Figure 5 shows the monthly mean time series of CO and
the predicted values at Boulder, Colorado. As mentioned
before, the forecasting approach works better for gases
like CO, which present a significant declining trend in the
past decades. The calculated MAPE value of �1.5% indi-
cates good validation at Boulder. All other sites show sim-
ilar values. Figure 6 shows the monthly mean observed
and predicted 2020 values for the FTIR and the CAM-
chem simulations (top) and anomalies (bottom). Typically,
CO shows larger values in the winter and early spring due
to low concentrations of hydroxyl (OH) radical and mini-
mum levels in autumn, however a second peak

enhancement in the early autumn is captured more often
due to rising emissions from wildfires over North America
(Buchholz et al., 2022). The predicted values also capture
this second peak, although the exceptional enhancements
measured in 2022 were very large. Between March and
May there was a slightly mean negative anomaly of�1.3%
± 2.1%, then between May and July anomalies remained
the same and between August and October the CO shows
significant positive anomalies due to the exceptional wild-
fires in the region. The magnitude of the CAM-chem
anomalies agree quite well with the FTIR observations.
At the beginning of the year there was a slightly positive
anomaly explained by natural variability, then starting in
March COVID-19 started to play a role and the total mean
anomaly between March and May is �2.4% ± 0.9%.

Figure 7a shows the CO anomalies at all sites between
March and May 2020. A decrease in CO is detected in most
of the Northern Hemisphere urban sites (Paris, Toronto,
Boulder, Tsukuba, and Hefei) with negative values between
1% and 12%. The most substantial reduction in CO levels
was recorded in Hefei, China, where there was a decrease
of �11.7% ± 6.9%. However, it is worth noting that an
even more significant decrease was observed in late Feb-
ruary 2020, which aligns with the strict lockdowns that
were implemented in several Chinese cities during that
time (Levelt et al., 2021; Stavrakou et al., 2021). Overall,
the CO reductions are captured in the simulations for
most of the urban sites. At some sites, the effects of nat-
ural variability and COVID-19 impacts are in opposition.
For instance, at Boulder and Toronto, the contribution of

Figure 4. Map with tropospheric anomalies of O3 at different sites, expressed as a percentage and estimated
using mean values obtained between March and May 2020. Note that the exact location of the site may have
been adjusted to ensure that all histograms are included in the map.
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Table 5. Summary of tropospheric O3 mean anomaliesa during the 2020 stringent COVID-19 lockdown,
arranged by latitude for all sites

Station
FTIR

(Observed-Predicted) [%]
CAM-chem
(Total) [%]

CAM-chem
(COVID-19) [%]

CAM-chem
(Nat. Variability) [%]

Thule �14.1 ± 4.1 �12.4 ± 2.6 �2.0 ± 0.9 �10.3 ± 2.4

Kiruna �7.5 ± 1.9 �5.9 ± 3.5 �2.0 ± 0.8 �3.9 ± 3.4

Jungfraujoch �14.8 ± 1.6 �15.9 ± 2.6 �3.6 ± 1.4 �12.3 ± 2.2

Toronto �9.4 ± 3.6 �6.7 ± 2.9 �2.6 ± 1.1 �4.2 ± 2.7

Boulder �12.7 ± 2.0 �5.2 ± 3.0 �3.6 ± 1.2 �1.7 ± 2.8

Tsukuba �10.0 ± 2.7 �3.5 ± 2.7 �2.4 ± 1.1 �1.2 ± 2.5

Hefei �0.1 ± 3.9 �5.9 ± 3.3 �2.6 ± 0.8 �3.4 ± 3.2

Izana �11.4 ± 0.5 �11.7 ± 1.7 �2.9 ± 1.2 �8.8 ± 1.3

Wollongong �2.8 ± 0.0 �0.5 ± 0.0 �3.2 ± 0.0 2.7 ± 0.0

FTIR ¼ Fourier-transform infrared spectrometer; CAM-chem ¼ Community Atmosphere Model with chemistry.
aCalculated as the mean values of relative differences obtained between March and May 2020. Error bars represent the standard
deviation within those months.

Figure 5. Time series of monthly mean CO weighted volume mixing ratios (wVMR) at Boulder, Colorado. The
blue line represents the observations used to train the model and predict 2018–2020 monthly values (orange), which
then are assessed in 2019 during the validation period (red) and calculate anomalies during the COVID-19 stringent
period in 2020 using actual observations (green). The shaded area represent the standard deviation.
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Figure 6. (a) Monthly mean weighted volume mixing ratios (wVMR) of CO observed (red) and predicted
business-as-usual in 2020 (orange) at Boulder, Colorado. (b) CAM-chem simulations for the control scenario
in 2020 (green), COVID-19 adjusted emission scenario (red), and natural variability climatology simulations (brown).
(c) Illustrates the relative differences between the observations and predicted levels for each month in 2020. (d)
Relative differences between the COVID-19 and control (red) and between the control and natural variability
simulations (brown), with the combined effect of COVID-19 lockdown and natural variability depicted in blue. A
comprehensive overview of the various simulations and methods used to obtain them is available in Table 4.

Figure 7. Map with tropospheric anomalies of CO (a), C2H2 (b), H2CO (c), and C2H6 (d) at different sites,
expressed as a percentage and estimated using mean values obtained between March and May 2020. Note
that the exact location of the site may have been adjusted to ensure that all histograms are included in the map.
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natural variability indicates an increase. Based on the
simulations, the natural variability does not seem to have
a significant impact on most of the urban European sites.
The decrease in Paris is explained only by COVID-19 reduc-
tions, although observations were limited at the begin-
ning and in the middle of the confinement. The CO
anomaly in Karlsruhe does not show a significant change
and Bremen saw an increase, although measurements
were limited only to some days in March and April. In
Hefei, the decrease in CO is further amplified by natural
variability. Interestingly, the remote sites (Thule, Izaña,
Jungfraujoch, and Kiruna) show a slight increase between
1% and 3%. The overall increase in these remote sites is
captured by the simulations. Wollongong, the only South-
ern Hemisphere site, shows an increase of 6.5% in the
observations that can be linked to the Australian fires
around December 2019 and January 2020 (Salawitch and
McBride, 2022). CAM-chem captures the increase but it is
underestimated. The natural variability run with repeated
emissions have the 2020 fires but not the 2019 ones,
which may explain the underestimation. A summary of
the CO anomalies among the different sites and CAM-
chem simulations is provided in Table 6.

To further understand global CO changes we use the
long-term record of the Measurements of Pollution in the
Troposphere (MOPITT) instrument, aboard the National
Aeronautics and Space Administration Terra satellite, to
capture global anomalies of CO from space. The MOPITT
instrument and the retrieval algorithm are described in
detail elsewhere (Drummond et al., 2010; Worden et al.,
2013). Briefly, we use the recent version 9 joint thermal-
infrared and near-infrared and applied the forecasting
approach to the gridded monthly mean total columns

data set (2005–2018) to produce business-as-usual values
in 2019 and 2020. Similarly, 2019 is used to evaluate the
model. Figure 8 shows CO global anomalies obtained for
March (a) and between March and May (b) 2020. CO
anomalies vary across regions and they are sensitive to
regional and continental scales but overall the Northern
Hemisphere shows a decrease while the Southern Hemi-
sphere shows an increase. The overall decrease of CO in
the Northern Hemisphere was larger in March 2020 and
there is a slow down in the decrease toward May. Disen-
tangling the possible COVID-19 lockdown signal from
other causes such as large day-to-day variability, long-
range transport, emissions, and chemistry is challenging
for CO. The comparison of monthly mean anomalies
between MOPITT and FTIR is shown in the supplement
(Figure S1). Even though the instruments may sample
different spatial scales and sample at different times there
is a high level of consistency in the anomalies.

Figure 7 also shows anomalies of C2H2, H2CO, and
C2H6 for all sites. Although a limited number of sites
retrieve C2H2 there is a drop of �26.2%, �8.1%, and
�4.6% for the urban Northern Hemisphere sites Boulder,
Toronto, and Tsukuba, respectively. Jungfraujoch, a remote
site, also shows a significant decrease of �15.4%. The
magnitude of the anomaly is well captured at Jungfrau-
joch, however, all other sites show a significant bias
between observed and modeled anomalies. Note that
although the magnitude of the anomalies is not fully
captured with CAM-chem simulations there is an agree-
ment in the decrease for Boulder and Tsukuba, likely
related to reductions in combustion emissions (Xiao et
al., 2007). There is an increase of C2H2 at Wollongong,
which is likely related with the Australian fires identified

Table 6. Summary of tropospheric CO mean anomaliesa during the 2020 stringent COVID-19 lockdown,
arranged by latitude for all sites

Station
FTIR

(Observed-Predicted) [%]
CAM-chem
(Total) [%]

CAM-chem
(COVID-19) [%]

CAM-chem
(Nat. Variability) [%]

Thule 2.9 ± 1.7 1.5 ± 1.5 �1.9 ± 0.3 3.4 ± 1.5

Kiruna 0.8 ± 0.6 1.9 ± 0.7 �2.0 ± 0.2 4.0 ± 0.6

Bremen 2.5 ± 4.0 �2.3 ± 1.6 �2.5 ± 0.2 0.2 ± 1.6

Karlsruhe 0.7 ± 1.0 �3.6 ± 0.7 �3.9 ± 0.6 0.4 ± 0.4

Paris �7.5 ± 1.2 �2.6 ± 1.4 �2.0 ± 0.4 �0.6 ± 1.3

Jungfraujoch 1.2 ± 1.2 �0.8 ± 1.3 �1.6 ± 0.2 0.7 ± 1.3

Toronto �0.6 ± 0.7 �0.7 ± 1.0 �3.9 ± 0.4 3.2 ± 0.9

Boulder �1.3 ± 2.1 �2.4 ± 0.9 �3.5 ± 0.3 1.1 ± 0.9

Tsukuba �3.1 ± 2.1 �11.3 ± 4.9 �2.5 ± 0.1 �8.8 ± 4.9

Hefei �11.7 ± 6.9 �4.7 ± 3.6 0.5 ± 1.4 �5.3 ± 3.3

Izana 2.1 ± 3.9 �0.3 ± 1.6 �1.1 ± 0.2 0.8 ± 1.6

Wollongong 6.5 ± 0.2 1.6 ± 0.9 �1.1 ± 0.0 2.7 ± 0.9

FTIR ¼ Fourier-transform infrared spectrometer; CAM-chem ¼ Community Atmosphere Model with chemistry.
aCalculated as the mean values of relative differences obtained between March and May 2020. Error bars represent the standard
deviation within those months.
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at the end of 2019 and early 2020.We believe that the role
of natural variability such as transport is expected to be
more important for species with shorter lifetime such as
C2H2. Except for a few sites (Thule, Izaña, and Hefei) the
H2CO anomalies are also negative and in most cases simu-
lations agree well, however, in some cases there is a signif-
icant bias. At Hefei, the mean anomaly is positively
skewed by 4.3% ± 12.0% and is largely influenced by
a noteworthy rise in H2CO levels in May. However, there
was a noticeable drop of approximately 50% in February,
which aligns with the findings of Levelt et al. (2021),
where they observed a 40% decline of H2CO in late Feb-
ruary 2020 using satellite observations. CAM-chem simu-
lations show that H2CO decreased due to the the strict
lockdown period but the magnitude of the natural vari-
ability is larger for all sites, likely dominating the

variability. C2H6 shows large variability and we identify
a decline during the stringent 2020 lockdown for some
urban sites (Toronto, Boulder) but others show an increase
(Paris, Karlsruhe). Similar to H2CO, simulations show small
changes in C2H6 due to COVID-19 restrictions but rather
large variability due to natural variability. Although the
CAM-chem simulations provide reasonable estimations
of the anomalies observed in C2H2, H2CO, and C2H6, it
remains difficult to accurately assess the extent to which
the COVID-19 lockdowns impacted these gases. The simu-
lations suggest that natural variability, including meteoro-
logical factors, fluctuations in biogenic emissions, and
occurrences of biomass burning events, played a signifi-
cant role in the changes observed in 2020. The results for
all sites are shown in Tables 7, 8, and 9 for C2H2, H2CO,
and C2H6, respectively.

Figure 8. CO anomalies obtained with MOPITT global observations in March (a) and between March and May
(b) 2020.
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To quantify anomalies, the relative difference is calcu-
lated as the fraction of the difference between actual
observations and the predicted 2020 divided by the pre-
dicted value itself. This is illustrated in the bottom plots.

3.3. Anomalies of O3 and CO in the UTLS

Figure 9 shows anomalies of O3 and CO in the UTLS
obtained with both FTIRs and CAM-chem simulations. A
summary of the anomalies along with the contributions
from CAM-chem simulations are shown in Tables 10 and
11 for O3 and CO, respectively. All observations in North
America and Europe detected large drops of O3 in the
UTLS with the largest reduction in Thule (�28.7% ±
9.3%) partially due to the record-low springtime Arctic
O3 values as discussed in the next section. CAM-chem
simulations agree well with observations. Reduced surface

emissions during the COVID-19 lockdown did not have
a significant impact on the reduction observed, as natural
variability played a more important role. The reduction in
O3 levels in the upper troposphere is consistent with the
findings of Clark et al. (2021), who observed a decrease in
O3 in the free troposphere around Frankfurt airport. Addi-
tionally, Reifenberg et al. (2022) found substantial nega-
tive relative changes in the upper troposphere for certain
species over Europe using numerical simulations, which
included a decrease in NOx due to reduced air traffic dur-
ing the lockdown period (Bouarar et al., 2021; Nussbau-
mer et al., 2022). Tsukuba is the only site with an increase
in O3 in the UTLS explained by the fact that Tsukuba was
not affected by the low O3 contribution from the strato-
sphere as pointed out in Table 12. Bremen and Hefei are
not shown because the forecasting approach shows MAPE

Table 7. Summary of tropospheric C2H2 mean anomaliesa during the 2020 stringent COVID-19 lockdown,
arranged by latitude for all sites

Station
FTIR

(Observed-Predicted) [%]
CAM-chem
(Total) [%]

CAM-chem
(COVID-19) [%]

CAM-chem
(Nat. Variability) [%]

Thule 2.1 ± 10.0 8.6 ± 5.5 �2.3 ± 0.3 10.9 ± 5.5

Jungfraujoch �15.4 ± 1.7 �17.6 ± 3.5 �2.9 ± 0.4 �14.7 ± 3.5

Toronto �8.1 ± 4.1 5.9 ± 4.1 �5.0 ± 0.5 10.9 ± 4.1

Boulder �26.2 ± 2.0 �13.9 ± 5.6 �5.8 ± 0.5 �8.1 ± 5.6

Tsukuba �4.6 ± 4.4 �25.7 ± 14.7 �4.0 ± 0.5 �21.7 ± 14.7

Wollongong 10.4 ± 8.8 �2.4 ± 2.9 �0.6 ± 0.3 �1.8 ± 2.8

FTIR ¼ Fourier-transform infrared spectrometer; CAM-chem ¼ Community Atmosphere Model with chemistry.
aCalculated as the mean values of relative differences obtained between March and May 2020. Error bars represent the standard
deviation within those months.

Table 8. Summary of tropospheric H2CO mean anomaliesa during the 2020 stringent COVID-19 lockdown,
arranged by latitude for all sites

Station
FTIR

(Observed-Predicted) [%]
CAM-chem
(Total) [%]

CAM-chem
(COVID-19) [%]

CAM-chem
(Nat. Variability) [%]

Thule 7.6 ± 4.8 14.1 ± 4.8 �1.1 ± 0.5 15.1 ± 4.7

Kiruna �23.2 ± 5.3 �9.9 ± 9.6 �1.8 ± 0.6 �8.1 ± 9.6

Karlsruhe �7.5 ± 4.5 �13.0 ± 4.9 �8.9 ± 1.7 �4.1 ± 4.6

Paris �36.0 ± 23.5 �27.0 ± 24.0 �4.4 ± 3.5 �22.6 ± 23.7

Jungfraujoch �9.3 ± 7.6 �16.8 ± 3.7 �9.7 ± 2.3 �7.1 ± 3.0

Toronto �21.1 ± 4.3 �2.1 ± 8.5 �3.6 ± 1.0 1.5 ± 8.4

Boulder �22.9 ± 8.2 5.2 ± 7.8 �4.0 ± 0.9 9.2 ± 7.8

Tsukuba �8.2 ± 18.7 �25.9 ± 9.6 �2.5 ± 0.5 �23.4 ± 9.6

Hefei 4.3 ± 12.0 6.9 ± 1.4 �0.9 ± 0.8 7.8 ± 1.2

Izana 8.4 ± 5.7 4.9 ± 2.2 �2.2 ± 0.8 7.1 ± 2.0

FTIR ¼ Fourier-transform infrared spectrometer; CAM-chem ¼ Community Atmosphere Model with chemistry.
aCalculated as the mean values of relative differences obtained between March and May 2020. Error bars represent the standard
deviation within those months.
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values larger than 20%. Wollongong O3 measurements
only occurred in May and show a decrease in O3 but it
is hard to pinpoint the reason. The majority of sites indi-
cate a significant positive anomaly of CO in the UTLS.
CAM-chem does not capture well the magnitude of the
anomalies indicating an extra cause not studied in this
model simulation. We will further discuss the role of
chemistry in the next sections.

3.4. Ozone stratospheric-tropospheric transport

changes in 2020
The tagged stratospheric O3 in the simulations is used to
evaluate the difference of the stratospheric contribution
into the troposphere in 2020 with respect to the long-

term simulations (2010–2019). In order to quantify the
typical contribution of stratospheric O3 into the tropo-
sphere, the ratio of tagged stratospheric O3 to total O3 is
calculated for 2010–2019. Similarly, the ratio is calculated
using the tagged 2020 stratospheric O3 and the total
2010–2019 climatology. As an example, Figure 10a
shows the ratios for Thule, Greenland, which was directly
situated below the O3 depletion in 2020 (Manney et al.,
2020). Under normal conditions, the downward contribu-
tion of ozone-rich air from the stratosphere starts to
decrease at 9 km reaching around 50% at the surface
(blue line). In 2020 (green line), the contribution is lower
for all altitudes below 20 km. The relative difference
(Figure 10b) shows that the major decrease in the

Table 9. Summary of tropospheric C2H6 mean anomaliesa during the 2020 stringent COVID-19 lockdown,
arranged by latitude for all sites

Station
FTIR

(Observed-Predicted) [%]
CAM-chem
(Total) [%]

CAM-chem
(COVID-19) [%]

CAM-chem
(Nat. Variability) [%]

Thule �1.2 ± 4.8 4.4 ± 3.4 �0.9 ± 0.2 5.3 ± 3.4

Kiruna �0.9 ± 0.7 6.4 ± 0.6 �0.9 ± 0.2 7.2 ± 0.5

Bremen �2.1 ± 1.1 �3.2 ± 2.2 �1.0 ± 0.1 �2.2 ± 2.2

Karlsruhe 2.0 ± 1.6 �3.3 ± 1.8 �1.6 ± 0.3 �1.8 ± 1.8

Paris 4.5 ± 0.3 �5.9 ± 5.2 �0.5 ± 0.2 �5.5 ± 5.2

Jungfraujoch �5.1 ± 2.4 �6.8 ± 2.3 �1.0 ± 0.4 �5.9 ± 2.3

Toronto �13.8 ± 0.9 1.9 ± 1.5 �1.5 ± 0.2 3.4 ± 1.5

Boulder �7.6 ± 4.3 �4.6 ± 1.3 �1.8 ± 0.2 �2.8 ± 1.3

Tsukuba �2.8 ± 4.9 �2.7 ± 2.0 �1.5 ± 0.1 �1.1 ± 2.0

Izana -5.0 ± 10.7 �4.7 ± 3.5 �0.9 ± 0.1 �3.7 ± 3.5

FTIR ¼ Fourier-transform infrared spectrometer; CAM-chem ¼ Community Atmosphere Model with chemistry.
aCalculated as the mean values of relative differences obtained between March and May 2020. Error bars represent the standard
deviation within those months.

Figure 9. Map with tropospheric anomalies of O3 (a) and CO (b) in the upper tropospheric and lower
stratosphere (UTLS) at different sites, expressed as a percentage and estimated using mean values
obtained between March and May 2020. Note that the exact location of the site may have been adjusted to
ensure that all histograms are included in the map.
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stratospheric contribution in 2020 occurred at 10 km
(about �45%). Overall, the mean decrease contribution
in the troposphere is 13.3%. The same analysis is carried
out for all sites and results of changes in the contribution
of ozone-rich air from the stratosphere are shown in
Table 12. Results are consistent with respect to the loca-
tion of each site, for example, northern high latitude sites
(Thule, Kiruna, and Jungfraujoch) show the highest

decrease in the contribution of ozone-rich air from the
stratosphere to the troposphere.

3.5. Implication for CH4 lifetime

We found a mostly neutral CO signal to COVID-19 restric-
tions despite emission reductions that include anthropo-
genic CO precursors, as reflected by H2CO observation
anomalies. Figure 11 shows CAM-chem anomalies of the

Table 10. Summary of UTLS O3 mean anomaliesa during the 2020 stringent COVID-19 lockdown, arranged
by latitude for all sites

Station
FTIR

(Observed-Predicted) [%]
CAM-chem
(Total) [%]

CAM-chem
(COVID-19) [%]

CAM-chem
(Nat. Variability) [%]

Thule �28.7 ± 9.3 �37.4 ± 7.2 �1.2 ± 0.4 �36.2 ± 7.2

Kiruna �6.9 ± 6.3 �4.4 ± 5.9 �0.9 ± 0.4 �3.6 ± 5.8

Jungfraujoch �13.9 ± 2.0 �17.2 ± 2.4 �1.0 ± 0.4 �16.2 ± 2.3

Toronto �18.0 ± 7.2 �10.5 ± 6.5 �1.1 ± 0.5 �9.5 ± 6.5

Boulder �11.5 ± 3.5 �9.0 ± 8.0 �1.0 ± 0.4 �8.0 ± 8.0

Tsukuba 10.2 ± 7.4 �5.6 ± 4.5 �0.8 ± 0.4 �4.7 ± 4.5

Izana �17.1 ± 1.5 �9.7 ± 1.3 �0.8 ± 0.3 �8.9 ± 1.3

Wollongong �12.8 ± 0.0 5.5 ± 0.0 �1.0 ± 0.0 6.5 ± 0.0

FTIR ¼ Fourier-transform infrared spectrometer; CAM-chem ¼ Community Atmosphere Model with chemistry; UTLS ¼ upper
tropospheric and lower stratosphere.
aCalculated as the mean values of relative differences obtained between March and May 2020. Error bars represent the standard
deviation within those months.

Table 11. Summary of UTLS COmean anomaliesa during the 2020 stringent COVID-19 lockdown, arranged by
latitude for all sites

Station
FTIR

(Observed-Predicted) [%]
CAM-chem
(Total) [%]

CAM-chem
(COVID-19) [%]

CAM-chem
(Nat. Variability) [%]

Thule 14.9 ± 9.0 13.8 ± 4.9 �1.6 ± 0.3 15.3 ± 4.9

Kiruna �3.9 ± 1.7 �1.5 ± 3.3 �1.2 ± 0.2 �0.3 ± 3.3

Bremen 4.5 ± 4.1 1.1 ± 0.3 �0.9 ± 0.1 2.1 ± 0.3

Karlsruhe 0.9 ± 1.0 0.4 ± 0.5 0.0 ± 0.2 0.4 ± 0.4

Paris �1.3 ± 7.0 �3.9 ± 5.6 �0.7 ± 0.2 �3.2 ± 5.6

Jungfraujoch 10.3 ± 0.8 0.5 ± 1.9 �0.9 ± 0.1 1.4 ± 1.9

Toronto 5.2 ± 4.4 �0.5 ± 2.3 �1.0 ± 0.0 0.5 ± 2.3

Boulder 13.4 ± 3.7 0.3 ± 1.9 �1.0 ± 0.1 1.2 ± 1.9

Tsukuba 8.5 ± 5.5 �3.6 ± 1.5 �1.1 ± 0.2 �2.5 ± 1.5

Hefei 0.3 ± 0.6 �5.4 ± 4.1 �1.6 ± 0.7 �3.8 ± 4.1

Izana 13.1 ± 1.0 2.4 ± 0.8 �0.4 ± 0.2 2.7 ± 0.8

Wollongong 11.0 ± 2.7 4.1 ± 2.6 �0.3 ± 0.0 4.4 ± 2.6

FTIR ¼ Fourier-transform infrared spectrometer; CAM-chem ¼ Community Atmosphere Model with chemistry; UTLS ¼ upper
tropospheric and lower stratosphere.
aCalculated as the mean values of relative differences obtained between March and May 2020. Error bars represent the standard
deviation within those months.
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CH4 and CO lifetime with respect to their chemical loss in
the atmosphere. The net emission reduction impact sug-
gests a decrease in global tropospheric OH by more than
2%, starting in April and for the rest of the year. The
negative OH anomalies were particularly large for April,
May, and June, and our model estimates net positive
anomalies in the lifetimes of CH4 and CO of 2%–3% for
these 3 months. Interestingly, the net anomalies for 2020
were nearly neutral for the last 6 months of 2020, because
of equally large natural anomalies. We performed an
additional simulation with only reduction in anthropo-
genic NOx emissions, for both aircraft and the surface
fluxes. This leads to a larger peak in CH4 lifetime anoma-
lies, roughly 5% instead of 4% for the lockdowns effects
only, which would translate into an additional 20%
increase in CH4 growth rate for that month. This provides
model confirmation that emission reduction of NMVOCs
and CO tends to mitigate the NOx impact on OH, as
recently reviewed by Akimoto and Tanimoto (2022) and
characterized in, for example, chemical reanalyses (Gau-
bert et al., 2017). Recently, Peng et al. (2022) also shows
that OH decreased significantly compared to 2019, in

Table 12. Summary of the mean change of O3 strato-
spheric contribution into the troposphere in 2020
(compared to 2010–2019), in percent and standard
deviation, calculated between March and May 2020
for all sites arranged by latitude

Station Relative Change [%]

Thule �13.3 ± 1.8

Kiruna �5.5 ± 2.9

Bremen �0.1 ± 2.2

Jungfraujoch �9.7 ± 4.8

Toronto �1.8 ± 1.9

Boulder �5.0 ± 1.9

Tsukuba 2.2 ± 1.7

Hefei 0.9 ± 2.7

Izana �2.2 ± 2.3

Wollongong 10.4 ± 3.5

Figure 10. (a) Mean altitude profile ratios of stratospheric tagged O3 for 2010–2019 (blue) and 2020 (green)
to total O3 profiles calculated between the months of March and May. (b) Relative difference between the
typical ratio (2010–2019) and 2020. This is an example for Thule, Greenland.
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addition to an increase in wetland CH4 emissions. By con-
trasting CO observations and model simulation with com-
prehensive chemistry, we can directly assess the 2020
chemical anomalies.

3.6. Summary and conclusions

The stringent restrictions in anthropogenic activities asso-
ciated with the world-wide COVID-19 2020 pandemic
represented a unique opportunity to study changes in
atmospheric composition. In this work, we conducted an
analysis of several gases (O3, CO, C2H2, H2CO, and C2H6)
and report changes (anomalies) during the strongest
COVID-19 2020 lockdown using multiple ground-based
FTIRs in both urban (or semi-urban) and remote locations.
Here, we utilized a forecasting approach to the observa-
tions to predict 2020 business-as-usual tropospheric col-
umns. This involved analyzing long-term records to
capture trends and interannual variability. By comparing
these predicted values with actual observations, we calcu-
lated monthly mean anomalies for the year 2020. In this
work, we emphasized results from the strict COVID-19
period in 2020 (March–May). Interpreting anomalies
solely from observations is a challenging task because
natural variability, chemistry, and photochemical regimes
may play an important role. To gain a better understand-
ing of these changes, we employed global CAM-chem
simulations dedicated to disentangle the role of COVID-
19 stay-at-home restrictions and natural variability on
these gases.

Out of all the gases analyzed, O3 displayed the most
consistent tropospheric column negative anomalies with
a drop of about 9% between March and May 2020 among
all sites. The magnitudes of the observed anomalies are
well captured by the model, in particular for remote sites
in the Northern Hemisphere, where the natural variability
played a significant role, often larger than COVID-19 lock-
downs. Quantitative analysis of tagged stratospheric O3 in
the CAM-chem simulations indicates that reductions of

the contribution of ozone-rich air from the stratosphere
contributed to some of the total tropospheric reduction,
especially sites situated below the O3 depletion, but is not
the only reason.

The atmospheric CO signals are more challenging to
address because of a delicate balance between emissions,
chemical sink, and large natural variability. As expected,
urban sites, mainly in the Northern Hemisphere, show
reductions ranging between 1% and 12% in tropospheric
CO in March–May 2020. In contrast, most remote sites
show a small increase, although the magnitude is within
uncertainty values. To further characterize the spatial dis-
tribution of CO changes, we used the MOPITT satellite
instrument to quantify world-wide CO anomalies. Overall
we detected reductions in CO close to the source: in China,
North America, and Europe in March 2020. However, the
lack of reduction signals, in April, May, and June, suggests
an increase in CO lifetime due to a reduced OH caused by
reduced NOx emissions. Our derived CH4 and CO lifetime
anomalies suggest a decrease in OH by around 3% for
these months, but OH was near neutral for the rest of the
year, with the COVID-19 effect being compensated by nat-
ural variability. We conclude that it is essential to quantify
natural variability and to combine comprehensive chem-
istry with CH4 emission simulations to attribute the vari-
ous contributions to the CH4 growth rate.

Evaluating worldwide anomalies of C2H2, H2CO, and
C2H6 from FTIR observations presents certain challenges,
primarily due to the limited number of FTIR sites globally
and a lower number of sites that retrieve these gases,
specifically C2H2. Additionally, significant year-to-year
interannual differences, variations in biogenic emissions,
and occurrences of biomass burning events make it diffi-
cult to draw definitive conclusions. Nevertheless, we iden-
tified negative anomalies of C2H2 for the urban Northern
Hemisphere sites Boulder, Toronto, and Tsukuba. The
observed anomaly at Wollongong, the only Southern
Hemisphere site, is positive (same as CO) and likely related

Figure 11. 2020 monthly relative anomalies (%) of the global and tropospheric CH4 (a) and CO (b) lifetime.
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with the Australian fires identified at the end of 2019 and
early 2020 (Salawitch and McBride, 2022). C2H6 shows
a decline during the stringent 2020 lockdown for some
urban sites (Toronto, Boulder, and Tsukuba) but others
show an increase (Paris, Karlsruhe). H2CO also shows neg-
ative anomalies for most sites, except for a few sites (Thule,
Izaña, and Hefei). CAM-chem simulations show that natural
variability is larger than reductions related with COVID-19
for these gases. In general, simulations reproduce the sign
of the anomalies but in many cases the bias between obser-
vations and simulations is significant and related with
uncertainty in emissions during the COVID-19 lockdowns.
Our study is expected to serve as a valuable reference
within the observational FTIR community, particularly
given the significance of rapid changes and anomalous
events in atmospheric composition occurring over a short
period of time (weeks to months).

The majority of studies examining the impact of the
global COVID-19 pandemic on atmospheric composition
concentrate solely on changes in the lower troposphere.
Conversely, only a limited number of studies have inves-
tigated the free troposphere or layers above. A key advan-
tage of utilizing ground-based FTIR instruments is their
heightened vertical sensitivity for certain species. Our find-
ings demonstrate the potential to infer changes in O3 and
CO within UTLS. The reductions observed in O3 were even
more substantial within the UTLS, and stratospheric-
tropospheric transport contributions were notably smaller
than those observed during long-term normal conditions.
Regarding CO, UTLS anomalies indicate an increase, and
this, along with the slow down in the decrease of tropo-
spheric CO may be related to changes in the CO lifetime.
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sité, the French research center CNRS, the French space
agency CNES, and Région Île-de-France. The ULiège con-
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