ENVIRONMENTAL RESEARCH
COMMUNICATIONS

LETTER « OPEN ACCESS

The impact of the COVID-19 lockdown on
greenhouse gases: a multi-city analysis of in situ
atmospheric observations

To cite this article: V Monteiro et al 2022 Environ. Res. Commun. 4 041004

View the article online for updates and enhancements.

You may also like

- Reduction in human activity can enhance

the urban heat island: insights from the
COVID-19 lockdown

TC Chakraborty, Chandan Sarangi and
Xuhui Lee

-PM, ? exposures increased for the majority
of Indians and a third of the global

population during COVID-19 lockdowns: a
residential biomass burning and

environmental justice perspective
Ajay S Nagpure and Raj M Lal

- COVID-19 lockdown only partially

alleviates health impacts of air pollution in
Northern Italy

Francesco Granella, Lara Aleluia Reis,
Valentina Bosetti et al.

This content was downloaded from IP address 69.144.161.173 on 04/08/2023 at 18:24


https://doi.org/10.1088/2515-7620/ac66cb
/article/10.1088/1748-9326/abef8e
/article/10.1088/1748-9326/abef8e
/article/10.1088/1748-9326/abef8e
/article/10.1088/1748-9326/ac9703
/article/10.1088/1748-9326/ac9703
/article/10.1088/1748-9326/ac9703
/article/10.1088/1748-9326/ac9703
/article/10.1088/1748-9326/ac9703
/article/10.1088/1748-9326/ac9703
/article/10.1088/1748-9326/ac9703
/article/10.1088/1748-9326/abd3d2
/article/10.1088/1748-9326/abd3d2
/article/10.1088/1748-9326/abd3d2

10P Publishing

@ CrossMark

OPENACCESS

RECEIVED
17 January 2022

REVISED
8 April 2022

ACCEPTED FOR PUBLICATION
12 April 2022

PUBLISHED
27 April 2022

Original content from this
work may be used under
the terms of the Creative
Commons Attribution 4.0
licence.

Any further distribution of
this work must maintain
attribution to the
author(s) and the title of
the work, journal citation
and DOL

Environ. Res. Commun. 4 (2022) 041004 https://doi.org/10.1088,/2515-7620/ac66cb

Environmental Research Communications

LETTER

The impact of the COVID-19 lockdown on greenhouse gases: a multi-
city analysis of in situ atmospheric observations

V Monteiro' ® ,N L Miles', SJ Richardson', ] Turnbull*?, A Karion®, ] Kim’>®, L Mitchell®®, J C Lin®,
M Sargent’, S Wofsy®, F Vogel” and KJ Davis"'°

! Department of Meteorology and Atmospheric Science, The Pennsylvania State University, University Park, PA, United States of America
> National Isotope Centre, GNS Science, Lower Hutt, New Zealand

* CIRES, University of Colorado, Boulder, CO, United States of America

* National Institute of Standards and Technology, Gaithersburg, MD, United States of America

Scripps Institution of Oceanography, University of California San Diego, San Diego, CA, United States of America

¢ Department of Atmospheric Sciences, University of Utah, Salt Lake City, UT, United States of America

7 School of Engineering and Applied Sciences, Harvard University, Boston, MA, United States of America

Department of Earth and Planetary Sciences, Harvard University, Boston, MA, United States of America

Climate Research Division, Environment and Climate Change Canada, Toronto, ON, Canada

'% Earth and Environmental Systems Institute, The Pennsylvania State University, University Park, PA, United States of America

5

8

E-mail: vanessa _monteiro@psu.edu

Keywords: covid-19 lockdown, greenhouse gas, emission reduction, North America, observational metrics

Supplementary material for this article is available online

Abstract

We tested the capabilities of urban greenhouse gas (GHG) measurement networks to detect abrupt
changes in emissions, such as those caused by the roughly 6-week COVID-19 lockdown in March
2020 using hourly in situ GHG mole fraction measurements from six North American cities. We
compared observed changes in CO,, CO, and CH, for different mole fraction metrics (diurnal
amplitude, vertical gradients, enhancements, within-hour variances, and multi-gas enhancement
ratios) during 2020 relative to previous years for three periods: pre-lockdown, lockdown, and ongoing
recovery. The networks showed decreases in CO, and CO metrics during the lockdown period in all
cities for all metrics, while changes in the CH, metrics were variable across cities and not statistically
significant. Traffic decreases in 2020 were correlated with the changes in GHG metrics, whereas
changes in meteorology and biology were not, implying that decreases in the CO, and CO metrics
were related to reduced emissions from traffic and demonstrating the sensitivity of these tower
networks to rapid changes in urban emissions. The enhancements showed signatures of the lockdowns
more consistently than the three micrometeorological methods, possibly because the urban
measurements are collected at relatively high altitudes to be sensitive to whole-city emissions. This
suggests that urban observatories might benefit from a mixture of measurement altitudes to improve
observational network sensitivity to both city-scale and more local fluxes.

1. Introduction

During 2020, the coronavirus (COVID-19) pandemic led to governments imposing restrictions, including those
on travel, in efforts to reduce disease transmission. Traffic and economic activities decreased in many places
around the globe, including in the U.S. and Canad4, in March 2020 [1-3]. Because urban systems account for the
majority of anthropogenic greenhouse gas (GHG) emissions, the COVID-19 shutdown forced a large and rapid
global-scale change in emissions. For example, the most recent Global Energy Review 2021 [4] reported a 5.8%
decrease in global carbon dioxide (CO,) emissions during 2020. Other studies [5] estimated an even larger
reduction in global CO, emissions, approximately 9%, when comparing the first half of 2019 to the same period
in 2020, and such a drop in emissions is synchronous with the changes in ground transportation [5, 6].

© 2022 The Author(s). Published by IOP Publishing Ltd
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Cities experienced even larger decreases in GHG emissions during the first half of 2020. In Athens, Greece,
pollutants related to traffic emissions decreased by 30% to 35% [7]. Representative cities of Canada, CO,
emissions from vehicle fuel consumption decreased about 37% from March to April 2020, and April 2020
exhibited half of the estimated emissions of the same period in 2019 [2].

Despite the economic impacts and health outcomes, the COVID-19 pandemic presents a unique scientific
opportunity to test the ability of GHG observing networks to detect rapid changes in emissions. Urban
atmospheric measurement networks were designed to quantify GHG emissions. They aim to provide
independent evaluation of GHG emissions mitigation efforts and to improve understanding of urban
metabolism [8]. Such networks have been deployed for several years at several cities across the globe, have near-
real-time dedicated high-precision, high-accuracy measurements of CO,, carbon monoxide (CO), and methane
(CHy) [9-15]. These networks have been used to infer [16] or quantify [17] changes in emissions over time, and
with atmospheric inverse systems for the quantification of urban emissions [12], [18-20]. Recently, this
technique was used to quantify the relative reduction of CO, emissions from activities associated with COVID-
19in Los Angeles and D.C./Baltimore, [20] and San Francisco [21]. Both studies found emissions reductions on
the order of 30%.

Atmospheric inversion techniques are complex systems that rely on accurate quantification and
interpretation of urban GHG measurements. Local anthropogenic emissions of GHGs result in small increases
in total mole fractions relative to the incoming background concentrations (urban ‘enhancements’ [22]).
Quantifying the mole fraction enhancements due to urban anthropogenic emissions requires careful calibration
of instruments [10], careful quantification of GHG background conditions [23—25] accurate modeling of
atmospheric transport [26], and either accurate modeling of the biosphere [27] or the use of tracers of
anthropogenic activity [28].

Further, atmospheric inversions take advantage of only a fraction of the information available in the
observational GHG networks deployed in cities. Alternative observational metrics include micrometeorological
quantities such as vertical gradients and variances [29], and tracer ratios that can factor out uncertainties caused
by atmospheric transport. Some metrics, including the amplitude of the daily cycle of a GHG, are simple and can
be quantified with a single observation site.

In this study, we evaluate observations from six multi-year urban GHG networks, five in the United States
and one in Canada, during three periods in 2020 (pre-lockdown, lockdown, and the ongoing recovery period)
defined by changes in traffic counts, relative to the same periods in previous years. We hypothesize that changes
caused in traffic during the COVID-19 lockdown, which reduced emissions of GHG, can be identified in
observational metrics derived from GHG mole fraction measurements from urban-scale GHG networks. Thus,
our objectives are to test the ability of a range of observational metrics derived from CO,, CO, and CH,
measurements of dedicated GHG networks to detect short-term emission changes such as occurred during the
lockdown and assess how these findings vary from city to city. Since the major source of fossil-fuel
anthropogenic CO, emissions is on-road transportation (e.g., in Los Angeles it accounts for 43% [30]), we
hypothesize that CO, emissions are affected by the COVID-19 lockdown due to the reduction of traffic activities
within this period, and the observational metrics will be capable of detecting such changes. Similarly, we expect a
decrease in CO observational metrics, which is a tracer for transport and is a coincident measurement with the
GHG networks. CH,, however, should not be affected by changes in traffic.

Our study does not quantify emissions. Rather, we examine the sensitivity of mole fraction observations to
the changes in emissions caused by the lockdown. We show how the impact of the lockdown is reflected across
five observational metrics, to test their ability to detect changes in emissions: amplitude of the diurnal cycle,
vertical gradients, enhancements, variances, and multi-gas enhancement ratios. Except for enhancements, these
observational approaches are not used in atmospheric inversion systems, thus, we are exploring new methods,
and we are also illustrating the signature of the lockdown versus competing factors, such as weather and
biological changes. Because there are possible confounders of changed atmospheric concentrations of GHG,
such as meteorology and biology, we explore attribution by searching for correlations of our GHG metrics with
indices related to changes in traffic, biological fluxes, here represented by the enhanced vegetation index (EVI),
and atmospheric transport, here represented by ventilation factor (VF). Atmospheric inversion techniques
require substantial additional effort, expertise, and resources beyond that required for atmospheric
observations, and may not be always available. This paper examines how changes in emissions can be evaluated
without requiring the infrastructure to perform an atmospheric inversion and provides a pathway for less well-
resourced researchers (e.g., in developing countries) to assess emissions.




10P Publishing

Environ. Res. Commun. 4 (2022) 041004

P Letters
(a) @ Single level measurements
@ Multi level measurements
&£z puLrep.{ @ GHG networks
; d e Water Grassland Cropland [ |
AT [ Wetland [0 Forest [ Barren land Hlihan
(b) -86°40'-86°20" -86° -77°30' -77° -76°30' -76°

B

Figure 1. Urban greenhouse gas (GHG) networks locations in the U.S. and Canada. (a) Cities where the GHG networks are located. (b)
Thelocations of measurement sites that were used in this study in each city. These sites represent a subset of each GHG network. The
background map summarizes land cover types [32, 33], used to determine if a site is considered urban or rural. The description of each
land cover category can be found in table S2 (available online at stacks.iop.org/ERC/4/041004/mmedia). Black symbols represent
the sites where only single-level measurements are available, and blue symbols represent the sites where multi-level measurements are
available.

2. Materials and Methods

2.1. Greenhouse gas networks

We analyzed greenhouse gas (CO,, CH,) and CO observations using a data synthesis product of observations
from five networks across the U.S. and one in Canada [9-13], [31]. Herein, the networks are identified by the
name of the cities where they are located (figure 1): Boston (Massachusetts; BOS), Northeast Corridor
(Baltimore, Maryland, and Washington D.C.; NEC), Indianapolis (Indiana; IND), Salt Lake City (Utah; SLC),
Los Angeles (California; LOS), and Toronto (Ontario; TOR).

The networks were designed to continuously measure CO, and CH, mole fractions, typically using Cavity
Ring-Down Spectroscopy (CRDS), at multiple sites. In SLC, the instruments include a combination of analyzers
based on non-dispersive infrared absorption and off-axis integrated cavity output spectroscopy [34]. The
instruments were calibrated on WMO (World Meteorological Organization) scales, X2007 for CO,, X2004A for
CH,, and X2014A for CO [10-13], [34, 35]. Inlets are installed on communication towers or on building tops.
Multi-level measurements are available at specific sites/cities (LOS, IND, NEC) allowing for the assessment of
GHG vertical profiles. The networks have been operating for several years, the earliest starting in SLC in 2001,
and the newest starting in Toronto in 2016 (table S1 (available online at stacks.iop.org/ERC/4 /041004 /
mmedia)). Some of them include continuous measurements of CO (BOS, IND, LOS, TOR). The data are
obtained at high frequency and averaged hourly.

2.2. Site selection

Most of the influence of the CO, mole fraction enhancement at the Indianapolis towers was within 10 km of the
tower location [25]. Since the boundary layer processes defining this influence area is unlikely to vary
substantially from city to city, we used the 2016 U.S. National Land Cover Database (NLCD) [32] and 2015 land
Cover of Canada [33] to define urban sites as those with atleast 50% of urban land cover by area within a radius
of 10 km, and rural sites as all sites with less than 50% of urban land cover (see Sub-classification at table S2 and
figure S1 (available online at stacks.iop.org/ERC/4/041004/mmedia)).
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2.3. Observational metrics

We searched for the signature of the lockdown in the GHG networks’ observations using: 1) amplitude of the
diurnal cycle, 2) vertical gradients, 3) enhancements above background, 4) temporal variances, 5) the
enhancement ratio of CO, and CH, (ACO,:ACH,), and 6) the enhancement ratio of CO and CH,
(ACO:ACHy,). Each metric is evaluated for sensitivity to the abrupt decrease in anthropogenic activities caused
by COVID-19 restrictions.

The amplitude of the diurnal cycle is defined as the difference between the maximum and the minimum
hourly-averaged mole fraction for each day, usinglocal standard time (LST) to define the start and end of each
day. Higher emissions should lead to larger diurnal cycles. The primary advantage of this metric is simplicity;
this can be computed at any individual measurement site. It is difficult to use to quantify emissions, and the
influence area is not well-known.

Vertical gradients are micrometeorological metrics that are quantitatively linked to local emissions via flux-
gradient relationships in the surface layer [36] and convective boundary layer [37, 38]. The influence area or flux
footprint for this metric is typically 1 km? or less, similar to an eddy covariance flux footprint [39, 40]. The
relatively small footprint makes this metric sensitive to local emissions. We compute vertical gradients at the
multi-level sites located in IND, NEC, and LOS, using the highest and lowest inlets on the towers.

Temporal variance in mole fractions is another micrometeorological metric that is quantitatively linked to
local emissions via flux-variance relationships in the surface layer [29] and convective boundary layer [41]. This
metric has similar characteristics to vertical gradients, but with the important simplification that only one
measurement level is necessary. Within-hour temporal variances in mole fractions are computed from the
highest-frequency data available from the observing sites.

Enhancements [22] are defined as the difference between the city background (see text S1(available online at
stacks.iop.org/ERC/4/041004/mmedia)) and the mole fraction observed at each urban site. Enhancements
reflect regional emissions changes. The sensitivity of this metric to regional emissions makes this metric the
typical input for urban inverse flux estimates [ 18]. Enhancements are influenced by biological and
anthropogenic fluxes, and by variability in atmospheric transport.

Enhancement ratios are intended to eliminate sensitivity to atmospheric transport by studying the change in
one trace gas enhancement relative to another trace gas enhancement. This metric is determined by the slope of
the relationship between two gases’ enhancements, using a York fit [42]. In this study we use CH, asa
normalizing factor, hypothesizing that CH, emissions may not have been strongly impacted by the lockdown.

Since the inlet heights vary by site (table S1 (available online at stacks.iop.org/ERC/4/041004/mmedia)),
we used the highest level of measurement at each site for all the metrics, except for the vertical gradients, which
require multiple levels. For each metric a decrease is consistent with a decrease in emissions. Additional details
about the metrics are found in text S1 (available online at stacks.iop.org/ERC/4/041004/mmedia).

2.4. Periods of study, data selection, and interannual analysis

We computed the observational metrics for CO,, as well as CO and CH, at the cities where these measurements
were available, during three periods of time and across multiple years of observations. We defined a pre-
lockdown phase from 07 February to 14 March, alockdown phase from 21 March to 14 May, and an ongoing
recovery phase from 15 May to 15 June. We used the changes in driving navigation requests since 13 January
2020 from the Apple Mobility Trends Reports [43] as a consistent reference across the six cities for the definition
of these periods. The pre-lockdown represents high and presumably typical traffic patterns; the lockdown
represents a period when traffic intensity was consistently low; and the recovery phase represents a period when
traffic intensity steadily increased (figure S2 (available online at stacks.iop.org/ERC/4/041004/mmedia)).

All the urban networks maintain long-term measurements, but instrument failures and calibration issues
result in occasional data loss. For our analyses, we limited the number of years from 2 to 6 years prior to 2020,
and only used the measurement site-years when more than 30% of data are available for the site within each
period of study. Thus, the number of sites used at a given city was kept constant across years, and years were
chosen to enable a multi-year record with a maximum number of sites for each city (see table S3 (available online
at stacks.iop.org/ERC/4/041004/mmedia) for sites and years included).

We used long-term records and focused on interannual variability to minimize the impact that temporal
variability in atmospheric transport and biological fluxes would have on observational metrics. Boundary layer
depths and winds, and biological CO, and CH, fluxes strongly vary with time of year. A direct comparison of
pre-lockdown, lockdown, and recovery time periods within the year 2020 alone would be confounded by these
seasonal changes. Instead, we computed the relative percent changes (Bjqng) in observational metrics across
multiple years for the three time periods. For example, during the lockdown, for each urban site (s), we
compared the average over time, denoted by the overbar (M), of a given metric (M) in 2020 to the same metric
computed at the same time for each year (i), but averaged over all the available previous years (y); and then, we
average the relative percent change for each city, using all the city’s urban sites (),
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and similarly for both the pre-lockdown and ongoing recovery periods. For vertical gradients and within-hour
variances, we averaged over morning hours, defined herein as 06:00 to 11:59 LST and late afternoon hours, 16:00
to 19:59 LST, when traffic emissions are expected to be relatively large and atmospheric mixing is relatively weak
leading potentially to large vertical gradients. For enhancements and enhancement ratios, we used afternoon
averages, 12:00 to 16:59 LST, when the atmospheric boundary layer is most likely well mixed, a typical approach
used in atmospheric inversions. Figure S3 (available online at stacks.iop.org/ERC/4/041004/mmedia)
demonstrates the procedure for one of the sites.

2.5. Ancillary measurements

Changes in the trace gas mole fractions measured at towers occur not only due to changes in anthropogenic
fluxes (e.g., changes in the transportation sector, electricity production), but also due to changing biological
fluxes and changing atmospheric conditions (such as atmospheric boundary layer depth and wind speed). The
lockdown in March 2020 happened concurrently with the transition of the seasons and lasted roughly for two
months. Thus, to support the interpretation of changes in the observational metrics, we explored the changes in
measurements indicative of meteorological and biological influences. We used the same methodology described
by equation (1) to assess changes in traffic, using traffic datasets obtained from local and federal agencies.
Similarly, we computed changes in the ventilation factor (VF) using boundary layer depth and wind speed
obtained from North American Regional Reanalysis (NARR)[44], to assess changes in meteorology, and
enhanced vegetation index (EVI), obtained from satellite observations [45, 46], to assess changes in biological
activity. See text S3 (available online at stacks.iop.org/ERC/4/041004/mmedia) for a detailed description of the
methodology.

We also assessed the metrics at the rural sites for each network as an alternative test for changes due to
biology. If these sites had no anthropogenic emissions within the footprint of the measurements, we could
isolate the biological signal using three of the five metrics (amplitude of the diurnal cycle, vertical gradients, and
variances). We can not use the enhancement metric since the background is determined from rural sites, thus no
enhancement nor enhancement ratios can be obtained at these sites. To match the same periods of time in rural
and urban sites’ measurements and use the same sites within cities across the metrics (see table S3 (available
online at stacks.iop.org/ERC/4/041004/mmedia)), we compared only 2019 and 2020.

3. Results and discussion

3.1. Carbon dioxide and carbon monoxide metric changes during the lockdown

The prevailing pattern in all the cities was that during the lockdown, the networks detected a reduction in 2020
relative to preceding years in all the observational metrics for CO, and CO (figures 2(a), (b)). Regarding CO,, the
amplitude of the diurnal cycle decreased between 7.2% (NEC) and 28.9% (BOS); vertical gradients decreased
58% (IND); enhancements decreased 18.2% (LOS) to 122.7% (SLC); variances decreased 28.3% (LOS) to 62.4%
(BOS); all suggesting declines in emissions of CO, during the lockdown period in 2020. The ACO,:ACH, ratio
also decreased 32% (IND), which would also suggest a decline of CO, if CH, emissions remained constant. All
the above relative differences were statistically significant (95% confidence level; refer to details in text S2
(available online at stacks.iop.org/ERC/4/041004/mmedia)), suggesting a decrease in CO, emissions in all the
cities. There was only one occasion when the percent relative change in the metric was positive (3.7%) and
statistically significant: the amplitude of the diurnal cycle in LOS. For CO relative changes, results also indicate
significant declines in 2020 for all metrics for all cities where it is measured, consistent with the reduced traffic
levels and CO emissions during the lockdown period (see section 3.3). The largest decrease in CO was observed
in BOS enhancements, 96.3%, and the smallest one in the enhancements in TOR, 2.4%, both results statistically
significant. It is noticible that CO metrics were also smaller in 2020 than in previous years even before the
lockdown event. It can be explained because the global signature of CO concentration has decreased over the last
several decades [47].

Most of the CO, metric changes in the pre-lockdown were not statistically significant, suggesting no
significant changes in emissions for 2020 relative to previous years. The ongoing recovery period, however,
showed statistically significant changes for 2020 relative to previous years. For most cases the relative changes
were negative, suggesting that CO, emissions in 2020 were lower than previous years (figure $4 (available online
at stacks.iop.org/ERC/4/041004/mmedia)). The amplitude of the diurnal cycle of CO, in LOS and TOR
increased in 2020 by 37.9% and 60.7%, respectively, in contrast to the enhancements at these cities that
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Figure 2. Greenhouse gas (CO,, CH,) and CO metrics percent change from 2020 relative to past years of mole fraction records
(computed by equation 1) for five observational metrics (described in section 2.3): amplitude of the diurnal cycle, vertical gradients,
mole fraction enhancements, variances within the hour, and enhancement ratios. (a) Percent relative change of CO, mole fraction
metrics. (b) Percent relative change of CO mole fraction metrics. (c) Percent relative change of CH, mole fraction metrics. Colored
bars represent the average of the sites within the city, circles represent individual site changes that compose the city average, stars show
there was no data available for that metric or evaluated period. Cities are represented by their initials followed by the number of sites
and the number of years previous to 2020 included in the analysis. Lighter colors represent results not statistically significant (95%
confidence level). The statistically significant percent changes that extend out-of-scale are: CO, enhancement in SLC during
lockdown, —122.7%, and during ongoing recovery, —125.7%; CO, enhancement in TOR during ongoing recovery, —347.7%; CO,

decreased within the same period. Overall, these results suggest a drop in CO, and CO emissions in 2020 across
all cities during the lockdown relative to previous years, and no such coherent change in emissions in 2020

relative to previous years prior to the lockdown. The recovery period results, while less consistent, may be
consistent with reduced emissions in 2020 relative to prior years.
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Figure 3. Relative percent change in ancillary measurements from 2020 relative to previous years: traffic, ventilation factor (VF), and
enhanced vegetation index (EVI), calculated as described in section 2.5 and supporting information text S3 (available online at stacks.
iop.org/ERC/4/041004/mmedia). For traffic and VF, NEC was split in BAL (Baltimore) and WDC (Washington, D.C.). The specifics
of the traffic data vary among the cities. Whereas in LOS the data shown here represents vehicle miles travelled, the other cities have
volume counts (see table S5 (available online at stacks.iop.org/ERC/4,/041004/mmedia)). Lighter colors represent results that are not
statistically significant (95% confidence level).

3.2. Methane changes in 2020

Contrary to the significant, consistent changes in CO, and CO across cities, the signs of changes in the metrics
for methane (CH,) during the lockdown varied across cities and were not usually statistically significant

(figure 2(c)) and vary in sign within each city. TOR had a significant decrease (40.5%) in the amplitude of the
diurnal cycle of methane, but for all the other metrics in TOR, the decrease was not statistically significant. In
NEC, two metrics were statistically significant during the lockdown period, but disagreed in the sign of change;
the amplitude of the diurnal cycle was 14.5% larger in 2020 than in previous years, but enhancements were 42%
smaller in the same period. Similar inconsistent results describe the pre-lockdown and recovery periods. Thus,
for all cities, and in any of the three periods studied, there are significant changes or contradictory results across
metrics for CH,. These variable and insignificant changes in metrics suggest no coherent changes in 2020
methane emissions relative to previous years. Urban anthropogenic CH, emissions come primarily from leaks in
the natural gas distribution system, landfills, and wastewater treatment facilities [48]. These sources are unlikely
to be altered by the lockdown, so this result is expected.

3.3. Traffic, meteorology, and biology
During the lockdown period, changes in traffic relative to previous years were statistically significant for all cities,
whereas the changes in VF and EVI were smaller and not statistically significant (figure 3).

Traffic in 2020 tended to be high in the pre-lockdown, but during the lockdown, all cities showed a
consistent drop in traffic ranging from 28.5% (LOS) to 70.6% (BOS). Even during the recovery period, traffic
levels in 2020 were decreased compared to previous (from —12% in IND to —55.6% in BOS) across all cities.

In contrast to the persistent pattern in traffic, the 2020 changes in VF and EVI varied from city to city during
the lockdown and were statistically insignificant. The random nature of changes in 2020 VF and EVI, contrary to
the significant decreases in 2020 traffic levels, support the conclusion that the changes in CO, and CO
observational metrics during the lockdown are consistent with decline in anthropogenic emissions during this
period.

Furthermore, statistically significant correlations across cities were found between relative changes in CO,
and CO metrics and traffic, but not between CH, metrics and traffic (table S4 (available online at stacks.iop.org/
ERC/4/041004/mmedia)). For CO, the strongest significant correlation is between changes in traffic and
vertical gradients (r = 0.73), followed by traffic and variances (r = 0.62). For CO,, traffic changes were
correlated with the amplitude of the diurnal cycle (r = 0.44) and the within-hour variances (r = 0.43).
Significant correlations were not found between changes in any of the metrics and EVI or VE.
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3.4. What can we learn from rural sites surrounding the cities?

Figure S5 (available online at stacks.iop.org/ERC/4/041004/mmedia) shows CO, observational metrics and
EVI for both urban and rural sites. The relative percent changes in 2020 GHG metrics have similar magnitudes
during the lockdown at both urban and rural sites and are, in most cases, statistically significant. The EVI
changes are variable across cities and not statistically significant. Even rural sites have some urban landcover
(figure S1 (available online at stacks.iop.org/ERC/4,/041004/mmedia)). We hypothesize, therefore, that even
the rural sites were sensitive to the decrease in traffic caused by the lockdown.

3.5. Sensitivity of metrics to emissions changes

The micrometeorological metrics (i.e., variances and vertical gradients) are sensitive to sampling altitude. The
CO, and CO variances and vertical gradients did not consistently show statistically significant decreases during
the lockdown, whereas more integrative metrics, as the amplitude of the diurnal cycle and enhancements,
showed more significant decreases (figure 2). Only IND with a 10 m AGL inlet, the lowest inlet among the cities
with vertical gradients, shows a significant change in CO,. Figure S6 (available online at stacks.iop.org/ERC/4/
041004/mmedia) shows results for all metrics when computed with lower altitude measurements. Variances
showed increased significance in IND when the 10 m inlet was used. LOS and NEC, whose lower altitude inlets
are between 25 and 50 m AGL, did not show as clear increase in variance at lower altitudes. The amplitude of
diurnal cycle and enhancements were not strongly influenced by changing the sampling altitude. We conclude
that micrometeorological metrics are more sensitive when lower altitude measurements are available.

The lack of significant changes in the enhancement ratios (figure 2) is surprising. We hypothesize that, rather
than eliminating variability introduced by year-to-year changes in VF, that this ratio introduced variability
caused by CH, emissions, confounding the clear decreases in CO, and CO enhancements.

The figure S7 (available online at stacks.iop.org/ERC/4,/041004 /mmedia) shows the results of the analysis
for some observational metrics when comparing 2019 to previous years of measurements and excluding 2020.
The most relevant difference from these results and the results presented in figure 2 are for the lockdown period.
While in figure 2 there is a consistent and coherent decrease in the observational metrics, for 2019 versus
previous years, evaluated for the same timeframe, there is not a consistent pattern. Carbon monoxide has very
few statistically significant results for 2019 compared to previous years, and most of them are in the period
before the period equivalent to the lockdown. For CO,, there is more variability in the percent changes for 2019
versus other years than for 2020 versus other years. There are fewer statistically significant results in 2019, while
in 2020 the metrics captured a decrease in all metrics (for both CO, and CO). CH, did not show a clear pattern
for either year’s comparisons.

4. Conclusions

Long-term in situ GHG networks show great potential for detecting temporal changes in urban GHG emissions.
Using observational metrics, all six in situ networks found evidence consistent with reduced anthropogenic
emissions of CO, and CO caused by reduced traffic during the COVID-19 lockdown, and not associated with
changes in biology or meteorology. Pre-lockdown and ongoing recovery periods had more variable metric
changes, most of which were not statistically significant. Also, only traffic showed significant changes in 2020
relative to previous years. Not all the metrics showed a statistically significant decrease during the 2020
lockdown, highlighting the complicated relationship between biological, meteorological, and anthropogenic
processes for CO,.

Comparing 2019 (when no abrupt changes in GHG observational metrics were expected) with previous
years showed a random pattern, as opposed to the more consistent signal observed for 2020 compared to
previous years. This result indicates that, even though some metrics did not present a statistically significant
result during the 2020 lockdown, the reduction in GHG emissions during this period was captured.

Of the observational metrics analysed in this study, the amplitude of the diurnal cycle and the enhancements
were the metrics that more robustly detected statistically significant results during the lockdown.
Enhancements, were the metric that is most sensitive to abrupt changes, with the largest percent relative changes
of the metrics. This result is encouraging as these networks support atmospheric inversion systems that are based
on the enhancements. The consistency of these results across cities with exceedingly different background
conditions, urban geometries, and geographic and biological settings yields strong evidence of the effectiveness
of the in situ observing networks.

Our analyses suggest that in situ GHG networks can be enhanced by multi-level measurements, particularly
low altitude measurements, and multiple gas observations. Low altitude (10 m AGL) observations from IND
showed significant detection of changes in GHG emissions using both vertical gradient and variances. It is
preferable to combine the low-altitude measurements with a top level inlet installed high enough to capture the
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vertical profile, as in IND, where the top inletisat > 50 m AGL. These low altitude measurements and
micrometeorological metrics are more sensitive to local emissions changes, complementing the enhancements
that are sensitive to city-wide emissions changes. Furthermore, our ability to compare across CO,, CO and CH,
strengthened our ability to attribute observed changes. We were able to confirm that changes in CH, were not
statistically significant over the period studied, ruling out a strictly meteorological cause of the changes in CO,
metrics. The correspondence between CO, and CO further strengthened the case for attributing the changes in
CO, to changes in traffic.

Finally, we emphasize the power of sustained observations. The short-term changes in GHG emissions
would be more difficult to detect if long-term measurements were not available.
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