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Previous studies reported significant decreases in pollutant emissions across industrialized countries during
COVID-19 lockdowns in the spring of 2020. However, high-resolution inverse modeling of satellite
observations of nitrogen dioxide (NO,) by the TROPOMI instrument reveals significant increases in
nitrogen oxide (NO, = NO + NO,) emissions in some locations despite widespread reductions in
economic activity and mobility due to COVID-19 control measures. The NO, emission increases are
associated with supply routes to locked-down cities and urban-to-suburban emission shifts. For
example, the total NO, emissions over the Jiang-Han Plain region, where the supply routes to Wuhan
were located, increased by 25% during the lockdown. After the lockdown measures were lifted, NO,
emissions showed uneven recoveries of economic activities. Significant increases in NO, emissions were

Received 15th August 2025 observed in the northern part of Jiangsu Province, which has a notable concentration of small-scale or
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home-based factories, indicating a more rapid resurgence of small enterprises. This research highlights

DOI: 10.1035/d5ea00095¢ the potential of satellite-based pollutant observations as a valuable tool for assessing socioeconomic

rsc.li/esatmospheres activities during pivotal events, such as a pandemic lockdown.

Environmental significance

Previous studies reported large decreases in air pollution during the COVID-19 lockdowns in spring 2020. However, high-resolution satellite observations from
TROPOMI show a more complex response for nitrogen oxides (NO,) in China. Although overall activity declined, NO, emissions increased in specific locations,
especially along supply routes to locked-down cities and in suburban areas. For example, emissions over the Jiang-Han Plain, which supplies Wuhan, rose by
25% despite urban reductions. Post-lockdown recovery was uneven, with northern Jiangsu Province experiencing strong rebounds linked to small-scale
manufacturing. These findings challenge the assumption that lockdowns uniformly improve air quality and demonstrate how emergency responses can

shift emission sources. Satellite observations offer a powerful tool for tracking these changes and informing sustainable crisis management.

1. Introduction

The COVID-19 outbreak was first reported in December 2019 in
the city of Wuhan, China, and the pandemic had far-reaching
impacts on global health, economies, and societies."” As
nations grappled with the rapid transmission and uncertain
prognosis of COVID-19, lockdown measures were enforced
worldwide, significantly altering societal behaviors and levels of
activity.> In Wuhan, the epicenter of the initial outbreak,
stringent lockdown protocols were initiated as early as January
2020 in an attempt to control viral transmission.*®

The impacts of the lockdown measures and subsequent
lifting of these measures were often difficult to quantify.
However, the associated changes are reflected in satellite
observations of air pollutants. Nitrogen oxides, NO, (NO + NO,),
are emitted from anthropogenic sources such as transportation,
power plants, and industries, contributing significantly to the
formation of photochemical smog, acid rain, and ground-level
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ozone, thereby affecting air quality, climate change, and
human health.®® Prior studies reported drastic reductions in
NO, emissions in China during the lockdown due to decreased
industrial production and traffic volume.** However, some
areas experienced unexpected surges in NO, emissions during
the lockdown period.***

Prior research primarily focused on broader regional trans-
formations rather than examining in-depth emission variations
across urban-suburban areas and highways. Moreover, these
studies were predominantly interested in the implications of
emission reductions due to the COVID-19 pandemic. In
contrast, this study employs a high-resolution inversion tech-
nique to scrutinize the nuanced details of emission changes. It
specifically focuses on the emission enhancements resulting
from changes in the supply chain and human activities. An in-
depth investigation into this paradoxical phenomenon provides
critical insights into the complex interactions between human
activities and environmental emissions, a subject that is
particularly relevant under unprecedented circumstances such
as a pandemic lockdown.
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Our study advances this field by implementing a 4 km
resolution inversion analysis of NO, emissions using the state-
of-the-art 3D Regional Chemical Transport Model (REAM) and
TROPOMI satellite observations. Through this high-resolution
approach, we identify specific regions in China where NO,
emissions increased during the lockdown, attributing these
changes to essential activities such as makeshift hospital
construction, emergency goods transportation, and regional
support for major cities. Furthermore, we document the uneven
post-lockdown recovery in emissions, highlighting distinct
regional patterns in the pace and nature of economic
resumption.

This investigation examines emission changes across diverse
regions in China by dividing East China: the Jiang-Han Plain
covering Wuhan city and surrounding areas (Region I), Nanj-
ing-Hefei Area (Region II), and Yangtze River Delta (Region III).
This division enables detailed analysis of how COVID-19 lock-
down policies impacted these three major populated regions
and their distinct behavioural patterns during both lockdown
and recovery phases. We analyzed these changes across three
distinct temporal phases following:'* pre-lockdown (January 1-
23, 2020) representing the pre-lockdown period, Phase I
(January 23-February 20, 2020) corresponding to the main
lockdown period, and Phase II marking the initial recovery
period in China.

Our research contributes to understanding how global crises
like the COVID-19 pandemic influence environmental condi-
tions at local scales. The high-resolution analysis provides
crucial insights for developing targeted strategies to mitigate
environmental impacts during future crises. These findings will
benefit policymakers, environmental scientists, and stake-
holders across industry and public health sectors by providing
quantitative evidence of how emergency measures affect
regional air quality and economic activities.

The remainder of this paper is organized as follows: Section
2 details our methodology, including the REAM model config-
uration and TROPOMI data processing protocols. Section 3
presents our analysis of regional emission changes during the
lockdown period and evaluates post-lockdown recovery patterns
across the three subregions. Section 4 summarizes our findings
and discusses their implications for future research and policy
development, particularly in the context of emergency response
planning and environmental protection.

2. Methods

2.1 Observation

2.1.1 TROPOMI NO, measurements. We utilized the NO,
observations from TROPOMI aboard Sentinel-5P. TROPOMI
offers significantly improved spatial resolution compared to
OML,* with 5.6 x 3.6 km” resolution at nadir (following the
August 2019 update), approximately ten times finer than OMI's
13 x 24 km?. The instrument operates in sun-synchronous orbit
with 13:30 local time equatorial crossing, providing daily global
coverage via its 2600 km swath."” This enhanced resolution
enables more accurate detection of NO, spatial gradients and
better source separation in Chinese megacities, making it
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particularly suitable for urban-scale studies during the COVID-
19 lockdown period.

The KNMI NO, retrieval algorithm for TROPOMI builds
upon the established DOMINO retrieval system, incorporating
several methodological improvements. The algorithm employs
differential optical absorption spectroscopy (DOAS) to deter-
mine the total NO, slant column density, which is then sepa-
rated into stratospheric and tropospheric components using
data assimilation techniques.' These components are con-
verted to vertical column densities through altitude-dependent
air mass factors, utilizing NO, vertical profiles from the TM5-
MP model and surface albedo information from monthly OMI
climatology. For this study, we use the offline (OFFL) level 2 v1.2
NO, product, applying a cloud radiative fraction threshold of
0.3 to filter cloudy pixels.>® Validation studies over major
Chinese cities demonstrate that TROPOMI provides more reli-
able NO, retrievals compared to OMI, particularly in highly
polluted urban areas where OMI often suffered from saturation
effects and coarse spatial resolution.****

2.1.2 CNEMC data. Surface O; concentrations from the
China National Environmental Monitoring Centre (CNEMC)
network provided independent validation.”® The network
comprises over 1500 urban and suburban stations measuring
criteria pollutants. We selected stations within our study
domains (Hubei, Nanjing-Hefei, and Yangtze River Delta
regions) and extracted hourly measurements coincident with
TROPOMI overpasses (12:00-14:00 local time). Quality control
procedures included outlier removal and diagnostic flag
screening.” We chose O; rather than direct NO, measurements
because surface O; formation is tightly coupled to NO, emis-
sions through photochemical pathways, providing a robust
indicator of both emission magnitudes and chemical trans-
formation accuracy. Additionally, previous studies have docu-
mented systematic overestimation biases in NO, measurements
using molybdenum oxide converters,**** making O; a more
reliable validation metric for high-pollution environments in
China.

2.2 Models

2.2.1 Regional chemical and transport model (REAM). We
employed the Regional chEmical and trAnsport Model (REAM),
which has been extensively validated through numerous appli-
cations including emission inversions, ozone simulations, and
mechanistic studies of atmospheric processes.>”**** Our model
configuration consists of a nested domain structure with an
outer grid horizontal resolution of 12 x 12 km and an inner grid
horizontal resolution of 4 x 4 km, incorporating 30 vertical
layers in the troposphere, the domain information is shown in
SI Fig. S1. The model's chemical mechanism is based on GEOS-
Chem v11.01 with updated aromatics reactions from SAPRCO07,
while meteorological fields are provided by the Weather
Research and Forecasting (WRF v4.0) model with data nudging
using ECMWF Reanalysis v5.** The outer domain utilizes
anthropogenic emissions from the Multi-resolution Emission
Inventory for China (MEIC) 2017, while the inner domain
emissions are initially based on MEIC 2017 and subsequently

© 2026 The Author(s). Published by the Royal Society of Chemistry
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optimized through top-down inversion. Chemical boundary
conditions for the outer domain are derived from GEOS-Chem
(2° x 2.5°) simulations, while the inner nested grid receives
boundary conditions from the outer grid, ensuring consistent
chemical transport across domain boundaries.

2.2.2 Inverse modeling. Inverse modeling is a robust tool in
atmospheric research, facilitating the derivation of nitrogen
oxide (NO,) emissions from satellite measurements. This
process exploits the high-resolution data gathered by satellite
instruments, such as the Ozone Monitoring Instrument (OMI)
and the Tropospheric Monitoring Instrument (TropOMI). The
technique involves using algorithms that transform satellite-
observed concentrations of NO, into emission estimates,
which can then be integrated into air quality simulations and
global chemical data assimilation models.?”?**** Previous
studies also used the NO, inverse modeling to comprehensively
understand emission changes, infer economic development,
and guide pollution control policies.**** Gu et al. (2013, 2014),
for example, showed that the annual increase in anthropogenic
NO, emissions in China from 1996-2006 was 4.01 £ 1.39% per
year, a significant slowdown from prior estimates, with cooler
seasons and less economically developed regions showing
higher growth rates and revealed higher emissions in winter
and summer than in spring (and possibly fall), and an
increasing weekday-to-weekend emission ratio correlated with
NO, emission magnitude.

We implemented an advanced Bayesian NO, emission
inversion framework, building upon methodologies established
by ref. 42, while incorporating significant improvements in
spatial resolution. The inversion system processes daily TRO-
POMI observations from January 1 to March 30, 2020, coin-
ciding with the satellite’s early afternoon overpass time
(approximately 13:30 local time).

Our inversion framework employs a sophisticated top-down
approach in which NO, emissions are optimized by comparing
TROPOMI-observed tropospheric NO, columns with REAM
model simulations. The optimization utilizes a comprehensive
error-weighted scheme that carefully balances observation
errors, a priori emission uncertainties, and model representa-
tion errors. We quantified the posteriori uncertainties in our
emission estimates by combining three independent error
sources through error propagation analysis. Following estab-
lished protocols,**** we assigned a 25% uncertainty to account
for the model representation error. We then propagated model
and TropOMI measurement uncertainties*® as independent
sources to derive the total fractional uncertainty. The final
absolute uncertainty, E., in estimated emissions, was calculated
by applying this total fractional uncertainty to the posterior
emission magnitude:

Es = Eposterior X (‘E\TropOMl2 + 0252)1/2
where erropomr denotes TropOMI retrieved tropospheric column
NO, relative uncertainty.

Our inversion employed a sequential daily optimization
approach® designed to track rapid emission changes during the
COVID-19 lockdown period. Each day's optimized emissions
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and associated uncertainties served as prior information for the
subsequent day's calculations, creating a dynamic updating
mechanism. We calculated air mass factors using REAM vertical
profiles and WRF meteorological data to derive satellite tropo-
spheric NO, vertical column densities (VCDs). The posterior
NO, emissions were then determined by scaling the prior
emissions based on the ratio between satellite-retrieved and 3D
REAM-simulated NO, VCDs. These updated emissions were fed
back into REAM to recalculate air mass factors and perform the
next iteration of retrieval and inversion.

To ensure data quality, we implemented enhanced screening
procedures, including cloud filtering with a threshold of 0.3
cloud fraction. As documented in validation studies over major
Chinese cities, TROPOMI provides reliable NO, retrievals in
eastern China's high-pollution environments, with its improved
spatial resolution and sensitivity addressing limitations
observed in previous satellite instruments such as OMI. The
detailed schematic of this inversion methodology is illustrated
in SI Fig. S2. This refined methodology enables better quanti-
fication of NO, emission changes at unprecedented spatial
resolution (4 km), making it particularly suitable for analyzing
the complex emission patterns that emerged during the COVID-
19 lockdown and subsequent recovery periods.

2.3 Study region selection and justification

The selection of our three study regions was designed to capture
diverse impacts of COVID-19 lockdown measures across eastern
China. Region I (Jiang-Han Plain) encompasses Wuhan and
surrounding areas that experienced China's strictest lockdown
from January 23 to April 8, 2020," representing a unique case
where stringent movement restrictions coincided with intensive
humanitarian logistics operations. Region II (Nanjing-Hefei
Area) represents a mixed urban-industrial corridor with diverse
industrial structures ranging from large state-owned enter-
prises to small-scale manufacturing, enabling analysis of
differential lockdown impacts across various enterprise scales.”’
Region III (Yangtze River Delta) is China's most economically
developed region and a major export-oriented manufacturing
hub, allowing examination of how global supply chain pres-
sures influenced emission patterns during and after lock-
down.”® Together, these regions encompass substantial
variation in economic development, industrial structures, and
lockdown stringency, ensuring our findings capture the full
spectrum of emission responses to pandemic control measures.

3. Results

3.1 NO, emission changes for the three regions

The implementation of COVID-19 lockdown policies on January
23, 2020, resulted in substantial decreases in NO, emissions
across all three study domains (Fig. 1). Overall, NO, emissions
declined by approximately 35% across the entire study region.
Region-specific analysis revealed heterogeneous reduction
patterns: Whole Region I (Hubei Area) showed a 12% decrease,
Region II (Hefei-Nanjing Area) experienced the most substan-
tial reduction at 45%, and Region III (Yangtze River Delta Area)
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Fig. 1 Temporal evolution of NO, emissions during the COVID-19
outbreaks. Daily NO, emissions from January to March 2020 for (a) all
domains, (b) Region I: Hubei Province, (c) Region II: Hefei—Nanjing
Area, and (d) Region lll: Yangtze River Delta. Background shading
indicates pre-lockdown (yellow), Phase | lockdown (orange), and
Phase Il recovery (green) periods. Red and green vertical lines mark
lockdown initiation (23 January) and relaxation (20 February),
respectively. Error bars show daily inversion uncertainties.

exhibited a 15% decrease. Given our model uncertainty, the
difference between Hubei (12%) and Yangtze River Delta (15%)
falls within the uncertainty bounds and should not be inter-
preted as statistically significant. However, the magnitude of
reduction in Region II (45%) represents a clearly distinct
response, exceeding the reductions in both Regions I and III by
more than twice the combined uncertainties. While the NO,
emission reductions in Hubei (12%) and Yangtze River Delta
(15%) are statistically indistinguishable within our uncertainty
bounds, both regions showed markedly smaller reductions than
Region II (45%). The relatively modest reduction in Hubei is
particularly notable given that it contained Wuhan, the
epicenter with the strictest lockdown measures. This apparent
paradox is likely attributable to two main factors. First, emis-
sion reductions were concentrated in urban centers, and Hubei
has a lower density of large cities than the other regions. For
example, the emission decrease in Wuhan was 42%, substan-
tially higher than the regional average of 12%. Second, the
complete shutdown of Wuhan required logistical support from
surrounding areas, potentially leading to increased emissions
in those regions. We examine these factors in greater detail in
the next section. The effect of population movement away from
Wauhan for fear of the COVID-19 outbreak is another factor that
partially offset the urban reductions.

Following the initial easing of lockdown measures (Phase II),
NO, emissions displayed region-specific responses. In Region I,
emissions continued to decline, primarily due to prolonged
restrictions in Wuhan, the epicenter of the outbreak.
Conversely, Region II experienced a notable increase in emis-
sions, attributable to intensified goods transportation activi-
ties.* Region III showed a slight increase before stabilizing.

The observed emission changes must be interpreted
considering that our baseline period (January 1-23, 2020)
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coincides with the Chunyun travel rush period preceding Spring
Festival 2020 (January 25). During Chunyun, which typically
begins two weeks before Spring Festival, industrial NO,. emis-
sions decrease substantially as factories reduce operations and
workers migrate to their hometowns. The satellite-derived NO,
emission time series do not exhibit a significant decline from
January 1 to 23 (Fig. 1), suggesting that increased
transportation-related emissions more than offset the reduc-
tions from industrial activities leading up to the Spring Festival
in the study regions.

Satellite observations during Spring Festival periods have
documented significant reductions in tropospheric NO,
column density, with decreases in megacities ranging from 32%
to 45%, primarily attributed to reduced industrial activity and
transportation during the holiday period.”>*" Emission reduc-
tions show a sharp decline around the Spring Festival period
with cities experiencing reductions of 20-50%.%> Therefore, the
35% overall emission decrease we observed during Phase I
likely represents a modest reduction beyond typical Spring
Festival decreases.

3.2 NO, emission distribution change during the COVID
lockdown

3.2.1 Urban-suburban emission dynamics. High-
resolution analysis revealed that NO, emission reductions
were not spatially uniform but exhibited complex redistribution
patterns, which were related strongly to changes in anthropo-
genic activities (Fig. 2). Metropolitan areas experienced
pronounced decreases in emissions, while many suburban and
rural areas showed contrasting patterns of increased emissions,
reflecting significant shifts in economic activities and pop-
ulation movement away from urban areas during lockdown.
Regional NO, emission patterns during the lockdown period
revealed contrasting trends between major urban centres and
smaller cities in the Hefei-Nanjing region. SI Fig. S3 shows time
series data for three distinct subregions within the Hefei-
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Fig. 2 Spatial distribution of NO, emission differences between
lockdown phases and pre-lockdown baseline over eastern China. (a)
Phase | (strict lockdown) and (b) Phase Il (early recovery) emission
changes. Black boxes denote three study regions: (1) Region I: Hubei
Area, (2) Region II: Nanjing—Hefei Area, and (3) Region IlI: Yangtze River
Delta. Negative values (blue) indicate emission reductions; positive
values (red) indicate increases.
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Nanjing metropolitan area. Fig. 3 illustrates the spatial distri-
butions of emission differences between each lockdown phase
and the pre-lockdown baseline for the Hefei-Nanjing region.
While the metropolitan areas of Hefei and Nanjing experienced
significant NO, emission reductions, smaller cities including
Ma'anshan and Anqing paradoxically showed increased emis-
sions (Fig. 3). This spatial heterogeneity likely reflects pop-
ulation redistribution during the lockdown, with workers
migrating from major urban centres to their hometowns and
residents relocating to suburban areas, effectively transferring
emission sources from large to small cities.*>**

This pattern of emission redistribution extended beyond the
Hefei-Nanjing region to the Yangtze River Delta region. SI
Fig. S4 presents time series data for three distinct subregions
within the Yangtze River Delta. Fig. 4 illustrates the spatial
distributions of emission differences between each lockdown
phase and the pre-lockdown baseline for the Yangtze River
Delta region. Similar urban-to-suburban transfer dynamics
emerged. Hangzhou—a major technology hub—demonstrated
substantial emission reductions (50%) during the lockdown
period, primarily attributable to widespread remote work
adoption among technology sector employees.”>”” Consistent
with the pattern observed in the Hefei-Nanjing region, this
urban reduction coincided with a notable increase in NO,
emissions in the adjacent Xiaoshan region, where many urban
workers relocated during the work-from-home mandate.>
These similar urban-suburban emission dynamics emerged
across other major regions. Shanghai, one of the world's most
densely populated urban areas, likewise exhibited consistent
decreases in NO,, emissions throughout both Phase I and Phase
II of the lockdown,*®** further exemplifying the complex redis-
tribution of emissions as urban activities shifted to suburban
residential areas during the pandemic response.
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Fig. 3 High-resolution NO, emission changes across study domains
during COVID-19 lockdown phases relative to pre-lockdown baseline.
Spatial distribution of NO, emission differences (x10%? molecules
cm~2 km™2 s7Y) for (a) Phase | (lockdown period, left column) and (b)
Phase Il (recovery period, right column) compared to pre-lockdown
levels across Domain Il (Hefei—-Nanjing Area). Blue colors indicate
emission decreases while red colors represent emission increases
relative to baseline conditions. Major cities are labeled within each
domain.
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Fig. 4 High-resolution NO, emission changes across study domains
during COVID-19 lockdown phases relative to pre-lockdown baseline.
Spatial distribution of NO, emission differences (x10%2 molecules
ecm~2 km~2 s7?) for (a) Phase | (lockdown period, left column) and (b)
Phase Il (recovery period, right column) compared to pre-lockdown
levels across Domain Il (Yangtze River Delta). Blue colors indicate
emission decreases while red colors represent emission increases
relative to baseline conditions. Major cities are labelled within each
domain.

Regionally, the about 45% decrease over the Hefei-Nanjing
corridor exceeds that over the core Yangtze River Delta (YRD).
Prior studies report large but regionally varying NO, emission
reductions during the early-2020 lockdown, including a peak
reduction in the YRD on the order of 41%, and an average 30%
reduction over eastern China.* Population mobility data shows
that movements dropped sharply after the Lunar New Year and
remained suppressed into mid-February, indicating a delayed
workforce return that is consistent with stronger inland activity
declines.®* At the same time, research on port operations and
liner-shipping networks documented a substantial disruption
but also continuity and early reconfiguration in major Chinese
and Asian ports, helping explain comparatively sustained
coastal logistics activity near the YRD.*>* City-scale analyses for
Nanjing report pronounced NO, decreases during lockdown,
consistent with the stronger inland reduction we infer for the
Hefei-Nanjing corridor.®

Jiangsu Province accounts for one-eighth of national
manufacturing production and is home to numerous small-
scale and home-based factories.®** Compared to other
regions, this region exhibited the most pronounced NO, emis-
sion rebound relative to pre-COVID levels. Within Jiangsu, cities
with distinct industrial profiles showed varying recovery
patterns (Fig. 5). Wuxi and Suzhou, recognized for their labor-
intensive  small-scale = manufacturing and furniture
industries,*”** experienced NO, emission rebounds of 27%
above pre-COVID baselines after lockdown. Similarly, Huai'an,
known for kitchenware and sportswear production,®*
demonstrated a 186% increase in NO, emissions compared to
pre-pandemic levels after the lockdown. The particularly strong
recovery in these export-oriented manufacturing centres likely
reflects intensified production efforts to fulfill accumulated
international orders following the lifting of initial lockdown
restrictions.”® "
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Fig. 5 High-resolution NO, emission changes across North Jiangsu
during COVID-19 lockdown phases relative to pre-lockdown baseline.
Spatial distribution of NO, emission differences (x10%?> molecules
cm~2 km~2 s7Y) for (a) Phase | (lockdown period, left column) and (b)
Phase Il (recovery period, right column) compared to pre-lockdown
levels across Poyang Lake Staging Area. Blue colors indicate emission
decreases while red colors represent emission increases relative to
baseline conditions.

The 186% emission increase observed in Huai'an during
Phase II requires careful interpretation within the Spring
Festival context. Phase II (February 21-March 1) corresponds to
the post-festival period when factories resume operations and
workers return to cities. Our baseline period (January 1-23,
2020) coincided with the Chunyun travel rush and Spring
Festival preparations, when emission reductions may occur due
to factory shutdowns and worker migration. Studies using
machine learning to decouple meteorological effects from
emission changes have documented that Spring Festival typi-
cally causes varied NO, reductions in Chinese cities. Dai et al.
found a 14.1% decrease in NO, concentrations in major
Chinese cities during 2015-2019,” while Li et al. reported that
megacities showed reductions in tropospheric NO, column
density ranging from 31.8% to 44.5%.>°

The interaction between Spring Festival timing and lock-
down measures creates complexity in interpreting our emission
changes. After accounting for meteorological effects and Spring
Festival patterns, lockdown-attributable NO, reductions in
Chinese cities averaged 15.4%, considerably smaller than the
combined effect when Spring Festival patterns are not decou-
pled.” This suggests that our observed 35% overall emission
decrease during Phase I likely includes both lockdown and
Spring Festival effects. Conversely, the emission increases we
detected in Poyang Lake region (259%), which are much higher
than in Jiang-Han Plain (25%), making these increases even
more notable as indicators of exceptional logistics and
manufacturing activities.

The magnitude of spatial variation in our observed changes
(from —45% to +259%) substantially exceeds typical emission
fluctuations documented in previous Spring Festival studies,
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where reductions in megacities ranged from 31.8% to 44.5%.%°
This much expanded range of changes confirms that lockdown-
specific factors, particularly emergency logistics operations and
localized manufacturing intensification, dominated over
seasonal patterns in determining the spatial distribution of
emission changes during early 2020.

3.2.2 Emission increases in logistics support regions. Our
analysis also identified significant NO, emission increases
associated with humanitarian support activities for Wuhan
during Phase I. SI Fig. S5 presents time series data for three
distinct subregions within the Jianghan Plain. Fig. 6 illustrates
the emission differences between each lockdown phase and the
pre-lockdown baseline for the Jianghan Plain region. These
emission increases manifested along key transportation
networks, near medical infrastructure development sites, and
across logistical staging areas.

Major transportation arteries, particularly G70 Fuyin
Expressway, showed marked increases in NO,. emissions during
Phase I (Fig. 6). These elevated emissions directly reflected the
intensive movement of medical supplies, equipment, and
healthcare personnel, along with the continuous delivery of
essential goods to support locked-down areas. The increased
traffic flow along these crucial corridors highlighted their vital
role in maintaining supply chains during the crisis.”*”® The
total NO, emissions over the Jiang-Han Plain region increased
by 25% during the lockdown.

The city of Huanggang emerged as a significant point of
increased emissions due to the rapid development and opera-
tion of temporary medical facilities”®”” (Fig. 6). The construction
and operation of these facilities necessitated enhanced logistics
activities and increased movement of healthcare workers and
support staff, contributing to elevated NO, emissions in the
region. This localized increase underscores the environmental
impact of emergency medical infrastructure development
during crisis responses.”® Huanggang NO, emissions increased
by 248% from the pre-lockdown baseline period.
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Fig. 6 High-resolution NO, emission changes across study domains
during COVID-19 lockdown phases relative to pre-lockdown baseline.
Spatial distribution of NO, emission differences (x10%? molecules
cm ™2 km~2 s7) for (a) Phase | (lockdown period, left column) and (b)
Phase Il (recovery period, right column) compared to pre-lockdown
levels for Domain | (Hubei Area). Blue colors indicate emission
decreases while red colors represent emission increases relative to
baseline conditions. Major cities are labeled within each domain.
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The Poyang Lake region also showed an unexpected but
significant increase in NO, emissions (Fig. 7), serving as
a crucial logistics hub in the emergency response network. This
area functioned as a strategic staging ground for supplies
originating from the Nanjing-Hefei region and Nanchang city,
facilitating the temporary storage and redistribution of medical
and essential supplies to support Wuhan.””®" The increased
emissions in this region reflect the intensified activities asso-
ciated with its role as a critical connection point in the emer-
gency supply chain. NO, emissions from the Poyang Lake region
increased by 259% during the Phase I period compared to the
pre-lockdown baseline period.

These findings reveal the complex environmental implica-
tions of emergency response measures during the pandemic.
The observed increases in NO, emissions in logistics support
zones demonstrate how large-scale humanitarian operations
can create unexpected environmental impacts, even as they
fulfil crucial public health needs. The spatial distribution of
these emission changes provides valuable insights into the
relationship between human mobility patterns, economic
activities, and environmental impacts during crisis periods,
offering important lessons for future public health emergency
responses. The varying patterns of NO, emissions derived from
satellite observations across different regions and logistics
support zones highlight the intricate interplay between emer-
gency response measures and environmental impacts, which
can inform more effective and environmentally conscious
approaches to crisis management while maintaining the capa-
bility to respond rapidly to public health emergencies. Under-
standing these patterns is crucial for developing policies that
can better balance immediate emergency needs with longer-
term environmental considerations in future crisis scenarios.

3.3 Ground-based validation of emission patterns

To strengthen our analysis of satellite-derived emission
changes, we synthesize findings from previously published
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Fig. 7 High-resolution NO, emission changes across Staging Area
during COVID-19 lockdown phases relative to pre-lockdown baseline.
Spatial distribution of NO, emission differences (x10%?> molecules
cm~2 km~2 s7Y) for (a) Phase | (lockdown period, left column) and (b)
Phase Il (recovery period, right column) compared to pre-lockdown
levels across Poyang Lake Staging Area. Blue colors indicate emission
decreases while red colors represent emission increases relative to
baseline conditions. Major cities are labeled within each domain.
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studies on ground-based activity indicators during the COVID-
19 lockdown period. The convergence of evidence from
multiple independent data sources validate our satellite-based
observations and sheds light on the underlying processes that
generated the observed emission patterns.

3.3.1 Activity indicators and spatial redistribution.
Multiple ground-based data sources documented the dramatic
activity changes that drove the emission change patterns we
observed. China's Ministry of Transport reported that total
passenger volume across all transport modes dropped 50.9%
during January-February 2020, while freight volume declined
only 19.7%,* underscoring the essential role of supply chains
despite restrictions on passenger movement. Detailed analysis
showed long-haul trucking volumes fell below 15% of 2019
levels between January 24 and February 26, 2020, but rebounded
quickly to 50% by late February and 92% by March.*® This
recovery timeline closely matches the emission rebound we
observed along transportation corridors. Regional analysis
confirmed that Wuhan's highway freight transport dropped
approximately 90%, while other cities maintained relatively
high freight activity,* consistent with our spatially resolved
emission observations showing persistent hotspots along key
supply routes despite urban emission reductions.

Population mobility data from the Baidu migration index
platform, which tracks movements of hundreds of millions of
mobile phone users, revealed that approximately 20.2 million
at-risk population movements occurred from Wuhan between
January 1-31, 2020, with 84.5% within Hubei Province.***®
Following the January 25 national emergency response, analysis
of 358 Chinese cities showed intra-city movement intensity
decreased substantially, with mobility falling by as much as
80% compared to normal days and by 58% compared to the
same lunar period in 2019.*”*¥ Notably, mobility data docu-
mented substantial urban-to-suburban population redistribu-
tion as residents temporarily relocated or adopted remote work
arrangements,® directly accounting for the suburban emission
increases we observed in our satellite data. Quantitative analysis
further demonstrated that daily COVID-19 infection cases
correlated significantly with local mobility (R* = 0.77), and the
reproduction number declined by 3% for every 10% reduction
in mobility,*”#*° establishing the close link between movement
restrictions, disease control, and emission changes.

Electricity consumption served as a real-time proxy for
industrial activity. China's national electricity consumption in
Q1 2020 declined 6.5% year-over-year, a dramatic reversal from
the 5.5% increase in Q1 2019.°* The secondary (industrial)
sector experienced approximately 14% consumption decrease
in February 2020, while residential consumption increased
modestly by 6.6% and 4.5% in Q1 and Q2, respectively, due to
stay-at-home measures.”>** Regionally, Hubei Province experi-
enced the largest declines, exceeding 20% during January-
February, while coastal provinces reported smaller reduc-
tions.”»** Analysis of multiple industries revealed heteroge-
neous impacts even within sectors, with some firms
maintaining production for essential goods or export commit-
ments.”® By April 2020, consumption began recovering, with
weather-corrected demand exceeding 2019 levels by August in
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many regions,” mirroring the rapid emission recovery we
observed during Phase II.

3.3.2 Validation of satellite-derived emissions. Our
satellite-derived emission estimates show good quantitative
agreement with independent measurements. Studies using
surface air quality monitoring networks combined with inverse
modeling reported nationwide NO, emission reductions of
approximately 36% during peak lockdown,**®” closely matching
our satellite-based estimates. These studies found even larger
reductions in major cities, with reductions of 40-70% observed
in Wuhan (61%), Shenzhen (65%), Guangzhou (68%), and
Harbin (66%),”” corroborating our observation of severe urban
emission reductions under stringent lockdown measures.

Both satellite and ground-based platforms revealed consis-
tent temporal variations: sharp reductions in late January,
lowest emissions in mid-February, and gradual recovery from
late February through March 2020.°*°® Hubei Province
remained an exception, with extended restrictions until April 8,
consistent with our Phase I findings. This temporal synchro-
nization across satellite remote sensing, surface networks, and
activity proxies like electricity consumption strongly supports
that these patterns reflects real emission changes rather than
measurement artifacts.

4. Conclusions

Satellite-derived NO, emissions at high spatial resolution reveal
that societal disruptions trigger complex environmental
responses. These responses transcend simple reduction narra-
tives. The COVID-19 lockdown in China created distinctive NO,
emission signatures that effectively trace human adaptation to
crisis conditions, with significant emission increases in
suburban areas, logistics hubs, and along key transportation
corridors providing insights into population redistribution
patterns and humanitarian response operations that would
otherwise remain undetected through conventional monitoring
approaches.

The observed spatial redistribution of emissions highlights
an important trade-off between centralized urban emission
reductions and the environmental consequences of decentral-
ized activities, challenging conventional emergency response
frameworks that may overlook the environmental implications
of humanitarian logistics. Future research should explore the
integration of satellite-based high-resolution emission moni-
toring into emergency management systems and develop
capabilities to distinguish between different NO, emission
sources in near real-time. Such advances could potentially
transform how societies balance immediate humanitarian
needs with environmental priorities during crisis situations.
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