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HIGHLIGHTS GRAPHICAL ABSTRACT

e Southwestern US and Western Europe
showed distinct responses in CRE during
COVID-19.

e Changes in SW/LW CRE in southwestern
US were caused by the decline in cirrus
clouds.

e The reduction in cirrus clouds was
jointly caused by abnormal atmosphere
and flight reduction.
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ARTICLE INFO ABSTRACT
Editor: Anastasia Paschalidou Aircraft-induced clouds (AICs) are one of the most visible anthropogenic atmospheric phenomena, which mimic
the natural cirrus clouds and perturb global radiation budget by reducing incoming shortwave (SW) radiation
Keywords: and trapping outgoing longwave (LW) radiation. The COVID-19 pandemic has caused a 70 % global decline in
SOVID:119 flight numbers from mid-March to October 2020, which provided a unique opportunity to examine the climatic
ontrai

impact of AICs. Among various regions, Western Europe and the Contiguous United States experienced the most
Cloud radiative effect substantial reduction in air traffic during the COVID-19 pandemic. Interestingly, only the Southwestern United
Southwestern US States demonstrated a significant decrease in cirrus clouds, leading to notable changes in shortwave (SW) and
Aircraft-induced clouds longwave (LW) cloud radiative effects. Such changes were likely due to the reduction in AICs. However, further
investigations indicated that this region also experienced abnormal high pressure and low relative humidity in
the middle and upper atmosphere, resulting in unusual subsidence and dryness that prohibit the formation and
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maintenance of cirrus cloud. While it remains challenging to quantify the exact climatic impact of reduced AICs,
the remarkable anomalies documented in this study provide valuable observational benchmark for future
modelling studies of the climatic impact AICs.

1. Introduction

Contrails form in aircraft trailing plumes as a result of mixing be-
tween the warm and moist engine exhaust and the cold environment.
The localized surge in water vapor can increase the humidity, leading to
the condensation and subsequent freezing of small liquid droplets
(Schumann, 2005). These form the visible line-shaped cirrus clouds that
last from a few seconds to 17 h (Minnis et al., 1998) at 8-13 km in
altitude (Karcher, 2018). It has been recognized that aviation activities
have the potential to augment cirrus cloud formation (Boucher, 1999).
The line-shaped contrails, together with the irregularly shaped cirrus
that arises from aviation activities (Burkhardt and Karcher, 2011), have
been referred to as aircraft-induced clouds (AICs) (Karcher, 2018). Most
AICs are optically thin and consist of relatively small particles, therefore
they tend to reduce incoming daytime solar radiation and trap outgoing
infrared radiation at night, thus may induce changes to the temperature
structure in the lower atmosphere (Travis et al., 2002; Meerkotter et al.,
1999; Duda et al., 2001). In the context of large uncertainties in the
anthropogenic impact on future climate change (Liu et al., 2018), it is
important to understand the contribution of increasing air traffic, which
is projected to quadrupled in 2050 relative to 2006 (Wilkerson et al.,
2010). AICs have strong cloud radiative effect (CRE) associated with air
traffic that is comparable in magnitude to the CO2 accumulation from
aviation (Burkhardt and Karcher, 2011; Karcher, 2018). Therefore, re-
searchers have been working on the assessment of the AICs CRE and
their possible large-scale climatic impact for decades (Matthews and
Kellogg, 1971; GraRl, 1990; Schumann and Wendling, 1990; Schumann
and Graf, 2013). Consensus has been reached that AICs have stronger
longwave (LW) CRE than shortwave (SW), resulting in a positive net
CRE at top-of-atmosphere (TOA; Lee et al., 2021).

Line-shaped AICs are relatively easy to distinguish from natural
cirrus clouds both visually and by satellite observations (Minnis et al.,
2013) because of their linear pattern. Based on numerical models with
the parameterization capability of simulating line-shaped contrails
(Minnis et al., 1998; Myhre and Stordal, 2001; Marquart et al., 2003), as
well as the satellite observations, the global CRE of contrails has been
estimated to be 10 mW m™2 with the uncertainty ranging from 5 to 30
mW m~2 by the Intergovernmental Panel on Climate Change (IPCC)
(Boucher et al., 2013), depending on the simulation year and assumed
contrail properties (e.g., optical depth [Karcher et al., 2010]). In com-
parison, the detection and observation of irregularly shaped cirrus that
arises from aviation activities is more difficult owing to its similarity to
natural cirrus (Heymsfield et al., 2010). With the best estimate of global
AIC CRE of 40 mW m™2, the global CRE of AICs is 50 mW m 2 (Boucher
et al., 2013). Relative to 2006, the global AIC CRE is projected to in-
crease to 160 mW m™2 or even 180 mW m™2 by 2050 along with the
projected increase in air traffic volume (Bock and Burkhardt, 2019).

It is important to note that those estimates greatly rely on the model
simulations, therefore the uncertainty in the underlying mechanisms
and their parameterization in models may cause large uncertainty in the
CRE of AIC, which hinders the development of mitigation solutions to
reduce the climatic impact of aviation activities. Although there were
global estimates generated by jointing the extrapolated local air traffic
and satellite observations together with the model simulation (Schu-
mann and Graf, 2013; Spangenberg et al., 2013; Lee et al., 2021), the
robust estimates of the CRE of AICs are still missing because of the lack
of observational evidence (Karcher, 2018).

Anomalous aviation events provide unique opportunities to examine
the climatic impact of contrails from the observational perspective.
During the three-day grounding of all commercial aircrafts after 11

September 2001, studies reported an average daily temperature range
(DTR) increase of 1.8 °C in the United States, and a contribution by the
reduced contrails was proposed (Travis et al., 2002; Travis et al., 2004).
However, due to the short duration of the disruption, the impact of
contrail reduction on the DTR change remains debatable. The reported
DTR anomaly was suggested within the range of natural variability with
a concurrent low-cloud anomaly also contributing (Hong et al., 2008). In
contrast, the long-lasting COVID-19 pandemic, which began in mid-
March 2020 and continued through late 2021, has produced a remark-
able global reduction in flight numbers (Chen, 2020) by 70 % compared
to 2019 as shown in Fig. 1a. This extensive flight reduction provides an
unprecedented opportunity to explore the climatic impact of contrails
based on observations (Digby et al., 2021; Gettelman et al., 2021; Li and
GroB, 2021; Quaas et al., 2021; Schumann et al., 2021a, 2021b; Meijer
et al., 2022; Voigt et al., 2022; Duda et al., 2023).

2. Data and methods
2.1. Air traffic observations

National Oceanic and Atmospheric Administration (NOAA) Meteo-
rological Assimilation Data Ingest System (MADIS) Aircraft Based
Observation (ABO) provides real-time meteorological observations ob-
tained from airlines across the globe (https://madis.ncep.noaa.go
v/madis_acars.shtml). The location information of aircrafts is recorded
using airborne sensors every 10 min. The point-based records are
mapped to a global grid with 1° by 1° resolution. Note that although the
meteorological sensors were not equipped on all aircrafts, the flight
track information collected by MADIS ABO is still considered repre-
sentative of the global flight distribution. Based on this dataset, we used
the following criteria to identify the most affected grid elements: 1) the
top 5th percentile flight density of the globe during the pre-pandemic
period (i.e., >1584 flight overpasses per month), and 2) the percent-
age of reduction during the pandemic relative to the pre-pandemic
exceeding 25 % (>13 overpasses reduced per day). By comparing the
April-October global flight density between the past 4 years
(2016-2019; Fig. 1b) and 2020 (Fig. 1c), two regions with the most
significant reduction stood out, namely the Contiguous United States
(CONUS) and the Western Europe (Fig. 1d). Two domains (25°-50°N,
66°-125°W) and (41°-59°N, 10°W-20°E) were selected to roughly
enclose the two regions. The domain average reduction in flight number
was 6165 (—56 %) for CONUS, and 1193 (—59 %) over Western Europe.

2.2. Satellite observations of cloud radiative effects, cloud fractions, and
cloud properties

Clouds and the Earth's Radiant Energy System (CERES) Energy
Balanced and Filled (EBAF) Edition 4.1 (CERES_EBAF Edition4.1;
available at https://asdc.larc.nasa.gov/project/CERES/CERES_EBAF_E
dition4.1) is a National Aeronautics and Space Administration (NASA)
dataset that provides detailed information of Earth's radiation budget
(global monthly data with 1° x 1° resolution). This dataset is produced
based on CERES Scanner instrument suite on both the Terra and Aqua
platforms, which measure the solar and thermal radiation at both top-of-
atmosphere (TOA) and surface, providing a comprehensive view of the
energy exchange between Earth and atmosphere. CER-
ES_EBAF Edition4.1 is an updated version of CERES-EBAF product,
which has been widely used for climate research and modelling (Loeb
et al., 2018; Doelling, 2019; Dolinar et al., 2019; Zhao et al., 2022). This
dataset was used in this study for assessing the monthly climatological
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averages of TOA CRE at SW and LW during the COVID-19 flight
reduction period. The CRE was defined as the amount of radiative en-
ergy that would return to space if there were no clouds (clear sky con-
dition), minus the amount that actually escapes with clouds present (all
sky condition). It's important to highlight that SW CRE typically leads to
cooling (negative sign), while LW CRE causes warming (positive sign) at
TOA. Moreover, the sensitivity to changes in cloud fraction is higher for
SW/LW CREs rather than the total CRE.

The MODIS Level 3 Monthly Atmosphere Gridded product developed
by NASA Goddard Space Flight Center is available monthly at global
scale with 1° x 1° resolution (Platnick et al., 2015; available at https://
ladsweb.modaps.eosdis.nasa.gov/archive/allData/61/MYD08_M3/),
which contains important cloud properties including cirrus cloud

(a)
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fraction, optical thickness, effective radius, and water path for liquid/ice
cloud. Mace et al. (2004) conducted a comprehensive evaluation of
MODIS cirrus products in comparison to ground-based observations,
revealing a significant alignment between the two platforms. There are
two such datasets based on the data collected from the Terra
(MODO08_M3) and Aqua (MYDO08_M3) platforms. In this study, only the
MYDO0O8_M3 data were used to display the results as the major conclu-
sions were not affected by the differences between the two datasets.
To examine if only the cirrus cloud fractions were disturbed during
the COVID-19 related flight reduction, the monthly cloud fraction data
were obtained from the Multi-angle Imaging SpectroRadiometer (MISR)
Cloud Fraction by Altitude (CFbA) Product (Moroney et al., 2019;
available at https://asdc.larc.nasa.gov/data/MISR/MIL3MCFA.001/).

Change in flight numbers during the COVID-19 pandemic
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Fig. 1. (a) 7-day moving averages of total flight and commercial flight numbers for 2019 and 2020, data obtained from FilghtRadar24 (available at https://www.
flightradar24.com/data/statistics). (b) The April-October monthly average flight density during the pre-pandemic period in 2016-2019 (data obtained from MADIS
ABO). (c) Similar as (b), but for the pandemic period in 2020. (d) The fractional difference between (b) and (c), where only the most affected grid elements satisfying
the following criteria were shown: 1) the top 5th percentile flight density of the globe during the pre-pandemic period, and 2) the percentage of reduction during the
pandemic relative to the pre-pandemic exceeding 25 %. The boxed regions indicate areas of interest for CONUS (25°-50°N, 66°-125°W) and Western Europe

(41°-59°N, 10°W-20°E).
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This product contains the frequency of cloud occurrence separated into
different vertical levels (with 500 m interval from surface to 20 km
above mean sea level) on a global (0.5° x 0.5° resolution) and monthly
basis. This study classifies clouds into three categories based on the
height range: low clouds (which have altitudes between 0 and 3.5 km),
middle clouds (with heights between 3.5 km and 8 km), and high clouds
(with heights between 8 km and the topmost level of the data). To better
characterize the cloud presence for each category and avoid the confu-
sion brought by overlapping clouds, the column-maximum cloud frac-
tion was used to represent each grid column at the three designated
vertical levels.

2.3. Reanalysis data for the meteorological conditions

Modern-Era Retrospective Analysis for Research and Applications
Version 2 (MERRA-2) is an atmospheric reanalysis dataset developed by
NASA that employs a recent version of the Goddard Earth Observing
System, version 5 data assimilation system (Bosilovich et al., 2015;
available at  https://gmao.gsfc.nasa.gov/reanalysis/MERRA-2/dat
a_access/). MERRA-2 provides global atmospheric variables at 3-hourly
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intervals and 0.5° x 0.625° spatial resolution, with 72 vertical pressure
levels ranging from the surface to TOA. MERRA-2 has been proven
competent in representing the large-scale atmospheric circulation
worldwide (Gelaro et al., 2017), therefore the monthly MERRA-2 data
were analyzed in this study to examine the atmospheric background
over the regions with the most significant flight reduction.

It is noted that all the flight track data, satellite-based cloud obser-
vations, and reanalysis data were collected and analyzed at the monthly
scale from April to October (the most substantial flight reduction period
before the gradual resumption of air traffic starting from November
2020). The period from 2003 to 2019 was designated as the pre-
pandemic period, and it established the historical climate background
against which the anomalies during COVID-19 period of 2020 was
compared to. All the data were averaged to the coarsest spatial resolu-
tion of the MODIS atmospheric product at 1° x 1° resolution.
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Fig. 2. (a) The April-October 2020 reduction in flight density compared to 2016-2019 average (based on MADIS ABO). The anomalies in (b) total CRE, (c) cirrus, (d)
high, (e) low, and (f) middle cloud fractions (based on MODIS), as well as the anomalies in (g) longwave (LW) and (h) shortwave (SW) CREs (based on CERES EBAF).
(b-h) are generated by comparing the pandemic period (April-October 2020) with the pre-pandemic climatology (April-October 2003-2019). A grid element whose
value higher/lower than the 95th/5th percentile of its historical records is marked with a black dot to indicate significant positive/negative bias. The black box in (c-

h) encloses the sub region of interest (30°-40°N, 107°-117°W).
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3. Results

3.1. Observed anomalies in CREs and cloud fractions over CONUS during
COVID-19

As mentioned in Section 2.1, two regions emerge with the most
significant flight reduction. By zooming into the study region of CONUS
(Fig. 2a), it is found that the greatest decrease in flights occurs along the
east and west coasts, with the northeast and southwest regions following
closely behind. In terms of the spatial anomaly in total cloud radiative
effect (CRE; Fig. 2b), which is the combination of both LW and SW CREs,
the western half is dominated by positive anomalies, while the south-
eastern part is mostly characterized by negative anomalies, however
only the former section has a few significances. It appears that this re-
gion's total CRE was not significantly perturbed by the substantial
reduction in flight density with a minimal increase (1.6 Wm™2vs. 2.0 W
m~2 nationwide; Fi g. 2b). Nonetheless, this could result from a coun-
terbalancing effect between the opposite LW/SW CREs, as well as the
varying changes in cloud fractions at different vertical levels.

Based on the MODIS observation, grid elements that experienced the
most significant decrease in cirrus cloud fraction are concentrated over
the Southwestern US (absolute and relative differences are —6.1 % and
— 25.2 % respectively; Fig. 2¢). As evidenced by the historical records
(2003-2019; Fig. 3a), this specific area (30°-40°N, 107°-117°W) has
relatively lower occurrence of circus cloud compared to the rest of
CONUS (26.4 % vs. 30.7 % nationwide). Additionally, compared to the
entire CONUS, it corresponds to the lowest fractions of high (1.6 % vs.
3.1 % nationwide; Fig. 3b), low (1.3 % vs. 5.9 % nationwide; Fig. 3c) and
middle clouds (3.0 % vs. 5.0 % nationwide; Fig. 3d), which is in line with
the typical desert climatology (Karl and Koss, 1984). Therefore, it is
highly possible that such significant reduction in cirrus cloud coverage
could be caused by the COVID-19 flight reduction.

With the most prominent decrease in cirrus cloud during April-Oc-
tober 2020, no significant anomalies in cloud coverage were observed
over Southwestern US at altitude levels of high (—0.6 % vs. -0.5 %
nationwide; Fig. 2d), low (—0.1 % vs. -0.3 %; Fig. 2e), and middle (—0.8
% vs. 0.2 %,; Fig. 2f). It should be noted that the high cloud coverage
defined in this study is based on CFbA product, which includes a wide
variety of cloud types (i.e., cirrostratus, cirrocumulus, thin cirrus, and
possible AICs, as well as all other cloud types with vertical extension
above 8 km). Therefore, the cirrus cloud detected by MODIS (Fig. 2¢ and
3a) is only a subset of CFbA high cloud (Fig. 2d and 3b).

(a) 2003-2019 cirrus cloud fraction
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As revealed in previous studies (e.g., Minnis et al., 2013), both AICs
and thin cirrus clouds are SW reflective and trap outgoing LW radiation
emitted by Earth and lower atmosphere. Surprisingly, such signals are
well captured in Fig. 2g and h, where the strongest negative/positive
anomalies in LW CRE (—6.7 W m~2 vs. -2.5 W m 2 nationwide) and SW
CRE (8.3 W m2vs. 45 W m2 nationwide) are observed over South-
western US, with majority of the region (64 % and 63 % respectively)
passing significance test. As expected earlier, the marginal rise in total
CRE over the Southwestern US is quite misleading as it masks the sub-
stantial contrasting changes in LW and SW CREs.

3.2. Observed anomalies in cloud properties during COVID-19

As suggested in previous studies (e.g., Dong et al., 2000, 2014), the
drastic changes in CREs and cloud fractions should also be reflected in
cloud properties including cloud optical thickness (COT), liquid/ice
water path (LWP/IWP), and effective radius (Re) of cloud particles.
Fig. 4 illustrates the anomalies in cloud properties observed by MODIS,
and apparently only the ice COT was significantly perturbed (—3.8 vs.
-0.3 nationwide with 36 % of gird elements within Southwestern US
passing significance test; Fig. 4a) in comparison with liquid COT (—0.2
vs. -1.2 nationwide and only 7 % of grid elements passed significance
test; Fig. 3b). These results echoed the conclusions in Section 3.1 that
only the cirrus cloud (mostly in ice phase) had been significantly
impacted during the COVID-19 flight reduction period, while the lower-
level clouds (mostly in liquid phase) were not notably perturbed. It is
worth noting that non-aviation activities (i.e., surface emissions) were
also greatly reduced during the pandemic, therefore the unchanged
lower-level cloud warrants further investigation.

Similar as liquid cloud (Hansen and Travis, 1974; Brenguier et al.,
2011), the ice COT can be simply estimated by IWP and R. using the
following approximation (Horvath and Davies, 2007; Wang et al., 2019):

COTz%IWP/Re 1)

As a result, further investigation is required to identify the primary
factor responsible for the observed change in ice COT. As shown in
Fig. 4c and d, only significant decrease in IWP was found over South-
western US, whereas the corresponding R, remained unchanged
(quantitative results are listed in Table 1). The findings suggest that the
decrease in IWP has the most significant impact on the altered ice COT
during COVID-19. This effect is likely linked to substantial changes
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(b)  2003-2019 middle cloud fraction
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Fig. 3. The climatological conditions of (a) cirrus cloud fraction, (b) high cloud fraction, (c) low cloud fraction, and (d) middle cloud fraction averaged during

April-October 2003-2019 (based on MODIS).
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Anomaly in liquid COT
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Fig. 4. Same as Fig. 2, but for (a) ice cloud optical thickness (COT), (b) liquid COT, (c) ice water path (IWP), and (d) ice effective radius (R.) (based on MODIS).

Table 1
Quantitative results of flight numbers, ice COT, IWP, and ice Re over South-
western US.

Flight Cirrus cloud Ice COT IWP (g Ice Re
number (#) fraction (%) (unitless) m’z) (pm)
Before 16,688 0.25 17.24 299.67  30.18
2020 ’ ) . : :
2020 6969 0.19 14.25 245.46 30.38

resulting from the sharp decline in flight frequency and subsequent
reduction in AICs. However, one cannot solely attribute this to the
anthropogenic activities unless the influence of other large-scale atmo-
spheric factors, such as anomalies in moisture and vertical motion pro-
files can be ruled out. Therefore, further investigation into the potential
impact of large-scale factors was performed in the following section.

3.3. Analyses of the potential contributing large-scale factors

Based on the formation mechanism of cirrus (Karcher, 2017; Zhao
et al., 2023), the variables of relative humidity, temperature, geo-
potential height, and vertical motion were selected and analyzed during
the study period. Since the primary cause of the significant decrease in
cirrus cloud coverage over the Southwestern US during the pandemic
period has been identified as a significant lack of ice cloud water, the
moisture availability is therefore the first non-anthropogenic factor to be
examined. By averaging the monthly MERRA-2 reanalysis data over the
study domain, the 700-500 mb (middle level) and 500-200 mb (high
level) relative humidity values (RH) were compared between the
pandemic (2020) and pre-pandemic (2003-2019) periods in Fig. 5.

During the beginning months of flight reduction period from April to
June, both the 2020 RH at middle and high levels fell within the one
standard deviation range of their respective pre-pandemic average,
indicating Southwestern US was not abnormally drier than the past.
Meanwhile, only minimal numbers of grid elements with significant
changes in cirrus cloud fraction and LW/SW CREs were detected during
the 3 months. However, during the transition from June to July, when
the onset of North American summer monsoon began (Castro et al.,
2001, 2012; Mazon et al., 2016), both the middle and upper troposphere

experienced drier condition in 2020 than the past, and such deviation
persisted until October. In the meanwhile, the number of grid elements
with significant changes in cloud properties increased rapidly with SW
peaked in August (28 out of 81 total grid elements within southwestern
US), and both cirrus cloud fraction and LW peaked in September (38 and
28 respectively). These results reveal the possibility that the significant
decrease in circus cloud coverage may not be solely caused by COVID-19
related flight reduction, but is likely governed by the RH anomalies at
middle to upper troposphere.

By focusing on the 3 months of monsoon season from July to
September, which correspond the largest number of grids that experi-
enced the significant reduction in cirrus cloud fraction, Figs. S1-S3
illustrate the anomalies in cloud properties as compared to their coun-
terparts in April-October (Figs. 2-4). Apparently, the reduction in cirrus
cloud fraction, LW CRE, ice COT, and IWP, as well as the increase in SW
CRE became more substantial, indicating the 3 months of July-Sep-
tember held a dominant influence over the perturbed atmospheric
condition during the flight reduction period. For comparison, the pre-
monsoon cloud properties are shown in Figs. S4-S6. Notably, there
were no significant changes in cirrus cloud coverage observed across the
study area (Fig. S4c). Additionally, the average cirrus cloud coverage
during April-June (Fig. S5a) was considerably lower than that during
the monsoon period from July to September (Fig. S2a). Meanwhile,
there were no significant differences found in ice COT, IWP, or ice Re. All
these findings suggest that the reduction in flights during the COVID-19
period had a more noticeable impact during the monsoon season
compared to the pre-monsoon season.

To examine if there exists a climatological drying trend over middle
and upper troposphere over southwestern US, Fig. 6a and b show the
long-term trend of the two variables (April-October average) over the
past two decades. Surprisingly, instead of a drying trend, Southwestern
US is becoming moister at middle-upper troposphere. Moreover, it is
worth noting that Southwestern US sets the new driest records at both
layers in 2020 (red dots). Therefore, the abrupt decrease of RH during
the COVID-19 flight reduction period is against the climatological wet-
ting trend and should be considered as abnormal. In addition to the
middle and upper troposphere, the drier condition is found throughout
the entire atmospheric column (Fig. 6¢), which also explains the mini-
mal reduction in low (Fig. 2e) cloud over this region.
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In addition to the moisture availability, temperature is another
important thermodynamic factor highly related to cloud formation.
Based on Fig. 6d-f, a warming trend is observed at both layers in
particular to the middle troposphere that shows substantial warming in
2020, and no strong deviation is found in the vertical direction. There-
fore, temperature factor may not be as important as RH for this case.

The last large-scale atmospheric factor to be examined is the vertical
motion, which is governed by the geopotential height field. A record-
setting high geopotential height value is found at both 700 mb
(Fig. 6g) and 500 mb (Fig. 6h) in 2020 compared to the pre-pandemic
period. Climatologically, the Southwestern US desert is dominated by
ascending motion below the tropopause because its surface is exposed to
excessive solar heating due to the lack of cloud coverage at various al-
titudes (Fig. 3). However, the higher-than-normal geopotential heights
at 700 mb and 500 mb in 2020 create an environment that favors the
large-scale subsidence in middle and upper troposphere. As a result,
from 650 mb above, the 2020 vertical motion profile starts to deviate
from the historical records, with this deviation growing larger until 500
mb, where the historically ascending motion shifts to descending mo-
tion. Then the descending motion reaches its peak at 350 mb, and finally
decreases toward 200 mb. The findings reveal that the study region
experienced large-scale subsidence in the upper atmosphere during
2020, which also impeded the formation of cirrus clouds.

In summary, the exceptional and unusual dryness and subsidence
observed in the middle and upper troposphere show a tendency to
suppress the formation cirrus clouds, which coincides with the COVID-
19 related flight reduction. Consequently, disentangling the primary
cause of the significant decrease in cirrus cloud coverage and the asso-
ciated substantial changes in CREs becomes challenging due to the
intertwined effects of natural variability and anthropogenic influence.

3.4. Analysis of Western Europe

Similar as Fig. 2 for CONUS, analyses in cloud fractions and cloud
radiative properties have been conducted over Western Europe as
illustrated in Fig. 7. While the spatial extent of the decrease in flights
was more constrained, the magnitude of flight reduction in Western
Europe (Fig. 7a) is comparable to that observed in CONUS (Fig. 2a). In
contrast to the relatively unaffected total CRE over CONUS (Fig. 2b),
Western Europe exhibited significant positive anomalies (Fig. 7b).
Similar to the Southwestern US, Western Europe experienced a consis-
tent reduction in cirrus cloud fraction but with smaller magnitude
(Fig. 7c vs. Fig. 2c). By comparing cloud fractions at various altitudes
between the two regions, we observed that both regions maintained
relatively stable high (Fig. 2d vs. Fig. 7d) and middle cloud fractions
(Fig. 2f vs. Fig. 7f). However, in Western Europe, there was a notable
decrease in low cloud fraction (Fig. 7e), whose most significant negative
anomalies collocated well with the most pronounced positive anomalies
in total CRE (Fig. 7b). The strong correlation in reduced low cloud
fraction (Fig. 7e) and increased total CRE (Fig. 7b) suggests that Western
Europe's CRE is predominantly influenced by changes in low cloud
coverage. By analyzing LW CRE (Fig. 7g) and SW CRE (Fig. 7h), it be-
comes apparently that both the LW warming effect and the SW cooling
effect were notably diminished during the pandemic in the area with the
most significant decrease in low cloud fraction. This suggests that the
increase in total CRE was primarily driven by the rise in SW CRE
(reduced cooling).

Such change is more likely attributable to the absence of thicker and
lower cloud formation rather than cirrus cloud. This assertion is further
evidenced by the historical records of cloud fractions at various altitudes
(Fig. 8). While cirrus cloud was commonly observed over Western
Europe (Fig. 8a), it is apparent that this region consistently featured a
higher proportion of low cloud (Fig. 8c) compared to high (Fig. 8b) and
middle cloud (Fig. 8d). As a result, this dominance of low cloud played a
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more significant role in shaping the radiative effect compared to the variables over Western Europe are shown in Fig. S7.
influence of cirrus clouds, therefore the changes in CREs over Western
Europe during the pandemic cannot be solely attributed to the reduction
of AIC. For comparison with Southwestern US, the atmospheric
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4. Conclusions and discussion

AICs have been recognized as one of the most significant anthropo-
genic atmospheric phenomena that affect the global radiation budget,
resulting in substantial alterations in CREs. The global CRE of AICs is
projected to increase significantly with the projected increase in air
traffic volume, making it crucial to understand their contribution to
future climate change. While line-shaped AICs are relatively easy to
distinguish from natural cirrus clouds, the quantification of their cli-
matic impact is challenging, mainly because the lack of long-term
observational experiment, which bring large uncertainties to the un-
derstanding of the underlying mechanisms, as well as the establishment
and validation of their parameterization in models.

The COVID-19 pandemic has provided a unique opportunity to
examine the climatic impact of contrails. Based on multiple independent
satellite observations, a significant decrease in cirrus clouds over the
Southwestern United States was detected, causing substantial alter-
ations in both LW and SW CREs, likely due to the reduction in AICs.
However, further analyses unravelled that the region also experienced
record-setting high pressure and significant low relative humidity

during the pandemic period, which made it difficult to separately
measure the climatic impact of AICs from natural variability. This
highlights the complexity of the atmospheric system and underscores
the necessity of further investigation.

Given the projected drastic increase in air traffic volume, AICs could
become an important anthropogenic forcing agent by 2050. Therefore,
the development of more advanced atmospheric modelling framework
that can fully consider the climatic impact of AICs is crucial. This study
identifies the location and duration of the most significant disturbance
in cloud properties observed during the pandemic. The attribution of
these changes to the reduction in AICs or natural variability or other
causes and the underlying mechanisms leading to cloud radiative effects
remain to be studied using further observations and numerical
modelling.
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