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Abstract
The lockdown of large parts of Chinese economy beginning in late January 2020 lead to significant regional changes of aerosol loads, which
suggests a reduction of backscatter and consequently a regional warming in the following months. Using local data and a numerical experiment
with a limited area model, we have examined how strong this response may have been. The observed (local and reanalysis) observations point to
a warming of less than 1.0 K, the simulations to a warming of the order of 0.5 K. These numbers are uncertain, because of large-scale natural
variability and an ad-hoc choice of aerosol optical depth anomaly in the simulation. Thus, the result was, in short, that there was actually a weak
warming of a few tenth of degrees, while noteworthy changes in circulation or in precipitation were not detected. More specifically, we found
that at selected central China stations temperatures were found to be higher than in previous two years. This warming goes with a marked diurnal
signal, with a maximum warming in the early afternoon (06 UTC), weakest at night (18 UTC). This may be related to a general warming of large
swaths of Asia (including Siberia, which is not related to local aerosol forcing). Indeed, also the stations outside the immediate strong lockdown
region are showing warming, albeit a weaker one. Thus, the difference 2020 minus 2019/2018 may overestimate the effect. The ad-hoc series of
numerical experiments indicates that the simulated changes are robust and suffer little from internal dynamical variability. In particular, the
overall reduction of the aerosol optical depth does not lead to phases of larger intermittent divergence among the model simulations, irrespective
of the aerosol load. Instead, the simulations with reduced anthropogenic aerosol load show more a mere locally increased temperature. This may
indicate that the aerosol effect is mostly thermodynamic in all local air columns in the region.
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1. Introduction
On April 22, 2020, the news agency Bloomberg1 wrote:
“Restrictions on travel and non-essential business over the past
weeks to control the spread of Covid-19 have meant
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dramatically cleaner air for some of the world's most polluted
cities. … Wuhan, the Chinese city in the epicenter of the
Covid-19 outbreak, was put in a 10-week lockdown, keeping
11 million residents in their homes and shutting down
manufacturing facilities. During the … peak lockdown period,
Wuhan's PM2.5 level went down 44% from 2019.
Physical understanding (McCartney, 1976) as well as
observational evidence (e.g., Hong et al., 2020; Jung et al.,
2019) suggest a local or regional link, with additional aerosols causing a cooling because of the reflective properties of
the aerosols. Thus, we expect a gradual warming in the
neighborhood of the industrial centers, where the lockdown
was instituted.

https://doi.org/10.1016/j.accre.2021.03.003
1674-9278/© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).
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With Wuhan beginning on January 23, 2020, other Chinese
cities including Beijing followed to it, so that a widespread
reduction of the Chinese emission of anthropogenic substances
took place.
This reduction lead to changes compared to the previous
year in PM2.5 of 24.9%, with maxima in the Yangtze River
Delta. NO2 was reduced by 25%e30% in the Beijing-TianjinHebei region, Pearl River Delta and the Yangtze River Delta
(Yue et al., 2020) based on the analysis of surface monitoring
sites and satellite retrievals. For further details on the effect on
air quality, refer to He et al. (2000).
Lee et al. (2021) calculated the difference of Aerosol Optical Depth at 550 nm for February 2020 minus February
composite over years 2016e2019 using Suomi National Polarorbiting Partnership (SNPP) Visible and Infrared Imaging
Radiometer Suite (VIIRS) NASA standard Level-3 monthly
deep blue aerosol data e and found in East Asia a reduction of
up to 30%.
Another source of information about the presence of manmade aerosols is provided by the total aerosol optical depth
(AOD) in the MERRA2 reanalysis (Gelaro et al., 2017). This
AOD considers all aerosols, both natural and anthropogenic.
The reanalysis incorporates local AERONET-data (Holben
et al., 1998) as well as various satellite products, albeit only
if cloud cover permits. For March, for four Asian large urban
conglomerates, among them Beijing and Wuhan, the developments of AOD since 1980 show instationary behavior,
with maxima in Wuhan and Beijing in about 2010, and a decay
since then; a marked decay of the 2020 levels compared to the
2019 levels is not visible. While this may point to some deficiencies of the reanalysis, related to the inclusion of actual
emission estimates in the Goddard Chemistry, Aerosol, Radiation, and Transport model (GOCART) model (Chin et al.,
2002), it sheds light on the difficulty to determine the
change of anthropogenic aerosol load.
We conclude that there was a massive reduction of the
anthropogenic aerosol optical depth in the industrial regions of
China, which is difficult to quantify. It is in any case significant, of the order up to 50% or so.
The lockdown in China provides an excellent opportunity
to study the effect of changing aerosol loads on the regional
climate; a kind of unintended experiment, so to speak. The
good ‘experimental’ thing is that it is a relatively isolated but
large area, with a relatively strong signal. In other parts of the
world, such as Northern Italy (Rugani and Caro, 2020), also
experiments were done, but in a smaller region, where policies
for air pollution have been implemented for a longer time.
The interest in the effect of a significant reduction of
anthropogenic aerosol load was sparked by the observation
that in the Baltic Sea region the warming in the past decades
was higher than what was suggested by climate change simulations subject to only changing GHG levels (Barkhordarian
et al., 2016). The effect in the Baltic Sea region was moderate
in winter, but strong in summer. It has been speculated that this
difference could be due to the disregard of the simultaneous

massive decrease in anthropogenic aerosol load. The case
studied here, in winter in central China was hoped to shed light
on this discrepancy, but the evidence seem hardly conclusive;
in this case, the reduction of the aerosol load is increasing
temperatures by a few tenth of a degree, while in case of the
Baltic Sea, the ‘unexplained’ warming in the observations,
possibly related to also anthropogenic aerosol reduction, is
smaller in winter e with the Baltic Sea region winter enjoying
less short wave radiation than in China, due to the latitudinal
shift of 10 20 latitude.
While there have been many studies on the effect of the
lockdown on the air quality, few are available at this time
about the regional climatic effect. This is likely related to the
short time since the event so that data collection and, possibly
modelling efforts, need some time to manifest themselves in
publications. One case is Weber et al. (2020), with results
consistent with those reported in this article.
There rarely have been specific studies in the literature, to
our knowledge, dealing with the recent lockdown effect in
China on the regional climate. We try to fill this gap.
Using the opportunity, we try to determine the effect of a
sudden and regionally widespread reduction of anthropogenic
aerosols. Our tools, data and model, are introduced in Section
2. In the Results Section 3, we first examine the variations of
temperature at a series of monitoring sites through China from
January to April 2020, and then examine the output of a numerical experiment with a regional atmospheric model, when
subject to a prescribed reduction of anthropogenic aerosols.
2. Data and models
2.1. Data
From the archive of China Meteorological Administration
(http://data.cma.cn) we got 4-daily temperature readings from
a series of stations (Fig. 1) for January‒April 2020. We also
used the JRA55 reanalysis (Kobayashi et al., 2015) of January
1990‒April 2020.
2.2. Dynamical model set-up
For our experiments we used the limited area model
COSMO-CLM (Consortium for Small-scale Modelling model
in Climate Mode; Rockel et al., 2008) based on the regional
weather prediction model COSMO, formerly called LM
(Local Model; Steppeler et al., 2003). The model has been
applied and its performance has been shown over China and
East Asia in a couple of publications (Wang et al., 2013;
Bucchignani et al., 2014, 2017; Zhou et al., 2016; Li et al.,
2018; Yu et al., 2020) and also specifically with focus on
Bohai and Yellow Sea (Li, 2017; Li et al., 2016a, 2016b,
2020). Li et al. (2018) evaluated the model CCLM over China
and assessed the added value of CCLM to the driving GCMs.
The performance of the CCLM was in general satisfactory,
however, with a strong seasonal variability (e.g. temperature
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Fig. 1. Geographical map of the model domain of COSMO-CLM. (In the
colored inner part of the map the simulation is unconstrained, while in the
white ‘sponge zone’ the model is partly constrained by a nudging towards the
driving reanalysis. The map does not imply any assertions on political
boundaries or jurisdictions).
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Spectral nudging is not provided; only lateral boundary conditions are considered after the relaxation proposed by Davies
(1976).
The model is discretized on a horizontal rotated grid with
mesh length of about 0.22 (approximately 22 km), and by 40
vertical levels in terrain-following hybrid height coordinates.
The effect of aerosols on radiation is included in the delta-twostream radiation scheme by Ritter and Geleyn (1992) implemented in the COSMO-CLM. The radiation scheme uses the
aerosol optical depth, single scattering albedo and asymmetry
factor given by the MAC-v2 climatology. The stipulated aerosol
distributions in the four months, January to April, as given by
MacV2ctl exhibit a regional maximum, centered in central
China, covering 105 e120 E and 25 e40 N. Maximum levels
are determined for March. The reduction of anthropogenic
aerosols by 50% results in concentration maps similar to the
full maps (Fig. A1). No indirect effect of aerosols is considered,
since the cloud parameterization in COSMO-CLM does not
take into account changes in aerosols, yet.
The three pairs of simulations differ with respect to the time
of initialization, namely 1 December, 1 November and 1 July
2019. The interval variability from January to April 2020 is
evaluated by analyzing the differences DX ¼ ctrl X e aer X,
X ¼ 1, 2, 3.
3. Results

showed better results in summer than in winter). Regarding the
added value, the CCLM outperforms the GCMs in winter for
most regions but less clearly in summer.
For estimating the effect of the reduced presence of
anthropogenic aerosols in a dynamical model experiment, it
would be best if we had the time- and space dependent aerosol
optical depth. As outlined before, we do not have a reliable
and complete estimate of this. Therefore, we have done an
idealized experiment with an ad-hoc chosen forcing.
Specifically, we have performed a series of three pairs of
numerical simulations with the COSMO-CLM. Each pair
consists of a ‘control run’ (ctrl X ), with a monthly mean
aerosol distribution, representing the influence of aerosols on
the radiative transfer, and an ‘experimental’ run (aer X ), which
is identical to the control run except for a 50% reduction of the
anthropogenic AOD throughout the model area. Here,
following the recommendations from Schultze and Rockel
(2018) the aerosol distribution MAC-v2 (an update of the
MAC-v1 climatology, Kinne et al., 2013) is implemented in
the regional model. This aerosol climatology includes the
monthly means of aerosol optical properties (aerosol optical
depth, single scattering albedo and asymmetry factor) on a
1   1  grid at a monthly resolution. For the year 2019 the
aerosol distribution is used in the model as is. For January to
April 2020 the data are not yet available and therefore the
AOD values from 2019 were taken as a first guess.
The model region is shown in Fig. 1, covering most parts of
China. At lateral boundaries reanalysis states, as given by the
JRA55 reanalyses (Kobayashi et al., 2015), are prescribed. In
the diagram the traditional sponge-zone is marked in white.

3.1. Analysis of in-situ and reanalysis data
In this section we study how different the regional January
to April 2020 climate was compared to previous years.
 In late January the lockdown began in Wuhan; thus, the
effect of the lockdown is expected to be minor in this
month. The China-mean temperature was 1.4  C warmer
than ‘in normal years’ (Jiang et al., 2020).
 In February 2020 the lockdown was in full swing  in this
month the monthly mean temperature in China was higher
by 1.6  C (Cao et al., 2020).
 In March, temperatures were 2  C warmer (Zhou and
Zhang, 2020).
 April 2020 showed no general warming, but temperatures
close to normal (Guan et al., 2020). In the early part of the
month, many stations saw a ‘sharp drop in temperature’.
Figure 2 shows the temperature development, as daily
average, for Wuhan in 2020 and the two previous years.
Because of the instationarity of the aerosol-load mentioned in
the Introduction, we decided to do here a comparison with
only two earlier years, when we may expect to see differences
related to the anthropogenic aerosol load and the unavoidable
natural variability.
In January, the 2020 temperature does not look substantially different for the previous two years, but both February
and March were 2020 warmer than in the previous years. April
is begun with a strong cooling, and later values similar to the
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Fig. 2. Daily average of surface air temperature at Wuhan in 2018, 2019 and
2020 during January to April. Julian days count the number of days beginning
on 1 January.

previous years. Fig. 2 substantiates the general assessment
given above, including the decrease of the warming in April.
In principle any warming may be due to the synoptic
‘weather’ variability or to local changes reflecting the reduction
of aerosol presence. The former would be of larger-scale, and
mostly in the northern part of the region, and changing from
month to month. The latter is expected to reflect the scale of the
aerosol reductions, centered over the regions with maximum
industrial activity, where the lockdown led to the largest local
forcing anomalies. Since the lockdown region was mostly the
same during spring 2020, the warming is also expected to be
strongest in that region. We find, in Fig. 3, the relatively small
industrial region to be warmer than the more remote

Fig. 4. Mean differences of locally reported air temperatures (2020 minus
2019/2018) at five locations at different times of day and as daily mean, both
from 6-hourly data for January to April.

surrounding, in all three months. Also, an inspection of temperature anomalies at Wuhan and Beijing (serving as examples),
show that the warming (difference to long term mean) at these
locations in 2020 was increased compared to the previous years
(not shown). Further north, where the synoptic activity with
travelling tropospheric waves is stronger, a variable pattern of
warming is found, consistent with the hypothesis of synoptic
variability and advective short term warming.
Thus, we conclude that the observational evidence, even if
contaminated by the effect of synoptic variability mostly in the
Northern part of China, supports the basic hypothesis, namely
that the lookdown would lead to a regional warming, or more
precisely, to a reduction of aerosol related cooling.

Fig. 3. Maps of the differences of monthly mean temperature anomalies, 2020 minus 1990e2019, throughout the region minus the anomaly in Wuhan. Red colored
regions experienced in 2020 positive temperature deviations from the ‘normal’ larger than the warming in Wuhan. In the same way, blueish regions have been
relatively colder in 2020 than in previous years compared to what has been recorded in Wuhan (Derived from JRA55 reanalysis data).
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All stations, except for Lanzhou, show a warming in all
months, with maximum values at Beijing time of 13:00 CST
(06 UTC) at the two locations strongly affected by the lockdown, namely Wuhan and Beijing, whereas the less affected
stations Guilin and Lishui go with a smaller warming. During
night, as is to be expected, the warming effect is weakest. This
diurnal pattern is evidence that really the reduction of aerosol
is at work.
The warming is largest at the centers of the lockdown, with
a maximum up to 1.3 K at noontime, and a minimum of about
0.6 K at night. In the wider neighborhood, such as Guilin and
Lishui, the warming ranges from less than 0.5 K at night to
1 K when solar radiation is strongest. Because of the unknown
contribution by synoptic advection, these numbers are likely
upper limits, but claiming an aerosol-reduction related
warming between 0.5 K and 1 K is justified.
Fig. 5. Mean surface air pressure (reduced to mean sea level) distribution in
February 2020 as given by JRA55 reanalysis (The red line marks the model
domain of the aerosol experiments).

This is substantiated by Fig. 4, which shows the temperature means for the months January, February, March and April
in 2020, 2019 and 2018 e for the 4 daily recording times,
namely 6 UTC, 12 UTC, 18 UTC and 00 UTC (corresponding
to local times of 13:00, 19:00, 01:00 and 07:00 CST). The
station Lanzhou is in the far West, outside of reach of the
lockdown effect, Lishui is a station near the coast southwest of
Shanghai, and Guilin is a southern station far off the coast
(Fig. 1).

Fig. 6. Temporal development of surface air temperature in Wuhan during
January to April 2020. The local observational data (black) were discussed in
the previous section; the red and blue lines describe the developments in the
first pair of simulation, aer1 and ctl1. Note that the lockdown began in Wuhan
on 23 January, while the reduction of the aerosol load in the model began on
January 1 (Julian days count the number of days commencing on 1 January).

3.2. Numerical experimentation with regional dynamical
model
In previous similar simulations (such as Weisse et al., 2000,
or Geyer et al., 2020) the different members of the ensemble
were characterized by long episodes of very similar developments, interrupted by episodes of several days with
strong differences, which were reflected in different dynamical
developments, thus different circulations and precipitation. In
these cases, the model area was located at the end of the North
Atlantic storm track with the emergence of unstable dynamical
states. In this case, with the model area covering mainland
China, mostly stable winter-monsoon conditions prevail, as
demonstrated by the surface air pressure distribution in
February 2020 (Fig. 5). Thus, not unexpectedly (Geyer et al.,
2020), noteworthy deviations in the circulation did not emerge
(no intermittent divergence in phase space, not shown), and
the intra-ensemble variability is small and mostly visible in
local temperatures. Thus, in the following we discuss only the
impact of changed aerosol-presence on surface temperature.

Fig. 7. Mean differences for the first ensemble member (50% reduction
experiment aer 1 of the simulated surface air temperatures in Wuhan and
Beijing, sorted after the four observations time 00 UTC, 06 UTC, 12 UTC and
18 UTC, and the daily mean, across January to April 2020. The daily mean
changes amount to 0.55 K in Wuhan, and 0.41 K in Beijing).
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Fig. 8. Change in air temperature in the first pair of experiments, D1 (aer1ectl1), for the four considered months, January to April 2020.

As a first test, about the reproduction of the observed state,
and of the effect of reducing the aerosol load in the model, we
show daily time series of daily mean temperature in Wuhan,
from an urban meteorological station, and from the first pair of
simulations in Fig. 6. The three curves are all similar, both in
phases and intensities. One cannot say if the red (aer 1) or the
blue curve (ctl 1) fit better to the black (observed curve). But,
the weather stream, as reflected by the day-day-variations in
the black curve, are reproduced by the model, in both set-ups.
We conclude that the model reproduces the weather stream in
January‒;April 2020 well.
When considering the two simulated curves, besides their
general similarity, they exhibit a slight but systematic tendency that the red curve is above the blue curve. Given the
large spread of the vertical axis, because of the seasonal
change in this period, the changes are not that miniscule as the
diagram seems to indicate at first glance.
When the monthly mean differences, sorted after the 4
daily ‘observation times’, 00, 06, 12 and 18 UTC, is calculated, the daily mean differences amount to 0.4e0.5 K with a
maximum at 06 UTC, corresponding to 13:00 CST (Fig. 7).
That the largest effect coincides with the time of maximum
solar radiation is plausible. At other locations, for instance
Beijing, the effect of reducing the aerosol load has a marked
diurnal cycle (also Fig. 7).
The spatial distribution of the warming as given by the first
pair of experiments is shown in Fig. 8: The largest effect is in
the Beijing neighborhood, but all of central China is affected.
There are strong signals in Shaanxi and Henan as well.
However, we assume that this might be an effect of differences
in snow cover (not shown), which is quite sensitive to small
variations in temperature around 0  C. The signal weakens in
time, with the largest effect in February, or January, and a
much-reduced warming in April. This may be an effect of
some advective warming earlier in the year, on a weakening of
the winter monsoon in particular in the southern parts.
To determine if the results so far are compromised by
noteworthy ensemble variability, we had two additional pairs
of simulations, as mentioned before. They differ with respect
to the fist, which we have discussed so far, that the 2nd was

initialized with data from 1 November, and the 3rd with data
from 1 July.
Figure 9 shows the daily mean temperature differences in
Wuhan for the three simulations. The three developments
share a similar overall level and tendency, also the short-term
variations are quite similar. The ensemble looks as if generated
by a joint development, overlaid with some mostly white
noise. In particular the already mentioned gradual weakening
of the signal commencing in late March is visible.
A similar result is found for Beijing, albeit with generally
smaller differences but without the steady decline of the signal
(not shown).
Consistent with the closeness of the time series in Fig. 9,
the spatial distributions D2 and D3 in Fig. 10 are similar
among each other and with that shown in Fig. 8.
After we found essentially the same features also in all
three pairs of simulations, we conclude that the warming effect
is not a random artifact, but related to the common treatment
adopted in the pairs of experiments. The similarity is so
obvious that further statistical confirmation, say by a statistical
hypothesis testing, is not necessary.3
4. Discussion and conclusions
So far, few studies have been done on estimating the climatic
effect of the temporal reduction of aerosols following the
regional lockdowns (e.g., Weber et al., 2020; Lee et al., 2021).
It is long known that the presence of aerosols leads to a
lowering of temperatures, thus a warming when fewer aerosols
are present (e.g., Li, 2021). A number of studies (e.g., Chen
et al., 2018a; 2018b) have been done specifically on effects in
East Asia, which describe a significant change in precipitation
and circulation apart of temperature. This is different in our
study, where we did not find such impacts. This may be related
to the fact that we are only considering winter and spring.

3

Unfortunately, the call for statistical hypothesis testing has become a
reflex-action among researchers, who fail to see the inherent limitations of this
methodology, cf., Trafimow and Marks (2015).
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and 2022, when the data will become available. A problem
with the modelling is that the description of aerosol indirect
effects is not mature. Being well aware of both problems, we
implemented the two-thronged approach of considering local
evidence and modelling.
The main conclusions to be drawn are:

Fig. 9. The ensemble-variability in temperature differences of the 3 pairs of
simulations on the impact of reducing the anthropogenic aerosol load by 50%
over China. The dates given in the legend refer to the initialization times of the
pairs of simulations. Julian days count the days beginning on 1 January.

Our methodology is an ad-hoc approach, in order to assess
the consequences of the regional lockdown in a timely manner.
To do so, we ran a state-of-the art regional model subject to
assumed reductions of anthropogenic aerosol loads; at the
same time we did an analysis of what has been monitored on
the ground at a number of stations. It turned out the two approaches lead to consistent estimates.
A problem with the assessment of the observational evidence was that during the last decades there were substantial
changes in the regional anthropogenic aerosol loads, which led
us to consider only the years 2020, 2019 and 2018. It would be
worthwhile to examine our results in light of the years of 2021

 At selected central China stations temperatures were found
to be higher than in the previous two years. This warming
goes with a marked diurnal signal. Maximum warming in
the early afternoon (06 UTC), weakest at night (18 UTC).
 This may be partly related to a general warming of large
swaths of Asia (including Siberia), independently of the
regional aerosol forcing. Indeed, also the stations outside
the immediate strong lockdown are showing a warming.
Thus, the difference (2020 minus 2019/2018) describes a
real regional warming, but may overestimate the effect of
the reduction of anthropogenic aerosol presence. However,
the warming in the industrial region of China is larger than
outside, so that effect seems real.
 The ad-hoc numerical experiment indicates that the change
caused by the overall reduction of the anthropogenic
aerosol optical depth does not lead to phases of larger deviations of local time series in the two simulations. Instead,
the simulation with reduced anthropogenic aerosol load
shows mostly a mere locally increased temperature. This
may indicate that the aerosol effect is almost entirely
thermodynamic in all local air columns in the region.
 The observed (local; reanalysis) observations point to an
effect of less than 1.0 K, the simulations to a warming of
about 0.5 K. This may well be considered as relatively

Fig. 10. Change in air temperature for the four considered months, January to April 2020 as in Fig. 8, but for the 2nd (upper) and 3rd (lower) pair of simulations.
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small (cf. Weber et al., 2020), but may be helpful to sort out
the regional effect of air quality policies on climate change.
Note that the uncertainty of these numbers reflects the
uncertainty of the large-scale effect as well as the ad-hoc
choice of AOD anomaly in the simulations.
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