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In the spring of 2020, many countries enacted strict lockdowns to contain the spread

of the 2019 coronavirus disease (COVID-19), resulting in a sharp observed decrease in

regional atmospheric pollutant concentrations, such as NOx and aerosols in early 2020.

Atmospheric composition can influence cloud properties and might have a significant

effect on the initiation of precipitation. This study investigated changes in precipitation

patterns during COVID-19 lockdowns and compared them to patterns observed during

the previous 19 years (2001 through 2019) across two regions of interest, the Hubei

province in China and Northern Italy using a satellite-based precipitation dataset. Results

indicated that overall rainfall averages were higher in the spring of 2020 with respect

to their corresponding climatological means, with higher standard deviations especially

in the more urbanized regions like Wuhan, China and Milan, Italy. Precipitation rates

observed during the Spring of 2020 tend to fall outside of the climatological 25–75th

percentile bounds. Similarly, the number of rainy pixels was in several cases in Spring

2020 higher than the climatological 75th percentile and sometimes even higher than the

95th one. These anomalies may be due to natural variations and may not be caused

directly by the reduction in atmospheric pollutant concentrations. Nevertheless, our

analysis proved that precipitation patterns during the lockdowns were on the extreme

tails of the precipitation climatological distributions for both regions of interest. Lastly,

decorrelation lags and distances in Northern Italy remained similar to their corresponding

climatological values, whereas in the Hubei province some differences were observed,

with the Spring 2020 spatial correlation variogram almost overlapping the climatological

5th percentile and with a decorrelation distance shorter than the climatological value.

Keywords: COVID-19, precipitation, patterns, lockdown, IMERG

INTRODUCTION

The global coronavirus disease 2019 (COVID-19) pandemic halted normal human activities in
many countries and often resulted in strict lockdowns in an effort to contain the spread of the virus
related infection (Wang et al., 2020b). The central government of China placed a lockdown order in
the epicenter of the outbreak,Wuhan city, on January 23, 2020 (Ibeh et al., 2020).Within hours from
the order, travel restrictions were imposed in most public transport systems like buses, railways,
ferries and flights with most of the highways closed and only one person per household allowed to
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exit once every 2 days to ensure home quarantine. Eventually,
events and gatherings were canceled for practicing social
distancing and public places as well as schools and universities
started closing down (Lau et al., 2020). As the 2019–20
coronavirus pandemic worsened, similar measures were enacted
around the globe, ranging from quarantine of confirmed and
possibly infected individuals to community containments and
shutdown of non-essential businesses, like manufacturing plants
(Wilder-Smith and Freedman, 2020).

Though the restriction measures were implemented to flatten
the epidemic curve, reduction of road traffic, industry, and
power generation activities led to a considerable decrease in
anthropogenic emissions in different lockdown regions in early
2020 (Tobías et al., 2020). Studies using satellite observations
and local ground-based observations demonstrated such a
decline in air pollution (Forster et al., 2020). For example, a
decrease in nitrogen dioxide (NO2) levels across China during
the lockdown period was observed when compared to NO2

concentrations before the pandemic (Kerimray et al., 2020).
Several studies showed significant reduction in air pollutant
concentrations, especially NO2 levels (with reductions as high
as 30%), particularly in heavily polluted areas of China, Italy,
Spain, and USA (Collivignarelli et al., 2020; Dantas et al.,
2020; Lal et al., 2020; Otmani et al., 2020; Wang and Su,
2020).

Considerable reductions in the Aerosol Optical Depth (AOD),
a proxy for aerosol concentrations, were also reported around the
world during the COVID-19 lockdowns (Lal et al., 2020; Ranjan
et al., 2020). About 10% of the total mass of aerosol particles
present in the atmosphere is from anthropogenic sources
and can dominate the air downwind of urban and industrial
areas (Voiland, 2010). Fossil fuel combustion, automobiles,
incinerators, smelters, and power plants are major producers
of sulfates, nitrates, black carbon, and other particles. The
presence of aerosols modifies the microphysics of clouds and,
consequently, their albedo (Twomey, 1977), as well as the
environment surrounding the cloud, leading to changes in
cloud lifetime and precipitation occurrence (Albrecht, 1989;
Pincus and Baker, 1994). While the impacts of aerosol-cloud
interactions on the global climate are currently not known with
high confidence (Boucher et al., 2013), observational studies
showed local correlations between aerosol, cloud properties,
and precipitation. Specifically, past work showed that aerosols
have a significant effect on cloud properties and the initiation
of precipitation, as they serve as cloud condensation nuclei
(CCN; Feingold et al., 2003; Gassó, 2008; Yuan et al., 2011;
Boucher et al., 2013; Constantino and Bréon, 2013; McCoy and
Hartmann, 2015; Zamora et al., 2016). Large concentrations of
anthropogenic aerosols can either decrease or increase rainfall
as a result of their radiative effect and CCN activities (Rosenfeld
et al., 2008; Koren et al., 2012; Fan et al., 2018; Li et al., 2019,
2021). Clouds with low CCN concentrations, on the one hand,
evaporate too quickly to grow into long-lasting clouds. Heavily
polluted clouds, on the other hand, dissipate much of their
moisture before precipitating, if they can form at all, due to
the decreased surface heating caused by the aerosol haze layer.
Therefore, a sudden change in atmospheric aerosol concentration

has the potential to impact the formation of precipitation and its
regional patterns.

Aerosol-cloud interactions have an impact on the
regional scale, changing local precipitation and temperature.
Anthropogenic aerosol has the ability of suppressing
precipitation (Givati and Rosenfeld, 2004; Li et al., 2019).
Charles (2008) found that European weekend pollution
variations have complex impacts on precipitation and weather
depending on location and season. Angela and Vitart (2018)
concluded that accounting for aerosol variability (rather than
using a climatological value) can improve sub-seasonal forecasts
with temperature bias reductions up to 2◦C at the monthly scale.
Wang et al. (2020a) suggested that aerosol changes can have a
larger impact on extreme winter weather than greenhouse gases
at the regional scale. Makar et al. (2015) showed a change in
modeled precipitation during summertime of about 20% across
North America in response to scenarios including/excluding
aerosol feedback schemes. Keresztesi et al. (2019) analyzed
rainfall chemistry in Europe and showed significant impact of
anthropogenic emission sources on precipitation. Guo et al.
(2018) investigated aerosol interaction with different rainfall
regimes and established the fact that air pollution might affect
the relationship between aerosol and precipitation regimes.
Considering improvement in air quality as a temporary benefit
(Kumar et al., 2020), the COVID-19 lockdown situation
gave us an unprecedented opportunity to investigate any
aerosol-induced precipitation pattern change.

In this study, we focused on changes in precipitation patterns
in two regions, the Hubei Province in China and Northern
Italy, during the lockdown period compared to previous years
using satellite-based observations. By using a set of statistical
approaches (e.g., mean, standard deviation, interquantile range,
and decorrelation metrics), we performed analyses in terms
of precipitation magnitude, number of rainy days, as well as
temporal and spatial patterns and assess whether precipitation
characteristics observed during the lockdown period fell within
their natural variability or not. Section Methodology provides
an overview of the study areas, the satellite precipitation dataset
used in this study, and the methodological approach. Section
Results and Discussion presents and discusses the results, while
final conclusions are drawn in section Conclusion.

METHODOLOGY

Study Areas and Dataset
Although many countries around the world have enacted
lockdown measures to contain the spread of the COVID-19
disease in the past year, this work focused only on the Hubei
province in China (Figure 1) and Northern Italy (Figure 2).
Several cities in the Hubei province, including the capitalWuhan,
went into lockdown on January 23, 2020 by the order of
the central government. The Italian prime minister ordered
Northern Italy into a lockdown on March 8, 2020. These two
regions were chosen because they were among the first ones to
implement shelter-in-place orders. Moreover, these two areas,
heavily industrial and often characterized by high air pollution
levels, showed large changes in atmospheric pollution during
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FIGURE 1 | (A) Location of the study area in the Hubei province, China; (B) Boundaries of the study areas overlying the “World Imagery” ArcGIS Online basemap

(Sources: Esri, DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community); (C) Average

IMERG precipitation in mm/hour during January-April of 2001–2019; and (D) Average IMERG precipitation in mm/hour during January-April 2020.

FIGURE 2 | (A) Location of the study area in Italy; (B) Boundaries of the study areas in Northern Italy overlying the “World Imagery” ArcGIS Online basemap (Sources:

Esri, DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community); (C) Average IMERG

precipitation in mm/hour during January-April of 2001-2019; and (D) Average IMERG precipitation in mm/hour during January-April 2020.

Spring 2020 (Miyazaki et al., 2020; Lonati and Riva, 2021). The
Hubei Province in China covers an area of 185,900 km2 with
a population of 60.7 million. Major sources of air pollution in
the region are emissions from industries, coal combustion, and
motor vehicles (Liu et al., 2012; Wang et al., 2017). With an area
of ∼120,260 km2 and a population of 27.4 million, Northern
Italy suffers from air pollution mainly due to heavy industrial
activities, transportation, and stagnation of pollutants because
of its geographic condition (Coker et al., 2020). The study was

conducted across the two regions of interest using a 20 year-long
time series, spanning from 2001 to 2020. For the Hubei province,
we considered the period from January to April, whereas for
Northern Italy, we analyzed the period from March to May to
study the precipitation patterns for the entire duration of the
lockdown in the two regions.

For this study, we used the Global Precipitation Mission
(GPM)-based precipitation IMERG (Integrated Multi-satellite
Retrievals for GPM; Huffman et al., 2015). IMERG provides
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gridded (10 km), half-hourly estimates of precipitation,
developed by intercalibrating and blending all satellitemicrowave
precipitation estimates with infrared-based images and ground
observations for 2001-present (Huffman et al., 2020). The
IMERG algorithm is run to produce three different versions. The
Early version is run in near real time; the Late version has a 12-hr
latency and is bias adjusted to climatological sets of coefficients,
whereas the Final version produces bias-corrected estimates with
a latency of 3.5 months. IMERG is well-known for its global
availability, its high temporal and spatial resolution, and good
performance across several regions of the world (Zhang et al.,
2018; Khan and Maggioni, 2019). Given the regional focus of this
work, the IMERG Late version was chosen because of its latency
and quality.

TheHubei province is characterized by a subtropical monsoon
climate and by a diverse topography including flat, mountain
and hilly areas. Higher temperature and precipitation rates fare
thus registered from June to August (Wang and Li, 2016). On
the other hand, Northern Italy belongs to the Mediterranean
climatic region with cold winters and humid summers (Molteni
et al., 1983; Deitch et al., 2017). During the time series analyzed
in this work (2001–2020), the average IMERG Late precipitation
recorded in the Hubei province during January-April was 349
and 204mm in Northern Italy during March-May. Overall, April
was the rainiest month in the Hubei province and May was the
rainiest in Northern Italy. The daily average precipitation was
2.91 mm/d (2.21 mm/d) with maximum daily precipitation of
6.55mm (5.22mm) andminimum daily precipitation of 0.36mm
(0.24mm) across the Hubei Province (Northern Italy).

Statistical Analyses
For both study regions, the half-hourly IMERG precipitation data
were converted to daily rainfall magnitudes for each year from
2001 to 2020. Specifically, we investigated whether precipitation
characteristics observed during the 2020 lockdown periods fell
within the precipitation natural variability observed in the region
during 2001–2019. Thus, the regional average precipitation in the
Spring of 2020 was compared to the probability distribution of
precipitation built based on the 2001–2019 time series. Analyses
were performed to assess how often the 2020 average fell within
certain inter-quantile ranges (or bounds), defined as the 25–75th
and the 5–95th bounds of the previous 19 years. Similar kind
of analyses were conducted for both rainfall magnitude and the
number of rainy pixels. For this latter, the percent number of
rainy pixels was computed based on the pixels showing daily
averages larger than 0 mm/day across the region. Then, we
assessed how often the 2020 rainy pixel percentage fell within
the percentile ranges (i.e., 25–75th and 5–95th bounds) of rainy
pixels based on the previous 19 years.

Furthermore, the two-sample Kolmogorov-Smirnov test was
adopted to compare the precipitation observed in Spring 2020 to
each one of the previous 19 years and verify whether the time
series were statistically different from each other. Specifically, the
2020 time series of half-hourly IMERG precipitation was tested
against each time series of the previous 19 years and also against
the 19-year average time series of precipitation magnitude. The
null hypothesis was set to be “the two time series come from

the same continuous distribution” and a significance level of 0.01
was chosen.

Spatio-Temporal Patterns
Next, we studied whether the spatio-temporal variability of
precipitation patterns during the lockdown periods was any
different than the patterns observed during 2001–2020 using
de-correlation metrics, which are standard tools for measuring
spatial and temporal dependencies in rainfall fields (Brown
et al., 2001; Chumchean et al., 2003). To investigate temporal
variability, correlation coefficients were computed for each year
during 2001–2020 for different time lags with time series of
rainy pixels as precipitation events for each time step. The 2020
correlogram (i.e., autocorrelations plotted as a function of time
lags) was compared to the 2001–2019 mean correlogram, as
well as the 25–75th and 5–95th inter-quantile ranges. When
assessing temporal correlations, it is important to keep asmuch of
the original temporal information as possible (Emelianenko and
Maggioni, 2019). Therefore, correlations were computed based
on the original IMERG half-hourly data.

To study precipitation spatial variability, the correlation of
the time series associated with any two pixels were plotted as a
function of their distance. Thus, similar kind of variograms as
for temporal correlations were generated. An exponential decay
model was fitted to both temporal and spatial variograms. The
lag at which the correlation is 1/e (where, e is Euler’s number)
is called decorrelation lag or lag-one correlation and defines the
decorrelation lag (or distance; Hossain and Anagnostou, 2006;
Di et al., 2020). The decorrelation value suggests at which point
(in time or space) two events stop to be correlated (i.e., the two
precipitation events are no longer part of the same storm system).
Decorrelation lags and lengths for 2020 were compared to the
ones observed in the previous 19 years.

RESULTS AND DISCUSSION

Precipitation Magnitude and Frequency
As a first step, regional maps of average precipitation during
January-April (March-May) of 2001–2019 were compared to
the 2020 average in the Hubei province in Figure 1 (Northern
Italy in Figure 2). In both study areas, precipitation averages
in 2020 were higher than the corresponding past 19 years
with an average of 0.19 mm/h (0.11 mm/h) in Spring 2020
compared to the climatological average of 0.12 mm/h (0.09
mm/h) from the previous 19 years in the Hubei province
(Northern Italy). Maximum and minimum precipitation values
in the average maps were also higher than in the previous 19
years in Hubei Province, China. However, in Northern Italy,
although the maximum precipitation in 2020 was higher than
the climatological value, the minimum precipitation in 2020 was
lower than in the previous 19 years. It is interesting to note that in
both 2020 maps there was a region that was clearly rainier than
the rest of the study area. Specifically, the rainiest region in the
Hubei province was located in the south-eastern portion and for
Northern Italy was in the central area. In both cases, such region
corresponds to a heavily industrial (and usually more polluted)
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FIGURE 3 | Boxplot of standard deviations (in mm/hr) computed for each Spring of 2001–2019 for the Hubei province and Northern Italy. The central red mark

indicates the median, and the bottom/top edges indicate the 25th/75th percentiles, the whiskers show the most extreme points not considered outliers, whereas the

red crosses represent outliers from 19 years data of standard deviations. The black circles indicate the corresponding standard deviations for Spring 2020.

FIGURE 4 | Time series of daily averaged IMERG precipitation in mm/day across the (A) Hubei Province, China and (B) Northern Italy, showing the 5th, 25th, 50th

(median), 75th, and 95th percentiles of the precipitation distribution observed during the springs of 2001–2019 and average values during spring 2020 (dashed

black line).

area, i.e., the city ofWuhan (precisely located in the south-eastern
part of Hubei province) and the city of Milan in Northern Italy.

In order to assess the variability of precipitation during
the two periods of interest and in the two study regions, the
standard deviation during each Spring (from 2001 to 2020) was
analyzed (Figure 3). In the Hubei province, the precipitation
standard deviation in 2020 was very close to the maximum
value ever recorded during the 2001–2019 period. In Northern
Italy, the 2020 standard deviation was slightly higher than the
75th percentile, but lower than the maximum value. Thus,
the precipitation observed in Spring 2020 showed much more
variability with respect to the climatological median in both

regions. Specifically, for the Hubei province (Northern Italy),
the standard deviation of precipitation in Spring 2020 was
41% (22%) higher than the average standard deviation of the
previous 19 years.

For further investigation, we analyzed time series of daily
precipitation averaged across the two regions of interest
(Figure 4). Specifically, the regional average precipitation
during the Spring of 2020 was compared to the probability
distribution (5th, 25th, 50th, 75th, and 95th percentiles) of
precipitation during 2001–2019. In the Hubei province, the 2020
daily precipitation rates mostly fell within the climatological
distribution and there was no specific month during which
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2020 precipitation rates were particularly low or high. On the
contrary, in Northern Italy larger (than normal) precipitation
events were recorded at the very beginning of the lockdown
(early March) and in the late Spring, with a long period of very
low rainfall rates. As shown by the time series, May was wetter
than the other months and in 2020 May was even wetter than
usual in the region, with the seasonal average being very close to
the climatological 95th percentile. In order to better understand
precipitation events in these regions, we computed the number
of days during which the 2020 average fell outside the 2001–2019
percentile bounds of interest (Table 1). For the Chinese Hubei
province, in about 46% of the cases the 2020 average was outside
the 25–75th percentile bounds observed in the previous 19 years
and 17% of the times it was outside the 5–95th bounds. Similarly,
for Northern Italy the 2020 average was outside the 25–75th
bounds in about 73% of the cases and outside the 5–95th range
19% of the times.

TABLE 1 | Number of times (in %) that the 2020 daily average rainfall magnitude

falls outside the climatological percentile bounds.

Region Percentile

bounds

Count (%) Count

(%)

Hubei, China 5–95th 16.7 <5th Percentile 2.50

>95th Percentile 14.2

25–75th 45.8 <25th Percentile 12.5

>75th Percentile 33.3

Northern Italy 5–95th 18.5 <5th Percentile 13.0

>95th Percentile 5.43

25–75th 72.8 <25th Percentile 45.7

>75th Percentile 27.2

We can therefore conclude that the rainfall magnitudes
observed in 2020 tend to sit in the extreme region of the
climatological distribution obtained from the past 19 years. It
is important to note that such anomalies may be due to natural
variations andmay not be related to the reduction in air pollution
in the regions of interest. This work represents a first attempt
to analyze precipitation patterns during the lockdowns to verify
whether any anomalies can be identified with respect to the
regional climatologies.

The same analyses were conducted for the number of rainy
pixels across each region (Figure 5). It is interesting to note that
in the Hubei province, there was a tendency for the percentage
of rainy pixels to be higher than the 75th (and in a few cases
higher than the 95th) percentile. Similarly to the rainfall rate
patterns observed in Figure 4, the number of rainy pixels in
Northern Italy was higher than 95th percentile in early March
and in the late Spring, but lower than normal during the rest of
the season, with almost half of the cases below the climatological
25th percentile. This corresponded to more spatially-distributed
events with larger precipitation rates at the beginning and end of
the season and smaller and more localized storms in late March
through April.

Similar to Tables 1, 2 showed how many times the percent
number of daily rainy pixels in year 2020 fell outside the 2001–
2019 percentile bounds of interest. For the Hubei province,
in about 53% (18%) of the cases the 2020 time series data
were outside the climatological 25–75th (5–95th) range, whereas
Northern Italy showed that about 62% (26%) of the 2020 cases
were outside the 25–75th (5–95th) bounds. Results were very
similar to the ones found for precipitation magnitudes, with
several cases in Spring 2020 being higher than the climatological
75th percentile and sometimes even higher than the 95th one.

The two-sample Kolmogorov-Smirnov test was then
performed to verify whether the precipitation observed in year

FIGURE 5 | Time series of rainy pixels (in %) across the (A) Hubei Province, China and (B) Northern Italy, showing the 5th, 25th, 50th (median), 75th, and 95th

percentiles of the precipitation distribution observed during the springs of 2001-2019 and the daily rainy pixel count during spring 2020 (dashed black line).
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2020 and the one observed in any previous year were statistically
different from each other. The null hypothesis was defined as
“the two time series came from same continuous distributions.”
All tests run between year 2020 and each one of previous 19 years
rejected the null hypothesis at the 99% confidence level. The null
hypothesis was also rejected when testing the 2020 time series
and the average of the 19-year time series, which confirmed what
observed in the time series and analyses presented above.

Temporal and Spatial Decorrelation
Precipitation temporal variability was investigated by computing
correlation coefficients between lagged time series of rainy pixels,
using half hourly lags from 1 to 50, and by plotting them as
a function of the temporal lag (Figure 6). The vertical axis
thus shows autocorrelations between lagged time series and
the horizontal axis presents different half hourly time lags. An

TABLE 2 | Number of times (in %) that the 2020 daily rainy pixel number falls

outside the climatological percentile bounds.

Region Percentile

bounds

Count (%) Count

(%)

Hubei, China 5–95th 17.5 <5th Percentile 5.00

>95th Percentile 12.5

25–75th 53.3 <25th Percentile 15.8

>75th Percentile 37.5

Northern Italy 5–95th 26.1 <5th Percentile 20.7

>95th Percentile 5.43

25–75th 62.0 <25th Percentile 45.7

>75th Percentile 16.3

exponential decay model was then fitted to the variogram, as
shown in Figure 6. For the Hubei province, the decorrelation
lag based on the past 19 spring seasons is 28 half hours (=14 h)
and in year 2020 is 34 half hours (=17 h). Longer decorrelation
lags correspond to longer precipitation events that are commonly
stratiform systems (rather than convective storms) of wider
spatial extensions (Anders et al., 2006; Wu et al., 2008; Jameson
and Kostinski, 2010; Gensic et al., 2016). For Northern Italy, the
decorrelation lag based on climatological values was 26 half hours
(=13 h) and in year 2020 it slightly reduced to 24 half hours
(=12 h). Overall, the 2020 line was very close to the climatological
median. Nevertheless, for short lags (<5 h), the dashed line sat in
between the climatological 75 and 95th percentiles, i.e., toward
the high end of the climatological distribution.

In order to assess the spatial extent of precipitation systems,
we investigated spatial correlation coefficients. Spatial variograms
were built similarly to the temporal variograms presented in
Figure 6 during the Spring of the past 19 years and for 2020
(Figure 7). In this case, the vertical axis shows correlation
coefficients between time series associated with any two pixels
as a function of their Euclidean distance. For the Chinese
Hubei province, the variogram almost overlapped with the
climatological 5th percentile, showing a decorrelation lag shorter
than usual. Decorrelation distances in the region were larger
than 150 km (as the correlograms in the plot do not reach
the 1/e threshold). The higher the decorrelation distance, the
more extended the precipitation system is; the shorter the
decorrelation distance, the more localized systems are and
the higher precipitation spatial variability is (Delahaye et al.,
2015; Armon et al., 2020). Results showed that Spring 2020
was characterized by longer, but more localized, events in the
Hubei province. In Northern Italy, the 2020 variogram almost

FIGURE 6 | Variogram of temporal correlations for a half hourly precipitation in the (A) Hubei province during January-April, 2001–2020 and (B) Northern Italy during

March-May, 2001–2020, showing the mean, 5th, 25th, 75th, and 95th percentiles for 2001–2019 and the mean for 2020. The horizontal solid line represents a

correlation value of 1/e and the corresponding decorrelation lags.
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FIGURE 7 | Variogram of spatial correlations for a daily precipitation in the (A) Hubei province during January-April, 2001–2020 and (B) Northern Italy during

March-May, 2001–2020, showing the mean, 5th, 25th, 75th, and 95th percentiles for 2001–2019 period and the mean for 2020. The horizontal solid line represents a

correlation value of 1/e and the corresponding decorrelation distances.

overlapped the climatological median computed based on the
previous 19 years, with a decorrelation distance of about 120 km.
Thus, the temporal and spatial distribution of rainfall in the
Spring of 2020 did not show any considerable difference with
respect to its natural variability.

CONCLUSION

The primary goal of this study was to investigate if precipitation
patterns during the COVID-19 lockdowns fell within the
natural variability of precipitation, defined by the probability
distributions during the previous 19 years (2001 through 2019)
across two regions of interest, the Hubei province in China and
Northern Italy. A global satellite precipitation dataset, IMERG,
was used to analyze local temporal and spatial patterns of rainfall
in the two study regions.

Results indicated that overall rainfall averages were higher
in the Spring of 2020 with respect to their corresponding
climatological means, with larger variations around those means.
Such difference was even more pronounced in the most polluted
regions, where the cities of Wuhan and Milan are located. This
is potentially due to sharp decrease in emissions of NOx and
anthropogenic aerosols observed during lockdown. Atmospheric
aerosols can influence cloud properties as they serve as cloud
condensation nuclei (CCN) and they might have a significant
effect on the initiation of precipitation and its pattern (Wehbe
et al., 2021).

Rain rates observed during the Spring of 2020 mostly
fell outside of the climatological 25–75th percentile bounds.
Although differences in precipitation between Spring 2020 and

the past 19 years were statistically significant, the observed
anomalies may be due to synoptic conditions and large-scale
atmospheric dynamics and may not be caused directly by the
reduction in atmospheric pollutant concentrations (NOx and
aerosols). Nevertheless, our analysis proved that precipitation
patterns during the lockdowns sat on the extreme tails of the
precipitation climatological distributions and should therefore be
further investigated.

The spatio-temporal variability of rainfall in the regions also
highlighted some differences with respect to the climatological
behavior, especially in the Hubei Province where longer
decorrelation lags were identified in the Spring of 2020, which
demonstrated that events were longer but more localized. These
results should also be corroborated by additional studies in other
regions where the reduction in atmospheric pollutants was also
evident during COVID-19 imposed lockdowns (Sanap, 2021).

Further work should explore the sources and reasons behind
the changes in precipitation patterns identified in this work.
This could be pursued by using a combination of satellite-
based observations and atmospheric or climatological model
simulations to verify any existing link between changes in
anthropogenic pollution and local/regional precipitation and
meteorological patterns. Future work could also look at changes
in precipitation or AOD in other regions using satellite-
based products.
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