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Abstract
The novel coronavirus disease 2019 (COVID-19) has caused a global pandemic. Some studies have suggested a negative
association between sunlight intensity and COVID-19 infection, alluding to the belief that it might be safe to go out on sunny
days. This paper examinedwhether solar radiationmitigated the association between humanmobility and COVID-19 infection in
Europe using a dynamic panel data model to investigate the effect of human mobility, solar radiation, and their interaction on
COVID-19 infection. The results revealed that outgoing mobility was positively correlated and solar radiation was negatively
correlated with COVID-19 infection at lag levels of 1, 2, and 3 weeks. The coefficients of the interaction items indicated that solar
radiation negatively moderated the relationship between outgoing mobility and the number of daily new confirmed cases at 2-
and 3-week lag levels. However, the moderating effect was limited and unable to eliminate the positive effect of outgoing
mobility on COVID-19 infection. Thus, these results suggested that solar radiation only weakly mitigated the relationship
between human mobility and COVID-19 infection, providing policy implications that mobility should still be restricted on sunny
days during the COVID-19 pandemic.

Keywords Solar radiation . Humanmobility . COVID-19 .Moderating effect

Introduction

Coronavirus disease 2019 (COVID-19), caused by severe
acute respiratory syndrome coronavirus 2, is a severe pub-
lic health problem (Sohrabi et al., 2020). It first broke out
in Wuhan City, China, in December 2019 (Lu et al.
2020). Despite local governments implementing consis-
tent restriction measures, COVID-19 has become a global
pandemic, and numerous countries are suffering from the

contagion of COVID-19 (World Health Organization
2021).

Many studies (Kraemer et al. 2020; Xiong et al. 2020;
Oztig and Askin 2020) have proven that the participation of
people in outdoor activities plays an essential role in COVID-
19 transmission. Furthermore, human mobility was identified
as a critical variable in the spread of COVID-19 infections
(Cartenì et al. 2020). Because increased human mobility is
positively correlated with COVID-19 transmission, lockdown
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orders have been imposed by governments around the world
during the outbreak (Cheng et al. 2020). However, these re-
strictions do not stop people from being more likely to go
outside on sunny days (Paez et al. 2020; Azuma et al. 2020).

An increasing number of studies are investigating the asso-
ciation between sunlight and COVID-19 using a variety of
measurements of sunlight, such as solar irradiance (Gupta
et al. 2020; Bäcker 2020; Ahmadi et al. 2020), the ultraviolet
index (Kalippurayil et al., 2020; Takagi et al. 2020), sunshine
duration (Asyary and Veruswati 2020; Li et al. 2020a;
Thangriyal et al. 2020), and latitude (Whittemore 2020).
Although the results of these studies were somewhat inconsis-
tent, most studies have shown that more sunlight is associated
with reduced coronavirus infection (Carleton et al. 2021; Guasp
et al. 2020; Thangriyal et al. 2020). Ultraviolet irradiation was
reported to inactivate coronaviruses and reduce the viral load,
thereby reducing coronavirus transmission (Bedell et al. 2016;
Hamzavi et al. 2020). Additionally, sunlight exposure boosts
the immune system by inducing vitamin D synthesis (Engelsen
2010; Wacker and Holick 2013; Holick 2017; Li et al. 2020b),
which may help reduce the risk of COVID-19 infection (Grant
et al. 2020; Ilie et al. 2020; Ebadi and Montano-Loza 2020; Xu
et al. 2020). These findings could lead to some individuals and
governments believing that it might be safe to go out on sunny
days and thus tending to relax control measures when the local
weather is sunny (The NewYork Times 2020; Matthews 2020;
Robertson 2020; McGuinness 2021).

Although sunlight is negatively associated with COVID-19
transmission, it is unclear whether the association between
human mobility and COVID-19 infection would be mitigated
on sunny days. To this end, we investigated the moderating
effect of sunlight on the association between human mobility
and COVID-19 infection using data from 15 European coun-
tries. Our findings will contribute to address the misconcep-
tion that it is safe to go outdoors on a sunny day, providing
important implications for public health policymaking that
weather conditions alone are insufficient to support lifting
lockdown restrictions. Further contributing to the knowledge
base of COVID-19 transmission, the study shows that in ad-
dition to a direct effect on viral transmission, solar radiation
could also be helpful to control the pandemic bymitigating the
association between humanmobility and COVID-19 infection
even if the moderating effect is limited.

Materials and methods

Data collection

We obtained our study data from Google Cloud Public
Datasets (Wahltinez et al. 2020), including the numbers of
daily new confirmed COVID-19 cases, mobility, and meteo-
rological data (average temperature and rainfall) at the

subregion level. Specifically, Google mobility data includes
mobility information of individuals’ visits to retail and rec-
reation, groceries and pharmacies, parks, transit stations,
workplaces, and residential. The data were constructed by
Google by comparing visits and time spent in certain places
to a baseline using information from Google Maps
(Yilmazkuday 2021). Due to inconsistent trends, we ex-
cluded data on visits to parks and residences (Nouvellet
et al. 2021). The start date of the mobility data was
February 15, 2020. The moving average of the lag effect
of human mobility for up to 21 days was calculated from
data on COVID-19 cases collected after March 7, 2020.
Then, we chose 3 months as the observation period
(March 7–June 6, 2020) in this study.

Solar radiation data were obtained from the E-OBS daily
gridded meteorological data (https://cds.climate.copernicus.
eu/), which provides daily gridded weather variables at a
resolution of 0.25° × 0.25° longitude in Europe. We linked
the gridded weather data to the number of COVID-19 cases at
the subregion level using BaiduMap SDK geocoder (https://
lbsyun.baidu.com/index.php?title=webapi/guide/webservice-
geocoding) to obtain the grids’ locations and averaged the grid
data of each region to capture climatic conditions.

After merging and excluding subregions (province,
state, or the local equivalent) with incomplete data, the
final dataset included 178 subregions in 15 European coun-
tries between March 7 and June 6, 2020 (Fig. 1). The num-
ber of subregions covered in each country is detailed in
Table S1.

Measuring outgoing mobility

Considering the high correlation between the four types of
Google mobility (Table S2), we used principal component
analysis to extract the common component as a new variable,
named outgoing mobility to capture public outdoor mobility.
The outgoing mobility of region i on day t was defined as
follows:

moboutit ¼ 0:5159� mobrrit þ 0:4725� mobgpit

þ 0:5148� mobtsit þ 0:4955� mobwit ð1Þ

where moboutit is the outgoing mobility of region i on day t;
mobrrit, mobgpit, mobtsit, and mobwit represent human mobil-
ity in retail and recreation, groceries and pharmacies, transit
stations, and workplaces, respectively. All variables were
standardized before input into Equation (1) (Singh and
Harrison 1985). The weights of the four mobility variables
in Equation (1) were obtained from the principal component
analysis. moboutit explained 85.69% of the variance of the
initial variables.
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Our main analysis used outgoing mobility data to explore
the association between outgoing mobility and COVID-19
infection as well as the moderating effect of solar radiation.
In the additional analysis, we used mobility data for retail and
recreation, groceries and pharmacies, transit stations, and
workplaces, respectively, to test the moderating effect of solar
radiation.

Statistical analysis

We used dynamic panel models to capture information on
the partial adjustment mechanism of COVID-19 infections
by adding lagged dependent variables to the model
(Weinhold 1999; Leszczensky and Wolbring 2019). The
most commonly used methods for estimating dynamic pan-
el models are Arellano and Bond’s (1991) difference gen-
eralized method of moments (GMM) and Blundell and
Bond’s (1998) system GMM. However, both perform poor-
ly when the panel is characterized by a low number of
individuals (Bogliacino et al. 2012). Thus, we used the least
squares dummy variable corrected (LSDVC) estimator
(Bruno 2005a), which performs well when the number of
individuals is small and the panel is severely unbalanced
(Bruno 2005b). Dang et al. (2015) found that the LSDVC
estimator performs better for estimating dynamic panel data
models in various experiments and empirical research when
allowing for the presence of unobserved heterogeneity,
endogeneity, and residual serial correlation. We also used
the standard fixed effects estimation as a robustness check
(Flannery and Hankins 2013).

Given the incubation period of COVID-19, we used a
moving-average approach to account for the lag effect of solar
radiation, human mobility, temperature, and rainfall (Xie and

Zhu 2020; Duan et al. 2019). There were two parts to our
analysis. Firstly, we examined the association of COVID-19
infection with human mobility and solar radiation (Model 1)
as follows:

Y it ¼ α0 þ α1Y i;t−1 þ α2solaritl þ α3mobilityitl

þ α4temitl þ α5rainitl þ ηt þ μi þ εit ð2Þ

where t is the date and i is the subregion; Yit is the daily
number of new confirmed COVID-19 cases; solaritl and
mobilityitl represent the (l + 1)-day moving average term

(lag0–l) of solar radiation and human mobility in the region i
(we considered three lag levels: 1 week, l= 7; 2 weeks, l= 14;
and 3 weeks, l= 21), respectively; temitl and rainitl are the
average temperature and rainfall during the same period, re-
spectively; ηt is the day fixed effects; μi is the unobserved
subregion-specific effect; εit is the regression residual; α0 is
the intercept; and α1, α2, α3, α4 and α5 are the corresponding
coefficients.

Next, we explored whether solar radiation moderates the
relationship between human mobility and COVID-19 infec-
tion using Model 2 (Equation (3)). The variables were cen-
tered before the interaction term was calculated to avoid
multicollinearity (Zheng et al. 2021). The model was
expressed as follows:

Y it ¼ β0 þ β1Y i;t−1 þ β2solaritl þ β3mobilityitl

þ β4solaritl � mobilityitl þ β5temitl þ β6rainitl

þ ηt þ μi þ εit ð3Þ

where β0 is the intercept and β1, β2, β3, β4, and β5 are the
corresponding coefficients.

Fig. 1. Locations of 15 European
countries and the cumulative
number of confirmed new cases
between 7March and 6 June 2020
in the included subregions in each
country.
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Results

Descriptive analysis

Table 1 presents the descriptive statistics for meteorologi-
cal variables, daily numbers of COVID-19 patients, and
outgoing mobility. Over 923,000 confirmed COVID-19
cases were included in our study. The average daily number
of new confirmed cases was 65.7 (maximum: 3,251). The
average daily mean solar radiation level was 235.410 W/m2

(minimum: 15.925 W/m2). The average daily mean temper-
ature and rainfall were 11.235 °C and 1.409 mm,
respectively.

Table 2 shows the Spearman correlation coefficients be-
tween meteorological variables and mobility. Outgoing mo-
bility was positively correlated with solar radiation, tempera-
ture, and rainfall.

Estimation results of multivariate regression

Columns (1), (3), and (5) in Table 3 show the moving average
lag effects (lag0–7, lag0–14, and lag0–21) of outgoing mobil-
ity and solar radiation on COVID-19 infection according to
Equation (2). Outgoing mobility was positively associated
with the number of daily new confirmed COVID-19 cases.
A unit increase in outgoing mobility was associated with in-
creases of 3.898 (95% confidence interval [CI]: 0.553–7.242),
6.922 (95% CI: 3.016–10.827), and 8.557 (4.736–12.378) in
the number of daily new confirmed COVID-19 cases for
lag0–7, lag0–14, and lag0–21, respectively.

Solar radiation was negatively correlated with the number
of daily new confirmed COVID-19 cases at all three lag
levels, indicating a negative association between solar radia-
tion and COVID-19 transmission. The lag effect on COVID-
19 infection of 1W/m2 of solar radiation was −0.065 (95%CI:
−0.104 to −0.026) at lag0–7, −0.087 (95% CI: −0.133 to
−0.041) at lag0–14, and −0.111 (95% CI: −0.162 to −0.059)
at lag0–21. Thus, it was possible that high levels of solar
radiation protected patients from COVID-19 infection.

Further analyses investigated the interactive impact of solar
radiation and outgoing mobility. Interaction items of solar
radiation and outgoing mobility were introduced in columns
(2), (4), and (6) in Table 3. The interaction items were signif-
icantly and negatively correlated at the subregion level with
new confirmed cases at lag0–14 and lag0–21. Fig. 2 depicts
how solar radiation moderated the relationship between out-
going mobility and COVID-19 infection and suggests that
high levels of solar radiation helped to mitigate the increased
risk of outgoing mobility for COVID-19 infection. However,
the interacting impact was too small to eliminate the risk of
infection from going outside, and there was still a positive
association between outgoing mobility and COVID-19 infec-
tion, even when exposed to high levels of solar radiation. The
robustness checks showed similar results (Table S3).

Additional analyses using mobility data for retail and rec-
reation, groceries and pharmacies, transit stations, and work-
places to separately test the moderating effect of solar radia-
tion on the relationship between mobility and COVID-19 in-
fection (Fig. S1–S4) also revealed a feeble association.

Discussion

We explored the moderating effect of solar radiation on the
relationship between human mobility and COVID-19 infec-
tion in Europe using data on new confirmed cases from 178
subregions (province, state, or local equivalent) in 15 coun-
tries from March 7–June 6, 2020.

We found a significant negative correlation between solar
radiation and confirmed new COVID-19 at all three lag levels,
which was consistent with most previous studies (Li et al.
2020a; Guasp et al. 2020; Thangriyal et al. 2020). Solar radi-
ation might help to reduce the likelihood of transmission by

Table 1 Descriptive statistics of COVID-19 patients, meteorological
variables, and outgoing mobility

Variable Mean Std.Dev. Min Max

Daily new confirmed cases 65.700 188.127 0 3251

Solar radiation (W/m2) 235.410 65.770 15.925 415.9

Average temperature (°C) 11.235 5.117 −9.844 26.104

Rainfall (mm) 1.409 3.377 0 47.171

Outgoing mobility −0.650 1.574 −4.623 5.006

Std.Dev. standard deviation

Table 2 Spearman correlation
coefficients among
meteorological variables and
outgoing mobility

Solar radiation Average temperature Rainfall Outgoing mobility

Solar radiation 1

Average temperature 0.249*** 1

Rainfall 0.050*** −0.075*** 1

Outgoing mobility 0.048*** 0.055*** 0.046*** 1

Level of significance: *** 1%, ** 5%, * 10%.
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inactivating viruses (Carvalho et al. 2021; Sagripanti and
Lytle 2020; Biasin et al. 2021). Additionally, exposure to solar
radiation, mainly through outdoor activities, plays another
protective role via vitamin D synthesis in the skin (Adams
et al. 1982; Kimlin 2008; Engelsen 2010). Recent clinical
studies have confirmed the association between vitamin D
deficiency and COVID-19 incidence (Meltzer et al. 2020;
Ali 2020; Luo et al. 2021). However, some studies also re-
ported that sunshine duration (Asyary and Veruswati 2020) or
solar radiation (Yao et al. 2020; Ahmadi et al. 2020) was not
associated with the incidence of COVID-19 infection.
Notably, because the inactivating effect of sunlight on
COVID-19 may not be immediate, the lag effect of sunlight
might have been overlooked in these studies. We found that
outgoing mobility was positively correlated with the number
of new confirmed cases at all three lag levels, consistent with
previous studies (Kraemer et al. 2020; Xiong et al. 2020;
Oztig and Askin 2020; Cartenì et al. 2020) and our conjecture.

Our results also demonstrated the negative moderating ef-
fect of solar radiation at 2- and 3-week lag levels, providing
evidence that solar radiation could mitigate the relationship
between human mobility and COVID-19 infection in Europe.
This was probably because high levels of solar radiation would
be more conducive to inactivating coronaviruses and reducing
the viral load, thereby weakening coronavirus transmission
(Ratnesar-Shumate et al. 2020) and reducing the likelihood of
COVID-19 infection caused by outgoing mobility. However,
coronavirus replication is exceptionally rapid (Chu et al. 2020),
and most viruses spread under conditions where they are not
typically exposed to sunlight or where they receive insufficient
sunlight exposure to result in inactivation. Therefore, we con-
cluded that the moderating effect of solar radiation was too
weak to eliminate the correlation between outgoing mobility
and COVID-19 infection. These findings contribute to the lit-
erature on the association of environmental factors and
COVID-19 transmission, such as temperature (Xie and Zhu
2020; Ma et al. 2020; Shahzad et al. 2020a, b; Iqbal et al.
2020; Doğan et al. 2020), humidity (Liu et al. 2020; Fareed
et al. 2020; Doğan et al. 2020), and air pollution (Zhu et al.,
2020; Shakoor et al. 2020; Fareed et al. 2020; Shahzad et al.
2020b; Doğan et al. 2020). We have provided new evidence
that besides the direct effect on virus transmission, solar radia-
tion could also be helpful to control the pandemic bymitigating
the association between human mobility and COVID-19
infection.

This study provides several policy implications for govern-
ments and the public. First, governments should not relax
human mobility restrictions based solely on weather condi-
tions (e.g., moving into summer) because solar radiation only
weakly mitigates the relationship between human mobility
and COVID-19 infection. For citizens, although the exposure
to more sunlight boosts the immune system, public mobility
outdoors carries a risk of infection, even on sunny days.Ta
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Overall, we recommended that people are exposed to more
sunlight without increasing outdoor mobility, such as on their
balconies or in their gardens. Recently, the relative control of
the COVID-19 pandemic with increasing levels of vaccina-
tions has resulted in many countries gradually lifting their
lockdown restrictions. We recommend that outdoor activities
are opened first and the reopening of some indoor activities,
such as restaurants, be moved outside during the daytime as
much as possible.

There are several limitations to our study. Firstly, we ana-
lyzed the number of daily reported new cases, which might
differ from the actual numbers. Secondly, the human mobility
data were only obtained from Google. Although it might well
approximate the overall mobility level in each region, the
numbers could be biased because Google could not capture
all the mobility. Thirdly, we only focused on the association,
not the causal effect, and there could be endogeneity issues
caused by unidentified confounders associated with this ob-
servational study.

Conclusion

We found a positive correlation between outgoing mobility
and COVID-19 infection and a negative correlation between
solar radiation and COVID-19 infection. Additionally, the in-
fluence of outgoing mobility on COVID-19 transmission de-
creased with increased levels of solar radiation at 2- and 3-
week lag levels. However, such a moderating effect was un-
able to eliminate the association of outgoing mobility with
COVID-19 infection. Our findings correct the misconception
that it is safe to go out on a sunny day, providing policy
implications that lifting lockdown measures on sunny days
is inappropriate. However, considering that the pandemic
has been relatively controlled with vaccinations and many
countries have relaxed lockdown restrictions, it is recom-
mended that some indoor activities, such as reopening restau-
rants, be moved outside during the daytime as much as
possible.
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