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Evidence of protective role
of Ultraviolet‑B (UVB) radiation
in reducing COVID‑19 deaths
Rahul Kalippurayil Moozhipurath*, Lennart Kraft & Bernd Skiera
Prior studies indicate the protective role of Ultraviolet-B (UVB) radiation in human health, mediated
by vitamin D synthesis. In this observational study, we empirically outline a negative association of
UVB radiation as measured by ultraviolet index (UVI) with the number of COVID-19 deaths. We apply
a fixed-effect log-linear regression model to a panel dataset of 152 countries over 108 days (n = 6524).
We use the cumulative number of COVID-19 deaths and case-fatality rate (CFR) as the main dependent
variables and isolate the UVI effect from potential confounding factors. After controlling for timeconstant and time-varying factors, we find that a permanent unit increase in UVI is associated with a
1.2 percentage points decline in daily growth rates of cumulative COVID-19 deaths [p < 0.01] and a 1.0
percentage points decline in the CFR daily growth rate [p < 0.05]. These results represent a significant
percentage reduction in terms of daily growth rates of cumulative COVID-19 deaths (− 12%) and CFR
(− 38%). We find a significant negative association between UVI and COVID-19 deaths, indicating
evidence of the protective role of UVB in mitigating COVID-19 deaths. If confirmed via clinical studies,
then the possibility of mitigating COVID-19 deaths via sensible sunlight exposure or vitamin D
intervention would be very attractive.
COVID-19 is causing significant economic, healthcare and social disruption globally. However, it is not yet
known how to prevent or treat COVID-19. Prior studies indicate the protective role of Ultraviolet-B (UVB)
radiation in human health. UVB radiation exposure is a major source of vitamin D, which increases immunity
and reduces the likelihood of severe infections and mortality.
A recent COVID-19 study indicates abnormally high case-fatality-rate (CFR) of 33.7% among nursing home
residents1, which is consistent with studies indicating higher prevalence of vitamin D deficiency among them
because of their lower mobility2,3. Increasingly, studies establish a link between vitamin D deficiency and comorbidities such as cardiovascular d
 isease4, hypertension5, obesity2,6, type 1, and type 2 d
 iabetes7. This evidence is
consistent with clinical studies in China and Italy that indicate comorbidities such as hypertension, diabetes and
cardiovascular diseases could be important risk factors for critical COVID-19 c ases8–10. Epidemiology of COVID19 provides evidence that vitamin D might be helpful in reducing risk associated with COVID-19 d
 eaths11,12. If
such a link is true, then it will be cost-effective to mitigate COVID-19 via sensible exposure to sunlight or via
vitamin D nutritional intervention. Yet, to the best of our knowledge, so far, no empirical study has used data
across many countries to explore the association between UVB radiation as measured by ultraviolet index (UVI)
and the number of deaths attributed to COVID-19 (COVID-19 deaths).
The aim of this study is therefore to examine the relation of UVB radiation, as measured by ultraviolet index
(UVI), with the number of COVID-19-deaths. The results of our study demonstrate that a one-unit increase in
UVI is associated with a 1.2 percentage points decline in daily growth rates of cumulative COVID-19 deaths. The
robustness checks confirm the stability of our results because they show a similar effect of UVI on case fatality
rate (effect size: − 0.010) and comparable results across a variety of different model specifications (effect size:
− 0.006 to − 0.012).
A major threat to identifying the effect of UVB with the number of COVID-19 deaths is the presence of time
trends, which could affect UVI as well as the number of COVID-19 deaths. For example, many countries affected
by COVID-19 in spring 2020 are in the northern hemisphere leading to a natural phenomenon that UVI increases
over time. In addition, growth rates of the cumulated COVID-19 deaths are decreasing over time. This negative
correlation between UVI and the cumulated COVID-19 deaths due to time is the source of the identification
problem. We address this problem through our statistical analysis in which we flexibly isolate UVI from linear
or non-linear time trends which can be either similar across countries or even country-specific.
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Figure 1.  Explanation of protective role of Ultraviolet-B (UVB) radiation in COVID-19 deaths mediated by
vitamin D synthesis and deficiency.

Importance of UVB radiation for human health

Prior studies find that UVB radiation plays a protective role in human health because it reduces the severity of
immune diseases13, reduces the risk of getting cancer—e.g., prostate cancer14 and dying from cancer15,16 and may
reduce the prevalence of hypertension17.
Humans receive vitamin D either from their diet (natural food, fortified food or supplements) or from skin
synthesis by solar UVB radiation exposure18. Vitamin D levels are also associated with dietary patterns. For
example, vegetarians and vegans tend to have lower vitamin D levels than meat and fish e aters19. In general,
skin synthesis is the major source of vitamin D
 20,21, as the dietary intake is usually i nsufficient22. Various studies
consider that UVB exposure twice a week is sufficient to maintain vitamin D levels22 and that vitamin D once
produced can be stored in body fat and can be utilized l ater22, indicating a lagged effect of UVB.
UVB radiation varies significantly across latitudes, seasons and time of the day. Specifically, during winter
months in northern latitudes (e.g., above 35° latitude—Oklahoma, USA), the ozone absorbs most of the U
 VB23,
leading to a reduced likelihood of UVB radiation exposure and thereby insufficient vitamin D synthesis as
indicated in Fig. 1.
Studies indicate that the transmission dynamics of viruses are associated with weather f actors24 such as
humidity25, UV index3, temperature26 and precipitation26,27. Influenza, a viral disease which affects the respiratory tract, shows seasonality and tends to peak in winter28 coinciding with low temperature26,29, low humidity30,31
and low UV I ndex26. The influence of meteorological factors on seasonal influenza may be primarily due to their
impact on viral survival and transmission30,32. Studies also indicate that the seasonality of influenza in higher
latitude countries may be partly due to the seasonal variation of UVB radiation and the associated vitamin D
skin synthesis11,33,34 . Grant et al.11 reviews the literature on influenza epidemiology and COVID-19 characteristics providing an early indication that vitamin D intervention may lower the risks associated with seasonal
influenza and COVID-1911.
Early COVID-19 evidence indicates that significant outbreaks are associated with weather factors such as
temperature and humidity27,35. Furthermore, weather factors such as cloud cover, precipitation, visibility and
temperature influence the likelihood of exposure to UVB radiation and thereby vitamin D deficiency due to
reduced skin synthesis. For example, clouds not only reduce the amount of UVB radiation but also the likelihood of UVB radiation exposure as people are more likely to undertake outdoor activities on less cloudy days.
Therefore, we control for these time-varying confounding factors to isolate the protective role of UVB Radiation.
Lifestyle and mobility also influence the likelihood of UVB radiation exposure3,36,37. Similarly, the likelihood
of vitamin D deficiency increases with a ge22, skin pigmentation38 and obesity due to reduced skin synthesis39.
Specifically, people with darker skin pigment require higher UVB exposure compared to those with lighter
pigmented skin to synthesize similar levels of vitamin D
 38.
Studies indicate that UV radiation may help in reducing the likelihood of transmission by inactivating viruses
in transmission40. However, UVB radiation also plays another protective role via vitamin D skin synthesis. Since
UVB radiation exposure is a major source of vitamin D, an increase in the likelihood of skin exposure to UVB
radiation increases vitamin D synthesis, thereby reducing the likelihood of vitamin D deficiency. Therefore,
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Number of countries in the world

195

Number of countries in our dataset

183

… > 0 cumulated number of COVID-19 deaths before 8 May 2020

158

… > 20 cumulated number of COVID-19 infections before 8 May 2020

152

Covered time-period

22 January 2020–8 May 2020 (108 days)

Granularity of data

Daily

COVID-19 data source (John Hopkins University)

https://github.com/
CSSEGIS and Data/COVID-19

Latitude and longitude data source for each country that is used to match weather data (John
Hopkins University)

https://github.com/
CSSEGIS and Data/COVID-19

Weather data source

https://darksky.net/

Table 1.  Summary of dataset.

different time-varying and time-constant factors influencing the UVB radiation variation and exposure also
influence the likelihood of vitamin D synthesis and thereby deficiency.
Prior studies indicate that vitamin D deficiency increases the likelihood of weakened immune response18,41,42,
infectious diseases in the upper respiratory tract22,43,44 and the severity as well as mortality in critically ill
patients45. From a biological perspective, there are several reasons to hypothesize that vitamin D may reduce
the risk of severe cases and deaths in COVID-1911,46. Vitamin D, through its active form, 1,25-dihydroxyvitamin D [1,25 (OH)2D], plays an essential role in the immunomodulation of both—innate and adaptive immune
systems11,46. Vitamin D, via its active form, enhances innate immunity by the stimulation of antimicrobial
peptides such as defensins and human cathelicidin, with anti-viral effects such as the ability to disrupt viral
envelopes11,46–48. It also modulates the inflammatory response by suppressing the excessive expression of proinflammatory cytokines, thereby reducing the risk of cytokine s torm11,46. Studies indicate that vitamin D, through
its active form, 1,25 (OH)2D, may also play a protective role in modulating renin-angiotensin system (RAS), specifically in regulating the expression of ACE2 (angiotensin-converting enzyme-2)46,49,50. Overactivation of reninangiotensin system (RAS) is increasingly associated with poor clinical outcomes in COVID-1951,52. Emerging
epidemiological and clinical evidence related to COVID-19 also suggests that vitamin D deficiency is associated
with an increased likelihood of COVID-19 i ncidence53–55, severity56 and m
 ortality57, further providing evidence
for the vitamin D mediated protective role of UVB radiation.
Therefore, we expect that an increased skin synthesis of vitamin D due to increased UVB radiation increases
the likelihood of immunity and reduces the likelihood of severe infections, thereby reducing the critical COVID19 cases. Thus, we anticipate that an increase in UVB radiation as measured by ultraviolet index (UVI) relates
to a reduction of the number of COVID-19 deaths. Figure 1 summarizes these different factors that explain the
potential protective role of UVB radiation in reducing COVID-19 deaths, mediated by vitamin D synthesis and
deficiency.

Methods

Description of data. In order to identify the relation of UVB radiation and COVID-19 deaths, we constructed the dataset outlined in Table 1. We collected data covering 108 days from 22 January 2020 until 8 May
2020 across 183 countries of which 158 reported the number of COVID-19 deaths prior to 8 May 2020 and of
which 152 reported more than 20 COVID-19 infections prior to 8 May 2020. We focus on those 152 countries to
ensure that the results are not biased by countries that are at a very early stage of the COVID-19 outbreak, which
would limit data points with respect to COVID-19 deaths. In addition, we drop the first 20 daily observations
of every country after that country reported the first COVID-19 infection to further ensure that results are not
biased by the observations at the very early stage of the COVID-19 outbreak.
The corresponding country level data consist of the cumulative daily number of COVID-19 deaths and
infections. They also consist of the daily ultraviolet index (UVI), which is closely connected to the daily UVB
radiation, and a set of control variables such as daily weather parameters that include precipitation index, cloud
index, ozone level, visibility level, humidity level, minimum and maximum temperature. We source COVID-19
data from John Hopkins University58 and the weather data from darksky.net based on the latitude and longitude
information of countries that are provided by John Hopkins University.
We present descriptive statistics of the dataset in Table 2. As of 8th of May, 2020, the cumulative COVID-19
deaths of these 152 countries were on average 1,800 and the growth rate of COVID-19 deaths across all countries
on 8 May was on average 2.6% as compared to the average growth rate of COVID-19 deaths across all countries
and time which was 10%. The cumulative COVID-19 infections per country were on average 26,000. The casefatality-rate (CFR), as measured by the cumulative COVID-19 deaths divided by the cumulative COVID-19
infections per country, was on average 4.3% on 8 May. The growth rate of CFR on 8 May was on average -1.1% as
compared to the growth rate of CFR across countries and time which was 2.6%. We use cumulative COVID-19
deaths as the main dependent variable to test our hypothesis linking UVB radiation to COVID-19 deaths and
use the CFR to test the consistency of our results. On average, the first reported COVID-19 infection in each
country happened 68 days before 8 May 2020. UVI is on average 6.8 representing a moderate to high risk of
harm from unprotected sun exposure.
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Variable

Number of countries

Number of observations

Mean

Std. dev

Min

Max

Cumulated COVID-19 deaths on 8 May

152

152

1,800

7,800

1

77,000

Growth rate of cumulative COVID-19
deaths on 8 May

152

152

0.026

0.051

0

0.4

Daily growth rate of cumulative COVID19 deaths

152

6589

0.10

0.26

−1

9

Cumulated COVID-19 infections on 8
May

152

152

26,000

111,000

23

1,284,000

CFR on 8 May

152

152

0.043

0.037

0.001

0.21

Growth rate of CFR on 8 May

152

152

− 0.011

0.057

− 0.42

0.24

Daily growth rate of CFR

152

6589

0.026

0.20

−1

5.9

Time-passed by from first reported infection until 8 May

152

152

68

18

29

108

Daily ultraviolet index (UVI)

152

7471

6.8

3.1

0

14

Daily precipitation index

152

7471

0.29

0.31

0

1

Daily cloud index

152

7471

0.50

0.30

0

1

Daily ozone level

152

7471

308

47

236

473

Daily visibility level

152

7471

15

2.2

0.12

16

Daily humidity level

152

7471

0.63

0.20

0.04

1

Minimum temperature per day within a
country

152

7471

12

10

− 23

31

Maximum temperature per day within
a country

152

7471

23

10

− 16

46

Table 2.  Descriptive statistics of data set.

Illustration of ultraviolet index (UVI) and COVID‑19 deaths. Figure 2 shows the cumulative

COVID-19 deaths and the associated daily growth rates for Italy from 26 February 2020 until 8 May 2020. As
time progresses, the cumulative COVID-19 deaths increase but at a slower rate. Initially, the growth rate is high
at 42% (growth rate from 26 to 27 February) and it gradually slows to 0.8% (growth rate from 7 to 8 May).
Figure 2 also shows the daily growth rates and daily UVI of Italy as well as the UVI values lagged by one, two,
three, four and five weeks respectively. It is important to consider the lagged effect of UVI because synthesized
vitamin D is cumulative and can be used later because it is stored in body f at22. Therefore, it seems more plausible
that an increase of UVI today will continue to support an individual’s immunity later i.e., in two or more weeks.
Furthermore, the likelihood of skin synthesis is low in severely infected people, while they are hospitalized,
indicating the importance of lagged UVI values.
It is evident that the growth rates slow down over the observation period, as counter-measures imposed by
governments take effect, which results in lower infection rates and lower mortality rates. At the same time, the
UVI in the northern hemisphere countries is increasing due to seasonal changes from January to May. In order to
approximate the association of UVI with cumulative COVID-19 deaths, we need to isolate it from the underlying
time-trends, which are potentially affecting both UVI as well as the growth rates of cumulative COVID-19 deaths.

Results

We estimate the effect of UVI on the cumulative COVID-19 deaths by using log-linear fixed-effects regression.
The effect of UVI is isolated from time-constant country-specific factors (see Fig. 1) by using a within-transformation of the transformed structural model as outlined in Eq. (1) in Supplementary Appendix 1. Further,
we use the partialling-out property to isolate the effect of UVI from all linear as well as some non-linear effects
of time-varying factors such as weather and time, which may confound the results. Our statistical analysis is
outlined in detail in Description of Methodology section in Supplementary Appendix 1.
The key finding is the significant negative long-run association of UVI on cumulative COVID-19 deaths.
As we outline in the Identification of UVI Effect section in Supplementary Appendix 1, the estimate is likely
to identify an upper bound of the relation, indicating that the association could be even stronger. Our results
presented in Table 3 suggest that a permanent unit increase of UVI is associated with a decline of 1.2 percentage
points in daily growth rates of cumulative COVID-19 deaths [p < 0.01]. Relative to the average daily growth rate
of cumulative COVID-19 deaths (10%), this decline translates into a significant percentage change of − 12%
(= − 1.2%/10%). We further find that a permanent unit increase of UVI is associated with a decline of 1.0 percentage points in the daily CFR growth rate [p < 0.05]. Compared with the average daily growth rate of CFR (2.6%),
this decline translates into a significant percentage change of − 38% (= − 1.0%/2.6%).
The results indicate no significant association from an increase of UVI on cumulative COVID-19 deaths on
the same day or a week ahead. This insignificant finding is consistent with the fact that severely infected people are
more likely to be hospitalized and therefore less likely to be exposed to UVB radiation during their hospital stay.
We further recognize that UVB radiation may not make a real difference if someone is already severely infected
and developed severe complications. The results also show that UVI has a stronger relation to COVID-19 deaths
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Figure 2.  Cumulative number and growth rates of COVID-19 deaths and Ultraviolet index (UVI) for Italy.
than CFR. We anticipate that the weaker association with CFR is plausible as UVI helps in vitamin D synthesis,
making the infection less severe due to increased immunity, thereby prompting fewer people to take the test.
The results of the robustness checks presented in Table S2 and Table S3 (Robustness Checks section in Supplementary Appendix 1) suggest that the relation of UVI on cumulative COVID-19 deaths is consistent (between
− 0.006 and − 0.012) across different model specifications which isolate the association of UVI from underlying
time trends in flexible ways. In fact, the most flexible model—Model 8 of Table S3 (Robustness Checks section in
Supplementary Appendix 1)—reveals substantial and significant evidence of the UVI relation with cumulative
COVID-19 deaths (− 0.008, p < 0.05). The results of the robustness checks in Table S9 and Table S10 (Robustness
Checks section in Supplementary Appendix 1) suggest that the association of UVI with cumulative COVID19 deaths is stable even after considering governmental measures such as the lockdown (between − 0.007 and
− 0.012).
Figure 3 outlines that the decline of 1.2 percentage points in daily growth rates of cumulative COVID-19
deaths has significant long-run effects on the cumulative COVID-19 deaths. In order to simulate the long-run
effects, we take the average number of cumulative COVID-19 deaths across all 152 countries as of May 8, 2020,
i.e., 1800 as cumulative COVID-19 deaths at day 0. Figure 3 also outlines a scenario with a permanent unit
increase of UVI over the baseline scenario of average UVI of 6.8 across countries is associated with 1,000 or
14% fewer deaths in 14 days.

Discussion

In this study, we find evidence of the protective role of UVB radiation in reducing COVID-19 deaths. Specifically, we find that a permanent unit increase in Ultraviolet index (UVI) is associated with a 1.2 percentage points
decline in daily growth rates of COVID-19 deaths [p < 0.01] as well as a 1.0 percentage points decline in the
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Model 1

Model 2

COVID-19 deaths

CFR

Dependent variable
L0.UVI

− 0.002 (− 1.53)

− 0.001 (− 0.41)

L1.UVI

0.000 (0.02)

− 0.001 (− 0.37)

L2.UVI

− 0.002 (− 1.03)

− 0.004* (− 2.18)

L3.UVI

− 0.002 (− 1.29)

− 0.002 (− 1.49)

L4.UVI

− 0.003* (− 2.03)

− 0.003 (− 1.53)

L5.UVI

− 0.002 (− 1.23)

0.000 (0.08)

Long− run coefficient

− 0.012** (F: 8.33)

− 0.010* (F: 6.23)

Control variables
Time trend of growth rate

Linear

Linear

Country fixed-effects

Yes

Yes

Precipitation index

Yes

Yes

Cloud index

Yes

Yes

Ozone level

Yes

Yes

Visibility level

Yes

Yes

Humidity level

Yes

Yes

Temperature (min and max)

Yes

Yes

Number of estimates

49 (+ 152 FE)

49 (+ 152 FE)

Number of observations

6524

6524

Number of countries

152

152

R-squared within

13.74%

1.80%

Table 3.  Effect of UVI on cumulative COVID-19 deaths. t-statistics based on robust standard errors in
parentheses. F-statistic for long-run coefficient in parentheses. L0.UVI stands for the effect of UVI at time t on
the cumulated number of COVID-19 deaths at the same time, whereas L1.UVI, L2.UVI, L3.UVI, L4.UVI and
L5.UVI stand for the effect of UVI lagged by 1, 2, or 3, 4 and 5 weeks respectively. FE stands for country fixedeffects. + p < 0.10, *p < 0.05, **p < 0.01.

Figure 3.  Long-run effects of a permanent unit increase of Ultraviolet index (UVI) on average cumulative
COVID-19 deaths across countries.
daily growth rates of CFR [p < 0.05]. These results translate into a significant percentage reduction in terms of
the daily growth rates of cumulative COVID-19 deaths (− 12%) and CFR (− 38%). Our results are consistent
across different model specifications.
We control for all time-constant as well as various time-varying factors such as weather which may also have
an effect on the transmission of the virus. We acknowledge that we may not be able to isolate the association of
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UVI with cumulative COVID-19 deaths from all other time-varying confounding factors. Still, we anticipate that
an increased likelihood of immunity and a reduced likelihood of infections mediated by an increased likelihood
of vitamin D synthesis may plausibly explain this finding. We also acknowledge that we may not be able to rule
out the possibility of mediation by the reduced likelihood of transmission due to inactivation of the virus by UVB
as well as via other UVB induced mediators—such as cis-urocanic acid, nitric o
 xide13,40,59.
As of 24 September 2020, some of the latest trends in daily deaths in selected northern and southern hemisphere countries across diverse latitude, hemisphere and demographics are in line with our findings58. Firstly,
four of the worst affected European countries in terms of total deaths –UK, Italy, France and Spain, all with an
older demographics—experienced their peak in daily deaths during late winter and early spring in the northern
hemisphere58. The daily number of new infections in these countries increases again in late summer and early
autumn, but not the daily d
 eaths58. That relation between number of new infections and death was different
in late winter and early spring58. Secondly, countries in the southern hemisphere like South Africa, Australia,
Brazil and Chile show a declining trend after experiencing their daily deaths’ peaks in winter58. An exception
is Argentina, where the daily deaths are still increasing. Thirdly, India, a sub-tropical northern hemisphere
country with younger demographic—is still experiencing an increasing number of daily deaths coinciding with
the monsoon season58.
Recent clinical studies also indicate an association between vitamin D deficiency and COVID-19
incidence53–55, severity56 and mortality57 that are in line with the results of our study. However, we acknowledge
that our results only provide partial evidence of the protective role of UV radiation and, therefore, should not
serve as a substitute for clinical s tudies60. Further clinical studies—observational or randomized controlled trials—are required to establish the casual relationship of vitamin D deficiency and COVID-19 deaths, potentially
leading to a cost-effective policy intervention for the prevention or as a therapy for COVID-19. The possibility of
mitigating COVID-19 via sensible exposure to sunlight or via vitamin D intervention seem to be very attractive
from a policy maker’s perspective because of their low cost and side effects.
While sensible exposure to sunlight helps in synthesizing vitamin D, disproportionate exposure may also
increase the risk of adverse health e ffects22. Solar UV radiation in general is associated with health risks such as
actinic keratosis61, degenerative aging62 and wrinkles62. Excessive exposure to solar UV radiation can also cause
sunburn22 and damage DNA in skin c ells62. Studies indicate that disproportionate exposure to solar UV radiation
is also associated with common skin cancer types such as melanoma (primarily Ultraviolet-A (UVA)), basal cell
carcinoma (UVA and UVB) and squamous cell carcinoma (UVB)63. Therefore, disproportionate solar exposure
needs to be avoided to mitigate any adverse health effects.
Various countries are implementing lockdown as a preventive measure to mitigate COVID-19 impact on
healthcare system. Unfortunately, confinement at home also leads to limited UVB exposure and, thus, possibly
increasing the risk of COVID-19 deaths. Countries could create awareness among the population regarding the
importance of sensible exposure to sunlight, whilst continuing other measures such as social distancing as well
as cautioning against disproportionate exposure. If confirmed via additional clinical studies, then countries could
adopt a cost-effective vitamin D intervention program—especially among vulnerable populations with increased
risk of vitamin D deficiency, e.g., elderly populations living in nursing homes, people with high body mass index,
dark skinned people residing in higher latitudes, people with indoor lifestyle, or vegetarians.

Limitations

In addition to time-varying weather factors, time-constant and time-varying human factors can affect COVID19 deaths. Such time-constant human factors include the age distribution of the population, location, medical
treatment system, chronic disease rate, dietary pattern, co-morbidities and proportion of people in care homes
in a country because those factors hardly vary during our observation period. Time-varying human factors such
as travel patterns, pollution, testing capacity and governmental measures such as lockdowns, wearing masks and
social distancing may also affect COVID-19 deaths. Our methodology controls for all country-specific timeconstant confounding factors as well as some of the time-varying confounding factors such as air pollution and
the implementation of governmental measures, but has the following limitations.
Firstly, our method might be limited in capturing some of the time-varying factors. For example, time-varying
factors such as changes in people’s behaviours likely associate with the change of seasons (and, thus, UVB variation) and COVID-19 deaths. Such time-varying behaviours include varying travel pattern of infected people,
intake of more nutritious food and higher dietary supplement consumption due to the pandemic. Although we
control for governmental measures, we do not have data on whether people consistently adhered to these governmental measures. We also do not have data on time-varying testing capacities of different countries. Secondly,
our study does not use data on the level of vitamin D among the population in our countries that prevents the
analysis of the relationship between COVID-19 deaths and vitamin D levels. Finally, our study cannot explain
the disproportionate impact of COVID-19 among the elderly living in care homes, especially in many European
countries64–66. We anticipate that solar UVB exposure is less likely to influence these deaths due to their age as
well as their limited likelihood of exposure.

Data availability

The data used in the study are from publicly available sources. Data regarding COVID-19 are obtained on 9th
May 2020 from COVID-19 Data Repository by the Center for Systems Science and Engineering (CSSE) at Johns
Hopkins University and can be accessed at https://github.com/CSSEGISandData/COVID-19. Data regarding
weather is obtained from Dark Sky on the 9th May, 2020 and can be accessed at https://darksky.net/. We will
make specific data set used in this study available for any future research. Interested researchers can contact one
of the authors via email to get access to the data.

Scientific Reports |

(2020) 10:17705 |

https://doi.org/10.1038/s41598-020-74825-z

7
Vol.:(0123456789)

www.nature.com/scientificreports/
Received: 13 May 2020; Accepted: 6 October 2020

References

1. McMichael, T. M. et al. Epidemiology of covid-19 in a long-term care facility in King County Washington. N. Engl. J. Med. 382,
2005–2011 (2020).
2. Jacques, P. F. et al. Plasma 25-hydroxyvitamin D and its determinants in an elderly population sample. Am. J. Clin. Nutr. 66, 929–936
(1997).
3. Zittermann, A. Vitamin D in preventive medicine: are we ignoring the evidence?. Br. J. Nutr. 89, 552–572 (2003).
4. Wang, L. et al. Circulating 25-hydroxy-vitamin D and risk of cardiovascular disease: a meta-analysis of prospective studies. Circ.
Cardiovasc. Qual. Outcomes 5, 819–829 (2012).
5. Vimaleswaran, K. S. et al. Association of vitamin D status with arterial blood pressure and hypertension risk: a mendelian randomisation study. Lancet Diabetes Endocrinol. 2, 719–729 (2014).
6. Lagunova, Z., Porojnicu, A. C., Lindberg, F., Hexeberg, S. & Moan, J. The dependency of vitamin D status on body mass index,
gender, age and season. Anticancer Res. 29, 3713–3720 (2009).
7. Hintzpeter, B., Mensink, G. B. M., Thierfelder, W., Müller, M. J. & Scheidt-Nave, C. Vitamin D status and health correlates among
German adults. Eur. J. Clin. Nutr. 62, 1079–1089 (2008).
8. Onder, G., Rezza, G. & Brusaferro, S. Case-fatality rate and characteristics of patients dying in relation to COVID-19 in Italy. JAMA
2020(323), 1775–1776 (2020).
9. Porcheddu, R., Serra, C., Kelvin, D., Kelvin, N. & Rubino, S. Similarity in case fatality rates (CFR) of COVID-19/SARS-COV-2 in
Italy and China. J. Infect. Dev. Ctries. 14, 125–128 (2020).
10. Wang, D. et al. Clinical characteristics of 138 hospitalized patients with 2019 novel coronavirus–infected pneumonia in Wuhan
China. JAMA 2020(323), 1061–1069 (2020).
11. Grant, W. B. et al. Evidence that vitamin D supplementation could reduce risk of influenza and COVID-19 infections and deaths.
Nutrients 12, 988 (2020).
12. Watkins, J. Preventing a COVID-19 pandemic. BMJ https://doi.org/10.1136/bmj.m810 (2020).
13. Hart, P. H., Gorman, S. & Finlay-Jones, J. J. Modulation of the immune system by UV radiation: more than just the effects of
vitamin D?. Nat. Rev. Immunol. 11, 584–596 (2011).
14. Bodiwala, D. et al. Prostate cancer risk and exposure to ultraviolet radiation: further support for the protective effect of sunlight.
Cancer Lett. 192, 145–149 (2003).
15. Grant, W. B. An estimate of premature cancer mortality in the US due to inadequate doses of solar ultraviolet-B radiation. Cancer
94, 1867–1875 (2002).
16. Grant, W. B. An ecologic study of the role of solar UV-B radiation in reducing the risk of cancer using cancer mortality data, dietary
supply data, and latitude for European countries in Biologic Effects of Light 2001 (ed. Holick, M.F.) 267–276 (Springer, 2002).
17. Rostand, S. G. Ultraviolet light may contribute to geographic and racial blood pressure differences. Hypertension 30, 150–156
(1997).
18. Bouillon, R. et al. Skeletal and extraskeletal actions of vitamin D: current evidence and outstanding questions. Endocr. Rev. 40,
1109–1151 (2019).
19. Crowe, F. L. et al. Plasma concentrations of 25-hydroxyvitamin D in meat eaters, fish eaters, vegetarians and vegans: results from
the EPIC–Oxford study. Public Health Nutr. 14, 340–346 (2011).
20. Ovesen, L., Andersen, R. & Jakobsen, J. Geographical differences in vitamin D status, with particular reference to European
countries. Proc. Nutr. Soc. 62, 813–821 (2003).
21. Sichert-Hellert, W., Wenz, G. & Kersting, M. Vitamin intakes from supplements and fortified food in German children and adolescents: results from the DONALD study. J. Nutr. 136, 1329–1333 (2006).
22. Holick, M. F. Vitamin D deficiency. N. Engl. J. Med. 357, 266–281 (2007).
23. Holick, M. F. Vitamin D: importance in the prevention of cancers, type 1 diabetes, heart disease, and osteoporosis. Am. J. Clin.
Nutr. 79, 362–371 (2004).
24. Chretien, J.-P., George, D., Shaman, J., Chitale, R. A. & McKenzie, F. E. Influenza forecasting in human populations: a scoping
review. PLoS ONE 9, e94130 (2014).
25. Shaman, J., Jeon, C. Y., Giovannucci, E. & Lipsitch, M. Shortcomings of vitamin D-based model simulations of seasonal influenza.
PLoS ONE 6, e20743 (2011).
26. Ianevski, A. et al. Low temperature and low UV indexes correlated with peaks of influenza virus activity in Northern Europe during
2010–2018. Viruses 11, 207 (2019).
27. Yang, W. et al. Dynamics of influenza in tropical Africa: Temperature, humidity, and co-circulating (sub)types. Influenza Other
Respir. Viruses 12, 446–456 (2018).
28. Hope-Simpson, R. E. The role of season in the epidemiology of influenza. Epidemiol. Infect. 86, 35–47 (1981).
29. Lowen, A. C., Mubareka, S., Steel, J. & Palese, P. Influenza virus transmission is dependent on relative humidity and temperature.
PLoS Pathog 3, e151 (2007).
30. Shaman, J. & Kohn, M. Absolute humidity modulates influenza survival, transmission, and seasonality. Proc. Natl. Acad. Sci. 106,
3243–3248 (2009).
31. Shaman, J., Pitzer, V. E., Viboud, C., Grenfell, B. T. & Lipsitch, M. Absolute humidity and the seasonal onset of influenza in the
continental United States. PLoS Biol 8, e1000316 (2010).
32. Moriyama, M., Hugentobler, W. J. & Iwasaki, A. Seasonality of respiratory viral infections. Annu. Rev. Virol. 7, 1 (2020).
33. Cannell, J. J. et al. Epidemic influenza and vitamin D. Epidemiol. Infect. 134, 1129–1140 (2006).
34. Cannell, J. J., Zasloff, M., Garland, C. F., Scragg, R. & Giovannucci, E. On the epidemiology of influenza. Virol. J. 5, 29 (2008).
35. Sajadi, M. M. et al. Temperature, humidity and latitude analysis to predict potential spread and seasonality for COVID-19. Preprint
at https://doi.org/10.2139/ssrn.3550308 (2020).
36. Tangpricha, V., Pearce, E. N., Chen, T. C. & Holick, M. F. Vitamin D insufficiency among free-living healthy young adults. Am. J.
Med. 112, 659–662 (2002).
37. Semba, R. D., Garrett, E., Johnson, B. A., Guralnik, J. M. & Fried, L. P. Vitamin D deficiency among older women with and without
disability. Am. J. Clin. Nutr. 72, 1529–1534 (2000).
38. Clemens, T. L., Henderson, S. L., Adams, J. S. & Holick, M. F. Increased skin pigment reduces the capacity of skin to synthesise
vitamin D3. Lancet 319, 74–76 (1982).
39. Wortsman, J., Matsuoka, L. Y., Chen, T. C., Lu, Z. & Holick, M. F. Decreased bioavailability of vitamin D in obesity. Am. J. Clin.
Nutr. 72, 690–693 (2000).
40. Lytle, C. D. & Sagripanti, J.-L. Predicted inactivation of viruses of relevance to biodefense by solar radiation. J. Virol. 79, 14244–
14252 (2005).
41. White, J. H. Vitamin D signaling, infectious diseases, and regulation of innate immunity. Infect. Immun. 76, 3837–3843 (2008).
42. Liu, P. T. et al. Toll-like receptor triggering of a vitamin D-mediated human antimicrobial response. Science 311, 1770–1773 (2006).

Scientific Reports |
Vol:.(1234567890)

(2020) 10:17705 |

https://doi.org/10.1038/s41598-020-74825-z

8

www.nature.com/scientificreports/
43. Martineau, A. R. et al. Vitamin D supplementation to prevent acute respiratory tract infections: systematic review and meta-analysis
of individual participant data. BMJ 356, i6583 (2017).
44. Martineau, A. R. et al. High-dose vitamin D3 during intensive-phase antimicrobial treatment of pulmonary tuberculosis: a doubleblind randomised controlled trial. Lancet 377, 242–250 (2011).
45. Perron, R. & Lee, P. Efficacy of high-dose vitamin D supplementation in the critically ill patients. Inflamm. Allergy-Drug Targets
12, 273–281 (2013).
46. Charoenngam, N. & Holick, M. F. Immunologic effects of vitamin D on human health and disease. Nutrients 12, 2097 (2020).
47. Adams, J. S. et al. Vitamin D-directed rheostatic regulation of monocyte antibacterial responses. J. Immunol. 182, 4289–4295
(2009).
48. Herr, C., Shaykhiev, R. & Bals, R. The role of cathelicidin and defensins in pulmonary inflammatory diseases. Expert Opin. Biol.
Ther. 7, 1449–1461 (2007).
49. Cui, C. et al. Vitamin D receptor activation regulates microglia polarization and oxidative stress in spontaneously hypertensive
rats and angiotensin II-exposed microglial cells: role of renin-angiotensin system. Redox Biol. 26, 101295 (2019).
50. Xu, J. et al. Vitamin D alleviates lipopolysaccharide-induced acute lung injury via regulation of the renin-angiotensin system. Mol.
Med. Rep. 16, 7432–7438 (2017).
51. Cheng, H., Wang, Y. & Wang, G.-Q. Organ-protective effect of angiotensin-converting enzyme 2 and its effect on the prognosis of
COVID-19. J. Med. Virol. 92, 726–730 (2020).
52. Martineau, A. R. & Forouhi, N. G. Vitamin D for COVID-19: a case to answer?. Lancet Diabetes Endocrinol https: //doi.org/10.1016/
S2213-8587(20)30268-0 (2020).
53. D’Avolio, A. et al. 25-Hydroxyvitamin D concentrations are lower in patients with positive PCR for SARS-CoV-2. Nutrients 12,
1359 (2020).
54. Meltzer, D. O. et al. Association of vitamin D status and other clinical characteristics with COVID-19 test results. JAMA Netw.
Open 3, e2019722–e2019722 (2020).
55. Kaufman, H. W., Niles, J. K., Kroll, M. H., Bi, C. & Holick, M. F. SARS-CoV-2 positivity rates associated with circulating 25-hydroxyvitamin D levels. PLoS ONE 15, e0239252 (2020).
56. Entrenas Castillo, M. et al. Effect of calcifediol treatment and best available therapy versus best available therapy on intensive care
unit admission and mortality among patients hospitalized for COVID-19: a pilot randomized clinical study. J. Steroid Biochem.
Mol. Biol. 203, 105751 (2020).
57. Ilie, P. C., Stefanescu, S. & Smith, L. The role of vitamin D in the prevention of coronavirus disease 2019 infection and mortality.
Aging Clin. Exp. Res. 32, 1195–1198 (2020).
58. Dong, E., Du, H. & Gardner, L. An interactive web-based dashboard to track COVID-19 in real time. Lancet Infect. Dis. 20, 533–534
(2020).
59. Deliconstantinos, G., Villiotou, V. & Stravrides, J. C. Release by ultraviolet B (u.v.B) radiation of nitric oxide (NO) from human
keratinocytes: a potential role for nitric oxide in erythema production. Br. J. Pharmacol. 114, 1257–1265 (1995).
60. Hsiang, S. et al. The effect of large-scale anti-contagion policies on the COVID-19 pandemic. Nature https: //doi.org/10.1038/s4158
6-020-2404-8 (2020).
61. Ortonne, J.-P. From actinic keratosis to squamous cell carcinoma. Br. J. Dermatol. 146, 20–23 (2002).
62. D’Orazio, J., Jarrett, S., Amaro-Ortiz, A. & Scott, T. UV radiation and the skin. Int. J. Mol. Sci. 14, 12222–12248 (2013).
63. Grant, W. B. The effect of solar UVB doses and vitamin D production, skin cancer action spectra, and smoking in explaining links
between skin cancers and solid tumours. Eur. J. Cancer 44, 12–15 (2008).
64. Danis, K. et al. High impact of COVID-19 in long-term care facilities, suggestion for monitoring in the EU/EEA, May 2020.
Eurosurveillance 25, 2000956 (2020).
65. Burki, T. England and Wales see 20 000 excess deaths in care homes. Lancet 395, 1602 (2020).
66. Faghanipour, S., Monteverde, S. & Peter, E. COVID-19-related deaths in long-term care: the moral failure to care and prepare.
Nurs. Ethics 27, 1171–1173 (2020).

Acknowledgements

We would like to acknowledge Sharath Mandya Krishna, and Rukhshan Ur Rehman for their immense contribution to this paper—for providing inputs and assisting with data collection, data transformation and data
engineering. We thank Matthew Little for his assistance in review. We would also like to acknowledge Michael
Niekamp, Magdalena Ceklarz and Daniel Gutknecht for their valuable contributions to our paper and the discussions about COVID-19.

Author contributions

R.K.M. conceptualized the research idea, conducted literature research, designed theoretical framework and collected the data. L.K. designed empirical methods and analyzed the data. R.K.M. and L.K. interpreted the results
and wrote the article. B.S. provided critical inputs, edited and revised the article.

Funding

Open Access funding enabled and organized by Projekt DEAL. This study is not sponsored by any organization.
The corresponding author had full access to all the data and had final responsibility for the submission decision.

Competing interests

RKM is a PhD student at Goethe University, Frankfurt. He also is a full-time employee of a multinational
chemical company involved in vitamin D business and holds the shares of the company. This study is intended
to contribute to the ongoing COVID-19 crisis and is not sponsored by his company. BS also holds shares of the
company. All other authors declare no competing interests. The views expressed in the paper are those of the
authors and do not represent that of any organization. No other relationships or activities that could appear to
have influenced the submitted work.

Additional information

Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-74825-z.
Correspondence and requests for materials should be addressed to R.K.M.
Reprints and permissions information is available at www.nature.com/reprints.
Scientific Reports |

(2020) 10:17705 |

https://doi.org/10.1038/s41598-020-74825-z

9
Vol.:(0123456789)

www.nature.com/scientificreports/
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2020

Scientific Reports |
Vol:.(1234567890)

(2020) 10:17705 |

https://doi.org/10.1038/s41598-020-74825-z

10

