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The impact of environmental

variables on the spread
of COVID-19 in the Republic
of Korea

Yong Kwan Lim?, Oh Joo Kweon?, Hye Ryoun Kim?, Tae-Hyoung Kim? & Mi-Kyung Lee!**

Corona virus disease 2019 (COVID-19) has been declared a global pandemic and is a major public
health concern worldwide. In this study, we aimed to determine the role of environmental factors,
such as climate and air pollutants, in the transmission of COVID-19 in the Republic of Korea. We
collected epidemiological and environmental data from two regions of the Republic of Korea, namely
Seoul metropolitan region (SMR) and Daegu-Gyeongbuk region (DGR) from February 2020 to July
2020. The data was then analyzed to identify correlations between each environmental factor with
confirmed daily COVID-19 cases. Among the various environmental parameters, the duration of
sunshine and ozone level were found to positively correlate with COVID-19 cases in both regions.
However, the association of temperature variables with COVID-19 transmission revealed contradictory
results when comparing the data from SMR and DGR. Moreover, statistical bias may have arisen due
to an extensive epidemiological investigation and altered socio-behaviors that occurred in response to
a COVID-19 outbreak. Nevertheless, our results suggest that various environmental factors may play a
role in COVID-19 transmission.

Since the identification of novel coronavirus (SARS-CoV-2) infection in Wuhan, China in December 2019, it has
become one of the most significant global public health concerns'. As of January 31, 2020, a total of 102 million
confirmed cases were reported worldwide with over 500,000 new cases of COVID-19 reported each day® SARS-
CoV-2 has similar, or slightly higher, reproductive capacity compared to the Middle East Respiratory Syndrome
Coronavirus (MERS) or severe acute respiratory syndrome coronavirus 1 (SARS-CoV-1)*. Moreover, the rapid
global spread of SARS-CoV-2 infection has been facilitated by its highly contagious nature. SARS-CoV-2 infec-
tion, also known as coronavirus disease 2019 (COVID-19), has also been reported to cause respiratory failure,
multiorgan failure and even death in severe cases®.

Similar to that of other viral respiratory infections, the transmission of SARS-CoV-2 could also be affected by
environmental factors including climate and air pollutants. Numerous studies have been performed to investigate
the effect of meteorological factors on the transmission of SARS-CoV-2 in various countries>>~'!. Pani et al.
reported that various factors including temperature, dew point, relative humidity, absolute humidity, and water
vapor showed positive correlation with the transmission of SARS-CoV-2 in Singapore®. In Indonesia, only mean
temperature was significantly correlated with the spread of COVID-19'". In South America, there was a highly
significant correlation between absolute humidity and the spread of COVID-19°. These studies suggested that
temperature and humidity seemed to favor the spread of the disease; however, the effect of climate factors on
COVID-19 transmission remains unclear'?.

Since the first confirmed case of COVID-19 in the Republic of Korea, on January 20, 2020, a total of 34,652
confirmed cases have been reported as of November 31, 2020, the majority of which were classified as domestic
cases caused by community spread. The wide range of climate parameters experienced in the Republic of Korea,
including variable temperature, rainfall, and relative humidity, make it a suitable location to investigate the
environmental effects on SARS-CoV-2 transmission. Therefore, in this study, we aimed to investigate the role of
environmental factors, such as climate and air pollutants in the transmission of SARS-CoV-2 by analyzing the
relationship between these variables with the confirmed daily COVID-19 cases in two areas of the Republic of
Korea, namely Seoul metropolitan region (SMR) and Daegu-Gyeongbuk region (DGR).
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Figure 1. Daily confirmed cases (gray box) and total confirmed cumulative cases (solid line) of COVID-19 in
Seoul metropolitan region (a) and Daegu-Gyeongbuk region (b).

Results

During our study period, from February 2020 to July 2020, a total of 12,031 confirmed locally-transmitted
COVID-19 cases were identified. Among these cases, 3010 (25.0%) and 7998 (66.5%) were from SMR and DGR,
respectively. Figure 1 shows daily confirmed cases in SMR and DGR. An explosive outbreak was observed in
DGR following religious gatherings between February and March. Meanwhile, there were several major cases
of local cluster infections in SMR, and the number of confirmed cases has remained relatively constant in SMR
since April.

Table S1 summarizes monthly variations in various environmental parameters in SMR and DGR. A large
variation in temperature was noted between the months, with no significantly different meteorological parameters
noted between SMR and DGR, except in July. The levels of atmospheric carbon monoxide, nitrogen dioxide, and
sulfur trioxide were higher in SMR, and ozone was higher in DGR. However, significant differences were not
observed in the PM,, and PM, ; levels between the two regions, save for in March when both were significantly
increased in SMR.

Table 1 summarizes the relationship between environmental factors and daily confirmed COVID-19 cases.
Among the 16 environmental parameters, 11 and 10 were found to be significantly correlated with confirmed
COVID-19 cases in SMR and DGR, respectively. However, the duration of sunshine and the ozone level were the
only parameters determined to affect COVID-19 in both regions. Meanwhile, contradictory results were obtained
regarding the relationship between cases and temperature variables and atmospheric pressure in the two regions.
Specifically, all temperature related variables were positively correlated, and atmospheric pressure was inversely
correlated with COVID-19 cases in SMR, while the opposite trend was observed in DGR.

Discussion

Numerous variables were included in the analysis for this study to clarify the relationship between the environ-
ment and confirmed COVID-19 cases. We found that the duration of sunshine and the ozone level were posi-
tively correlated with the spread of SARS-CoV-2 in the two selected regions, which contradicts the results of
Ratnesar-Shumate et al. who reported that sunlight rapidly inactivates SARS-CoV-2 on surfaces'®. We postulate
that one potential explanation for our results is the increased risk of SARS-CoV-2 exposure associated with
outdoor activities during days with a longer duration of sunlight'%, resulting in increased transmission prior to
inactivation of the virus by sunlight. Additionally, Daniele et al. reported that atmospheric pollution may influ-
ence the SARS-CoV-2 outbreak in Italy'®. We, therefore, also analyzed the effect of air pollutants on the spread
of SARS-CoV-2 and found no correlation between SARS-CoV-2 transmission and air pollutants, with the excep-
tion of ozone, suggesting that air pollutants do not represent a significant environmental driver of SARS-CoV-2
transmission in the Republic of Korea. The ozone level significantly affected the transmission of SARS-CoV-2,
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SMR DGR

Spearman rank Kendall rank Spearman rank Kendall rank

correlation correlation correlation correlation
Parameters rg p-value |t p-value |rg p-value |t p-value
Average temperature (°C) 0.507 <0.001 | 0.350 <0.001 | —0.152 0.026 | -0.179 <0.001
Maximum temperature (°C) 0.459 <0.001 0.312 <0.001 | -0.212 0.002 | —0.209 <0.001
Minimum temperature (°C) 0.524 <0.001 | 0.371 <0.001 | -0.112 0.104 | -0.135 0.007
Ground temperature (°C) 0.540 <0.001 | 0.387 <0.001 | —0.101 0.144 | —0.140 0.005
Diurnal temperature variation (°C) 0.115 0.094 | 0.081 0.089 | 0.306 <0.001 | 0.228 <0.001
Rainfall (mm) 0.074 0.279 | 0.056 0.290 | -0.174 0.011 | -0.138 0.012
Wind speed (m/s) 0.125 0.068 | 0.089 0.068 | 0.181 0.008 | 0.138 0.007
Relative humidity (%) 0.006 0.935 | 0.006 0.895 | —0.302 <0.001 | -0.219 <0.001
Atmospheric pressure (hPa) -0.460 <0.001 | -0.320 <0.001 | 0.136 0.048 | 0.123 0.015
Duration of sunshine (h) 0.179 0.009 | 0.121 0.012 | 0.192 0.005 | 0.133 0.008
Carbon monoxide (ppm) -0.330 <0.001 | —0.245 <0.001 | —-0.152 0.026 | —0.105 0.06
Nitrogen dioxide (ppm) -0.251 <0.001 | -0.172 <0.001 | 0.008 091 0.014 0.787
Ozone (ppm) 0.471 <0.001 | 0.332 <0.001 | 0.204 0.003 | 0.129 0.011
Sulfur trioxide (ppm) -0.223 0.001 | -0.179 0.001 | -0.051 0.458 | —0.042 0.476
PM; (ng/m?) —0.046 0.506 | —0.031 0.519 | 0.172 0.012 | 0.128 0.011
PM, 5 (pg/m’) —-0.160 0.019 | -0.105 0.027 | 0.028 0.685 | 0.025 0.616

Table 1. Summary of correlation results between COVID-19 and environmental parameters (n=182) in SMR
and DGR. SMR Seoul metropolitan region, DGR Daegu-Gyeongbuk region. Significantly correlated factors in
both regions appear in bold font.

and we hypothesize that the ozone level would disrupt the respiratory epithelial barrier'®!”, making the public
more susceptible to the SARS-CoV-2 infection.

Numerous studies have also reported a strong association between COVID-19 transmission and
temperature>>!'18, We, therefore, selected two regions that showed similar temperature fluctuations during
the study period; however, contradictory results were observed for all temperature variables between the two
regions. Specifically, SARS-CoV-2 transmission increased as the temperature increased in SMR; whereas, we
observed an increase in the number of cases with a decrease in temperature in DGR. The large outbreak that
occurred following religious events in DGR between February and March 2020 may have contributed to these
conflicting results. Moreover, in response to these outbreaks, an extensive epidemiological investigation was
performed for members who participated in this event and for their close immediate contacts. Moreover, after
this outbreak between February and March, strict measures were set in place to ensure proper maintenance of
personal hygiene, including wearing of masks, use of hand sanitizers, and social distancing"’, resulting in only a
few cases of local clustering and sporadic infections reported in SMR and DGR. We could, therefore, assume that
changes in socio-behavioral factors in response to the outbreaks had a greater impact than the environmental
factors on the spread of SARS-CoV-2. However, extensive and rapid epidemiological investigations would also
lead to an increase in the number of confirmed cases within a short period of time, which would subsequently
skew the statistical results related to the effects of temperature variables. Therefore, one should consider that a
large number of confirmed cases identified in these types of situations would greatly influence the correlation
analysis between environmental factors and disease transmission, resulting in false negative or positive results.

Despite the significant results demonstrating the effect of environmental factors on COVID-19, there were
several limitations noted in our study. First, the classification of locally infected cases and imported cases may
have been affected by the extensive epidemiological investigation. Therefore, the number of confirmed cases due
to community infection may be inaccurate, although we collected the epidemiological data from Korea Centers
for Disease Control and Prevention (KCDC). Second, in the early days of the COVID-19 pandemic, there was a
shortage of molecular tests for COVID-19 diagnosis, therefore, the impact of the environmental factors might
not be accurately reflected. Third, we could not consider individual health factors, such as personal hygiene or
exposure risk to SARS-CoV-2, in the statistical analyses.

The environment plays a significant role in the regional spread of COVID-19, and our results demonstrated
that the duration of sunshine and ozone level were positively correlated with SARS-CoV-2 transmission. How-
ever, the number of confirmed COVID-19 cases may have also been impacted by various additional factors,
including the completion of a large epidemiological investigation within the study period or changing socio-
behaviors based on cluster outbreaks. Hence, these factors could create a bias in the statistical results. For these
reasons, further studies should be conducted to confirm the relationship between environmental factors and
SARS-CoV-2 transmission with sufficient epidemiological data generated over an extended period of time.
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Methods

Study area and confirmed COVID-19 cases. The Republic of Korea lies between latitudes 33° and 39°
N, and longitudes 124° and 130° E and tends to have a humid continental and subtropical climate with typically
large seasonal temperature fluctuations. We selected the SMR and DGR areas that had relatively higher numbers
of COVID-19 cases. The data for daily confirmed cases of COVID-19 from February 1, 2020 to July 31, 2020
were obtained from the KCDC website (http://www.cdc.go.kr). Our study aimed to exclusively investigate the
effect of environmental factors on COVID-19 transmission, therefore, we have only included the confirmed
cases caused due to communal spread.

Meteorological and air pollution data. The meteorological data were collected from the database of
Korea Meteorological Administration (KMA; https://data.kma.go.kr/). The KMA provides high-resolution
meteorological information for specific areas on a flexible web-based platform?*?'. Additionally, we collected the
daily records on ten basic meteorological factors, including average temperature, maximum temperature, mini-
mum temperature, ground temperature, diurnal temperature variation, amount of rainfall, wind speed, relative
humidity, atmospheric pressure, and duration of sunshine. Information on air pollution across the country was
collected from AIRKOREA (http://airkorea.or.kr), which was launched by the Korean Ministry of Environment
and is a database that provides an account of daily air pollutant levels including carbon monoxide, nitrogen
dioxide, ozone, sulfur trioxide, PM,,, and PM, s.

Ethical statement. Data on environmental conditions and COVID-19 confirmed cases were obtained
from official reports provided in a public database, therefore ethical review was not required.

Statistics. Datasets were analyzed using R version 3.6.3 (http://www.R-project.org/). Descriptive analyses
for monthly meteorological factors and air pollutants during the study period were performed for both regions
(SMR, DGR). Student’s ¢-test was used to determine the statistical difference in monthly environmental variables
between the regions. P-values <0.05 were considered significant. To examine the relationship between environ-
mental factors and daily COVID-19 confirmed cases, we conducted Spearman rank correlation test and Kendall
rank correlation test. Factors were considered to affect SARS-CoV-2 if significant differences were observed in
both statistical tests.

Data availability
The data analyzed in this study are available on GitHub at https://github.com/yoorer/COVID_ENV.

Code availability
Codes are available on GitHub at https://github.com/yoorer/COVID_ENYV.

Received: 2 September 2020; Accepted: 24 February 2021
Published online: 16 March 2021

References
1. Chen, B. et al. Roles of meteorological conditions in COVID-19 transmission on a worldwide scale. MedRxiv 382, 727 (2020).
2. WHO Coronavirus Disease (COVID-19) Dashboard, (accessed 22 February 2021); https://covid19.who.int/.
3. Pani, S. K, Lin, N. H. & RavindraBabu, S. Association of COVID-19 pandemic with meteorological parameters over Singapore.
Sci. Total Environ. 740, 140112. https://doi.org/10.1016/j.scitotenv.2020.140112 (2020).
4. Bashir, M. . et al. Correlation between climate indicators and COVID-19 pandemic in New York, USA. Sci. Total Environ. 728,
138835 (2020).
5. Prata, D. N., Rodrigues, W. & Bermejo, P. H. Temperature significantly changes COVID-19 transmission in (sub) tropical cities
of Brazil. Sci. Total Environ. 729, 138862 (2020).
6. Ma, Y. et al. Effects of temperature variation and humidity on the death of COVID-19 in Wuhan, China. Sci. Total Environ. 724,
138226 (2020).
7. Liu, J. et al. Impact of meteorological factors on the COVID-19 transmission: A multi-city study in China. Sci. Total Environ. 726,
138513 (2020).
8. Ahmadi, M., Sharifi, A., Dorosti, S., Ghoushchi, S. J. & Ghanbari, N. Investigation of effective climatology parameters on COVID-
19 outbreak in Iran. Sci. Total Environ. 729, 138705 (2020).
9. Chien, L.-C. & Chen, L.-W. Meteorological impacts on the incidence of COVID-19 in the US. Stoch Environ. Res. Risk A. https://
doi.org/10.1007/500477-020-01835-8 (2020).
10. Zhu, L. et al. Meteorological impact on the COVID-19 pandemic: A study across eight severely affected regions in South America.
Sci. Total Environ. 744, 140881. https://doi.org/10.1016/j.scitotenv.2020.140881 (2020).
11. Tosepu, R. et al. Correlation between weather and Covid-19 pandemic in Jakarta, Indonesia. Sci. Total Environ. 725, 138436 (2020).
12. Briz-Redén, A. & Serrano-Aroca, A. A spatio-temporal analysis for exploring the effect of temperature on COVID-19 early evolu-
tion in Spain. Sci. Total Environ. 728, 138811 (2020).
13. Ratnesar-Shumate, S. et al. Simulated sunlight rapidly inactivates SARS-CoV-2 on surfaces. J. Infect. Dis. 222, 214-222. https://
doi.org/10.1093/infdis/jiaa274 (2020).
14. Kimura, T., Kobayashi, H., Nakayama, E. & Kakihana, W. Seasonality in physical activity and walking of healthy older adults. J.
Physiol. Anthropol. 34, 33. https://doi.org/10.1186/s40101-015-0071-5 (2015).
15. Fattorini, D. & Regoli, F. Role of the chronic air pollution levels in the Covid-19 outbreak risk in Italy. Environ. Pollut. 264, 114732.
https://doi.org/10.1016/j.envpol.2020.114732 (2020).
16. Sokolowska, M. et al. Acute respiratory barrier disruption by ozone exposure in mice. Front. Immunol. 10, 2169. https://doi.org/
10.3389/fimmu.2019.02169 (2019).
17. Bhalla, D. K. Ozone-induced lung inflammation and mucosal barrier disruption: Toxicology, mechanisms, and implications. J.
Toxicol. Environ. Health B Crit. Rev. 2, 31-86. https://doi.org/10.1080/109374099281232 (1999).

Scientific Reports | (2021) 11:5977 https://doi.org/10.1038/s41598-021-85493-y nature portfolio


http://www.cdc.go.kr
https://data.kma.go.kr/
http://airkorea.or.kr
http://www.R-project.org/
https://github.com/yoorer/COVID_ENV
https://github.com/yoorer/COVID_ENV
https://covid19.who.int/
https://doi.org/10.1016/j.scitotenv.2020.140112
https://doi.org/10.1007/s00477-020-01835-8
https://doi.org/10.1007/s00477-020-01835-8
https://doi.org/10.1016/j.scitotenv.2020.140881
https://doi.org/10.1093/infdis/jiaa274
https://doi.org/10.1093/infdis/jiaa274
https://doi.org/10.1186/s40101-015-0071-5
https://doi.org/10.1016/j.envpol.2020.114732
https://doi.org/10.3389/fimmu.2019.02169
https://doi.org/10.3389/fimmu.2019.02169
https://doi.org/10.1080/109374099281232

www.nature.com/scientificreports/

18. Mecenas, P, Bastos, R., Vallinoto, A. C. R. & Normando, D. Effects of temperature and humidity on the spread of COVID-19: A
systematic review. PLoS ONE 15, €0238339. https://doi.org/10.1371/journal.pone.0238339 (2020).

19. Bashir, M. F, Ma, B. & Shahzad, L. A brief review of socio-economic and environmental impact of Covid-19. Air Qual. Atmos.
Health 13, 1-7. https://doi.org/10.1007/s11869-020-00894-8 (2020).

20. Park, M.-S. et al. High-resolution urban observation network for user-specific meteorological information service in the Seoul
Metropolitan Area, South Korea. Atmos. Meas. Tech. 10, 1575 (2017).

21. Lim, Y. K., Kweon, O. J., Kim, H. R., Kim, T. H. & Lee, M. K. Clinical features, epidemiology, and climatic impact of genotype-
specific human metapneumovirus infections: Long-term surveillance of hospitalized patients in South Korea. Clin. Infect. Dis. 70,
2683-2694. https://doi.org/10.1093/cid/ciz697 (2020).

Acknowledgements
This work was supported by the National Research Foundation of Korea (NRF) Grant funded by the Korea
government (MSIT) (No. 2020R1A5A1018052).

Author contributions

L.M.K. conceived the presented idea and supervised the findings of this work. Kim HR and K.T.H. performed
the calculations and designed the figures. L.Y.K. and K.O.]. wrote the first draft of the manuscript. All authors
reviewed and edited the manuscript and approved the final version.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-85493-y.

Correspondence and requests for materials should be addressed to M.-K.L.
Reprints and permissions information is available at www.nature.com/reprints.

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) 2021, corrected publication 2021

Scientific Reports |

(2021) 11:5977 | https://doi.org/10.1038/s41598-021-85493-y nature portfolio


https://doi.org/10.1371/journal.pone.0238339
https://doi.org/10.1007/s11869-020-00894-8
https://doi.org/10.1093/cid/ciz697
https://doi.org/10.1038/s41598-021-85493-y
https://doi.org/10.1038/s41598-021-85493-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The impact of environmental variables on the spread of COVID-19 in the Republic of Korea
	Results
	Discussion
	Methods
	Study area and confirmed COVID-19 cases. 
	Meteorological and air pollution data. 
	Ethical statement. 
	Statistics. 

	References
	Acknowledgements


