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ARTICLE INFO ABSTRACT

Keywords: The transmission of coronaviruses can be affected by several factors, including the climate. Due to the rapid
SARS-CoV-2 spread of COVID-19 and the urgent need for rapid responses to contain the pandemic, it is essential to understand
COYID-19 the role that weather conditions on the transmission of SARS-CoV-2. We evaluate the influence of meteorological
};;;?;Zemre factors on the incidence of COVID-19 during the first wave of the epidemic in Catalonia. We conducted a

geographical analysis at the county level to evaluate the association between mean temperature, absolute hu-
midity, solar radiation, and the cumulative incidence of COVID-19. Next, we used a time-series design to assess
the short-term effects of meteorological factors on the daily incidence of COVID-19. We found a geographical
association between meteorological factors and the cumulative incidence of COVID-19, from the end of March to
June 2020, and a lesser extent in the short-term on the daily incidence during the first wave of the epidemic in
Spain. Our findings suggest that warm and wet climates may reduce the incidence of COVID-19 in Catalonia.
However, policy makers must interpret with caution any COVID-19 risk predictions based on climate information

Absolute humidity
Solar radiation

alone.

1. Introduction

The first confirmed case of SARS-CoV-2 in the region of Catalonia,
Spain, was identified on February 25th, 2020. Since then, the epidemic
spread countrywide, and Catalonia became the second most affected
region in Spain. On June 30th, when the post-lockdown period ended
and allegedly Spain returned to normality, more than 60,000 cases had
been diagnosed and 5000 deaths had been reported during the first wave
of the epidemic in Catalonia.

The transmission of coronaviruses can be affected by several factors,
including the climate. From the knowledge of other viral respiratory
diseases (e.g., influenza) suggests that the transmission of SARS-CoV-2
can be affected by outdoor seasonal climate factors, like ambient tem-
perature and humidity [1,2]. Therefore, it is essential to understand the
role that weather conditions could have on the transmission of SARS-
CoV-2. Many studies have been conducted since the beginning of the
pandemic on the effects of environmental conditions and potential
seasonality of COVID-19 [3]. Most are based on geographical

correlations comparing the incidence of COVID-19 between countries in
different regions. These studies are prone to confounding because did
not account for North-to-South different socio-economic conditions [4]
nor the delay in spread to warmer regions due to travel patterns [5], and
might have some measurement error due to high spatial variability
when estimating a fixed temperature exposure for large geographic
areas [6]. At the temporal scale, few studies have been conducted
locally. Also, COVID-19 disease has been prevalent for only half a year
and environmental time-series data for a full seasonal cycle are not yet
available [4]. Thus, reported associations could be spurious due to the
short study period [7]. A systematic review concluded that the evidence
far suggests a weak modulation effect, currently overwhelmed by the
scale and rate of the spread of COVID-19 [4].

In our local setting, preliminary results in the city of Barcelona
suggested a possible association between maximum temperature and the
daily incidence of COVID-19 [7]. However, the evidence is still incon-
clusive. We aim to evaluate the influence of meteorological factors on
the incidence of COVID-19 at the geographic and temporal aggregation
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levels to understand their possible role in the transmission of SARS-CoV-
2 appropriately.

2. Materials and methods
2.1. Setting and data collection

Catalonia is the second largest region in Spain, with a population of
more than 7.6 million inhabitants, including the city of Barcelona, the
second-largest nationwide (1.7 million). It is located in the northeast
corner of Spain, and and organized in 42 counties administratively
grouped into four provinces, with a respective capital city (Appendix
Fig. A.1).

For each county, we collected daily counts of incident cases diag-
nosed from a positive PCR test between March 2nd and June 30th, 2020.
Data was provided by the Health Evaluation and Quality Agency of
Catalonia (AQuAS, https://aquas.gencat.cat/ca/actualitat/ultimes
-dades-coronavirus/). Daily average (24 h), minimum and maximum
ambient temperatures, absolute humidity and solar radiation levels from
weather stations at each county capital city were provided by the
Meteorological Service of Catalonia (MeteoCat, https://www.meteo.cat
/). Conversely, solar radiation was not available for eight counties.

We also collected socioeconomic and demographic variables for each
county in the last year, such as gross domestic product (GDP) per capita,
population density, and proportion of population older than 65 years.
Data was collected from the Statistical Institute of Catalonia (IDESCAT,
https://www.idescat.cat/).

2.2. Design and statistical analysis

In a first stage, we conducted a geographical analysis at the county
level. We evaluated the association between the meteorological vari-
ables and the cumulative incidence of COVID-19 using a Poisson
regression model with robust sandwich standard errors to account for
clustering within provinces [8]. All the regression models were adjusted
for county-specific GDP, population density, and population older than
65 years. We evaluated the time-varying effects before (March 2nd to
March 15th), during (March 16th to May 24th), and after (May 25th to
June 15th) the lockdown periods fitting interaction terms with the
meteorological variables.

In a second stage, we pooled the county data using a time-series
design [9] to evaluate the short-term effects of meteorological vari-
ables on the daily incidence of COVID-19. Data was analyzed using a
Poisson regression model allowing for features specific to the infectious
disease context [10], such as residual autocorrelation, lagged effects and
overdispersion. We used a random slope model adjusting for trend,
weekdays, lockdown periods, and residual autocorrelation by fitting the
logarithm of the lagged outcome [11]. Since the median incubation
period for COVID-19 is over 5-6 days [12], we used a one week
distributed lag model [13].

Estimated effects are reported as Relative Risk (RR), with 95% con-
fidence interval (95% CI), for a unit increase in the meteorological
variables. All the analyses were conducted using Stata Statistical Soft-
ware, release 16 (StataCorp, TX, 2019).

3. Results
3.1. Geographical analysis

Fig. 1 shows the geographical distribution of the cumulative inci-
dence of COVID-19 and the mean temperature before, during and after
the lockdown periods. Before the lockdown, the average cumulative
incidence was of 11.9 cases/100,000 (range from O to 96.9), and the
mean temperature was of 10.9 °C (5.5 to 14.9). During the lockdown,
the incidence raised to 602.5 (94.5 to 1290.2) decreasing afterwards
during the post-lockdown period to 62.5 (0 to 446.8). While the mean
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temperature kept increasing during and after the lockdown periods;
13.9°C (9.8 to 16.3) and 18.2 °C (13.2 to 20.8), respectively. Absolute
humidity and solar radiation showed a pattern of increase during the
periods before, during and after the lockdown similar to mean temper-
ature (Appendix Fig. A.2) with average values for absolute humidity of
6.8 g/m°> (4.6108.1),9.1 g/m> (6.3 t0 10.9) and 11.4 g/m°> (8.0 to 13.5),
and solar radiation of 14.8 MJ/m? (12.3 to 16.1), 18.0 MJ/m? (16.2 to
19.3) and 23.9 MJ/m? (18.2 to 27.2), respectively.

Mean temperature and absolute humidity are associate with the
reduction of the cumulative incidence of COVID19. An average increase
of 1 °C in mean temperature shows an significant reduction of 20% (RR
=0.79, 95% CI = [0.73, 0.85]) in the incidence, while an increase of 1
g/m3 in absolute humidity shows a reduction in the incidence of nearly
35% (RR = 0.62, 95% CI = [0.54, 0.71]). Solar radiation is also asso-
ciated with a reduction of 10% (RR = 0.90, 95% CI = [0.73, 1.11]) in the
incidence of COVID-19, although it was not statistically significant;
however, we should acknowledge that data on solar radiation was not
available for nine counties. The pattern of these associations did not
change substantially before, during and after the lockdown periods
(Fig. 2).

3.2. Time-series analysis

Fig. 3 (left panel) shows the cumulative effects, up to one week, of
meteorological variables on the daily incidence of COVID-19. We eval-
uated the linearity of the associations without observing evidence of
departure from linearity (Appendix Fig. A.4). The incidence decreased
significantly by —6% (RR = 0.94, 95% CI = [0.85, 1.04]) for a rise of
1 °C of daily mean temperature, —1.2% (RR = 0.99, 95% CI = [0.85,
1.04]) for arise of 1 g/m3 of absolute humidity, and — 1.5% (RR = 0.98,
95% CI = [0.97, 1.02]) for a rise of 1 MJ/m? of solar radiation. Looking
at the specific lagged effects (Fig. 3, right panel) the incidence decreased
significantly by —2.7% (RR = 0.97, 95% CI = [0.95, 0.99]) for a rise of
1 °C of daily mean temperature at lags 3 to 4, and by —1.7% (RR = 0.98,
95% CI = [0.96, 1.01]) for a rise of 1 g/m3 of absolute humidity also at
lags 3 to 4. Solar radiation shows a consistent negative association from
lags 1 to 6, although it was not significant. Mean temperature show a
similar pattern before and after the lockdown periods, with immediate
effects observed at lag 0 (Fig. 4). While during the lockdown the largest
effects are observed at lags 3 and 4. The pattern for absolute humidity
and solar radiation did not change substantially before, during and after
the lockdown periods.

4. Discussion

We found a geographical association between meteorological factors
and the cumulative incidence of COVID-19 in Catalonia, from early
March to the end of June 2020, and a lesser extent in the short-term on
the daily incidence during the first wave of the epidemic in Spain.

The cumulative incidence during the study period in Catalonia (822
cases per 100.000 people) was larger than in the neighborhood regions
of Aragon (492), at the west, and Valencia (244), at the south [14]. To
our knowledge, no other studies have yet been carried out on the impact
of meteorological factors on the incidence of COVID-19 in the regions
bordering Catalonia or nationwide in Spain.

At the geographical level, we observed that the cumulative incidence
was lower in those counties with higher temperature and absolute hu-
midity, and remained constant before, during and after the lockdown
periods. These findings are in agreement with the evidence recently
summarized in two systematic reviews [4,15]. The spread of COVID-19
may be influenced by temperature and humidity. Warmer and humid
climates may show less transmission of the SARS-CoV-2 virus. Although
most of the studies used daily mean temperature, there is a discordance
on the use of humidity [4,14]. Relative humidity depends strongly on
temperature and atmospheric pressure. An invariable amount of water
vapour in the air will give very different relative humidity values during
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Fig. 1. Geographical distribution of the cumulative incidence of COVID-19 (per 100,000 pop.) and mean temperature (°C) for the 42 counties in Catalonia, before,
during, and after the lockdown periods.
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Fig. 2. Geographical association between meteorological factors and the cumulative incidence of COVID-19 in Catalonia, before, during, and after the lock-

down periods.

the daytime. In springtime, most of the study period, the thermic
amplitude is higher than 20 °C. We estimated that relative humidity
would be less representative than absolute humidity related to the
amount of water per volume unit under these conditions. However, the
quality of the evidence was low due to the observational design of the
studies and the inherent risk of bias [15]. Moreover, meteorological
variables alone could not explain most of the variability in disease
transmission [5], but in many of the reviewed studies, non-
meteorological factors have not been taken into account properly. In
our study, temperature and absolute humidity have been associated
with the incidence of COVID-19 independently from demographic and
socioeconomic factors after adjusting for county-specific GDP, popula-
tion density and population older than 65 years. Likewise, counties with
lower income were associated with higher incidence of COVID-19,
which is in agreement with previous published studies in Catalonia
[16,17].

At the temporal level, we observed lagged effects of 3—-4 days on the
daily incidence COVID-19, mainly for temperature. The results observed
before and after the lockdown periods suggest a larger immediate effect,
at lag 0, similar to that reported in our previous study in the city of
Barcelona [7]. Hence, temperature could play a specific role in reducing
the daily incidence of COVID-19 at the short-term. However, during the
lockdown period, the effect is delayed to 3—4 days, and being substan-
tially small. This could suggest that the effect of temperature was
modulated by the restrictive measures implemented by the Spanish
Government to reduce the incidence of COVID-19 during the lockdown
period. However, these results should be interpreted with caution due to
the small number of days in each period. Only a small part of the
reviewed studies have evaluated the short-term effects of meteorological
factors on the daily incidence of COVID-19 [4,15], and none has
accounted for features specific to the infectious disease context [10,18].
In our analysis we have carefully considered the autocorrelation by
disease transmission fitting the logarithm of the lagged outcome [11]; a
plausible lag structure using a one week distributed lag model since the
median incubation period for COVID-19 is over 5-6 days [12]; associ-
ation patterns evaluating departure from linearity, and; accounted for
over dispersion.

The transmission mechanisms of viral infections, such as influenza
[1,2], and other coronaviruses, such as SARS-CoV-1 [19,20] and MERS-
CoV [21], have already shown that hot and humid climates decrease the

viability of these viruses. Low temperature and humidity have a high
viral stability, and respiratory droplets and aerosols, as containers of
viruses, remain in suspension longer in dry air [22], and can also demote
the hosts immunity and make them more susceptible to the virus [23]. In
our study, we showed it is difficult to characterize at the temporal level
the local temperatures and humidity conditions associated with the
virus spread. However, it seems more affordable to determine at the
geographical level the type of climate conditions in the counties where
transmission is occurring. The spread of the epidemic is too complex to
be explained solely about climatic conditions. Demographic and socio-
economic factors, and public health interventions including social
distancing, use of mask, and personal hygiene conditions can modify the
spread of COVID-19 and modulate the effect of meteorological factors.
For this reason, we cannot assure that the effects we found in this study
are direct or indirect or, more likely, a combination of both. In this sense,
it is possible that in periods of non-confinement (before and after the
lockdown), the higher the temperature, the greater the probability that
people will leave their homes, and the lower the probability they will
become infected when being outdoors. However, we should also
consider the limitation of using a single weather station as a proxy for a
whole county and the data accuracy, the timing of, or delay in, reporting
COVID-19 cases during the evolutionary phases of the pandemic be-
tween counties [24,25].

Therefore, scientific evidence about the contribution of environ-
mental factors in the spread of COVID-19 is needed, in combination with
an understanding of the role demographic and socioeconomic factors
and public health interventions [25]. It is necessary to contextualize
these findings considering the spread of COVID-19. Seasonal effects of
meteorological variables will be more evident in subsequent years.
Ecological studies based on geographical and temporal aggregations are
relatively simple to carry out because of global data availability on
COVID19 [26,27]. However, since they are prone to confounding with a
high risk of bias, and due to the urgent need to search for immediate
answers to contain the pandemic, some of the earlier published studies
contributed more to noise than to epidemiological evidence [4,15].
Epidemiological studies for research on COVID-19 should rely on multi-
level investigations with appropriate study designs to provide robust
scientific evidence [28]. Multiple environmental factors and appropriate
spatial and temporal resolution need to be carefully investigated, jointly
with demographic and socioeconomic factors, and public health
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Fig. 3. Association between meteorological factors and daily incidence of COVID-19 (left panel), and their lagged effects on daily incidence of COVID-19 in Catalonia

(right panel).

interventions during the evolutionary phases of the COVID-19
pandemic. They should also account the differences and accuracy in
the COVID-19 case definitions [24], and data availability between and
within geographical settings, and with time [25].

5. Conclusion

Our findings suggest that warm and wet climates may reduce the
incidence of COVID-19 in Catalonia during the first wave of the
epidemic in Spain. However, further studies will need to consider pop-
ulation movement from locations with a high incidence, population

susceptibility, and surveillance for respiratory infections. Meanwhile,
health authorities must interpret with caution any COVID-19 risk pre-
dictions based on climate information alone.
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