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ARTICLE INFO ABSTRACT

Keywords: From march 2020 to march 2022 covid-19 has shown a consistent pattern of increasing infections during the
Covid-19 Winter and low infection numbers during the Summer. Understanding the effects of seasonal variation on covid-
SARS'C(;_V'z 19 spread is crucial for future epidemic modelling and management. In this study, seasonal variation in the
Seasonality . transmission rate of covid-19, was estimated based on an epidemic population model of covid-19 in Denmark,
Seasonal variation . . . . o . N . . . . . .

Temperature which included changes in national restrictions and introduction of the a-variant covid-19 strain, in the period
2022 MSC: March 2020 - March 2021. Seasonal variation was implemented as a logistic temperature dependent scaling of
00-01 ' the transmission rate, and parameters for the logistic relationship was estimated through rejection-based

99-00 approximate bayesian computation (ABC). The likelihoods used in the ABC were based on national hospital
admission data and seroprevalence data stratified into nine and two age groups, respectively. The seasonally
induced reduction in the transmission rate of covid-19 in Denmark was estimated to be 27%, (95% CI [24%;
31%]), when moving from peak Winter to peak Summer. The reducing effect of seasonality on transmission rate
per + 1°C in daily average temperature were shown to vary based on temperature, and were estimated to be —
2.2%[—2.8%; —1.7%] pr. 1 °C around 2°C; 2%[—2.3%; —1.7%] pr. 1 °C around 7 °C; and 1.7%|[—2.0%; —1.5%)] pr.

1 °C around a daily average temperature of 11 °C.

1. Introduction

The first cases of coronavirus disease 2019 (covid-19) in Denmark
were registered in the late Winter and early Spring of 2020 and a na-
tional lockdown ensued on the 11th of March 2020 (Statsministeriet,
2020). Since then, a distinct pattern of covid-19 surges during the
Winter and diminished infections during Summer have been evident
(Fig. 1).

Identification and quantification of factors that impact infection
rates, is central for building reliable covid-19 epidemic models, which
have been and continues to be valuable tools for understanding the
epidemic development and ensuring public health during the pandemic.
Several studies have reported seasonal variation in the transmission rate
of covid-19 to act in concert with especially the level of non-
pharmaceutical interventions (NPI) (Smith et al., 2021b; Baker et al.,
2021) and vaccination status (D’Amico et al., 2022) as explanation for
annual fluctuations in infection numbers. Especially temperature and

* Corresponding author.
E-mail address: s184334@student.dtu.dk (M.G. Johnsen).

https://doi.org/10.1016/j.mran.2022.100235

secondarily also humidity are described as central meteorological pa-
rameters for describing seasonality in the transmission rate of covid-19
(Byun et al., 2021; Mecenas et al., 2020; Gavenciak et al., 2021). This
study exclusively focus on temperature as explanatory variable for the
seasonal changes in transmission rate and use a novel approach to es-
timate the seasonality of covid-19 through an estimation of the rela-
tionship between temperature and transmission rate. This contribute to:
1) Easy, reliable implementation of seasonality in covid-19 epidemic
models; 2) Better understanding of the role of seasonality through
calculation of a an estimate of the seasonal variation for a given annual
temperature interval and insight into the relative impact of temperature
changes on transmission rate. We focus exclusively on Danish data, and
use an extended SEIRHD epidemic model - with age-stratification and
exhaustive implementation of national NPIs - during a period where
immunity and vaccinations are not yet relevant, to fit a logistic average
daily temperature dependent seasonality-function to the observed hos-
pital admissions and covid-19 antibody seroprevalence. For viral
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Fig. 1. New covid-19 hospital admissions pr. day in Denmark.
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Fig. 2. Flowdiagram of the system of the differential equations of this study, with the addition of seasonality. The calculation of the new exposed individuals is a
function of the restriction-based contact-matrices, seasonality, amount of infectious individuals and amount of susceptible individuals, this is indicated by a dotted
line. Each variable represent a vector of nine age-groups. S: Susceptible, E: Exposed, I: Infectious, H: Hospitalized, R: Recovered, C: ICU admitted, D: dead. lowercase
letters: R indicates Recovering. H indicates ”Going to Hospital”. ICU indicates "Going to ICU”, D is the proportion of ICU admitted which is estimated to die as a

consequence of their infection.

infections in general, seasonality is caused by environmental parameters
and human behaviour (Moriyama et al., 2020), as such, the results from
this study can be extrapolated to concern countries in temperate climate
(same environmental parameters) and of similar social structure (same
social behaviour) as Denmark.

2. Methods

The used model is an SE3I°RHD version of the classic SIR epidemic
population model. Additionally, each disease state in the model is
stratified into nine age-populations; [1: 0-9, 2: 10-19, 3: 20-29, 4:
30-39, 5: 40-49, 6: 50-59, 7: 60-69, 8: 70-79, 9: 80+]. The trans-
mission rates between and within these age groups change over time as a
function of three elements seen in Eq. (1): 1) $(t): Changes in restrictions

2) asg(t): Introduction and dissemination of the a-variant 3) w(T(t)):
Seasonality. The dissemination of the a-variant, ajy(t), also affected the
risk of hospital admission as seen in Eq. (8) and Eq. (5).

Each variable in the differential equation system (Egs. (1)-16) is a
9 x 1 vector (bold font) indicating the used age-stratification. In Eq. (1)-
(2) . describe a 9 x 9 matrix with the amount of susceptible in-
dividuals, S, repeated nine times as columns (One age-group in each
row). The f matrix is a 9 x 9 matrix, with transmission rates ‘from’
(columns) each age group ‘to’ (rows) each of the other age groups. In
Egs. (1)-(2) i and j refer to the infectious disease stages seen in Egs. (5)—
(10). ase(t) and ay(t) are scaling factors and implement the effect of the
dissemination of the a-variant over time on infections and hospital ad-
missions, respectively. y(T(t)) produce a temperature dependent scaling
factor and implement the seasonal variation in transmission rate (Fig. 2).
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Table 1
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Priors and posteriors for the seasonality function parameters, proportion of registered cases and the estimated seasonal variation. Seasonality indicate the estimated
relative change in transmission rate when transitioning from Winter to Summer.

Parameter Prior Posterior mode 95% Credible Interval
a U~ [0.6 ; 1.05] 0.79 [0.61; 1.0]

b U~ [0.6;1.3] 0.77 [0.62; 1.3]

c U~ [0.05; 0.2] 0.09 [0.07; 0.15]

d U~ [0.4; 0.68] 0.5 [0.42; 0.62]
Proportion of registered cases U~ [30% ; 70%] 49% [35%; 67%]
Seasonality: Winter—Summer [11%; 52%] 27% [24%; 31%]
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Fig. 3. Development in the dominant eigenvalue of j(t) over time compared to dates with restriction changes in the Danish society.
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S: Susceptible, E: Exposed, Iz: Infectious recovering, Iy: Infectious
moving to the hospital, Hz: Hospitalized and recovering, Hc;: Hospitalized
and going to ICU, Cg: Admitted to ICU and recovering, Cp: Admitted to ICU
and will die of the infection. Parameter values are the medians of the
sampling intervals published by Statens Serum Institut (SSI) on 20th of May
2020 (SSI, 2020a) and can be found in Table (A.3) in the appendix).

The population model is an extension of the SE?I°RHD epidemic pop-
ulation model published by SSI on May 20th 2020 (SSI, 2020a), and the
structure of the differential equations and f(t)-matrices have thus been
described in previous publications by SSI (2020b). f(t)-matrices for the
Spring and Summer of 2020 originated from the script published by SSI in
the Spring of 2020 (SSI, 2020a). These f(t)-matrices were adapted to
reflect the observed reopening timeline of the Danish society in the period
March-July 2020. The used timeline adaptation for this period and the
following period from 1st of August to 26th of October 2020 has previously
been described by Johnsen et al. (2020). As part of this study, contact
matrices for the period 26th of October to 31st of December 2020 were
created. This period include two important dates or periods with national
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Fig. 4. Posterior distribution (grey histogram) for each parameter (a, b, ¢, d) in Eq. (17), and the resulting estimated seasonal variation associated with these
parameter values (Eq. (18)). The posterior distribution for the estimated proportion of registered out of total cases is also shown. The red line indicate the estimated
density (using biweight kernel density estimation (KDE)) of the posterior distributions. Here we see that the posterior distribution for the seasonal variation is well-
defined, and yield a seasonal variation estimate of 27% (95% CI: [24%; 31%]). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

changes in restrictions: 26th of October (Regeringen, 2020) and the
sequential shutdowns in December (Kulturministeriet; Statsministeriet,
Sundhedsministeriet (c), Sundhedsministeriet (b), Sundhedsministeriet
(a)). The regional/municipal lockdowns on the 3rd, 9th, 11th and 16th of
December were aggregated and implemented on the 11th of December.
B(t)-matrices for 2021 are based on the matrices used by SSI for reports in
the Spring of 2021 (SSI, 2020 and 2021b) which describe a regionally
stratified development in contacts in response to restrictions - these
matrices have not yet been published by SSI. Based on these matrices, the

national effect of regional restrictions were calculated as a weighted
average based on regional population size. The development in the
dominant eigenvalue of $(t) over time can be seen in Fig. 3 alongside dates
with changes in national restrictions. Restrictions involving changes in e.g.
limits on gatherings and opening hours of bars are excluded from the
pA(t)-matrices (SSI, 2020b). Additionally, tradition specific behaviour
changes during Christmas were not included in the model - except for
indirectly through the seasonal variation.

In the model, the a-variant (previously called B.1.1.7) is associated
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Fig. 5. New admissions and seroprevalence fit of the population models from the ABC-rejection algorithm. The shaded area for new hospital admissions indicate the
95% negative binomial distribution confidence interval which were used for the likelihood evaluation of the model. The vaccination programme in Denmark was
initiated in December 2020 in the older age groups, and thus the risk of hospital admission in these age groups were reduced compared to predicted during the
Spring. Additionally, as a consequence of the vaccination programme initiation, seroprevalence data was not available beyond December 2020. The displayed 5%
best models spans seasonality estimates of 27%-29%; and the 5%-95% quantile estimates spans seasonality magnitudes from 24%-31% (i.e. the 95% CI for
seasonality).

with an increased risk of hospital admission by 42% and a 55% increase the Danish vaccination programme in December 2020 (Sundhedsstyr-
in transmission (SSI, 2021a; Peter Bager et al., 2021). This is imple- elsen, 2021) and its effect on infections and hospital admissions were not
mented by multiplying these increases onto the existing rates according included in the population model.

to the proportion of observed a-variant cases over time in Egs. (1), (2),
(5), (8) (Danish Covid-19 Genome Consortium, 2021). The initiation of
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Table 2
Sundhedsstyrelsen (2021).
Target Description
Group
1 Residents at nursery homes.
2 >65 years old with requirements for practical help and personal care.
3 Citizens > 85+ years old.
4 High risk of exposure personnel in the health care system, elderly care
system and parts of social services.
5 Certain patients with increased risk of severe infection.
6 Select relatives to persons in high risk of severe infections.
Table A.3
Parameter values used in the differential equation model.
Value Units
B Changes over time with restrictions 1
day#
TE 1111111 1
5555553 day
VIH 111111111 L
FEEEEETTY dy
7re 222222111 1
555555771 day
Pr Estimated through maximum likelihood parameter estimation 1
PHr [0.87,0.87,0.87,0.87,0.87,0.87,0.80,0.80,0.80] 1
Pcr [0.825,0.825,0.825,0.825,0.825,0.825,0.5,0.5,0.5] 1
TR [0.2,0.2,0.2,0.2,0.2,0.2,0.2,0.2,0.2] 1
day
YHR 111111 1
[?,7.7,75,?.0‘1,0‘170‘1] day
Yen 1111111 1
T TATE ﬁ} day
Yeo 1111111 1
eI day

2.1. Implementation of temperature dependent seasonality

The fundamental assumption, which enable estimation of seasonality,
is that the structure of the system of differential equations, and the
implementation of restrictions through changes in contact-matrices, is a
sufficient approximation of reality, to such degree, that the remaining
quantitative discrepancy between model and observed data, is primarily
caused by lack of implementation of seasonal variation. This assumption is
justified through the fact that the model corrects for NPIs; new covid-19
strains; proportions of registered against actual covid-19 cases; and that
immunity numbers - whether induced by infection or vaccinations - are still
low and thus, not yet relevant during the optimization period from 01-03-
2020 to 01-03-2021.

In order to estimate the seasonal effect on the transmission rate of
covid-19 in Denmark, a logistic temperature dependency Eq. (17) was
used to calculate a scaling factor of the transmission rate, y/(T(t)). T(t)
indicates the observed national average daily temperature in Denmark
([dataset] DMI, 2021).

a
w(T(r) = m"‘d a7)

The logistic temperature dependent model in Eq. (17) contains four
parameters; a, b, ¢ & d. Initially, 500 Maximum likelihood parameter es-
timations of these parameters were performed. This method of estimation
turned out to show poor convergence due to local minima and saddle
points and therefore, the parameters were instead estimated through
rejection based approximate bayesian computation (ABC-rejection). The
500 maximum likelihood parameter estimations (MLPE) which were per-
formed prior to the ABC-rejection, were instead used to establish informed
prior intervals to for the ABC-rejection algorithm. This was done by
accepting a broad interval around the 5% best models from the MLPE as
uniform priors. The likelihood evaluation used in both methods were based
on two data sources from the period 1st of March 2020 to 1st of March
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2021:

1. The recorded new daily covid-19 related hospital admissions: A
registered covid-19 hospital admission in Denmark is defined as a
covid-19 positive PCR test 14 days prior to or during hospital
admission (SSI, 2021c¢). Two different age stratifications (see below)
were used for different time periods as the ten-year age stratified
data were not available before 1st of April 2020. The summer period
1st of June to 31st of August 2020, were excluded from the likelihood
evaluation, due to presence of a large amount of zeros in the
age-stratified observed data during this period.

i. Two age groups ([dataset] Christiansen, 2020): [0-59,60-+] from
11th of March to 1st of April 2020.

ii. Nine age groups ([dataset] SSI, 2020 and 2021a): Ten year in-
tervals from O - 80+; [0-9,10-19,...,70-79,80+] from 1st of April
2020 to 1st of March 2021.

2. Covid-19 antibody seroprevalence ([dataset] SSI (2020 and
2021)): The amount of tested and covid-19 antibody positive blood
samples for the two age groups 12-59 years and 60+ years. Weeks
with less than 5 tested subjects were removed from the dataset. In
Denmark the vaccination programme was initiated in December
2020, and therefore seroprevalence data beyond this point were not
available.

In addition to the seasonality parameters, a constant common scaling
factor of the observed risks of hospital admission for each age group was
also estimated. This ensured that the model could fit to the seropreva-
lence data as well, in order to avoid e.g. premature depletion of sus-
ceptible individuals if the risk of hospital admission had been
underestimated in this long-term simulation. The observed hospital
admission risks were taken from [dataset] SSI (2020 and 2021a) during
the Summer of 2021. This common scaling factor of the admission risks
represents the proportion of registered cases out of total covid-19 cases.
Initial infections on the 11th of March originated from SSI (2020a) and
were adjusted according to these new estimated risks of admission.
Estimation of all five parameters (four seasonality and one admission
risk parameters) were based on likelihood evaluations based on a
negative binomial distribution, with concomitant optimization of the
dispersion parameter. 50.000 parameter combinations were sampled
from the uniform prior distributions and were used in the ABC-Rejection
algorithm. The rejection criteria in the algorithm was set as the 0.25%
quantile (125 observations). The tolerance level was chosen by itera-
tively lowering the tolerance to exclude local minima from the posterior
distribution. After the parameter estimation, the estimated magnitude of
the annual seasonal variation in the transmission rate of covid-19 was
calculated based on the estimated parameters and the average monthly
temperatures in Denmark in the last 30 years ([dataset] DMI, 2022). For
each monthly average a seasonal scaling of transmission rate was
calculated, and from this value, the seasonal variation in the trans-
mission rate was defined as the relative reduction in covid-19 trans-
mission rate going from February (coldest month on average) to July
(hottest month on average), based on averaged historic temperature
data. This ensured a general estimate of the seasonal variation for a
‘typical year’.

3. Results & discussion

Table 1 shows the informed prior intervals alongside the mode and the
95% credible interval (CI) from the ABC-rejection posterior. Figure 4 show
the generated posterior distributions for the five estimated parameters and
the seasonal variation.

The posterior distribution for ¢ and to some degree also d show well
defined informed distributions. However, a and b show uninformed dis-
tributions with plateaus and multimodality which is likely a consequence
of both remaining local minima and parameter correlations. The key result
from these posterior distributions is the fact that the correlations between
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Fig. 6. Estimated monthly development in transmission rate of covid-19 and the used seasonal scaling as a function of temperature. The displayed 5% best models
spans seasonality estimates of 27%-29%; and the 5%-95% quantile estimates spans seasonality magnitudes from 24%-31% (i.e. the 95% CI for seasonality).

the parameters ensure, that when they are combined in the calculation of
the posterior distribution of the seasonality (Eq. (18)), then an informed
posterior distribution with a well-defined mode of 27% seasonality is
achieved - in spite of multimodality in some of the individual temperature
function parameters.

, WA Ty
Seasonallty[% reduction: Winter—Summer] = (1 - M) -100
"4 (TFebmm')')

18

Here, Ty is the average temperature during July during the last 30
years, and Trepnary is the average temperature during February in the
same period.

3.1. Model fit

Figure 5 shows the observed data compared to the model output of
the models included in the 95% seasonality CI in Table 1. The first nine
figures show age stratified hospital admissions and the bottom two
figures show seroprevalence for the two age groups; 12-59 and 60+
years.

The population model in Fig. 5 produces deterministic outputs of the
rate of hospital admission. Thus, the observed data points are expected to
present as daily stochastic fluctuations around the rate presented by the
population model. The addition of the 95% negative binomial confidence
interval (the transparent shaded area around new hospital admissions),
serve as an extension of the hospital admission rate from the deterministic
model, and thus extend the model to expect the new daily hospital ad-
missions - with stochastic fluctuations - to lie within this interval rather
than on a single line.

Figure 5 shows that the population model with implemented sea-
sonal variation, is highly capable of capturing the long term develop-
ment in the age stratified observed hospital admissions and
seroprevalence for all age groups - especially for the age groups 0-69
years (See appendix Figs. A.1 & A.2 for the simulation without seasonal
effects). The two oldest age-groups (70-79 and 80+), present two dis-
crepancies between model and the observed data.

1. The hospital admissions in the oldest age group 80+, was under-
estimated during December, which secondarily leads to an under-
estimated admission rate in January 2021. This underestimation can be
caused by several different factors. One explanation could be the fact
that the population model does not include any Christmas-specific
scaling of contacts. Here, it is likely that especially the oldest genera-
tion - grandparents and great-grandparents - experience the greatest
relative increase in contacts during the holidays, through spending
increased amounts of time together with their children and grand-
children. This would cause a relatively large increase in the amount of
cross generational infection transmissible contacts, and thus enable the
epidemic to jump from the younger population to the elderly popula-
tion and subsequently flourish in the elderly population e.g. in nursery
homes (Fig. 1 from SSI, 2021b). This would lead to an increase in
hospital admissions in especially the oldest age group, which would not
be captured by the model - This is supported by data on the behaviour
of the population 70+ years of age during Christmas, where there is an
increase in close family contacts during 1st and 2nd advent (govern-
mental restrictions were introduced shortly after 2nd advent) and
around Christmas eve (HOPE project, 2021). This also emphasize the
fact, that the estimated seasonal variation of ~ 27%, might be higher
for the 80+ population.

2. The rates of hospital admissions for the two oldest age groups (70-79
and 80+ years of age) from the 1st of February 2021 and onward,
underline the fact that the population model does not include the
Danish vaccination programme. The vaccination programme was
excluded from the model as it would drastically increase the complexity
of the model through requirement of age-stratified estimates for the
effect - of both one and two vaccine doses and for each type of vaccine -
on both infectiousness, risk of infection and risk of hospital admission.
This would compromise the precision of the model, through a drastic
increase in model-parameter uncertainties. Instead, the optimization
period of the model is terminated on 1st of March 2021, thus only
including a period where vaccine induced immunity is small and can be
assumed not to have a large impact on seasonality estimates, whilst still
including the second wave of hospital admissions, which is required to
get the best evaluation of the seasonality model, which should be able
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Fig. 7. Slope of standardised logistic temperature dependency. Shows the impact of temperature on the transmission rate pr. 1 ° Celsius change. Standardisation is
based on the averaged coldest monthly temperature through the last thirty years: February, 1.5°C. The displayed 5% best models spans seasonality estimates of 27%-
29%; and the 5%-95% quantile estimates spans seasonality magnitudes from 24%-31% (i.e. the 95% CI for seasonality).

to capture both the Autumn/Winter increase and the subsequent Spring
reduction in admissions. In Denmark the first vaccinations were given
on the 27th of December and the roll out of the vaccination programme
was originally prioritized in six target groups which were to initiate
vaccinations before March 2021. These target groups were vaccinated
sequentially as vaccines became available (Sundhedsstyrelsen, 2020;
Sundhedsstyrelsen, 2021). The six target groups can be seen in Table 2
and generally consist of the older age groups and high risk individuals
or individuals with daily activities related to these two categories. Thus,
the population model - which doesn’t include vaccinations - over-
estimate hospital admissions for the age groups from 70 to 79 years of
age and especially for 80+ years in the Spring of 2021. This over-
estimation increase over time as more individuals are vaccinated and
the difference between the population model structure and the real
world increase (Fig. 5); 33.1% (93459), 4.5% (26036) and 4.8%
(31976) had finished their second vaccination and 51.5% (145321),
12.1% (69569) and 12.6% (84293) had received their first vaccine in
mid March 2021 in the age groups 80+, 70-79 and 60-69 respectively
([dataset] SSI, 2022).

3.2. Logistic relationship between temperature and transmission rate

Figure 6 presents the relative seasonal development in the transmission
rate of covid-19 (left) and the logistic relationship between transmission
rate and daily average temperature (right) for the models in the 95%
seasonality CI from the ABC-rejection posteriors (Table 1). The grey areas
in the right-most figure (Fig. 6) indicate temperatures outside the observed
temperature interval in the period March 2020 - March 2021. The un-
certainties in the figure on the left are exclusively due to uncertainties in
model fit, not in the yearly variation of temperature.

Figure 6 (left) shows that the seasonal variation causes a rapid decline
in transmission rate during the Spring and early Summer in March-June,
then reach a plateau in July-August, and from September-December
there’s a rapid increase in transmission rate. During December-February
the seasonally induced changes in transmission rate are estimated to be
small. The seasonality estimate is a general estimate based on the average
annual temperature behaviour over 30 years, thus the temperature fluc-
tuations - and thus also the magnitude of the seasonal variation - in a given
year might deviate slightly from what is seen in this general estimate. A hot
Spring (early Summer) one year, might lead to a left shift of the Spring

transition period, and induce a reduction in infections earlier than ex-
pected. A cold Winter might lead to higher magnitude of the seasonal
variation, and a cold Spring/late Summer, might lead to a slight right shift
of the Spring transition, which could lead to a delayed seasonally induced
decrease in covid-19 cases.

Within the observed temperature interval (non-shaded area in Fig. 6
(right)) the temperature dependent transmission rate in the best models are
starting visibly to plateau above > 15°C and the beginning of an upper
scaling boundary is visible for temperatures lower than < — 5°C. The
presence of plateaus for extreme temperature values, is a direct conse-
quence of the choice of using a logistic temperature dependent function.
The logistic temperature structure in Eq. (17) allow the influence of tem-
perature changes on the transmission rate to vary as a function of current
temperature. During this study an exponential temperature dependence
was also examined (results not shown in the article, however examples of
the exponential model fits can be seen in appendix Fig. A.3). This revealed
that the logistic temperature dependency - because of the presence of both
an upper and lower boundary - provided a better fit (evaluated quantita-
tively on likelihood and qualitatively on visual fit) when estimating sea-
sonality through the Winter of 2020/2021. The use of a logistic
temperature relationship is also supported by its physical interpretation; As
with other viral respiratory infections, the seasonal changes in transmission
rate of covid-19 are caused by changes in environmental factors and
human behaviour (Moriyama et al., 2020). Here, we hypothesize the lo-
gistic relationship between temperature and transmission rate excels
because it captures that there exists an upper (and lower) limit to the extent
of temperature dependent human behaviour changes - meeting inside
versus outside, airing etc.) - and possibly also to the physical effects of
temperature and correlated parameters on stability and infectiousness of
the virus.

The influence of temperature changes on transmission rate at certain
temperature levels, can be estimated by calculating the relative effect of
1°C temperature increase based on Fig. 6 (right). In order to do so, Fig. 6
(right) were standardized at 1.5 °C and the slope of the curve was subse-
quently calculated. 1.5 °C is the lowest average monthly temperature in
Denmark based on climate normal data ([dataset] DMI, 2022). In Fig. 7 can
be seen the slope of this standardized curve, which show that the impact of
temperature changes on transmission rate for the 5% best seasonality
models are highest around 0-7.5 °C and decrease as temperatures move
further away from this interval. Figure 7 also shows the average



M.G. Johnsen et al.

temperatures for the five months February, March, April, May and June.
Thus, it can be seen that around 2 °C average daily temperature - corre-
sponding to around February and March in Denmark - the reduction in
transmission rate is —2.2%[—2.8%; —1.7%] pr. 1°C increase; around 7°C
(around April in Denmark) the change is —2%[—2.3%; —1.7%)] pr. 1°C
increase and at 11°C (around mid May in Denmark) the impact on trans-
mission rate is —1.7%[—2.0%; —1.5%] pr. 1°C increase.

A recent study on the seasonal effect on SARS-CoV 2 in temperate cli-
mates (Gavenciak et al., 2021) estimated a seasonal effect of 42.1% CI
[24.7%; 53.4%)] in the reproductive number R;, from Winter to Summer,
the study was from June 2021 and included data from 143 temperate
European regions. Their estimate for the seasonal variation is wider and
higher than then estimated seasonal effect of 27% (95% CI [24%; 31%))
which was found in this study. However, the two 95% Cls overlap and
show a similar scale of seasonality. Another study from August 2020, found
a 3.08% (95% CI [1.53%; 4.63%]) reduction in daily infections and a
1.19% (95% CI [0.44%); 1.95%]) reduction in daily deaths pr. 1 °C increase
in temperature (Wu et al., 2020). These results are of similar scale as the
estimates of the effect of temperature changes on daily hospital admissions
found in our study (Fig. 7). The novel contribution of our study to current
literature on seasonality is threefold and based on the fact that we are using
a model-based approach to contribute to a more holistic insight into
covid-19 seasonality modelling through the estimation of the relationship
between temperature and transmission rate. Firstly, rather than describing
the peak change in transmission rate or the effect of 1°C increase at one
time point, we robustly estimated a logistic relationship between trans-
mission rate and temperature in Denmark. This facilitate an improved
general understanding of the boundaries of seasonality and easy temper-
ature dependent implementation of seasonality in epidemic models for
countries of similar (temperate) climate and social structure. Secondly, this
relationship, facilitate calculation of both a temperature dependent esti-
mate of the magnitude of covid-19 seasonality for a given year, and the
impact of a 1 °C temperature change on transmission rate, and how this
impact varies depending on current temperature through the year. Lastly,
the focus on a single country facilitate the exhaustive implementation of
NPIs; the a-strain; and age stratified hospital admission risks which
alongside the good fits to both hospital admissions and immunity (sero-
prevalence) data reduce the risk of spurious seasonality results and thus
facilitate an accurate and robust estimation of the seasonality.

3.2.1. Limitations

The social and environmental interactions with the transmission rate of
covid-19 are extremely complex, and as such it’s important to bear in mind
that the results in this study should not be considered globally applicable
and definitive. Under the limitations of this study, the results should rather
be considered a contribution to the existing, growing literature on covid-19
seasonality, its relationship with temperature as a proxy parameter and
how it can be reliably implemented in epidemic covid-19 population
models.

There are three main limitations in this study. The first being the fact
that the model is exclusively based on Danish data, and thus the results
are accurate for Denmark, and serve as estimates for countries of similar
climate conditions and social behaviour. The degree of transferability of
the results to other temperate countries depends heavily on the nature of
social and meteorological similarities between Denmark the given
country.

Secondly, this study does not attempt to and is unable to infer any
causality between temperature and the seasonal changes in covid-19
transmission rate. It exclusively found that temperature can serve as a
proxy for the implementation of seasonality in a mathematical population
model of covid-19 in the Danish climate and social setting. Thus, increasing
or decreasing temperatures can yield different outcomes in countries which
are not comparable to Denmark on these two parameters. The different
effects of temperature on covid-19 have been addressed in a review article
by Byun et al. (2021), where mostly negative - especially for Europe - but
also positive and no effects of increasing temperature on transmission rate
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have been found depending on the given country and method used in the
study.

Thirdly, it is not possible, based on this study to infer the effect of
temperature changes and seasonality on emerging strains (variants
emerging after the a-variant) of covid-19, which might show variance in
transmission patterns in response to temperature changes e.g. Smith et al.
(2021a) (pre-print) found evidence of the a-variant having better trans-
mission at warmer temperatures than the previous strains.

3.2.2. Social implications

Excluding seasonality from future models and considerations regarding
the spread of covid-19, can lead to an underestimation of covid-19 in-
fections in the Fall and Winter in temperate countries. This underestima-
tion could potentially lead local governments and decision-makers to delay
the implementation of precautions - such as NPIs or vaccine booster doses,
which are essential for saving lives during periods of rapid community
spread. Notwithstanding the aforementioned limitations, the results from
this study shows how temperature can be used as a proxy in a logistic
model to reliably implement covid-19 seasonality in mathematical models.
This knowledge enable better anticipation of the timing and magnitude of
coming Winter surges and enable better covid-19 management through e.g.
timed implementations of preliminary precautions such as governmentally
implemented restrictions and administration of vaccine booster doses.
Equally important, having these reliable models of seasonality also aid in
the timing of removal of NPIs thus, e.g. avoiding periods of futile main-
tained implementation of NPIs.

3.3. Conclusion

This study shows that implementation of seasonal variation in the
transmission rate of covid-19 in a temperate climate can be implemented in
epidemic population models by using daily average temperature as a proxy
for seasonal changes in transmission rate. The seasonal variation in the
transmission rate of covid-19 in Denmark (temperate climate) from March
2020 to March 2021 is - through this study - estimated to be 27% (95% CI
[24%; 31%]) reduction from February to July. This estimate is a general
estimate based on the average monthly temperatures through the last 30
years, and fluctuations in temperatures in given years will create fluctua-
tions in the magnitude of seasonality around this estimate. Additionally it is
shown that the impact of increasing temperature on transmission rate is
greatest for daily average temperatures around 0-7.5°C, and decreases for
both lower daily temperatures and increasing daily temperature. The
highest impact of seasonality is thus seen during early Spring, late Autumn
and Winter were temperatures typically are within this interval. The
temperature dependent reduction in covid-19 transmission rate pr. 1°C
increase is estimated to —2.2%[—2.8%; —1.7%| pr. 1°C increase around
2°C; —2%[—2.3%; —1.7%)] pr. 1°C increase around 7°C; and —1.7%[—
2.0%; —1.5%] pr. 1°C increase at 11°C. In Danish climate these tempera-
tures correspond to February-March; April and May, respectively.
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Appendix A. No seasonal effect

Exponential model example
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Fig. A.1. The population model without implementation of seasonal effect, but with the optimised hospital admission risk.
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Fig. A.2. Long term simulation of the population model, without implementation of seasonal variation. Although this population model is based on the population
model published by SSI in May 2020 SSI (2020a), this figure cannot in any way be considered as a long term prediction from May 2020, as it was well-known at that

time, that a seasonal effect was present, which would cause a decrease in infections during the summer, and the model was at that time not suited for, nor capable
of long term simulations. Thus the inclusion of this figure is for the sole purpose of showing the drastic effects of introduction of a seasonal variation, and how it

contributed to reducing the amount of infections in the Spring of 2020.
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Parameters for the differential equation system
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Fig. A.3. An example of the quantitative and qualitative behaviour of the exponential temperature models. Here, it is evident that the exponential models generally
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it can be seen that some of the models underestimate the admissions during this period. This is due to the fact that these exponential models aren’t sensitive enough to
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sonality. Consequently, the logistic models shows a more realistic description of the relationship between temperature and covid-19 transmission rate.
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