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Abstract The outbreak of coronavirus disease 2019 (COVID‐19) showed various transmission rate (Rt)
across different regions. The determination of the factors affecting transmission rate is urgent and crucial
to combat COVID‐19. Here we explored variation of Rt between 277 regions across the globe and the
associated potential socioeconomic, demographic, and environmental factors. At global scale, the Rt started
to decrease approximately 2 weeks after policy interventions initiated. This lag from the date of policy
interventions initiation to the date when Rt started to decrease ranges from 9 to 19 days, largest in Europe
and North America. We find that proportion of elderly people or life expectancy can explain ~50% of
variation in transmission rate across the 277 regions. The transmission rate at the point of inflection (RI)
increases by 29.4% (25.2–34.0%) for 1% uptick in the proportion of people aged above 65, indicating that
elderly people face ~2.5 times higher infection risk than younger people. Air temperature is negatively
correlated with transmission rate, which is mainly attributed to collinearities between air temperature and
demographic factors. Our model predicted that temperature sensitivity of RI is only −2.7% (−5.2–0%) per
degree Celsius after excluding collinearities between air temperature and demographic factors. This
low temperature sensitivity of RI suggests that a warm summer is unlikely to impede the spread of
COVID‐19 naturally.

1. Introduction

The 2019 coronavirus disease (COVID‐19) outbreak caused by severe acute respiratory syndrome
coronavirus‐2 (SARS‐CoV‐2) has become an unfolding pandemic, with more than 3.8 million cases being
reported up until 8 May 2020 (Dong et al., 2020). Since the outbreak of COVID‐19, transmission rate of
COVID‐19 has evolved with time. The transmission rate at the same stage of outbreak varies by 3–4 orders
of magnitude between different regions (https://ourworldindata.org/coronavirus‐data; https://coronavirus.
jhu.edu/). To eliminate this major public health hazard, it is essential to understand the timeline of evolution
in transmission rate for each region. Meanwhile, understanding why the transmission rate varies across
different regions can hint clues about how to control the COVID‐19 pandemic; thus, investigation on the
potential driving factors of COVID‐19 transmission across different regions is an urgent and essential mis-
sion. This is the main goal of this study.

Previous studies have reported that the policy interventions, meteorological conditions, demography, and
healthcare facilities have impacts on the transmission of COVID‐19 by experiments, statistics, and mathe-
matical modeling (Chinazzi et al., 2020; Kucharski et al., 2020). Several studies have evaluated the effects
of different policy interventions on transmission rate of COVID‐19 (Dehning et al., 2020; Kraemer et al., 2020;
Tian et al., 2020). In vitro data have confirmed the reduced survival of SARS‐CoV‐2 with increase in air tem-
perature and relative humidity (Jüni et al., 2020; NAS, 2020; Zhu & Xie, 2020). Meanwhile, elderly people are
found sensitive to the COVID‐19 by 8,579 case studies in China (Zhang et al., 2020) and susceptible‐infected‐
recovered (SIR) models (Dehning et al., 2020). Logically, better healthcare and richer regions with higher
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gross domestic product per capita (GDPp) may help ease COVID‐19. Thus, we deduced that different meteor-
ological conditions, proportion of elder people in demography, and socioeconomic indicators could be the
potential factors driving the variation in transmission rate between different regions.

Based on the lessons fromHCoV‐HKU1 and HCoV‐OC43 fromU.S. census regions, a recent study suggested
that more humid climates and summer will not substantially alter pandemic growth (Baker et al., 2020).
Using weighted random effects regression, COVID‐19 pandemic growth is strongly associated with public
health interventions rather than temperature by 27 March 2020 (Jüni et al., 2020). Whether seasonal change
to warmer temperature in summer can reduce the transmission of COVID‐19 remains uncertain (Baker
et al., 2020; Jüni et al., 2020; NAS, 2020). To derive sensitivity of transmission rate to temperature from
worldwide data is another goal of this study.

Based upon global daily reported cases, the aims of this pilot research are (1) to investigate timeline of trans-
mission rate of COVID‐19 for each region; (2) to explore the potential factors driving the variation of trans-
mission rate of COVID‐19 across the globe; and (3) to estimate the temperature sensitivity of transmission
rate of COVID‐19. To accomplish these goals, we first built a logistic model to simulate the number of
COVID‐19‐infected patients for 277 regions across the globe. Then, we investigated transmission rate (Rt)
throughout the timeline of COVID‐19 outbreak in the 277 regions across the globe and lag between the date
of policy intervention and the decrease in transmission rate. To explore the associated factors for transmis-
sion rate across the 277 regions, we correlated the transmission rate at the point of inflection (RI) with socio-
economic status, demographic factors, and meteorological conditions. Finally, the sensitivity of RI to
temperature was estimated by multiple models ensemble, and the change in transmission rate only due to
warmer temperature in the coming summer was evaluated based on historical summer meteorological
records.

2. Data and Methods
2.1. Data

Four types of data were acquired for the main analysis: (1) the daily confirmed cases were obtained from the
GitHub project (https://github.com/CSSEGISandData/COVID‐19/) during the period 1 December 2019 to
14 April 2020; (2) location, population, people aged over 65 (Pelderly), area, life expectation (LE), the number
of hospital beds (Nbeds), and GDPp for each region were requested from the World Bank open database
(https://data.worldbank.org/); (3) the dates when strict control policies were implemented, typically border
closure, strict travel restrictions/ban, and/or a state of emergency was declared were reviewed and summar-
ized, given that the roles of the policy interventions were demonstrated in restricting the COVID‐19 trans-
mission (Chinazzi et al., 2020; Kucharski et al., 2020; Viner et al., 2020); and (4) the in situ observed
humidity, temperature, wind speed, and visibility data were derived from the Global Historical
Climatology Network (https://www.ncdc.noaa.gov/ghcn‐daily‐description). For China, United States,
Australia, and Canada, the data were specified at province/state level, while data for other regions were
assembled at country scale.

2.2. Statistical Analysis

A three‐parameter logistic model was employed to describe the daily growth number:

y ~ a = 1þ exp bþ c × tð Þð Þ (1)

where y is the number of cases in millions; t is the time from 1 December 2019 in days; and a, b, and c are
tubing parameters. Given that the virus spread in China has been in a stationary state since March, only
daily data up to 1 March 2020 were utilized, with the exclusion of the infection wave in prisons. For the
remaining countries, the data were updated to 14 April 2020. Note that some regions have the second
wave outbreak of COVID‐19 during peer review of this manuscript. We only studied the initial wave of
COVID‐19 across the globe here, and the second wave is beyond the scope of this study and is not
considered in this study.

As illustrated in Figure 1, the growth of COVID‐19 generally has three phases: the initial lag, exponential
phase, and stationary phase. The point of departure (DP) for the study period was selected as the date of
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five cases per million people (Figure 1). To validate the influence of this assumption, we also repeated our
analysis by altering DP definition when case counts reached at 1 and 10 cases in per million, respectively.

In most regions, the model fitting is in good quantitative agreement with observations. The median of root
mean square errors was calculated to be 9.7, with an interquartile range (IQR) of 36.4. We only chose regions
with a visually sound fitness (R2 > 0.9), and thus, the fitness for six regions were excluded. Finally, 50 states
in the United States, 35 provinces/states/regions in China, 12 provinces in Canada, 8 states in Australia, and
172 other countries/regions were chosen as candidate regions for further analysis.

Then, the time‐dependent transmission rate (Rt) was estimated based on the derivation of Equation 1:

Rt ~ − c × a= 1þ exp bþ c × tð Þð Þ2 × exp bþ c × tð Þ (2)

Here we chose the transmission rate at point of inflection (RI) as a reliable indicator, as point of inflection
(IP) is the middle of the exponential phase in the logistic growth curve (Figure 1), representing themaximum
transmission rate. Then, we associated RI with all collected demographic and socioeconomic variables, as
well as meteorological factors.

2.3. Predictions of Transmission Rate Due To Temperature Change

In order to determine whether the summer will reduce the Rt or not naturally, we modeled the RI based on
an ensemble of multiple linear regressions (MLRs). We constructed an ensemble of multiple models with
different combinations of independent variables, and for each model, we repeated the MLR 1,000 times with
a randomly selected 70% of samples. Using this ensemble of multiple models, the change in Rt for July was
predicted based on historical meteorological information.

Figure 1. The schematic diagram of logistic model used in this study. IP (inflection point) is given by time ofmax(Rt); GP
(point of growth) and SP (point of saturation) are given by the time of max(dRt/dt) and min(dRt/dt), respectively.
DP (point of departure) was assumed as five cases per million; PP, point of policy activation day. Detailed timeline for
each region is provided in the supporting information.
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China has implemented strong policy interventions since January 2020 in
more than 30 provinces. To avoid the effect from strong regulation on the
Rt in China, data analyses were conducted under two scenarios: including
and excluding Chinese data.

3. Results
3.1. The Timeline of COVID‐19 Outbreak

The median calendar date for the first case report was 5 March 2020 (IQR:
21 days), and the Rt at the first reported case varied by 2 orders of magni-
tude across continents: 0.0327–0.571 cases M−1 day−1 (per million people
per day). Later, the variation of Rt at GP was widened to a range of from
0.4 cases M−1 day−1 in Africa to 29.6 cases M−1 day−1 in Europe. Both
duration and increased rate of Ln (Rt) between DP and GP accounted for
the disparities of Rt at GP between continents (Figure S1). The longer
duration between DP and GP resulted in larger Rt at GP in Europe than
in Africa. The alternative definitions of DP (defined as the date when con-
firmed cases reached at 1 or 10 cases in per million) had similar results
(Figures S2 and S3). After GP, the Rt reached a peak after approximately
1 week as the median interval from GP to IP was 7 (IQR: 2) days globally,
with small differences in the interval between continents (Figure S4). The
median calendar date for IP was 5 April 2020 (IQR: 9 days).

Further, we have collected the policy intervention details for 244 regions
and examined the role of policy interventions in controlling the
COVID‐19 spread. Out of the 244 regions executing policy interventions,
161 did so within 2 weeks of the first reported case. Globally, the median
duration between the first reported case and the point of policy activation
date (PP) was 12 days (IQR: 20 days). In particular, the durations between
the first reported case and PP for Asia without China, China, North
America, South America, Africa, Europe, and Oceania were 23 (IQR:
42), 1 (IQR:1), 11 (IQR: 9), 13 (IQR: 12), 10 (IQR: 12), 19 (IQR: 37), and
20 (IQR: 35) days, respectively.

Figure 2a shows weekly Rt before and after policy interventions. At a glo-
bal scale, the weekly Rt was fairly stable in the range 2.2–7.1 cases
M−1 day−1 from 5 weeks to 1 week before PP. Then, the median Rt accel-
erated by 11.8 ± 3.1 (95% confidence interval [CI]: 5.8–17.8) cases

M−1 day−1 per week until 2 weeks after PP (Figure 2a). After that, the median Rt dropped to 40.6 (IQR:
176.3) cases M−1 day−1 followed by 30.5 (IQR: 189.8) cases M−1 day in the third week. It then continuously
decreased to 7.9 (IQR: 110.1) cases M−1 day−1 in the fourth week. In China (Figure S5), the weekly Rt started
to drop about 1 week after PP, shorter than the global average.

In 241 out of 244 regions, IP was observed after the date of PP, indicating a lag resulting from the incuba-
tion period (i.e., the time delay from infection to illness onset) and/or the lag effect of policy interventions.
A global median lag between PP and IP was determined to be 13.7 ± 15.2 (median: 18, IQR: 8) days.
Figure 2b shows that the lag between PP and IP varied between continents: the value for Oceania was
the lowest (median: 9 days with IQR of 4 days), compared to 13 (IQR: 3) days in China and 19 (IQR: 4) days
in North America.

3.2. Global Distribution of RI and the Associated Factors

The global median RI (transmission rate at inflection point) was estimated of 9.4 (IQR: 33.3, n = 277) cases
M−1 day−1. Globally, the RI varied by 4 orders of magnitude among countries, from 0.0094 to 585.6 cases
M−1 day−1 (Figure 3). Across the 277 regions, the RI in 14, 126, 110, and 27 regions were <0.1, 0.1–10,
10–100, and >100 cases M−1 day−1, respectively. The RI was the highest in Europe (median: 39.5, IQR:
88.7 cases M−1 day−1, n = 46), followed by North America (median: 30.4, IQR: 44.6 cases M−1 day−1,
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Figure 2. Transmission rate and lag between point of policy activation day
(PP) and point of inflection (IP). (a) Changes in transmission rate
with time relative to PP. (b) Lag days between PP and IP of transmission
rate across the continents. The detailed definitions of PP and IP can be
found in Figure 1. The regions are grouped into Africa (AF), Asia without
China (AS), China (CN), Europe (EU), North America (NA), Oceania
(OC), and South America (SA).
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n = 87), Oceania (median: 11.5, IQR: 11.7 cases M−1 day−1, n = 12), Asia without China (median: 3.8, IQR:
14.4 cases M−1 day−1, n = 38), South America (median: 3.2, IQR: 9.6 cases M−1 day−1, n = 12), China
(median: 0.7, IQR: 0.8 cases M−1 day−1, n = 35), and Africa (median: 0.5, IQR: 1.5 cases M−1 day−1, n = 47).

We found that 1% increase in Pelderly significantly enhanced RI by 29.4% (25.2–34.0%) (Figure 4a), which sup-
ports that elderly people are more susceptible to SARS‐CoV‐2 (Verity et al., 2020). One‐year uptick in LE is
equal to 0.83 ± 0.046% growth in Pelderly (Figure S6a), triggering 26.2% (95% CI: 22.4–30.1%) increment in RI

(Figure 4b). The regressions of RI against LE and RI against Pelderly are similar when excluding data from
China (Figure 4). The positive correlation between RI and GDPp (Figure S7a) is due to the significant and
positive correlations between GDPp and Pelderly (Figure S6). No significant correlation is found for RI with
area per capita (Figure S7b).

Although relative humidity, wind speed, and visibility are positively associated with RI (Figures 4c and S7),
the explainable variances are all below 10%. For air temperature, Figure 4d shows a significant 7.7%
(5.5–9.9%) decrease in RI with per 1°C increase in air temperature across the 277 regions. When excluding
Chinese regions, the temperature sensitivity of 7.7% (5.5–9.9%) increases to 10.9% (8.9–12.9%). This may
be due to strong policy interventions in China lowering RI and masking any temperature effect on RI. We
also did the same analysis with the Rt at GP and found similar results to those with the Rt at IP.

3.3. Temperature Sensitivity of RI

We observed a significant correlation between temperature and Pelderly (Figure S8). While this correlation is
not a causal link, we speculated that the collinearities between temperature and Pelderly would influence the
temperature sensitivity of RI. Thus, we first introduced the variable Pelderly into the association of RI with
temperature, which led to a decrease in the regressed coefficient of temperature. Further, since the associa-
tions between LE, Pelderly, and GDPp factors and their high explainable variances for RI (Figure 4), the com-
binations of LE, Pelderly, and GDPp variables were considered as confounding factors for determining the
sensitivity of temperature to COVID‐19 spread. The ensemble comprised a total of seven models
(Table S1). However, the coefficients of air temperature were insignificant in all seven models when using
global data. In Figure 4d, we speculated that the RI in China could be largely suppressed by strong policy
interventions in China rather than temperature across different provinces and may mask the possible

Figure 3. Spatial distribution of the transmission rate at point of inflection (RI, cases M
−1 day−1). The inset bar plot shows the frequency of RI in the 277 regions.
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relationship between air temperature and RI. We therefore examined the regressions excluding the data from
China (Figure 4d). The coefficients of air temperature were then significant in four out of the seven models
(p < 0.05), and we re‐estimated temperature sensitivity between models ranging from −0.045 ± 0.010 to
−0.010 ± 0.011 (unit: Ln [cases M−1 day−1] per degree) (Table S2). Based on Monte Carlo sampling 1,000
times, a pooled estimation of coefficient was −0.027 ± 0.013 (95% CI: −0.052 to 4.81e‐06, unit: Ln [cases
per million per day] per degree, Figure S9), indicating that the RI would decrease by 2.7% for per 1°C uptick
in air temperature. Compared to the temperature sensitivity of RI 10.9% (8.9–12.9%) obtained from the uni-
variate regression between RI and air temperature (Figure 4d), this substantial reduction can be explained by
the high collinearities between temperature, Pelderly, LE, and GDPp (Figure S8).

4. Discussion

We first summarized the timeline of the COVID‐19 outbreak worldwide until 14 April 2020. The timeline of
the COVID‐19 outbreak in China provides a useful case to examine the effects of policy interventions. As

(a) (b)

(c) (d)

Figure 4. The association between transmission rate at point of inflection (RI) and selected potential factors. (a) With
proportion of population aged over 65 years: Ln (RI) ~(25.83 ± 1.73) × x − (1.06 ± 0.22), R2 = 0.47, p < 0.0001 for
global data; Ln (RI) ~(25.36 ± 1.65) × x − (0.82 ± 0.22), R2 = 0.51, p < 0.0001 for global data without China. (b) With life
expectancy: Ln (RI) ~(0.23 ± 0.016) × x − (15.64 ± 1.17), R2 = 0.46, p < 0.0001 for global data; Ln (RI) ~(0.24 ± 0.014)
× x − (16.00 ± 1.05), R2 = 0.57, p < 0.0001 for global data without China. (c) With relative humidity: Ln (RI)
~(0.021 ± 0.0090) × x + (0.39 ± 0.61), R2 = 0.020, p = 0.018 for global data; Ln (RI) ~(0.034 ± 0.0097) × x − (0.098 ± 0.64),
R2 = 0.052, p = 0.0005 for global data without China. (d) With air temperature: Ln (RI) ~(−0.080 ± 0.012)
× x + (3.01 ± 0.22), R2 = 0.14, p < 0.0001 for global data; Ln (RI) ~(−0.12 ± 0.012) × x + (3.91 ± 0.22), R2 = 0.51,
p < 0.0001 for global data without China. Blue and yellow lines with shade area show the fitness based on global data and
global data without China, respectively. The colors of points indicate the regions in Africa (AF), Asia without China (AS),
China (CN), Europe (EU), North America (NA), Oceania (OC), and South America (SA), respectively.
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shown in Figure S1, the duration of the period between DP and GP was lower in China than in most other
regions, but the increase of transmission rate during this period was relatively high, indicating a high
early‐stage risk in China. The combination of strictly enforced interventions at the community level, such
as quarantine, travel ban/restriction, social distancing, home isolation, and others, sharply suppressed the
basic reproduction number from 3.0 to less than 0.3 within 1month (Pan et al., 2020). Integrated policy inter-
ventions led to lag days and RI in China being 12.3 ± 3.2 days and 0.7 cases M−1 day−1, respectively. These
figures are lower than the median lag time and RI in Asia or worldwide. If no or lesser policy interventions
had been executed in China, the median RI (based onm7 in Table S1) was modeled to be 5.8 (IQR: 3.2) cases
M−1 day−1—8 times the actual median RI in China (0.7 cases M−1 day−1). From this, we can infer that the
strong policy interventions in China reduced RI by 88.5%. Lessons from Singapore also demonstrated how a
mix of policies can substantially decrease the growth of COVID‐19 infections (Koo et al., 2020). The policy of
national school closure in 107 countries conducted by 18 March 2020 promised to prevent 2–4% of deaths
(Viner et al., 2020). By model simulation, 90% travel restrictions only moderately affected the epidemic tra-
jectory (Chinazzi et al., 2020; Viner et al., 2020) and warned that the implementation of a single or a couple
of policies had less influence on the RI. Modeling study in Italy also pointed out that restrictive social distan-
cing should be implemented together with the widespread testing and contact tracing (Giordano et al., 2020).
In Europe, it took longer from DP to GP and from GP to IP (Figures S1 and S4), as well as from PP to IP
(Figure 2b). This could partly explain why RI in Europe was the highest among the continents (Figure 3).
Earlier PP and more strict policy interventions in Europe would have helped lower the RI.

A study of 8,579 cases from 30 provinces in China stated that the proportion of cases in elderly people
increased from 9% to 16% as epidemic evolved (Zhang et al., 2020), reinforcing the assertion that countries
with a high proportion of older people need to take more action to quickly flatten the transmission curve
in the early stage of the epidemic. In line with Zhang et al. (2020), our results show that 1% increase in
Pelderly increases RI by 29.4% (25.2–34.0%) (Figure 4a). This suggests that people aged more than 65 years face
~2.5 times the infected risk faced by younger people in the context of the same infection probability. In addi-
tion, in Italy, the case fatality rate for people aged over 70 was in the range of 12.8–20.2%, which was much
higher than the ratio of <3.5% for younger group (Onder et al., 2020). Retrospective clinical studies indicated
that the proportion of lymphocytes for the elderly was markedly lower than that in the middle‐aged group,
indicating higher death risk for elderly patients with COVID‐19 (Liu et al., 2020; Yang et al., 2020).

To examine the role of healthcare resources in controlling the COVID‐19 pandemic, we evaluated how Rt

changed as the epidemic proceeded. In the first 4 weeks, the Rt in countries with higher Nbeds (>2.9 hospital
beds per thousand) was 29.6 ± 15.1% higher than those countries with fewerNbeds. However, in the following
weeks (Figure S10), the countries with higher Nbeds lowered Rt, compared to continuous increasing Rt found
in the countries with fewerNbeds. Overall, the increased rate of 0.099 ± 0.17 cases M−1 day−2 of Ln (Rt) in the
countries with higher Nbeds was lower than that of 0.79 ± 0.06 cases M−1 day−2 in the opposite group. A
recent study pointed out that approximately 24% of countries have not adequately prepared for public health
risks and events yet (Kandel et al., 2020). In Italy, the ratio of COVID‐19 patients required intensive care was
up to 16% (Grasselli et al., 2020), and the median days between symptom onset and critical care admission
reached at 9 days in Wuhan, China by a single‐centered, retrospective, observational study of 710 patients
(Yang et al., 2020). In United States, scholars suggested that the COVID‐19 outbreak was likely to cause
the shortage of ICU beds, hospital beds, and ventilators (Emanuel et al., 2020). Thus, the rapid growth of
COVID‐19 in many regions could quickly overwhelm available resources, which calls for a global collabora-
tion on building such health security capacity.

Previous studies suggested that environmental factors may affect the transmission rate of SARS‐CoV and
MERS‐CoV (Baker et al., 2020; Chan et al., 2011; Van Doremalen et al., 2013), raising an expectation that
high air temperatures could greatly reduce or even wipe out the COVID‐19 pandemic. Mounting studies
have also indicated that higher air temperature or humidity can markedly reduce the COVID‐19 spread
(e.g., Jüni et al., 2020; Qi et al., 2020). Study performed in Brazil indicated that air temperature only has a
negative effect on confirmed cases below 25.8°C and has little effect above 25.8°C (Prata et al., 2020). In
China, an early research stated that per temperature uptick would trigger 4.86% of increase in daily con-
firmed cases when temperature is below 3°C, while no decline effect was observed under warmer weather
(Zhu & Xie, 2020). In contrast, another study conducted in China suggested a negative correlation between
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(a)

(b)

Figure 5. Change in summer temperature and change in transmission rate. (a) Change of air temperature between July 2019 and inflection point. (b) Relative
differences of transmission rate due to change in temperature by the temperature sensitivity of transmission rate and the change in air temperature shown in
Figure 5a. Note that this change in transmission rate only due to change in temperature is predicted, which is the product of temperature sensitivity of
transmission rate and change in temperature.
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air temperature and COVID‐19 transmission rate (Qi et al., 2020). Previous studies did not examine whether
collinearity between Pelderly and air temperature causes the markedly negative temperature sensitivity of Rt.
Here, after excluding the collinearities between Pelderly, LE, and GDPp and temperature, the temperature
sensitivity of RI was substantially reduced by 75.6%. This suggests that previous estimates of the positive
effect of air temperature on preventing transmission of COVID‐19 may be exaggerated by univariate regres-
sion between COVID‐19 transmission rate and temperature.

Imagining a world only shift to summer (July) temperature but keep other conditions unchanged (policy
interventions, demography, etc.) as February andMarch, then the temperature sensitivity of RI derived from
the seven‐model ensemble can be used to predict the relative change of RI in this imagined world. An aver-
age 12.0 ± 8.9°C (n = 239) increase in air temperature in July was observed in the Northern Hemisphere,
compared to a 5.2 ± 4.6°C (n = 38) decrease in the Southern Hemisphere (Figure 5a). Accordingly, due to
temperature changes, the mean RI was reduced by only 34.2 ± 25.9% in the Northern Hemisphere
(Figure 5b), suggesting that the outbreak of COVID‐19 would be marginally weakened in the coming sum-
mer. In contrast, the mean RI was predicted to increase by 14.2 ± 12.5% in the Southern Hemisphere. This
suggests that a warmer summer is unlikely to stop the transmission of COVID‐19 naturally as the modeling
study suggested (Baker et al., 2020) and that policy interventions, vaccine, and drugs for COVID‐19 are cru-
cial to cease the spread of COVID‐19.

Some reports have implied that the number of confirmed cases is less than the number of real infections
(Jia & Lu, 2020). A modeling study concluded that the weighted global ability to detect Wuhan‐to‐location
imported infections of COVID‐19 was only 38% of Singapore's capacity (Niehus et al., 2020). In many
regions, only people with symptoms are prone or eligible for testing: unbiased testing should feature high
testing counts and low positive rates. To explicate how testing counts impact our analysis, we defined a func-
tion as testing rate divided by positivity percentage to represent the data reliability of reported confirmed
cases (Figure S11a). The median positivity rate in testing was 0.086 (IQR: 0.084) and tested counts were
8,337 (IQR: 11969) cases per million for 117 regions (Figure S11b). Statistical analysis based on data with
high reliability (Figure S12 and Table S3) demonstrated that the LE, Pelderly, and GDPp and temperature
were still associated with RI, and the coefficient was estimated to be −0.041 ± 0.016 (p = 0.012) for the asso-
ciation between Ln (RI) and air temperature. In particular, based on data with high reliability, MLR shows
2.16% (95% CI: 0.23–4.00%) decrease in transmission rate per degree uptick in temperature, which is compar-
able to that based on all data. This confirms the robustness of the low temperature sensitivity of RI estimated
in this study and warns us that it would not be wise to expect the higher summer air temperatures to kill off
the COVID‐19 pandemic.

Several limitations of this study should be noted. First, our estimation of RI was based on the reported num-
ber of confirmed cases. Although the re‐analyses for countries with relatively high testing counts and low
positive rate did not substantially alter our main findings, the variations of silent transmission between
regions may bias our results. Second, an underlying assumption in our study is that the transmission rate
before IP is marginally influenced by policy interventions because of the lag effect. Here, the duration
between PP and IP was estimated to be 2 weeks. Considering the delays in reported cases, the latency of
COVID‐19, and test kit shortages in the early stage, our assumption may be fairly reasonable for countries
with moderate or mild execution of policy interventions. However, for some countries like China, the strict
implementation of policy interventions can sharply reduce RI and mask the impacts of other factors. An
accurate classification of the intensity of policy interventions could well enhance our study, although such
classification is not available at this stage.

5. Conclusions

In this study, the timelines of COVID‐19 outbreak show various lengths of the initial and exponential
phases, among the global 277 regions. We summarized that the Rt reached a peak after approximately 1 week
globally with little difference between the 277 regions. There were 161 out of 244 regions initiated policy
interventions within 2 weeks of the first reported case. The maximum Rt at inflection point were found
2 weeks (IQR 8 days) after initiation of policy interventions and varied by 4 orders of magnitude among
regions (0.0094 to 585.6 cases M−1 day−1). This variation of RI between the 277 regions is mainly explained
by proportion of population aged over 65 or life expectancy (50%) and less by air temperature (~10%) across
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the globe. The temperature sensitivity of RI is derived from MRL as −2.7% (−5.2% to 0%) per degree Celsius,
much smaller than that derived from univariate regression in which collinearity between air temperature
and demographic factor is not considered. Due to the low temperature sensitivity of COVID‐19 spread,
our study suggests that the COVID‐19 could be only marginally reduced naturally by warmer summer tem-
perature. Before drugs and/or vaccine for COVID‐19 come out, climatic seasonality has limited effect on
transmission of COVID‐19. Our study underscores the importance of policy interventions to cease the spread
of COVID‐19.
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Data Availability Statement

The daily confirmed cases were obtained from the GitHub project (https://github.com/CSSEGISandData/
COVID‐19/) during the period 1 December 2019 to 14 April 2020; the demographic and socioeconomic vari-
ables, such as location, population, elderly people, life expectancy, area, GDP, and hospital beds were
requested from the World Bank open database (https://data.worldbank.org/). The number of ICU beds
per 10,000 was collected from Phua et al. (2020) and Rhodes et al. (2012). The in situ observed daily
humidity, temperature, wind speed, and visibility data were derived from the Global Historical
Climatology Network (https://www.ncdc.noaa.gov/ghcn‐daily‐description). The R language codes for main
analyses can be publicly downloaded via archiving repository (https://zenodo.org/record/3964177 with a
https://doi.org/10.5281/zenodo.3964177).
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