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Preface

At noon on March 17, 2020, the doors of the Fields Institute closed as the
coronavirus pandemic reached Toronto, and the Province of Ontario declared a state
of emergency.

The Institute building on College Street may be considered the physical embod-
iment of the legacy of John Charles Fields. It is a wonderful sunlit space, lined
with blackboards and covered in a fine film of chalk dust. It is the place where
mathematical scientists from around the world congregate to exchange ideas. While
there are many structured events, the most precious aspect of the Institute is in its
ability to provide a physical environment to stimulate serendipitous meetings of
minds in which creative thoughts, embedded in a string of symbols, diagrams, and
formulae, are bounced around and collectively shaped into new discoveries.

About a month earlier, in mid-February, the Institute recognized the coming
storm and started planning the role it might play in dealing with the virus. With
barely a week’s notice, the Institute summoned mathematical modelers from across
Canada to convene in Toronto for a 2-day seminar and brainstorming session on
February 14–15, 2020. During that session, the core group was formed, and soon
afterwards, a proposal was submitted to the Canadian Institutes of Health Research
(CIHR) for funding the work of the Task Force.

That proposal was successful, and the research activity of the group began in
earnest. During the period of March 2020 to June 2021, the Task Force produced
46 seminars, publishing dozens of papers, participating in and running knowledge-
sharing events for mathematicians and nonmathematicians alike, and supporting
decision makers across the country to reduce the spread of COVID-19 by applying
mathematical modeling to a host of public health problems.

Particularly noteworthy about this Task Force is that it had members from
across Canada as well as the support of the mathematical science institutes,
namely AARMS (the Atlantic Association for Research in Mathematical Sciences),
CRM (Centre de Recherches Mathematiques), and PIMS (Pacific Institute for
Mathematical Sciences) in addition to the Fields Institute itself. In addition, we
also had the support of the Public Health Agency of Canada (PHAC), the Vaccine
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vi Preface

and Infectious Disease Organization (VIDO-Intervac), and the National Research
Council (NRC).

A central feature of the research activity of the Task Force was the weekly
COVID-19 Mathematical Modelling Seminar. The seminar brought together experts
in mathematical modeling from across Canada and the world, presenting modeling
methods as they related to the COVID-19 pandemic. While the primary aim of
the seminar was to advance the work of the Canadian Mathematical Modelling of
COVID-19 Task Force, we hoped that sharing the methods and mathematics that
have proved useful in a particular geography might provide useful insights that could
be applied elsewhere. This volume largely represents talks from that seminar.

The mathematics in this book can be used to support decision makers on critical
issues such as projecting outbreak trajectories, evaluating public health interventions
for infection prevention and control, and developing vaccines and decisions around
vaccine optimization. Readers of this book will find chapters on

• Compartment modeling involving categories of susceptible, exposed, infected,
and recovered (SEIR) as well as versions of compartment models which are more
nuanced to include age stratification and other subdivisions

• Forecasting for personal protective equipment (PPE)
• Predicting COVID-19 deaths
• The impact of delays of contact tracing
• Heterogeneity in social distancing
• The challenge of providing daily COVID-19 forecasts
• Analytics of contagion
• Modeling point-of-care diagnostics of COVID-19
• Understanding unreported cases

Readers will have the opportunity to learn about current modeling methodologies
for infectious diseases, and the mathematics behind them, and understand the
important role that mathematics has to play during this crisis, in supporting
governments and public health agencies.

Most researchers who have been grappling with issues related to the pandemic
understand that the challenges that had to be dealt with evolved quite rapidly over
the course of the past year, and in some sense, they continue to evolve. In the
early months, data was in short supply, but that changed very quickly, and there
is now an abundance of data from around the world. At the same time, specific
regions had, and still have, data silos, and accessing that data was a nontrivial matter
which was addressed in some specific cases only through the leadership shown by
policy makers and decision makers. Data access remains an issue for those who are
thinking about the future of public health preparedness and resilience. Mathematical
scientists have shown that access to good data can provide a formidable tool in
dealing with public health crises.

The availability of data at a speed and a scale that we did not have in the
past naturally led to a keen interest in turning this data to knowledge and to
actionable science. With polymerase chain reaction (PCR) tests giving rapid results
for infections and cell phones providing data on people’s mobility (more accurate
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than human recall), financial data on spending, and digital government data that
records information like employment status, we are challenged to quickly and
accurately calculate the spread of the disease and observe its impact on people’s
lives. What will happen to rates of infection if we open the border? What will
happen if we reopen schools? How will we cope with flu and COVID-19? How
do we optimize testing or make sure that testing is equitable? Who will get the
vaccine? These are complex questions that require an assortment of tools including
mathematical modeling.

While the pandemic forced us to temporarily close our physical space, the
problems we were trying to solve gave birth to new virtual collaborations. As every-
one worked on these complex problems presented by COVID-19, mathematicians
found themselves alongside epidemiologists and public health experts applying
mathematical tools in novel ways, where clear gaps between knowledge creation
and translation existed. The immediacy of these problems did not allow the luxury
of time to polish and discuss as in pre-COVID times.

Virtual environments have made it possible for us to work quickly, to all be in
the same room without the obstacles of travel and room bookings, and to include
those who could not come to the meeting because of other commitments, career
responsibilities, and mobility or health issues. While we definitely want to return to
our beautiful physical Institute, this new, virtual world is also quite beautiful and a
“new frontier of math,” one which also is “strengthening collaboration, innovation,
and learning in mathematics and across a broad range of disciplines” beyond what
is possible at 222 College Street. If meeting in physical space enables the possibility
of serendipitous collaboration, meeting in virtual space enables introduction to an
expanded world of researchers with new ideas and new approaches. Effectively
utilizing both kinds of space will be crucial for the successful functioning of the
Institute in the future.

And we bring these prefatory remarks to a close on this optimistic note. While
there has been much suffering around the world as a result of the pandemic, perhaps
it has also opened our minds to the possibility of broader and deeper collaboration
through the combined use of virtual and in-person interactions.

Toronto, ON, Canada V. Kumar Murty

Toronto, ON, Canada Jianhong Wu
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Diverse Local Epidemics Reveal
the Distinct Effects of Population Density,
Demographics, Climate, Depletion
of Susceptibles, and Intervention
in the First Wave of COVID-19
in the United States

Niayesh Afshordi, Benjamin P. Holder, Mohammad Bahrami,
and Daniel Lichtblau

1 Introduction

The new human coronavirus SARS-CoV-2 first reported in Wuhan Province, China
in December 2019 [1, 2], reached 10,000 confirmed cases and 200 deaths due to the
disease (known as COVID-19) by the end of January 2020. Although travel from
China was halted by late-January, dozens of known introductions of the virus to
North America occurred prior to that [3, 4], and dozens more known cases were
imported to the US and Canada during February from Europe, the Middle East,
and elsewhere. Community transmission of unknown origin was first detected in
California on February 26, followed quickly by Washington State [5], Illinois and
Florida, but only on March 7 in New York City. Retrospective genomic analyses
have demonstrated that case-tracing and self-quarantine efforts were effective in
preventing most known imported cases from propagating [6–8], but that the eventual
outbreaks on the West Coast [5, 8, 9] and New York [7] were likely seeded by
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unknown imports in mid-February. By early March, cross-country spread was
primarily due to interstate travel rather than international imports [10].

In mid-March 2020, nearly every region of the United States of America saw a
period of uniform exponential growth in daily confirmed cases—signifying robust
community transmission—followed by a plateau in late March, likely due to
social mobility reduction. The same qualitative dynamics were seen in COVID-
19 mortality counts, delayed by approximately 1 week. Although the qualitative
picture was similar across locales, the quantitative aspects of localized epidemics—
including initial rate of growth, infections/deaths per capita, duration of plateau,
and rapidity of resolution—were quite diverse across the country. Understanding
the origins of this diversity will be key to predicting how the relaxation of social
distancing, annual changes in weather, and static local demographic/population
characteristics will affect the resolution of the first wave of cases, and will drive
coming waves, prior to the availability of a vaccine.

The exponential growth rate of a spreading epidemic is dependent on the
biological features of the virus-host ecosystem—including the incubation time,
susceptibility of target cells to infection, and persistence of the virus particle outside
of the host—but, through its dependence on the transmission rate between hosts, it
is also a function of external factors such as population density, air humidity, and
the fraction of hosts that are susceptible. Initial studies have shown that SARS-
CoV-2 has a larger rate of exponential growth (or, alternatively, a lower doubling
time of cases1) than many other circulating human viruses [11]. For comparison,
the pandemic influenza of 2009, which also met a largely immunologically-naive
population, had a doubling time of 5–10 d [12, 13], while that of SARS-CoV-2 has
been estimated at 2–5 d [14, 15] (growth rates of ∼ 0.10 d−1 vs. ∼ 0.25 d−1). It is
not yet understood which factors contribute to this high level of infectiousness.

While the dynamics of an epidemic (e.g., cases over time) must be described by
numerical solutions to nonlinear models, the exponential growth rate, λ, usually has
a simpler dependence on external factors. Unlike case or mortality incidence num-
bers, the growth rate does not scale with population size. It is a directly measurable
quantity from the available incidence data, unlike, e.g., the reproduction number,
which requires knowledge of the serial interval distribution [16–18], something that
is difficult to determine empirically [19, 20]. Yet, the growth rate contains the same
threshold as the reproduction number (λ = 0 vs. R0 = 1), between a spreading
epidemic (or an unstable uninfected equilibrium) and a contracting one (or an
equilibrium that is resistant to flare-ups). Thus, the growth rate is an informative
direct measure on that space of underlying parameters.

In this work, we leverage the enormous data set of epidemics across the United
States to evaluate the impact of demographics, population density and structure,
weather, and non-pharmaceutical interventions (i.e., mobility restrictions) on the
exponential rate of growth of COVID-19. Following a brief analysis of the initial
spread in metropolitan regions, we expand the meaning of the exponential rate

1 The doubling time is ln 2 divided by the exponential growth rate.
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to encompass all aspects of a local epidemic—including growth, plateau and
decline—and use it as a tracer of the dynamics, where its time dependence and
geographic variation are dictated solely by these external variables and per capita
cumulative mortality. Finally, we use the results of that linear analysis to calibrate a
new nonlinear model—a renewal equation that utilizes the excursion probability
of a random walk to determine the incubation period—from which we develop
local predictions about the impact of social mobility relaxation, the level of herd
immunity, and the potential of rebound epidemics in the Summer and Fall of
2020. The methodology can be modified to make local predictions as the pandemic
evolves.

2 Results

2.1 Initial Growth of Cases in Metropolitan Regions Is
Exponential with Rate Depending on Mobility, Population,
Demographics, and Humidity

As an initial look at COVID-19’s arrival in the United States, we considered the
∼100 most populous metropolitan regions—using maps of population density to
select compact sets of counties representing each region (see [21])—and estimated
the initial exponential growth rate of cases in each region. We performed a linear
regression to a large set of demographic (sex, age, race) and population variables,
along with weather and social mobility [22] preceding the period of growth (Fig. 1).
In the best fit model (R2 = 0.75, BIC = −183), the baseline value of the initial
growth rate was λ = 0.21 d−1 (doubling time of 3.3 d), with average mobility 2
weeks prior to growth being the most significant factor (Fig. 1b). Of all variables
considered, only four others were significant: population density (including both
population-weighted density (PWD)—also called the “lived population density”
because it estimates the density for the average individual [23]—and population
sparsity, γ , a measure of the difference between PWD and standard population
density, see Methods), p < 0.001 and p = 0.006; specific humidity 2 weeks prior
to growth, p = 0.001; and median age, p = 0.04.

While mobility reduction certainly caused the “flattening” of case incidence in
every region by late-March, our results show (Fig. 1c) that it likely played a key role
in reducing the rate of growth in Boston, Washington, DC, and Los Angeles, but
was too late, with respect to the sudden appearance of the epidemic, to have such an
effect in, e.g., Detroit and Cleveland. In the most extreme example, Grand Rapids,
MI, seems to have benefited from a late arriving epidemic, such that its growth (with
a long doubling time of 7 d) occurred almost entirely post-lockdown.

Specific humidity, a measure of absolute humidity, has been previously shown
to be inversely correlated with respiratory virus transmission [24–27]. Here, we
found it to be a significant factor, but weaker than population density and mobility
(Fig. 1c). It could be argued that Dallas, Los Angeles, and Atlanta saw a small
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Fig. 1 Mobility and COVID-19 incidence data examples, and the results of linear regression to
extracted initial exponential growth rates, λexp, in the top 100 metropolitan regions. (a) Three
example cities with different initial growth rates. Data for Google mobility (blue points), daily
reported cases (black points), and weather (red and blue points, bottom) are shown with a logistic
fit to cases (green line). Data at or below detection limit were excluded from fits (dates marked by
red points). Thin grey bars at base of cases graphs indicate region considered “flat”, with right end
indicating the last point used for logistic fitting; averaging over “flat” values generates the thick
grey bars to guide the eye. [See Supp. Matt. in [21] for additional information and for complete
data sets for all metropolitan regions.] (b) Weighted linear regression results in fit to λexp for
all metropolitan regions. (c) Effect of each variable on growth rate (i.e., �λ values) for those
regions with well-estimated case and death rates; white/yellow indicates a negative effect on λ, red
indicates positive

benefit from higher humidity at the time of the epidemic’s arrival, while the dry
late-winter conditions in the Midwest and Northeast were more favorable to rapid
transmission of SARS-CoV-2.

2.2 Exponential Growth Rate of Mortality as a Dynamical,
Pan-Epidemic, Measure

In the remainder of this report, we consider the exponential rate of growth (or
decay) in local confirmed deaths due to COVID-19. The statistics of mortality is
poorer compared to reported cases, but it is much less dependent on unknown factors
such as the criteria for testing, local policies, test kit availability, and asymptomatic
individuals [28]. Although there is clear evidence that a large fraction of COVID-
19 mortality is missed in the official counts (e.g., [29, 30]), mortality is likely less
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Fig. 2 COVID-19 mortality incidence (7-day rolling average, left) and exponential growth rate
(λ14, determined by regression of the logged mortality data over 14-day windows, right) for the
four US counties with >2400 confirmed COVID-19 reported deaths (as of 8th June, 2020)

susceptible to rapid changes in reporting, and, as long as the number of reported
deaths is a monotonic function of the actual number of deaths (e.g., a constant
fraction, say 50%), the sign of the exponential growth rate will be unchanged, which
is the crucial measure of the success in pandemic management.

To minimize the impact of weekly changes, such as weekend reporting lulls,
data dumps, and mobility changes from working days to weekends, we calculate the
regression of ln

[
Mortality

]
over a 14-day interval, and assign this value, λ14(t), and

its standard error to the last day of the interval. Since only the data for distinct 2-
week periods are independent, we multiply the regression errors by

√
14 to account

for correlations between the daily estimates. Together with a “rolling average” of the
mortality, this time-dependent measure of the exponential growth rate provides, at
any day, the most up-to-date information on the progression of the epidemic (Fig. 2).

In the following section, we consider a linear fit to λ14, to determine the
statistically-significant external (non-biological) factors influencing the dynamics
of local exponential growth and decline of the epidemic. We then develop a first-
principles model for λ14 that allows for extrapolation of these dependencies to
predict the impact of future changes in social mobility and climate.

2.3 Epidemic Mortality Data Explained by Mobility,
Population, Demographics, Depletion of Susceptible
Population and Weather, Throughout the First Wave of
COVID-19

We considered a spatio-temporal dataset containing 3933 estimates of the exponen-
tial growth measure, λ14, covering the 3 month period of 8 March 2020–8 June
2020 in the 187 US counties for which information on COVID-19 mortality and
all potential driving factors, below, were available (the main barrier was social
mobility information, which limited us to a set of counties that included 69% of
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Table 1 Joint linear fit to λ14(t) data (Top). Any dependence with t-statistic below 2.5σ is
considered not statistically significant. Joint linear fit to λ14(t), including only statistically
significant dependencies (Bottom). For all coefficients, the population-weighted baseline is
subtracted from the linear variable

Estimate Std. err t-Statistic

Joint fit to all potential drivers

Baseline mortality growth rate λ14 0.195 0.011 17.2

COVID death fraction −59.4 6.1 −9.7

Social mobility (2wks prior) 0.00238 0.00028 8.5

ln(population weighted density) 8.24 0.0412 0.0058 7.1

Social mobility (4wks prior) 0.00122 0.00019 6.6

Population sparsity 0.188 −0.249 0.063 −3.9

log(annual death) 4.04 −0.0301 0.0091 −3.3

Median age 37.47 0.0038 0.0012 3.0

People per household 2.76 0.023 0.014 1.6

Specific humidity (2wks prior) 5.92 g/kg −0.0033 0.0031 −1.1

Temperature (2wks prior) 13.11 C −0.00083 0.0013 −0.6

Temperature (4wks prior) 11.60 C −0.00060 0.0014 −0.4

Specific humidity (4wks prior) 5.53 g/kg 0.00058 0.0032 0.2

Joint fit to statistically significant drivers

Baseline mortality growth rate λ14 0.198 0.011 18.7

COVID death fraction −56.7 5.9 −9.7

Social mobility (2wks prior) 0.00236 0.00027 8.8

Social mobility (4wks prior) 0.00131 0.00017 7.6

ln(population weighted density) 8.24 0.0413 0.0058 7.2

Population sparsity 0.188 −0.260 0.061 −4.3

Specific humidity (2wks prior) 5.92 g/kg −0.0047 0.0011 −4.1

log(annual death) 4.04 −0.0324 0.0088 −3.7

Median age 37.48 0.0040 0.0012 3.3

US mortality). A joint, simultaneous, linear fit of these data to 12 potential driving
factors (Table 1) revealed only 7 factors with independent statistical significance.
Re-fitting only to these variables returned the optimal fit for the considered factors
(BIC = −5951; R2 = 0.674).

We found, not surprisingly, that higher population density, median age, and social
mobility correlated with positive exponential growth, while population sparsity,
specific humidity, and susceptible depletion correlated with exponentially declining
mortality. Notably the coefficients for each of these quantities was in the 95%
confidence intervals of those found in the analysis of metropolitan regions (and
vice versa). Possibly the most surprising dependency was the negative correlation,
at � −3.7σ between λ14 and the total number of annual deaths in the county.
In fact, this correlation was marginally more significant than a correlation with
log(population), which was −3.3σ . One possible interpretation of this negative
correlation is that the number of annual death is a proxy for the number of potential
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outbreak clusters. The larger the number of clusters, the longer it might take for the
epidemic to spread across their network, which would (at least initially) slow down
the onset of the epidemic.

2.4 Nonlinear Model

To obtain more predictive results, we developed a mechanistic nonlinear model
for infection (see [21] for details). We followed the standard analogy to chemical
reaction kinetics (infection rate is proportional to the product of susceptible and
infectious densities), but defined the generation interval (approximately the incu-
bation period) through the excursion probability in a 1D random walk, modulated
by an exponential rate of exit from the infected class. This approach resulted in a
renewal equation [19, 31, 32], with a distribution of generation intervals that is more
realistic than that of standard SIR/SEIR models, and which could be solved formally
(in terms of the Lambert W function) for the growth rate in terms of the infection
parameters:

λ = 1

2τ

[

W

(√
βSτ

2

)]2

− d (1)

The model has four key dependencies, which we describe here, along with our
assumptions about their own dependence on population, demographic, and climate
variables. As mortality (on which our estimate of growth rate is based) lags infection
(on which the renewal equation is based), we imposed a fixed time shift of �t for
time-dependent variables:

1. We assumed that the susceptible population, which feeds new infections and
drives the growth, is actually a sub-population of the community, consisting
of highly-mobile and frequently interacting individuals, and that most deaths
occurred in separate sub-population of largely immobile non-interacting indi-
viduals. Under these assumptions, we found (see Supp. Mat. in [21]) that the
susceptible density, S(t), could be estimated from the cumulative per capita death
fraction, fD , as:

S(t −�t) = S(0) exp [−CD fD(t)] (fD = Dtot/N) ,

where Dtot is the cumulative mortality count, N is the initial population, and the
initial density is S(0) = k PWD.

2. We assumed that the logarithm of the “rate constant” for infection, β, depended
linearly on social mobility, m, specific humidity, h, population sparsity, γ , and
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total annual death, AD , as:

ln [β (M,H, γ, AD)] = ln [β0]

+ CM
(M − M̄) + CH

(H − H̄)

+ Cγ (γ − γ̄ )+ CAD
(
AD − ĀD

)
(2)

where a barred variable represents the (population-weighted) average value over
all US counties, and where the mobility and humidity factors were time-shifted
with respect to the growth rate estimation window: M = m(t −�t) and H =
h (t −�t).

3. The characteristic time scale to infectiousness, τ , is intrinsic to the biology and
therefore we assumed it would depend only on the median age of the population,
A. We assumed a power law dependence:

τ = τ0

(
A

A0

)CA
(3)

where we fixed the pivot age, A0, to minimize the error in τ0.
4. The exponential rate of exit from the infected class, d, was assumed constant,

since we found no significant dependence for it on other factors in our analysis of
US mortality. From the properties of the Lambert W function, when the infection
rate or susceptibility density approach zero—through mobility restrictions or
susceptible depletion—the growth rate will tend to λ ≈ −d, its minimum value.

With these parameterizations, we performed a nonlinear regression to λ14(t)

using the entire set of US county mortality incidence time series (Table 2).

Table 2 Best-fit parameters for the nonlinear model using parametrization defined in the text

Parameter Best-fit ± Std. err Description

τ = τ0(Median Age/26.2 years)CA Time from exposure to contagiousness

τ0(day) 160 ± 58 Normalization

CA −2.26 ± 0.95 Age dependence

d−1(day) 17.6 ± 2.2 Time from exposure to
quarantine/recovery

CD 3460 ± 610 Conversion constant, fD → fI

β: Eq. (2) Rate constant for infection

ln
[
kβ0τ

−2
0 (m2/day3)

]
0.37 ± 1.25 Normalization

100CM 8.08 ± 1.76 Dependence on social mobility

CH −0.154 ± 0.055 Dependence on specific humidity

Cγ −5.52 ± 2.35 Dependence on population sparsity

CAD −1.05 ± 0.25 Dependence on total annual deaths
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Compared to the linear model of the previous section (Table 1b), the fit improved by
7.6σ (BIC = −6008; R2 = 0.724), despite both having 9 free parameters. Through
the estimated parameter values, the model makes predictions for an individual’s
probability of becoming infectious, and the distributions of incubation period and
generation interval, all as a function of the median age of the population (see
Supplementary Material in [21]).

The model was very well fit to the mortality growth rate measurements for
counties with a high mortality (Fig. 3). More quantitatively, the scatter of measured

Fig. 3 Nonlinear model prediction (Eq. 1, red) for the actual (blue) mortality growth rate, in the
six counties with highest reported death. Bands show 1-σ confidence region for both the model
mean and the λ14 value
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Fig. 4 Forecasts of COVID-19 mortality (orange)—based on the best-fit nonlinear model to data
prior to May 16th, 2020—versus actual reported mortality (blue) for 4 large US counties. The 68%
confidence range (orange regions) were determined from 100 random 60-day long simulations (see
Supplementary Methods in [21]). The vertical red lines indicate June 21st. Forecasts for most US
counties can be found at our online dashboard: https://wolfr.am/COVID19Dash

growth rates around the best-fit model predictions was (on average) only 13% larger
than the measurement errors, independent of the population of the county.2

Importantly, when the model was calibrated on only a subset of the data—e.g.,
all but the final month for which mobility data is available—its 68% confidence
prediction for the remaining data was accurate (Fig. 4) given the known mobility
and weather data for that final month. This suggests that the model, once calibrated
on the first wave of COVID-19 infections, can make reliable predictions about the
ongoing epidemic, and future waves, in the United States.

2.5 Predictions for Relaxed Mobility Restrictions, the Onset
of Summer, and the Potential Second Wave

Possibly the most pressing question for the management of COVID-19 in a
particular community is the combination of circumstances at which the virus fails
to propagate, i.e., at which the growth rate, estimated here by λ14, becomes negative
(or, equivalently, the reproduction number Rt falls below one). In the absence of
mobility restrictions this is informally called the threshold for “herd immunity,”

2 See [21] for more detailed discussion of Error Diagnostics.

https://wolfr.am/COVID19Dash
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which is usually achieved by mass vaccination (e.g., [33, 34]). Without a vaccine,
however, ongoing infections and death will deplete the susceptible population and
thus decrease transmission. Varying the parameters of the nonlinear model individ-
ually about their Spring 2020 population-weighted mean values (Fig. 5) suggests
that this threshold will be very much dependent on the specific demographics,
geography, and weather in the community, but it also shows that reductions in social
mobility can significantly reduce transmission prior the onset of herd immunity.

To determine the threshold for herd immunity in the absence or presence of social
mobility restrictions, we considered the “average US county” (i.e., a region with
population-weighted average characteristics), and examined the dependence of the
growth rate on the cumulative mortality. We found that in the absence of social
distancing, a COVID-19 mortality rate of 0.13% (or 1300 per million population)
would bring the growth rate to zero. However, changing the population density of
this average county shows that the threshold can vary widely (Fig. 5).

Examination of specific counties showed that the mortality level corresponding
to herd immunity varies from 10 to 2500 per million people (Fig. 6). At the current
levels of reported COVID-19 mortality, we found that, as of June 22nd, 2020,
only 128 ± 55 out of 3142 counties (inhabiting 9.4 ± 2.1% of US population)
have surpassed this threshold at 68% confidence level (Fig. 7). Notably, New York
City, with the highest reported per capita mortality (2700 per million) has achieved
mobility-independent herd immunity at the 10σ confidence level, according to
the model (Fig. 8). A few other large-population counties in New England, New
Jersey, Michigan, Louisiana, Georgia and Mississippi that have been hard hit by the
pandemic also appear to be at or close to the herd immunity threshold. This is not
the case for most of the United States, however (Fig. 7). Nationwide, we predict that
COVID-19 herd immunity would only occur after a death toll of 340, 000±61, 000,
or 1058 ± 190 per million of population.

We found that the approach to the herd immunity threshold is not direct, and
that social mobility restrictions and other non-pharmaceutical interventions must be
applied carefully to avoid excess mortality beyond the threshold. In the absence
of social distancing interventions, a typical epidemic will “overshoot” the herd
immunity limit (e.g., [35, 36]) by up to 300%, due to ongoing infections (Fig. 8). At
the other extreme, a very strict “shelter in place” order would simply delay the onset
of the epidemic; but if lifted (see Figs. 8 and 9), the epidemic would again overshoot
the herd immunity threshold. A modest level of social distancing, however—e.g., a
33% mobility reduction for the average US county—could lead to fatalities “only” at
the level of herd immunity. Naturally, communities with higher population density
or other risk factors (see Fig. 5), would require more extreme measures to achieve
the same.
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Fig. 5 Dependence and 68% confidence bands of the mortality growth rate—as specified by
the nonlinear model (Eq. 1)—on various parameters for an “average county.” All parameters
not being varied are fixed at their population-weighted mean values (as of 8th June, 2020):
log10[PWD/km−2)] = 3.58, population sparsity = 0.188, COVID death fraction = 5.1 × 10−4

(510 deaths/million population), Median age = 37.5 yr, log(annual death) = 4.04, social mobility
M̄ = −44%, and specific humidity H̄ = 5.7 g/kg
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Fig. 6 Histogram of reported COVID-19 deaths per million for all US counties, showing the
proportion that have passed “herd immunity” threshold, according to fit of the nonlinear model

Avoiding the level of mortality required for herd immunity will require long-
lasting and effective non-pharmaceutical options, until a vaccine is available. The
universal use of face masks has been suggested for reducing the transmission
of SARS-CoV-2, with a recent meta-analysis [37] suggesting that masks can
suppress the rate of infection by a factor of 0.07–0.34 (95% CI), or equivalently
� ln(transmission) = −1.9 ± 0.4 (at 1σ ). Using our model’s dependence of the
infection rate constant on mobility, this would correspond to an equivalent social
mobility reduction of �M̄mask � −24% ± 9%. Warmer, more humid weather
has also considered a factor that could slow the epidemic (e.g., [38–40]). Annual
changes in specific humidity are �H̄ � 6 g/kg (Figure 10b in [21]), which can be
translated in our model to an effective mobility decrease of �M̄summer � −12% ±
5%. Combining these two effects could, in this simple analysis, yield a modestly
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Fig. 7 Top: United States counties that have passed (blue), or are within (cyan), the threshold
for “herd immunity” at the 1-σ level, as predicted by the nonlinear model. Bottom: Predicted
confidence in the growth of COVID-19 outbreak (defined as predicted daily growth rate divided
by its uncertainty), for all counties should they return today to their baseline (pre-COVID) social
mobility. Counties that have approached the threshold of herd immunity have lower growth rates
due to the depletion of susceptible individuals
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Fig. 8 Nonlinear model prediction of the exponential growth rate, λ14, vs. cumulative COVID-19
mortality (top panels), assuming baseline social mobility, M̄ = 0, in the “average US county” (see
caption of Fig. 5) on the left, and New York City, on the right. The curves show 68% predictions for
the nonlinear model (Table 2), while the points with errorbars are linear fits to all the data within
bins of death fraction. The threshold for “herd immunity” (λ14 = 0) is reached at a mortality of
approximately 1300 (1700) per million for an average county (NYC), but this would be higher in
counties with more unfavorable values of the drivers. The eventual mortality burden of the average
county will be determined by its path through a “phase space” of Daily vs. Total Mortality (bottom
panel). An epidemic without intervention (red curves, with the particular trajectory starting at zero
death shown in bold) will pass the threshold for herd immunity (1300 deaths per million; note that
at zero daily deaths this is a fixed point) and continue to three times that value due to ongoing
infections. A modest 33% reduction in social mobility (blue curves), however, leads to mortality at
“only” the herd immunity level (the green disk). The black curve on the bottom right panel shows
the 7-day rolling average of reported mortality for NYC, which appears to have “overshot” the
“herd immunity threshold”

effective defense for the summer months: �M̄mask+ summer � −37% ± 10%.
Therefore, this could be a reasonable strategy for most communities to manage
the COVID-19 epidemic at the aforementioned −33% level of mobility needed to
arrive at herd immunity with the least excess death. More stringent measures would
be required to keep mortality below that level. Of course, this general prescription
would need to be fine-tuned for the specific conditions of each community.
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Fig. 9 Epidemic Phase Portraits for the same four counties as in Fig. 4, similar to the Phase
portrait in Fig. 8. The blue curves are for the county’s average Social Mobility during Feb. 15
through June 12, 2020, while red curves/arrows are at normal (pre-covid) social mobility. The
thick black curve is the 7-day rolling average of the official reported mortality, while the green
disk shows the threshold for “herd immunity”

3 Discussion and Conclusions

By simultaneously considering the time series of mortality incidence in every
US county, and controlling for the time-varying effects of local social distancing
interventions, we demonstrated for the first time a dependence of the epidemic
growth of COVID-19 on population density, as well as other climate, demographic,
and population factors. We further constructed a realistic, but simple, first-principles
model of infection transmission that allowed us to extend our heuristic linear model
of the dataset into a predictive nonlinear model, which provided a better fit to the
data (with the same number of parameters), and which also accurately predicted
late-time data after training on only an earlier portion of the data set. This suggests
that the model is well-calibrated to predict future incidence of COVID-19, given
realistic predictions/assumptions of future intervention and climate factors. We
summarized some of these predictions in the final section of Results, notably that
only a small fraction of US counties (with less than 10% of the population) seem to
have reached the level of herd immunity, and that relaxation of mobility restrictions
without counter-measures (e.g., universal mask usage) will likely lead to increased
daily mortality rates, beyond that seen in the Spring of 2020.

In any epidemiological model, the infection rate of a disease is assumed
proportional to population density [41], but, to our knowledge, its explicit effect
in a real-world respiratory virus epidemic has not been demonstrated. The universal



Diverse Drivers of COVID-19 in the United States 17

reach of the COVID-19 pandemic, and the diversity of communities affected have
provided an opportunity to verify this dependence. Indeed, as we show here, it
must be accounted for to see the effects of weaker drivers, such as weather and
demographics. A recent study of COVID-19 in the United States, working with a
similar dataset, saw no significant effect due to population density [42], but our
analysis differs in a number of important ways. First, we have taken a dynamic
approach, evaluating the time-dependence of the growth rate of mortality incidence,
rather than a single static measure for each county, which allowed us to account for
the changing effects of weather, mobility, and the density of susceptible individuals.
Second, we have included an explicit and real-time measurement of social mobility,
i.e., cell phone mobility data provided by Google [22], allowing us to control for the
dominant effect of intervention. Finally, and perhaps most importantly, we calculate
for each county an estimate of the “lived” population density, called the population-
weighted population density (PWD) [23], which is more meaningful than the
standard population per political area. As with any population-scale measure, this
serves as a proxy—here, for estimating the average rate of encounters between
infectious and susceptible people—but we believe that PWD is a better proxy than
standard population density, and it is becoming more prevalent, e.g., in census work
[43, 44].

We also found a significant dependence of the mortality growth rate on specific
humidity (although since temperature and humidity were highly correlated, a
replacement with temperature was approximately equivalent), indicating that the
disease spread more rapidly in drier (cooler) regions. There is a large body of
research on the effects of temperature and humidity on the transmission of other
respiratory viruses [27, 45], specifically influenza [46]. Influenza was found to trans-
mit more efficiently between guinea pigs in low relative-humidity and temperature
conditions [24], although re-analysis of this work pointed to absolute humidity (e.g.,
specific humidity) as the ultimate controller of transmission [25]. Although the
mechanistic origin of humidity’s role has not been completely clarified, theory and
experiments have suggested a snowballing effect on small respiratory droplets that
cause them to drop more quickly in high-humidity conditions [47–49], along with a
role for evaporation and the environmental stability of virus particles [49, 50]. It has
also been shown that the onset of the influenza season [26, 51]—which generally
occurs between late-Fall and early-Spring, but is usually quite sharply peaked for
a given strain (H1N1, H3N2, or Influenza B)—and its mortality [46] are linked to
drops in absolute humidity. It is thought that humidity or temperature could be the
annual periodic driver in the resonance effect causing these acute seasonal outbreaks
of influenza [52, 53], although other influences, such as school openings/closings
have also been implicated [54]. While little is yet known about the transmission of
SARS-CoV-2 specifically, other coronaviruses are known to be seasonal [45, 55],
and there have been some preliminary reports of a dependence on weather factors
[56, 57]. We believe that our results represent the most definitive evidence yet for
the role of weather, but emphasize that it is a weak, secondary driver, especially in
the early stages of this pandemic where the susceptible fraction of the population
remains large [58]. Indeed, the current early-summer rebound of COVID-19 in the
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relatively dry and hot regions of the Southwest suggests that the disease spread will
not soon be controlled by seasonality.

We developed a new model of infection in the framework of a renewal equation
(see, e.g., [32] and references therein), which we could formally solve for the
exponential growth rate. The incubation period in the model was determined by a
random walk through the stages of infection, yielding a non-exponential distribution
of the generation interval, thus imposing more realistic delays to infectiousness than,
e.g., the standard SEIR model. In this formulation, we did not make the standard
compartmental model assumption that the infection of an individual induces an
autonomous, sequential passage from exposure, to infectiousness, to recovery or
death; indeed, the model does not explicitly account for recovered or dead individ-
uals. This freedom allows for, e.g., a back passage from infectious to noninfectious
(via the underlying random walk) and a variable rate of recovery or death. We
assumed only that the exponential growth in mortality incidence matched (with
delay) that of the infected incidence—the primary dynamical quantity in the renewal
approach—and we let the cumulative dead count predict susceptible density—the
second dynamical variable in the renewal approach—under the assumption that
deaths arise from a distinct subset of the population, with lower mobility behavior
than those that drive infection (see [21]). Therefore, we fitted the model to the
(rolling 2-week estimates of the) COVID-19 mortality incidence growth rate values,
λ14, for all counties and all times, and used the per capita mortality averaged over
that period, fD , to determine susceptible density. Regression to this nonlinear model
was much improved over linear regression, and, once calibrated on an early portion
of the county mortality incidence time series, the model accurately predicted the
remaining incidence.

Because we accounted for the precise effects of social mobility in fitting our
model to the actual epidemic growth and decline, we were then able to, on a
county-by-county basis, “turn off” mobility restrictions and estimate the level of
cumulative mortality at which SARS-CoV-2 would fail to spread even without social
distancing measures, i.e., we estimated the threshold for “herd immunity.” Meeting
this threshold prior to the distribution of a vaccine should not be a goal of any
community, because it implies substantial mortality, but the threshold is a useful
benchmark to evaluate the potential for local outbreaks following the first wave of
COVID-19 in Spring 2020. We found that a few counties in the United States have
indeed reached herd immunity in this estimation—i.e., their predicted mortality
growth rate, assuming baseline mobility, was negative—including counties in the
immediate vicinity of New York City, Detroit, New Orleans, and Albany, Georgia.
A number of other counties were found to be at or close to the threshold, including
much of the greater New York City and Boston areas, and the Four Corners, Navajo
Nation, region in the Southwest. All other regions were found to be far from the
threshold for herd immunity, and therefore are susceptible to ongoing or restarted
outbreaks. These determinations should be taken with caution, however. In this
analysis, we estimated that the remaining fraction of susceptible individuals in the
counties at or near the herd immunity threshold was in the range of 0.001% to
5% (see [21]). This is in strong tension with initial seroprevalence studies [59, 60]
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which placed the fraction of immune individuals in New York City at 7% in late
March and 20% in late April, implying that perhaps 75% of that population remains
susceptible today. We hypothesize that the pool of susceptible individuals driving
the epidemic in our model is a subset of the total population—likely those with
the highest mobility and geographic reach—while a different subset, with very low
baseline mobility, contributes most of the mortality (see [21]). Thus, the near total
depletion of the susceptible pool we see associated with herd immunity corresponds
to the highly-mobile subset, while the low-mobility subset could remain largely
susceptible. One could explicitly consider such factors of population heterogeneity
in a model—e.g., implementing a saturation of infectivity as a proxy for a clustering
effect [61–64]—but we found (in results not shown) that the introduction of
additional of parameters left portions of the model unidentifiable. Despite these
cautions, it is interesting to note that the epidemic curves (mortality incidence over
time) for those counties that we have predicted an approach to herd immunity
are qualitatively different than those we have not. Specifically, the exponential
rise in these counties is followed by a peak and a sharp decline—rather than the
flattening seen in most regions—which is a typical feature of epidemic resolution
by susceptible depletion.

At the time of this writing, in early Summer 2020, confirmed cases are again
rising sharply in many locations across the United States—particularly in areas of
the South and West that were spared significant mortality in the Spring wave. The
horizon for an effective and fully-deployed vaccine still appears to be at least a year
away. Initial studies of neutralizing antibodies in recovered COVID-19 patients,
however, suggest a waning immune response after only 2–3 months, with 40%
of those that were asymptomatic becoming seronegative in that time period [65].
Although the antiviral remdesivir [66–68] and the steroid Dexamethasone [69] have
shown some promise in treating COVID-19 patients, the action of remdesivir is
quite weak, and high-dose steroids can only be utilized for the most critical cases.
Therefore, the management of this pandemic will likely require non-pharmaceutical
intervention—including universal social distancing and mask-wearing, along with
targeted closures of businesses and community gathering places—for years in the
future. The analysis and prescriptive guidance we have presented here should help to
target these approaches to local communities, based on their particular demographic,
geographic, and climate characteristics, and can be facilitated through our http://
mylocalcovid.uwaterloo.ca/ online simulator dashboard. Finally, although we have
focused our analysis on the United States, due to the convenience of a diverse and
voluminous data set, the method and results should be applicable to any community
worldwide, and we intend to extend our analysis in forthcoming work.
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