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Abstract
We have analyzed the time-series for the number of active cases of COVID-19 pandemic

in India, as well as, in other countries around the world using a variety of statistical fitting
procedures. We obtain robust estimates of the exponential growth rate for the number of
active cases, which is then used for calculating the reproduction number of the epidemic.
We estimate the basic reproduction number of COVID-19 epidemic in India to be R0 ∼
1.82 ± 0.02, a value that lies at the lower end of the spectrum of values of different regions
around the world where there have been major outbreaks of the disease. We have also
investigated the change in the effective reproduction number over time, particularly following
the introduction of unprecedented non-pharmaceutical interventions such as the stay-at-
home order (lockdown) imposed over the entire country from 24 March 2020, and continued
at varying levels of strictness, and with regional variations, up to the present (July). We
observe that the reproduction number showed a large reduction within a couple of weeks of
the imposition of lockdown, suggesting that this measure played a role (along with others
such as compliance with physical distancing rules in public and use of masks) in reducing
the rate of spreading of the contagion, although it was unable to break the chain of infection.
We also note that there is considerable regional variation across India in the dynamics of the
epidemic, with different regions registering rise and fall in the growth rate of the disease at
different times.

Key words: COVID-19; Corona virus; Reproduction number; Epidemiological dynamics;
Pandemic.

AMS Subject Classifications: 92D30, 62M10

1. Introduction

The rapid spread of Coronavirus disease 2019 (COVID-19), that results from infection
with the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pathogen, has in
the few months following its initial identification in December 2019 (Wang, et al., 2020) not
only brought to mind recent pandemics such as the 2009 swine flu pandemic that is believed
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to have affected around 11% − 18% of the world population (see Kelly, et al., 2011), but
also raised the specter of it eventually growing to rival the 1918-20 “Spanish Flu” pandemic.
Believed to be one of the deadliest pandemics in recent history, the 1918-20 pandemic caused
between 15 million (Spreeuwenberg, et al., 2018) and 50 million deaths (Johnson and Mueller,
2002), with a third of these occurring in British-ruled India (Reyes, et al., 2018). Indeed,
in scale, COVID-19 has already surpassed the other two coronavirus epidemics of recent
times, viz., the 2002-04 SARS outbreak and the 2012-14 MERS outbreak. Compared to
the 8439 cases that were reported for SARS worldwide (WHO, 2003), and the even smaller
2500+ cases of MERS from 2012 till date (WHO, 2020a), there have already been, as of 15
July 2020, over 13 million confirmed cases of COVID-19 and 574,466 deaths (WHO, 2020b)
spread across more than 200 countries and territories.

In the absence of any possibility that a vaccine for COVID-19 will be available in
the immediate future, the epidemic is also proving to be a testing ground for extreme non-
pharmaceutical interventions that different countries have implemented in order to contain
the spread of the disease. The principal among these are the stay-at-home orders (colloquially
referred to as lockdowns) imposed on the populace of several countries around the world by
their governments [see Wikipedia (2020) for a list] after its apparent success in containing
the initial outbreak of the disease in Hubei province of China [Lai, et al. (2020)]. Such
unprecedented measures have provoked controversy, not least in India where an initial 21-day
lockdown was initiated on 24 March 2020 with the stated purpose of bringing the epidemic
to an end by breaking the chain of infection through enforced distancing [see India Today
(2020)]. While the physical isolation of individuals through such measures is very likely to
restrict the likelihood of transmission of the pathogen from infected to susceptible individuals,
there are high social and economic costs accompanying such a measure. Lockdowns also affect
different sections of the population asymmetrically, and can result in aggravating existing
inequalities in society - making it unsuitable for prolonged use. Thus, following the initial
period of nationwide lockdown in India, it is now primarily being applied in a more restrictive
manner at specific locations where the number of active cases is increasing in a particularly
alarming rate, to ensure that the medical infrastructure is not overwhelmed by the rising
number of infected individuals who need to be hospitalized.

To gauge the efficacy of such non-pharmaceutical interventions, it is imperative to un-
derstand the epidemiological dynamics of this novel infectious disease - particularly, as it
manifests in diverse manners at different locations. In this paper, the transmissibility of
COVID-19 has been investigated with special focus on India, but also considering many
other locations around the world where there have been major outbreaks. For this purpose,
we have estimated at each location the reproduction number of the disease (the basic repro-
duction number R0 and effective reproduction number R are defined in the next section),
which measures how rapidly the number of active cases of the disease changes over time
(active cases refers to the individuals who are infected with the disease at a given time and
who can potentially infect others by passing the pathogen to non-infected individuals, e.g.,
via contact). As can be easily explained using the mathematical theory of epidemics, the
reproduction number has to be greater than 1 for an epidemic to occur, and the larger the
number, the faster the disease will spread. Although several studies have already appeared
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that compute the basic/effective reproduction numbers for different locations at different
times, as the numerical value of the reproduction number typically depends to an extent on
the exact model used to estimate it from data, most of these numbers that appear in different
studies cannot be compared to each other. Thus, in order to compare the epidemiological
dynamics of COVID-19 across different geographical regions and temporal phases of the epi-
demic, the corresponding values of R0 and R need to be calculated in a consistent manner
across both space and time. With this aim in view, in this paper the reproduction numbers
for the epidemic have been calculated not only for India but also for several countries where
there have been major outbreaks, as well as, for different regions within India. This allows
us to obtain an understanding of the spatio-temporal diversity in the spreading dynamics of
the disease within India, apart from that between India and other parts of the world. The
paper is organized as follows. In Section 2, we briefly describe the sources of the data used
for the analysis and the method of calculating the key epidemiological parameters R0 and
R. In Section 3, the international situation is discussed with analysis of the epidemiological
dynamics for the world as a whole and that of selected countries. In Section 4, we focus
on India with data for the entire country, as well as for individual states and districts. We
conclude with a discussion on the limitations of the study and its implications in Section 5.

2. Data Sources and Methods

Data aggregated for the world as a whole and at the level of each country affected by the
epidemic was obtained from CSSE (2020), an online data repository on GitHub of COVID-19
cases worldwide that is operated by the Johns Hopkins University Center for Systems Science
and Engineering. Information about the cumulative number of confirmed cases, deaths and
recovered cases are updated daily, beginning from 22 January 2020. The data is collated
from a large number of sources, such as various national government health departments,
as well as, from the World Health Organization (WHO), the US and European CDCs and
aggregating sites such as WorldoMeters. Disaggregated data for India was obtained from
COVID19-India (2020), a crowdsourced database of COVID-19 cases. Its volunteers collate
information from health bulletins issued periodically by various governmental organizations,
as well as other sources, and compile the obtained numbers to create district-level and state-
level daily time-series for confirmed cases, recovered cases, deaths, active cases and number
of individuals tested for the disease. At the state-level, data is available from 14 March
2020, while for the bulk of the districts the time-series information is obtainable from 21
April 2020 onwards.

We consider the time-evolution of the number of active cases, i.e., the number of in-
dividuals who remain infected with the virus on a particular date, which is obtained by
subtracting the cumulative number of deaths and recoveries announced up to that date from
the cumulative number of confirmed cases till then. During the initial phase of an epidemic,
the number of infected individuals is expected to increase exponentially with time, as is the
case for any multiplicative process (such as, a chain reaction) where the value adopted by a
variable at each instant is obtained by multiplying the value at the immediately preceding
instant by a constant factor. This is easy to see from the mathematical models of epidemi-
ological dynamics that stem from the pioneering work of Kermack and McKendrick (1927)
[for an example of how such theoretical modeling can accurately describe the empirical data
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from influenza epidemics see Spicer and Lawrence (1984)]. In the most basic setting, one can
divide the entire population comprising N individuals into three compartments, correspond-
ing to those who are susceptible to contracting the disease (S), those who are at present
infected (I), and those who have recovered or are removed by death (R). Neglecting any
demographic changes during the period that one is considering, the time-evolution of the
number of individuals in each compartment can be described by the system of differential
equations:

dS
dt

= −βSI, dI
dt

= βSI − γI, dR
dt

= γI, (1)

where the parameters β is the rate of infection transmission through contact between an
infected and a susceptible individual, while γ is the recovery rate (= τ−1, i.e., the reciprocal
of the time duration during which a person is free to pass on the infection to others). It
is easy to see that as the total population is conserved (S + I + R = N), only two of
the equations are independent. Furthermore, at the earliest stage of the epidemic, we can
assume the susceptible population size to be effectively equal to the total population N ,
and thus a constant. Thus, we are left with a single differential equation that describes
the evolution of I. Normalizing the variables by the total population size N and solving
the equation, we see that the fraction of infected individuals in the population i(= I/N)
will evolve from its initial value i0 as i(t) = i0 exp({Nβ − γ}t) = i0 exp({[R0 − 1]/τ}t).
Here the parameter R0 = Nβ/γ is the key epidemiological parameter basic reproduction
number, which is defined as the average number of secondary infections that results from
a primary infection at the earliest stage of the epidemic, i.e., before a significant fraction
of the population has been exposed to the disease. Note that the expression of R0 remains
unchanged even if we augment this basic model with an additional compartment E for the
subpopulation of exposed individuals who have been infected but are not infectious, taking
into account the latent or pre-infectious period after an infection.

Thus, R0 can be estimated from the empirical time-series of the number of infected
individuals (i.e., the active cases) by accurately fitting it to an exponential growth curve,
viz., i(t) ∼ exp(λt), and obtaining the most reliable estimate for λ. Using the equivalence
λ = (R0 − 1)/τ , and equating τ with the generation time, i.e., the mean interval between
a person getting infected by another individual (the “infector”) and the time at which the
“infector” was infected, R0 can be calculated from the data. We have used a generation time
of 5.2 days that was estimated by Ganyani, et al. (2020) from the Singapore cluster of cases.
The fitting procedure is carried out using a nonlinear least squares approach implemented by
the function fit in MATLAB R2009b software (Mathworks (2009)). We have also obtained
the 95% confidence bounds using the function confint which does the calculation through QR
decomposition of the Jacobian. To assess the quality of fitting, we calculate the correlation
coefficient r between the logarithm of the number of active cases and time, as well as the p-
value indicating the measure of significance. We only use those estimates of λ for calculating
R0 for which r > 0.99 and p ≤ 0.002. We have earlier shown in Jesan, et al. (2011) that
using the above fitting procedure yields values of R0 that are consistent with those calculated
using alternative methods, such as bootstrapping. To aid fitting when the data exhibits large
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fluctuations we have performed smoothing using a 3-day moving average.

Once the epidemic has had time to penetrate substantially into the population and/or
containment measures put in place have had a discernible effect, it is no longer possible to
view the process as a contagion freely infecting every contact of an infected person. At this
stage, we speak of the growth rate in terms of the time-dependent effective reproduction
number, R. As in the case of R0, R is also defined as the mean number of infections arising
from a single infected individual (with the difference that now we can no longer assume the
population to be almost entirely susceptible to the disease). Thus, it can be estimated using
the above technique provided that the susceptible population does not decrease perceptibly
over the period in which the estimation is being done. Also, similar methods can be applied
to calculate the reproduction number at different spatial scales. Obviously the smaller the
area being considered the smaller is the total population, so that it becomes more likely that
there will be discernible changes in the susceptible population as the epidemic progresses
and consequently one has to be more careful in using the above procedure.

3. COVID-19: International Scenario

The outbreak of a novel disease (to be named COVID-19 eventually) came to the
attention of public health authorities towards the end of December 2019 with the occurrence
of a large number of pneumonia cases of unknown causes in Wuhan, the capital of Hubei
province in China. Huang, et. al. (2020) have traced the earliest human infected case
to 01 Dec 2019, although it is likely that the virus had been circulating in the population
even earlier. Subsequently, the extremely rapid rise of the number of infections made the
authorities impose unprecedented city-wide stay-at-home orders (lockdown) in Wuhan and
other cities in the province on 23 January 2020. Less restrictive measures for ensuring
physical distancing were introduced in several other locations in China. As a consequence,
there was discernible decrease in the rate of growth in infections and from 17 February 2020,
the number of active cases began to decline. However, as is evident from the time-series
shown in Figure 1 (left), the active case count for the entire world started to increase again
from 5 March 2020. This resulted from the focal point of the epidemic shifting outside
China (where it continued to decline) to countries such as Italy and the United States of
America. Indeed, by 8 March 2020, the total number of active cases of the disease outside
China exceeded that from China for the first time, and while there have been subsequently
resurgences of COVID-19 cases in China, these have been fairly limited in size. With the
rapid spread of the epidemic across different countries in Europe and the Americas, apart
from Asia, on 11 March 2020, the World Health Organization (WHO) declared the COVID-
19 outbreak to be a global pandemic.

Figure 1 (right) shows the reproduction number R estimated from the time-series of the
total number of active cases across all countries by using a moving window having different
starting dates (t) and interval lengths (∆t). The choices of t and ∆t for which the correlation
coefficient r between time and logarithm of the number of active cases (that measures how
closely the curve describing the number of active cases fits an exponential function) is greater
than 0.998 are indicated within the black dotted contour lines (the regions within the blue
dotted lines have r > 0.995). The corresponding measure of significance is p < 0.001. As
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Figure 1: (Left) The time-series for the number of active cases of COVID-19 for
the entire world (the data for China and the rest of the World are also shown
separately) and (right) the estimated reproduction number R over time windows
with different starting dates (t) and temporal intervals (∆t).

the data source we have used does not have information for the period prior to 22 January
2020, we cannot estimate the basic reproduction number. We note that R was 2.02 ± 0.16
between 23-27 January 2020, but then decreased to 1.85 ± 0.13 (02-05 February 2020) and
subsequently to 1.31± 0.06 (07-10 February 2020). Throughout the second half of February
R appeared to be equal or less than 1 so that, even though there were countries such as Italy
and United Kingdom that had large outbreaks during the period, it still seemed possible that
the disease can be contained and prevented from becoming a global pandemic. However, it
started rising again in March, increasing from 1.18±0.04 (06-09 March 2020) to 1.66±0.02 (09
March-01 April 2020) - possibly resulting from the large number of outbreaks that occurred
across countries in Europe and Latin America, as well as, USA and South Africa, at this
time. From the month of April onward, however, we have seen a steady decrease in the global
R, from 1.25 ± 0.01 (03-13 April 2020) to 1.16 ± 0.01 (12-21 April 2020) and 1.12 ± 0.01
(20-28 April 2020), notwithstanding the fact that new territories have been affected by the
disease. Over the last couple of months, R has stood at 1.065 ± 0.001 (28 April-08 July
2020) which probably reflects the success of European countries in containing the epidemic
and the fact that in USA, despite the large absolute number of cases, the growth rate has
decreased substantially.

As the United States of America has the highest number of confirmed cases and is
therefore contributing to the value of R for the entire world more than any other country,
in Figure 2 we specifically look into how the situation has evolved there, beginning from
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Figure 2: (Left) The time-series for the number of active cases of COVID-19 for
United States of America and (right) the estimated reproduction number R over
time windows with different starting dates (t) and temporal intervals (∆t).

Figure 3: The 95% confidence intervals (represented by the vertical extent of the
colored bars representing different nations) for the basic reproduction number
R0 estimated for COVID-19 outbreak in 22 countries across the world with the
horizontal extent of the colored bars indicating the time period used for the
estimation.
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late January. The first case of COVID-19 in USA was reported on 19 January 2020 from
Snohomish County in Washington state (Holshue, et al., 2020). Following this, as seen from
Figure 2 (left), the number of active cases rose only slightly to reach double digits and
remained steady at fairly low numbers (∼ 10) for the entire month of February. However,
between 03-26 March 2020, the number of cases rose rapidly marking the advent of the
epidemic with a basic reproduction number R0 = 2.63± 0.05. The case fatality ratio (CFR)
was also high at this early period, peaking at 0.114. It is to be noted, however, that there is
a high degree of heterogeneity in the disease incidence across the country, with the state of
New York (followed by California, Florida and Texas) accounting for a large fraction of the
cases.

As the epidemic unfolded, the value of the effective reproduction number has undergone
several changes as can be seen from Figure 2 (right). Between 27 March-4 April 2020, the
number reduced from the value of R0 (mentioned above) to 1.68± 0.03. It further reduced
to 1.38 ± 0.02 during 4-11 April 2020, 1.18 ± 0.01 during 11-26 April 2020, 1.10 ± 0.01
during 30 April-10 May 2020, and reached its lowest value so far R = 1.05± 0.01 in the first
half of June (1-18 June 2020). In more recent periods, it has marginally increased back to
1.10 ± 0.01 (22 June-1 July 2020). The trajectory of the epidemic in USA as described by
these reproduction numbers is qualitatively similar to that seen for India (described below),
with an initial period of extremely rapid spread lasting for about a month followed by gradual
reduction in the transmission, with R eventually settling to a value just higher than 1 about
four months after the outbreak established itself in the local population.

To see how much variation there is across geographical regions in the rate at which the
epidemic has spread, in Figure 3 we graphically represent the 95% confidence intervals of
the basic reproduction number for several countries where there have been major outbreaks
of COVID-19, along with the period corresponding to the initial phase of growth of the
epidemic (over which R0 has been estimated). China is not included because as mentioned
earlier, the data sources being used do not include information on the initial phase of the
outbreak in China. The two letter symbols associated with each colored bar indicate the
different countries (see Table 1, which provides the numerical values of R0 for these and
several additional countries). Note that all the countries which are currently in the top 15
in terms of confirmed cases have been included.

Even a cursory glance at Figure 3 is sufficient to establish a few exceptional features
underlining the diversity in COVID-19 epidemiological dynamics in different locations. While
the bulk of the countries investigated have had their R0 values lying between 2 and 2.8,
there have been exceptions such as Iran, which had an unusually high R0. In contrast, R0
for countries in South Asia such as Sri Lanka, Pakistan and Nepal (see Table 1) have been
very low, with the notable exception of Bangladesh which had a R0 of around 3. The R0
for India, while higher than its southern and western neighbors, is still at the lower end of
the range of values for the basic reproduction number that we have estimated for different
countries.

4. COVID-19: The Situation in India

Having discussed the international situation, we now focus on how the epidemic has
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Table 1: Basic reproduction numbers (R0) estimated for COVID-19 outbreaks
in different countries

Region Country R0 95% CI r p Period Peak CFR
North USA (US) 2.63 [2.58, 2.68] 0.998 < 0.001 03-26 Mar 2020 0.114
America Mexico (MX) 2.29 [2.23, 2.35] 0.999 < 0.001 15-22 Mar 2020 0.124

Canada (CA) 2.23 [2.20, 2.27] 0.998 < 0.001 07-28 Mar 2020 0.082
South Brazil (BR) 2.53 [2.47, 2.59] 0.995 < 0.001 26 Feb-29 Mar 2020 0.070
America Peru (PE) 2.77 [2.70, 2.85] 0.998 < 0.001 08-20 Mar 2020 0.042

Chile (CL) 2.76 [2.70, 2.82] 0.998 < 0.001 04-21 Mar 2020 0.022
Europe Italy (IT) 2.70 [2.62, 2.78] 0.999 < 0.001 23 Feb-01 Mar 2020 0.145

Spain (ES) 2.66 [2.60, 2.71] 0.998 0.001 29 Feb-Mar 17 2020 0.122
UK (GB) 2.13 [2.10, 2.17] 0.995 < 0.001 18 Feb-29 Mar 2020 0.155
France (FR) 2.10 [2.03, 2.16] 0.995 < 0.001 06-20 Mar 2020 0.159
Belgium (BE) 1.94 [1.90, 1.99] 0.998 < 0.001 13-23 Mar 2020 0.165
Netherlands (NL) 1.96 [1.91, 2.00] 0.995 < 0.001 07-28 Mar 2020 0.129
Germany (DE) 2.41 [2.35, 2.47] 0.995 < 0.001 29 Feb-21 Mar 2020 0.047
Austria (AT) 2.49 [2.44, 2.53] 0.998 < 0.001 29 Feb-20 Mar 2020 0.040
Russia (RU) 2.08 [2.04, 2.11] 0.995 < 0.001 05 Mar-14 Apr 2020 0.015

Africa South Africa (ZA) 2.43 [2.38, 2.48] 0.998 < 0.001 11-27 Mar 2020 0.022
Middle Iran (IR) 3.51 [3.41, 3.61] 0.999 < 0.001 25 Feb-03 Mar 2020 0.079
East Turkey (TR) 4.75 [4.52, 4.97] 0.998 < 0.001 14-21 Mar 2020 0.028

Saudi Arabia (SA) 2.06 [2.01, 2.12] 0.996 < 0.001 12-27 Mar 2020 0.015
South India (IN) 1.82 [1.80, 1.83] 0.998 < 0.001 4 Mar-15 Apr 2020 0.036
Asia Pakistan (PK) 1.48 [1.46, 1.49] 0.998 < 0.001 21 Mar-08 Apr 2020 0.024

Bangladesh (BD) 3.04 [2.91, 3.17] 0.998 < 0.001 04-10 Apr 2020 0.128
Sri Lanka (LK) 1.52 [1.45, 1.59] 0.995 < 0.001 19-24 Mar 2020 0.037
Nepal (NP) 1.48 [1.47, 1.49] 0.995 < 0.001 25 Mar-1 Jul 2020 0.007

developed in India. The first confirmed case of COVID-19 in India was recorded when an
Indian student at Wuhan returned to Kerala on 30 January 2020. Subsequently two more
Indian students returning from Wuhan were also tested to be positive for the disease in early
February 2020. All of them subsequently recovered without having passed the infection to
anybody else in India. However, the situation altered beginning from 02 March 2020, when an
Indian citizen who had traveled to Austria tested positive in East Delhi, who was soon found
to have infected six of his family members in Agra (all of whom tested positive on March
4). In a parallel development, after a member of an Italian tourist group tested positive on
03 March 2020, 16 other members of the group were found to have contracted the infection
on the next day. Thus, with 22 new infected individuals being detected on 04 March 2020,
the number of COVID-19 cases in India crossed single digits for the first time (see Figure 4).
Following this the number of new cases steadily rose [see Figure 5 (left)], alarming the public
health authorities into considering implementing extreme non-pharmaceutical intervention
measures such as those successfully employed to control the epidemic in China. A “Janata
curfew” (People’s or self-imposed curfew) for 14 hours on 22 March 2020, a Sunday, tested
the feasibility of imposing a nation-wide lockdown, and it was followed up by a stay-at-home
order implemented from 24 March 2020. Figure 4 shows also the composition of the new
cases reported each day between those returning from abroad and those who contracted it



342 SITABHRA SINHA [Vol. 18, No. 1

Figure 4: Initial phase of the COVID-19 epidemic in India, showing the first
1635 confirmed cases and distinguishing between infections that were imported
from abroad, either by returning Indians or visiting foreign citizens, and those
that occurred among the local population.

locally, and we note that, after 24 March 2020, the bulk of the cases were of the latter kind.
It suggests that by this time, the disease had established itself in the local population.

Figure 5 shows how the reproduction number for the disease has evolved in India in
response to the various measures that were successively put in place. Specifically, we indicate
the various stages of the lockdown (differing in terms of the severity of the measures imposed
to ensure social distancing) that was imposed from 23 March 2020, viz., Phase 1 (23 March-
14 April 2020), Phase 2 (15 April-3 May 2020), Phase 3 (4-17 May 2020), and Phase 4 (18-31
May 2020), followed by Unlock 1 (1-30 June 2020) and Unlock 2 (1-31 July 2020) which is
still underway. In the initial stage between 04 March-15 April 2020 over which the R0 value
is estimated, the number of active cases rose from 25 to 10485. After this period, the rate
of spreading lessened to a large extent and the effective reproduction number between 14
April-16 May 2020 was estimated to be 1.28 ± 0.01, which is a reduction of 30% from the
value of R0(' 1.82). To understand the significance of this change in R, we note that had
the epidemic continued with its initial growth rate for much longer, then we would have been
very likely to have crossed 1 million active cases before the middle of May (see Figure 6). This
would have undoubtedly put enormous stress on the medical infrastructure of the country.

The reduction in R may be attributed at least partially to the imposition of the lock-
down and other related measures (such as, asking people to wear masks in public, etc.),
especially as the deviation from the initial trend can be observed from the data by 06 April
2020 (see Figure 6), i.e., after approximately two weeks following the imposition of Phase
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Figure 5: (Left) The time-series for the number of active cases of COVID-19 for
India and (right) the estimated reproduction number R over time windows with
different starting dates (t) and temporal intervals (∆t). The periods of different
stay-at-home orders (referred to as Lockdown and Unlock) are indicated.

1 of the lockdown. The duration of this lag between an intervention and its manifestation
in terms of changes in the number of cases is because a person infected with SARS-CoV-2
can take up to 14 days to manifest symptoms, upon which time they can be tested and
then quarantined. Until this time, such individuals may be freely circulating in the popula-
tion and aiding in the transmission of the pathogen. Thus, the bulk of the confirmed cases
that were reported in the days immediately following the lockdown imposition would have
resulted from infections that took place in the period prior to it.

Between 16-28 May 2020, the value of R slipped further to 1.22 ± 0.01, followed by a
marginal decrease to R = 1.21 ± 0.01 during 29 May-11 June 2020. Subsequently, during
12 June-11 July 2020, R reached its lowest value (up till the time of writing) of 1.13± 0.01.
However, this continually decreasing trend in R was then broken and the most recent value
was estimated to be 1.19± 0.01 between 11-20 July 2020. As already hinted in the previous
section, this trajectory of the spreading dynamics, decrease in R for four months followed
by a slight upward turn, resembles that of USA. Taking into account the approximately
two-week delay between an event involving a population and its effect manifesting in the
epidemiological data, the present rise in R can be possibly related to the relaxation of
lockdown norms in the second half of June.

To obtain a better understanding of the temporal variation in the epidemiological
dynamics, we should consider more spatially detailed information. As seen from the pie chart
in Figure 7, the disease has not affected all regions of the country uniformly. Maharashtra
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Figure 6: The progress of COVID-19 epidemic in India between 04 March-27
May 2020 showing the daily number of active cases (circles) in logarithmic scale.
Log scale is used to visualize the quality of fit of the data to an exponential
curve, that manifests as a straight line in such a scale. The red dotted curve
indicates the projected increase in active cases in April and May had the epidemic
continued to progress according to the rate given by the basic reproduction
number of 1.82. The 95% confidence intervals are indicated by the shaded regions,
and the period under lockdown by the colored horizontal bar on top.

Figure 7: Pie chart showing the percentage contribution of the different states
of India to the total number of confirmed cases of COVID-19 till 11 July 2020.
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Figure 8: Progress of the epidemic in Indian states having the highest number of
active cases on 05 July 2020 (in decreasing order, left to right & top to bottom).

has contributed to almost a third of the entire burden of the country, and along with Tamil
Nadu and Delhi, are the three states which account for about 60% of all confirmed cases till
date. On the other hand, both Kerala and Punjab, which were some of the first states to
be affected, surprisingly had less than 1% of the total number of confirmed cases till July.
Figure 8 also suggests a substantial amount of spatio-temporal heterogeneity in the manner
in which the epidemic has evolved across the country, with the disease peaking early in west
(e.g., Maharashtra) and north (e.g., Delhi), followed by the south (e.g., Karnataka) and
much later by the east (e.g., West Bengal and Assam). While many of the states show a
trajectory similar to that for the country, viz. a rapid growth phase initially, followed by
a slowing of the spreading while continuing to be an epidemic (i.e., R > 1), certain states
like Tamil Nadu and Haryana exhibit multiple rounds of growth and decay of the epidemic.
Thus, between 12-30 April 2020, Tamil Nadu had a value of R around or less than 1, so that
the number of active cases were decreasing over time indicating that more recoveries were
happening than new infections. 1 However, the appearance of a cluster of cases originating in
the Koyambedu wholesale market in Chennai towards the end of this period resulted in the

1We would like to note here that R ∼ 1 does not necessarily imply that the number of active cases has
remained constant, for instance, because the number of new infections reported each day is exactly balanced
by the number of infected individuals who are recovering daily. Rather, the growth is slower than exponential
(sub-exponential), e.g., following a trend that fits a polynomial trend.
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Figure 9: The basic/effective reproduction numbers for the states of India having
the highest number of active cases as on 05 July 2020, estimated from the time-
series of the number of active cases by using a moving window having different
starting dates and interval lengths (∆t).

number of infections across the state to increase rapidly and R rose to 2.01± 0.10 between
30 April-07 May 2020. Subsequently, it decreased to 1.56 ± 0.06 between 06-13 May 2020
and then further to 1.31± 0.03 during 30 May-04 June 2020.

A perusal of the evolution of the reproduction number for the individual states (see
Figure 8 where the horizontal line in each panel indicates the date of imposition of the
national lockdown) shows the diversity of outcomes as COVID-19 has spread through India.
Not surprisingly, the R value for the state of Maharashtra has largely driven that for the
entire country, as it accounts for the largest share of COVID-19 cases among the states, even
though it may not have had the highest value of R among them. To see why this is the case,
consider a hypothetical situation where a country has an epidemic raging in two of its states
with two very different values of R, e.g., 2 in state A and 4 in state B. Consider also that at
a given time, state A has 1000 active cases, while state B has 50 cases. After a time period
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Figure 10: The basic/effective reproduction numbers for the districts of Tamil
Nadu having the most confirmed cases as on 15 July 2020, estimated from the
time-series of the number of active cases by using a moving window having
different starting dates and interval lengths (∆t).

corresponding to one generation interval, state A will have 2000 active cases, while state B
will have 200 cases (as per the definition of R). Thus, the effective reproduction number for
the country as a whole will be 2.2, a value that is quite close to the R for state A which has
the bulk of the active cases even though the epidemic is spreading much slower there than in
state B. Note that if the growth rate for the two states remain unchanged, state B will soon
surpass state A in terms of active cases and from that point onward will have its R value
dominating the national R.

Similar heterogeneity is observed at an even finer spatial scale when we consider the
evolution of the epidemic in each district of a state. Figure 10 shows the estimated repro-
duction numbers for twelve districts in Tamil Nadu that have had the highest number of
confirmed cases. It can be easily observed that there has been much more temporal variabil-
ity in the epidemiological dynamics at this more spatially resolved scale. Most districts show
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multiple flare-ups of the epidemic growth rate because of local spreading events, followed by
periods during which R has substantially decreased. We also note that the growth is far from
being synchronized across a state. For example, while Madurai district had R of 1.41± 0.04
during 04-09 July 2020, at around the same time Chennai had the epidemic under effective
control so that R was less than 1 (we estimate R as 0.78± 0.02 in the slightly later period of
10-14 July 2020). While data for spatial resolution higher than this is not publicly available,
it seems reasonable to conclude that the spatio-temporal heterogeneity will be even more
pronounced at that scale, not the least because of the relatively stronger daily fluctuations
in the number of cases. In contrast, at the level of a state, and more so for a country as large
as India, a self-averaging process occurring through rises in some regions being balanced by
dips in others, decreases the fluctuations and aids the statistical analysis.

5. Discussion

While the reproduction number is not the only possible metric one can associate with
an epidemic, nor does it necessarily contain all relevant information about the epidemic, it
is nevertheless extremely informative about the dynamical process by which the disease is
spreading (Heesterbeek, 2002). Its value is determined by multiple factors associated with
demography and social structure of the population in which the disease is spreading, as well
as, the biology of the pathogen, viz., (i) the generation time (which can be considered as
the period over which an infected individual passes the pathogen to others), (ii) the mean
number of contacts between susceptible and infectious individuals, (iii) the probability of
an infection resulting from such a contact, and (iv) the size of the susceptible population
(Sinha, 2020). Typically, not all of these factors may be known for an epidemic. Thus,
estimating R from empirical data can provide us with a means of making inferences about
such factors. The basic reproduction number is also of practical importance from a public
health perspective, as using the estimated value of R0 we can estimate the overall burden of
the disease, as well as, in the event of availability of a vaccine for the disease, the fraction
of population who will need to be vaccinated to achieve herd immunity. It is for these
purposes that it is imperative to accurately estimate R0. We note in passing that the basic
reproduction number for the pandemic is in the same range as the infamous Spanish Flu
pandemic of 1918-19 [as estimated by Mills, et al. (2004)].

To conclude, it should be stressed that the estimated value of R0 is at the lower end of
the values reported for different regions in which the outbreak of COVID-19 has resulted in
a large number of infected cases. Indeed, this seems to be true for most countries from the
South Asian region (barring the notable exception of Bangladesh). Preliminary analysis of
physical and climatic factors done by us appears to rule out the direct role of these in making
R0 for India low. While reliability of the available epidemiological data may be an issue, it
is unlikely that this alone can be the explanation, because under-reporting, as long as it is
done consistently at the same level over time, will not significantly alter the estimated value
of R. The possibility that genetic or physiological features of the South Asian population
may be responsible is a hypothesis that needs further investigation. One of the intriguing
questions that arise from the analysis is the fact that the growth rate of the disease has
continued to be low despite a large degree of relaxation that has happened in the lockdown
norms. As India is still very far from achieving herd immunity, and there appears to be no
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evidence that the pathogen has shown any change in its ability to infect, it is possible that
the voluntary adherence to public hygiene has been responsible. If true, this may suggest
that, under certain conditions, citizens can be mobilized to engage in a mass effort to achieve
desirable public health outcomes.
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