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Abstract India was under a grave threat from the second wave of the COVID-19 pandemic particularly
in the beginning of May 2021. The situation appeared rather gloomy as the number of infected individu-
als/active cases had increased alarmingly during the months of May and June 2021 compared to the first
wave peak. Indian government/state governments have been implementing various control measures such
as lockdowns, setting up new hospitals, and putting travel restrictions at various stages to lighten the
virus spread from the initial outbreak of the pandemic. Recently, we have studied the susceptible-exposed-
infectious-removed (SEIR) dynamic modeling of the epidemic evolution of COVID-19 in India with the
help of appropriate parameters quantifying the various governmental actions and the intensity of individual
reactions. Our analysis had predicted the scenario of the first wave quite well. In this present article, we
extend our analysis to estimate and analyze the number of infected individuals during the second wave of
COVID-19 in India with the help of the above SEIR model. Our findings show that the people’s individual
effort along with governmental actions such as implementations of curfews and accelerated vaccine strategy

are the most important factors to control the pandemic in the present situation and in the future.

1 Introduction

In recent times, mathematical models for epidemiologi-
cal studies have proved to be helpful during the corona-
virus pandemic by offering snapshots of specific pat-
terns such as virus spread, identifying the number of
infected individuals, upcoming consequences, and so on
[1-5]. To track the transmission of the virus, one has to
essentially rely on the available data and make simpli-
fied assumptions to reduce the complexity of the prob-
lem. Furthermore, one has to keep oneself up-to-date
with all the data and observations to develop models
that are as close to reality as possible. This would also
help in the evaluation of various scenarios, and for pro-
viding information for proper support for health care
decisions.

The affected countries have put in a lot of effort
to counter the consequences of COVID-19. The cri-
sis, however, is far from over, with newly infected peo-
ple being identified every day. It is critical to create
adequate models to characterize and understand the
change in the trend of the pandemic to estimate when
the pandemic will be under control and to evaluate the
effectiveness of virus control efforts.

*e-mail: chandru25nld@gmail.com (corresponding

author)

Recently, we have examined the commonly used
susceptible-exposed-infected individuals-removed (SEIR)
model [3,4,14] to account for new uncertainties, and in
particular, the number of infected individuals in India
which were estimated during the initial lockdown and
unlock periods, starting from March, 25, 2020 to Octo-
ber, 31, 2020 and further up to December 27, 2020,
with the help of the initial rate of COVID-19 transmis-
sion by considering the initially infected people in the
country [6,7]. The prediction of the infected individuals
from our model has agreed with the actual data of the
daily rate of infected individuals during the first wave
fairly well [6,7]. To predict and identify the evolution
of COVID-19 virus spread, a series of research works
have been recently proposed, and in particular, the SIR,
and linear fractal-based models have predicted the daily
positive cases of the outbreaks of the second wave of
COVID-19 in India, and these are reported in Refs.
[8,9]. Furthermore, the dynamic evolution of the SEIR
model along with various parameters, such as incidence
rate, transmission rate, test positivity rate, case fatal-
ity rate, and intervention parameters, were illustrated
to describe the first and second waves of COVID-19
(See [10-13]).

Figure 1 shows the variation of active cases (number
of individually infected people) up to November, 2021.
The data have been taken from the repository main-
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Fig. 1 The occurrence of the total number of active cases
in the epidemic curve from March 2020 to November 2021
in India

tained by the Indian government official website and
'worldometers’ [7]. The graph shows that the occurrence
of first and second waves of COVID-19 was separated
by almost 7-8 months. The peak of the active cases in
the first wave had occurred in Sep 2020, and decreased
around the middle of February 2021. The end of the
first wave of COVID-19 is only due to the more public
response along with effective government interventions
[6]. Unfortunately, in the month of April 2021, the evo-
lution of active cases has suddenly started to increase
and it shows more than double that of the first peak
value by May 2021. The second wave in India appears to
be considerably riskier than the first wave, but the situ-
ation is fast under control due to drastic measures such
as lockdowns in various areas and increased vaccination
campaigns. The aim of this paper is to interpret and
model the occurrence of the COVID-19 second wave,
as well as to investigate the role of individual reactions
in association with governmental actions, to raise pub-
lic awareness about the COVID-19, and to highlight the
importance of individual actions.

Therefore, in this present study, we again divided
the common population into four compartments—
susceptible, exposed, infectious, and removed (which
include both the cases of recovered and death num-
bers) with the help of appropriate differential equations
to relate the parameters of the model to the popula-
tion based on the initial framework of He et al. which
was proposed as a basic model that explained the 1918
influenza [14,15] pandemic. Furthermore, the specific
aim of the proposed model is to capture the effects of
the individual actions/responses (which may include
personal hygiene, healthy habits, avoiding crowded
places, wearing masks, washing hands frequently, and
taking vaccination), in addition to the governmental
action (implementation of curfew and acceleration of
vaccine strategy) both of which are represented by
appropriate parameters.

In this paper, we further consider the variability
in transmission rate through the values of individual
action rate and governmental action strength from an
all India basis as well as in the various individual
states (particularly Tamilnadu, Maharashtra, Kerala,
and Karnataka as typical examples), starting from Dec
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2020. In particular, we examine the number of infected
individuals due to the occurrence of the second wave
of COVID-19, and predict the possible peaks as well as
validate the importance of intensity of individual reac-
tion along with the governmental action control during
the pandemic. So far, during the pandemic period, sev-
eral factors have had an impact on whether the num-
ber of infected individuals is increasing or declining
at particular locations. These factors include human
behavior, infection prevention policies, changes of the
COVID-19 virus itself, and effectiveness of vaccines over
time. Our study shows that significant spread of the
number of infected individuals can raise during the sec-
ond wave of COVID-19 and that the control of the dis-
ease in a short period is possible mainly due to the
intensity of individual reaction (k) along with govern-
mental action strength «. Therefore, we feel that our
study indicates that once people follow the COVID 19
precautions, such as getting vaccinated for the COVID
19, predicting physical distance, hand-washing, and
mask-wearing, etc., control of the spread of COVID -19
becomes feasible.

Based on the above objectives, the remaining part of
the paper is organized as follows. In Sect. 2, we describe
the modified SEIR mathematical model and the analy-
sis of its dynamics with help of intensity of individual
reaction and governmental action strength. In Sect. 3,
we analyze the occurrence of the number of infected
individuals and discuss the results of our analysis with
help of reproduction numbers. Finally, we summarize
our findings in Sect. 4.

2 Description of the model

The suggested SEIR model has been formulated as fol-
lows [3,4,6,14,15] based on the original work of He et
al. [14]:

§= 63 (1a)
E:ﬁ(t)% o E, (1b)
I =0E—~I, (1)
D = dvI — \D, (1e)
C=0FE. (1f)

In this model (1), S is the susceptible population, E
is the exposed population, I is the currently infected
population (excluding the recovered and death cases),
and R is the population removed which includes both
the cases of recovered and death numbers. Also, N is
the total number of population. Besides the above, the
total population also contains two more classes: D is a
public perception of risk with respect to serious cases
and deaths, and C is the number of cumulative cases
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Fig. 2 Abstract model for COVID-19 dynamics based on
SEIR framework

(both reported and not reported incidents) [3]. Based on
this, it is possible to establish an abstract model of the
COVID-19 dynamics presented in Fig. 2 which allows
one to write the above equations (1). Furthermore, the
following parameters are also considered in the govern-
ing equations: 7 is the mean infectious period, v is
the delayed removal period, which denotes the relation
between the removed population and the infected ones,
and o is the mean latent period, while d denotes the
proportion of severe cases and A is the mean duration
of public reaction [3,4,15].

In Eq.(1), 5(t) denotes the transmission rate function
which incorporates the impact of governmental action
(1 — @), and the individual action, which is denoted

by the function (1 - %)k [3,15]. Here, the parameter
k defines the intensity of individual reaction, which is
measured on a scale of 0 to 10°> with a normal value of
1117.3 obtained from previous and recent epidemic and
pandemic studies [3,14]. These values should be incor-
porated into the different values of the transmission rate
which is defined as [3]

o0 = -o) (1- 7). @)

In Ref. [6], the general propagation of COVID-19 in
India was reported during the period from March 25,
2020 to Dec 27, 2020, based on the estimation of the
initial value of transmission rate 3y for the original out-
break of COVID-19 by considering the initial number of
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infected individuals in the equations for the infectious
population 1(b) and 1(c).

It is worth noting that varied transmission rates are
linked to different levels of social isolation. All the
parameters mentioned in (2) must be varied for each
location, and it depends upon the total population,
the initial number of infected individuals in the whole
of India, and specific states, which are necessary for
the COVID-19 description. However, to understand the
role of governmental action and intensity of individual
reaction, we plotted the occurrence of the number of
infected individuals for different values of the govern-
mental action control variable « and the intensity of
individual reaction strength k. For « > 0 and k& > 0,
due to the certain level of governmental and individual
actions to control the spread, the infected individuals
tend to fall after reaching a peak value (see Fig. 3b).
However, we note that the absence of these controls,
namely a = 0 and k = 0, can cause the infections to
raise exponentially till the whole population is infected
(see Fig. 3a).

3 Results and discussion

In the present study, the daily COVID-19 active cases
from the whole of India as well as specific individual
states, namely, Tamilnadu, Maharashtra, Kerala, and
Karnataka, are considered. The daily active cases are
collected from the data available in [17]. The param-
eters which are presented in Table 1 are employed for
simulations with the population Ny and the initial num-
ber of infected individuals (I, which varies for each
state, and the whole of India) relative to the initial
outbreak in specific locations. The parameters o and k
are only needed to be adjusted for each specific period,
which has become important for the estimation of the
number of infected individuals. Therefore, in the fol-
lowing, the rate of infection based on the transmission
rate (2) is evaluated using the system of Eq. (1) for all
the above cases.

Now, we first study the number of infected individu-
als in the whole of India with the strength of the indi-
vidual reaction k in various intervals, along with vari-
ous values of governmental action strengths, as shown
in Fig. 4. In this case, the process of optimum selec-
tion of variables was done up to July 2021. Then, we

Fig. 3 Variation of (a) (b)
number of the infected 8x10° 80
a=0,k=0 0,k>0
individuals for different o
values of c and ka o = k 60
=0,ba>0and k>0
20
0 0
0 20 40 60 80 0 20 40 60 80
time(days) time(days)
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Table 1 Model parameters for Egs. (1) and (2)

Eur. Phys. J. Spec. Top. (2022) 231:3453-3460

Parameter Description Value/remarks/reference

Ny Initial number of population India/particular state population [16]
So Initial number of susceptible population 0.9No (constant)

Ey Exposed persons for each infected person 201 [17]

Io Initial state of infected persons 3 (India)/appropriate value for specific state taken from [16]
« Government action strength varied in each lockdown/unlock period
k intensity of individual reaction 1117.3 [3,15]

ot Mean latent period 3 (days)

vt Mean infectious period 5 (days)

'y};l Delayed removed period 22 (days)

d Proportion of severe cases 0.2

At Mean duration of public reaction 11.2 (days)

x10° (Millions)
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Actual Data —6—

Number of Infected people(Active cases)

0
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Fig. 4 Numerical simulation of the number of infected
individuals (after removing the number of recovered peo-
ple on a particular day). The curves represent the numeri-
cal simulation of the number of infected individuals (active
cases) from Dec 27, 2020, to Nov 30, 2021, with respect
to the values of government action strength (a = 0.2) and
different intensities of the individual reaction in the SEIR
mathematical model. Data available between Dec. 2020 and
July 2021 are taken for fitting the parameters. The red curve

fix constant values of & and « to identify the evolu-
tion of active cases during the second wave of COVID-
19. Then, we analyzed the occurrence of the number of
infected individuals for different values of intensity of
individual reaction strengths £=1000, 2000, and 3500.
Here, the low and high values of k represent the behav-
ior of people along with government strategy to con-
trol the COVID-19. Therefore, the comparison of the
SEIR model and real data indicates that low values of
intensity of individual reaction values are not in good
agreement with real data. It shows uncontrolled growth
with a large number of infected individuals for low val-
ues of k, and this is represented by either pink or black
curve in Fig. 5 with the values of k£ chosen as 1000 or
2000, respectively. However, the model has well fitted
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with circles corresponds to that of the actual number of
infected individuals in India. The vertical black dotted lines
along with label I denote the predicted maximum number of
infected individuals (active cases). The pink curve and black
curve show the variation of the number of infected individ-
uals, after July 15 (second vertical lines), by considering a
low value of governmental action strength (a = 0.18) and
different intensities of individual reaction values (k = 1000,
pink curve and 2000, black curve)

with a high value of the intensity of individual reac-
tion, k=3500, which shows that the number of infected
individuals may not increase much and it corresponds
to strong measures taken by individual people and vari-
ous government measures, as the epidemic curve attains
low values and almost steady number of infected indi-
viduals emerge during the month October 2021 and the
subsequent period.

In the case of an infectious disease like COVID -19,
the number of people affected increases fast as the con-
dition progresses, which may be measured using the
time-dependent transmission rate 3(t) in Eq.(2) and it
is commensurate with the effective or time-dependent
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Fig. 5 Variation of effective or time-dependent reproduc-
tion number R(¢) in India during the second wave of
COVID-19

reproduction number R at time ¢ which is defined as

B(t)
R(t) = —, (3)
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The above quantity R(¢) denotes the mean number of
secondary cases generated by a typical primary case at
time ¢ in a population. Once a given fraction of the pop-
ulation has been infected and is resistant or immune,
the effective reproduction number can be used to quan-
tify transmissibility [20]. Because a huge part of the
population will not be vulnerable to any infectious dis-
ease that causes immunity or for which a vaccine exists,
an effective reproduction number can be used to esti-
mate the severity of outbreaks in real-world populations
[19].

Furthermore, this measure is a good identifier for the
decrease or surge in infections, and also provides real-
time access to the spread of the infected individuals as
the value R(¢) > 1 indicates the growth of the newly
infected cases [19-21]. Thus, the aim is to reduce the
value of R(t) < 1 and close to zero as much as pos-
sible. Therefore, we plotted the time-evolution of (t)
with the help of Egs. (2, 3) in Fig. 5. It shows that the
value of R(¢) is maximum during the months of April-
May 2021, and has declined to near zero due to strong
governmental measures, but again increased slowly and
finally settled to an almost constant value of (¢) in the
months after October 2021.

—_
=z
~

Number of Infected people(Active cases)

o - |
Dec27,20 Febl4,21 Ap 06,21 May 26,21 July 15,21 Sep 3,21 Oct 23,21 Nov 30, 21
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Fig. 6 Numerical simulation of the number of infected
individuals or active cases (after removing the number
of recovered/deceased people on a particular day) in the
various states of India incorporating governmental action
strength «, and different values intensity of the individual
reaction k: a Tamilnadu , b Karnataka, ¢ Maharashtra, and
d Kerala. The curves represent the numerical simulation of
the number of infected individuals (active cases) from Dec
27,2020 to Nov 30,2021 with respect to the values of govern-
ment action strength and various values of intensity of the

May 15: Number of Infected People(active cases):6.05 Lakh  Karnataka]
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500000
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individual reaction in the SEIR mathematical model (1, 2).
The red curve with circles corresponds to that the actual
number of infected individuals up to November 30,2021.
The vertical black dotted lines along with label I denote the
predicted maximum number of infected individuals (active
cases). The pink curve and black curve show the variation
of the number of infected individuals, after July 15 (second
vertical lines), by considering a low value of governmental
action strength and different intensities of individual reac-
tion
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Fig. 7 Variation of the effective or time-dependent reproduction number R(¢) for: a Tamilnadu, b Karnataka, ¢ Maha-

rashtra, and d Kerala

Furthermore, analysis is also carried out for four spe-
cific states of India, namely, Maharashtra, Karnataka,
Kerala, and Tamilnadu, using the initial population of
each state Ny, and the initial number of infected indi-
viduals in the specific states (data again taken from
[16] and [17]). Figure 6 shows the number of infected
individuals from our model (1) in comparison with the
actual data. They clearly demonstrate the occurrence
of a large number of infected individuals/active cases in
each of the states during the second wave of COVID-
19. These curves also show good agreements with real
data, and it mainly depends upon the individual peo-
ple’s reaction and adequate governmental actions in
each specific state. The graphs show that the COVID-
19 disease can be completely controlled if the present
condition persists or if people act with greater pre-
caution. Furthermore, we also plotted the variation of
time-dependent reproduction number R(¢) with time
for the above-mentioned specific states in Fig. 7. In
Fig. 7, the trend of R(¢) changes over time which is dif-
ferent between states. One may note that the growth
rates for almost all the four states indicate that signifi-
cant changes in the evolution of R(¢) during the months
of April-May 2021. In Kerala, R(¢) was higher during
this period, and further, maintain a larger value dur-
ing the months of July—September 2021. The increas-
ing trend in the value of R(¢t) shows that there were
some incidents in the particular states (partial unlock-
ing lockdown, people crowded in cities, religious events,
etc.) [21]. Tt also shows that the value of R(t) started
to stabilize in the first week of October 2021, imply-
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ing that extensive interventions such as rigorous tracing
and testing, as well as adequate clinical management of
the infected individuals and specific mitigation strate-
gies have acted effectively for each state to control the
transmission COVID -19.

Therefore, based on the above analysis, we need to
realize that it is the continuous action of various state
governments that is able to control this disease during
the second wave of COVID 19. At the same time, it
shows that the impact of the disease will be further
exacerbated in the coming times if people do not take
up precautionary measures, i.e., like going to crowded
places without wearing a mask. This is exactly what
one identifies in Fig. 5 for low values of intensity of
individual reaction with the low value of governmental
action strength.

The various control measures implemented at the
early stages during the first and second wave of COVID-
19 helped the country in reducing the severity of
COVID-19 spread. As the results discussed above indi-
cate, the peak of the second wave occurred in the month
of May 2021 and it is expected to gradually decline
during the months of July-November 2021 (See Fig.4),
and it predicts around the one hundred thousand num-
ber of infected individuals at the end of November 2021
[7]. Moreover, if the second wave of COVID-19 is not
fully eliminated, then there is a possibility of the third
wave of COVID 19 emerging. To predict the possibility
of the third wave, we estimate the number of infected
individuals in the month of November 2021 [7]. The
results are presented in Fig. 8. It shows that the third
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Fig. 8 Numerical simulation of the number of infected
individuals or active cases (after removing the number of
recovered /deceased people on a particular day). The red
curve with circles corresponds to that the actual number
of infected individuals up to November 30,2021. The curves
represent the numerical simulation of the number of infected
individuals (active cases) from November 1, 2021, to March
15, 2022, with respect to the values of the different inten-
sities of the individual reaction in the SEIR mathematical
model. The pink curve and black curve show the variation of
the number of infected individuals, after January 2022 (ver-
tical line), by considering different intensities of individual
reaction strength

wave of COVID 19 may start after reaching a low num-
ber of infected individuals in the forthcoming period.
The curves are plotted with three different values of the
intensity of the individual reaction k, and it is clearly
seen that the emergence of the third wave of COVID 19
is controllable by taking appropriate preventive mea-
sures with individual response, so that the peak will
not occur (see the pink and blue curves for the val-
ues k=6500 and 3500, respectively). This indicates that
early and timely interventions with strengthened indi-
vidual reaction policies should be implemented to sup-
press and control the COVID-19 effectively. However, if
the intensity of the individual reaction is lowered sub-
stantially, for instance when k=2000, the number of
infected individuals may increase and, in this case, the
curve shows a peak of COVID 19. Therefore, there is a
clear indication that an increase or steady value of the
number of infected individuals will occur with respect
to less or more preventive measures, respectively, after
January 2022. However, the occurrence of the number of
individuals will be less when compared with the second
wave of COVID 19. Furthermore, one may note that
these results depend on the available data during the
second wave of COVID 19 and that we have included
appropriate values of the intensity of the reaction for
the control measures.

4 Conclusion

In summary, up to May, 13 2021, the total number
of COVID-19 cases and the number of infected indi-
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viduals (active cases) in India were 2,37,03,665 and
37,10,525, respectively, and on November 30, 2021, the
above counts became 3,45,87,822 and 1,00,543, respec-
tively. Initially, the second wave of COVID-19 in India
appeared as a potential threat to the country because
of its rapid spread. However, the number of infected
individuals got lowered in a short period only due to
the public response and governmental action strengths.
Our mathematical analysis of the SEIR model appears
to be an effective tool to predict the time span and to
investigate epidemic evolution in India.

Our projection of the different trajectories of the
pandemic, based on different scenarios (by decreasing
or increasing of the value of the parameter k£ which
can change the dynamics of COVID-19 outbreak of
active cases), and estimation of the effective reproduc-
tion number suggest that the second wave of COVID-19
is much more infectious than the first wave. Further-
more, we also examined the possible occurrence of the
next wave of COVID 19 that may arise and it has been
pointed out that the small or large number of infected
individuals or perhaps build up to a gentle peak, as a
result of the lowering of the values of intensity of the
individual reaction, can raise.

However, we find that the individual responses which
may include personal hygiene, healthy habits, avoid-
ing crowded places, wearing masks, washing hands fre-
quently, etc. are equally or perhaps even more impor-
tant than the government actions such as lockdown.
The simple acts of not going out unnecessarily and
keeping social distance can reduce the transmission of
the virus. We have made it clear that a new outbreak
of COVID-19 or a large number of infections are likely
to occur if the individual action rates are reduced sub-
stantially, and that it will only begin to emerge if it
is not adequately addressed by the general public, and
that the onus is on the people to fully control it. There-
fore, people can protect themselves against the poten-
tial third wave by adequate individual reaction: com-
plete the vaccination process, continue to wear a masks,
avoid social gatherings, continue the hand-washing, etc.
(which essentially refers to the high intensity of individ-
ual reaction/responses).
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