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A B S T R A C T   

Background: South Africa is the focus of the current epidemic caused by Omicron. Understanding the spatio
temporal spread of Omicron in South Africa and how to control it is crucial to global countries. 
Methods: To explore the spatiotemporal spread of Omicron in 9 provinces in South Africa, a province-level 
geographic prediction model of COVID-19 symptom onset risk, is proposed. 
Results: It has been found that i) The spatiotemporal spread was relatively slow during the first stage and 
following the emergence of Omicron in Gauteng. The spatial spread of Omicron accelerated after it had become 
the dominant variant, and continued to spread from Gauteng to the neighboring provinces and main transport 
nodes. ii) Compared with current Alert Levels 1–4 in all provinces, the imposition of lockdown in the high-onset- 
risk Gauteng together with the Alert Level 1 in other 8 provinces, was found to more effectively control the 
spread of Omicron in South Africa. Moreover, it can reduce the spread of the Omicron epidemic in the provinces 
where main international airports are located to other parts of the world. iii) Due to declining vaccine efficiency 
over time, even when the daily vaccination rates in each province increased by 10 times, the daily overall onset 
risk was only reduced by 0.34%–7.86%. 
Conclusions: Our study has provided a comprehensive investigation concerning the spatiotemporal dynamics of 
Omicron and hence provided scientific findings to enable a contribution which will assist in controlling the 
spatiotemporal spread of Omicron by integrating the prevention measures and vaccination.   

1. Introduction 

The new Severe acute respiratory syndrome coronavirus 2 (SARS- 
CoV-2) Omicron variant (B.1.1.529) had spread to more than 100 
countries and territories around the world since it was first detected in 
South Africa on November 9th, 2021 [1,2]. And Omicron is becoming, 
or already has become, dominant in several countries [3]. This variant 
contains >30 spike protein amino acid mutations that possibly are 
associated with increased transmissibility, severity, and capacity for 
immune escape [4–6]. It has been found that Omicron variant may lead 
to more significant escape from immune protection elicited by previous 
SARS-CoV-2 infection and perhaps even by existing Coronavirus disease 
2019 (COVID-19) vaccines [7–10]. Thus, Omicron was designated as 
variant of concern (VOC), by the World Health Organization (WHO) on 
November 26th, 2021 [11]. To assist more countries to effectively pre
vent the emergence of the Omicron variant, it is crucial to explore both 
factors relating to its emergence and also the manner of its spread [12]. 

Likewise, how to effectively control the spatiotemporal spread of the 
Omicron by the means of the integration of the non-pharmaceutical 
interventions (NPIs) measures and the vaccination should be investi
gated [13]. South Africa, the country in which Omicron caused a new 
surge in COVID-19 cases [14], has been thus, chosen regarding the 
exploration of the spatial dynamics of the Omicron spread and thereby 
further enabling a subsequent investigation regarding how to effectively 
control such a spread by the integration of vaccination and NPI mea
sures. It has become clear that an exploration to find the means to 
effectively control the Omicron epidemic the impact on normal social 
and economic activities is to be reduced. 

South Africa announced its withdrawal from the third wave of the 
COVID-19 infection at the end of September [15]. The control measures 
were thereby relaxed from October 1st, 2021 by adjusting Alert Level 2 
to Alert Level 1 [15]: i) the hours of the curfew were changed; ii) the 
maximum number of large gatherings was promoted; iii) the sale of 
alcohol – for both off-site and on-site consumption –was permitted. 
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However, the emergence of Omicron quickly destroyed the potential of 
the success of the defeat of the above third wave of the epidemic. The 
mean number of 280 COVID-19 cases in South Africa per day during the 
week before the detection of Omicron, increased to 800 cases per day in 
the following week. COVID-19 cases were increasing rapidly in South 
Africa [7]. The early doubling time in the Omicron wave is higher than 
that of the previous three waves [7]. Sequencing data suggests that 
Omicron had become the dominant variant in South Africa by November 
2021 [16]. Data from South Africa’s largest private health insurer sug
gest that more than 90% of newly sequenced infections in South Africa 
now involve the Omicron variant. After the outbreak caused by Omi
cron, it was decided for South Africa to remain on Coronavirus Alert 
Level 1 and to increase the current low vaccination rate [17]. 

During critical times, the province-level weighted kernel density 
estimation (WKDE) model [18,19] was proposed to enable the predic
tion of the spatiotemporal COVID-19 symptom onset risk, and further to 
explore the spread of Omicron in 9 provinces of South Africa. The 
original WKDE model had been applied to explore the spread of Alpha 
(B.1.1.7) before [20]. In order to more comprehensively estimate Omi
cron’s transmissibility under the impact of vaccination and control 
measures, i) The daily human mobility [21], ii) time-varying vaccina
tion rate and vaccination efficiency [22], iii) daily COVID-19 effective 
reproductive number R [23], iv) weekly respiratory pathogens surveil
lance reports [24], v) weekly levels of SARS-CoV-2 in wastewater 
treatment plants [25], vi) weekly COVID-19 cases admitted to sentinel 
hospital surveillance sites [26], vii) the weekly percentage testing pos
itive [27], and viii) daily social distancing level factors [20] in 9 prov
inces were incorporated to enhance the original WKDE model. Based on 
the onset risk prediction results, the spatiotemporal spread of Omicron 
under different scenarios with different epidemic alert levels and 
vaccination rate levels was simulated. The spatiotemporal data of the 
daily COVID-19 cases in 9 provinces of South Africa from October 1st, 
2021, to December 5th, 2021, are utilized in the development of this 
study [28]. 

2. Methods 

2.1. Data sources 

A total of 127,205 COVID-19 cases with spatiotemporal information 
in South Africa during the period from October 1st, 2021, to December 
5th, 2021, were collected from official reports by the National Institute 
For Communicable Diseases (NICD) in South Africa [28]. In addition, to 
quantify the daily human mobility and the impact of the social 
distancing control level on the COVID-19 epidemic in all 9 provinces, 

daily human mobility trend data from September 1st, 2021, to December 
5th, 2021, provided by Apple Map were used (Fig. 1) [21]. Until 
December 5th, 2021, the COVID-19 vaccines used in South Africa were 
Janssen (Johnson & Johnson) and Pfizer–BioNTech vaccines. In order to 
measure the impact of vaccination on the COVID-19 epidemic, daily 
vaccination rates in all of the 9 provinces of South from February 17th, 
2021, to December 5th, 2021, were used (Fig. 2) [22]. The vaccination 
rate in these instances, refers to the receipt of a Johnson & Johnson 
single dose or Pfizer-BioNTech 2 doses. The effectiveness of Johnson & 
Johnson and Pfizer–BioNTech vaccines over time is based on the pre
vious study about examining SARS-CoV-2 infection by vaccination sta
tus in 780,225 veterans in United States (US) during the period February 
1st, 2021 to October 1st, 2021 [29]. According to this study, vaccine 
effectiveness against infection risk (VE-I) continued to decline over time 
[23]. VE-I at the sixth month had declined to 13.1% for Johnson & 
Johnson, and 43.3% (95% CI: 41.9%–44.6%) for Pfizer-BioNTech [23]. 
In addition, i) daily COVID-19 effective reproductive number R in all 9 
provinces [23], ii) weekly respiratory pathogens surveillance reports 
[24], iii) weekly percentage testing positive [27], iv) weekly levels of 
SARS-CoV-2 in wastewater in wastewater treatment plants [25], and v) 
weekly COVID-19 cases admitted to sentinel hospital surveillance sites 
[26] from October 1st, 2021, to December 5th, 2021 were also collected 
from official reports by the NICD in South Africa. 

2.2. An enhanced WKDE model for predicting the onset risk of COVID-19 
symptoms at the province-level 

The SARS-CoV-2 has been found to have a high viral load and 
transmissibility around the date of symptom onset [30,31]. Therefore, it 
is necessary to adopt appropriate data-driven spatiotemporal models to 
dynamically and individually assess the onset risk level. Shi et al. 
developed an intercity scale extended WKDE model [18,19]. The model 
performs retrospective analysis based on the spatiotemporal information 
of onset cases to infer the infection date of each onset case, and further 
infer the spatial distribution (that is, the kernel density surface) of the 
infected risk of people by the onset cases at a past date, and finally 
predict the distribution of onset risk in a future date. In addition, ac
cording to the transmission law of COVID-19 (i.e., mainly through 
direct, indirect, or close contact between people), the dynamic flow of 
people data was introduced into the model to improve the accuracy of 
prediction [18,19]. The improved model is called an extended WKDE 
model. This data-driven spatial prediction method can reduce the 
dependence on theoretical assumptions and environmental parameters, 
which is suitable for the current stage when the transmission charac
teristics of COVID-19 are not very clear. 

Fig. 1. The daily variation of the human mobility in the 9 provinces of South Africa from September 1st, 2021 to December 5th, 2021.  
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As a further development of the original extended WKDE model, the 
province-level WKDE model, proposed in this study, includes the 
following three steps [18,19]: 

a) Conducting a retrospective analysis of the historical existence like
lihood of the infection in each provincial location in which an onset 
case had been present;  

b) Making inferences regarding the historical existence likelihood of the 
infection in the entire region;  

c) Making predictions regarding the epidemic onset risk in the entire 
region on a given day, in the near future. 

The main difference between the province-level WKDE model and 
the original extended WKDE model was that at step b) of the model, the 
historical existence likelihood of an infection in a random location in the 
entire region was formulated as follows [18,19]:  

where PInfection(S, ti) is the probability of any individual, infected with 
COVID-19, infecting others in a random location, S, in the city on day ti; 
R(S, ti) denotes COVID-19 effective reproductive number in the province 
containing the location S, on day ti; VE(S, ti) denotes the vaccine effi
ciency in the province containing the location S, on day ti; VP(S, ti) is the 
proportion of the population who, on day ti, have been fully vaccinated 
in the province containing the location S; Waterlevel(S, ti) denotes the 
SARS-CoV-2 levels in influent (untreated) wastewater in the province 
containing the location S, on day ti; denotes the influenza positive cases 
in the province containing the location S, on day ti; denotes the per
centage testing positive in the province containing the location S, on day 
ti; denotes the COVID-19 admissions to sentinel hospital surveillance 
sites in the province containing the location S, on day ti; Lj is the j-th 
location among the provincial places in which the onset cases resided; 
PInfection(L, ti) denotes the probability that one onset case was infected on 
day ti in a location L; and Kh(S – Lj) denotes a Gaussian kernel between 
locations S, and Lj. The values of PInfection(Lj, ti), Kh(S – Lj), and h were 

determined in earlier model procedures. 
M(S, ti) denotes the human mobility factor at location S, on day ti, 

calculated as [18,19]. 

M(S, ti)= i− 1Mk (2)  

where Mk denotes the daily human mobility of the province containing 
location S, on day tk, prior to ti. 

MSD(S, ti) denotes the social distancing level factor in the province on 
day ti, calculated as follow [20]: 

MSD(S, ti)= i− 1
∑i

k=1

Mk
Mt0

(3)  

where Mk denotes the daily human mobility in a province containing the 
location S, on day tk prior to ti; Mt0 is the average value of the daily 
human mobility data in the specific province before the COVID-19 
outbreak date; and denotes the daily social distancing amount in a 

province containing location S, on day tk prior to ti. 
In particular, for the new scenario of the Alert Level 2 for all 9 

provinces in South Africa, the daily human mobility M(S, ti) and social 
distancing level factors MSD(S, ti) for 9 provinces, were set as usual from 
September 12th to October 1st, 2021 (The stage where the Alert Level 2 
was implemented before). For the new scenario of the Alert Level 3 for 
all 9 provinces in South Africa, the daily human mobility M(S, ti) and 
social distancing level factors MSD(S, ti) for 9 provinces, were set as usual 
from July 25th to September 11th, 2021(The stage where the Alert Level 
3 was implemented before). For the new scenario of the Alert Level 3 for 
all 9 provinces in South Africa, the daily human mobility M(S, ti) and 
social distancing level factors MSD(S, ti) for 9 provinces, were set as 
usual, from June 27th to July 24th, 2021 (The stage at which the Alert 
Level 4 was implemented before). For the new scenario of the Alert Level 
5 in Gauteng, together with Alert Level 1 in the remaining 8 provinces in 
South Africa, the daily human mobility M(S, ti) and social distancing 
level factor MSD(S, ti) in Gauteng, were set as 0, the daily human mobility 
M(S, ti) and social distancing level factor MSD(S, ti) in 8 other provinces, 

Fig. 2. The daily variation rates of the COVID-19 vaccination rates in the 9 provinces of South Africa from February 17th, 2021 to December 5th, 2021.  

PInfection(S, ti)= n(ti)− 1
∑n(ti)

j=1
R(S, ti)× (1 − VE(S, ti)×Vp(S, ti))×Waterlevel(S, ti)× Influenzapositive(S, ti)

×Testpositive(S, ti)× Sentinelcase(S, ti)×MSD(S, ti)×M(S, ti)×PInfection(Lj, ti)×Kh(S − Lj)
(1)   
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were set as usual. 
Finally, the predicted risk in each location was divided by the 

maximum predicted risk among all locations on a specific date and 
thereby standardized to a value of between 0 and 1 [18,19]. Different 
levels of onset risk were established as follows [18,19]: low onset risk 
[0–0.2], low-medium onset risk [0.2–0.4], medium onset risk [0.4–0.6], 
medium-high onset risk [0.6–0.8], and high onset risk [0.8–1]. The 
reliability of the predicted COVID-19 onset risk was evaluated using its 
spatial significance, i.e., the percentage of onset cases on a future pre
dicted date, that would occur in the areas with a predicted onset risk 
greater than 0.8 (identified as onset hotspots). 

2.3. Specific measures for level 1 to 5 epidemic alert in South Africa 

After the COVID-19 outbreak, South Africa mainly adopted Level 1–5 
epidemic alert. A series of epidemic prevention measures such as social 
distancing, mask-wearing/partitions, crowd controls, imposition of 
Lockdown has been adopted under different epidemic prevention levels 
[32]. The specific measures taken under Level 1–5 epidemic alert are as 
Table 1 shown. 

3. Results 

3.1. How the SARS-CoV-2 Omicron variant spread spatiotemporally 

The COVID-19 symptom onset risk in 9 provinces in South Africa, 
during the whole process of SARS-CoV-2 lineage Omicron emergence 
together with its spread, was first predicted and analyzed using the 
province-level WKDE model. A total of 127,205 COVID-19 onset cases 
with spatiotemporal information in South Africa during the period from 
October 1st, 2021, to December 5th, 2021, were used in the model [28]. 
The prediction accuracy of the enhanced WKDE model at the 
province-level was over 80%, as regards the prediction of the symptom 
onset risk during the following seven days (Fig. 3). The predicted ac
curacy of the enhanced WKDE model for the next 14 days is 13.30%– 

Table 1 
Level 1–5 epidemic alert in South Africa [32].  

The alert level of the 
epidemic 

Specific measures 

Level 1  • Every person is confined to his or her place of residence 
from 00H00 until 04H00 daily.  

• The wearing of a face mask is mandatory for every person 
when in a public place  

• Attendance of a funeral and cremation is limited to 100 
persons or less.  

• A distance of at least one and a half metres from each 
other when in common spaces.  

• Social, political and cultural gatherings are permitted but 
limited to 750 persons or less for indoor venues and 2000 
persons or less 

•Night clubs are closed to the public  
• Bus and taxi services may not carry more than 70% of the 

licensed capacity for long distance travel 
Level 2  • Every person is confined to his or her place of residence 

from 23H00 until 04H00 daily.  
• The wearing of a face mask is mandatory for every person 

when in a public place.  
• Attendance of a funeral and cremation is limited to 50 

persons or less 
•A distance of at least one and a half metres from any other 
person  
• Social, political and cultural gatherings are permitted but 

limited to 250 persons or less for indoor venues and 500 
persons or less for outdoor venues  

• Night clubs are closed to the public.  
• Bus and taxi services may not carry more than 70% of the 

licensed capacity for long distance travel 
Level 3  • Every person is confined to his or her place of residence 

from 22H00 until 04H00 daily  
• The wearing of a face mask is mandatory for every person  
• Attendance of a funeral and cremation is limited to 50 

persons or less • A distance of at least one and a half 
metres from any other person  

• Social, political and cultural gatherings are permitted but 
limited to 50 persons or less for indoor venues and 100 
persons or less for outdoor venues  

• Night clubs are closed to the public  
• Bus and taxi services may not carry more than 70% of the 

licensed capacity for long distance travel 
Level 4  • Every person is confined to his or her place of residence 

from 21H00 until 04H00 daily  
• Schools and institutions of higher education will be 

closed for contact classes  
• Attendance of a funeral and cremation is limited to 50 

persons or less  
• All gatherings are prohibited 

Level 5  • Lockdown  
• Every person is confined to his or her place of residence, 

unless strictly for the purpose of performing an essential 
service, obtaining an essential good or service, collecting 
a social grant, pension or seeking emergency, life-saving, 
or chronic medical attention  

• All commuter transport services including passenger rail 
services, bus services, taxi services, e-hailing services, 
maritime and air passenger transport are prohibited  

Fig. 3. The accuracy of the predicted risk of COVID-19 symptom onset by 
province-level WKDE models, and 95% confidence interval of the prediction 
accuracy [18,19]. (a) The accuracy of the predicted risk of COVID-19 symptom 
onset by the enhanced and original WKDE models. The predicted onset risk is a 
normalized value between 0 and 1, hence, indicating risk relative to the highest 
predicted risk among all locations, on the date for which the risk of symptom 
onset is predicted, hereafter termed “the prediction date”. The prediction ac
curacy is defined as the percentage of the onset cases in those areas in which the 
predicted onset risk was higher than 0.8 on the decided prediction date. The 
time interval denotes the period between the base date and the date of pre
diction. The horizontal line in the box denotes the median, while the lower and 
upper edges of the box represent the respective first and third quartiles. The 
lines emanating from the box a) upwards and b) downwards, represent the 
respective maximum and minimum values. (b) The 95% confidence interval of 
the mean accuracy of the predicted risk of COVID-19 symptom onset by 
province-level WKDE models. 
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32.85% higher than that of the original WKDE model (Fig. 3a). Such an 
out-performance should be attributed to the incorporation of i) The daily 
human mobility, ii) time-varying vaccination rate and vaccination effi
ciency, iii) daily COVID-19 effective reproductive number R, iv) weekly 
respiratory pathogens surveillance reports, v) weekly levels of 
SARS-CoV-2 in wastewater treatment plants, vi) weekly COVID-19 cases 
admitted to sentinel hospital surveillance sites, vii) the weekly per
centage, testing positive, and viii) the daily social distancing level fac
tors at the province-scale. 

The emergency and spread of Omicron are described by the spatio
temporal variation of the predicted risk of COVID-19 symptom onset as 
follows (Fig. 4). From the beginning of October, it is seen that except for 
Gauteng, the onset risk levels of the other eight provinces were either 

mostly decreased or remained unchanged. For example, Western Cape 
and KwaZulu-Natal, which previously were at high risk of symptom 
onset, had been reduced to areas within the medium-high onset risk 
category (Fig. 4f). Unlike these eight provinces, the onset risk of COVID- 
19 symptoms in Gauteng continued to increase. By the end of October, 
this area became the only one at high-onset-risk (Fig. 4f). Based on the 
previous comparison of different Omicron genomes, it was seen that the 
Omicron virus had, in fact, possibly begun to appear in Gauteng Prov
ince in early October. It had previously been seen that the spatiotem
poral trend was relatively slow during the early stage, after its initial 
emergence. By the end of October, its main spread area remained within 
Gauteng Province. According to South Africa’s official report, the 
earliest detection of Omicron in South Africa was in Gauteng [27], hence 

Fig. 4. Predicted risk of COVID-19 symptom onset across 9 provinces in South Africa (a–i) The predicted onset risk during the study period from October 1st, 2021 to 
December 5th, 2021. The predicted COVID-19 symptoms onset risk was generated using the province-level WKDE model. 

Fig. 5. Daily overall risk of COVID-19 symptom onset in South Africa from October 1st, 2021 to December 10th, 2021.  
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supporting this study’s analysis concerning the aspect established by the 
appearance of Omicron. Meanwhile, in October, following the down
ward trend of the onset risk in the other eight provinces, apart from 
Gauteng, the overall onset risk in South Africa fell from 0.39 to 0.21, 
namely, a 45% reduction (Fig. 5). Hence, it could be determined that 
although the Delta variant was still dominant during October [33], the 
epidemic, which it caused was, in fact, gradually decreasing. 

Sequencing data suggests that Omicron had, in fact, become the 
dominant variant in South Africa by November 2021 [16]. From the 
variations in the spatiotemporal distribution of onset risk in November, 
the spread of Omicron accelerated from the point in which it had been 
acknowledged as the dominant variant. Starting from the Gauteng 
province, the center of the epidemic, and as could be expected, the 
initial spread was to the neighboring provinces, namely, North West, 
Mpumalanga, and Limpopo followed by the two main nodes in the 
transport network in South Africa - Western Cape and KwaZulu-Natal 
(Fig. 4j–k). These provinces accounted for 81.30% of the total popula
tion of South Africa [34], and their contribution to South Africa’s GDP 
accounted for 85.15% [35]. Notably, South Africa’s main airports and 
railway stations are in these provinces. By the end of November, all the 
neighboring provinces then became at high-onset-risk (Fig. 4l). The 
epidemic caused by Omicron was relatively mild in the sparsely popu
lated provinces of Northern Cape (the largest and most sparsely popu
lated province in South Africa) and Free State. Until the end of 
November, these two provinces remained at medium-low onset risk 
(Fig. 4l). Overall, however, it was clear that onset risk in South Africa 
still rapidly increased by more than 2.57 times from 0.21 on November 
1st, 2021 to 0.75 on November 30th, 2021 (Fig. 5). Despite South Africa 
remaining at Alert Level 1 and accelerating vaccination at the end of 
November, Omicron still continued the spatiotemporal spread trend, 
with an overall onset risk in South Africa increasing to 0.81 by December 
5th, 2021. 

3.2. How to control the spatiotemporal spread of Omicron effectively by 
integrating epidemic alert measures and vaccination 

According to the above analysis of Omicron’s spatiotemporal spread, 
the continued Alert Level 1 from November 28th, 2021 does not seem to 
have been effective as regards the prevention or slowing down of the 
epidemic in South Africa. During the week of November 29th to 
December 5th, South Africa’s cases increased by 111% from the previ
ous week. Hence, based on the predicted risk of the COVID-19 symptom 
onset in the 9 provinces of South Africa, the impact of each epidemic 
alert level on the spread of Omicron was further analyzed to explore 
methods necessary to better control the epidemic more effectively. This 
impact was analyzed and the results compared, based on five scenarios: 
i) existing scenario under the Alert Level 1 in all 9 provinces; ii) the new 
scenario under Alert Level 2 in all 9 provinces; iii) the new scenario 
under the Alert Level 3 in all 9 provinces; iv) 4 the new scenario of Alert 
Level 4 in all 9 provinces; v) the new scenario of Alert Level 5 (i.e., 
lockdown) in Gauteng province together with Alert Level 1 for the 
remaining 8 provinces. The latter four new scenarios were to be simu
lated from November 26th, 2021. 

The daily overall onset risk in South Africa in the above five scenarios 
was further used to analyze the effect of the different alert levels. Alert 
Level 5 in Gauteng, together with Alert Level 1 in the remaining 8 
provinces have the most obvious suppression of the overall onset risk in 
South Africa. Compared with that under the current Alert Level 1, 
approximately 14 days after Alert Level 5 in Gauteng, together with 
Alert Level 1 in the remaining 8 provinces were implemented, the daily 
overall onset risk decreased by 1.72%–15.34% (Fig. 6a). The daily 
reduction of the predicted overall onset risk in South Africa, under the 
Alert Level 2, 3, 4, was only in 1.08%–4.38%, 1.31%–6.97%, 1.43%– 
9.43% (Fig. 6a). Although more stringent measures have been adopted 
in other 8 provinces other than Gauteng, the suppression effect of Alert 
Level 2, 3, 4 on the overall onset risk was relatively limited. 

Furthermore, in the new scenario of Alert Level 5 in Gauteng 
together with Alert Level 1 in the remaining 8 provinces, the spatial 
differences in the reduction of onset risk in various provinces have also 
been further explored (Fig. 6b). It can be seen that after the imple
mentation of Alert level 5 (lockdown) in Gauteng province, the daily 
onset risk in i) its neighboring provinces, and ii) provinces with close 
communication with it, has, to a certain extent, decreased. In particular, 
although continuing to maintain the original Alert level 1 there, the 
daily onset risk in KwaZulu-Natal and West cape provinces (South 
Africa’s second and third largest economies are also international traffic 
hotspots) have an average reduction of 11.57% and 13.81% (Fig. 6b). 
This is very positive for maintaining normal social and economic ac
tivities in South Africa. More importantly, it is also conducive to con
trolling the Omicron epidemic spread to other countries and regions. 
Moreover, by controlling further spread of Omicron from Gauteng to the 
above traffic hotspot provinces, it has obviously played an obvious role 
in reducing the daily onset risk in those provinces adjacent to such traffic 
hotspot provinces. For example, the daily onset risk in Northern Cape 
and Eastern Cape provinces, which border KwaZulu-Natal and the West 
Cape provinces, have an average reduction of 48.13% and 41.42% 
(Fig. 6b). Such a reduction is crucial not only in enabling control of the 
Omicron infection spread locally, but also, and in particular, its spread 
in a larger area. 

As of December 5th, 2021, the total number of individuals, 33.33%– 
62.49% of the population by province, received a Johnson & Johnson 
single dose or Pfizer-BioNTech 2 doses in South Africa’s 9 provinces 

Fig. 6. The risk of COVID-19 symptom onset in the five epidemic alert sce
narios (i.e., the current Alert Level 1 in all 9 provinces, Alert Level 2 in all 9 
provinces, Alert Level 3 in all 9 provinces, Alert Level 4 in all 9 provinces, and 
Alert Level 5 in Gauteng together with Alert Level 1 in other 8 provinces) from 
October 27th, 2021 to December 10th, 2021. (a) The overall onset risk in the 
five epidemic alert scenarios. The plotted values were computed with the 
predicted risk of COVID-19 symptom onset in the four epidemic alert scenarios. 
(b) The average daily percentage reduction in the onset risk in 9 provinces, 
regarding the scenario of the Alert Level 5 for Gauteng together with Alert Level 
1 for the remaining 8 provinces, when compared with the scenario of the 
current Alert Level 1 for the entire South Africa region. 
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[22]. From current early research, it is suggested that two doses of the 
vaccine may still offer protection against severe disease caused by the 
Omicron strain. Thus, based on the previous judgment that the most 
effective control measure – Alert Level 5 for Gauteng together with Alert 
Level 1 for the remaining 8 provinces (Fig. 6a), how to strengthen 
vaccination to further curb the spread of Omicron was simulated. The 
simulation was conducted in i) the current daily vaccination rates in 9 
provinces, ii) 5 times the current daily vaccination rates in 9 provinces, 
and iii) 10 times the current daily vaccination rates in 9 provinces. 

The temporal variation of the daily overall onset risk values in South 
Africa, under the current vaccination rates, namely, 5 times the current 
vaccination rates, and 10 times the current vaccination rates, were 
explored to reflect the effect of the improved vaccination rates (Fig. 7a). 
A constant lower daily overall onset risk was found after increasing the 
current vaccination rates 5 times to 10 times., it was found, that when 
the daily vaccination rate in each province was increased by 5 times, the 
daily overall onset risk in South Africa decreased by 0.14%–3.02%. 
When the daily vaccination rate in each province was increased by 10 
times, the daily overall onset risk in South Africa was reduced by 0.34%– 
7.86%. Of interest is that, with 10 times the current daily vaccination 
rates, the overall onset risk in South Africa would be likely to be 
reduced, hence reaching the medium-high risk level. In general, 
although vaccination did have some effect on curbing the epidemic in 
South Africa, this reduction appears to have some limitations. Such 

limitations may be because more than 1.61 million people have been 
fully vaccinated for more than 6 months. At that time, the VE-I was very 
limited. Furthermore, the onset risk in all the 9 provinces, which had 10 
times the current daily vaccination rates, on the same date, was obvi
ously lower than that with the current daily vaccination rates (Fig. 7b). 
On the basis of the aforementioned Alert Level 5 lockdown measures in 
Gauteng Province, in addition to the average daily onset risk reduction 
of 23.52% in Northern Cape province in remote areas, increasing daily 
vaccination rates further reduced the daily onset risk in Western Cape 
and KwaZulu-Natal. The latter were at important traffic nodes. The daily 
onset risk in these two provinces was further reduced by 13.48% and 
12.67%. 

4. Discussion 

So far, as Omicron becomes the dominant variant in many countries, 
all of us need to take extra precautions [36,37]. WHO calls on all 
countries to take all effective measures to prevent the spread of Omicron 
[36,37]. Thus, this study has provided an analysis of the spatiotemporal 
dynamics of the Omicron spread throughout the 9 provinces of South 
Africa, to describe the mechanism of the spatial spread of Omicron in an 
increased in-depth manner. Of importance, in this respect, is that, the 
proposed province-level WKDE model has been used to enable the pre
diction of the risk of COVID-19 symptom onset, to retrospectively 
analyze the entire dynamic process of the Omicron spatiotemporal 
spread in South Africa. Methods regarding how to control the spatio
temporal spread of Omicron by means of the integration of epidemic 
prevention measures. In this respect vaccination levels are also 
analyzed. 

By incorporating new factors like the vaccine efficiency for esti
mating Omicron’s transmissibility better, the enhanced WKDE model 
has achieved a higher accuracy with more than 80% in the onset risk 
prediction of the associated following 7 days. In this respect, the whole 
process of emergency and spread of Omicron in South Africa is analyzed 
by the means of onset risk prediction. The results shown in this study 
include: i) the Omicron virus may begin to appear in Gauteng in early 
October. The spatiotemporal spread was relatively slow in the early 
stage after the emergence of Omicron. ii) the spatial spread of Omicron 
accelerated after it became the dominant variant. Starting from the 
Gauteng province, the center of the epidemic, the virus first spread to 
the neighboring provinces and before spreading to main nodes in the 
transport network in South Africa. The above details can act as a guide to 
enable more countries and regions find and thereby prepare methods to 
enable the prevention of the emergence and spread of Omicron, and 
thereby more effectively, cutting possible networks of spread. 

Through the simulation and comparison of how to control the spread 
of Omicron under different scenarios with different levels of epidemic 
prevention measures and vaccination rates, this study has also provided 
a scientific reference for areas attacked by SARS-CoV-2 variants. Hence 
the results regarding recorded attempts to control the spatiotemporal 
spread of Omicron in 9 provinces of South Africa, show that:  

1) Compared with the implementation of current alert measures 1–4 in 
the whole of South Africa, imposing Alert Level 5 (i.e., lockdown) in 
the high onset risk province Gauteng could possibly more effectively 
control the spatiotemporal spread of Omicron [38]. The onset risk is 
more likely to be reduced, by up to 48.13% throughout all provinces. 
In other provinces, the current lowest Alert Level 1 could be taken to 
reduce the impact on further normal socioeconomic activities and 
public services. The above is very important for South Africa or any 
area which is facing an economic downturn. Such measures would 
control further aggravation of the spatial spread of Omicron and 
hence benefit the normal economic activities of the wider region 
[39].  

2) If the COVID-19 vaccination rate in each province was raised from 
the current daily vaccination rates to 5 times, and 10 times, the 

Fig. 7. The risk of COVID-19 symptom onset with the current daily vaccination 
rates, 5 times the vaccination rates, 10 times the vaccination rate at the Alert 
Level 5 for Gauteng together with Alert Level 1 for the remaining 8 provinces 
from November 27th, 2021 to December 10th, 2021. (a) The overall onset risk 
with the current daily vaccination rates, 5 times the vaccination rates, and 10 
times the vaccination rates in the scenario of Alert Level 5 for Gauteng, together 
with Alert Level 1 for the remaining 8 provinces. The plotted values were 
computed from the predicted risk of COVID-19 symptom onset in 9 provinces of 
South Africa. (b) The average daily percentage reduction in the onset risk in 9 
provinces of South Africa with 10 times the current daily vaccination rates, 
compared with the current daily vaccination rates in the scenario of Alert Level 
5 for Gauteng, together with Alert Level 1 for the remaining 8 provinces. 
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spatiotemporal spread of Omicron could be controlled more effec
tively by further reducing the onset risk up by up to 23.52% 
throughout all provinces, especially in important economic prov
inces at the nodes of the transportation network. However, increased 
vaccination seems to be limited in reducing the overall risk level in 
South Africa. This may be because more than 1.61 million people 
have been fully vaccinated for more than 6 months. At this time, VE-I 
had declined to very low. Therefore, it is very necessary to vaccinate 
these 1.6 million people with booster doses as soon as possible [40, 
41]. 

This study has aimed to provide a comprehensive investigation 
concerning the spatiotemporal dynamics of SARS-CoV-2 Omicron 
variant and hence provides scientific findings to enable a contribution 
which will assist in controlling the spatiotemporal spread of Omicron by 
integrating the prevention measures and vaccination. 
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