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Abstract
In January 2020, the new aggressive and lethal virus named SARS-CoV-2was officially announced as
spreadingworldwide fromChina. This followed by initiation of restrictions on aviation and
incoming traffic inmany countries. During February-March of 2020, themajority of theworld
experienced an accelerating pandemic outbreak, driving the authorities to employ social distancing
measures (lockdown) to slow the SARS-CoV-2 spreading.While the pandemic restrictionswere
implemented for health reasons, their environmental implications became evident as social
distancingmeasures intensified. In this paper, we propose a novel index, whichwe namedCOVID-19
Restrictions Index (C.R.I), aimed at grading the strictness of the dynamicmeasures taken by national
officials, in terms of their potential influence on air quality. TheC.R.I. is an assigned ratio
representing the severity of restrictionmeasures on populationmobilitywith respect to non-
pandemic ‘business as usual’ behavior. The novel C.R.I. is used in this study to explore the pandemic-
restriction patterns in the two greater cities ofMilan (Italy) andTel-Aviv (Israel). OurC.R.I. shows a
good agreementwithmobility data from these cities andwas also found to closely follow the trend
and intensity of the apparent transportation-relatedNOx changes. Althoughwe focus here on the
‘first wave’ of the pandemic, a further evaluation based on data froma later period of the pandemic-
measures (2020) and fromapost-lockdownperiod (2021), confirmed the consistency of theC.R.I. as
an indicator of air-pollution changes related to publicmobility indicators.

1. Introduction

In the year 2020 the SARS-CoV-2 infectionwhich originated inChina, spreadworldwide, causing a severe
pandemic outbreak that resulted inmillions of casualties and deaths. Inevitably, countries imposed dramatic
restrictions on individual and publicmobility, whichmany escalated to national lockdowns. Alongwith a great
concern about themedical consequences, the pandemic outbreak and the relatedmobility-restrictionmeasures
resulted in a fundamental decrease of human activity, leading to remarkable effects on the environment (e.g.,
Braga et al 2020). The dynamics of the SARS-CoV-2 pandemic spread and lockdown reactionswith their direct
and indirect effects on the air quality became amajor scientific interest (e.g., Cristofanelli et al 2021, Fadnavis
et al 2021). Air-pollution studies checked the direct impact of national lockdowns on ambient concentrations
(e.g., Li andTartarini 2020, Grivas et al 2020, Islam et al 2021, García-Dalmau 2022, Piccoli et al 2021). Other
studies set indicators and factors to assist with grading lockdown severity and its impact, e.g., Berardi et al
(2020)who graded the lockdownmeasures and their implications onhealth andnon-health outcomes in Italy;
Quéré et al (2020) graded three levels of restrictions, and checkedCO2 reduction as a result of these restrictions.
Countries reacted differently to the pandemic outbreak, aiming to control the rate of new infections,manage
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medical resources, and improve response efficiency.Hence, it was challenging to compare and evaluate the
efficiency of the implementedmeasures and the different associated air-quality outcomes. This study focuses
on two large cities in two countries that are geographically far apart:Milan (Italy) andTel-Aviv (Israel), during
the ‘first wave’ of the pandemic, fromwinter to spring of the year 2020.

In Israel, theMinistry ofHealth initiated significant prevention steps even before the first SARS-CoV-2
caseswere diagnosed in late February 2020. At the same time, Italy appliedmedical checks on arrivals from
China and later bannedflights from there.While Israel is practically almost an ‘Island country’ with onemain
international airport to control, Italy has open borderswithin the EUandmany airports to control,making it
very complex to identify and control individual travel tracks. Apparently, by the time the SARS-CoV-2was
diagnosed in patients, Italy had to ‘catch up’with a steep slope of the pandemic-related escalating number of
casualties.

While initiating research concerning the impact of the pandemic on air quality, we identified the need for a
scale of the imposed pandemic-relatedmeasures, to be embedded into our study. This necessity urged us to
define a dedicated index. In this paper, a novel index is presented, whichwe name asCOVID-19Restrictions
Index (C.R.I.). The proposed index is a scaling developed to reflect the authorities’ escalating restrictionmea-
sures, whichwere expected in turn to significantly influence air quality. Air pollutionwas expected to reduce
with some correlation to the reduction of populationmobility, industrial activities, fuel consumption, etc, and
the proposedC.R.I. is designed to reflect this reduction.

Although the original ideawas to create and define a ‘pandemic index’ for an air quality research related to
theCOVID-19 pandemic outbreak, following the findings in the current study, we suggest that our proposed
indexmay be of interest to awider scientific community, since itmay also be applied on different occasions
with similar changes in populationmobility (an example is presented in section 4).

In section 2, the principles of our novel index are presented, in section 3, theC.R.I. is applied and tested on
pandemic-related data from Israel and Italy, and in section 4, a further verification is performedwith air-pollu-
tion data.

2. Principles of the proposedCOVID-19 restrictions index

The first phase of this work is based on our real-time personal observations and evaluation of the applied
pandemic-relatedmeasures and themobility consequences, as reflected by decreasing traffic of pedestrians and
vehicles, first in northern Italy and later in Israel. Following the escalating pandemic lockdownmeasures along
with the outbreak, a detailed scale was created, considering the potential of air pollution reduction related to
each additional restriction. Initially, the scalingwas based on real-time announcements from the governments
regarding the steps taken, reports and documentation in themedia, and discretion based onour scientific and
operational experience. The initial scale, namedC.R.I.1st (see table A1 in appendix)was continuously defined
and checked in accordancewith the real-time advancing epidemic-related restrictions, as further discussed in
section 3. Then, amodification of the scalewas performed by grouping lockdownmeasures and assigning each
group an indexweight to create amore generic index and enable the performance of a comparative study
between different regions.Wenote that although a generic indexmay bemore suitable for comparison between
different or distant regions, a drawback is the lack of detailed steps and domain-specific adaptations. For
example, in Lombardy county the peak lockdownmeasures assigned in the initial indexC.R.I.1st, were higher
than themodified grades in the generic versionC.R.I. Also, theC.R.I.1st in both regions (namedC.R.I._1st_IL and
C.R.I._1st_Lomb) start earlier in time and lower in grades than the generic C.R.I. The differences between Israel
and Italy are demonstrated in figure 1. (See table A1 in appendix for C.R.I.1st scale).

The basic principles of theCOVID-19Restriction Index (C.R.I.)were set as follows:

A) TheC.R.I. range is set between 0-1
where:
1= Full lockdown;Only themost essential functionalities are allowed (namely,medical facilities and

food shops). Othermobility of the public is banned (‘StayHome’ policy)
0=Nomobility restrictions, routine life as it was before the pandemic outbreak.

B) Lockdown measures were rated, reflecting the magnitude of probable consequences of restricted mobility
upon air-pollution response.

The very beginning stages of pandemic-prevention steps taken by the authorities in Israel and in Italy inclu-
ded specific flight bans, especially fromChina. At the same time, only diagnosed individuals were quarantined.
For these limited steps, the rate 0.1was assigned, since an expected air-pollution impact wasmostly due to
voluntary avoidance of people from travelling to/from specific zones.
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The escalating stepswere rated according to the decreasingmobility as visualized on the streets (table 1).
For example, closing schools and public halls was expected to significantly reduce the usage of cars and

public transportation, as indeedwas observed. we rated this lockdownmeasure as 0.5 in the index, since this
measure is already expected to influence a significant portion of the population, and in turn - lead to a sig-
nificant reduction of transportation-related air pollution.

The highest steps of restrictions on individuals, up to the extreme ‘stay home’ stage, with expected sig-
nificant impact on air pollution, were rated from0.7 to 1, since thesemeasures refer to the entire population,
hence lead to the highest impact. Some of themeasureswe used to create theC.R.I., e.g., school closing and
restrictions onpublic events, are in linewith some of the representativemeasures chosen by groupswho created
real-time response trackers (e.g., Hale et al 2021).

Having the novel C.R.I., a comparative studywas conducted, focusing on the dynamics of the pandemic
outbreak (‘first wave’) in Israel and in the Lombardy region (northern Italy), both having a similar size of popu-
lation and area. This study ismeant to focus on the two citiesMilan andTel Aviv, yet, the first-stage pandemic
measures in Italy were imposed on Lombardy (later on all Italy), hence, in this study, we use and analyze data
fromLombardy and fromMilan specifically. The patterns of the two cities present an overall similar trend of
steep rise up to the peaks on holidays. Yet, it is noticeable that the strictermeasures are kept longer in Italy
(figure 1).

Themajor advantage of the novel C.R.I. is its independence fromdemographic information ormonitoring
data. The proposedC.R.I. offers a practical, simple tool thatmay be employed in epidemiologic studies or in

Figure 1.The initiation of the SARS-CoV-2 pandemic (a) in Israel and (b) in Lombardy, Italy, as reflected by the first indexC.R.I.1st
(dashed), defined according to each region’s specificmeasures, and by themodified generic C.R.I. (line).

Table 1.The proposedCOVID-19Restrictions IndexC.R.I.:
lockdownmeasures and their givenweight, constructed as an
ascending and cumulative scale, where each stage represents stricter
measures, and includes the former ones.

Measures C.R.I.

Isolations of individuals, 0.1

China-originated flights banned

Restrictions on public events 0.2

Sky closed, cutting downhuman aviation 0.3

Local communal lockdowns 0.4

Schools closed; 0.5

Public halls (theatres,museums, etc) closed
Restrictions on all gatherings, no public events and

shows; Restrictions on employees and on shops

0.6

Restrictions on public transportation; Parks closed; 0.7

Food places are allowed only in take-awaymode

All food places are closed, only remote orders allowed;

Restrictions on individualmobility

0.8

Only food shops ormedical care are allowed. 0.9

Restrictions onwalking distance fromhome

Stay home.Highest enforcement 1
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air-pollutionmodels as an efficient linkage between restrictionmeasures on public activity and probable air-
pollution consequences.

In the following sections, theC.R.I. is tested againstmobility and economic indicators (section 3) and air
pollution data (section 4).

3. C.R.I. and mobility indicators in Italy (Lombardy/Milan) and Israel (Tel-Aviv)

In northern Italy, starting on 22.2.2020, lockdownmeasureswere first announced in a few limited ‘red-zones’
in Lombardy, where the epidemic outbreakwas clearly identified.On 8–9th ofMarch 2020, the restriction
measureswere extended to all of Lombardy. Eventually, within 3weeks, themobility restrictionswere applied
to all of Italy. Aviationwas blocked simultaneouslywith strong restrictions on ground transportation. The
lockdown in Italy started alongside the steep rise of pandemic casualties, andwhen implemented, it was kept
strict formany days. The phase-out stages were long andmoderate.Many institutes/schools/offices kept
remote-working long into phase 2 of the re-opening, therefore traffic remained low.

TheC.R.I.1st follows the pandemic outbreak inMarch 2020, as demonstrated in figure 2. The number of
daily death cases was used as an indicator of the pandemic evolution, rather than reported positive cases, which
depended strongly on the number of tests carried out. C.R.I.1st clearly reflects a different evolution of the steps
taken in the two regions in our study.

In Italy, each restriction phasewas in action froma fewdays tomore than amonth (figure 2), e.g., the
highest lockdownmeasures, as represented by indices in the range of 0.8–1.On the contrary, the restriction
measures in Israel were initiated about amonth before the first pandemic-related death, and varied frequently
upwards and downwards. In both regions, though, the top restrictivemeasureswere taken during national
holidays, to prevent gatherings (figures 2(c), (d)): Israel - Passover (9–15.4.20) and IndependenceDay (29.4.20),
Italy - Easter (13.4.20), LiberationDay (25.4), andMay 1st.

Clearly, the pandemic severity and spreading ratewere themajor concerns of the authorities’ response. In
Lombardy, the outbreak seemed to spread extremely fast, although froma time perspective, it became clear that
an early identification of the SARS-CoV-2 infectionswas lacking, regardingwhere andwhen the virus circula-
tion actually started (Apolone et al 2020). TheC.R.I.1st_Lomb and the officially reported number of daily
COVID-19-related death cases in Lombardy, demonstrate a considerably similar slope. The Italian authorities
imposed rapid escalating lockdown steps as soon as it became clear therewas a severe epidemic outbreak,
regionally and then nationally (Governo Italiano 2020). These stepswere taken prior to the steep rise of
COVID-19 diagnosed related deaths (figure 3 dashed blue). Note, that although SARS-CoV-2 datawas tracked
in Italy from24.2.2020 (when the first ‘stay home’measures were applied in 10 towns in Lombardy), some
restrictionmeasures were already taken to a lesser extent starting at the end of January 2020 (first Chinese

Figure 2.The pandemic outbreak as indicated by: (a) dailymortality in Lombardy (https://github.com/pcm-dpc/COVID-19)
(Milan is in this region), (b) dailymortality in Israel, (c)C.R.I.1st for Italy and (d)C.R.I.1st for Israel, during the outbreak of the
COVID-19, later referred to as ‘the first wave’.
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tourists were diagnosed, then the authorities bannedflights). Therefore, we assigned theC.R.I. to start prior to
the first identified death cases attributed to the pandemic. A ‘forward’ shift of theC.R.I. by 14-days period
results in the slope of the rising lockdownmeasures almost overlapping the ascending slope of the death rate
(figure 3, green line), suggesting a pandemic response time of 14 days, between appliedmeasures andmortality.
This is a shorter period thanmentioned by Loewenthal et al (2020), who obtained themortality probability
versus response time of social distancing in different countries, showing 19 days for Italy.

When the lockdown reached the stage of strictestmeasures, some researchers were already looking into data
of ‘the day after’. Starting from the highest restriction stage in Israel (practically ‘stay home’ policy), Ariav and
Kucik (2020) presented an economic ‘back to routine’ dailymeasure based on production and consumption
information, compared to the pre-lockdownperiod. They used information on employment percentage and
job demand, closed businesses, finance activities as reflected by credit card usage, fuel consumption, and navi-
gation applications usage. They created transportation and economic indices, fromwhichwe calculatedC.R.I.-
equivalent to comparewithC.R.I.1st_TLV. Since C.R.I. indicates lockdownmeasures (namely, reduced strin-
gency of routine activity), while Indexeconomy and Indexcars calculate the opposite direction (‘back to normal
rate’), the complementary ratiowas calculated, as in equation (1)

( )= =C R I Index C R I Index. . . _ 1 ; . . . _ 1 1eq econ economy eq car cars. .

The comparison in figure 4 presents an overall good agreement betweenC.R.I.1st and the economicmea-
sures in the trend, and the peak times. A slight deviation at the end ofMaymight be attributed to voluntary ‘stay
home’ behavior along a holiday in Israel at that time. The discrepancy between the economic and car index in
May can supposedly be attributed to some extent to economic activity based on remote trade, which overpasses
mobility restrictions (delivery serviceswere allowed all along). This hypothesis is supported by the pattern at
the peak lockdown: while theC.R.I. value is 1.0, theC.R.I.eq_econ is only 0.7-0.6.

Scientists and healthcare authorities created and updated real-timeCOVID-19 databases (new infections
and deaths) to follow and support decisions for pandemic control (e.g., Dong et al 2020,Hale et al 2021). Apple
company allowed public accessibility to their dynamic analysis based on iPhonemetadata (AppleMobility
Trends Report).With this tool, researchers and decision-makers could have almost real-time gross information
of populationmobility changes inmajor cities worldwide. In this database, Apple presented the percentage of
mobility, where the value of 100% referred to ‘business as usual’ behavior (prior to theCOVID-19 outbreak.
13.1.2020was used as the reference day).

To enable a comparisonwith our proposedC.R.I., Applemobility data fromMilan andTel-Avivwas trans-
formed intoC.R.I.- equivalent, to fitwith the range 0-1 (equation (2))

Figure 3.C.R.I.1st for Lombardy (blue dotted line), C.R.I.1st with a forward 14-day shift (green line), and daily death cases for
Lombardy (histogram, based on Italian data).
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( )=C R I
M

. . . _
100

100
2eq Ap

i
.

whereMi is the i
th daily percentage of themobility. A value of 100% is set to ‘0’ in theC.R.I.eq scale,meaning no

restrictionmeasures are observed by theApplemobility analysis.
It was found that the individualmobility data ofwalking or driving (hereby ‘wk’ or ‘Dr’) fromMilan

(‘Milan_eq_Ap_wk/Dr’) agrees fairlywell with theC.R.I.Lomb (figure 5). In the rising stage, it agrees better with the
higher original local-following indexC.R.I.1st_Lomb (peak index of 0.95–1), in other days it agrees better with
C.R.I.Lomb, which is slightlymoderated. Also, in the descending stage, the Applemobility data agrees better
with themoderatedC.R.I.Lomb. It is found that the values ofMilaneq_Ap_wk (pedestrians) follow theC.R.I.Lomb

better thanMilan.eq_Ap_Dr (vehicles), at the beginning (March 2020) and end (May 2020) of the lockdown. At
the peak (March-April) themobility data as reflected byMilan_eq_Ap_wk/Dr agrees as high aswithin 10%with
theC.R.ILomb.

Figure 5.The first pandemic phase inMilan, Italy, as reflected by: C.R.I.1st (dashed line), C.R.I. forMilan andLombardy (blue line),
(C.R.I.)Milan_eq_Ap_wk based onApplewalking data forMilan (asterisk), (C.R.I.)Milan_eq_Ap_dr based onApple driving data for
Milan (circles).

Figure 4. Lockdownmeasures in Israel here denoted byC.R.I1st (blue line), C.R.I.eq_econ (triangles, based onAriav andKucik 2020),
andC.R.I.eq_car (asterisk). The arrows highlight the timely agreement between the peaks of C.R.I.1st and the economicmeasures.
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On the contrary, themobility C.R.I. - equivalent for Tel Aviv, namely, TLV_eq_Ap_wk/Dr, agreeswith the
C.R.I.TLVwithin 10%only until 26 ofMarch (figure 6), after which the difference becomes as high as 40%. Local
mobility data of transportation counts from ‘Netivei Ayalon’ (AyalonRoutes company, whichmanages an
inter-citymain road crossing Tel-AvivMetropole)was similarly transformed to allow the comparisonwithC.
R.I. Looking at Ayalon_eq_car in figure 6 it is clear that although the trend of the indices is similar, the dis-
crepancy of theAyalon index from theC.R.I. is quite large except for the peak stage of the lockdownmeasures in
April 2020. In section 4, there is a further reference to this finding.

The higher fit and stronger correlationwith theC.R.I. forMilan/Lombardy, than for Tel-Aviv, as observed
in figures 5 and 6,may partially be explained by the greater fear deriving a stronger compliancewith the restric-
tions in northern Italy, due to the extremely high pandemic-related death rate during the first stages of the
pandemic outbreak. That, with a strictly practiced enforcement. At the same time, in Israel, strictmeasures
were imposed on the public when the pandemic-related casualties were still low, also the lockdownpenalties
were not enforced evenly in all zones.

Incompatibilities related to themobility data (figure 6)may also be attributed to a different percentage of
iPhone users in the two cities. To address this possible cause, GoogleMobility data (which is based on data from
awider variety of devices)was retrieved for Tel Aviv andMilano, out of whichwe chose three parameters that
best reflect urban publicmobility, namely transit hubs, workplace (depends onworkplace definitions byGoo-
gle), and recreation. This choice is supported byCortes-Ramirez et al (2024)findings of a strong association
between the pandemic rate in a large city (Cucuta, Colombia) and the number of high-traffic roads between the
neighborhoods, pointing at the transportation-related parameters as themost important pandemicmarkers.
Hence, theGooglemobility datawas transformed intoC.R.I. equivalent (as in equation (2)). Evidently, the
agreement ofwork-place parameter with theC.R.I. is lower than transit hubs and recreation (possibly due to
issues relating to definitions or identifications of ‘work place’). Apparently, a stronger correlation ofGoogle-
basedC.R.I_eq with the novel C.R.I. was observed for Tel Aviv and similar or slightly lower forMilano
(figures 7(a) and 8(a), table 2(a)), comparedwith theCRI_eq based on theApplemobility data. Note thatGoo-
gle’s baseline refers to themedian value for each day of theweek during the 5weeks of 3.1.2020—6.2.2020.

4. C.R.I. and air pollution

Having the high correlations assuring that the novel C.R.I. represents fairlywell themobility patterns of the
population during the lockdown, the next stagewas to test and quantify the behavior of transportation-related
NOx and PM2.5 pollutants, with respect toC.R.I. Since transportation is a geographically local source, and the
air-quality data retrieved from traffic stations located on vehicle routes,meteorological parameters are not
addressed in this paper.

Transportation and air-pollution data fromLombardy (Marongiu et al 2020, 2023) present a lockdown
impact up to 70%–95% reduction of the urban and extra-urban transportation counts, about 90% reduction of
aviation, 70% reduction of heating in the services-sector with a small (<10%) increase in residential heating,

Figure 6.The first pandemic phase in Israel as reflected by: C.R.I._1st (dashed line), C.R.I.TLV for Tel-Aviv (blue line), TLV_eq_Ap_wk

based onApplewalking data for Tel-Aviv (asterisk), TLV_eq_Ap_dr based onApple driving data for Tel-Aviv (circles), Ayalon_eq_dr
based onAyalonWays data (triangles).
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andup to 75%–90% reduction of petrol consumptionwhich correlates with the transportation reduction. At
the same time, the calculatedC.R.I.eq based on their data indicates an effect of only 20% to 50% reduction of
PM2.5 andNOx, respectively (see figure 7(b), Lomb_NOx&Lomb_PM2.5). NOx data forMilanwas retrieved
from three traffic stations (table A2 in appendix). AC.R.I._eq was calculated for each (reference date 1.1.2020),
and averaged for all. TheMilanNOxC.R.I_eq presents a high agreementwith theC.R.I. almost until 24.5.20
(figure 7(b)).

Figure 7. (a)C.R.I.eq for transit-hubs and recreation inMilan, (b)C.R.I.eq of transportation-related air pollutants,NOx andPM2.5 in
Milan and in Lombardy. (based on: ARPALombardia, inMarongiu et al 2020, for Extra-UrbanAuto and for Lomb_PM2.5 &NOx;
Milano traffic stations, forMilanoNOx;GoogleMobility data, for Transit & recreation).

Figure 8. (a)C.R.I.eq formobility in Tel-Aviv, (b)C.R.I.eq of transportation-related air pollutants, NOx andPM2.5 in Tel-Aviv. (based
on:monitoring data fromMOE Israel for PM2.5 &NOx;GoogleMobility data for transit-hubs and recreation).

Table 2. (a)Correlation coefficients between theC.R.I. andmobility data fromApple andGooglemobilitymetadata, converted intoC.R.I-
equivalent value (b)Correlation coefficients between theC.R.I. and transportation-related air pollutantsNOx&PM2.5 forMilan,
Lombardy, andTel Aviv. For only the period 1/3-20/5/2020 the correlation r for Tel-AvivNOx and PM2.5 improves to 0.90 and 0.33,
respectively, and r forMilanNOx improves to 0.75.

Applemobility data Googlemobility data

App_Drive App_walk Transit Work Recreation

(a)

Tel-Aviv r (Pearson) 0.87 0.89 0.93 0.85 0.93

Milan r (Pearson) 0.92 0.93 0.95 0.88 0.92

(b)

NOx PM2,5

Tel-Aviv r (Pearson) 0.76 0.17

Lombardy r (Pearson) 0.90 0.73

Milan r (Pearson) 0.69 NA

Transit: public transportation stations/hubs.

Work: travels toworkplaces.

Appl_drive: excluded trains and intra-city public-transportation.
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NOx andPM2.5 data for Tel-Avivwere retrieved fromfive traffic stations. An averageC.R.I.eq was calcu-
lated, referring to the period of 1/3-31/5/2019. To smooth the noisy data, a 5-daysmoving averagewas calcu-
lated (figure 8(b)).

ForMilan, at the beginning ofMarch themobility C.R.I.eq is low (figure 7(a)), reflecting that it was still
allowed to commutewithin and between provinces. From8–9.3.20 the lockdownwas extended tomore pro-
vinces, and soon after, it became national, when the observed pollutants-C.R.I.eq presents values almost as high
as theC.R.I.Lomb.

For Tel-Aviv, theC.R.I.eq forNOxpresents an evident agreementwith theC.R.I.TLV especially at the peaks
(figure 8(b)). The highC.R.I.eq NOx values at the end ofMay reflect the reduction of traffic during a holiday
period; nevertheless the lockdownmeasures are kept low.

Another insight is the higher agreement between air pollution trend and theC.R.I. in the cities as opposed
to the inter-city, as clearly presented in figure 6 (Ayalon data), figure 7(a) (Auto ExtraUrban), and figure 7(b)
(Lomb_NOx versusMilan_NOx). This discrepancymight be attributed to the role of the inter-city roads as supply
routes (kept busy all along) and possibly also due to stronger enforcement in the city.

Evidently, PM2.5 is not anoptimal representative for this study, especially not for traffic,which is a local factor,
while PM2.5 is also strongly related to atmospheric long-range transport. Campanelli et al (2021) showa sig-
nificant dependency of the observedPM levels in five Italian cities (includingMilan)on long-range transport
events. They demonstrate that someof the observedPMpeaks during the lockdownperiod are in parallel with
identified long-range transport dust events (from theCaspian Sea, Sahara, EasternEuropefires).Mendez-Espi-
nosa et al (2020) found similar trends in twoColombian cities, with PMreduction ratios only as low as 32%and
9%during the strict lockdown,while PM from long-range transport of biomass burning and Saharan dust added
highPM loads. InVenter et al (2020), the PM2.5 showan insignificant correlationwithApple andGooglemobility
data, whileNO2presents a significant correlation.A further check onTel-Aviv PM2.5 data foundnegative peaks
(=no reduction, figure 8(b))which can be attributed to regional highPMepisodes, since in these events high
levels of PMwere observed also in adjacent and further regions. In table 2(b) correlation values forNOx andPM2.5

are presented.Note thatMilanNOx showa very high agreementwithC.R.I. values fromMarch to beginning of
May (figure 7(b)), yet present a low correlation factor, due to onlymild fit toC.R.I. slopes andpeaks.

To confirm theC.R.I. with a non-pandemic event that still reflectsmajor changes in air pollution, we chose
theKippurDay.On this holy day, in Israel there is close to zero vehiclemobility throughout the country,
especially in large cities and in Jewish communities, where nationwide schools, public places, shops, and com-
mercial centers are shut downby law, and the industry only operates in an emergencymode. As a result, this day
becomes a perfect baseline for air-pollution-related studies. The relevantmeasures inC.R.I. include Sky closed
(rated as 0.3), Schools closed (rated as 0.5), restrictions on transportation (rated as 0.7), and themeasure of food
shops closed and limited individualmobility (rated as 0.8 to 0.9).Within amonth, there are three holy days,
includingRoshHashanah (JewishNewYear) and Sukkot (holidays followingKippurDay), inwhich the lock-
downmeasureswere imposed in 2020. Transportation-relatedNOx (for theKippurDay)was calculated as a
ratio of the daily average of thewholemonth. To comparewith theC.R.I., the complementary valuewas calcu-
lated. TheC.R.Ieq (Kippur), namely, 1-(Kippur/daily avg) for 2020 and 2021 are found as 0.6± 0.2 and
0.7± 0.1, respectively. For a reference, in 2019 (before the pandemic outbreak), it is 0.7± 0.2, supporting the
suggestion that theC.R.I. (Kippur) is a representative value for that unique day.

Back to theApplemobility data and the calculatedC.R.I.eq_Ap_wk/dr for the holiday period, the index-
equivalent values are 0.5 and 0.4 for Kippur of 2020, 2021, respectively.However, GoogleMobility data pre-
sents a substantially high 0.8–0.9 index for the holidays of 2020 (figure 9)when still pandemic restrictionswere

Figure 9.Mobility C.R.I.eq for TLV for the period of the Jewish holidays in September-October 2020: C.R.I._eq_Ap_wk/Dr based on
AppleMobility data (left), C.R.I.eq based onGoogleMobility data (right).
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imposed, but also for the post-pandemic period of the same holidays in 2022.Despite the remarkable difference
between the two results shown in figure 9, we notice that the trends and peaks are analogous.

A further test on theC.R.I.TLV is applied to data from summer 2021 in Israel (not shown)when schools were
closed as usual due to summer break. TheC.R.I. rate to closed schools, is set as 0.5 (table 1). Similarly, as
detailed above, theC.R.I.-equivalent valueswere calculated for transportation-relatedNOx in July-August
2020, based on data from traffic stations inTel-Aviv area. The summer average is found as 0.56± 0.05, and
exclusion of theweekend observations results in 0.5± 0.08.

These results further confirm themajor advantage of the proposedC.R.I., namely, its independence on
individual behavior, and its good representation of changes in air pollution levels related to changes inmobility
pattern.

5. Conclusions

This study introduces a novel COVID-19Restrictions Index (C.R.I.) based on official lockdownmeasures
during the SARS-CoV-2 pandemic. TheC.R.I. is designed to represent the pandemic stages as observed in
northern Italy and in central Israel during the initial outbreak. The period in this study refers to the time before
vaccineswere introduced (December 2020 in Israel, and February 2021 in Italy). TheC.R.I. enabled a
comparative analysis, highlighting significant similarities and differences in dynamics of the pandemic-related
patterns between the twometropolitan areas ofMilan andTel-Aviv.

The novel C.R.I. was tested againstmobility data fromboth regions, showing a high correlationwith the
mobility-restriction pattern, concluding itmay serve as a representative index as intended. The significant dif-
ferences between our results based onApple and onGoogleMobilitymetadata reflect the varying representa-
tiveness of each database for the region/group in question. Therefore, reference data and dates should always
be usedwith caution and checked for contextual relevance.

Testing theC.R.I. against C.R.I.eq (observed data transformed intoC.R.I. - equivalent form) of air-pollution
trends during the lockdown revealed strong agreement between themobility C.R.I.eq and values ofNOx, both
of which are strongly related to transportation inmetropolitan areas. The agreementwas higher formobility
andNOx in the cities of Tel Aviv andMilano and lower in the inter-city routes, a findingwhichmay be attrib-
uted to the inter-city role as supply routes and tomilder restrictions upon commercial transportation. At the
same time, PM2.5 alignswith the overall pattern of the lockdown, that is, a risingC.R.I.eq. However, a low
correlation is observed due to background sources and peak fluctuations caused by long-range transported
particles unrelated to the local situation.Hence, PM2.5 is unsuitable as an indicator ofmobility restriction
measures.

The comparison between the two regions ofMilan andTel-Aviv reflects different governmental response
stages or rates, and a noticeable difference in social behavior of the public during the lockdownperiod. Based
on the patterns and correlations revealed in this study, it is suggested that the longer steps (lower rate of change)
mayhave gained a higher trust and, in turn, a higher public compliancewith the restrictions. This, and clear
communicationwith the public alongwith efficient enforcement, played a crucial role in the outcome. It goes
without saying that the considerable fear of the newunknown infection and the extremely high numbers of
related casualties in northern Italy, likely played a significant role in the heightened public response during the
period examined in this study.

Our proposedC.R.I. is unique in its independence frompopulation data andmonitoring systems. Itmay be
used to represent the potential impacts of restrictionmeasures implemented upon populated areas, either for
environmental assessments or planning, or for epidemiologicalmodels, air-pollutionmodels, ormulti-factor
analysis, in a broad scenario andnot only for a pandemic situation (an occurrence of a natural disaster, for
example).

However, this index is sensitive to the reference period; therefore, care should be takenwhen selecting the
reference values (‘business as usual’).
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