
An Evaluation of the Health Benefits Achieved at the Time of an 
Air Quality Intervention in Three Israeli Cities

Lital Yinon1 and George Thurston1

1Department of Environmental Medicine, New York University School of Medicine

Abstract

Background—The statistical association between increased exposure to air pollution and 

increased risk of morbidity and mortality is well established. However, documentation of the 

health benefits of lowering air pollution levels, which would support the biological plausibility of 

those past statistical associations, are not as well developed. A better understanding of the 

aftereffects of interventions to reduce air pollution is needed in order to: 1) better document the 

benefits of lowered air pollution; and, 2) identify the types of reductions that most effectively 

provide health benefits.

Methods—This study analyzes daily health and pollution data from three major cities in Israel 

that have undergone pollution control interventions to reduce sulfur emissions from combustion 

sources. In this work, the hypothesis tested is that transitions to cleaner fuels are accompanied by a 

decreased risk of daily cardiovascular and respiratory mortalities. Interrupted time series 

regression models are applied in order to test whether the cleaner air interventions are associated 

with a statistically significant reduction in mortality.

Results—In the multi-city meta-analysis we found statistically significant reductions of 13.3% 

[CI −21.9%, −3.8%] in cardiovascular mortality, and a borderline significant (p=0.06) reduction of 

19.0% [CI −35.1%, 1.1%] in total mortality.

Conclusions—Overall, new experiential evidence is provided consistent with human health 

benefits being associated with interventions to reduce air pollution. The methods employed also 

provide an approach that may be applied elsewhere in the future to better document and optimize 

the health benefits of clean air interventions.

1. Introduction

Despite extensive evidence for associations between environmental variations in exposures 

to ambient air pollution and the occurrence of adverse human health outcomes [1], few 

studies have documented the health benefits of dramatic reductions in air pollution due to 

policy interventions. Precipitous reductions in ambient air pollution that affect a 

considerable population size are uncommon, with air quality improvements usually being 

more gradual, and spread over many years, making their population health benefits 

challenging to discern from other time trends. However, occasions when precipitous events, 

such as a decisive policy implementation that results in dramatic changes in air pollution 

emissions and concentrations, sometimes referred to as accountability studies [2], can 

provide unique research opportunities for public health benefits evaluation. A recent policy 

to dramatically lower sulfur emissions from power plants in Israel provides one such 
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hypothesis testing opportunity that we have exploited in this research to evaluate the health 

benefits of pollution reductions: between the years 2002–2011, intervention activities to 

reduce sulfur emissions from power plants were implemented in three of the largest Israeli 

cities (Haifa, Tel Aviv, and Ashdod) in a two-stage process by replacing the high sulfur fuel 

oil with low sulfur oil, and then with natural gas. These two similar, but separate, 

interventions occurred at different times in each of these cities, and were followed by 

coincident reductions in ambient air pollution levels in each city, most notably in 

atmospheric sulfur dioxide (SO2) concentrations. At the end of 2002, the power plant in 

Haifa started a gradual transition from high to low sulfur oil, a move that was completed in 

2004. The long-term plan was to shift all three units of the power plant to operate on natural 

gas, and so, in late 2009, it was shut down and resumed operation when natural gas became 

available in November 2011. The “Reading” power plant in Tel Aviv shifted to low-sulfur 

residual oil in mid-2002, and to full operation by natural gas by 2007. The “Eshkol” power 

plant in Ashdod has gradually shifted to low-sulfur residual oil starting in mid-2002, and to 

full operation by natural gas in early 2004 (see Figure 1).

Short-term exposures to SO2 have been associated with several adverse respiratory effects 

[3–5]. Sources of SO2, largely fossil fuel combustion, generally also emit other pollutants, 

including particles less than 2.5µm in median aerodynamic diameter (PM2.5,) that are high in 

potentially toxic constituents. SO2 can also lead to the formation of other sulfur oxides 

(SOx), which can react in the atmosphere to form secondary PM2.5, such as sulfates [6]. 

Exposure to PM2.5 has long been associated with increased respiratory and cardiovascular 

mortality and morbidity, especially in people with pre-existing cardiovascular and 

respiratory diseases [7–9].

In this study we applied data from the three Israeli cities in order to test the overall 

hypothesis that a reduction in the sulfur content of combustion fuels is associated with 

decreased air pollution risk of both daily cardiovascular and respiratory mortality.

The work presented here aims to contribute to the body of knowledge addressing a major 

public health policy question as to whether a policy of greatly reducing power plant air 

pollution can be documented to be associated with a measurable decrease in adverse human 

health outcomes.

2. Methods

2.1. Data Acquisition

Counts of daily deaths from all non-accidental, cardiovascular (ICD10 I00-I99), and 

respiratory (ICD10 J00-J99) causes were obtained from the Israeli Central Bureau of 

Statistics (CBS) for the years 2000 through 2011 for each of Israel’s Haifa, Tel Aviv, and 

Ashdod metropolitan areas (population 540K, 1.3M, and 475K, respectively, in 2000) (Table 

1, Figures 2–4). Population age distribution data for the period was also acquired from the 

CBS. However, age stratified daily counts were not available.

Israel’s national air monitoring system consists of more than 140 stations with a few newer 

stations located in areas farther away from the power plants. The MoEP or the local 
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municipalities operate most of the stations, while the Electric Company operates some (see 

Appendix Figures A1–A3 for locations of monitoring sites and power plants in each city). 

Mean daily SO2 and PM2.5 concentrations were obtained from the Ministry of 

Environmental Protection (MoEP) air monitoring system website [10], as well as from the 

Israel Electric Company. As reported by Dr. David Broday from the Israeli Technion 

University [11], SO2 concentrations from the MoEP in Haifa and Ashdod were potentially 

reported without the proper conversion from µg/m3 to ppb. The MoEP has not confirmed 

this, however. The issue was apparently corrected in December 2002 in Ashdod, and in 

December 2008 in Haifa, but up until then it was suggested [11] that all concentrations 

should be adjusted by a units correction factor of 2.86 (for SO2 1 ppb=2.86 µg/m3). Mean 

daily temperature and humidity were obtained from the MoEP website.

2.2. Statistical Analysis

We analyzed the changes in ambient SO2 and PM2.5 before and after both the first (from 

high to low sulfur oil) and the second (from low sulfur oil to natural gas) policy 

interventions in each city. Designation of “high”, “medium”, and “low” pollution stages for 

each city were determined from both the time series plots of SO2 concentrations and the 

reported timing of the policy interventions [12]. The health effects associated with the 

interventions were evaluated using Interrupted Time Series (ITS), which identifies, tests for, 

and estimates significant changes in time series that might have been caused by an 

intervention. ITS is one of the strongest quantitative methods to evaluate causal 

relationships, and has been argued to be the preferred method for estimating interventions 

effects [2, 13–15]. In an ITS design, data are collected over time before and after an 

intervention to detect whether the intervention has an effect significantly greater than the 

underlying secular trend [13]. The size of the intervention effect is estimated using a 

segmented regression analysis of ITS [16]:

Where: Yt is the mortality at time t; pollution reduction interventions 1 and 2 are represented 

by indicator variables (1 for intervention, 0 otherwise); Yt
Re the mortality in the reference 

population at time t; f(t) is a smooth function of the time variable t that represents temporal 

trends and seasonal cycles, and; X is a vector of the other covariates. In this model, β2 and 

β4 estimate the level change in mortality after the first and second interventions, 

respectively, whereas β1 estimates the baseline trend, which is the change in mortality that 

occurred before the intervention. β3 and β5 estimate the change in the trend in mortality after 

the first and second interventions, respectively, compared with the trend before the 

interventions.
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We regressed the log of daily mortality in each of the cities on indicator variables for the 

first and second interventions, applying quasi-Poisson models to account for overdispersion 

in the data. These models were controlled for temporal trends and seasonal cycles, 

temperature (same day and mean lag previous 3 days), extreme heat events, day-of-week, 

and mortality trends in a reference population. Using mortality counts without adjustment 

for population was considered appropriate in this case for each city (similar to the approach 

of Pridemore and Snowden [17]), as the periods being compared are only a few years apart, 

during which time population growth in these cities was moderate. Raw counts have the 

advantage that they are measured directly, while population rates must be calculated from 

estimated yearly census counts. However, to investigate whether this approach affected the 

results, we also conducted a sensitivity analysis that instead evaluated annual population 

mortality rates derived using yearly census population data. Since daily mortality counts 

were not available by age, we included a variable for the percent of residents who were ≤65 

years of age, based on census data, in lieu of direct age-adjustment.

Temporal trends and seasonal cycles were addressed in the model using cubic splines with 7 

degrees of freedom (DF) per year, consistent with past multicity studies [18]. We could not 

control for influenza epidemics because those data were not generally available. However, 

this would only create a problem for this analysis if the influenza epidemics were correlated 

in time with the air pollution changes. Moreover, previous studies have indicated that 

influenza does not bias the association between air pollution and mortality [19,20].

The extent of lagged temperature effect was also modeled based on an exploratory analysis 

of the delayed association between temperature and mortality. Although the optimal extent 

of the lagged days was not always consistent across cities and outcomes, the choice of a 

mean of the lag previous 1–3 days was deemed most representative overall, and was 

employed for all cities in order to maximize comparability across the cities. The sensitivity 

of the models to the inclusion of temperature terms was tested, as well as the sensitivity to 

possible non-linear temperature effects. To control for the health effects of extreme heat 

events, we employed the discomfort index (DI), which is widely used in Israel and is 

calculated from temperature (T) and relative humidity (RH) (DI= −0.394479+0.784533×T
+0.022226×RH+0.0023765×T×RH). A heat stress indicator variable was included to 

account for days with DI value of above 28, which is categorized as severe [21,22].

The reference population employed for this analysis, in order to adjust for mortality trends, 

was the entire Israeli population, excluding the study cities of Haifa, Tel Aviv, and Ashdod, 

and it was represented in the model as a locally weighted scatterplot smooth (LOESS). The 

choice of reference population is crucial for causal inference in air pollution accountability 

studies, since an apparent association between intervention and health outcome may be, in 

fact, due to a generalized long-term trend that is unrelated to the intervention [23–25]. The 

intervention-associated improvements in air quality were largely spatially localized, while 

other nationwide characteristics (e.g., changes in healthcare) were similar to the study cities, 

given the national healthcare system in Israel [26], making the national data the best 

available reference population.
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We also explored the overall multi-city effect using a meta-analysis, a quantitative method 

that combines the results of different studies or sub-categories in a single analysis [27]. 

Meta-analysis has similarly been used in past air pollution epidemiologic studies to estimate 

an overall effect among varying results from individual cities and studies [29–30].

3. Results

Ambient SO2 concentrations decreased in all three cities after each intervention (Table 2). 

Overall, ambient SO2 levels in Haifa decreased over 90% after both interventions were 

completed, while in Tel Aviv and Ashdod SO2 concentration reductions were approximately 

80%. However, after applying the correction to address the suspected inaccuracy in SO2 

[11], more moderate decreasing SO2 concentration trends are observed, but still statistically 

significant (shown elsewhere [31]).

PM2.5 mass concentrations did not display the clearcut stepwise decreasing trends observed 

for SO2 (Table 2): Decreases were observed after the first intervention in Haifa (mean [SE]): 

(21.6 [0.5] to 21.0 [0.4] µg/m3), and the second intervention in both Haifa (21.0 [0.4] to18.0 

[0.5] µg/m3) and Tel Aviv (27.2 [0.5] to 22.1 [0.3] µg/m3), but none in Ashdod. However, 

trace constituent composition may well have changed, but PM2.5 constituent data were not 

available to test that hypothesis.

While there was a largely decreasing trend in mortality in the three cities following both 

interventions, the individual city-specific intervention terms in the ITS models did not 

achieve statistical significance (Tables 3–4). Following the first intervention, no intervention 

term was found to be significant in any of the individual outcomes or cities, except for a 

dramatic decrease in respiratory mortality in Haifa. However, following the second 

intervention, a number of intervention effect terms in Haifa and Tel Aviv were individually 

statistically significant.

Including a spline of temperature with 3 DF did not improve the fit, as judged by the non-

significant p-value of the F statistic for the new model (vs. without this added term).

The results of a sensitivity analysis for testing the effects of analyzing changes in mortality 

rates (instead of counts) yielded similar results (coefficients were within 0.01 of the 

coefficients of the models by counts, with similar p-values).

In the multi-city meta-analysis, combining the two interventions for each outcome across all 

study cities, we found statistically significant reductions of 13.3% [CI −21.9%, −3.8%] in 

cardiovascular mortality, and a borderline significant (p=0.06) reduction of 19.0% [CI 

−35.1%, 1.1%] in total mortality. While there was also a reduction in respiratory mortality, it 

was statistically non-significant (−11.2% [CI −28.2, 9.6]).

4. Discussion

This study innovatively exploited a natural experiment to test the hypothesis that lowered air 

pollution would reduce mortality in the affected Israeli cities. After these documented 

interventions to reduce sulfur emission from Israeli power plants in three cities, there were 
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rapid and statistically significant reductions in ambient SO2 concentrations in all three cities. 

The switch from oil to natural gas generally had the larger estimated effect on health 

outcomes, but not as great effect on the SO2 levels as the switch to low sulfur fuel, raising 

the possibility that it was the elimination of oil-combustion particles from the PM2.5 mix that 

reduced the toxicity of the pollution mix, rather than the SO2 reduction, perse. Also, even 

though PM2.5 levels did not decline until the switch to natural gas, and then not as 

dramatically as SO2, it is likely that the composition of the PM2.5 also changed after the 

interventions, especially regarding its percent sulfate content and its associated metals (e.g., 

V and Ni) commonly contained in oil combustion-specific particles [32]. Spatial variations 

in Ni and V have been shown to be explanatory of differences in PM toxicity [33, 34], 

supporting the hypothesis that changes in PM2.5 composition from a reduction of oil 

combustion could be a factor in the change in health impacts. However, mass composition 

data were not available to allow us to directly test this hypothesis using source 

apportionment methods [e.g., 32].

This study provides a novel form of documentation supporting the causality of health 

benefits from air pollution reductions. The strongest evidence was provided in the multi-city 

analysis, in which both interventions were combined across the three study cities, where 

there were statistically significant reductions of 19.0% [CI −35.1%, 1.1%] and 13.3% [CI 

−21.9%, −3.8%] for total and cardiovascular mortality, respectively. The multi-city meta-

analyses thus indicated statistically significant health benefits, likely due to greater statistical 

power, gained by pooling the three cities together.

While the multi-city analyses yielded significant reductions in mortality following the 

interventions, the city-specific tests of associations between interventions and mortality, 

though largely consistent in direction (i.e., reduced mortality after interventions), were 

individually underpowered to attain statistical significance. However, there were a few 

notable strong associations. In Haifa, there was an 82.6% decrease in respiratory mortality 

following the first intervention, and a 42.5% decrease in cardiovascular mortality following 

the second intervention. In Tel Aviv, there was a 15.4% decrease in total and a 47.2% 

decrease in respiratory mortality after the second intervention. However, the dramatic 

percent reductions in respiratory mortality may be biased due to low number of counts in 

this category. This hypothesis was supported by the meta-analysis, where the overall 

reduction in respiratory mortality became statistically non-significant. The similarity 

between the results of the models considering either counts or population rates are consistent 

with the original assumption of minimal effect of population growth over the short periods 

being compared.

The reductions calculated by the meta-analysis are within the range of past documented 

health effects of long–term air pollution exposure [35], but the estimated percent reductions 

in total and cardiovascular mortality are higher than reported by other intervention studies of 

large scale reduction in air pollution [36,24]. However, the interventions considered in the 

past studies were not for a switching to natural gas, but rather only to low sulfur oil. Our 

results are comparable to the results of Clancy et al [25], but those were later found to be 

biased due to confounding by unaddressed long-term improvements in health outcomes that 

were not related to the air quality intervention [24]. It is thus possible that, despite the 
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measures taken here to control for confounding, and the consideration of a pertinent 

reference population, our analysis was still affected by unmeasured confounding.

The underlying biological mechanism by which a reduction in ambient SO2 might directly 

result in the apparent health benefits found here is not known [37–38]. In contrast, the 

biological mechanisms relating PM2.5 exposure to cardiovascular and respiratory morbidity 

and mortality include pulmonary and systemic oxidative stress and inflammation, enhanced 

initiation and progression of atherosclerosis, and altered cardiac autonomic function [35]. 

Schwartz [39] found that the observed association between SO2 and mortality was due to the 

fine combustion particles and not SO2 itself. Thus, a more plausible explanation may be that 

the associated change in PM2.5 mix (especially when switching from oil to natural gas), 

combined with a reduction in the sulfur content of the air, likely reduced the impact of PM2.5 

on health, rather than any direct reduction in effect by SO2 itself. However, we could not 

directly test this hypothesis since PM2.5 composition data were not available.

Overall, while most of the individual city and intervention associations gave negative effect 

estimates (i.e., reduced health effects after interventions), most did not achieve statistically 

significance. However, the combined multi-city meta-analysis did attain statistical 

significance, with interventions being significantly associated with decreased mortality in 

the Total and Cardiovascular categories, especially for cardiovascular deaths, and after the 

switch from burning residual oil to using cleaner natural gas.

While this study had its inherent limitations, it is innovative in that it is the first to examine 

health benefits of major interventions to reduce sulfur emissions from power plants. 

Importantly, consistent results were found for the effects of the intervention using two 

methods, considering both counts and rates. In addition, since the intervention activities took 

place at different times in the different cities, the statistically significant associations found 

here provide evidence of consistency, which is one of Bradford Hill’s key criteria for 

concluding causality [40].

However, as with any analysis of observational data, despite the steps we have taken to avoid 

any confounding (including the incorporation of a reference population), there is always a 

possibility of unmeasured confounding, as potential noncausal explanations for the observed 

associations could arise from unmodeled confounders. Other potential weaknesses of this 

study include limited power to detect interventions effects in smaller individual cities. Zhang 

et al [41] demonstrated that, in ITS design, power is affected by sample size and unbalanced 

study periods before and after an intervention, which was the case in this study.

Another potential drawback is the inability to conduct direct age adjustments to the analysis, 

but rather including the proportion of population ≤65 years of age in each of the cities. 

However, it has been suggested by others that this method may be preferable over direct age 

adjustment, and can produce unbiased estimates [42]. After indirectly adjusting for age, 

some central effect estimates went down, mostly in the medium pollution period, but the 

overall reduction in mortality effect remained unattenuated.

Additionally, while the control population was relatively unaffected by the intervention with 

respect to improved air quality, there are some demographic differences between the 
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individual cities, and also between the cities and the total Israeli population, which served as 

the reference population in this study. Israeli population is predominately Jewish, but there is 

an Arab minority that accounts for about 20% of the total population. According to the 2008 

census, the standardized death rates in the Arab population were 5.7 per 1000, compared to 

4.8 in the Jewish population [43]. In 1995, the Arab population in Haifa represented 9.0% of 

the total population, while in Tel Aviv it was 1.1%. In 2013 total Arab population in Haifa 

was 11.0% of the total population relative to 1.4% in Tel Aviv. Data for Ashdod was not 

available, but the population there is predominately Jewish. Overall, the Arab population in 

Israel represented 18.0% and 20.6% of the total Israeli population in 1995 and 2012, 

respectively. Both proportion and growth rate of the Arab population in Haifa are greater 

than that in Tel Aviv, but lower than in the control population. These proportion differences 

might have resulted in biases in our estimates of the effects of the long-term trends in 

population health. However, given that the long-term population trend was addressed via a 

LOESS smooth, and not by actual counts, any population change bias was likely minimized.

Overall, even considering these factors, the pooled city and intervention analysis provides 

further documentation that air pollution interventions, specifically using cleaner fossil fuels, 

is associated with benefits to human health. This was especially the case for the switch from 

oil to natural gas. The results of this study are consistent with the health benefits of cleaner 

air, and highlight the value of air pollution accountability studies and the need for a 

consistent framework and prospective planning of such studies in future interventions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix

Figure A1. 
Location of monitoring stations in Haifa bay area. Red arrow represents the location of the 

power station. Source: http://www.govmap.gov.il/, Google Maps.
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Figure A2. 
Location of monitoring stations in Tel Aviv. Red arrow represents the location of the 

Reading power station. Source: http://www.govmap.gov.il/, Google Maps.
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Figure A3. 
Location of monitoring stations in Ashdod. Red arrow represents the location of the Eshkol 

power station. Source: http://www.govmap.gov.il/, Google Maps
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Figure 1. 
Flow chart of the air pollution interventions in the three cities.
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Figure 2. 
Mortality counts in Haifa bay area, 2000–2011
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Figure 3. 
Mortality counts in Tel Aviv metropolitan area, 2000–2011
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Figure 4. 
Mortality counts in Ashdod metropolitan area, 2000–2011
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Table 1

Mean (SE) daily mortality counts, by cause

Haifa Tel Aviv Ashdod Israel

Total 12 (3.8) 25.2 (6.0) 7.1 (2.8) 100.3 (16.0)

Cardiovascular 3.8 (2.1) 7.8 (3.2) 2.0 (1.4) 29.9 (7.5)

Respiratory 0.8 (0.9) 2.1 (1.5) 0.6 (0.8) 7.9 (3.4)
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Table 3

Changes in mortality after first intervention.

  % Change [CI] p

Haifa Total 1.2 [−24.8, 36.2] 0.94

Cardiovascular −16.7 [−50.3,39.7] 0.49

Respiratory −82.6 [−95.7, −29.2] 0.01

Tel Aviv Total −12.4 [−26.8, 4.9] 0.15

Cardiovascular −11.8 [−35.0, 19.6] 0.42

Respiratory −7.4 [−51.8, 78.0] 0.82

Ashdod Total −25.5 [−48.8, 8.6] 0.13

Cardiovascular −17.5 [56.9, 57.9] 0.56

Respiratory −28.2 [−85.9, 265.0] 0.69
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Table 4

Changes in mortality after second intervention.

% Change [CI] p

Haifa Total −13.9 [−35.2, 14.6] 0.31

Cardiovascular −42.5 [−64.7, −6.5] 0.03

Respiratory −22.1 [−75.4, 145.9] 0.67

Tel Aviv Total −15.4 [−28.8, 0.5] 0.06

Cardiovascular 2.2 [−24.3, 38.0] 0.89

Respiratory −47.2 [−69.4, −9.0] 0.02

Ashdod Total 5.9 [−23.1, 45.9] 0.72

Cardiovascular −11.8 [−50.6, 57.7] 0.67

Respiratory −30.6 [−78.5, 124.6] 0.54
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