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ABSTRACT. - Natural and Anthropogenic Particulate Matter Haifa
Metropolitan Area, Israel and Its Relation to the Synoptic Conditions and the
Summer Climatic Stress. Relatively high Particulate Matter (PM) concentration
characterizing the Middle East and Israel are attributed mainly to natural dust storms,
but also to local and remote anthropogenic sources. The spatio-temporal distribution
of the pollution highly depends on the geographical characteristics of the region, such
as the complex terrain of Haifa, the nearby bay structure and the atmospheric
conditions determined by the combined meso-, local and synoptic-scale circulations.
The research analyzes the role of synoptic conditions and climatic stress in the
temporal and spatial distribution of PMio and PM2s, adopting the ‘environment to
circulation” approach. The study focuses on the summer season, characterized by the
persistent northwesterly Etesian winds, with no dust import from the Sahara or the
Arabian deserts. A pronounced diurnal and weekly course of PM concentrations
indicate its anthropogenic sources, both local and remote. PM concentrations were
found positively correlated with the summer climatic stress index, developed by
Saaroni et al. (2017). High climatic stress conditions are characterized by weakening
of the Etesian winds and a thinner boundary layer over Israel. This reduces the
transport of remote pollution from East Europe on the one hand, but enhances locally
originated pollution on the other, due to the implied weakening of their removal
mechanisms. An increase in the climatic stress is well noted along the study period,
2002-2017, associated with the general warming. Nevertheless, a significant reduction
trend in the daily summer concentrations of PMio and PM2 s is found, attributed to the
dominant role of the regulations in reducing air pollution. This negative trend is
accompanied by relatively high inter-annual variability, which reflects the
dependence of concentrations on the climatic stress.
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1. INTRODUCTION

High Particle Matter (PM) concentration are detected over the Middle East
and Israel, attributed to natural dust outbreaks as well as to local and remote
anthropogenic sources (e.g., Dayan et al., 1991, 2008; Erel et al., 2007, 2013; Pey et
al., 2013; Dayan et al. 2017). Epidemiological studies demonstrated that PM has a
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clear correlation with the number of daily deaths and hospitalizations (e.g., Eitan et
al., 2010; Karanasiou et al., 2012; Kloog et al., 2013) as well as with environmental
variables, such as poor visibility (Erel et al., 2013). EPA (2013) states that inhalable
particles, including coarse (PMio) and especially fine (PMas) particles, originate
mostly from anthropogenic sources and PM;o concentration are highly correlated
with these of PM,s.

The spatio-temporal distribution of air pollution is highly dependent on the
atmospheric conditions determined by the combined local, meso- and synoptic-scale
circulations, together with the geographical characteristics of the region, i.e., the
complex terrain of Haifa metropolitan area and the nearby bay structure (Fig. 1).
Yuval and Broday (2006) showed that while dust outbreaks are excluded, heavy
traffic load is the main source for PM;o in the Haifa metropolitan area, though this
area has major industrial plants, including the national petroleum refineries,
petrochemical and agrochemical industries.

The present study analyzes the relationships between synoptic conditions and
the distribution of PM; and PM, 5 in Haifa metropolitan area. It aims to characterize
the temporal PM regime, focusing on the summer, and in particular, to examine its
relationship with the summer climatic stress (CSI). The ‘environment to circulation’
approach is adopted following Yarnal (1993), Yarnal et al. (2001) and Dayan et al.
(2012), who showed it as efficient tool in relating synoptic conditions to local air
pollution.

2. METHODOLOGY

Study region: The Haifa metropolitan area, located at the eastern
Mediterranean (EM) coastline (Fig. 1), is the third largest metropolitan area of Israel.
The Haifa Bay is the center of commerce and industry, including the Port of Haifa.
It has a population of almost 1 million, and is the major regional center for the
northern part of the country. The city is built mostly on the northern slopes of Mount
Carmel, reaching an altitude of ~500 m above sea level.

Database: The study is based on PM ;o and PM> s measurements from monitoring
stations of the Ministry of Environmental Protection (7 station of PM;o and 3 of PM> )
and wind data - from 5 stations (see Fig. 1), for all seasons between 2002 and 2012,
and for the summer season up to 2017. For the main part of the study, devoted to the
summer, we adopted the synoptic definition of Alpert et al. (2004a,b), according which
the summer is the period during which the Persian Trough, associated with the Etesian
winds, dominates, i.e., between 25 of June and 7 of September. This period is entitled
hereafter, the 'synoptic summer'. The classification of the summer days is based on the
climatic stress index (CSI), developed by Saaroni et al. (2017). This index is calculated
based on a prediction equation (i.e., a regression model) that combines the normalized
and standardized national heat stress and the height of the persistent marine inversion.
The potential predictors for building the prediction equation were comprised of
atmospheric variables found correlated with these two weather attributes together with
indices representing synoptic to large-scale features, derived through a composite
maps analysis of days with extreme values of these attributes. The synoptic-scale
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potential predictors were expressed as average values over specific regions or as the
difference between key geographical points reflecting dipole structures. The statistical
downscaling was based on multi-regression procedures of the Statistical Package for
the Social Sciences (SPSS) software, using the linear stepwise method. The regression
equations derived were first verified through cross-validation, using the “holdout
validation” technique, than we calculated the squared correlation between the observed
and predicted values (R?) and the Standard Error (SE). Finally, the skill score (Wilks,
2011), that estimates the relative advantage of a regression model with respect to an
alternative, “reference prediction”, was calculated. In addition to the above validation
procedure, the prediction equation, which was based on data from 1976-2008, was
applied on an independent sample of summers from 2009-2012. This was done also to
assess the stability of the regression model under the warming trend observed in the
region (Ziv and Saaroni, 2011; Sohami et al., 2011).

The spectrum of the calculated daily CSI values was divided into three parts of
equal size, used as the basis of the new synoptic types, defined as: “comfort” (CSI1),
“medium” (CSI2) and “discomfort” (CSI1). The attribution of a certain day to one of
these types is determined according to its calculated CSI.
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Methods: Boxplot charts are used to present the seasonal distribution of daily
PM o and PM; 5 concentration through their quartiles. Exceeding days are defined as
days in which the daily average concentration exceeded the Israeli standard, being
130 pg/m® for PM;o and 37.5 pg/m’® for PMys, in at least one station. Their
distribution is studied on a daily, weekly and seasonal basis. For the summer season,
we analyzed the relation between PM concentrations and the degree of climatic stress
as well as the long-term variations and trends of PM concentrations and of the CSI
from 2002-2017, using linear regressions (#-test). The analysis of the synoptic
conditions of the days representing high and low PM concentration was done through
composite anomaly maps, for various atmospheric variables, based on the
NCEP/NCAR analysis database (Kalnay et al., 1996; Kistler et al., 2001).
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3. RESULTS
3.1 Seasonal distribution

The seasonal distribution of PM o and PM, 5 (Fig. 2) indicates that the summer
season (JJA) has the lowest concentrations and the smallest variation with respect to
the other seasons. The spring season has the highest number of exceeding days, 9.8%
and 16.2% for PM,o and PM. s, respectively, compared to 7.4% and 12.6% of the
days for the winter. Daily maximum PM;jo concentration of 1366ug/m® was
measured during a severe winter dust event (25-27 Feb. 2006, see Fig. 3a) and the
daily PM,s concentration was 493ug/m’. The autumn season (SON), though
experiencing dust events, has 2.9% and 7.9% exceeding days for PM;o and PM; 35,
respectively. Surprisingly, the most severe and longest dust storm in Israel during
the study period occurred in the beginning of the autumn season, 7-12 of September
2015 (see Fig. 3b), which is exceptional for the end of the summer season. The dust,
originated from Iraq and Syria, was transported by northeasterly lower-level winds
associated with a Red Sea Trough (Kelley et al., 2015; Parolari et al., 2016; Gasch
etal., 2017). The average daily maximal value measured at the Haifa Bay was 1829.2
ug/m for PMjo and 459.6 pug/m for PM, s (data taken from the website of The
Ministry of Environmental Protection, http://www.svivaaqm.net/Default.rtl.aspx).
This dust storm is not included in the database of Fig. 2. In the summer, in spite of
the persistent stability and absence of rain during the entire season, PM concentration
are the lowest, and only three exceeding days (in 10 seasons, 0.3%) for PM;o were
measured, with maximum daily concentration of 151.7ug/m’. These were mostly
dust events that occurred in June. For PM, s there were 4.2% exceeding days with
maximum daily concentration of 54.6pug/m? (see Fig. 3¢), which shows no dust over
the study area. Erel et al. (2007) showed that transport of anthropogenic PM from
Greece and east Europe characterizes the summer in Israel.
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Fig. 2. Boxplot charts of the seasonal distribution of daily PM 1o (left) and PM:.s (right)
concentration (ug/m>) of the most polluted station in the Haifa metropolitan area, for the
period 2002/3-2011/12. The differences in the average concentration among the seasons

are statistically significant (according t-test) for both PM1o and PM.s.
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Fig. 3. Haifa during a severe dust event, 11 Feb 2015 (a) the AquaMODIS satellite image
of the most severe dust event, 8 Sep 2015 (b) and of the summer day with the highest
PM:.5 concentration, 1 Jul 2003 (c)

PM pollution events in the study region are associated with different synoptic
systems, including cyclonic and anticyclonic ones. Extreme dust events result from
natural dust outbreaks originating from the Sahara and Arabian deserts (see Figs. 3a
and 3b), mostly associated with Cyprus lows and North African (‘Sharav') lows
(Alpert and Ziv, 1989; Dayan et al., 1991; Dayan et al., 2008), as well as under the
Red Sea trough, as noted above (see Fig. 3b). Nevertheless, several exceeding days
occurred also during the summer, but they were characterized by much lower PM
concentration. A MODIS satellite image of the summer day with the highest PMa s
concentration, 54.6pg/m* (July 1%, 2003, PM;y was 50ug/m?), indicate the large
difference from a typical dust event (compare Figs. 3b and 3c).

When the exceeding days are excluded, a different seasonal distribution is
noted, especially for PM, 5 (Fig. 4). The summer becomes the most polluted season for
PM, s, whereas for PM, the highest average and maximum concentration remains in
the winter and spring seasons, but the differences between the various seasons become
smaller. The summer PM, especially that of PM, s, has been attributed to local and
remote anthropogenic sources (Erel et al., 2007; Dayan et al., 2017).
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Fig. 4. As in Fig. 2 but without exceeding days
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3.2 Summer characteristics

A persistent synoptic system, the Persian Trough, accompanied by the
northwesterly Etesian winds, prevails during the summer and is characterized by small
inter-diurnal variations (Ziv et al., 2004; Harpaz et al., 2014). The Etesian winds cause
relatively cool and moist advection to Israel within a shallow boundary layer, of about
700 meters. Above, there is hot and dry air subsidence. The combination of the two
processes results in a persistent marine inversion (Bitan and Saaroni, 1992; Dayan et
al., 1988, 2002; Ziv et al., 2004), which blocks the lower-level convection and the
vertical dispersion of pollutants. The dominance of the Etesian winds prevents the EM
and the Levant region from being affected by dust outbreaks during the summer (see,
for example, Dayan et al., 2008 and Table 2 in Ganor et al., 2010).

3.2.1 Temporal variations

The average daily PM concentration for each day of the week in the summer
(not shown) indicates a clear weekly course, for both PM;y and PM,s, with a
minimum on Saturday. This course can be regarded as a footprint of local
contribution, since Saturday is the main sabbatical day in Israel. Moreover, an
analysis of the diurnal course of PM»s (not shown) indicates a major peak in the
early hours of the morning, corresponding to the morning rush hour, and a secondary
peak in the evening rush hour.
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Fig. 5. The long-term trend of the daily average PM1o (blue) and PM:.s (red)
concentration (ug m>), for the synoptic summer seasons, 2002-2017, at the Neve
Sha'anan station. The dotted lines represent the linear regression line

The long-term trend along the 16 seasons, 2002-2017, was calculated for the
Neve Sha’anan station, measuring both PM ;o and PM; s (Fig. 5). In spite of the large
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inter-annual variability, the linear regression line shows a significant negative trend
(at the 0.01 level) for both, PM,¢ and PM; 5, reflecting a general improvement in the
air quality. The reduction trend seen in PM concentration is in the opposite direction
of the significant regional warming along this period (not shown), which is expected
to aggravate air pollution. This expectation is supported by the relatively high
concentration observed in the warmest summers that exhibited high climatic stress,
1.e., 2010 and 2015.

3.2.2 The relations between summer PM concentration and the CS1

The daily concentration of PMio and PM> s were correlated with the summer
climatic stress index (CSI). The boxplot distribution (Fig. 6) indicates that the
average daily concentration increases with the CSI. The correlation (R) calculated
between the PM and the CSI is +0.41 for PM;o and +0.31 for PM: 5, both significant
at the 0.01 level. Since the standard deviations of the three groups (not shown) are
larger than the differences among them, one may conclude that the particle pollution
is not effectively distinguishable by the CSI categorization. However, when looking
at the distribution of PM; (Fig. 6, left) a substantial difference is noted for the CSI
categories, expressed in the number of outliers beyond the upper inner fence. For the
CSI1 there are no outliers, for CSI2 four outliers and for CSI3 over fifteen. A similar
trend, though much less pronounced is seen for the PM> 5. This further indicates that
heavy climatic stress aggravates PM pollution. But, it may also suggest that some of
these events are associated with transported dust (expressed mainly in increased
PM)p), resulting from the 'tropical' type of extremely high summer temperatures
(Harpaz et al., 2014).
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Fig. 6. Distribution of daily values (ug m), of PM1o (left) and PM..5 (right)
according to the CSI, at the Neve Sha'anan station, during all days
of the synoptic summer period, 2002-2017

In order to demonstrate the relation between PM concentration and the

atmospheric conditions, the lower-level (850-hPa) temperature anomaly maps for
the lowermost and uppermost tenths of the days for PM,, are presented (Fig. 7). A
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negative anomaly is well seen over the majority of the Mediterranean for the
lowermost tenths (Fig. 7a), in contrast with the widespread positive anomaly
centered over the EM for the uppermost tenths (Fig. 7b). The positive temperature
anomaly in days with high PM concentration, and vice versa, agrees with Saaroni et
al. (2017) who found that the major predictor for the climatic stress in Israel is the
lower-level temperature. It should be noted that the majority of the area seen in the
maps is covered by positive anomalies. This goes in line with the above-normal
temperatures found for the study period compared to the reference period (1981-
2010). Most similar results were found for PM s.
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Fig. 7. Composite maps of the 850-hPa temperature anomaly for the lowermost (a) and
uppermost (b) tenths of the PM 19, measured at the Neve Sha'anan station

A signature of a weakening of the Etesian winds for the uppermost tenth of
PM days is noted in the 925-hPa level (not shown). This implies a reduction of the
transport of PM from East Europe (Erel et al., 2007), together with an enhancement
of local pollution due to the implied weakening of their removal by horizontal
dispersion.

4. SUMMARY

Haifa metropolitan area is subjected to high particle Matter (PM)
concentration attributed to natural dust outbreaks as well as to local and remote
anthropogenic sources. The analysis of the seasonal course showed that the winter
and spring are the richest with PM pollution, with days of severe dust outbreaks,
associated with Cyprus and North African ('Sharav') lows. Nevertheless, dust storms
appear also during the autumn, in which the most severe storm (7-12 September
2015) occurred, under a Red Sea trough. Dust storms do not appear in the summer,
and therefore the average concentration, and the variability, of PM are the smallest.
While excluding events in which the PM concentration exceed the Israeli standard,
the highest average of fine particles, PM, s, appears in the summer season.

For the summer season, the synoptic conditions, the wind regime and the diurnal
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and weekly course of PM concentration reflect the dominance of the anthropogenic
sources. PM concentration is found to be positively, and significantly, correlated with
the CSI, indicating that severe discomfort conditions are accompanied by higher PM
pollution. The weakening of the Etesian winds in days with high CSI is expected to
reduce imported PM concentrations. This and the lowering of the marine inversion in
such days are expected to enhance PM pollution from local sources due to weakening
of the dispersion mechanisms. The actual aggravation of PM pollution in these days
indicates that local PM sources are dominant.

An increase in the climatic stress, associated with the global and regional
warming, is well noted along the study period, 2002-2017. Nevertheless, a
significant reduction in the daily summer concentration of PM;o and PM; 5 is found.
This is attributed to the effectivity of the regulations in reducing air pollution from
vehicles and factories during the study period.

The positive correlation, found between the climatic stress and PM pollution,
and the aggravation in the climatic stress, associated with the global warming,
necessitate tightening the control of anthropogenic sources. The synoptic
classification according the CSI, which is based on the 'environment to climate'
approach, is found to be effective for explaining inter-diurnal and inter-annual
variations in PM pollution.
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