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Summary

The data of 20 climatic stations have been examined to
determine heat-stress regions in Israel. The data was
interpolated and a model was developed for the calculation
of direct and diffuse solar radiation. Thermal perception
was calculated according to the energy-balance model of
man which considers all relevant energy fluxes affecting the
human thermo-regulatory system. It is based on the
`Comfort Equation' of Fanger (1972) and the `Klima-
Michel-Modell' of Jendritzky et al. (1990). Earlier
approaches for the assessment of thermal environmental
conditions have been done by Sohar (1980), based on the
discomfort index. The average daily duration of severe heat
stress which a person is exposed to during various activities
in summer months has been analyzed in order to classify
the thermal environmental conditions in Israel. Statistical
evaluations have led to six heat-stress clusters and regions,
respectively. A model calculating the spatial development
of climatic data between two measuring stations was set up
and served to determine the location of the distinctions
between the regions. The resulting heat-stress map shows
the different heat-stress regions in Israel. The regions are
characterized by graphs that show the average monthly
duration of light, medium and severe heat-stress. The
average duration of severe heat-stress varies in July from
approximately 3 hours along the coastal strip and in the
higher mountain regions to approximately 13 hours in the
Arava.

1. Introduction

Examination of the in¯uence of climate on man has
a long tradition. In countries with warm climates
such as Israel, it is the in¯uence of the heat that

affects the human body foremost. Many coef®-
cients do exist, that somehow correlate the
temperature and the humidity, even including at
times the wind speed and the solar radiation with
the human perception of the thermal environ-
mental conditions. The in¯uence of the climate
on the thermal perception of man can be cal-
culated more precisely by means of the energy-
balance model of man which quanti®es all
energy ¯uxes that effect the human thermo-
regulatory system. The human body is exposed to
heat stress, according to Fanger (1972), when its
energy balance cannot be maintained without
the skin temperature and sweat rate exceeding
certain stress threshold values (for a more
detailed de®nition see chapter 4). It is generally
known which regions in Israel are the hottest or
the most comfortable ones in summer or winter
but a de®nite evaluation of the degree and
duration of heat stress has not been provided yet.

2. Data Base

The data of 20 climatic stations of the Israel
Meteorological Service have been examined to
determine heat-stress regions in Israel. The single
stations represent the geoclimatic regions accord-
ing to Rubin et al. (1992). Figure 1 illustrates the
geographical location of the stations. Table 1
displays the parameters geographical latitude and
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altitude of the locations as well as the corre-
sponding geoclimatic regions. Table 2 gives
some information on the available data of these
stations. Table 2 can be commented as follows.
The measuring period ranges over 10 years from
1974 to 1983 because most of the required data
have been available within this period. The
duration of 10 years was chosen in order to
account for anomalously variable data during the
extreme years of 1974, 1976, 1977 and 1982
(Fig. 2). Deviations from this period were caused
by missing data at the Israel Meteorological
Service. The Numbers of measurements per day
are as follows.

� The measuring times for 3 measurements are :
8:00 a.m., 2:00 p.m. and 8:00 p.m.
� The measuring times for 5 measurements are:

8:00 a.m., 11:00 a.m., 2:00 p.m., 5:00 p.m. and
8:00 p.m.
� The measuring times for 8 measurements are:

2:00 a.m., 5:00 a.m., 8:00 a.m., 11:00 a.m.,
2:00 p.m., 5:00 p.m., 8:00 p.m. and 11:00 p.m.

The times are quoted in average local time
(�GMT�2 h).

The wind speed in Israel is measured with
different instruments and in different heights, see
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Fig. 1. Geographical locations of the stations used in this
study

Table 1. Geographical Characterization of the Stations

Station Geographical latitude

(�N)

Sea level

above/below m.s.l.

(m)

Geoclimatic-region

according to

Rubin et al. (1992)

Beer Sheva 31.15 280 Northern Negev
Bet Dagan 32.00 30 Central Coastal Plain
Deganya Alef 32.43 ÿ200 Kinrot Valley
Elat 29.33 12 Southern Arava
Elon 33.03 300 Western Upper Galilee
Gaza 31.31 10 Southern Coastal Strip
Geva Karmel 32.39 22 Carmel Coastal Strip
Har Kenaan 32.58 934 Eastern Upper Galilee
Jericho 31.51 ÿ260 Jordan Valley
Jerusalem 31.52 757 Judean Range
Kefar Blum 33.10 75 Hula Valley
Lod (B.G.Airport) 32.00 50 Central Coastal Plain
Nahariya 33.02 10 Galilee Coastal Strip
Ramat David 32.40 50 JezreÂel Valley
Rekhes Ramon 30.36 860 Negev Mountains
Sede Boqer 30.52 470 Negev Mountains
Sedom 31.02 ÿ390 Dead Sea Region
Tel Aviv 32.06 4 Central Coastal Strip
Tirat Zevi 32.25 ÿ220 Bet Shean Valley
Zomet HaShiryon 33.03 695 Southern Golan



Table 2. It is reduced to the bioclimatological
relevant height of 1.5 m above ground by using
the Hellmann formula (Hellmann, 1917). As far
as cloudiness is concerned, some stations register
only the total cloud coverage (Tot); others

register additionally the amount of low and
medium clouds (LM). Dry bulb and wet bulb
temperatures are registered at all stations using,
however, different sensors.

3. Processing of the Data

3.1 Interpolation of Missing Data

A reliable calculation of the duration of heat
stress requires a minimum of 8 measurements
per day. However, some data had to be inter-
polated for the stations with only 5 or 3 measure-
ments per day. The interpolation is based on two
assumptions:

� The development of the climatic data during
the day shows certain characteristics in the
rift-valley system, the Negev, the coastal strip
and the northern valleys although the absolute
values can vary from station to station (this
assumption is based on the analysis of the
wind regimes by Bitan and Rubin, 1992).
� The missing data can be calculated with

acceptable deviations by means of a multiple

Table 2. Available Climatic Data of the 20 Stations (Tot � total cloud coverage, LM � coverage of low or medium clouds)

Station Observation Number of Altitude of wind Registration

period measurements registration of observation

per day (m above ground) Tot LM

Beer Sheva 1974±1983 8 10.0 � �
Bet Dagan 1974±1983 8 10.0 � �
Deganya Alef 1974±1983 3 3.5 �
Elat 1974±1983 8 10.0 � �
Elon 1974±1983 3 6.0 �
Gaza 1974±1983 8 10.0 � �
Geva Karmel 1974±1978 3 3.5 �
Har Kenaan 1974±1983 5 10.0 � �
Jericho 1974±1983 8 6.0 � �
Jerusalem 1974±1983 8 10.0 � �
Kefar Blum 1974±1983 5(3) 3.5 �
Lod 1974±1983 8 10.0 � �
Nahariya 1974±1982 5 10.0 � �
Ramat David 1974±1983 8 3.5 � �
Rekhes Ramon 1974±1983 8 6.0 � �
Sede Boqer 1974±1983 3 3.5 �
Sedom 1974±1979 3 3.5 �
Tel Aviv 1974±1983 8 6.0 � �
Tirat Zevi 1974±1983 3 3.5 �
Zomet Ha Shiryon 1975±1983 8 6.0 � �

Fig. 2. Duration of minimum light heat stress in July in Bet
Dagan, comparison of the years from 1974 to 1983
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regression analysis using existing data from
stations in the surrounding (this assumption is
based on an analysis of stations with complete
data sets).

An example may illustrate this procedure.
The missing temperature data in Sede Boqer

(at 2:00 a.m., 5:00 a.m., 11:00 a.m., 5:00 p.m.
and 11:00 p.m.) can be calculated from the
temperatures at 8:00 a.m., 2:00 p.m. and 8:00
p.m. and the characteristic daily development of
the temperature that is derived from the data at
the station Beer Sheva. The temperature at 11.00
a.m. at both stations can be interpolated with the
following formula with average deviations of less
than 0.8 �C in Beer Sheva.

T11a:m:��0:285�T8a:m:� � �0:696�T2p:m:��0:655

�3:1�
By using this method all missing values of dry
bulb- and wet bulb temperature and wind speed
have been calculated. The effects of the calcu-
lated deviations on the ®nal results proved to be
acceptable.

3.2 Calculation of the Radiation Data

The heat-stress calculations according to the
energy-balance model require the data of direct
solar, diffuse and long wave atmospheric radia-
tion that are measured in Bet Dagan only. The
models used to calculate the data for the other

stations are based on the models of Kasten
(1989) for the calculation of direct solar and
atmospheric radiation, and Valko (1966) for the
calculation of diffuse radiation. These have been
adapted for the special climatic situation in
Israel. Input data for these models are solar
constant, sun angle, cloud situation and turbidity
factors. The necessary turbidity factors (TLinke)
were calculated from the Bet Dagan measure-
ments and from global radiation measurements in
Elat, Sedom, Beer Sheva and Jerusalem.

TLinke � ln Glob=�I0 � sin�h� � 0:84�� �
� sin�h�=ÿ 0:027 �3:2�

where

Glob: Global radiation [W/m2]
I0: Extraterrestrial radiation constant [W/m2]
h: Angle of the sun

The yearly development of the turbidity
factors at all stations could be related to the
Julian date (number of the day in the year). The
following Fig. 3a and 3b show the turbidity factors
for the stations indicated. If the rift valley system
is considered separately, a correlation is found
between the difference of the turbidity factors
and the difference in altitude of the stations
(Fig. 4a and 4b). With the help of these methods
and the knowledge of the cloud situation (Tot and
LM), a model has been established that enables
the calculation of the required radiation data for

Fig. 3a and 3b. Linke turbidity factors calculated for the middle of the months
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every location in Israel with acceptable accuracy.
Figure 5 displays the calculated and measured
data of Bet Dagan during a clear sky period.

4. Calculation of Heat-Stress

The thermal environmental conditions of man
can be calculated by the human energy-balance
equation that is based on the ®rst basic principle
of thermodynamics. Within these calculations all
energy ¯uxes are considered which affect the
thermal balance (Fanger, 1972; HoÈppe, 1984;
Jendritzky, 1990; de Freitas, 1985). Figure 6
shows the components that in¯uence the human

energy-balance system. The symbols address the
following ¯uxes or factors.

C: Convective heat ¯ux
Ed: Latent energy-¯ux by vapor-diffusion
Esw: Latent energy-¯ux by sweat evaporation

(perspiration)
Eres: Energy ¯ux by respiration
Atm: Long wave atmospheric radiation
Dir: Direct solar radiation
Dif: Diffuse radiation
Ref: Short-wave radiation (based on an average

albedo of 30%)
R: Long-wave radiation of man

Fig. 4a and 4b. Difference of the turbidity factors from the reference stations Bet Dagan and Elat (Altitude in m above/below
sea level)

Fig. 5. Measured and calculated direct solar radiation in Bet
Dagan

Fig. 6. Components of the energy balance of man (from
Jendritzky, 1990)
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E: Long-wave radiation of surrounding areas
H: Inner heat produced by metabolism
Icl: Isolation-factor by clothing

Fanger (1972) developed the comfort equation
based on the assumption that thermal comfort is
connected to a minimum of activities of the
thermo-regulatory system of man. Thermal dis-
comfort is de®ned as a ®ctitious deviation of the
energy balance from `̀ 0''. It is a ®ctitious devia-
tion because skin temperature and sweat rate are
not calculated for the real but for comfortable
conditions where they only depend on the inner
heat production. Fanger proved that the extent of
the calculated deviation is closely connected to
the extent of thermal stress perception of people
and to the percentage of persons in thermal
discomfort. Table 3 shows the relations between
the calculated deviation and the extent of thermal
stress, subdivided into light, medium and severe
stress and the percentage of persons in dis-
comfort. Heat-stress in the shade is calculated by
omitting the impact of direct solar radiation. The
degree of thermal stress in the sun and in the
shade during various activities is calculated for
each of the 8 daily measuring times and the daily
duration of thermal stress of a certain category is
obtained by interpolating the start and ®nish
time.

5. Determination of Heat-Stress Regions

The ®rst step in determining the heat-stress
regions in Israel is to subdivide the stations into
clusters. The cluster analysis is based on the
average daily duration of severe heat stress for a
person standing in the sun and in the shade in
July, August and September and the degree of

heat stress a person is exposed to while walking
in the sun in July at high noon. The cluster
analysis of the heat-stress duration shows an
optimum of the six different clusters that are
shown in Table 4. The clusters are ordered
according to ascending heat stress (cluster 1/
region A contains the stations with the lowest
heat-stress). The third column shows the max-
imum average duration of severe heat stress for a
person standing in the sun in July as an example.

The question, however, still remains as to
where to make the distinction between two
stations that belong to different clusters
(regions). Jerusalem, for example, belongs to
the ®rst Cluster (region A) with an average of 2.3
hours of severe heat stress for a person standing
in the sun in July, whereas Bet Dagan with 5.2
hours is associated to the second Cluster (region
B). The border, that separates both regions, lies
along a place with an average of 4.5 hours. To
delineate this place, a method has been devel-
oped for the calculation of the climatic data at a
number of imaginary weather stations which are
located between two real stations. The assump-
tion is made that the climatic data of any place
between two stations depend on the data of these
stations, the distance to these stations, the
geographical altitude and a non-predictable error
that has to be kept as small as possible. The
following formula shows the basic idea for the
temperature calculation:

T�x� � �f�T�a�� � f�Dis Xÿa�� � �f�T�b�� � f�Dis Xÿb��
� f�altx� � NPE �5:1�

Table 3. De®nition of Light, Medium and Severe Thermal
Stress

Thermal Deviation from the Persons in
stress energy balance discomfort

[W/m2] of a
[%]

standing walking
person person

Light >10 >15 >10
Medium >30 >45 >50
Severe >50 >75 >80

Table 4. Stations Classi®ed According to heat-Stress Clus-
ters or Regions, Respectively, where Durmax is the Maximum
Average Duration (in hours per day) of Severe Heat-Stress
for a Person Standing in the Sun in July

Cluster

(Region)

Station(s) Durmax

1 (A) Elon, Har Kenaan, Jerusalem,
Rekhes Ramon, Tel

4.5

Aviv, Zomet HaShiryon
2 (B) Bet Dagan, Gaza, Geva Karmel, Lod 6.0
3 (C) Beer Sheva, Nahariya, Ramat David,

Sede Boqer
8.0

4 (D) Kefar Blum 10.0
5 (E) Deganya Alef, Jericho, Tirat Zevi 12.5
6 (F) Elat, Sedom
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where

T�x�: temperature �C at the location x, that is
placed between the locations a and b

f�T�a��: function of the temperature at location
a

f�T�b��: function of the temperature at location
b

f�Disxÿa�: function of the distance between loca-
tion a and x

f�Disxÿb�: function of the distance between loca-
tion b and x

f�altx�: function of the geographical altitude of
location x

NPE: non-predictable-error

The exact formula could be obtained with the
help of various measuring journeys and a multi-
ple regression analysis. The following formula
shows the calculation of the dry bulb temperature
for locations between Jerusalem and Bet Dagan
as an example:

Tx � 0:996271���TJer � DisJer � TBet � DisBet�=2�
� 0:009677 � �Altx ÿ �AltJer � DisJer

� AltBet � DisBet�� �5:2�
where

Tx: temperature at the location x between
Jerusalem and Bet Dagan

TJer: temperature in Jerusalem
TBet: temperature in Bet Dagan
DisJer: 100 ± (distance of the location x to

Jerusalem/whole distance Jerusalem ±
Bet Dagan)

DisBet: 100 ± (distance of the location x to Bet
Dagan/whole distance Jerusalem ± Bet
Dagan)

Altx: geographical altitude of the location x
AltJer: geographical altitude of Jerusalem
AltBet: geographical altitude of Bet Dagan

Figure 7 displays measured and calculated
temperature values of 15 measuring points along
the way from Jerusalem to Bet Dagan. Humidity,
wind speed and cloud coverage were calculated
by similar models; radiation data are available
for every location by using the models quoted
above. After applying this method to calculate
the climatic data for imaginary stations between
Jerusalem and Bet Dagan the location with an
average duration of 4.5 h of severe hear stress in
July could be determined by iterations at about

20 km away from Jerusalem along the 300-m-
contour line. The other distinctions have been
determined similarly. Further measuring journeys
have been made from Jerusalem to the Dead Sea,
form Haifa to Afula and from Zomet Ammi Ad
to Kefar Nahum.

The 6 different areas of the heat-stress map
refer to the 6 clusters and the displayed ®gures
which show the cluster centroids of light, medium
and severe heat stress duration in these areas. The
following aspects should be considered:

� The transition regions are not presented to
preserve the clarity of the map. Region A,
around Jerusalem for example, does not border
directly on region E around the Dead Sea. In
reality, the regions B, C and D take a small
strip in the middle of which the distinction has
been drawn.
� The location of the distinctions must not be

overinterpreted. The map should serve to
enable an overview of the heat-stress situation
in Israel. Maps of a smaller scale have to be
drawn for detailed and exact information.

� The small area A along the coastal strip is only
valid for locations where the wind speed is not
reduced by any bigger obstacles. This ®nding
is basically valid for all locations where the
wind speed is the distinctive factor that leads
to relatively comfortable conditions, especially
in the coastal area.

The regions with the smallest heat stress in
Israel (regions A; duration of heat stress less than

Fig. 7. Measured and calculated dry bulb temperatures
along the way from Jerusalem to Bet Dagan (4 August
1992)
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Fig. 8. Heat-stress map of Israel and diagrams specifying the annual variation (explanation see text)
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8 hours per day in the hottest months) are found
in the elevated areas (Northern Golan, Upper
Galilee, Samarian and Judean Range and around
Mitzpe Ramon) and along the coastal strip. The
speci®c combination of the bioclimatic relevant
data is the reason for the fact, that areas with very
different topographic and climatic characteristics
show similar characteristics concerning the
duration of heat stress. The reasons for the
pleasant climatic conditions are mainly the
moderate temperatures in the higher regions,
and moderate temperatures and high wind speeds
in the coastal area. The next region B with 10 to
11 hours of heat stress per day in the hottest
months is the central coastal plain. Compared to
the coastal strip we ®nd slightly higher tempera-
tures and lower degrees of humidity and wind
speed. The missing in¯uence of the sea and
the relatively low altitudes in the Northern
Valleys and the high radiation and temperatures
in the Negev lead to increased heat stress in
the region C (13 hours of heat stress per day
in July). The rift valley system shows the most
heat stress in Israel (regions D, E and F show up
to 20 hours of heat stress per day in the hottest
months) which is mainly due to the high
temperatures caused by the low geographical
altitudes. Becker (1996) provides a more detailed
analysis of the factors that in¯uence the degree
and duration of the heat stress in the different
regions in Israel.

6. Conclusion and Outlook

The study provides a quanti®cation of the degree
and duration of heat-stress that humans are
exposed to in various areas in Israel. The map
which shows the heat stress regions differs
distinctively from other climatic maps of Israel
due to the speci®c complex combination of
climatic parameters in bioclimatic evaluations.
The emphasis on planning of towns, settlements
and houses with respect to the climate became
increasingly important in Israel as well as in
other countries. It is important to provide the
right tools for planners which display the
climatic conditions in an understandable and
meaningful way. The heat-stress map of Israel
provides basic information for planners for
decisions concerning the necessity of shading

or air-conditioning, limits for work or sports or
the development of tourism. It would be desir-
able in future to develop even more detailed
maps on a smaller scale which are especially
designed for these speci®c requirements.
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