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a b s t r a c t

This paper examines how the first urban plan of Tel-Aviv (the Geddes Plan of 1925) [18] affected
outdoor human thermal comfort in two periods: at the time of its implementation (1920e1930s) and
in the present day (2010s). Additionally, this paper questions which of the two e shade or wind ve-
locity e has greater influence on outdoor thermal sensation in the urban areas along the Israeli
Mediterranean seashore. In order to examine the thermal sensation at street level during the 1920s
and 1930s, a series of summer and winter climatological measurements were taken in the years 2010
e2013 and compared to historical climatic data from the 1920se1930s. The historical city structure
was then reconstructed virtually and the climatological measurements for 2010e2013 were fed into
the RayMan model to produce thermal comfort information (PET, Physiologically Equivalent Tem-
perature). A main finding of the study is that in summer the duration of “hot” and “very hot” heat
stress was double in eastwest oriented streets compared to northesouth ones. Furthermore, in the
winter, higher H/W ratios can increase cold thermal sensation in streets with the same orientation by
up to 10 �C PET, due to shading. Finally, the results show that solar radiation has a greater effect on
thermal sensation than wind velocity both in summer and winter seasons. Consequently, the Geddes
Plan created improved thermal sensation in the main streets of Tel-Aviv, which are northesouth
oriented, and provided for greatly improved micro-climate conditions, in spite of the critique that Tel-
Aviv “turned its back to the sea”.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The first urban plan of the city of Tel-Aviv was prepared by
Patrick Geddes in 1925. During the 1930s, the plan was imple-
mented in the central and northern part of the city, determining
much of its urban structure until nowadays. Since outdoor urban
micro-climate is affected by the design of the built environment,
the Geddes Plan has had a great influence onTel-Aviv's climate. This
research examines the climatic influence of the Geddes Plan in the
past as well as in the present.
lslev), potchter@post.tau.ac.il
is).
2. Background

2.1. Urban climate and thermal comfort

The urban climate can be characterized by a heterogeneous
micro-climate which is modified by the effects of the diversity of
urban tissue [17]. The built-up environment can amplify air tem-
perature (Ta), lower air humidity in terms of relative humidity (RH)
and vapor pressure (VP), and moderate wind velocity (Wv) [31,43].
The effect of the urban structure on regional climate creates variant
micro-climates that affect outdoor human thermal sensation [44].
Urbanized areas create an Urban Heat Island (UHI), which is evident
mainly during night time [1,42]. In a hot climate, UHI may increase
human thermal discomfort in the summer, while moderating it in
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the winter.
Two main climatic factors are affected by the geometry of the

built tissue: exposure to solar radiation and wind flow. The first
factor, exposure to solar radiation, can be significantly reduced by
shade as is provided for example by street canyons [21]. This may
cause diversity in solar radiation flux at different sites of the city,
which is expressed in the mean radiant temperature (Tmrt) [22].
Shade coverage is determined by street height-to-width ratio (H/
W) and orientation [2,25,26], which can be demonstrated by the
sky view factor (SVF). In hot climates, shade can improve human
thermal conditions during spring, summer and autumn seasons;
whereas in winter it generally worsens human thermal conditions
[23]. Previous studies have addressed the effect of buildings' shade
on outdoor thermal sensation in different seasons using in-situ
measurements [2]: 2007 [12,23,25], and modeling [4,16,29,47].

The second factor, wind velocity, has a considerable influence on
outdoor thermal sensation, and is considered a crucial factor for
improving thermal comfort in hot humid climates [57]. The ge-
ometry of the urban structure significantly affects Wv [19,26,55].
Wind may have a contradictory effect on the human thermal
comfort, depending on the strength of the wind and the weather
conditions [4]. In the case of coastal cities in hot and humid cli-
mates, the proximity and openness of the streets to the sea breeze
may have a significant impact on human thermal sensation [26,32].
Different urban studies have dealt with the effect of wind, tem-
perature and solar radiation on human thermal comfort. However,
most of these studies were conducted in arid zones, and concluded
that shade is the most dominant factor for reducing thermal stress
[2,3,25,47]. On the other hand [26]; emphasized the role of wind
flow for cooling human thermal sensation in hot and humid cli-
mates. Andrade and Alcoforado [4] have shown that although wind
flow can play an important role by moderating heat stress, it can
also create unpleasant bioclimatic conditions, if too strong.

Planning a city with maximum openness to sea breezes might
conflict with maximizing outdoor shading. However, it has not yet
been clarified what the relative contributions of each parameter to
thermal comfort in coastal cities are. Due to the impact of both
wind and shade on human thermal comfort, especially in hot and
humid climates, a clarification about which of the two is more
beneficial to the human thermal sensation in the different seasons
Fig. 1. The Geddes Plan [18]. (A) Built 1925 Tel-Aviv and the plan, (B) the main northesout
is required.
In order to examine the long-term effect of wind and shade on

human thermal comfort, a historical climatic reconstruction is
needed. Many studies have dealt with urban climate reconstruction
in Europe [41], Japan [48], China [61], Israel [46], Iran [54] and other
places. These studies focused mostly on climate change over time,
through long-term temperature recording and precipitation mea-
surements, which were taken over the last 150 years. These studies
were limited to official meteorological stations, placed in central
locations within cities, and did not necessarily deal with the micro-
climate of specific streets. Furthermore, there is a dearth of studies
estimating past micro-climate conditions in urban areas that suffer
from lack of historical meteorological data. Additionally, we found
that the historical studies analyze the measured historical data, but
do not use it to estimate the historical thermal comfort conditions.

2.2. Climatic aspects of the Geddes Plan of Tel-Aviv

The city of Tel-Aviv was founded as a neighborhood of Jaffa in
1909 and was declared a township in 1921. Tel-Aviv grew rapidly
from about 2000 inhabitants in 1918 to over 34,000 in 1925 [51,52].
In 1925 a general urban plan was made for the first time, designed
by Patrick Geddes for a predicted 100,000 inhabitants [7,34].

The Geddes Plan of Tel-Aviv outlined a spread northward along
the seashore, creating an urban strip of 3.5 km long and 1.2 km
wide (Fig. 1A). The core of the plan was a grid of main streets
(Fig. 1B). Two streets were planned parallel to the seashore,
stretching fromnorth to south as themain axes of the city, while six
streets and boulevards crossed them from east to west. These main
streets bounded residential blocks of narrow streets and public
spaces (Fig. 1C), “… with protection from dust, noises and dangers
of the streets” [18].

The Geddes Plan was authorized with minor changes in 1929
and implemented during the 1930s [51]. The final plan determined
the building height of the main streets as three stories, with H/W
ratio of 0.7e1. Due to massive immigration in the early 1930s, the
plan was corrected in 1938, increasing the city's capacity from
100,000 inhabitants to 150,000 [33]. The correction permitted the
construction of three storey buildings in the plan's area, creating an
urban tissue with 0.7e1H/W in most of the Geddes Plan. The result
h axes and the main roads, (C) focus on residential roads in between the main roads.
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was an almost homogenous urban tissue of three storey buildings
in Tel-Aviv.

2.3. Critique on the planning of Tel-Aviv

In recent years, the figure of speech “Tel-Aviv turned its back on
the sea” [6,50]; has been used by scholars to point out that the
planning of themain streets parallel to the sea, cuts off the city from
the cooling effect of the sea breeze [15,53].

On the other hand, a few scholars have rejected this critique
based firstly based on the argument that the urban structure of Tel-
Aviv enables easy access to the seashore frommost areas of the city.
Secondly it has been pointed out that the sea cannot be seen from
Tel-Aviv's streets due to the flat topography of the area, and not due
to the urban structure [51]. The popular perception that Tel Aviv
“turned its back on the sea” has also been described as a clich�e and
been refuted due to the prominent cultural role the sea has played
in Tel-Aviv's society since the 1920s [5]. This study is the first ex-
amination of the climatic suitability of Tel-Aviv's historical plan-
ning, and the first to provide empirical measurements to tackle the
term “turned its back on the sea”.

3. Objectives

The aim of this study is to analyze and quantify the climatic
effect of the implementation of the Geddes Plan of Tel-Aviv on the
outdoor human thermal conditions in two periods; when it was
planned and built (1920e30s) and in the present day (2013), during
winter (January) and summer (July) seasons. The historical
perspective can contribute a better understanding of the sustain-
ability of urban planning in the long-term by analyzing the climatic
functioning of the city across a ninety year period when the city
was first developed and later during periods when the urban
micro-climate was changing. This analysis comprises two stages.
First, to examine the climatic implications of Geddes' Plan on out-
door human thermal conditions in various streets; where the main
axes are NortheSouth oriented, and the sea breeze blows from the
west. Second, to determine which parameter has greater influence
on the thermal sensation in the coastal Mediterranean climate of
Tel-Aviv: wind velocity or global radiation (Gr). Accordingly, the
research will estimate the suitability of the Geddes Plan for the
Mediterranean climatic conditions of Tel-Aviv and its effect on the
human thermal sensation. This will give planners a better under-
standing of whether it is more important to provide shade in the
streets or to “open the city” to the sea breeze, in a Mediterranean
city.

4. Methodology

4.1. Study area

The study was conducted in the Geddes Plan Area of the coastal
city of Tel-Aviv, Israel; located on a plain along the eastern Medi-
terranean Basin at 32�060N 34�470E. The city of Tel-Aviv contains
414,600 residents (Table 1) and forms the core of the largest
metropolitan area in Israel with a population of 3.5 million people
Table 1
Population and built area of Tel-Aviv and its surroundings in selected years.

Year Tel-Aviv built area Urban area with surrounding to

1925 2.4 km2 5 km2

1938 5.5 km2 9.5 km2

2013 40.5 km2 176 km2
[58]. According to the K€oppen classification, the Tel-Aviv region has
a subtropical climate [45]. The climate of Tel-Aviv is distinct in
having two dominant seasons: summer and winter [9]. The sum-
mer is characterized as hot, humid and stable, with a daily Ta mean
of 23e30 �C and daily RH mean of 72e83%. The winter is charac-
terized as mild and wet, with daily mean Ta of 8e23 �C, and daily
mean RH of 55e60%. During summer, Tel-Aviv creates a UHI of
1e2 �C [8]. In winter, Tel-Aviv UHI at street-level is 1e2 �C in
daytime and 5e6 �C at night [49]. The focus of this study is the
Geddes Plan area, located in central Tel-Aviv.

4.2. Study period

The research focuses on two periods: the 1920e30s and the
present. The historical data was based on 1923e1933 daily means
of temperature, RH and Wv from the Tel-Aviv historical meteoro-
logical station [11]. The first two variables were compared to those
of ‘Ironi D’ fixed meteorological station for the years 2001e2011. As
described in the methodological section, field measurements were
conducted in order to estimate the past climate of the Geddes Plan,
based on a comparison to past and present fixed meteorological
stations. The field measurements were conducted for 30 h in
summer and winter seasons. The summer field measurements
were taken between 13 and 14th July 2010, which had typical
synoptic conditions of a Persian Gulf Trough over the east Medi-
terranean and Israel; creating westerly winds and relatively low
temperatures. The winter field measurements were taken between
23rde24th January 2013, which had a local system of high pressure
over Israel and the beginning of a low pressure system over Cyprus.
These conditions brought relatively warm temperatures, especially
on the second day of measurements.

4.3. Methodological approach

The study applies five methods (Fig. 2): (1) Analyzing historical
climatic data of 1920e30s based on a fixed meteorological station,
(2) analyzing present climatic data from fixed meteorological sta-
tions, (3) conducting field meteorological measurements within
the Geddes Plan area, (4) estimating the 1920e30s urban climatic
conditions in the current measuring sites (5) calculating the street-
level thermal comfort (PET) for the 1920e30s' conditions and for
nowadays.

4.3.1. Historical climatic research
The historical research consisted of three stages:

(a) Revealing the exact location of fixed meteorological stations
in Tel-Aviv that no longer exist. One station was operated in
Nahmani Street, 1.5 km from the Geddes Plan area,1 km from
the sea and 16 m above sea level (Fig. 3). The data from the
station was published for the years 1923e1933, [11]. The
second is Hakirya Station, which was situated in the former
German Colony, Sarona 600 m from the Geddes Plan area,
2 km from the sea, and 25 m above sea level. The data from
the Hakirya Station was published for the years
1949e1958 [24].
wns Tel-Aviv inhabitants Population density per m2

34,200 70
160,000 34
414,600 98



Fig. 2. Research framework.

Fig. 3. Map of Tel-Aviv and the Geddes Plan area. Field measurement: (1) E-W1 (Frishman Street), (2) N-S1 (Hoz Street), (3) E-W2 (Gordon Street), (4) N-S2 (Zola Street). Fixed
meteorological stations: (5) Nahmani, (6) Hakirya, (7) Ironi D, (8) Yad-Avner.
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(b) Examining the method used at the Nahmani Station for
collecting and analyzing the meteorological data. The station
measured Ta and RH at street-level, while Wv was measured
by a wind vane on top of the roof, 18 m above street-level.
The measurements were manual, with observations three
times a day: at 07:00, 14:00 and 21:00. Additionally, mini-
mum and maximum Ta was measured by minimum and
maximum thermometers [10,11].

(c) Analyzing the historical data of Ta, RH andWv, regime for the
years 1923e1933 [11].
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4.3.2. Present climatic data
The contemporary climatic data was collected by two fixed

meteorological stations operated by the Israeli Ministry of Envi-
ronmental Protection;

� Ironi D Station: located 1.7 km from the sea at street-level. Ironi
D Station measures Ta and RH, and is the closest currently active
station to the Geddes Plan area.

� Yad-Avner Station: located 2 km from the sea and 20 m above
street-level. Yad-Avner Station is the closest roof-level station to
the Geddes Plan area that measures both Gr and wind regime.

Following the precise methods used at the Nahmani Station in
1923e1933, the present-day Ta, RH and Wv data were collected
daily from Ironi D and Yad-Avner stations at 07:00, 14:00 and 21:00
for the 11 year period 2001e2011. The daily minimum and
maximum Ta were also collected over this period. Based on this
daily data, daily means for the 11 years were calculated.

4.3.3. Field measurements
In-situ measurements were conducted within the Geddes Plan

area. The investigated sites were surrounded by 3e4 storey build-
ings built in the 1930s and that have hardly changed over the years.
Locations of the in-situ measurements were (Fig. 3):

� Frishman Street (EeW1 Station) e EasteWest orientation.
� Gordon Street (EeW2 Station) eEasteWest orientation.
� Hoz Street (NeS1 Station) eNortheSouth orientation.
� Zola Street (NeS2 Station) eNortheSouth orientation.

Stations NeS1 and EeW1 were 10 m above sea level, while
stations NeS2 and EeW2 were 8 m above sea level. A small hill,
14e17 m high, separated the four measuring sites from the sea
(Fig. 4). The meteorological stations were placed on the northern
sidewalk of eastewest streets and on the eastern sidewalk of
northesouth streets. At all the measured sites, the two sidewalks of
each street were equally exposed to the solar orbit, both in January
and July.

The climatic variables were collected by fixed automated
meteorological stations (Campbell) that measured Ta, RH, Wv, Wd
and Gr (Table 2). The stations were set up within the Geddes Plan
area for 30 h in both seasons. Ta and RHweremeasured 1.5m above
Fig. 4. Eastewest cross section of the Geddes Plan along Frishman and Gordon Streets, show
the vertical dimension. (A) Main street (Ben Yehuda), (B) Main street (Dizengoff), (C) Boun
the ground andWv and wind direction (Wd) at 2 m height. Gr data
was taken from Yad-Avner Station. In order to estimate the radia-
tion flux and Tmrt in the various street canyons, SVF was calculated
from fisheye photographs that were taken at each measurement
site, using the RayMan model according to the method presented
by Refs. [35,36].

4.3.4. Estimation of past climatic conditions
In order to create an in silico reconstruction of the thermal

conditions for the four investigated sites in the 1920e30s, the
following steps were taken.

(a) Estimation of in-situ air temperature and relative humidity
during the 1920-30s: The field measurements were adjusted to the
climatic conditions of the 1920e30s in three steps. First, daily Ta
and RH means for the years 1923e1933 were compared with those
of 2001e2011 in order to highlight the differences in Ta and RH
between the two periods. The differences between the two periods
are a result of urban warming caused by urban growth, the
increasing urban anthropogenic heat of energy consumption,
transportation and so on. Second, the Ta and RH data of the field
measurements were transposed to the 1920e30s climatic condi-
tions by addition/reduction of the 11 year daily differences for the
hours 07:00, 14:00, 21:00 and the minimum and maximum Ta.
Third, a 24 h sequence was calculated by interpolation.

(b) Estimation of street-level wind velocity in the 1920-30s: The
adjustment of the current Wv measurements to 1920e30s values
was done in six stages:

i. An examination of the present day relationship between
street-level Wv and roof-level Wv: a correlation curve was
calculated between street-levelWv that wasmeasured at the
in-situ meteorological stations in the Geddes Plan area, and
the roof-level Wv that was measured simultaneously at the
Yad-Avner Station.

ii. A comparison of present-day and past roof-level Wv: a sec-
ond comparison was made between the daily Wv means of
the Yad-Avner roof-level station (2001e2011) and the Nah-
mani roof-level station (1923e1933), for the hours 07:00,
14:00, and 21:00.

iii. An estimation of mean street-level Wv in the past and in the
present: Using the present day correlation curve associating
the measured street-level Wv with the measured roof-level
ing the measuring sites with an illustration of three storey buildings. Y axis emphasizes
dary of the Geddes Plan (Ibn Gabirol st. and Rabin sq.).



Table 2
Measured climatic variables and instruments' details.

Variable Unit Instrument Accuracy

Air temperature (Ta) �C Campbell HMP45C-type ±0.2 �C
Relative humidity (RH) % Campbell HMP45C-type ±2%
Wind direction (Wd) Degree� Young 05103 anemographs 3�

Wind velocity (Wv) m/s Young 05103 anemographs ±0.3 m/s
Global radiation (Gr) w/m2 Kipp&Zonen pyranometer

CMP6
0.1�C-tilted
error of 1%
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Wv (section i), together with (the 11 year mean data) the
mean data for 11 years at the Yad-Avner and Nahmani sta-
tions, the mean street-level Wv was calculated for the hours
07:00, 14:00 and 21:00, in the two periods 2001e2011 and
1923e1933.

iv. A calculation of the differences between the past and
present-dayWvat street-level: according to themean street-
level Wv (section iii), the differences between the mean
street-level Wvs of 2001e2011 and 1923e1933 were
calculated.

v. A calculation of 1920e30s street-level Wv: the current field
measurements were adjusted to past values according to the
above differences at 07:00, 14:00 and 21:00.

vi. A calculation of 1920e30s 24 h street-level Wv: the daily
street-level Wv was interpolated from the 07:00, 14:00 and
21:00 h values as estimated in section v.

Additionally we examined the correlation between Wv, Wd and
street orientation.

(c) Sky view factor in the 1920-30s: The historical SVF was
calculated using the RayMan model. Based on the present-day
fisheye photos of the sky, the stories that had been added since
1933 were erased in the model. Thus, the SVF of 1920e30s was
created at each measuring site.
4.3.5. Calculating the thermal sensation
Human thermal sensation was calculated using the Physiologi-

cally Equivalent Temperature (PET) index. Numerous studies have
shown the accuracy of PET for examining outdoor thermal sensa-
tion in complicated urban environments [20,28,30,37,56,59,60].
PET has also been used in Israel in general [46], as well as in Tel-Aviv
in particular [12e14]. Cohen et al. [13] adjusted PET ranges to Tel-
Aviv's climatic conditions. Furthermore, PET was calculated by the
RayMan model [35,36]. RayMan calculates PET according to various
parameters, such as Ta, RH, Wv, Gr, SVF, degree of cloud cover, al-
bedo of the surrounding surfaces, hour, day of the year, elevation
and location. The standard RayMan definition of 1.9 m2 body sur-
face, representing a 1.75 m tall male weighing 75 kg [38,39] was
used, with average activity (80 W standing), wearing a business
suite of 0.9 clothing insulation factor [27].
5. Results

The results are displayed according to the five methodological
stages of this research:

(1) An analysis of the general daily climatic conditions between
1923 and 1933 in Tel-Aviv.

(2) An analysis of the present general climatic conditions in Tel-
Aviv 2001-2011- using the same methodology as in section
(1).

(3) The conducting of field measurements within the Geddes
Plan area.
(4) An estimation of the climate conditions within the Geddes
Plan area in the 1920e30s.

(5) A calculation of present and past PET values.
5.1. Historical daily climatic data

The climatic conditions of the urban area of Tel-Aviv that were
measured at Nahmani Station during the years 1923e1933, show
the following: The daily Ta in January ranged from a mean mini-
mum of 8.9 �C, to a mean maximum of 16.8 �C (Fig. 5). Throughout
this period, the RH hourlymean at 07:00was 81%, at 14:00 59%, and
at 21:00 77%; while the hourly mean roof-level Wv at 07:00 was
2.5 m/s, at 14:00 3.2 m/s, and at 21:00 2.6 m/s (Table 3). In July, the
mean daily Ta ranged from a minimum of 21.5 �C to a maximum of
30.4 �C. The July hourly mean RH at 07:00 was 77%, at 14:00 67%,
and at 21:00 85%; whereas the hourly mean roof-level Wv at 07:00
was 2.2 m/s, at 14:00 5.9 m/s, and at 21:00 1 m/s (Table 4).

5.2. Present-day daily climatic data

The climatic conditions of the Tel-Aviv urban area that were
measured at the Ironi D Station during the years 2001e2011 were
the following: January daily Ta ranged from a minimum of 10.3 �C
to a maximum of 18.9 �C (Fig. 5). Hourly mean RH at 07:00 was 72%,
at 14:00 52%, and at 21:00 67%. During the same period, the hourly
mean roof-level Wv at Yad-Avner Station at 07:00 was 2.5 m/s, at
14:00 3.2 m/s, and at 21:00 2.4 m/s (Table 3). In July 2001e2011, the
daily mean Ta ranged from a minimum of 24.5 �C to a maximum of
30.5 �C. The hourly mean RH at 07:00 was 73%, at 14:00 63%, and at
21:00 73%. Hourly mean roof-level Wv at Yad-Avner Station at
07:00 was 2 m/s, at 14:00 4 m/s, and at 21:00 1.3 m/s (Table 4).

5.3. A multi-year seasonal and historical climatic comparison

In order to have a seasonal and historical perspective of the
urban climate of Tel-Aviv at street-level from 1923 to 2011, a
comparison of Ta and RH values was made for three periods:
1923e1933 (Nahmani Station), 1949e1958 (Hakirya Station) and
2001e2011 (Ironi D Station) (Fig. 3).

The analysis of the three periods: 1923e1933, 1949e1958 and
2001e2011, illustrates clear urban warming. The degree of warm-
ing differs between the seasons. During the winter, both minimum
andmaximum Ta values increased. Minimum Ta increased by 1.4 �C
and maximum Ta increased by 2.1 �C. During the summer, mini-
mum Ta increased by up to 3.1 �C, while the changes in maximum
Ta were minor (Fig. 6).

The RH historical-seasonal comparison shows a decrease of RH
values in all seasons over the last 90 years. This phenomenon was
notable in the winter and autumn. During the winter and autumn,
RH decreased by 7e11% at 07 h-08 h, and by 6e9% at 14 h. In the
summer, RH decreased by 5e7% at 07 h-08 h, and by 5% at 14 h.
During the month of May, that is characterized by heatwaves and
dry eastern winds, there were only minor RH differences of 3% at
07 h-08 h and 4% at 14 h (Fig. 6).

5.4. Present-day field measurements within the Geddes Plan area

The climatic weather conditions during the field measurements
in the four canyon streets of the Geddes Plan were the following:

(a) Air temperature

At the four investigated sites, Ta was lowest at dawn, increased
during the day, peaked at 14:00 and decreased towards the



Fig. 5. Daily air temperature (Ta) mean in Ironi D Station (2001e2011) and Nahmani Station (1923e1933).

Table 3
Winter measurements in January.

Variable Nahmani 1923e1933
(street Ta and RH,
roof Wv)

Ironi D
2001e2011
(street)

Yad-Avner
2001e2011
(roof)

Yad-Avner
23.1.2013
(roof)

NeS1
23.1.2013
(street)

NeS2
23.1.2013
(street)

EeW1
23.1.2013
(street)

EeW2
23.1.2013
(street)

Ta �C Min 8.9 10.3 e e 13 12.7 13.3 13.3
Max 16.8 18.9 e e 19.7 20.1 19.2 20.2
07 h 9.8 11.3 e e 13 12.7 13.5 13.3
14 h 16.3 18.1 e e 19.4 19.8 19 20.2
21 h 12.6 13.8 e e 16.3 16.3 16.2 16.9

RH % 07 h 81 72 e e 76.5 79.1 75.8 78.4
14 h 59 52 e e 62.8 62.8 65.6 63.6
21 h 77 67 e e 68.2 70.1 69.9 69.1

Wv m/s 07 h 2.5 e 2.5 1.3 0 0.12 0.2 0.85
14 h 3.2 e 3.2 2.9 0.6 0.75 0.6 0.83
21 h 2.6 e 2.4 1.9 0 0 0.1 0.36

Gr W/m2 Min e e e 0 e e e e

Max e e e 642 e e e e

Tmrt �C Min e e e e 9.3 9.2 10 9.2
Max � e e e 46.8 44.6 21.9 44.8
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evening. In January, during the day, the highest Ta of 20.2 �C was
measured in EeW2 Station and the lowest Ta of 18.4 �C was
measured at NeS2 Station. The differences between the four
Table 4
Summer measurements in July.

Variable Nahmani 1923e1933
(street Ta and RH,
roof Wv)

Ironi D
2001e2011
(street)

Yad-Avner
2001e2011
(roof)

Ta �C Min 21.5 24.5 e

Max 30.4 30.5 e

07 h 25.6 26 e

14 h 29.6 30 e

21 h 25.4 27.2 e

RH % 07 h 77 73 e

14 h 67 63 e

21 h 85 73 e

Wv m/s 07 h 2.2 e 2
14 h 5.9 e 4
21 h 1 e 1.3

Gr W/m2 Min e e e

Max e e e

Tmrt �C Min e e e

Max e e e
stations during the daytime were up to 1.4 �C. During the winter
measurement campaign, the hourly temperatures were about 2 �C
higher than the 2001e2011 daily mean measured at Ironi D (Fig. 7).
Yad-Avner
13.7.2010
(roof)

NeS1
13.7.2010
(street)

NeS2
13.7.2010
(street)

EeW1
13.7.2010
(street)

EeW2
13.7.2010
(street)

e 25.1 25 24.9 25.1
e 30.5 30.5 30.5 30.9
e 26.3 26.1 26.1 25.9
e 30.1 30.5 30.1 31.3
e 27.1 27.1 26.9 27.6
e 71.8 74.4 70.4 73
e 59.2 59.2 57.1 55.1
e 69.5 71.4 68 67.3

1.7 0.35 1.38 0.34 1.44
3.3 1.07 1.33 0.71 1.04
0.5 0.33 0.58 0.22 0.67
0 e e e e

895 e e e e

e 21.6 21.7 21.7 21.2
e 55.5 55.5 57.7 57.2



Fig. 6. Daily mean air temperature (Ta) and relative humidity (RH) at street-level during three periods: 1923e1933, 1949e1958 and 2001e2011 in the built up area of Tel-Aviv.
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In July, during the day, the highest Ta of 31.3 �C was measured at
the EeW2 Station and the lowest Ta of 29.8 �C was measured at the
NeS1 Station. The differences between the four stations during
daytime were up to 1.3 �C. During the summer measurement
campaign, the hourly temperatures were similar to those of the
2001e2011 daily mean measured at Ironi D (Fig. 7).

Both in the winter and summer, during most of the daytime
hours, the eastewest street canyons (EeW1 and EeW2) were
warmer than the northesouth ones (NeS1 and NeS2).

(b) Air humidity

The RH amplitude at the four investigated sites was small. In
January, maximum RH values of 77.2e79.6% were found at dawn,
while the minimum RH values of 52e54.8% were measured at
midday. In July, maximum RH values of 75.2e79% were found at
dawn, while theminimumRH values of 53.3e59.5%weremeasured
at midday. Since RH depends on temperature and air pressure, the
VP data may explain the minor differences between the four
observed sites. In the winter, VP values ranged at dawn between
Fig. 7. Air temperature (Ta) measurements within the Geddes Plan (23e24 January 2013
(2001e2011).
10.5 and 10.9 hPa, and at midday they were 10.8e11.4 hPa. The
summer VP values ranged between 23.6 and 25 hPa at dawn, and at
midday they were 24.2e25.6 hPa. During both winter and summer,
there were no significant differences in RH or in VP according to the
street orientation of the investigated sites.

(c) Wind velocity and wind direction

In January, the measured Wv at the four field stations was low,
with values of 0e0.7 m/s during daytime and 0e0.4 m/s at night. In
July, the Wv of the four field stations was 0.2e2.1 m/s during
daytime and 0.1e0.9 m/s at night. No correlation was found be-
tween street direction and Wd.

(d) Global radiation

In January, Gr started to increase at 07:00, reached 642 W/m2 at
noontime and decreased again until 17:30. In July, Gr started to
increase at 05:00, reached 895 W/m2 at noontime, and decreased
until 19:00.
and 13e14 July 2010) and the daily January and July Ta means in Ironi D Station
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(e) Sky View Factor (SVF) and modeling radiation flux

All four investigated sites had highly similar SVF values of
between 0.324 and 0.380. The values of SVF without any obstacles
such as trees, electric power poles, street lighting, street signs etc.
remained nearly the same at all four stations: 0.342e0.455. Un-
like the similarities in SVF values at the investigated sites, the
solar duration (SD) varied according to street orientation. In
January, day length was 10:28 h (sunrise to sunset). The built
urban environment reduced SD time to 03:01 h at the NeS1
Station, and to 02:53 h at NeS2. At EeW1 Station, the low sun
orbit of winter was completely blocked by the buildings (0:00 h of
SD), while at station EeW2 the SD was 06:22 h. The minimal
mean radiant temperature (Tmrt) at all four stations during
January measurements was 9.2e10 �C, at noontime Tmrt
increased to 44.6e46.8 �C at stations NeS1, NeS2 and EeW2,
while at the EeW1 Station it reached only 21.9 �C e due to its 0%
of SD (Table 3).

In July, day length was 14:05 h. The built urban environment
reduced SD time to 05:09 h at the NeS1 Station, and 05:17 h at
NeS2. At the EeW1 Station the SD was 10:04 h, and at EeW2
Station the SD was 09:42 h (Table 7). The minimal Tmrt values at all
the measuring stations in July, were 21.2e21.7 �C, and maximum
Tmrt values were 55.5 �C at the NeS stations, and 57.2e57.7 �C in
the EeW ones (Table 4).

5.5. Estimation of past climatic conditions

The following estimation of the historical climatic conditions at
the measurement sites is meant to represent average winter and
summer days, according to the daily means for the periods
2001e2011 and 1923e1933. As mentioned above (Section 5.4a),
during the summermeasurement campaign of 2010, Ta values were
similar to the July dailymeans of 2001e2011. However, results from
the winter measurements represent a warmwinter day with weak
Wv velocity: Ta was 1.3e3.1 �C higher than the 2001e2011 daily
mean, RH was 1.2e13.6% higher (Table 3), and Wv was lower by
0.1e0.9 m/s than the 2001e2011 daily mean (Table 6). Therefore,
although most differences were usually minor, the measured data
of each field station was firstly transposed to the January
2001e2011 mean values, and subsequently interpolated to
generate a value representative of a mean winter day at the
measured site (Table 5 and Fig. 8).

The estimation of the micro-climate at the investigated sites
during the 1920e30s was calculated separately for the measured
variables Ta, Rh, Wv and SVF (Since Gr was not measured in the
1920e30s, it was assigned present-day values.)

Then, the PET was calculated for the years 2001e2011 and
Table 5
Winter field measurements transposed and interpolated to generate mean winter's day

Variable NeS1

Ta �C Min 11.2
Max 18.3
07 h 11.3
14 h 18.1
21 h 13.8

RH % 07 h 71
14 h 52
21 h 67

Wv m/s 07 h 0.93
14 h 1.11
21 h 0.85

Tmrt �C Min 7.6
Max 43.5
1923e1933.

(a) Estimated air temperature in the 1920e30s

The 1920e30s Ta values of each measured site within the
Geddes Plan were estimated in two stages. First, the Ta values
observed in the field measurements at 07:00, 14:00 and 21:00 were
transposed to the equivalent values of the 1920e30s, according to
the differences between the Ta daily means of 1923e1933 and
2001e2011, which were taken at these hours. Second, a 24 h curve
of the 1920e30s Ta was interpolated according to the transposed
hours, while maintaining the Ta trends of the in-situ
measurements.

In January, the daily means at 07:00 were 11.3 �C between 2001
and 2011 and 8.9 �C between 1923 and 1933, with a 2.4 �C differ-
ence between the two. At 14 h the daily Ta mean in the 2000s and
the 1920e30s was 18.1 �C and 16.8 �C accordingly, with a 1.3 �C
difference. The 21 h difference was 0.9 �C, with 13.8 �C in the 2000s
and 12.9 �C between 1920 and 30s. According to these differences,
the January 2013 measured Ta was transposed for the hours 07:00,
14:00 and 21:00. Then, through an interpolation process a 24 h
curve was calculated. The result was an estimation that showed
that during the 1920e30s, daytime Ta differences between the
stationswere 0e1.6 �C, while at night the differences were 0e0.5 �C
(Fig. 9).

July results show that Ta had similar values at 14:00, with
30 �C in 1923e1933 and 30.4 �C in 2001e2011. However, at 07:00
Ta was 4.5 �C lower in the 1920e30s (21.5 �C) compared with
nowadays (26 �C), as was the 21 h mean Ta: 1.3 �C lower, 25.9 �C
and 27.2 �C, in the 1920e30s and in the 2000s, respectively. Ac-
cording to these differences, the current July Ta values of the field
measurements were transposed to the 1920e30s equivalent
summer values. Interpolation of 24 h Ta curves shows a minimum
of 21.1 �C at 05.30 and a maximum of 31.3 �C at 14:00. Ta dif-
ferences between the stations were 0.2e1.2 �C during daytime
and 0.1e0.5 �C at night. EeW stations were usually warmer
(Fig. 9).

(b) Estimated air humidity in the 1920e30s

The 1920e30s RH was estimated by the same methodology as
Ta. In January, the daily mean RH of 1923e1933 was higher than
that of 2001e2011 by 9% at 07:00, by 7% at 14:00 and by 10% at
21:00 (Table 3). The historical January interpolation of the
1923e1933 RH shows a minimum RH level of 64.4% at 10:00, and a
maximum level of 88.4% at 02:00. The differences between the
meteorological stations were 0e3.7% during daytime and 0.4e4.7%
at night.
values.

NeS2 EeW1 EeW2

11 11.1 11.1
18.5 18.2 18.2
11 11.3 11.1
18.5 18.1 18.1
13.8 13.8 14.5
73.6 70.3 72.9
52 54.8 52.8
68.9 68.7 67.9
0.9 0.9 0.9
1.1 1.07 1.1
0.85 0.87 0.85
7.5 7.7 6.8

42.9 20.7 43.5



Table 6
Estimation of street-level wind velocity (Wv) in the 1920e30s.

Stage Wv categories January Wv (m/s) July Wv (m/s)

07:00 h 14:00 h 21:00 h 07:00 h 14:00 h 21:00 h

i Measured Wv at Yad-Avner roof-level station (simultaneously to the field measurements) 1.3 2.9 1.9 1.7 3.3 0.5
Wv field measurements at street-level (average of the four stations) 0.1 0.6 0.1 0.7 1 0.5

ii Mean Wv at Yad-Avner roof-level station, 2001e2011 2.5 3.2 2.4 2 4 1.3
Mean Wv at Nahmani roof-level station. 1923e1933 2.5 3.2 2.6 2.2 5.9 1

iii Estimated mean Wv at street-level in 2001e2011 (according to Fig. 10) 0.9 1.1 0.85 0.7 1.3 0.4
Estimated mean Wv at street-level in 1923e1933 (according to Fig. 10) 0.9 1.1 0.9 0.8 1.6 0.2

iv Wv differences between street-level means of 2001e2011 and 1923e1933
(according to Fig. 10)

0 0 þ0.05 þ0.1 þ0.3 �0.2

v Mean street-level Wv within the Geddes Plan area 1923e1933 0.1 0.6 0.15 0.8 1.3 0.3

Table 7
Field measurement sites in 2014 and 1920e30s: aerial photo, SVF with summer and winter solar duration (SD), SVF without obstacles and H/W.

NortheSouth streets EasteWest streets

NeS1 NeS2 EeW1 EeW2

Aerial photo 2010

2010 reality

2010 built environment
(without obstacles)
SVF, SD and H/W

0.376 0.394 0.342 0.455
[SVF cos ¼ 0.552] [SVF cos ¼ 0.584] [SVF cos ¼ 0.503] [SVF cos ¼ 0.641]

SDmax Jan. 10:28 h SD Jan. 03:01 h (29%) SD Jan. 02:53 h (27%) SD Jan. 00:00 h (0%) SD Jan. 06:22 h (61%)
SDmax Jul. 14:05 h SD Jul. 05:09 h (36%) SD Jul. 05:17 h (37%) SD Jul. 10:04 h (76%) SD Jul. 09:42 h (76%)

H/W ¼ 1 H/W ¼ 1 H/W ¼ 1 H/W ¼ 0.77
1920e30s (3 floors)

SVF, SD and H/W

0.380 0.411 0.357 0.488
[SVF cos ¼ 0.554] [SVF cos ¼ 0.6] [SVF cos ¼ 0.520] [SVF cos ¼ 0.678]

SDmax Jan. 10:28 h SD Jan. 03:01 h (29%) SD Jan. 03:29 h (33%) SD Jan. 00:00 h (0%) SD Jan. 06:22 h (61%)
SDmax Jul. 14:05 h SD Jul. 05:09 h (36%) SD Jul. 05:20 h (38%) SD Jul. 05:04 h (71%) SD Jul. 10:01 h (71%)

H/W ¼ 1 H/W ¼ 1 H/W ¼ 1 H/W ¼ 0.77
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Fig. 8. Representation of an average winter day by transposing and interpolating January air temperature (Ta) and wind velocity (Wv) measurements into 2001e2011 daily mean
values, demonstrated on NeS1 Station.
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As in winter, the daily RH means in July were higher between
1923 and 1933 compared to those between 2001 and 2011, with
differences of 3% at 07:00, 4% at 14:00 and 12% at 21:00 (Table 4).
The July 1923e1933 interpolation shows a minimum RH level of
58.8% at 13.30, and a maximum level of 84.3% at 21:00. Summer RH
was higher in the northesouth streets by 0e5.1% during daytime
and by 0e2.3% during night time. VP values showed minor differ-
ences between 1923-1933 and 2010e2013, of up to 0.7 hPa in the
winter and up to 2.9 hPa in the summer.

(c) Estimated wind velocity in the 1920e30s

The wind regime in the Tel-Aviv area differs between the
summer and winter. During the summer, it is characterized by a
daily cycle: moderate Wv in the morning hours that increases
during the day until the early afternoon, and then subsides in the
evening. During the winter, the wind regime changes according to
the synoptic conditions, from stormy days to stable days. Under
stable winter synoptic conditions, Wv is relatively low and can be
affected by the sea breeze, from mildly to moderately. Therefore,
during stable days, which are the focus of this research, summer
Wv is more dominant than winter Wv [9]. Since it is known that
there is a strong correlation between the wind velocity at roof level
and in the street [40], the 1920e30s street-level Wv was estimated
using the six methodological stages described above (Section
4.3.4b):

i. Simultaneously readWvs, at the Yad-Avner roof-level station
and the in-situ street-level stations within the Geddes Plan
area, show a strong correlation (R2 ¼ 0.81) of second degree
polynomial regression between the stations. This correlation
provides a Wv conversion curve from roof-level to street-
level (Fig. 10, Table 6).

ii. The comparison of the mean Wv at the roof-level stations of
Nahmani (1923e1933) and Yad-Avner (2001e2011) shows
that in January Wv values were similar during the 1920e30s
and the 2000s. In July, there wereminorWv differences of up
to 0.3 m/s at 07:00 and 21:00. However, at 14:00 Wv was
significantly stronger in 1923e1933 compared to nowadays:
5.9 m/s in 1923e1933 compared to 4 m/s in 2001e2011
(Table 6).
iii. According to the mean roof-level Wv at the Yad-Avner Sta-
tion (2001e2011) and Nahmani Station (1923e1933), and
based on the conversion curve ratio (stage i) for the years
2001e2011 and 1923e1933, the mean street-level Wv
within the Geddes Plan area was calculated for the hours
07:00, 14:00 and 21:00 (Table 6).

iv. Analysis of street-level Wv differences shows that in January
there was no difference in Wv between 1923 and 1933 and
2000s, with an exception that at 21:00 the Wv was slightly
stronger by 0.05 m/s. In July, 1923e1933 Wv on street-level
was slightly stronger by 0.1 m/s at 07:00 compared to
2000s, and by 0.3m/s at 14:00, but in the evening, at 21:00, it
was slightly lower than 2000s by 0.2 m/s (Table 6).

v. Based on the above differences, the in-situ measurements
were transposed to 1923-1933-equivalent values at 07:00,
14:00 and 21:00, according to the mean Wv in 1923e1933
(Table 6).

vi. Finally, a 24-h estimation of the Wv at each measuring site
was interpolated both for winter and summer. The results
show that in January the Wv within the Geddes Plan area
was 0.74e0.8 m/s during day and night; while in July it was
0.6e1.3 m/s during daytime and 0.2e0.8 m/s at night.
5.6. Estimated sky view factor and solar duration in the 1920e30s

Modification of SVF to the past built environment shows that the
SVF values grew by only 0.004e0.033 at all four stations. The
modification of the SVF did not change SD in stations NeS1 and
EeW1, and had minor changes of up to an additional 36 min at
stations NeS2 and EeW2 (Table 7).

5.7. Present and past PET

(a) Present-day winter PET

In January 2013, PET values during daytime varied from a
minimum of 6e6.9 �C at 06:00, up to a maximum of 15.5 �C at
EeW1 Station and 23.3 �C in EeW2 at 14:00. These values are
within the limits of five thermal comfort ranges: between very cold
at dawn to neutral at noontime, according to Tel-Aviv PET ranges.



Fig. 9. January and July air temperature (Ta) estimation in the Geddes Plan in 1920e30s, according to the measured Ta in in 23e24 January 2010 and 13e14 July 2010, daily July data
from Nahmani Station (1923e1933) and Ironi D Station (2001e2011).

Fig. 10. Wind velocity (Wv) differences between the Yad-Avner roof-level and the
Geddes Plan street-level.
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The changes in the thermal sensation throughout the day were
similar in both northesouth streets (NeS1, NeS2). In these stations,
PET increased sharply at dawn, reaching a peak at 11:00 of
20.6e23.4 �C (neutral PET range) that lasted three hours, before
decreasing. In total, the duration of the thermal stress in NeS
streets during the winter is 19e20 h (out of 24 h), that are divided
to 2 h as “slightly cool”, 2 h as “cool”, 9 h as “cold” and 6e7 h as
“very cold” (Table 8).

On the other hand, thermal sensation at the eastewest stations
(EeW1, EeW2) differed in January 2013. Although at both EeW
stations PET started to increase at dawn, in E-W-1 PET reached a
peak at 12:00 of 15.4e15.7 �C (a “slightly cold” PET range) that
lasted 3 h; while at EeW2, PET reached a peak at 11:00 of
20.2e24.3 �C (a “neutral” PET range) that lasted 5 h (Fig.11). In total,
EeW1 is characterized by 24 h of thermal stress, of which 3 h are
“slightly cool”, 5 h are “cool”, 9 h are “cold” and 6 h are “very cold”.
However, EeW2 has 18 h of thermal stress with 4 h “cool”, 12 h
“cold” and only 2 h “very cold” (Table 8).

(b) Present-day summer PET



Table 8
Winter and summer PET of the Geddes Plan area in 1920e30s and in the present.
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In July 2010, PET values varied between 18.4 and 23.2 �C at
05:00, and 40.3e43.8 �C at 14:00; having a difference of five PET
ranges, between “neutral” and “very hot”. At all four investigated
sites heat stress was present for 10e12 h. An examination of the
results shows a significant difference in thermal stress depending
on street orientation. For example, at NeS1 and NeS2 stations, PET
values started to rise sharply at 10:00e11:00, reaching a peak of
36e40 �C (“hot” PET range) that lasted five hours, with maximum
values of 40.3e40.4 �C (“very hot” PET range). Between
14:00e15:00, PET had decreased by 14.2e14.3 �C to “slightly hot”
PET range, and continued to decrease to “neutral” PET ranges dur-
ing the night. To sum up, the daily duration of the thermal stress in
NeS streets is 3e4 h at “slightly warm”, 2 h at “warm”, 4 h at “hot”
and only 1 h at “very hot”.

In EeW1 and EeW2 stations, PET values in July 2010 started to
rise at 07e08 h, reaching high values of 34.5e43.8 �C that lasted
7e9 h, including 3e4 h of values over 40 �C (“very hot” PET range).
Between 14:00e15:00, PET decreased for two hours by
14.2e14.3 �C to the “slightly hot” PET range, and continued to
decrease to “neutral” PET ranges during the night. It seems that in
EeW streets, PET values were significantly higher than those of
NeS streets, especially during the hot hours of the day. To sum up,
the duration of the thermal stress in EeW streets is 1 h for “slightly
warm”, 1e4 h for “warm”, 4e5 h for “hot” and 3e4 h for “very hot”.

(c) Historical PET

PET values of January 1920e30s were lower than those of
January 2013 by 1.5e2.1 �C during daytime, and by 1.2e1.7 �C at
night. Compared to present-day, the historical PET ranges were
lower during daytime by one level for 6 h hours at NeS1, 3 h at
NeS2, 7 h at EeW1 and 3 h at EeW2. During the night time, the
1920s-1930s PET ranges were also lower by one level compared to
the 2010s: this difference lasted 4 h at NeS1 and NeS2, 5 h at
EeW1 and 10 h at EeW2 (Table 8).

In July, the 1920e30s PET values were 1.1e3.7 �C lower than



Fig. 11. Winter and summer PET of the Geddes Plan area in 1920e30s and in the present-day.
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those of July 2010 during the night and 0e3.7 �C lower during the
day. Examination of the PET ranges shows that the main difference
occurred during daytime, where the historical PET ranges were
lower by one level for 1 h at NeS1, 2 h at NeS2, 3 h at EeW1 and 6 h
at EeW2. There was also a difference before dawn: NeS2 and
EeW2 stations had slight cold stress at 05:00 in 1920e30s,
compared to “neutral” thermal sensation in 2010.

6. Discussion

The aim of this study was to examine the long-term climatic
effect of the Geddes Plan of Tel-Aviv on outdoor human thermal
sensation. The motivation for this study was the critique on the
Geddes Plan arguing that the city “turned its back to the sea”
meaning that the main axes of the city are parallel to the sea, in a
northesouth direction. According to this critique, the NeS structure
blocks the city from themoderating effect of the sea by blocking the
cooling effect of the sea breeze. In order to refute this critique, the
current study had to tackle the subject in several phases:

(1) Examine the past and present climatic conditions in Tel-Aviv.
(2) Examine the micro-climate and human thermal sensation

during summer and winter in streets with different
orientations.

(3) Reconstruct the past urban tissue and estimate the past
micro-climate and human thermal sensation at street-level.
(4) Study the relationship between thermal sensation, shading
and wind velocity.

Former studies which examined the relationships between Gr,
Wv and human thermal comfort, showed that both shading and
wind flow are significant factors that determine PET values. Ali-
Toudert and Mayer [3] and others have claimed that shading is
crucial in moderating human heat stress during the summer. While
[4] and others, discussed the contradictory effect of the wind on
human thermal comfort e pleasant in the summer, uncomfortable
in the winter. Studies, like [12]; referred to both shade and wind,
arguing that solar radiation (Tmrt) is the main factor that reduces
PET values, but that Wv has a moderating effect too. This study
strengthens all of the above statements by adding a quantitative
analysis of the relative contribution of Wv and Gr to reducing PET
values e in PET �C. Moreover, the study provides a multidimen-
sional periodical analysis: both in different seasons and in present
and past decades.

Long term examination of the climatic conditions of Tel-Aviv,
shows that the mean maximal Ta in July between 1923 and 33,
was similar to nowadays; while the minimal Ta at dawn was lower
in the 1920e30s by 3 �C. In January, minimal mean Ta was lower by
1.4 �C in the 1920e30s, compared to the present, as well as the
maximal mean Ta that was lower too, by 2.1 �C. Analyzing the past
and present mean Ta values at 07:00, 14:00 and 21:00, strengthen
this observation (Tables 3 and 4). These findings can be explained



Fig. 12. The impact of wind velocity (Wv) and shading on outdoor thermal comfort
during the summer in Tel-Aviv. PET was calculated for an average July day with clear
sky at 14:00 in 2014 and in 1920e1930s.

Y.J. Balslev et al. / Building and Environment 93 (2015) 302e318316
by the spatial and demographic growth of the city, which has
grown from about 25,000 inhabitants in 1925 to over 400,000 at
present. A second observation of this analysis is that during the
1920e30s the daily temperature amplitude in the city was larger in
the summer by 3 �C; while in thewinter, it was larger only by 0.7 �C.
Thus, it appears that over the last 80 years, the summer nights have
become warmer and the daytime Ta has remained the same, while
during the winter both days and nights have become warmer.

An examination of the micro-climate conditions within the
Geddes Plan, using meteorological field measurements, showed
that street orientation had a great influence on the micro-climate
conditions at street-level. The notable result of the summer field
measurements was that Ta in the EeW street canyons was higher
than in the NeS street canyons during most of the day hours, by up
to 2 �C. The reason for this difference is mainly the length of SD that
changed according to the orientation of the street. During the
summer, EeW streets were exposed to direct solar radiation for
over 4 h longer than the NeS streets, even though the SVF values in
the four streets were alike (0.324e0.38). During the winter, the
measured Ta values in both NeS streets were higher than EeW1 by
up to 1 �C for 2 h at noontime, while Ta in the EeW2 street was
higher than all the other streets by up to 2 �C during afternoon and
early evening. These findings can be explained by the H/W ratio
difference. In both NeS streets the H/W ratio is 1 which allows for
less than 3 h of direct solar radiation, while at EeW1 (with H/W 1)
there was no SD at all. However at EeW2 with H/W ¼ 0.77 there
were over 6 h of SD (Table 7). Therefore, we deduce that H/W ratio
is a more dominant factor in the winter than in the summer; since,
due to the low winter solar orbit, it determines the micro-climate
conditions in EeW street canyons.

The most noteworthy finding of the field measurements is the
difference in PET levels between the various street canyons. In the
summer, the duration of “hot” and “very hot” PET levels was double
in EeW compared to NeS streets. In EeW streets, 4e5 h were
defined as “hot” and 3e4 h as “very hot”, while in NeS streets, 4 h
were defined as “hot” and only 1 h as “very hot”. In thewinter, there
were two notable findings. First, in the EeW1 street, there was cold
stress during all the daytime hours, with differences of up to 10 �C
PET compared to the other measured streets. Secondly, while
EeW1 had the most uncomfortable thermal conditions, EeW2 had
the most comfortable ones, with 6 h of neutral PET range. This is
due to the fact that EeW1 was shaded throughout the whole day
during the winter, emphasizing the fact that, for Tel-Aviv, direct
solar radiation is the most important factor for improving human
thermal sensation in winter.

Reconstruction of the past urban tissue together with the orig-
inal data of the meteorological station from the years 1923e1933
and the transposed data from the fieldmeasurements, enables us to
estimate the micro-climate conditions at street-level in the
1920e30s. During the summer, the main urban warming effect
occurred in the afternoon and at dawn (Fig. 5), where PET increased
over the years by 3e3.7 �C (Fig. 11). This increment has changed the
human thermal sensation in the afternoon for 1e2 h, from the
range of “hot” to “very hot”, while at dawn it changed it in two
streets for 1 h from “slightly cool” to “neutral”. During the winter,
the long-term urban warming effect increased PET values over the
last century by up to 1.2e2.1 �C in all four streets, during day and
night. As a result, human thermal sensationwas reduced at night by
one level, from “very cold” to “cold” as well as during morning and
afternoon hours, from “cold” to “cool”, “cool” to “slightly cool” and
“slightly cool” to “neutral”. This increasewasmore significant in the
EeW streets, where it lasted 11e13 h, while in NeS streets it
occurred only for 8e10 h.

The final stage of the study was an examination of the rela-
tionship between thermal sensation, shading effect and wind
velocity that influenced the differences in human thermal comfort
between NeS streets and EeW streets, both in the field measure-
ments and in the historical estimation. In order to determine the
relation between these climatic factors at street-level, we calcu-
lated the PET values on of average January and July days at 14:00 in
1923e1933 and 2001e2011, according to the measured means of
Ta, RH and Gr in Nahmani, Ironi D and Yad-Avner Stations (Tables 3
and 4). Two changes were made in this calculation. First Wv was
gradually reinforced from 0m/s to a maximal speed of 6 m/s, which
was the maximal meanWv that was measured on roof-level in July
(Table 4). Second, PET was calculated in two conditions: under a
clear sky with direct solar radiation (SVF ¼ 1), and under a shaded
sky with no direct solar radiation (SVF ¼ 0).

Accordingly, during the summer, (between 1923 and 1933
Ta ¼ 29.6 �C, RH ¼ 67%, Gr ¼ 808.63 W/m2 and PET ¼ 49.8 �C; and
between 2001 and 2011 Ta ¼ 30 �C, RH ¼ 63%, Gr ¼ 808.63 W/m2

and PET ¼ 50.2 �C) the reinforcement of Wv from 0 m/s to 6 m/s
under a clear sky reduced PET by 16.3 �C; while the shading effect
with Wv of 0 m/s reduced PET by 18.9 �C. Moreover, since the
measured in-situ Wv at 14 h during July did not reach 1.5 m/s in all
four streets, the street-level effect of Wv on PET was in fact a
reduction of only10 �C (Fig. 12). Hence, human thermal sensation
with Wv of 1.5 m/s during exposure to the sun, remained “very
hot”; while shade without Wv reduced two PET levels from “very
hot” to “warm”. Therefore, the shading effect is a more efficient
factor thanWv in moderating human thermal stress in the summer
on Tel-Aviv streets.

During the winter, (Between 1923 and 1933 Ta ¼ 16.3 �C,
RH ¼ 59%, Gr ¼ 549 W/m2 and PET ¼ 28.8 �C, and between 2001
and 2011 Ta¼ 18.1 �C, RH¼ 52%, Gr¼ 549W/m2 and PET¼ 29.8 �C),
when the maximal mean Wv on roof-level was 3.2 m/s, a rein-
forcement of Wv from 0m/s to 3 m/s under a clear sky reduced PET
by 13.5 �C; while the shading effect with Wv of 0 m/s reduced PET
only by 10.3 �C. Moreover, since themeasured in-situWv in January
at 14:00 was less than 1 m/s, it is worth noting that Wv of 1 m/s
under a clear sky reduced PET by 9.5 �C, similar degree to shading
(Fig. 13). Nonetheless, it seems that the combined effect of shade
and wind (1 m/s) during the winter may have a critical influence on
human thermal sensation, by reducing four PET levels from “warm”

to “slightly cool”. Furthermore, under the climatic conditions of
1923e1933, the combined effect of the wind and shade was even
more crucial, since it created a reduction of five PET ranges, from
“warm” to “cool”. Consequently, we argue that shade is a more



Fig. 13. The impact of wind velocity (Wv) and shading on outdoor thermal comfort
during the winter in Tel-Aviv. PET was calculated for an average January day with clear
sky at 14:00 in 2014 and in 1920e1930s.
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efficient factor thanWv in moderating human thermal stress in the
summer, and has equivalent influence to Wv during the winter.

7. Conclusions

The aim of this study was to analyze and quantify the climatic
effect of the Geddes Plan (1925) [18] on outdoor thermal comfort in
Tel Aviv from a historical perspective. This study has highlighted
several important climatic issues that relate to urban planning:
climatic suitability of the urban structure to the various seasons,
sustainability of climatic urban planning over time, and a deter-
mination of which factor (wind or shade) has a stronger influence
on human thermal sensation in Tel-Aviv.

The main conclusions of this study are that in the geographical
location of Tel-Aviv, shading is a more significant factor than wind
ventilation for improving micro-climate conditions and reducing
thermal stress at street-level during the summer season; whereas
during the winter, shading and wind increase cold stress equally.
Therefore, in the case of Tel-Aviv, NeS street canyons are better
suited to the climate conditions than EeW street canyonse despite
the latter being more open to the sea breeze. Moreover, H/W ratio
plays an important role mainly during the winter; since EeWstreet
canyons with H/W < 0.8 improve thermal sensationmore than NeS
street canyons, but EeWstreets with H/W > 0.8 reduce the thermal
comfort in comparison to NeS streets. Additionally, the study
shows that although SVF has a major effect on thermal comfort,
street orientation is the major factor that dominates thermal
sensation, due to the shading effect of the built environment.
Hence, in a Mediterranean city such as Tel-Aviv, a NeS oriented
street will usually have better thermal comfort conditions than an
EeW oriented street with the same SVF.

The drawback of this study is the relatively short periods of field
measurements which were taken. We overcame this by using the
11 year daily means of the data from the fixed meteorological sta-
tions, in order to verify that the in-situ measurements would
actually represent mean January and July climatic conditions.
However, in order to reinforce the past and present PET findings,
longer and multi-year measurements are required.

Themain innovation of this research is climate reconstruction at
specific sites in a city that had not been measured in the past. As far
as we know, this is an original methodology which has never before
been implemented. The combination of current measurements and
past meteorological data allows historical evaluation of micro-
climate conditions at specific sites in the city. The use of this
methodology shows that the Geddes Plan created an urban tissue
that improved thermal sensation at street-level in NeS streets,
which are the main axes of the city. Due to micro-climate changes
over the past 90 years, PET values have risen at street-level.
Nonetheless, the climatic effects of the Geddes Plan are even
more pronounced today, mainly in the hot season.

Thus, by empirical research, this study proves that the critique
which claims that the Geddes plan of Tel-Aviv caused the city to
“turn its back to the sea” is unjustified from a climatic point of view,
both at the time of its construction and nowadays. Hence, it appears
that the Geddes Plan is highly suitable for the climatic conditions of
Tel-Aviv. Finally, this study shows that climatic evaluation of an
urban plan is best performed by empirical research and not just by
qualitative assessment.
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Glossary

Gr: global radiation (w/m2)
h: hours
H/W: height-to-width ratio
PET: physiologically equivalent temperature (PET, �C)
RH: relative humidity (%)
SD: sun duration (h)
SVF: sky view factor
Ta: air temperature (�C)
Tmrt: mean radiant temperature (�C)
VP: vapor pressure (hPa)
Wd: wind direction (�)
Wv: wind velocity (m/s)
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