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Istanbul, as one of the four anchor megacities of Europe, has shown a rise of 0.94°C in average annual temperature over the long
period of 1912-2016 under impacts of anthropogenic climate change. A notable increase in temperatures has started after the 1940s,
which is in parallel with the beginning of industrialization era in Istanbul. This warming is associated with an extensive population
growth and accompanied the decrease in vegetation cover. Increasing in minimum series of temperature is more evident than
maximum values and the rising rate of temperature values has been more pronounced during recent decades. The first significant
upward trend in precipitation series has periodically started in 1920s, while there has been a stable trend from 2001 till today.
The daily average of rainfall amount increased with a mean value of 58 mm during the total study period. Rising rate of daily
maximum precipitation has been more evident in the last 3 decades, which is shown by the increased frequency of heavy rainfall.
In this regard, both of the temperature and precipitation series had higher mean values (13.9°C and 878 mm) for the final period

(1965-2016) compared to the mean values (13.6°C and 799 mm) belonging to the first period (1912-1964).

1. Introduction

Modernization and industrialization and their socioeco-
nomic effects have caused an increase in rapid urbanization
all over the world. The probability of climate variability and
climate change especially in megacities is the cause of great
concern among scientists, governments, and lawmakers.
Uncontrolled changes in demographic values, land-use area,
vehicle and industrial product types, and building features
can play an important role in regional climate change and
can produce further problems in settlement areas due to
more occurrences of climatic disasters. Previous researchers
represent that since the beginning of the 20th century, average
global temperature has increased about 0.6°C [1]. According
to the 5th assessment report (AR5) of the Intergovernmental
Panel on Climate Change (IPCC), global average temperature
has shown a 0.85°C increase over the period of 1800-2012 and

this trend of global warming is predicted to likely increase
during the 21st century under the all Representative Concen-
tration Pathways scenarios [2]. Thus, climate change can be
a serious threat to sustainable development, particularly in
megacities in terms of economic, social, and environmental
effects. From the beginning of the industrial revolution age
to the present, the excessive use of fossil fuel for the sake
of economic growth has affected the delicate balance of
the atmosphere by leading to an increase in greenhouse
gas emissions. So, it is accepted today that human lifestyle
and the increasing demands on natural resources are the
main causes of climate change. Global climate change will
have diverse impacts on human health because the health
of the human population depends fundamentally on the
conditions of social and natural environments [3]. On the
other hand, urban heat island (UHI) is related to the fast
urbanization and industrialization of the cities. In this case, a
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good understanding of rising trends in population and water
consumption is necessary to prevent any water shortage in the
coming decades.

One of the consequences of climate change is the increas-
ing frequency of extreme events [4, 5] such as floods,
droughts, heat waves associated with negative effects on the
environment, losing the life and property, and disturbance
of human climate comfort. For example, many heat-related
deaths occurred during the heat wave events in Chicago in
1995, in Western Europe in 2003, and in East Asia in 1994 [6—
8]. Also, recent studies revealed significant worldwide warm-
ing and a general increase in the frequency and persistence of
extreme temperature and precipitation events (e.g., [9-13]).
So far, extensive researches have been conducted to detect the
effects of climate change on climatic variables at a regional
scale. Meanwhile, a comprehensive assessment of the global
warming impacts on climatic parameters is necessary for
any regions, especially urban areas which are affected more
by negative effects of urbanization and anthropogenic on
the environment [14]. In the study area, some studies have
been investigated to understand climate change impacts by
focusing on temperature and precipitation variability. In this
connection, one of the conclusions is that these studies agree
on the urban development influence on the temperature and
precipitation values. Tayang et al. [15] carried out a study
using temperature and precipitation data for the period of
1950-2004 to classify the weather stations into two groups
according to their populations under climate change over
Turkey. These results showed that a significant warming trend
is observed in both urban and suburban weather stations in
the last decade and the variability of precipitation time series
in the urban area is generally larger than rural area and urban
weather stations are experiencing more frequent and severe
droughts and floods hazards. Toros [16] found a significant
warming trend in both annual maximum and minimum
temperature parameters. Increasing trends in warm periods
are comparatively stronger than cold periods, especially in the
maximum temperatures. Toros [17] indicated that there is a
general decreasing tendency in the total annual precipitation
over more than 34% of weather stations of Turkey. Also,
Tiirkes et al. [18] indicated that all 3 air temperature series,
minimum, maximum, and average, have increased after the
1980s over Turkey. In this case, there is a negative trend
in precipitation parameter along with the positive trend in
temperature parameter in Turkey, which may significantly
affect water sustainability regionally. There is no doubt that
more water supply facilities will be needed due to a reduction
in rainwater and increase in evaporation under warmer
conditions as well as increasing rate in the population with
more water demands.

In this regard, the reports of IPCC demonstrate that
each of the last three decades has been warmer than all the
previous decades [19]. Also, rising inland temperatures are
larger than the sea temperatures, mainly owing to the land-
use characteristics and urban heat island. The demographic
studies of United Nations [20] showed that the proportion
of the world population in urban areas has increased from
a mere 13% in 1900 to 54% in 2014. This is showing that
authorities need to prepare and develop adaptation strategies
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for the urban areas, especially megacities. Therefore, this
study aimed to evaluate the climate variability in Istanbul,
one of the largest and most populated megacities in the
world, under the light of anthropogenic effects and climate
change consequences; the study is carried out based on 105
years of recorded meteorological data of the weather station
Kandilli. In this work, various statistical analyses are used to
detect the long-term climatic changes in the temperature and
precipitation time series. Thus, the results of this study relying
on the long-term meteorological data can be a reference
and guidance for researchers and decision-makers of urban
planning, climate change adaptation, and management owing
to the strategic location of Istanbul.

2. Study Area and Data

The megacity of Istanbul with the geographical coordinates
of 28°57'53"E and 41°01'07"N is the biggest city in Turkey
and is one of the most populous cities in the world. Istanbul
is geographically located in the northwest of Turkey and the
weather station of Kandilli is in the middle of the Asian side
of this city (Figures 1(a) and 1(b)). This megacity is the heart
of Turkey owing to the industry, commercialization, culture,
and tourism. This city covers a total area of approximately
5,400 km2 and has alot of hills with the highest point of 540 m
at the Aydos Hill [21]. Owing to the effects of industrialization
in Turkey, significant environmental impacts have started
to be seen after the 1970s. Today, almost every kind of
environmental pollution can be found around the greater
Istanbul metropolitan area. Istanbul’s climate is usually warm
and dry in summer and cold and wet in winter. Istanbul con-
tains many hills and valleys topographically. Thus, Istanbul’s
temperature and precipitation are changed from one side to
the other. The average annual temperature is about 13.8°C
with a monthly maximum of 22.8°C in August and a monthly
minimum of 5.3°C in February. The total annual precipitation
is 8375mm with a monthly maximum of 128.4mm in
December and a monthly minimum of 31.9 mm in July. The
population of Istanbul is about 15 million people according to
the results of population registration system in 2016 [22]. The
trend of population growth in Istanbul shows an increasing
tendency from 2000 to 2017 (Figure 1(c)). Also, it is possible
to see the different views of Istanbul for vegetation changes by
using the Normalized Difference Vegetation Index (NDVTI)
over the time (Figure 1(d)). This variability can be the driving
force of extreme meteorological events with damaging effects
under climate change conditions.

In this study, we used climatic data of Kandilli station
which is located in a park and its neighboring site is an area
without urban density. This is an advantage for recording the
weather data which has not been affected by urban activities
and the results of the data analysis can show reliable climate
variability representing the region. For the quality analysis
of the data, several methods are considered. There is no
information about the history of meteorological instruments
which have been used to record the data at the Kandilli
station. Some of earlier records of instruments which are
presented by Ering [23] are neither complete enough to be
used in the analysis nor fully available from any other source
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FIGURE 1: Geographical location of Istanbul (a) and Turkey (b); population growth (c) and NDVI changes (d).

[24]. Thus, we decided to use a data period of 1912-2016 that
is larger than a century, which has high-quality data and can
provide information about climate change. Climate change
is a long-term continuous change (increase or decrease) to
average weather conditions (e.g., average temperature) or the
range of weather (e.g., more frequent and severe extreme
storms). Both can also happen simultaneously. Therefore, in
the present study, the meteorological data of Kandilli station
due to the valuable longest period of recording the obser-
vational data from 1912 to 2016 is used for a comprehensive
assessment of the climate fluctuations in Istanbul area in
advance to global climate change effects. In this case, the long-
term daily minimum, average, and maximum temperature
and total annual precipitation time series are prepared from
meteorological service of Kandilli station which is situated at
Asian part of Istanbul (see Figure 1(a)).

3. Methodology

Different time series of meteorological data at the station scale
of Kandilli including daily temperature and precipitation
are considered for analysis of the climate change effects in
Istanbul city over the time. First, reliability and accuracy

of these data at the significance level of 95 (Table 1) are
checked via SPSS software for based quality tests such as Run
test of randomness, Kolmogorov-Smirnov test of normality,
and Levenes test of homogeneity. In this case, Run test is
used to test whether the data time series are random or not
[25]. Also, K-S test is applied to check whether the data
time series is normally distributed (or bell-shaped) with 0
mean, 1 standard deviation, and a symmetric bell-shaped
curve [26]. Finally, Levene’s test is used to assess if the
groups have equal variances or to test the assumption of
homogeneity of variance by comparing climatic series of the
Kandilli station over the time and with its nearby station
called Sariyer (refer to Figure 1(a)) inside of Istanbul area
[27]. Thence, the nonparametric Mann-Kendall (MK) trend
test and statistical regression analysis are used to discover
variability and trend in the data time series. The result of MK
test shows any increasing or decreasing trends in the data
time series, whereas a value of u(¢) higher than 1.96 shows
a positive trend and a value of u(t) lower than -1.96 shows
a negative trend at the significance level of 95% [28, 29].
The Mann-Kendall test examines whether to accept the null
hypothesis HO (shows no monotonic trend) or the alternative
hypothesis HI (shows monotonic trend). As (1) shows, the



MK test is applicable in cases when the data values Xi of a
time series can be assumed to obey the model.

Xi = f (ti) + €, )

where f(t) is a continuous monotonic increasing or decreas-
ing function of time; the residuals &i can be assumed to be
from the same distribution with zero mean.

Then, an upward or downward trend is given by a positive
or negative value of Z. For this purpose, at first, the variance
of S is computed using the following equation:

VAR(S) - n(n-1)(2n-5) —éizlt(t— D@+ o

where m is the number of tied groups; t is the number of data
values in the 7 group. Then the values of S and VAR(S) are
used to compute the MK test statistic of Z, as is present in (3)
(Z:a,b,c):

S-1

Z, = ——— if.$>0,

VAR (S)
Z,=0, if.$=0, 3)
z = S*L i sco

¢ JVAR(®S)

Moreover, remote sensing phenology studies use data gath-
ered by satellite sensors which measure wavelengths of light
absorbed and reflected by green plants. Certain pigment
in plant leaves strongly absorbs wavelengths of visible light
(red). The leaves themselves strongly reflect wavelengths of
near-infrared light, which is invisible to human eyes. This
has long been used to monitor the vegetation and changes
in the vegetation of the entire Earth. Although there are
several vegetation indices, one of the most widely used is the
Normalized Difference Vegetation Index (NDVI) (see (4)).

(Band 4 — Band 3)

NDVI = s
(Band 4 + Band 3)

(4)

where RED (Band 3) and NIR (Band 4) stand for the spectral
reflectance measurements acquired in the visible (RED) and
near-infrared (NIR) regions, respectively. NDVI values range
is from +0.1 to —0.1. A zero means no vegetation and close
to +1 (0.8-0.9) indicates the highest possible density of green
leaves. Areas of barren rock, sand, or snow usually show
very low NDVI values. Sparse vegetation such as shrubs and
grasslands or senescing crops may result in moderate NDVI
values. High NDVI values correspond to dense vegetation
such as that found in temperate and tropical forests or crops
at their peak growth stage [30]. In this case, the NDVI
index is extracted based on accessible remote sensing images
of the Landsat-7 ETM+ during the years of 1985 to 2015
(refer to Figure 1(d)). Finally, statistical analysis of population
growth rates in Istanbul city is calculated during the years
of 2000 to 2017 to better understand the trends in climatic
parameters according to anthropogenic behaviors affected by
growing urbanization in Istanbul area over the time (refer to
Figure 1(c)).
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4. Results and Discussion

Trend analysis of the temperatures and precipitation series
using the method of the linear best-fit curve and Man-
Kendall test are applied for subperiods throughout the whole
period of 1912-2016. In this case, the first half of studied
period (1912-1964) is compared to second half of studied
period (1964-2016) for knowing the actual changes in cli-
matic parameters. Also, since the globe on average was hotter
in the early 1960s according to fifth assessment report of
IPCC in 2013, a comparing analysis between two subperiods
of 1912-1980 and 1981-2016 is performed by choosing the
turning point in the year of 1980. In this case, the results
of basic quality tests for all studied periods showed that the
distribution of all-time series at the significance level of 95%
does not follow the randomness principle by use of Run test
and the normality principle by using Kolmogorov-Smirnov
test for both of Kandilli station and its nearby station of
Sariyer. Then, the results of Levenes test of homogeneity
and ANOVA test for assessing the absolute homogeneity
showed that minimum temperature and precipitation time
series of the Kandilli station are homogeneous by comparison
between two subperiods” data including 1st and 2nd parts of
the entire period of 1912-2016. Also, in the case of assessing
the relative homogeneity between two separate data groups
including the Kandilli station and its nearby station of Sariyer
showed that the average temperature and precipitation time
series are homogeneous for the same studied period of
1965-2016. Moreover, results of the homogeneity test showed
no homogeneity in the other series whether between meteo-
rological series at the Kandilli station and its nearby station of
Sariyer in the same period or between two subperiods of the
Kandilli station’s series (Table 1). These uneven results of basic
tests onto data time periods and subperiods can be affected
by urbanization along with global warming effects. So, the
population of Istanbul has almost increased by a factor of 17
from 1927 to 2016 and the effects of population growth are
changed in the land use and land cover. Also, it is possible to
see the different views of Istanbul for vegetation changes by
using the Normalized Difference Vegetation Index (NDVT)
over the time from 1985 to 2015 (see Figure 1(d)). In this case,
adverse effect of urbanization is the decline in forest cover.
Many countries have witnessed severe deforestation due to
rapid urban growth. On the global scale, the world lost 3% of
its total forest area between 1990 and 2005, with an average
0.2% decrease per year. Urban areas in Istanbul have also
expanded about 87.9% from 1977 to 2007, while forest areas
declined about 5.4% in the same period. One of the most
significant results of the study was that total forest areas in
Istanbul have almost increased about 0.3% between 2000 and
2007 [31]. The increase of forest areas as opposed to growth
in population size may well be explained by the movement
of population from rural areas to Istanbul city. Thus, it can
provide an opportunity to release human pressure from forest
areas, probably resulting in a positive development of forest
[32, 33]. The same period has also witnessed an increase in a
rate of 3.1 times in the city’s population during the last thirty
years. Thus, Istanbul’s population is rapidly increasing, and,
consequently, the residential settlement is widening. This
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FIGURE 2: Trend analysis of average annual temperature (a) and average monthly temperature (b).

is the main reason why the forests as Istanbul’s life source
are being destroyed. Overall, this suggests that progress has
been made in Istanbul not only in having sustainable urban
growth but also in preserving, restoring, and even expanding
forest areas, especially after the year 2000. In the following,
after assessing the population growth and land use change in
Istanbul, the results obtained from main climatic parameters
trend are analyzed for previous decades compared to last
decades.

4.1. Temperature. The analysis of average yearly, maximum,
and minimum temperature has been carried out using the
statistical method of least squares and the MK test at the
significance level of 5% is shown with a dashed line (+2)
in Figures 2-5. The results of linear trends and MK rank
correlation test showed that there is an increase in the average
daily temperature series for the whole period of 1912-2016 in
Istanbul (Figure 2(a)). However, this upward trend includes
important differences. While there is not any significant
change in the annual temperature time series from 1912
to 1944, the upward trend became apparent between 1944
and 1969. A cool period exists in the period of 1969-1993
and, after that, a significant rising trend is pronounced in
average annual temperature at the 95% confidence level.
There has been a rise of about 0.94°C in the average daily
temperature over the last 100 years at Kandilli. Temperature
has increased 0.60°C in the period 0f 1951-2016 and 1.70°C in
the period 0f1981-2016. In this case, the global combined land
and ocean surface temperatures show an increase of about

0.89°C (0.69°C-1.08°C) over the period of 1901-2016 and
about 0.72°C (0.49°C-0.89°C) over the period of 1951-2016
according to fifth assessment report of IPCC in 2013.

Nevertheless, the data time series of Kandilli station
shows that the increase in temperature parameter after the
1940s is in parallel with the beginning of industrialization era
in Istanbul. Of course, regime changes in temperature time
series on regional scales cannot be totally explained by the
nature destruction and pollutant emissions in and around
Istanbul, alone. These effects can also be considered as a
reflection of the general situation happening in the world
on a larger scale. Temperature time series of the Kandilli
station shows an annual average about 13.7°C and absolute
minimum and maximum in 1920 with a value of 12.4°C and
in 1966 with a value of 15.3°C, respectively (Figure 2(a)).
Owing to the Mediterranean climate of the study area,
monthly temperature time series is increased from February
to August and is decreased from August to February, reaching
a minimum of 5.2°C in February and a maximum of 22.7°C
in August (Figure 2(b)).

A general tendency of a warming trend in the daily
temperature series is found for the whole studied period
of 1912-2016 by using the least squares regression analysis.
Therefore, the trend analysis revealed that the daily average
of temperature has increased by a rate of 0.9 for the period
from 1912 to 2016 (Figures 3(bl) and 3(b2)). Also, there is a
positive trend about 1.49°C in daily maximum temperature
series during the whole studied period. Furthermore, the
increasing trends have notably occurred in two subperiods
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FIGURE 3: Trend analysis of the temperatures time series using linear best-fit curve and MK test for daily minimum temperature (al, a2), daily
average temperature (bl, b2), daily maximum temperature (cl, ¢2), number of days with daily maximum temperature > 30°C (dl, d2), number
of days with daily minimum temperature < 0°C (el, e2), and daily temperature range (f1, f2).

between 1944 and 1969 and between 1991 and 2016 (Figures
3(cl) and 3(c2)). There is a positive trend about 1.1°C in
daily minimum temperature series during the whole studied
period, too, while this positive trend value is smaller than the
positive trend value of maximum temperature. The trend of
minimum temperature series is stable during the period of
1912-1944. Then, it shows a steady increase during 1942 to
1989, which is most pronounced during 1944-1954. Finally,
the rising trends in the minimum temperature series became

significant based on MK test’s result for the last period of 2003
to 2016. (Figures 3(al) and 3(a2)). In this case, the minimum
temperature shows increasing change for all season where
the most increasing change has happened in summer and
spring season in all studied periods, respectively (Table 2).
Analysis of the number of days having daily maximum
temperature higher than 30°C for the long time period of
1912 to 2016 by focusing precisely on its subperiods showed
that there is almost no trend during 1912-1945, a significant
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FIGURE 4: Time series of total annual precipitation (a) and total monthly precipitation (b).

increasing trend during 1945-1969, a relative reduction trend
during 1969-1977, an increasing trend during 1977-1992,
and a more pronounced increasing trend during 1992-2007
(Figures 3(dl) and 3(d2)). On the other hand, analysis of the
number of days with daily minimum temperatures lower than
0°C shows a decreasing trend, generally. So, there is a relative
increase during 1915-1930, almost no trend during 1930-1954,
an increase during 1954-1963, a decrease during 1963-1985,
almost no trend during 1985-1995, and a decrease during
1995-2011 by a detailed focus on subperiods of the time series
(Figures 3(el) and 3(e2)). When the daily temperature range
in the whole long period is analyzed, an increment can be
clearly observed. The situation was stable in the period of
1912-1950. There is an increasing trend during 1950-1970 and
an obvious decrement during 1970-1985. Also, there is an
increase between 1985 and 2010 (Figures 3(f1) and 3(f2)).
The comparison results between the periods of 1912-1964
and 1965-2016 and the periods of 1912-1980 and 1981-2016
showed that (Table 1) there is an increment in the daily
average temperature series about 0.4°C for the periods of
1965-2016 (14°C) compared to previous period of 1912-1964
(13.6°C) and an increment about 0.5°C for the periods of
1981-2016 (14.1°C) compared to previous period of 1912-1980
(13.6°C), respectively. In addition, the standard deviation is
increased by a coeflicient between 0.1°C and 0.2°C in the
whole studied period. The increment of the minimum values
in the daily average temperature series is more evident than
the maximum values by a mean coefficient of about 6 times
for both of studied periods. The minimum value of daily aver-
age temperatures in the periods of 1912-1964 and 1965-2016
revealed an increment of 0.6°C and 0.8°C, respectively. The
maximum value of daily average temperatures in the periods
of 1912-1964 and 1965-2016 showed a decrement of 0.2°C
and 0.1°C, respectively. When the monthly values of daily
average temperature are analyzed, the highest increment in

the periods of 1912-1964 and 1965-2016 is found to be in
June at a rate of 1°C. The highest increment in the periods
of 1912-1980 and 1981-2016 appeared to be in June again
with a rate of 1.1°C. Also, there has been temperature decre-
ment in October, November, and December for all studied
periods. The highest decrement was in November with a
rate of —0.5°C in the periods of 1912-1964 and 1965-2016 as
well as —0.4°C in the periods of 1912-1980 and 1981-2016.
In this case, the analysis of seasonal values of the daily
average temperatures showed that the highest increment in
the periods of 1912-1964 and 1965-2016 took place in the
summer season at a rate of 0.7°C. The highest increment in
the periods of 1912-1980 and 1981-2016 was found to be in
summer again by a rate of 1.1°C. Also, there was a temperature
decrement in the autumn season which was about —0.10°C
only for the periods of 1912-1964 and 1965-2016. Analysis
of the percentile thresholds of daily average temperatures
showed that the temperature increment at the 5th percentile
is 0.5°C for the periods 0f 1912-1964 and 1965-2016, while this
increment is 0.3°C for the periods 0f 1912-1980 and 1981-2016.
Therefore, it can be said that the rate of temperature rising
has increased further as much as the time is closer to the end
years of studied period. Also, these increment values indicate
an increase of 0.2°C and 0.3°C at the 25th percentile, 0.5°C
and 0.8°C at the 75th percentile, and 0.6°C and 1.1°C at the
95th percentile thresholds for the whole studied subperiods of
1912-1964, 1965-2016, 1912-1980, and 1981-2016, respectively.
This situation shows that the increment of higher values in
the daily average temperatures is greater than the increment
of lower values and also this increment is more evident for the
periods of 1912-1980 and 1981-2016 compared to the periods
0f 1912-1964 and 1965-2016.

Comparison of the daily maximum temperature series
for two periods of 1912-1964 and 1965-2016 revealed an
increment of 0.8°C which can be divided into an average
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value of 18°C for the period of 1912-1964 and an average
value of 18.7°C for the period of 1965-2016. On the other
hand, comparison of the daily maximum temperature series
for the periods of 1912-1980 and 1981-2016 has revealed an
increment of 0.6°C with an average value between 18.2°C and
18.8°C for both of these periods, respectively. In addition,
the standard deviation values are increased between 0.2°C
and 0.3°C during the whole studied period. The increment in
the minimum values of daily maximum temperature series
is more evident than the maximum values. The minimum
values of daily maximum temperatures have exhibited an
increment of 0.8°C for the period of 1965-2016 compared to
the previous period of 1912-1964 and also an increment of
0.7°C for the period of 1981-2016 compared to the previous
period 0f1912-1980. Also, the maximum values of daily maxi-
mum temperature series exhibited a mean increment of 0.5°C
for both studied periods. Seasonal analysis of maximum
temperature series for both of studied section periods showed
that the highest rising temperature has been happened by
a value of 1.2°C in summer. On the other hand, the lowest
increment has happened in the autumn season. The monthly
analysis of daily maximum temperature series showed that
the highest increment took place during the last months
of the spring season and the first month of the summer
season in all of the studied periods. When the percentiles of
daily maximum temperatures are analyzed, the temperature
increment based on the 5th percentile threshold is 0.5°C for
the periods of 1912-1964 and 1965-2016, while the increment
is 0.3°C for the periods of 1912-1980 and 1981-2016. This can
be considered as an important sign of rising temperature over
the time. In this case, the value of percentile thresholds is
increased with extending the length of the time period with
extending the length of the first section of studied period in
favor of last years than the previous ones. In this regard, these
values are 0.5°C and 0.4°C at the 25th percentile, 1°C and
L1I'C at the 75th percentile, and 1.1°C and 1.2°C at the 95th
percentile for both sections of studied periods, respectively.
This situation shows that the increment of higher values in
the daily maximum temperatures is greater than lower values.

The comparison analysis of daily minimum temperatures
between the periods of 1912-1964 and 1965-2016 and the
periods of 1912-1980 and 1981-2016 showed that there is a
general increment of 0.5°C during the first section periods
which can be given as 10.2°C and 10.7°C for the individual
periods of 1912-1964 and 1965-2016 and also a general
increment of 0.8°C during the second section periods which
can be provided as 10.2°C and 11°C for the individual periods
of 1912-1980 and 1981-2016, respectively. In addition, the
standard deviation values increased among these section
periods from 0°C to 0.3°C. The increment in the minimum
values of daily minimum temperature series is more evident
than the maximum values. The minimum values of daily
minimum temperature series showed an increment of 1.2°C
from the period of 1912-1964 to 1965-2016 and also an
increment of 1.6°C from the period 0f 1912-1980 to 1981-2016.
The maximum values of daily minimum temperature series
have shown an increment of 0.7°C for the section periods
of 1912-1964 and 1965-2016 and an increment of 1.2°C for
the section periods of 1912-1980 and 1981-2016. Overall,
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the minimum values have had an average increment of
1.4°C, while the maximum values have had an average
increment of 1°C during the last century, which can show
the higher rate of upward trends in the temperature time
series. Monthly analysis of minimum temperature series
showed that the highest increment for the section studied
periods of 1912-1964 and 1965-2016 has occurred by a value
of I'C in June, while the highest increment for the section
studied periods of 1912-1980 and 1981-2016 has occurred by
a value of 1.6"C in August. Meanwhile, there is a temperature
decrement in November in both of these periods. However,
there is a clear decrement in the first half of these periods
in October and December, whereas there is an increment
in the second half of these periods. The seasonal analysis
of the daily minimum temperature series showed that the
highest increment has happened in the summer season with
a mean value of 0.7°C for the section periods of 1912-1964
and 1965-2016 and with a mean value of 1.3°C for the section
periods of 1912-1980 and 1981-2016, respectively. Then, the
increasing rate during the summer season became more
evident during the recent decades. Analysis of the percentile
thresholds of daily minimum temperature series showed that
the temperature increment at the 5th percentile is 0.6°C for
all studied time periods of 1912-1964, 1965-2016, 1912-1980,
and 1981-2016. Also, these increment values indicate an
increase of 0.4°C and 0.6°C at the 25th percentile, 0.7°C and
1.1°C at the 75th percentile, and 0.7°C and 1.4°C at the 95th
percentile thresholds for the whole studied subperiods of
1912-1964, 1965-2016, 1912-1980, and 1981-2016, respectively.
These rising rates in minimum temperature series are more
evident for the periods of 1912-1980 and 1981-2016 than the
periods of 1912-1980 and 1981-2016. Therefore, it can be said
that the rate of temperature rising has increased further as
long as the studied time period is closer to the last years.

4.2. Precipitation. Annual average precipitation in Istanbul
is 838 mm with a range of minimum value of 449 mm in
1921 and a maximum value of 1289 mm in 1981 based on the
observatory data of Kandilli station during the whole studied
period from 1912 to 2016 (Figure 4(a)). Also, monthly average
precipitation is 69.9 mm with a range of the minimum of
32.6 mm in July and the maximum of 128.6 mm in December
during the whole studied time period (Figure 4(b)).
Analysis of the trend in the annual average precipitation
time series by the methods of linear regression analysis
and MK trend test has shown that periodically there are
partial increments and significant differences during the total
studied period from 1912 to 2016 (Figures 5(al) and 5(a2)).
But this increment in the precipitation time series is not
as clear as the increment in the temperature time series.
However, it is obvious in the precipitation time series that
there is an increment between the years of 1917 and 1925,
a stable condition between the years of 1925 and 1954, an
increment between the years of 1954 and 1965, a decrement
between the years 0of 1965 and 1974, an increment between the
years of 1974 and 2001, and again a no change situation from
2001 till the end. The trend analysis of the daily maximum
precipitation series showed an increment of 2.9 mm for the
periods of 1912-1964 and 1965-2016 as well as an increment
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of 9.3 mm for the periods of 1912-1980 and 1981-2016. These
values indicated that rainfall has increased at a rate of more
than three times over the last decades than the previous ones
(Figures 5(bl1) and 5(b2)). Also, the number of days with daily
precipitation greater than 25 mm presented an increment
during the period 0f1912-2016, although this is not significant
at the confidence level of 0.05 (Figures 5(cl) and 5(c2)).
The trend of standard deviation in the daily precipitation
time series showed a slowly increasing trend during the total
studied period (Figures 5(dl) and 5(d2)).

The comparison of the results of statistical analysis
between the daily average rainfall amounts belonging to
the periods of 1912-1964 and 1965-2016 with those of the
periods of 1912-1980 and 1981-2016 revealed that there is an
increment of 78 mm from the period of 1912-1964 to the
period of 1965-2016 and an increment of 38 mm from the
period of 1912-1980 to the period of 1981-2016. In addition,
the analysis of standard deviation exhibited a decrement
from the period of 1912-1964 to the period of 1965-2016 and
an increment from the period of 1912-1980 to the period
of 1981-2016 (Table 2). The analysis of monthly average
precipitation time series showed that the highest increment
has happened in October with 22.7mm for the section
periods of 1912-1964 and 1965-2016 and with 34.7 mm for
the section periods of 1912-1980 and 1981-2016. On the other
hand, the highest decrease took place with a value of 0.4 mm
during both May and July for the periods of 1912-1964 and
1965-2016 and with a value of —16 mm in September for the
section periods of 1912-1980 and 1981-2016. The analysis of
seasonal average precipitation time series showed that the
highest increase occurred in autumn with a value of 72 mm
for the section periods of 1912-1964 and 1965-2016 as well
as with a value of 6.4 mm for the periods of 1912-1980 and
1981-2016, respectively. There is no remarkable decreasing
change seasonally, except in winter season during the periods
of 1912-1980 and 1981-2016. Furthermore, the percentile
thresholds of daily average precipitation indicated that there
is an insignificant negative trend based on all percentiles
and for all studied periods. Overall, the statistical analysis
showed that the total average precipitation of Istanbul has
increased, while this increasing trend is more pronounced in
the previous decades than the last 3 decades. On the other
hand, the increasing rate of daily maximum precipitation is
more evident during the last 3 decades than the previous
decades which can be proven by the increasing frequency of
heavy rainfall events in Istanbul.

Generally, the results of trend analysis of Kandilli station
during the last 105 years of 1912-2016 showed that there is
a warming significant trend in the precipitation time series
by using both methods of linear regression analysis and
MK trend test. On the contrary, previous climate studies
conducted over Turkey put forward that there has been a
decreasing trend in annual precipitation time series during
the recent decades, regionally. The results of a previously
conducted study by using the daily precipitation and tem-
perature data sets of Florya and Goztepe meteorological
stations in Istanbul area between 1960 and 2013 showed
that most notably the precipitation during the warm periods
has decreased, but the frequency of the intense rain has
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increased and the majority of these episodes of intense rain
coincided with the warm periods. Other determinations
were the rise in the annual average temperature and the
extension of the warm periods in a year. This differentiation
of the temperature features can lead to the aggravation of the
evaporation and it can be effective for a longer period during
the year [15]. Thus, it will make Istanbul be confronted with
the much more important problems of water management
and flood [34]. Also, the results of the current study for trend
analysis in the long period from 1912 to 2016 showed that the
most striking spell is between the years of 1968 and 1998 due
to the existence of least number of rainfall events in Istanbul.
It can be owing to industrialization along with the increasing
air pollution as well as irregular urbanization in Istanbul area.
In this case, severe droughts taking place during the years
of 1988, 1992, 1993, and 2008 have threatened the reservoirs
which supplied fresh water of the city. These years were
characterized by not having enough rainfall events. These
years are also characterized by more persistent high-pressure
systems and less occurrence of low-pressure systems in terms
of number and strength. As statements made by official
institutions, the formation conditions for the atmospheric
layer of air pollution due to air pollutant emissions from fossil
fuel combustion and industrial activities are more provided
during anticyclone or high-pressure system events. Therefore,
this leads to warming up and generating an inversion layer
in the boundary layer of atmosphere especially over city area
[35]. The inversion layer or urban heat island intensity is
increasing with the increasing city size and/or population,
a phenomenon that was also reported by others [36-38].
Moreover, these last climatic events also have affected some
political results beyond natural effects. The most obvious
example of this is related to the local election of 1994 in
Istanbul. In this case, extreme drought during the summers of
1992 and 1993 has caused groundwater reservoirs to dry up in
the city discontinuance of water was experienced for several
days or even weeks. In those times, the mayor of Istanbul city
has lost the election 0f1994 and he realized that this result was
due to the people’s reaction about the water shortages. Many
political reports of that period also support this scientific
view.

5. Conclusions

Statistical analysis in temperature time series of the Kandilli
station from 1912 to 2016 established that there is a notable
increase in temperature values after the 1940s which is in
parallel with the beginning of industrialization era in Istan-
bul. There has been a rise about 0.94°C in the daily average
temperature series since the beginning of the last century. A
significant positive trend in the daily maximum temperature
series is found about 1.56°C. Also, there is a positive trend
about 0.87°C in the daily minimum temperature series. On
the other hand, analysis of the number of days with the
daily maximum temperature higher than 30°C showed that
there is an increasing trend. Meanwhile, analysis of the
number of days with daily minimum temperatures lower
than 0°C showed a decreasing trend. The increment in the
minimum values of the daily minimum temperature series
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is more evident than the maximum values of this series. In
this case, these rising rates in the minimum temperature
series are more evident for the section periods of 1912-1980
and 1981-2016 than the section periods of 1912-1964 and
1965-2016. This again shows that there is an increment in
the positive temperature trend from past to present decades.
The increment in the precipitation time series is not as
clear as the increment in the temperature time series due
to periodic variability. The trend analysis in the total annual
precipitation time series showed that the first significant
upward trend has periodically been started from the 1920s,
while there is a stable trend from 2001 till 2016. The daily
average of rainfall amounts has increased with a value of
58 mm during the period of 1912-2016. Also, the analysis
of heavy precipitation trend showed an increase of 6.1 mm.
Overall, the total average precipitation of Istanbul increased,
while this increasing trend is more pronounced during the
early decades than the last 3 decades. On the other hand,
the increasing rate of daily maximum precipitation is more
pronounced in the last 3 decades than the previous decades.
Then, it was shown that the frequency of heavy rainfall
at Istanbul has increased during the recent decades. Thus,
the precipitation changes in Istanbul have some differences
compared to the general tendency in precipitation trend
that was put forward by other studies as a decreasing trend
over the whole of Turkey. This result can be expressed
as a positive effect of population overgrowth of Istanbul
megacity. Comparison of the results in the first half of the
study period (1912-1964) with the second half of the study
period (1965-2016) showed that both the average temperature
and average precipitation have higher values of 13.9°C and
878 mm for the final phase compared to the values of 13.6°C
and 799 mm belonging to the initial phase. Therefore, it can
be stated that the megacity of Istanbul is directly affected
by the climate change and its consequences. In this context,
potential risks of climate change in Istanbul megacity under
higher temperature conditions can be expressed as the rise in
the sea level, increase in the rate of evapotranspiration, and
increase in the frequency of heavy rainfall. Also, this city may
not be able to handle this uncontrolled population growth
and its associated irreversible changes, which is already
pushing the natural limits by destroying the environment.
Therefore, the local governors of any megacity like Istanbul
should give more emphasis on the importance of sustainable
urban development. Thus, it is urgent to prepare local and
national climate change strategies and action plans for the
megacities.
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