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ABSTRACT: Water vapour and its variations in the Earth’s atmosphere are related to atmospheric activities and climate
changes. However, it is difficult to obtain high-resolution and high-accuracy precipitable water vapour (PWV) and its variations
using traditional techniques, particularly in Turkey with the complex weather variability caused by the proximity of the Black
Sea and the Mediterranean Sea. Satellite observations provide unique ways to observe PWV variations at regional or global
scale, e.g. global positioning system (GPS). In this study, long-time PWV variations and trends are investigated and obtained
from 6-year continuous GPS observations in Turkey (January 2010–January 2016), which are compared with nearly co-located
radiosonde and moderate resolution imaging spectroradiometer (MODIS) observations to check its accuracy. The root mean
square error (RMSE) of PWV differences is about 1–3 mm between radiosonde and GPS, and 3–7 mm between MODIS and
GPS. Furthermore, the linear trend and seasonal amplitudes, and phase of the GPS-estimated PWV signals are computed.
Statistically significant trends are found at all stations. While stations near the Mediterranean Sea have increasing trends
with about 0.30 mm year−1, the stations at inland have increasing trends of about 0.10 mm year−1. The annual phases between
radiosonde, GPS and MODIS PWV at all the stations are almost close to each other with differences in 1∘–2∘. Finally, the
relation between north Atlantic oscillation (NAO) and PWV trends is investigated. Results show that PWV trends agree with
NAO behaviours especially for the stations near the Mediterranean Sea. The recent human activities may have impacts on
long-term PWV variation trends.
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1. Introduction

The water vapour is one of the major greenhouse gases
in the atmosphere, and its spatiotemporal variations are
one of the key issues about climate change at regional
and global scales (Mockler, 1995; Held and Soden, 2000;
Trenberth et al., 2005; Wagner et al., 2006). It is also a
key component in the global energy cycle through surface
evaporation and atmospheric latent heating (Trenberth
et al., 2009). Precipitable water vapour (PWV) can be
defined as the total atmospheric water vapour contained in
a vertical column from the ground to the specified height
in the troposphere (Ferrare et al., 2002). It is important
to observe highly accurate water vapour for accurate
weather forecast and atmospheric study. Observing and
understanding long-time variations of PWV and its rela-
tion with climate are primary objectives. While traditional
techniques are difficult to obtain high-resolution and
high-accuracy PWV and its variations, particularly in
Turkey with the complex weather variability around the
Black Sea and the Mediterranean Sea. Since atmospheric
delay is one of the main errors in satellite techniques, it
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can be estimated in contrast and widely used nowadays
(Chaboureau et al., 1998; Jin et al., 2004, 2006, 2007a,
2014a, 2015, 2016, 2017; Afraimovich et al., 2010; Wu
et al., 2010). Firstly, the global positioning system (GPS)
plays a significant role in determining continuous and
precise Zenith tropospheric delay (ZTD) and PWV with
the high temporal resolution (Jin and Luo, 2009; Jin
et al., 2011a, 2011b) and high accuracy (1–2 mm) (Ware
et al., 2000). Secondly, the moderate resolution imaging
spectroradiometer (MODIS) is an orbiting satellite plat-
form with a number of instruments (Salomonson et al.,
1989; King et al., 1992; Asrar and Greenstone, 1995)
and also provides PWV data at large scale (Asrar and
Greenstone, 1995). Thirdly, the radiosonde technique is
the most important as the in situ observation technique
to estimate PWV (Wang et al., 2007). The radiosonde
systems as ground in situ measurements often contain
systematic errors and low temporal resolution of twice per
day, subject to weather conditions (Wang et al., 2002).

In this study, the long-time PWV time series are
obtained from 6-year continuous GPS observations in
Turkey (2010–2016). Results are compared with nearly
co-located radiosonde observations and MODIS observa-
tions for the first time in Turkey. Apart from evaluating
the estimated PWV values with their RMSE’s and corre-
lations, analyses are carried out to understand the trends
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Figure 1. Distribution of co-located GPS and radiosonde stations in Turkey. [Colour figure can be viewed at wileyonlinelibrary.com].

and annual and semi-annual variations of PWV time
series from three techniques. The long-term trends are
confirmed using the nonparametric Mann–Kendall test to
statistically assess if there is an increasing or decreasing
trend of the variable of interest over the studied time
(Mann, 1945; Kendall, 1975; Gilbert, 1987). Especially
long-term trend behaviours are investigated by analyzing
the relation between PWV trends and oscillation indexes
such as El-Nino southern oscillation (ENSO) and north
Atlantic oscillation (NAO) in the Mediterranean climate.

2. Data and methods

2.1. Radiosonde observations

The routine radiosonde observations have undoubtedly
been a significant contribution to our understanding of
the global atmosphere circulation, hydrological cycle and
local dynamical processes. The global radiosonde network
provides a considerable resource of humidity observations
through much of the twentieth century. The radiosonde is
a combination of sensors that can measure the pressure,
temperature and humidity while ascending with the help
of weather balloon, and transmit gathered information via
radio signals to the ground station.

Turkey has eight radiosonde stations throughout
its territory, which are distributed evenly as possible
(Figure 1). These radiosonde stations, launch radiosonde
balloons twice in a day (0000, 1200 UTC) are under
the administration of Turkish Met-Office (Meteoroloji
Genel Müdürlüğü). Pre-processed radiosonde data from
1 January 2010 to 31 December 2015 are obtained
from the University of Wyoming’s website (http://
weather.uwyo.edu/upperair). The PWV can be esti-
mated from the temperature T (∘C), atmospheric pressure
P (hPa), and relative humidity RH (%) measured by
radiosondes as:

PWV = 103

𝜌 ∫
z=1

z=0
𝜌w dz (1)

where 𝜌 and 𝜌w are the liquid water and water vapour
density, respectively (kg m−3) obtained from radiosonde,
the ground is z0 and highest altitude is z1 (m).

2.2. GPS observations

The daily GPS data used in this study are obtained from
the Bundesamt für Kartographie und Geodäsie (BKG) (igs
.bkg.bund.de) and TUSAGA-Active (rinex.tusaga-aktif
.gov.tr). GAMIT/Globk software is used to estimate daily
coordinates and Zenith tropospheric delay (ZTD) parame-
ters (Jin et al., 2007b,2009). Meteorological observations
which are used in the PWV estimations are obtained
from Turkish Met-Office, and RINEX.m files are created
using these parameters. Final products of International
GNSS Service (IGS) as precise orbit, tidal and non-tidal
atmospheric pressure loading (ATML) with the Earth’s
centre of mass frame (CM) (Tregoning and van Dam,
2005) are used in the GAMIT software (Jin and Park,
2006; Herring et al., 2015). The second- and third-order
ionospheric effects were neglected in the processing. As
for tropospheric parameters, two different strategies with
Vienna mapping function (VMF1) and Niell mapping
function (NMF) are used to estimate PWV in GAMIT.
Zenith hydrostatic delay (ZHD) values are calculated
using the atmospheric pressure and the height (km) above
the geoid as:

ZHD = 2.2768 + 0.0005
1 − 0.00266 cos (2𝜙) − 0.00028 h

p (2)

where 𝜙 is the latitude, h is the height from the geoid
and p is the atmospheric pressure at the antenna height.
Then Zenith wet delay (ZWD) is obtained by extracting
ZHD from ZTD (Jin et al., 2008, 2014b). Using ZWD,
the hourly PWV values are computed with Sh_Met_Util.
Bevis et al. (1992) first proposed the concept of GPS
meteorology and introduced the principle of GPS to
estimate water vapour in detail. Moreover, they proposed
the method to calculate Tm, the critical parameter to
transfer ZWD into PWV, which made GPS an essential
means to estimate water vapour. The relation between
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PWV and ZWD is expressed as (Bevis et al., 1994;
Jin and Luo, 2009):

PWV = Π × ZWD (3)

where Π is a water vapour conversion factor, which can
be expressed as:

Π = 106

𝜌Rv

[(
k3∕Tm + k′2

)] (4)

where 𝜌 is the density of liquid water, Rv is the specific
gas constant for water vapour, k3 and k′2 are physical
constants, and Tm is the mean temperature of the atmo-
sphere, which can be computed from surface temperature
as Tm = 70.2+ 0.72Ts (Bevis et al., 1994). In order to esti-
mate most accurate PWV using GPS observations, several
processing strategies are evaluated, including using local
Tm model from in situ observations, different mapping
functions, and various ocean tide loading (OTL) models.

2.3. MODIS observations

Level 2 PWV products of MODIS are generated at 1 ×
1 km2 spatial resolution using near infrared (NIR) and 1×
5 km2 using infrared (IR) (Gao and Kaufman, 2003). The
method to retrieve water vapour is based on a differen-
tial absorption technique which largely removes the sur-
face reflectance with wavelength effects and can retrieve
PWV with errors lower than 10% (Kaufman and Gao,
1992; King et al., 2003). Data from 1 January 2010 to
31 December 2015 for longitude 25∘–45∘E and latitude
35∘–45∘N (Figure 1) are used from National Aeronautics
and Space Administration (NASA), Atmosphere Archive
and Distribution System (LAADS) (ladsweb.nascom.nasa
.gov). Since the IR and NIR observations are sensitive to
clouds in the vicinity (Chang et al., 2014), the cloud-free
conditioned MODIS-PWV data (MOD05) collected from
the Terra platform are used in this study with the help of
MODIS cloud mask product. In order to compare results
with radiosonde and GPS observations, MODIS-PWVs
are averaged using surrounding pixels. For temporal equal-
ity, MODIS data are interpolated linearly with 3 h time
interval.

In order to evaluate the performance of MODIS-PWV
and GPS-PWV, correlation analysis is carried out using
radiosonde PWV as a reference. MODIS-PWV values
are analyzed using the average value of the closest pixel
to the GPS site and its surrounding pixels. After check-
ing all the data, especially the data in winter periods
with MODIS cloud mask product for being cloud-free
at designated coordinates, only 61% of all observations
are used in this study. The mean biases between each
technique (MODIS–GPS, MODIS–Radiosonde and
GPS–Radiosonde), root mean square errors (RMSEs) and
correlation coefficients are computed.

2.4. Method to analyze PWV variations

The long-term and seasonal variations of PWV are
analyzed using the following harmonic function

with including phase, amplitude and trend (Jin and
Feng, 2013) as:

PWVt = a + bt +
2∑

i=1

[
Si sin

(
2𝜋

(
t − t0

)
∕pi + 𝜙i

)]
+ 𝜀t

(5)
where t is the time (days), t0 is 1 January 2010, a is
the constant term, b is the trend term, Si, pi and 𝜙i are
the amplitude, period and phase at periods (i= 1 and
0.5 year), respectively, and 𝜀t is the residual. Using the
least squares method, the annual and semi-annual ampli-
tudes, phases and trend of the GPS-estimated PWV are
determined as well as their uncertainties. Also, to inves-
tigate trends statistically the Mann–Kendall trend test is
applied, which is mostly used in meteorological time series
to detect climatic changes. Mann–Kendall trend test is
a nonparametric (distribution-free) method that does not
take into account the numerical values of the observa-
tions, but their ranks are relative to each other and outliers
do not distort the results. Moreover, the normality of the
residuals is not a necessary condition. In addition to ini-
tial Mann–Kendall trend test, the seasonal Mann–Kendall
trend test is used for the nonparametric trend analysis of
seasonal data (Hirsch et al., 1982). It is a modified form
of the original Mann–Kendall trend test with taking into
account the seasonality of environmental time series. It is
a hypothesis test in which the null hypothesis states that
the data are independently and identically distributed. The
alternative hypothesis states that the data are not identi-
cally distributed (Albek, 2002).

3. Evaluation and analysis

In order to assess the accuracy of Bevis Tm model, a
secondary processing method was carried out using the
Tm model, which is developed from Turkish radiosonde
observations. The Bevis Tm and Turkey Tm models agree
well with the radiosonde with high correlation coefficient
(R2) and low RMSE values. Also to compare and check the
accuracy of GPS-estimated PWV, VMF1 (Boehm et al.,
2006) is used and compared with NMF (Niell, 1996).
In the strategies with different mapping functions, no
apparent or significant differences are found. As stated
in Tuka and El-Mowafy (2013), both mapping functions
performed well especially above an elevation angle of 15∘.
In the study of Gurbuz and Jin (2016), five different GPS
solutions were carried out to assess the effect of the ocean
tide models on the PWV using different OTL models (e.g.
Eanes, 1994; Ray, 1999; Matsumoto et al., 2000; Lyard
et al., 2006). The ocean tide model FES2004 provided the
most accurate results when compared to radiosonde at four
GPS stations with RMSE of 2.12 mm in PWV at stations
near the coastline. Results showed that the most accurate
strategy is using Bevis Tm, VMF1 and FES2004 models,
and therefore these parameters are used for the analysis
and evaluations with other techniques.

Inter-comparisons are made to see the performance
of GPS-estimated PWV, Radiosonde PWV and MODIS
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Figure 2. PWV and PWV residuals time series from MODIS, GPS and Radiosonde at ADAN station. [Colour figure can be viewed at
wileyonlinelibrary.com].

NIR PWV (Figure 2). RMSE of GPS-estimated PWV are
1–3 mm at all stations when compared to Radiosonde
PWV. Especially GPS-estimated PWV values at ERZR
station performed the best with RMSE of 1.67 and
0.04 mm mean differences with Radiosonde PWV
(Table 1). The correlation coefficients of six stations
are 0.91 or higher while their biases are lower than 1 mm
except ADAN station that is close to the coastline of the
Mediterranean Sea and SAMN station that is close to the
coastline of the Black Sea (Figure 3). Similar to Gurbuz
and Jin (2016), the inland stations have lower GPS-PWV
RMSEs, meaning that they have a better agreement with
Radiosonde PWV. This could be due to less effect from
the ocean tide loading on inland stations like ERZR and
ANKR (Table 1).

Correlation coefficients for MODIS NIR PWV and
GPS-estimated PWV varies from 0.72 up to 0.81
(Figure 3). Such high correlations and low RMSE values
show that MODIS NIR PWV has high accuracy but not as
high as GPS-estimated PWV (Figure 3). Therefore, with
such accuracy and 1× 1 km2 resolution, MODIS NIR
PWV can be used even for meteorology and climatology
studies. The MODIS NIR PWV obtained from Terra
platform has lower RMSE’s than 6 mm (Figure 3), which
agrees with the study of Liu et al., 2015. Both NIR and
IR observations tend to overestimate with the increase of
PWV values. Inland stations have lower RMSE values
than the other stations (Table 2), such as ERZR (RMSE
of 3.46 mm with 0.08 mm bias) and ISPT (RMSE of
3.90 mm with 1.41 mm bias). However, all stations have
high correlation coefficients from 0.74 up to 0.81 with
Radiosonde PWV observations (Table 3).

Previous studies showed that there were some differ-
ences between day and night MODIS IR PWV retrieval
accuracy (Seemann et al., 2003; 2008; Liu et al., 2015) so
PWV values from night and day observations are sepa-
rated from each other and compared (Figure 4). The RMSE
differences between MODIS IR PWV and Radiosonde at
day time (4–5 mm) and night time (3–4 mm) data are

nearly 1 mm for each station except for the inland stations
like ISPT (0.3 mm), DIYB (0.4 mm), and ERZR (0.3 mm),
which have small PWV values with 0.8 mm biases. It
is a slight overestimation for large PWV values, whose
locations are near the coastline at day time. As noted in
Figure 4, during night time MODIS IR PWV has a better
agreement than day time with the Radiosonde PWV.

4. PWV variations and discussions

4.1. Seasonal PWV variations

The PWV values have a strong seasonal signal which
agrees well for nearly all strategies used in this study.
Figure 5 shows annual and semi-annual amplitudes, and
phases of the PWV for the used stations in Turkey
from GPS, MODIS and Radiosonde during the period of
2010–2016 (Table 2). It has been found that the MODIS
has a good agreement with both GPS and Radiosonde in
the annual amplitude and annual phase (Table 2). The dif-
ference of annual phase between Radiosonde, GPS and
MODIS-PWV is about 1∘–2∘ at all stations, while there
are a little differences in semi-annual phases at IZMI and
ISPT stations. The annual amplitudes at most of the sta-
tions are similar, and large annual amplitudes are found at
ADAN and SAMN stations, which are located at the coast
of the Mediterranean Sea and the Black Sea, respectively.

4.2. Long-term PWV trend

The PWV trends are further investigated. The trends
of GPS-estimated PWV and Radiosonde PWV agree
well (Table 2). At the GPS stations that are close to
the coastline, GPS-estimated PWV trend agrees with
Radiosonde, such as SAMN and ISTN stations with differ-
ences of 0.01–0.03 mm year−1 respectively. However, at
inland stations differences between GPS-estimated PWV
and Radiosonde PWV trends reach 0.2 mm year−1, which
is still a good agreement.

© 2017 Royal Meteorological Society Int. J. Climatol. 37: 5170–5180 (2017)
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Figure 3. Correlations of PWV between MODIS, GPS and Radiosonde for all the locations. [Colour figure can be viewed at wileyonlinelibrary.com].
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Table 1. Mean differences, correlation and RMSE values of PWV between GPS, Radiosonde and MODIS.

Measurements ADAN ANRK DIYB ERZR ISPT ISTN IZMI SAMN

GPS–Radiosonde
Mean (mm) 1.25 0.98 0.69 0.04 −0.1 0.27 0.44 −1.1
Correlation 0.97 0.91 0.91 0.93 0.94 0.95 0.95 0.97
RMSE (mm) 2.53 2.52 2.43 1.67 1.99 2.77 2.4 2.59

MODIS–GPS
Mean (mm) 3.87 0.37 0.38 0.15 1.54 3.75 2.26 5.74
Correlation 0.79 0.76 0.72 0.78 0.78 0.76 0.8 0.75
RMSE (mm) 6.63 4.22 4.51 3.56 4.04 5.39 4.72 6.57

MODIS–Radiosonde
Mean (mm) 5.05 1.31 1.07 0.08 1.41 4.02 3 5.7
Correlation 0.79 0.79 0.74 0.8 0.81 0.78 0.79 0.76
RMSE (mm) 6.66 4.14 4.5 3.46 3.9 5.57 5.05 6.48

Table 2. Trend, annual and semi-annual amplitude, and phase values obtained from different techniques at co-located GPS and
radiosonde stations.

Stations Type Trend
(mm year−1)

Annual
phase (∘)

Semi-annual
phase (∘)

Annual
amplitude (mm)

Semi-annual
amplitude (mm)

ADAN GPS 0.30± 0.07 69.72± 0.02 29.99± 0.08 11.80± 0.17 2.17± 0.17
MODIS −0.27± 0.07 63.82± 0.02 27.83± 0.07 10.08± 0.17 2.35± 0.17

Radiosonde 0.18± 0.07 68.38± 0.02 20.92± 0.08 12.32± 0.18 2.22± 0.17
ANRK GPS 0.11± 0.04 70.29± 0.03 79.96± 0.11 4.92± 0.11 1.01± 0.11

MODIS −0.01± 0.05 68.39± 0.03 54.55± 0.09 6.14± 0.13 1.47± 0.13
Radiosonde 0.19± 0.05 68.89± 0.02 60.27± 0.10 6.41± 0.12 1.16± 0.12

DIYB GPS 0.12± 0.05 70.88± 0.04 52.84± 0.11 4.56± 0.13 1.14± 0.13
MODIS −0.12± 0.05 66.16± 0.03 −33.07± 1.88 5.86± 0.14 0.07± 0.13

Radiosonde −0.03± 0.05 69.29± 0.03 52.93± 0.12 5.09± 0.14 1.03± 0.13
ERZR GPS 0.11± 0.05 70.34± 0.03 53.22± 0.23 4.86± 0.12 0.50± 0.12

MODIS −0.02± 0.06 73.24± 0.03 75.82± 0.49 5.62± 0.15 0.29± 0.14
Radiosonde 0.06± 0.04 70.12± 0.03 28.70± 0.17 5.52± 0.11 0.64± 0.11

ISPT GPS 0.30± 0.06 66.57± 0.04 76.29± 0.17 5.53± 0.16 0.89± 0.15
MODIS 0.01± 0.07 68.39± 0.04 59.23± 0.15 5.93± 0.17 1.13± 0.16

Radiosonde 0.16± 0.06 67.75± 0.03 60.87± 0.14 6.17± 0.15 1.12± 0.15
ISTN GPS 0.32± 0.08 60.89± 0.03 60.70± 0.14 8.18± 0.19 1.39± 0.19

MODIS 0.01± 0.07 62.57± 0.03 39.02± 0.10 8.37± 0.17 1.72± 0.17
Radiosonde 0.29± 0.08 61.87± 0.03 58.71± 0.12 8.91± 0.21 1.69± 0.21

IZMI GPS 0.35± 0.08 59.98± 0.03 −69.16± 0.24 6.76± 0.19 0.78± 0.19
MODIS 0.01± 0.07 62.98± 0.03 47.60± 0.14 8.01± 0.17 1.16± 0.17

Radiosonde 0.24± 0.08 61.88± 0.03 89.73± 0.22 7.45± 0.20 0.90± 0.20
SAMN GPS 0.14± 0.08 64.13± 0.02 41.65± 0.11 11.12± 0.20 1.86± 0.20

MODIS −0.06± 0.08 65.70± 0.03 27.02± 0.10 9.10± 0.19 1.95± 0.19
Radiosonde 0.15± 0.08 65.05± 0.02 42.52± 0.11 11.36± 0.21 1.89± 0.21

About MODIS NIR PWV and Radiosonde PWV trends
relation, as it can be clearly seen in Table 2, MODIS
NIR PWV trend agrees well with Radiosonde but not
well as GPS-estimated PWV trend. Especially at the
stations near coastal areas, the difference between trends
reaches 0.5 mm year−1 like at ADAN station. At IZMI and
ISTN stations differences between MODIS NIR PWV
and Radiosonde PWV trends are 0.3 and 0.25 mm year−1.
However, at inland stations like DIYB or ERZR, trends
agree well under 0.1 mm year−1. As stated in Section 3,
MODIS tends to overestimate at locations with high PWV
values near coastal areas which have humid weather with
high temperatures. GPS-estimated PWV and MODIS
NIR PWV trends have the highest differences in this
inter-comparison. Same as MODIS NIR PWV and
GPS-estimated PWV trends, stations at coastal areas have
highest differences with 0.57 mm year−1 as at ADAN
station, while stations at inland with drier climate and low

temperature have less trend difference of 0.12 mm year−1,
such as ANRK station.

The Kendall’s Tau trend test results are further obtained.
Kendall’s Tau measures the extent of monotonic depen-
dence that is a more robust measurement, being also
resistant against the effect of outliers and the P-value that
provides information about the significance of the trend.
The smaller the P-value is, the more likely the trend is,
e.g. the more likely the rejection of the null hypothesis.
As an example, it is desired that the trend is captured at a
confidence level of 95% (significance level of 0.05), and
the P-value needs to be smaller than 0.05 while Kendall’s
Tau value gives the direction of the trend (increasing or
decreasing). In Table 3, column 3 for Mann–Kendall and
column 6 for seasonal Mann–Kendall, significant P-values
are found at all the stations with the confidence level of
95% ranging from 0.0001 to 0.0161. These results indicate
that all stations exhibit significant trends (increasing).

© 2017 Royal Meteorological Society Int. J. Climatol. 37: 5170–5180 (2017)



5176 G. GURBUZ AND S. JIN

Table 3. Results of the Mann–Kendall and the seasonal Mann–Kendall trend tests.

Stations Mann–Kendall trend test Seasonal Mann–Kendall test 𝛼

Kendall’s Tau P-value Sen’s slope Kendall’s Tau P-value Sen’s slope

ADAN 0.0479 <0.0001 0.0010 0.0508 0.0001 0.0723 0.05
ANKR 0.0334 0.0078 0.0004 0.0317 0.0161 0.0244 0.05
DIYB 0.0363 0.0030 0.0004 0.0415 0.0012 0.0262 0.05
ERZR 0.0553 0.0007 0.0008 0.0797 <0.0001 0.0669 0.05
ISPT 0.0722 <0.0001 0.0014 0.0847 <0.0001 0.1434 0.05
ISTN 0.0684 <0.0001 0.0019 0.0901 <0.0001 0.1680 0.05
IZMI 0.0762 <0.0001 0.0018 0.0902 <0.0001 0.1352 0.05

SAMN 0.0314 0.0041 0.0011 0.0608 0.0011 0.1425 0.05

Figure 4. RMSE of MODIS IR PWV mean differences between the day time and night time. [Colour figure can be viewed at wileyonlinelibrary
.com].

4.3. Effects and discussions

Figure 6 show PWV trends at co-located GPS and
Radiosonde stations. It can be seen that the higher PWV
trends are found at the west and south part of Turkey,
which are near the Aegean Sea and the Mediterranean Sea
coasts with a connection to the Atlantic Ocean. This also
could be an indication to the effect of climate oscillations
like NAO or ENSO.

The NAO occurs because of the fluctuations of atmo-
spheric pressure differences between two pressure centres
at sea level of northern part of the Atlantic Ocean. As stated

in climatology studies related to oscillation indexes, one
of the central pressure points with the low-pressure point
is located near Iceland and the second one is over Azores
island chain in the eastern part of the Atlantic Ocean.
The fluctuations occurring between low- and high-pressure
centres controls the degree of strength of winds and storm
tracks in the north Atlantic. The daily NAO index cor-
responds to the NAO patterns, which varies from month
to month. Rotated Principal Component Analysis (RPCA)
was used to calculate the daily PNA and NAO teleconnec-
tion indices (Barnston and Livezey, 1987). The monthly

Figure 5. (a) Annual phase (∘) and amplitude (mm) of GPS-estimated PWV. (b) Semi-annual phase (∘) and amplitude (mm) of GPS-estimated PWV.
[Colour figure can be viewed at wileyonlinelibrary.com].
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Figure 6. Distribution of GPS-estimated PWV trends. [Colour figure can be viewed at wileyonlinelibrary.com].

Figure 7. Comparison of PWV and oscillation trends from monthly mean values. [Colour figure can be viewed at wileyonlinelibrary.com].

teleconnection patterns are linearly interpolated to the day
if needed and therefore account for the seasonality inher-
ent in the NAO patterns. The NAO has two phases, posi-
tive phase and negative phase. Continuous measurements
around the Atlantic Ocean designate the index values of the
NAO which indicates the phases of NAO (Hurrell, 1995).
In the positive NAO phase which is the case in this study,
pressure changes between two centres result in a decrease
in storm counts and low precipitation (NOAA, 2009). As
an example, the Maltese Islands in the Mediterranean Sea
registered as one of the driest years ever recorded up to the
beginning of March 2015 as the Island’s national average
was only 235 mm while some areas was even less than
200 mm in 2015.

In this study, monthly NAO and ENSO index values
are used. The relationship between GPS-PWV trend and
oscillation indexes is obtained (Figure 7). The trends
of GPS-estimated PWV are different from the trends
represented in Table 2. The overall trend of NAO is

positive through evaluated PWV period in this study.
As the definition of positive NAO phase, pressure is
increased, and precipitation is dropped in most parts of
the Turkey, like ADAN station which is near the coast-
line of Mediterranean Sea (Figure 8). The western and
southern parts of the Turkey show similar patterns to the
Maltese Islands in the Mediterranean Sea. While pressure
is increasing, the precipitation and humidity are decreasing
at ADAN station. This variation fits well with the positive
NAO phase.

Although meteorological parameters are consistent with
NAO indexes, PWV computed in this study does not match
with the precipitation and humidity data. For NAO phase
to be positive, temperature and pressure should increase
while precipitation decreases like drought. This tempera-
ture increase also can be proven by computation of land
surface temperatures (Sekertekin et al., 2016). However,
PWV trends found in this study are increasing, which do
not agree with meteorological data. This difference may
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Figure 8. Variations of temperature and precipitation from 2010 to 2016. [Colour figure can be viewed at wileyonlinelibrary.com].

result from human activities impact recently (e.g. societal,
coal plants, construction) (Roman et al., 2015). Also, pop-
ulation growth and construction of new coal plants that
release an immense amount of water vapour to the tropo-
sphere may also affect PWV variation trend.

5. Conclusions

In this study, the long-term trend behaviours and
spatiotemporal variations of PWV over Turkey are
investigated. Firstly, PWV time series are estimated and
evaluated from GPS, MODIS and Radiosonde. Secondly,
different Tm models, mapping functions and OTL models
are evaluated, which shows that the best GPS results
are obtained with Bevis Tm model, VMF1 and FES2004
OTL. Also, different retrieval strategies, day and night
differences are investigated for MODIS-PWV values.
Accuracies of MODIS-PWV both IR and NIR were
tested for the first time in Turkey using an extended
period data.

Furthermore, the long-term trend and seasonal variations
of PWV time series from three techniques are analyzed.
It has shown that the PWV values have a strong seasonal
signal, which agrees well for nearly all strategies used in
this study. The annual phases of Radiosonde, GPS, and
MODIS-PWVs at all the stations are almost close to each
other. Statistically significant increasing trends are found
at all stations.

Finally, the relations between PWV trends, and oscil-
lation indexes are obtained. Since the NAO is more
related to the Mediterranean Sea than the ENSO, the NAO
behaviours with meteorological parameters are investi-
gated. The overall trend of the NAO is positive through
evaluated PWV period in this study, and observed mete-
orological parameters agrees with positive NAO phase.
However, PWV trends do not agree with meteorological
data, which may be due to the effects of recent human
activities.
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