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Abstract In this research, temporal trends of reference evapotranspiration (ET0) values were
investigated in arid regions of Iran. For this purpose, meteorological observations collected
from 11 high quality meteorological sites over a 41-year period (1965–2005) were used and
statistically significant ET0 trends in the monthly, seasonal and annual time basis were detected
using nonparametric Mann-Kendall (MK) and Spearman’s Rho (SR) tests at the 5% significant
level. To eliminate the effect of serial correlation on the test results, the Trend Free
Pre-Whitening (TFPW) approach was applied. The results of this study indicated that the
ET0 trends for some cities were increasing (positive) however, for some sites, they showed
decreasing (negative) trends. The most number of significant ET0 trends on a monthly time
scale occurred at Birjand but no significant trend was observed at the Bandarabbas, Sabzevar
and Semnan sites. On the annual time scale, Mashhad revealed the highest positive trend
(7.5 mm per year). On the other hand, Esfahan showed the highest decreasing (negative) ET0
trend of about −6.38 mm per year. In general, the performances and abilities of the MK and
SR tests were consistent at the verified significant level.

Keywords Trend . Reference evapotranspiration . Mann-Kendall test . Spearman’s Rho test

1 Introduction

A lot of scientists have concluded that the earth surface air temperature increased during the
20th century. Human emissions of greenhouse gases caused most of the warming during the
latter half of the century (IPCC 2001). Almost all the processes in the biosphere are
influenced in some way by climate change phenomena and in this respect a major concern
are the climate change impacts on the environment and water resources (Abdul Aziz and
Burn 2006). Evapotranspiration is the most important variable for revealing the climate
change and temporal-spatial patterns of variables influencing the eco-hydrological
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processes, which control the evolution of the surface ecosystem. This type of inquiry is
fundamental to understand the coupling existing between ecosystem dynamics and the water
cycle, in particular in arid and semi-arid environments, where water is an important limiting
resource not only for its scarcity but also for its intermittency and unpredictable presence (Liu
et al. 2008). Furthermore, investigation of climate change effects on the variables of
evapotranspiration (ET) can be effective in determining appropriate adaptation strategies for
mitigating the probable damage from these effects.

Many tests for the detection of significant trends in hydro-climatologic time series can
be classified as parametric and non-parametric methods (Zhang et al. 2006; Chen et al.
2007). Parametric trend tests are more powerful than non-parametric ones, but they require
data to be independent and normally distributed. In comparison, non-parametric trend tests
require only that the data be independent and can tolerate outliers in the data. On the other
hand, they are insensitive to the type of data distribution. (Hamed and Rao 1998; Yue et al.
2002a; Chen et al. 2007). The Mann-Kendall (MK) and Spearman’s Rho (SR) tests are
examples of non-parametric tests that are applied for the detection of trends in many studies
such as: Gellens 2000; Kahya and Kalayci 2004; Gadgil and Dhorde 2005; Li et al. 2008;
Yaning et al. 2009; Daniel (1978); and Yue et al. (2002a). A comparison of the power of the
MK and SR tests and their results showed the same power in detecting monotonic trends
(Yue and Wang 2004; Novotny and Stefan 2007).

Recent studies of climate change have focused mainly on long-term variability of
temperature and precipitation. ET, as the third most important climatic factor controlling
energy andmass exchange between terrestrial ecosystems and the atmosphere, has received less
attention (Chen et al. 2006).

Bandyopadhyay et al. (2009) used the MK test to analyze the temporal trend of reference
evapotranspiration (ET0) which was estimated by the Penman Monteith FAO 56 (PMF 56)
method for 133 selected stations in India. Their results showed a significant decreasing
trend in ET0 all over India during the study period, which was mainly caused by a
significant increase in the relative humidity and a consistent significant decrease in the wind
speed throughout the country. An evaporation trend investigation in Canada revealed
significant trends for June, July, August, October, and the warm season that were mainly
decreasing (Burn and Hesch 2007). Palle and Butler (2001) reported a decreasing trend in
sunshine hours and an increasing trend in cloudiness at four sites in Ireland. In the great
plains of the United States, Garbrecht et al. (2004) analyzed trends in precipitation (P),
stream flow, and ET. They showed that an upward trend in P over the last two decades of
the 20th century led to a disproportionately large increase in stream flow and comparatively
smaller increase in ET.

In another study that related to 150 meteorological stations in the Changjiang catchment
(Yangtze River) in China during 1960–2000, Xu et al. (2006) reported downward trends for
annual ET0 and pan evaporation. They concluded that the trends are mainly caused by a
significant decrease in the net total radiation and to a lesser extent by a significant decline in
the wind speed over the catchment.

In trend analysis over central Europe, Zaninović and Gajić-Čapka (2000) found a
significant increase in potential evapotranspiration (ETp) and a decrease in runoff and soil
water content for annual and warm season values during the 20th century. Dongsheng et al.
(2007) have shown, using the linear regression and MK methods, an increasing tendency in
the mean annual temperature, mean annual P, ETp and moisture index during 1961–2004 in
northeastern China.

Tabari et al. (2011) examined the annual, seasonal and monthly trends in the PMF-
56 ET0 at 20 meteorological stations during 1966–2005 in the western half of Iran using
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the MK test and linear regression. The annual analysis of the ET0 series indicated a
positive trend in 70% of the stations according to the MK test and in 75% of the stations
according to the linear regression. On a seasonal scale, stronger increasing trends were
identified in ET0 data in winter and summer compared with those in autumn and spring.
Meanwhile, the highest number of stations with significant trends was found in the
monthly ET0 series in February, while the lowest number of stations with significant
trends was observed in November. In another study, Tabari and Marofi (2011) analyzed
changes of observed pan evaporation for 12 stations in Hamedan province, western Iran,
from 1982 to 2003. The trend analysis was carried out using the MK test and the linear
regression method. Significantly increasing pan evaporation was observed in 67% of the
stations at the 95% and 99% confidence levels.

The goal of this study was to investigate the temporal trends on ET0 time series
over arid regions of Iran, which were analyzed by the trend free pre-whitening (TFPW)
approach (Yue et al. 2002b), using the MK and SR tests. The slope magnitude of the
significant trends was also identified by the Thiel-Sen method (Thiel 1950; Sen 1968).
The evaluation (performance of trend detection) of the test used was another aim of
the study.

2 Materials and Methods

2.1 Site Location and Data

In this study, the effect of climate change on ET0 was considered for 11 synoptic stations in
arid regions of Iran (Fig. 1). The 41-years (1965–2005) monthly meteorological data of
mean air temperature, precipitation, atmospheric relative humidity, pressure, actual vapor
pressure, net solar radiation, and wind speed were obtained from the stations. Based on the
aridity index (AI), stations in arid regions (0.05<AI<0.20) were selected. A summary of the
geographic information of the stations is presented in Table 1. The following relationship is
used for the aridity index calculation (AI), by the international associations (UNESCO 1977;
UNEP 1992):

AI ¼ P

ETP
ð1Þ

where ETP is the annual mean of ETP and P is annual mean of precipitation.

2.2 Penman-Monteith FAO 56 (PMF-56)

In this study, the PMF-56 standard method was used for estimation of ET0 (Allen et al. 1998).
The model equation is as follows:

ET0 ¼ 0:480ΔðRn � GÞ þ g½900=ðT þ 273Þ�U2ðea � edÞ
Δþ gð1þ 0:34U2Þ ð2Þ

where Rn is the net radiation at the crop surface (MJ m−2 day−1), T is the mean daily air
temperature at 2 m height (°C), U2 is the wind speed at 2 m height (ms−1), Δ is the slope of
the vapor pressure curve (kPa °C−1), G is the soil heat flux density (MJ m−2 day−1), γ is the
psychrometric constant (kPa °C−1), and ea and ed are the saturation and actual vapor pressures
(kPa), respectively.
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2.3 Statistical Tests

In this study, in order to detect the significant trends of the considered ET0 time series of the
selected stations, the MK and SR tests were used. Before any analysis, the TFPW approach
was to eliminate the influence of the serial correlation of the time series. The Thiel-Sen
method was applied in order to determine the slope value of the significant trends. The
methods used are described as follows:

2.3.1 The MK Test

This is a rank nonparametric test that was developed by Mann (1945) and Kendall (1975),
and it is superior for detecting linear or non-linear trends (Hisdal et al. 2001; Wu et al.
2008). In this test, the null (H0) and alternative hypotheses (H1) are equal to the non-
existence and existence of a trend in the time series of the observational data, respectively.

Fig. 1 Location of selected stations
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The related equations for calculating the MK test statistic S and the standardized test
statistic ZMK are as follows:

S ¼
Xn�1

i¼1

Xn
j¼iþ1

sgnðXj � XiÞ ð3Þ

sgnðXj � XiÞ ¼
þ1 if ðXj � XiÞ > 0

0 if ðXj � XiÞ ¼ 0
�1 if ðXj � XiÞ < 0

8><
>:

9>=
>; ð4Þ

VarðSÞ ¼ 1

18
nðn� 1Þð2nþ 5Þ �

Xq
p¼1

tpðtp � 1Þð2tp þ 5Þ
" #

ð5Þ

ZMK ¼

S�1ffiffiffiffiffiffiffiffiffiffi
VarðSÞ

p if S > 0

0 if S ¼ 0
Sþ1ffiffiffiffiffiffiffiffiffiffi
VarðSÞ

p if S < 0

8>><
>>:

ð6Þ

where Xi and Xj are the sequential data values of the time series in the years i and j, n
is the length of the time series, tp is the number of ties for the pth value, and q is the
number of tied values. Positive values of ZMK indicate increasing trends, while negative
ZMK values indicate decreasing trends in the time series. When ZMKj j > Z1�a=2, the null
hypothesis is rejected and a significant trend exists in the time series. Z1-α/2 is the critical
value of Z from the standard normal table, for 5% significant level the value of Z1-α/2
is 1.96.

Table 1 Summary of the geographic conditions and arid index for study stations

Station AI Geographical characteristics

Name No. Elevation (m) Latitude Longitude

Bandarabbas 1 0.10 10 27°13′ 56°22′

Bushehr 2 0.14 20 28°59′ 50°50′

Ahvaz 3 0.11 22 31°20′ 48°40′

Sabzevar 4 0.10 978 36°12′ 57°43′

Kashan 5 0.12 982 33°59′ 51°27′

Mashhad 6 0.18 999 36°16′ 59°38′

Semnan 7 0.10 1,131 35°35′ 53°33′

Shiraz 8 0.18 1,484 29°32′ 52°36′

Birjand 9 0.09 1,491 32°52′ 59°12′

Esfahan 10 0.08 1,550 32°37′ 51°40′

Kerman 11 0.07 1,754 30°15′ 56°58′
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2.3.2 The SR Test

This is similar to the MK method and is a non-parametric test. The SR test is a simple
method with uniform power for linear and non-linear trends and is commonly used to verify
the absence of trends (Dahmen and Hall 1990; Tonkaz et al. 2007). In this test, the null
hypothesis (H0) is that all the data in the time series are independent and identically
distributed, while the alternative hypothesis (H1) is that increasing or decreasing trends
exist (Yue et al. 2002a). The SR test statistic D and the standardized test statistic ZSR are
expressed as follows:

D ¼ 1�
6
Pn
i¼1

ðRi � iÞ2

nðn2 � 1Þ ð7Þ

ZSR ¼ D

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n� 2

1� D2

r
ð8Þ

where Ri is the rank of ith observation Xi in the time series and n is the length of the time
series. Positive values of ZSR indicate upward trends, while negative ZSR indicate downward
trends in the time series. When ZSRj j > tðn�2;1�a=2Þ, the null hypothesis is rejected and a
significant trend exists in the time series. t(n-2,1-α/2) is the critical value of t from the
t-student table, for 5% significant level. The value of t(n-2,1-α/2) for n=41 (the sample size in
this study) is 2.02.

2.4 Thiel-Sen Approach

This approach (Thiel 1950; Sen 1968) was used for estimating the magnitude of the slope
of the identified trends (by the MK and SR methods). The advantage of this method
is that it limits the influence of the outliers on the slope in comparison with linear
regression.

b ¼ Median
Xj � Xi

j� i

� �
for all i < j ð9Þ

where Xi and Xj are the sequential data values of the time series in the years i and j, and β
is the estimated magnitude of the trend slope in the data series.

2.5 TFPW Approach

The data must be serially independent in the case of the non-parametric tests. Based on the
performed studies, the existence of serial correlation will increase the probability for
significant trend detection. This leads to a disproportionate rejection of the null hypothesis
of non trend, whereas the null hypothesis is actually true. Therefore, the influence of serial
correlation must be eliminated (Yue et al. 2002b). In this regard, different methods such as
pre-whitening, variance correction (Hamed and Rao 1998), and TFPW (Yue et al. 2002b)
have been proposed. The TFPW procedure presented here provides a better assessment of
the significance of the trends for serially correlated data than the other approaches (Yue et
al. 2002b; Yue et al. 2003; Zhang and LU 2009) and several researchers (Burn et al. 2004;
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Abdul Aziz and Burn 2006; Novotny and Stefan 2007; Leclerc and Ouarda 2007; Wu et al.
2008; Xu et al. 2008; Zhang and Lu 2009; Kumar et al. 2009) have used this procedure.

In this study, the TFPW procedure was applied to the time series with significant
autocorrelation (at 5% significant level) to remove the effect of serial correlation on both tests
(MK and SR).

3 Results and Discussion

3.1 Monthly Analysis

The results of the application of the MK and SR tests for trend identification of
monthly ET0 were similar, and they are summarized in Table 2. As shown, the ET0 had a
mixture of increasing and decreasing monthly and yearly trends. The trend tests revealed
no statistically significant trends at Bandarabbas, Sabzevar and Semnan stations.
Significant trends at Birjand station were a decreasing trend during the months of
January, March and May as well as August to December. Esfahan station had a significant
decreasing trend in June to September and in December and a decreasing trend for
Kerman station occurred from June to October. At Mashhad station, the monthly ET0

were increasing in the months of July, October, and November over the period of
analysis. In other stations, significant trend occurred for a few months of the year.
Figure 2 shows the spatial distribution of monthly ET0 trends for each month in Iran
during the period of 1965–2005.

The results for the slope magnitude of significant trends (in monthly scales) indicated that
the observed trends in Esfahan, Birjand, Kerman, and Mashhad stations were more rapid in
comparison with other places. The maximum values of increasing (1.00 mm/month) and
decreasing (1.54 mm/month) slopes of the significant trends in the monthly ET0 data were
observed in Mashhad (in July) and in Esfahan (in August), respectively. The trends of the
monthly ET0 for the above mentioned stations are presented in Fig. 3. Analysis of the impact
of climatic variables on the significant increasing trend in monthly ET0 shows that the
increasing trend is mainly caused by a significant increase in air temperature and wind speed
during the study period. Also decreasing trend of ET0 is mainly due to a significant decrease
in wind speed.

3.2 Annual and Seasonal Analysis

The MK and SR tests were also applied in order to study trends in the annual and seasonal
ET0 over the study period (1965–2005). Table 3 shows the MK and SR tests results for
trend significance, which were similar for both tests in tested time series. Significant trends
were increasing or decreasing trend (Table 3). Among the study stations, Ahvaz,
Bandarabbas, Kashan, Sabzevar and Semnan stations did not exhibited any significant
trend in the annual and seasonal time series. The ET0 trend at Birjand and Esfahan stations
decreased in the annual and seasonal scales except winter. At Kerman Station, the monthly
ET0 decreased during summer and autumn and at Bushehr Station, the decrease occurred in
the annual, winter and autumn time series. Shiraz station in the autumn encountered with with a
decreasing significant trend. Increasing trends were only present at Mashhad station. The
annual, autumn and summer time series were characterized by significant positive trends at
Mashhad station. Figure 4 shows the spatial distribution of annual and seasonal ET0 trends in
Iran during the period of 1965–2005.
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Fig. 2 Location of sites with increasing trends, decreasing trends, and no trends at the 5% significance level
for the monthly ET0 time series for the period of 1965–2005
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In the present study among the investigated stations, Mashhad station showed a maximum
increasing trend of annual ET0 with an increase of 7.50 mm/year, while Esfahan station had a
decreasing trend with a slope of 6.38 mm/year. Figure 5 shows the magnitude of the
variations in annual ET0 for stations with significant trend during the study period.

The results of the seasonal investigations (Table 3) demonstrated that in agreement with the
monthly results, the number and percent of significant cases for upward and downward trends
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Fig. 3 Variations of monthly ET0 in stations with most significant trends during the study period

Table 3 MK test results for ET0 trend in seasonal and annual time series

Stations/Month Test Winter Spring Summer Autumn Annual

Bandarabbas MK −0.91 0.78 0.07 −0.72 −0.24
SR −1.13 0.71 0.01 −0.84 −0.33

Bushehr MK −2.17a 0.54 −1.81 −3.27a −2.63a

SR −2.43a 0.55 −1.85 −3.72a −2.81a

Ahvaz MK 0.36 0.75 1.81 0.21 1.70

SR 0.23 0.52 1.95 0.07 1.78

Sabzevar MK 0.57 1.00 1.44 0.69 2.08a

SR 0.23 0.77 1.24 0.55 1.98

Kashan MK −0.22 −0.09 0.30 0.69 0.08

SR −0.34 −0.14 0.10 0.63 −0.16
Mashhad MK 1.91 1.80 2.27a 2.17a 2.44a

SR 1.67 1.58 2.39a 2.30a 2.27a

Semnan MK 1.02 1.37 1.57 0.02 1.45

SR 0.89 1.22 1.35 0.11 1.24

Shiraz MK −0.28 0.12 −1.76 −2.45a −1.18
SR −0.23 0.20 −1.95 −2.48a −1.15

Birjand MK −1.83 −2.21a −3.02a −3.90a −3.09a

SR −1.76 −2.24a −3.20a −4.64a −3.39a

Esfahan MK −1.16 −2.50a −4.98a −2.89a −3.72a

SR −1.18 −2.76a −6.58a −3.11a −4.35a

Kerman MK −0.08 −1.71 −3.02a −2.38a −1.90
SR −0.05 −1.73 −3.29a −2.46a −1.95

a Trends statistically significant at the 5% significant level
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Fig. 5 Variations of annual ET0 in stations with significant trend during the study period

Fig. 4 Location of sites with increasing trends, decreasing trends and no trends at the 5% significance level
for the annual and seasonal ET0 time series for the period of 1965–2005

Trend Analysis in Reference Evapotranspiration 221



were observed mainly in autumn and summer, respectively. On the other hand, these seasons
showed more sensitivity to changes in the trend of ET0. Analysis of the impact of climatic
variables on the significant increasing trend in annual and seasonal ET0 shows that the
increasing trend is mainly due to a significant increase in air temperature and wind speed
during the study period. Also decreasing trend of ET0 is mainly caused by a significant
decrease in wind speed.

In the analysis of climate change effects in India (Bandyopadhyay et al. 2009) and China
(Xu et al. 2006), decreasing trends of ET0 were confirmed while regions in Central Europe
reported a significant increase in potential evapotranspiration and evapotranspiration
(Zaninović and Gajić-Čapka 2000) and the annual potential evapotranspiration showed an
increasing trend by itself in Northeastern China (Dongsheng et al. 2007). In the western half
of Iran, annual, seasonal and monthly analysis of the ET0 series indicated a positive trend
during 1966–2005 (Tabari et al. 2011)

3.3 Comparison of the MK and SR Tests for Detection of Trend Existence

The results obtained using both tests indicate that the analogous values of MK and SR tests
(ratio of significant cases to total tested cases) for detections of trend in ET0 were 26% and
25%, respectively. Therefore, these tests had similar performance at the 5% significant level
for analysis of trends. In cases where the detection of significance by means of the two tests
was different, values of significant level of trend acceptance exhibited low difference. Yue et al.
(2002a) also confirmed similar performance of MK and SR tests for analysis of trends.

4 Conclusions

In this study, temporal trends in ET0 data for 11 main stations in arid regions were analyzed.
The results showed that increasing and decreasing tends were found for monthly ET0. The
annual trends at Birjand, Bushehr, Esfahan, Mashhad, and Sabzevar stations were significant
at the 5% significant level. The highest numbers of significant trends were found in the
summer and autumn series, respectively. Results using MK and SR tests demonstrated the
agreement of performance for the two tests in detection of the trend for the ET0 variable.
There was a small difference in detection of the significant trend by the two tests for tested
cases but in these cases, the difference in values of significant level of trend acceptance were
low. Finally, the results of this study emphasize the need for more analysis on the effects of
climate change on the study variable, especially in arid climate.

Open Access This article is distributed under the terms of the Creative Commons Attribution
Noncommercial License which permits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.
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