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Abstract

Recently, climate change makes itself felt at increasing levels due to rising temperatures, irregular precipitation patterns and
changing weather events. Although the frequently used Mann-Kendall (MK) method has disadvantages such as needing serial
independence, it helps to detect monotonic trends to investigate climate change effects on a given time series. Climate change
may have different features on different levels such as the lows and highs of a given time series, leading to non-monotonic trends.
Innovative trend analysis (ITA) as an innovative trend analysis method detects non-monotonic trends, which MK cannot. In
this study, MK method is improved to detect non-monotonic trends (non-monotonic MK) and applied for Murat River basin, a
branch of Euphrates River, precipitation series at Bingöl, Muş, and Ağrı meteorological stations. Although classical MK method
cannot detect any trend on the river basin, non-monotonic MK (NMK) method detects two important decreasing (increasing)
trends on the low (high) values of Bingöl and Muş (Bingöl) stations. Also, stationarity analysis is applied through the statistical
significance level concept for the river basin precipitation series using the NMK method. Bingöl station has a non-stationary
precipitation series with a value of 3.07 and 95% confidence level, while Muş station has a remarkable value of 1.58, Ağrı station
conserves its stationarity characteristic on the precipitation series. It is hoped that the newly developed NMK method will
help to understand the effects of climate change on hydro-meteorological historical records and predict future events for more
efficient hydraulic structure designs.
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Abstract:   Recently, climate change makes itself felt at increasing levels due to rising 5 

temperatures, irregular precipitation patterns and changing weather events. Although the 6 

frequently used Mann-Kendall (MK) method has disadvantages such as needing serial 7 

independence, it helps to detect monotonic trends to investigate climate change effects on a 8 

given time series. Climate change may have different features on different levels such as the 9 

lows and highs of a given time series, leading to non-monotonic trends. Innovative trend 10 

analysis (ITA) as an innovative trend analysis method detects non-monotonic trends, which 11 

MK cannot. In this study, MK method is improved to detect non-monotonic trends (non-12 

monotonic MK) and applied for Murat River basin, a branch of Euphrates River, precipitation 13 

series at Bingöl, Muş, and Ağrı meteorological stations. Although classical MK method 14 

cannot detect any trend on the river basin, non-monotonic MK (NMK) method detects two 15 

important decreasing (increasing) trends on the low (high) values of Bingöl and Muş (Bingöl) 16 

stations. Also, stationarity analysis is applied through the statistical significance level concept 17 

for the river basin precipitation series using the NMK method. Bingöl station has a non-18 

stationary precipitation series with a 𝑧ேெ௄ value of 3.07 and 95% confidence level, while Muş 19 

station has a remarkable 𝑧ேெ௄  value of 1.58, Ağrı station conserves its stationarity 20 

characteristic on the precipitation series. It is hoped that the newly developed NMK method 21 

will help to understand the effects of climate change on hydro-meteorological historical 22 

records and predict future events for more efficient hydraulic structure designs. 23 

Keywords: Climate change, Mann-Kendall, hydro-meteorology, trend, non-monotonic. 24 



2 
 

Introduction 25 

Climate change affects hydro-meteorological events with increasing temperatures 26 

dependent on greenhouse gases level increments in the atmosphere. Hydro-meteorological 27 

series have trend components as well as random features.  To calculate trends on a time series, 28 

linear regression analysis (Haan, 1977), Mann-Kendall (Kendall, 1975; Mann, 1945), Sen 29 

slope estimator (Sen, 1968), Spearman’s Rho (Spearman, 1987), and lastly Şen innovative 30 

trend analyses (ITA)  methods are used in the literature (Şen, 2012). Although Mann-Kendall 31 

(MK) method is the most widely used method in the literature, it has some restrictive 32 

assumptions such as normality and independence of time series variable. Dependent series 33 

may tend to give significant trend components in the MK method even if there is no trend 34 

(Bayazit and Önöz, 2007; Cox and Stuart, 1955; Hamed and Ramachandra Rao, 1998).  35 

Non-monotonic trends (low and high values have different positive or negative trend 36 

directions in a time series) are lastly come into question with Şen ITA method (Şen-ITA). 37 

Some researchers (Alifujiang et al., 2021; Berhail et al., 2022; Dabanli et al., 2021; Şan et al., 38 

2021; Saplıoğlu and Güçlü, 2022; Şişman and Kizilöz, 2021) claim that Şen-ITA method is 39 

superior to MK because of that MK method cannot detect non-monotonic trends on time 40 

series while Şen-ITA can. Research results support these claims using visual evaluations on a 41 

1:1 graph. Also, Faulkner et al., (2020) examined flood flows in Great Britain using a non-42 

stationary distribution, and MK methods, the non-stationary distribution is preferred at 68 out 43 

of 166 stations where MK cannot detect a trend. Nigussie and Altunkaynak, (2019) apply MK 44 

method to detect trends of extreme rainfall indices. Although the rainfall indices have 45 

increasing trends, MK method does not find significant trends even at 0.10 significance 46 

levels.  47 

Under the light of increasing carbon content of the atmosphere, it is often questioned 48 

whether hydro-meteorological variables, whose trends are not classified as monotonic and 49 
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non-monotonic, have stationary properties. This discussion cannot be conducted effectively 50 

without the aforementioned trend classifications. Some researchers  argue that stationarity is 51 

dead and not valid for future event predictions (Khaliq et al., 2006; Milly et al., 2008; Vogel 52 

et al., 2011). The other researchers  reject this idea and defend stationarity because it is more 53 

understandable and applicable (Bayazit, 2015; Lins and Cohn, 2011; Matalas, 2012; 54 

Montanari and Koutsoyiannis, 2014; Serinaldi and Kilsby, 2015). In the non-monotonic trend 55 

conditions, the explanations of the first research group are reasonable because non-monotonic 56 

trends distort distribution parameters of variables and estimation of these parameters is hard 57 

for future events. The comments of the second group are accepted for the monotonic trend 58 

conditions because monotonic trends change distribution parameters regularly and these 59 

changes can be guessed for future events and relatively easier than non-monotonic trend 60 

calculations. Non-monotonic trends cannot be detected by classical trend methods because 61 

there are different effects climatic impacts on low and high hydro-meteorological variables. 62 

Alashan, (2018) proposes non-stationary cumulative functions to forecast future hydro-63 

meteorological events effectively. Generally, non-monotonic trends do not change total 64 

amount of hydro-meteorological variables. Burić and Doderović, (2021) stated that the 65 

climate of Podgorica (Montenegro) is getting more arid but total precipitation has not 66 

significant trends. Trends may not be a sign of non-stationarity (Oruc, 2021; Serinaldi et al., 67 

2018).    68 

In this study, classical MK method is revised to detect non-monotonic trends (NMK), 69 

which enables more effective use of the classical MK method. NMK method separately 70 

detects trends on low and high values of a time series according to statistical significance 71 

levels. The same method can group series as stationary and non-stationary using basic MK 72 

processes. It is a novel and helpful approach to detect distorted hydrologic series by the 73 

climate change. 74 
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Methodology 75 

 Mann-Kendall (MK) is a non-parametric method that cannot detect non-monotonic 76 

trends on hydro-meteorological data (Kendall, 1948; Mann, 1945). A new non-monotonic 77 

Mann-Kendall (NMK) method is launched in the literature to use the traditional MK 78 

effectively in this study. The revised method can be used simply to detect non-monotonic 79 

hidden trends in low and high values of a time series. NMK method has the following steps. 80 

• A time series (X) is separated into two times sub-series such as low sub-series (Xlow) 81 

and high sub-series (Xhigh) with a rank number. For example, a time series (X) consists 82 

of x1, x2, ……, and xn. If x1 is greater than the mean of the time series, it is classified 83 

as a high value otherwise a low value. This process is repeated throughout the time 84 

series (Figure 1). 85 

• These low and high values are recorded into a low (Xlow) and high (Xhigh) sub-series 86 

with their rank numbers.  87 

• If the low and high sub-series can be considered independent and thus the classical 88 

MK can be applied to these series. If they are dependent, pre-whitening, over-89 

whitening, and variance correction can be applied despite some of their disadvantages. 90 

•  The data numbers of the low and high sub-series are 𝑛௟ and 𝑛௛. MK test statistics, 91 𝑆௟௢௪ , can be calculated with Eq. 1, where, 𝑗 > 𝑖 and 𝑖 from 1 to 𝑛௟ − 1 and 𝑗 from 92 𝑖 + 1 to 𝑛௟ . The sgn function in Eq. 2 represents the signal function. If   𝑋௟௢௪,௝ >93 𝑋௟௢௪,௜  then  𝑠𝑔𝑛൫𝑋௟௢௪,௝ − 𝑋௟௢௪,௜൯ = 1, if   𝑋௟௢௪,௝ < 𝑋௟௢௪,௜  then 𝑠𝑔𝑛൫𝑋௟௢௪,௝ − 𝑋௟௢௪,௜൯ =94 −1, otherwise 0. The same processes are applied to the high sub-series and all series. 95 

𝑆௟௢௪ = ∑ ∑ 𝑠𝑔𝑛൫𝑋௟௢௪,௝ − 𝑋௟௢௪,௜൯  ௡೗௝ୀ௜ାଵ௡೗ିଵ௜ୀଵ            (1) 96 

𝑠𝑔𝑛൫𝑋௟௢௪,௝ − 𝑋௟௢௪,௜൯       1          𝑓𝑜𝑟         𝑋௟௢௪,௝ > 𝑋௟௢௪,௜−1          𝑓𝑜𝑟        𝑋௟௢௪,௝ < 𝑋௟௢௪,௜   0          𝑓𝑜𝑟       𝑋௟௢௪,௝ = 𝑋௟௢௪,௜                 (2) 97 
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 If the values of 𝑆௟௢௪ and 𝑆௛௜௚௛ are sufficiently different from the zero then there is a 117 

trend and the null hypothesis is rejected. For 𝑆௟௢௪ ≈ 𝑆௛௜௚௛, the mean of the dataset changes 118 

but the variances are almost constant. This situation is called as the stationary process and the 119 

distribution of data is similar to the previous one.   120 

 If the values of 𝑆௟௢௪ and 𝑆௛௜௚௛ are statistically different from zero and each other, 121 

thus the mean and variance of data change and the dataset is non-stationary. If the values of 122 𝑆௟௢௪ and 𝑆௛௜௚௛ have opposite signs, close to each other and sufficiently different from zero 123 

(𝑆௟௢௪ ≈ −𝑆௛௜௚௛), then there is sometimes no monotonic trend on the dataset and MK cannot 124 

detect non-monotonic trends. Non-stationary conditions are valid for the dataset, and the 125 

distribution of the data changes over time. MK should be modified to detect non-stationary 126 

situations and calculate non-monotonic trends on a given time series.   127 

 In the stationary conditions, the values of 𝑆௟௢௪  and 𝑆௛௜௚௛  must be close to each 128 

other (𝑆௛௜௚௛ − 𝑆௟௢௪ ≈ 0 ). Non-monotonic trend conditions are valid when the values of 129 𝑆௛௜௚௛ − 𝑆௟௢௪  increase. To overcome this problem, a new test statistic ( 𝑧ேெ௄ ) must be 130 

launched for MK method. As a main rule, if the 𝑆௟௢௪  and 𝑆௛௜௚௛  parameter values have a 131 

normal PDF separately then the sum and difference of these parameters must also have a 132 

normal PDF (Cramér, 1936). According to this rule, the 𝑧ேெ௄ parameter has a normal PDF 133 

and can be calculated according to Eq. 6. If the calculated 𝑧ேெ௄  values are bigger than 134 

tabulated z values (1.65, 1.96, and 2.58) according to statistical confidence levels (90%, 95%, 135 

or 99%), then there is a non-monotonic trend in the dataset. For the first time, this approach 136 

(NMK) allows us to detect non-monotonic trends in time series data using the MK method. 137 

 𝑧ேெ௄ = ௌ೓೔೒೓ିௌ೗೚ೢට௏௔௥൫ௌ೓೔೒೓൯ା௏௔௥(ௌ೗೚ೢ)       (6) 138 

 139 
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Study Area and Application 140 

In this study, the Murat River is selected as the study area (Figure 2). It is a branch of 141 

the Euphrates River and located in eastern Turkey. The river basin ranges from northeastern 142 

to southwestern and has approximately 28,850 km2 area (Günek, 2011). The elevation of the 143 

river basin changes from 819 m to 4,038 m above mean sea level with a 1,834 m average 144 

altitude (Alashan et al., 2016).   145 

 146 

Figure 2 The map of the study area (Murat River Basin). 147 

 The dataset used in this study on a 0.5°x0.5° grid produced by the University of East 148 

Anglia Climate Research Unit (CRU) is taken from the World Bank Group, Climate Change 149 

Knowledge Portal (https://climateknowledgeportal.worldbank.org/download-data). The 150 
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observed dataset covers the period 1901-2020 and quality controlled (Harris et al., 2020). 151 

Statistical features of the selected stations are given in Table 1.  152 

Table 1. Statistical parameters of the selected stations annual total precipitation (mm)  153 

Stations Latitude Longitude Observed 
Years 

Minimum
(mm) 

Mean
(mm)

Maximum
(mm) 

Standard 
deviation 

(mm) 
Skewness

Bingöl 38°53'N  40°29'E 1901-2020 505.24 765.38 1146.13 112.08 0.54
Muş 38°44'N 41°30'E 1901-2020 469.10 703.34 1030.56 105.53 0.40
Ağrı 39°43'N 43°02'E 1901-2020 318.93 514.68 743.41 82.12 0.32

MK and NMK methods are conducted to determine trends on precipitation series of 154 

the Murat River basin at Bingöl, Muş, and Ağrı stations. According to MK results, there is no 155 

monotonic trend at the 90% confidence level at all stations (Table 2). Ağrı has a positive z 156 

value (0.60), Bingöl and Muş have negative z values (-0.44 and -0.41). All z values are 157 

smaller than ±1.65 and there is no monotonic trend even at the 90% confidence level.  158 

NMK method gives important decreasing trends (𝑧௟௢௪ > 1.96) on low sub-series of 159 

Bingöl and Muş stations and increasing trend (𝑧௛௜௚௛ > 1.65) on high sub-series of Bingöl 160 

station. There is no non-monotonic trend on the high series of Muş station (𝑧௛௜௚௛ = 0.00). 161 

Ağrı station has no monotonic or non-monotonic trend on main, low, and high series (𝑧 =162 0.60, 𝑧௟௢௪ = −1.40, and 𝑧௛௜௚௛ = −0.04).  163 

NMK method can also detect whether a time series is stationary (Table 2). Among the 164 

three stations, only Bingöl station has lost stationarity at the 95% confidence level (𝑧ேெ௄ =165 3.07). Positive 𝑧ேெ௄ values represent an increase in the variance of the precipitation series.  166 

 167 

 168 

 169 

 170 
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Table 2 Mann-Kendall test results for Precipitation Series of Murat River Basin 171 

Mann-Kendall for all series 

Stations 
Data 

length 
(𝑛) 

Test 
statistics, 𝑆 

𝑉𝑎𝑟(𝑆) 

Standard 
test 

statistics, 𝑧 

Significance 
level 

Tabulated 
test 

statistics, 𝑧௧௔௕  

Decision 

Bingöl 120 -194 194367 -0.44 90% ±1.65 No trend 

Muş 120 -178 194367 -0.41 90% ±1.65 No trend 

Ağrı 120 264 194367 0.60 90% ±1.65 No trend 

Non-monotonic Mann-Kendall for low series 

Stations 
Data 

length 
(𝑛) 

Test 
statistics, 𝑆௟௢௪  (𝐸𝑞. 1) 

𝑉𝑎𝑟  (𝑆௟௢௪)  
 (𝐸𝑞. 4) 

Standard 
test 

statistics, 𝑧௟௢௪(𝐸𝑞. 5) 

Significance 
level 

Tabulated 
test 

statistics, 𝑧௧௔௕  

Decision 

Bingöl 61 -390 25823 -2.43 95% ±1.96 
Important 
decreasing 

trend 

Muş 59 -351 23384 -2.30 95% ±1.96 
Important 
decreasing 

trend 
Ağrı 64 -240 29792 -1.40 90% ±1.65 No trend 

Non-monotonic Mann-Kendall for high series 

Stations 
Data 

length 
(𝑛) 

Test 
statistics, 𝑆௛௜௚௛  (𝐸𝑞. 1) 

𝑉𝑎𝑟  (𝑆௛௜௚௛)  
 (𝐸𝑞. 4) 

Standard 
test 

statistics, 𝑧௛௜௚௛(𝐸𝑞. 5) 

Significance 
level 

Tabulated 
test 

statistics, 𝑧௧௔௕  

Decision 

Bingöl 59 291 23384 1.90 90% ±1.65 Increasing 
trend 

Muş 61 1 25823 0.00 90% ±1.65 No trend 

Ağrı 56 -4 20020 -0.04 90% ±1.65 No trend 

Non-monotonic Mann-Kendall for stationarity test 

Stations 

Test 
statistics, 𝑆௟௢௪  (𝐸𝑞. 1) 

Test 
statistics, 𝑆௛௜௚௛  (𝐸𝑞. 1) 

𝑉𝑎𝑟  (𝑆௟௢௪)  
 (𝐸𝑞. 4) 

𝑉𝑎𝑟  (𝑆௛௜௚௛)  
 (𝐸𝑞. 4) 

Standard 
test 

statistics, 𝑧𝑁𝑀𝐾  
(Eq.6) 

Tabulated 
test 

statistics, 𝑧௧௔௕  

Decision 

Bingöl -390 291 25823 23384 3.07 ±1.96 Non-
Stationary 

Muş -351 1 23384 25823 1.58 ±1.65 Stationary 

Ağrı -240 -4 29792 20020 1.05 ±1.65 Stationary 

  172 
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Although the Muş station has a noteworthy 𝑧ேெ௄value of 1.58, it does not exceed the critical 173 𝑧௧௔௕ value of 1.65 at the 90% confidence level and therefore has stationarity. The minimum 174 𝑧ேெ௄ value of 1.05 is calculated at the Ağrı station. To visualize non-monotonic trends on 175 

Murat River Basin (Euphrates) low and high precipitation series and calculate trend slopes, 176 

quantiles linear regression method (LR) is used as in Figure 3 to calculate trend slopes at 177 

different intervals (Solaimani, 2022). 178 

 As in Figure 3, Bingöl station has an important increasing trend (0.37 mm/year) on 179 

high precipitation series and decreasing trend (-0.52 mm/year) on low series. These values fit 180 

NMK method but MK gives no trend on all series. Muş station has an insignificantly 181 

increasing trend (0.01 mm/year) on the high series and an important decreasing trend (-0.43 182 

mm/year) on the low series, which is detectable by NMK method ( 𝑧௟௢௪ = −2.30  and 183 𝑧௛௜௚௛ = 0.00). There is an insignificantly increasing trend (-0.07 mm/year) on the high series 184 

although a noteworthy decreasing trend (-0.21 mm/year) exists on the low series of Ağrı 185 

station. NMK method results for Ağrı station are again consistent with quantiles linear 186 

regression (𝑧௟௢௪ = −1.40 and 𝑧௛௜௚௛ = −0.04). 187 

 Two parameter Gamma PDF is fitted to precipitation series at Bingöl, Muş, and Ağrı 188 

stations to compare stationarity between the first period (1901-1960, blue line) and the second 189 

period (1961-2020, red line) (Figure 4). Even though the probabilities of low and high values 190 

increase in Bingöl station, the probabilities of middle values decrease. The shape of the 191 

Bingöl precipitation distribution changes and accordingly the series loses its stationarity 192 

(𝑧ேெ௄ = 3.07). 193 
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 194 

Figure 3 The application of quantiles linear regression method for selected precipitation 195 

stations on the Murat River basin. 196 
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There is a minor change in the probability of Muş station precipitation high values 197 

although there is an important increase in low values probabilities (𝑧௟௢௪ = −2.30).  The 198 

stationarity of the precipitation series at Muş station is considerable with a 𝑧ேெ௄value of 1.58. 199 

Ağrı station maintains stationarity (𝑧ேெ௄ = 1.05) but there is a remarkable increase in low 200 

precipitation probabilities (𝑧௟௢௪ = −1.40). 201 

  202 

Figure 4 Gamma PDFs of precipitation series at selected stations (Blue lines represent the 203 

period 1901-1960, and red lines represent the period 1961-2020). 204 

To double-check the stationarity of precipitation series at Bingöl, Muş, and Ağrı 205 

stations and compare those between the 1901-1960 and 1961-2020 periods, the Gamma 206 

cumulative distribution functions (CDF) are drawn in Figure 5. The CDF values for the 207 

periods 1901-1960 and 1961-2020 are shown on the left side of this figure and the comparison 208 

of these cumulative probability values with each other is on the right side. As in Figure 4, 209 

although the cumulative probabilities of low values are increasing, the cumulative 210 

probabilities of high values are decreasing between the 1921-1960 and 1961-2020 periods. 211 

The CDF probability values indicate that a certain probability value or a smaller value will 212 

occur. Therefore, while the probability of the resulting values being lower than the low values 213 

increases, the probability of the resulting values being lower than the high values decreases, 214 

or the risk of the resulting values being higher than the high values increases.  215 
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 216 

Figure 5 Gamma CDFs of precipitation series and comparison of these values between 1921-217 

1960 and 1961-2020 periods at selected stations. 218 
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Accordingly, the recurrence times of droughts and floods are expected to decrease. The 219 

differences between the CDF probability values for the 1921-1960 and 1961-2020 periods of 220 

Bingöl station (𝑧ேெ௄ = 3.07) are bigger than those of Muş station with 𝑧ேெ௄value of 1.58 221 

(Figure 5). Ağrı station (𝑧ேெ௄ = 1.05) has no important differences between cumulative 222 

probability values between 1921-1960 and 1961-2020 periods as in the figure. The probability 223 

of low and high values increases because all 𝑧ேெ௄ values are positive. 224 

Results and Discussion 225 

Classical MK is frequently used in the literature to detect monotonic trends on hydro-226 

meteorological parameters, despite some restrictive assumptions such as independent time 227 

series and normality of test statistics. MK method cannot detect non-monotonic trends that 228 

have different effects on low and high values of a given time series. In this study, MK method 229 

is improved to detect non-monotonic trends and investigate whether a given time series is 230 

stationary. Non-monotonic Mann-Kendall (NMK) is applied in addition to MK and quantiles 231 

linear regression to detect trends on precipitation series at Bingöl, Muş, and Ağrı stations of 232 

the Murat River basin.  233 

Classical MK cannot detect any trend on all the stations but NMK method gives two 234 

important decreasing trends on low values of the precipitation series at Bingöl and Muş 235 

stations and one increasing trend on high values of the precipitation series at Bingöl station. 236 

Ağrı station has a neither monotonic nor non-monotonic trend on the precipitation series. 237 

Quantiles linear regression yields consistent results with NMK method. There are trend slope 238 

values of -0.52 mm/year (𝑧௟௢௪ = −2.43) and -0.43 mm/year (𝑧௟௢௪ = −2.30) for low values 239 

of Bingöl and Muş precipitation series. There is also a 0.37 mm/year (𝑧௛௜௚௛ = 1.90) trend 240 

slope value for high values of the Bingöl precipitation series. Ağrı station has small trend 241 
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slopes on the precipitation series such as -0.07 mm/year (𝑧௛௜௚௛ = −0.04) on high values and -242 

0.21 mm/year (𝑧௟௢௪ = −1.40) on low values and again it is consistent with NMK method.  243 

 To investigate stationarity on the all precipitation series, NMK method gives non-244 

stationarity for only the Bingöl precipitation series (𝑧ேெ௄ = 3.07), which has an important 245 

trend on the low values and an increasing trend on the high values. Although Muş has a 246 

considerable 𝑧ேெ௄  value of 1.58, Muş and Ağrı precipitation series are stationary. It is 247 

consistent with NMK values, because Muş has only important decreasing trend on the low 248 

values and the Ağrı precipitation series (𝑧ேெ௄ = 1.05)  has no trend. Positive 𝑧ேெ௄ values 249 

represent increasing serial variance and uncertainty on the precipitation series of the Murat 250 

River. 251 

 Non-monotonic trends cannot be detected by classical methods, but NMK method is 252 

helpful to detect non-monotonic trends and enables better prediction of future events and 253 

support more efficient design procedure for hydraulic structures. The positive 𝑧ேெ௄ values 254 

found for the Murat River basin indicate that lower values than the low (drought) values and 255 

higher values than the high (flood) values of the precipitation series are expected to emerge 256 

more frequently in the future. 257 

 258 
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