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Abstract: Hydrometeorological variables are tested by trend methods to detect
trends in river basins. Mann-Kendall and Spearman’s rho tests are widely used as
traditional trend methods. Besides, some new trend tests are applied to
hydrometeorological variables, such as Innovative Trend Analysis (ITA). Sediment
discharge observations are more complicated than other hydrometeorological
variables. In general, sediment data are observed on a monthly time scale.
Therefore, there are minimal studies on sediment data, especially in Turkey. In this
study, Innovative Trend Analysis (ITA), Mann-Kendall, Correlated Mann-Kendall
and Seasonal Mann-Kendall trend analyses are applied to sediment discharges in
Turkish river basins. According to Mann-Kendall, Correlated Mann-Kendall and
Seasonal Mann-Kendall results, positive trends have detected only 8, 2 and 20
gauging stations, respectively. Then, 30 positive and 15 negative trends were
detected by ITA methodology. The trend slopes calculated from ITA methodology
are categorised because some positive and negative trends are weak. The applied
trend methods are evaluated together, considering the climate properties of
hydrological regions in Turkey. Increasing trends in sediment data are detected
from the rivers in the Mediterranean region of Turkey. The results of the study
would help to manage water resources as well as sustainable development in the
Turkish river basins.

Keywords: Innovative Trend Analysis (ITA), Mann-Kendall, Seasonal Mann-Kendall,
Sediment discharge, Trend, Turkish rivers

Research Highlights

e Innovative Trend Analysis (ITA), Mann-Kendall, Correlated Mann-Kendall
and Seasonal Mann-Kendall trend analyses are applied to sediment dis-
charges in Turkish rivers.

o The sediment data for the 2006-2012 period from 45 gauging stations are
used in the study.

e Increasing and decreasing trends in sediment data are significantly detected
from the coastal rivers in the Mediterranean and Black Sea regions of Turkey.
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1. Introduction

Sediment transport is an essential and natural phenomenon in rivers. It is known
that the sediment transport mechanism is related to precipitation and runoff di-
rectly in a hydrological basin. So, it is easily affected by climate change and
anthropogenic effects, and it affects the capacity of human-made reservoirs. The
increase in sediment adversely affects the safety of dams and reduces energy
production, water storage, discharge capacity and flood attenuation capabilities
(Wang et al. 2005). Seasonal variations in sediment transport from an Arctic
glacier are also investigated in previous studies (Hodgkins 1996).

There are many studies on sediment estimations based on artificial intelli-
gence (Al) methods for the future due to the importance of the subject (Bajirao
et al. 2021, Chen & Chau 2019, Cigizoglu 2004). The trend component, one of
the stochastic processes, should be separated from time series data. The regres-
sional equations from 14 sediment gauging stations in Kansas are produced for
each of them considering the 1970-2002 period (Putnam & Pope 2003). Some
biggest rivers from different geographic regions in the world are evaluated by an-
nual changes in sediment and long-term cumulative annual sediment correspond-
ing to cumulative annual runoff after 1950 (Li et al. 2020, Walling & Fang 2003).

The studies on sediment and runoff changes in the rivers are primarily from
Chinese rivers in the literature. The main reason is sediment problems in Chinese
rivers, especially the Yellow River. Industrial development and urbanisation,
many river basin characteristics, such as the percentage of vegetation cover (in-
cluding secondary vegetation), may alter substantially with economic growth.
Consequently, the rainfall-runoff process should be different from its original con-
dition and sediment transport by the river systems should change (Liu et al. 2008).

Yangtze River flows 6300 km and is the longest river in Asia and the third
longest in the world. There are many studies about sediment changes in the
Yangtze River. Sediment and runoff changes of the Yangtze River and its tribu-
taries are evaluated using Mann-Kendall trend analysis (Zhang et al. 2006).
Gongshui River, one of eight Yangtze River tributaries, is selected as a study
area. Mann-Kendall and Pettitt tests are used for trend and change-point anal-
yses, respectively. The double-mass curve method is employed to quantify the
effects of precipitation change and human activities on hydrological regime
shifts (Guo et al. 2018).

Trend and change-point analyses of streamflow and sediment are determined
for the Yellow River, the second-longest river in China (Gao et al. 2010). Mann-
Kendall trend analysis, Pettitt test for change-point analysis and double-mass
curve methods are used in the study. Similarly, the changes in streamflow and
sediment and the response to human activities in the middle reaches of the Yel-
low River are investigated by Mann-Kendall trend analysis, the Pettitt test for
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change-point analysis and double-mass curve methods (Gao et al. 2011). Cli-
mate change is generally characterised by changing temperature and precipita-
tion variability. Precipitation generates runoff which has a direct impact on both
river streamflow and the capacity of sediment. So, precipitation data is correlated
with streamflow data to analyse the influence of climate change. Mann-Kendall
test for monotonic trend is applied to 15 gauging stations on the Yellow River.
Then, interannual changes of annual Normalised Difference Vegetation (NDVI)
values in the Yellow River basin for 1982-2006 are calculated (Miao et al. 2010).

The trends of streamflow and sediment from three hydrometric gauging sta-
tions over the past 25 years of development in the state of Selangor, Peninsular
Malaysia, are analysed using the Mann-Kendall and Pettitt tests. Landscape met-
rics for establishing the relationship between land-use changes and trends of hy-
drological time series are calculated. The hydrological trends are also studied
regarding rainfall variations and artificial features (Memarian et al. 2012). Both
satellite imagery and in situ data are compiled to produce a 32-year time series
(1984-2016) of sediment data in the Amazon River, the largest river by stream-
flow volume of water in the world. The seasonal Mann-Kendall test is applied
for temporal trend detection (Montanher et al. 2018). The sediment trends are
characterised using the Weighted Regressions on Time, Discharge and Season
(WRTDS) model. The correlations between sediment trends and concurrent
changes in land use/cover, hydrology and climate are often stronger at sites drain-
ing watersheds with more homogenous, human-related land uses (i.e., agricultural
and urban lands) compared to mixed-use or undeveloped lands (Murphy 2020).

The recent trends in sediment and the influence of the climatic and human
forcing mechanisms on the land-ocean fluvial systems are examined. A signifi-
cant dataset containing sediment time series of various timescales from 133
gauging stations dispersed across India’s tropical river basins from 1986-1987
to 2005-2006 is analysed. (Panda et al. 2011). The annual sediment time series
trend from seven major basin gauging stations in India using Mann-Kendall
(MK) trend test. Subsequently, the trends in the time series are extracted using
the empirical mode decomposition method. The same procedure is followed for
the annual precipitation of the basin, and the trend is compared to sediment data
(Adarsh et al. 2016). The trends of daily streamflow and sediment are investi-
gated in Subarnarekha and Burhabalang basins in India. Bivariate linear regres-
sion, Mann-Kendall and Pettitt tests are implemented on data from the Water
Resources Information System of India (Das 2019).

The trend of Orinoco River (Venezuela and Colombia) sediment data is stud-
ied using MODIS satellite images. 10-daily sediment data produced and pro-
cessed by the SO-HYBAM observation program. The calibration is made by
stream gauges and MODIS satellite images (Gallay et al. 2019). As mentioned
above, Mann-Kendall, Pettitt test and double mass curve method are commonly
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used for trend analyses. Innovative Trend Analysis (ITA) is also used for trend
detection in recent hydrometeorological studies (Ateeq-Ur-Rehman et al. 2017).

There are many studies on the trends of streamflow and precipitation data in
Turkey (Akgay et al. 2022, Giiglii 2020, Sen & Aksu 2021). However, there are
very few studies about sediment trends in Turkish rivers. Mann-Kendall, Mann-
Kendall Rank Correlation and Spearman’s Rho tests are used to evaluate the
trend of streamflow, sediment and precipitation data in Sakarya River, Turkey
(Ceribasi et al. 2013).

In terms of data variability and its very high range, the static analysis of
sediment discharge time series is very difficult. It depends on the amount of wa-
ter in the river, so it is known that there is a very strong regressional relationship
between streamflow discharge and sediment amount in the river. There are min-
imal and fewer studies on sediment discharge in the literature. There are some
new studies about sediment yield analysis and sediment deposition of a dam
(Darama et al. 2019, Guvel et al. 2021). This paper is the first on the trend of
sediment data on the country scale in Turkey, and ITA is applied to sediment
data in Turkish rivers for the first time.

2. Study Area and Data

Turkey is located at the geographic coordinates of 36-42° N latitudes and 26-45° E
longitudes. The river basins in Turkey have different hydroclimatological charac-
teristics. The Mediterranean climate properties are shown on the coastal sides of
the Mediterranean, Aegean and Marmara Seas. Summer seasons in this climate
are hot and dry. Although winter seasons are mild and rainy, there is no signifi-
cant difference between summer and winter precipitation. North parts of Turkey
have the Black Sea climate properties. Summer seasons are cool, and winter sea-
sons are warm on the coastal sides and snowy and cold at higher parts, in this
climate. The interior and eastern parts of Turkey have Terrestrial climate proper-
ties. Winters are cold and snowy, while summers are generally hot and dry in this
climate.

Sediment discharges have a very high correlation with streamflow data. The
annual surface flow is 186.6 billion m?, with Turkey’s rainfall-runoff coefficient
of 0.37 (Aksoy 2020). The spatial map of sediment gauging stations in the study
is presented in Figure 1. In this study, 45 sediment gauging stations are consid-
ered. The 2006-2011 (6 years) period was selected as a standard period for obser-
vations with continuous data. The statistical properties of monthly sediment data
are presented in Table 1. The scatter diagram shows the correlation between sed-
iment drainage area (km?) and annual mean sediment discharge (t/day) in Figure
2. Although there is a positive correlation between the data, it is seen from the
graph that this relationship is weak.
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Fig. 1. The location map of sediment gauging stations in the study
Table 1. The statistical characteristics of monthly sediment data
< _ >
G.c) % Nadl g g : Cv Cs Tl
EEC| = =t = 2
¢S E 5} g < e
Min 191.4 5.23 0.2 57.5 10.98 | 0.658 | 1.426 | -0.0536
Max | 27250.8 9479 82.1 365169 | 43015 | 8.013 | 8.476 | 0.410

Only ten sediment gauging stations have sediment drainage areas smaller
than 750 km* with the smallest area of 191.4 km?. Other 35 sediment gauging
stations have sediment drainage areas greater than 750 km? with the greatest area
of 27250.8 km?. Similarly, the means of monthly sediment data are smaller than
100 t/day in ten gauging stations, with the smallest mean of 5.23 t/day. Means of
monthly sediment data are greater than 100 t/day in the other 35 gauging stations,
with the greatest mean of 9479 t/day. Minimums of monthly sediment data are
smaller than 1 t/day in seven gauging stations, with the smallest minimum of
0.2 t/day. Minimums of monthly sediment data are greater than 1 t/day in the rest
38 gauging stations, with the greatest minimum of 82.1 t/day. Similarly, the max-
imums of monthly sediment data are smaller than 1000 t/day in seven gauging
stations, with the smallest maximum of 57.5 t/day. Maximums of monthly sedi-
ment data are greater than 1000 t/day in the other 38 gauging stations, with the
greatest maximum of 365169 t/day.
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Fig. 2. The scatter diagram of the drainage area and annual mean sediment discharge

The standard deviations of monthly sediment data in six gauging stations are
smaller than 100 t/day with the smallest value of 10.98 t/day. The rest standard
deviations of monthly sediment data in 39 gauging stations are greater than
100 t/day, with the greatest value of 43015 t/day. The variation coefficients (C.)
of monthly sediment data are smaller than two in eight gauging stations, with the
smallest value of 0.658. C, values of monthly sediment data are greater than two
in the other 37 gauging stations with the greatest value 0f8.013. The greater C,
coefficients indicate that the distribution level of the data is high around the mean.

Only five sediment gauging stations have skewness coefficients smaller than
three, with the smallest coefficient of 1.426. The other 40 gauging stations have
skewness coefficients greater than three, with the greatest coefficient of 8.476.
All Cs coefficients are greater than zero. All sediment time series have already
tended to have positive skewness, as expected. Finally, the autocorrelation coef-
ficients (r1) of monthly sediment data are greater than 0.2 in only nine gauging
stations, with the greatest coefficient of 0.410. The rest autocorrelation coeffi-
cients of monthly sediment data are smaller than 0.2 in 36 gauging stations, with
the smallest coefficient -0.0536. The coefficients indicate no relationships be-
tween each value in months of sediment time series, as expected.
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3. Methods

The trend analyses are Mann-Kendall, Correlated Mann-Kendall and Seasonal
Mann-Kendall and Innovative Trend Analysis (ITA) in this study. Their methodo-
logical backgrounds are presented below in sections.

3.1. Mann-Kendall Trend Test

The test checks the trend in time scales (daily, monthly, seasonal or annual) of hy-
drometeorological data. The World Meteorological Organization (WMO) proposed
the Mann-Kendall test for measuring trends in time series. The simple method does
not require the data to fit normal distribution and is not affected much by outliers.
Most hydrometeorological data do not conform to normality, and this test gives
better results than a parametric test such as a t-test. The null hypothesis (Ho) shows
no trend, and the alternative hypothesis (Hi) represents the presence of either
a gradual increasing or decreasing trend in a given time series X (Xi, X2, ... , Xn)
(Cavus et al. 2019). The Mann-Kendall test statistic is calculated according to:
The standardised test statistics Z is calculated as

(S—=1)/vvarS ; S>0
Z= 0; S=0 (1)
(S+1)/vvarS ; S<O0

The positive and negative Z value specifies an increasing and decreasing
trend, respectively. The test is carried out at any significance level, where,

n-1 n
S= Z z sgn (X]- - Xi) 2)
i=1 j=i+1
with sgn the signum function.
+1 ; X]' > Xj
sgn(xj—x;) =4 0; X=X 3)
-1 ; X]' < Xj

The mean of S is p = 0. The variance of S values is calculated as

Var(s) = % [n(n —1)@2n+5) - Z tG-DeL+5| @)

where t; is the number of data points.
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3.2. Seasonal Mann-Kendall Trend Test

The test is an extension of the Mann-Kendall test. The Mann-Kendall test is mainly
preferred when the seasonality is not expected or trends are found in different ways
(increase or decrease) for distinct seasons.

The standardised test statistics Z is calculated as

((5g—1)/ [Vars, ; s5>0
7= 0; Sg=0 5)
(Sg+1)/ [VarSg ; S

g <0

The Mann-Kendall statistic for the g-th season is calculated as:

n-1 n

Sg=z Z sgn(xjg—xig) ; 1<g<m) 6)

i=1 j=i+1

The mean of Sg is pg = 0. The variance of S values is calculated as

; (1g<m’ (7)

Var(Sg) = 1_18 [n(n - 1)(2n+5) — Z tig (tig - 1)(2tig +5)

3.3. Correlated Mann-Kendall Trend Test

The test performs a Seasonal Mann-Kendall test under the presence of correlated
seasons. Firstly, Mann-Kendall values are computed for each season separately.
Then, the variance-covariance matrix is calculated. Finally, the corrected Z sta-
tistics for the all-time series are calculated as follows, whereas a continuity cor-
rection is employed for n < 10:
T
7 - 1" S )
viTri
A vector with all members equal to one is denoted by 1. Z indicates the stand-
ard normal distribution quantile. I is the variance-covariance matrix. S presents
a vector of Mann-Kendall values for each season.

3.4. Innovative Trend Analysis (ITA)

Innovative Trend Analysis (ITA) is proposed as a new method to determine the
trends in time series data (Sen, 2012). The method considers 1:1 as the straight line
on the Cartesian coordinate system. The observed hydrometeorological data is sep-
arated into two equal-length series in this procedure. Then, the two separated series
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are sorted in ascending order. Following that, using the Cartesian coordinate sys-
tem, the first series is plotted as abscissa against the second as ordinate. The absence
of a trend in the time series is indicated if the depicted data points are gathered on
the 1:1 line. Furthermore, a negative trend is shown if the data points fall in the
lower triangular half of the 1:1 line, and a positive trend is shown if the data points
fall in the upper triangular half of the 1:1 line. This approach may also determine
trends in various hydrologic regimes such as low, medium and high.

4. Results and Discussion

The trend analyses are applied to 72 monthly sediment data for 2006-2011 in
Turkish rivers. According to Mann-Kendall trend test results, positive trends are
found in only eight sediment gauging stations. Two gauging stations have posi-
tive trends from Correlated Mann-Kendall trend results. The seasonal Mann-Ken-
dall trend test has detected positive trends for 20 gauging stations. These gauging
stations cover positive trends detected gauging stations by Mann-Kendall and
Correlated Mann-Kendall (Figure 3).

Black Sea

Aegean Sea |

125 250 500 km ,&

Mediterranean Sea e e N
® NoTrend @ Seasonal Mann-Kendall Mann-Kendall @® Correlated Mann Kendall

Fig. 3. The map of sediment gauging stations based on trend analyses results

The innovative Trend Analysis (ITA) method detects 30 positive and 15 neg-
ative trends for sediment gauging stations (Figure 4). The trend slopes calculated
from ITA methodology are categorised as weak, medium and strong. The cate-
gory of positive and negative trends is presented in Table 2.
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Fig. 4. The map of sediment gauging stations based on only ITA results

Table 2. The category of positive and negative ITA trends

Sign Category Trend Slope (TS)
© Strong TS > 30
= Middle 30>TS>10
= Weak 10>TS>0
o Weak -3<TS<0
g, Middle 6<TS<-3
2 Strong TS <-6

Eight gauging stations have strong positive ITA trends. The trend slopes of
strong positive ITA results are between 32-238. The sediment discharge areas are
between 770.7-9676.8 km?. The lowest strong positive is observed in the Susur-
luk River Basin near Marmara Basin. The highest strong positive is observed in
Eastern Black Sea Basin. Positive and high trend slopes can be seen in Figure 5.

Ten gauging stations have middle positive ITA trends. The trend slopes of
middle positive ITA results are between 10-29. The sediment discharge areas are
between 191.4-27250.8 km?*. The lowest middle positive is observed in Meric
River Basin near Marmara Basin. The highest middle positive is observed in
Western Mediterranean Basin.
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Fig. 5. ITA result samples for the strong positive trend

Twelve gauging stations have weak positive ITA trends. The trend slopes of
weak positive ITA results are between 0.46-8.94. The sediment discharge areas
are between 203.8-18596.8 km?. The lowest weak positive is observed in Sakarya
River Basin near Marmara Basin. The highest weak positive is observed in West-
ern Black Sea Basin. Positive and low trend slopes can be seen in Figure 6.
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Fig. 6. ITA result samples for weak positive trend

Eight gauging stations have strong negative ITA trends. The trend slopes of
strong negative ITA results are between (-9.19)-(-6.62). The sediment discharge
areas are between 586-1936.7 km®. The lowest strong negative is observed in
Eastern Black Sea Basin. The highest strong negative is observed in Coruh River
Basin near Eastern Black Sea Basin. Negative and high trend slopes can be seen
in Figure 7.

Only two gauging stations have middle negative ITA trends. The trend slopes
of middle negative ITA results are between (-4.81)-(-3.94). The sediment dis-
charge areas are between 1762-1839 km?. The lowest middle negative is observed
in Coruh River Basin near Eastern Black Sea Basin. The highest middle negative
is observed in Western Black Sea Basin.
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Fig. 7. ITA result samples for a strong negative trend

Five gauging stations have weak negative ITA trends. The trend slopes of
weak negative ITA results are between (-2.92)-(-0.59). The sediment discharge
areas are between 232.8-12825.9 km?. The lowest weak negative is observed in
Eastern Mediterranean Basin. The highest weak negative is observed in Eastern
Black Sea Basin. Negative and high trend slopes can be seen in Figure 8.
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Fig. 8. ITA result samples for weak negative trend

In the first stage, Mann-Kendall, Correlated Mann-Kendall and Seasonal
Mann-Kendall trend tests are applied to sediment discharges in Turkish rivers.
The gauging stations with the highest number of trends were obtained according
to the results of the Seasonal Mann-Kendall trend test, and the gauging stations
with the least number of trends were obtained according to the results of the Cor-
related Mann-Kendall trend test. Therefore, the Seasonal Mann-Kendall trend test
can be used practically in trend analysis of sediment discharge data. Innovative
Trend Analysis (ITA) is applied to sediment discharges in the second stage. Then,
ITA application results are categorised as strong, middle and weak for negative
and positive trends. Finally, ITA application results are symbolised on the study
country map for comparison according to new categorisation.
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5. Conclusions

The trend, one component of the stochastic processes of modelling, needs to be
identified in the data. This study evaluates the trends of sediment data in Turkey.
Mann-Kendall, Correlated Mann-Kendall and Seasonal Mann-Kendall and Inno-
vative Trend Analysis (ITA) methods are used for this aim. ITA methodology is
applied to sediment data to detect trends for the first time in Turkey. Traditional
trend analysis methods play an essential role in specifying observed data trends.
In addition, innovative trend analysis methods such as ITA have recently been
widely preferred in defining the trend’s magnitude. First, a new classification for
negative and trend slopes is suggested in this study. Then, the magnitudes in-
creasing and decreasing trend results of the applied trend analysis methods are
presented on the maps.

Turkish main river basins have a wide variety of hydroclimate. Hence, there
are considerable variability and uncertainty in the hydrological and meteorologi-
cal data. There is erratic rainfall, particularly in the Black Sea regions of Turkey.
This component of the hydrological cycle in river basins directly affects runoff,
then sediment discharge. Increasing and decreasing trends in sediment data are
significantly detected from the coastal rivers in the Mediterranean and Black Sea
regions of Turkey.

Finally, the Correlated Mann-Kendall method detected trends for very few
gauging stations. Mann-Kendall results show that they almost overlap Correlated
Mann-Kendall results, they are not much different. The Seasonal Mann-Kendall
method says that seasonality must be considered in the monthly sediment data
trend analysis. The results show that it is appropriate to use the ITA methodology
to define the increases and decreases in monthly sediment data analysis and clas-
sify their magnitude. Although there are seasonal changes in the monthly ob-
served sediment data for the short term, the changes in the annual total sediment
discharges in the long term are an issue that must be examined.

The sediment data provided by State Hydraulic Works (DSI) of Turkey is publicly
available and downloadable from https://www.dsi.gov.tr/Sayfa/Detay/767.
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