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Abstract: Understanding long-term trends in hydrological and climatic variables is of high significance
for sustainable water resource management. This study focuses on the annual and seasonal trends
in precipitation, temperature, potential evapotranspiration, and river discharge over the Kamo
River basin from the hydrological years 1962 to 2017. Homogeneity was examined by Levene’s test.
The Mann–Kendall and a modified Mann–Kendall test as well as Sen’s slope estimator were used
to analyze significant trends (p < 0.05) in a time series with and without serial correlation and their
magnitudes. The results indicate that potential evapotranspiration calculated by the Penman–Monteith
equation was highly related to temperature, and significantly increased in the annual and summer
series. Annual river discharge significantly decreased by 0.09 m3/s. No significant trend was found at
the seasonal scale. Annual, autumn, and winter precipitation at Kumogahata station significantly
increased, while no significant trend was found at Kyoto station. Precipitation was least affected by
the modified Mann–Kendall test. Other variables were relatively highly autocorrelated. The modified
Mann–Kendall test with a full autocorrelation structure improved the accuracy of trend analysis.
Furthermore, this study provides information for decision makers to take proactive measures for
sustainable water management.
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1. Introduction

In recent decades, climate change has been profoundly influencing the hydroclimatic system at
various spatial scales [1], which caused many effects (e.g., flood, drought, and heat) and consequently
impacted the survival and sustainability of humanity [2–4]. As a subject of extensive climate change
studies, trend analysis in hydroclimatic time-series has received growing attention over the world in
recent years [5]. Hydroclimatic variables are important indicators of climate change, which play a key
role in the hydrological cycle and natural disasters [6–8]. The variations of hydroclimatic variables are
useful information for sustainable water management and decision makers.

Numerous studies worldwide have assessed spatiotemporal trends in hydroclimatic
variables [9–11]. There was a significant decreasing trend of annual river discharge in a sub-basin
of the Lake Baikal basin in Mongolia from 1979 to 2016 [12]. No significant long-term trends in
precipitation were found in India nationwide [13]. In the contiguous U.S., a significant downward
trend in temperature in the southeast and upward trend elsewhere were identified from 1898 to 2008 [14].
In Japan, temperature significantly increased from 1900 to 1996 [15]. Hydroclimatic variations always
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vary among geographic locations [16]. Oguchi and Fujibe [17] concluded that features of precipitation
changes in Japan have regional differences. Understanding long-term trends in hydroclimatic variables
at each catchment is very important to the national and local water management. Furthermore, trend
analysis of hydroclimatic variables in each basin using local historical data over the world contributes
to better understanding of the global climate change.

Most of trend studies have used the original Mann–Kendall (MK) test, assuming spatiotemporal
independence in the data [18,19]. The presence of serial correlation in data has great effects on the
significance of trends [20]. In Japan, there is a paucity of literature on the effects of serial correlation
during trend analysis [21]. In this study, the original MK and a modified Mann–Kendall (MMK) test
considering full autocorrelation structure were used to reveal the effects of autocorrelations in trend
analysis in a Japanese basin.

As one of the most famous historical rivers and an important freshwater ecosystem in Japan,
modern water management in the Kamo River basin lasts for hundreds of years. What are the
variations in hydroclimatic variables? Are the changes caused by human activities or climate change?
Few studies have examined the trends of hydroclimatic variables in the basin, which need to be
characterized to address these questions. Therefore, this study analyzed the trends in precipitation,
temperature (in terms of maximum, minimum, and mean values), potential evapotranspiration,
and river discharge in the Kamo River basin at both annual and seasonal scales using the MK and MMK
tests. While potential evapotranspiration was calculated by using the Penman–Monteith equation,
others were obtained from observed records. The objectives of this study are: (1) to identify the trends
in hydroclimatic variables at a 5% level; (2) to quantify the magnitudes of trends; and (3) to estimate
the effects of serial correlation on trends.

2. Methodology

2.1. Study Area and Data Source

The study area is the Kamo River basin (180 km2, discharge gauge at Fukakusa; Figure 1), ranging
from 135.7 E to 135.86 E and 34.97 N to 35.18 N. A tributary of the Yodo River, the Kamo River, flows
through Kyoto city, which is the historical capital of Japan. The downtown of Kyoto and many historic
sites are distributed at waterfronts of the Kamo River. The basin has an elevation ranging from 17 m to
888 m, with 70% of forest. There are two meteorological stations with good quality long-term data
(Figure 1). One is out of the basin with an elevation of 41 m (Kyoto station). The other is within the
basin with an elevation of 250 m (Kumogahata station).
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Figure 1. Study area and information of gauged stations.

In this study, hydrological year (from December to the following November) was used for
statistical analyses. Meteorological data including precipitation, temperature (mean, maximum and
minimum), wind speed, sunshine duration, relative humidity, and vapor pressure at Kyoto station from
the hydrological year 1962 to 2017 (from December 1961 to November 2017, hereafter all months and
years were hydrological by default) were obtained from Japan Meteorological Agency. Precipitation at
Kumogahata and river discharge at Fukakusa station from 1962 to 2017 were provided by Ministry of
Land, Infrastructure, Transport, and Tourism. If continuous missing data in a season or a year were
more than 10 or 20 days, respectively, then the seasonal or year value was processed as missing.

2.2. Homogeneity Test

A homogeneity assessment of hydroclimatic data before test detection is important, because
observed long-term data series are easily affected by external factors such as displacement of station
location, application of certain practice, environment change, and so on. It is necessary to detect
and adjust the non-homogeneities. Metadata inspection and statistical tests are commonly used for
homogeneity adjustment [22,23]. The popular statistical methods include standard normal homogeneity
test, two-phase regression, multiple linear regression, t-test, Levene’s test, and rank order change point
test (non-parametric test) [22].

In this study, the homogeneity tests were conducted in the software of SPSS using Levene’s test
method [24]. The family of Levene’s test has three types. The first is an original or traditional Levene’s
test using group means, the second is named the Brown–Forsythe test using group medians, and the
last one is called the non-parametric Levene’s test, which performs a traditional Levene’s test on pooled
ranked values. Here, the original and the last types were used. We assumed that a potential changing
point could be any date of the monitored data period, and we broke the data series (size N) into k
subgroups, where Ni is the sample size of the ith subgroup. The null hypothesis H0 is that there are no
significant differences between each two groups at the confidence level of 95%. The original Levene’s
test statistic L is defined as:

L =
(N − k)
(k− 1)

∑k
i=1 Ni

(
Oi −O

)2

∑k
i=1

∑Ni
j=1

(
Oi j −Oi

)2 (1)
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In this equation, Oi is the mean of ith group, and O is the overall mean of the Oij. Oij is calculated
using the following equation:

Oi j =
∣∣∣yi j − yi

∣∣∣ (2)

where yi j is the value of the measured variable for the jth case from the ith group; yi is the mean of the
ith group. If W is more than the value of F (0.05, k − 1, N − k), the Levene’s test rejects H0. There are
heterogeneities in the data series. F (0.05, k − 1, N − k) is the upper critical value of the F-distribution at
the significance level of 0.05 with k − 1 and N − k degrees of freedom.

2.3. Potential Evapotranspiration

The potential evapotranspiration was calculated based on the equation of Penman–Monteith FAO
56 [25], which is the most commonly used method for potential evapotranspiration estimation. It could
be defined as:

ET0 =

[
0.408S(Rn −G) +

900rW(es−ea)
T+273

]
[U + r(1 + 0.24W)]

(3)

where ET0 is the potential evapotranspiration (mm); U is the slope vapor pressure curve (kPa ◦C−1);
Rn is net radiation (MJm−2day−1); G is the soil heat flux density (MJm−2day−1); r is the psychrometric
constant (kPa ◦C−1); W is the wind speed (ms−1); es and ea are the saturation and actual vapor pressure,
respectively (kPa); and T is the daily air temperature (◦C).

2.4. Trend Analysis

2.4.1. Mann–Kendall Test

The MK test [26,27] has been widely used in hydroclimatic analyses during the past decades [9,28]
due to the low requirements of data quality and distribution [10]. The MK test assumes that observations
are independent and random. There is no serial correlation in observations. The significance test Z
and test statistic S are described as:

S =
n−1∑
h=1

n∑
t=h+1

F(yt − yh) (4)

F(∅) =


1 i f ∅ > 0
0 i f ∅ = 0
−1 i f ∅ < 0

(5)

Var(S) =
[n(n− 1)(2n + 5) −

∑
d d(d− 1)(2d + 5)]

18
(6)

Z =


S−1√
Var(S)

i f S > 0

0 i f S = 0
S+1√
Var(S)

i f S < 0
(7)

where y is the hydroclimatic variable and ∅ = yt − yh; and d is the extent of any given tie. The statistical
significance level p = 0.05 is used in this study. Thus, if Z is no less than 1.96, there is a significant
increasing trend. Whereas, if Z is no greater than −1.96, there is a significant decreasing trend.

2.4.2. Modified Mann–Kendall Test

As mentioned above, the MK test neglects the effects of serial correlation, which are important for
statistical analysis [20,29]. Therefore, the MMK test considering a full autocorrelation structure [30]
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is also used to analyze the monotonic trends in hydrological variables. Compared with the MK test,
the MMK test modified Equation (7) by using a function V(S) to replace Var(S):

V(S) = Var(S) ×

1 +
2

n(n− 1)(n− 2)

n−1∑
h=1

(n− h)(n− h− 1)(n− h− 2)Rh

 (8)

Rh =
n
∑n−h

c=1(yc − y)(yc+h − y)

(n− h)
∑n

c=1(yc − y)2 (9)

2.4.3. Sen’s Slope Estimator

The non-parametric Sen’s Slope procedure, developed by Sen [31], is used to estimate the changes
over a period in hydrological variables. The magnitude Q is computed using the following equation:

Q = median
[
(mb −ma)

(b− a)

]
f or all a < b (10)

where mb and ma are the values at times b and a (b > a), respectively.

3. Results

3.1. Homogeneity Test

The results of homogeneity adjustment in meteorological variables show that there were no
non-homogeneities in the data at annual and seasonal scales. For streamflow, each test found
heterogeneities in the data from 1962 to 2017. The observed data from 1978 to 1987 were outliers
compared with the data in other periods (Figure 2). Excluding the data from 1978 to 1987, the results
of the homogeneity test on the remaining data show that there were no heterogeneities at annual and
seasonal scales. Table 1 shows the results of the homogeneity test on all the variables at the annual scale.

Table 1. Results of homogeneity test on hydroclimatic data at the annual scale.

Data Type
Homogeneity

Period
Levene’s Test Non-Parametric Levene’s Test

Precipitation at Kyoto station Yes Yes 1962–2017
Precipitation at Kumogahata station Yes Yes 1962–2017

Mean temperature Yes Yes 1962–2017
Maximum temperature Yes Yes 1962–2017
Minimum temperature Yes Yes 1962–2017

Potential evapotranspiration Yes Yes 1962–2017

River discharge No No 1962–2017

3.2. Variations of Precipitation

The annual precipitation at Kumogahata station notably increased at the 5% level from 1962 to
2017 (Table 2). The value of slope reached 5.25 (Figure 2). However, no significant trend was found in
annual precipitation at Kyoto station. Figure 3 shows the annual anomalies of precipitation relative
to the mean value from 1981 to 2010 at both analyzed stations. Positive values indicate that the
precipitation was larger than the means from 1981 to 2010, while negative values indicate the opposite.
There was a relatively wet period from 1965 to 1972 at Kyoto station, while there was simultaneously a
relatively dry period at Kumogahata station. The fluctuations at the two stations were strong from
1974 to 2017.

At the seasonal scale, winter precipitation (from January to March) significantly increased at
both stations with MK test (Table 3). The winter data at Kyoto station had no significant trend at 5%
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when the full autocorrelation structure (MMK) was considered. No significant trends were found
in spring (from April to June) and summer (from July to September) precipitation at both stations.
Autumn precipitation (from October to December) significantly increased at Kumogahata station.

Table 2. Results of trend analysis in annual hydroclimatic variables from 1962 to 2017.

Data Type
Z

Slope Data Type
Z

Slope
MK MMK MK MMK

Precipitation Kyoto −0.40 −0.62 −0.94 Maximum temperature 3.95 1.79 0.02
Kumogahata 2.08 2.10 5.25 Minimum temperature 6.27 2.22 0.03

River discharge −3.88 −1.98 −0.09 Mean temperature 5.61 2.14 0.03

Potential evapotranspiration 4.62 1.99 1.23

Table 3. Results of trend analysis in seasonal hydroclimatic variables from 1962 to 2017.

Data Type

Spring Summer Autumn Winter

Z
Slope

Z
Slope

Z
Slope

Z
Slope

MK MMK MK MMK MK MMK MK MMK

Precipitation at Kyoto station −1.60 −1.95 −1.50 −1.6 −1.91 −2.46 0.96 1.57 1.08 2.06 1.76 0.96

Precipitation at Kumogahata station −0.07 −0.17 −0.15 0.41 0.80 0.63 2.67 2.15 3.47 3.87 1.98 2.85

River discharge −3.58 −1.83 −0.10 −3.02 −1.74 −0.14 −1.97 −1.26 −0.06 −2.37 −1.34 −0.05

Potential evapotranspiration 3.17 1.68 0.32 3.20 2.21 0.39 4.77 1.91 0.38 4.08 1.88 0.14

Maximum temperature 2.86 1.77 0.02 3.27 1.98 0.02 3.76 1.84 0.03 1.28 1.37 0.01

Minimum temperature 3.82 1.99 0.03 5.45 2.14 0.03 5.44 2.04 0.05 3.61 1.83 0.03

Mean temperature 3.49 1.96 0.02 4.26 2.06 0.03 4.89 1.98 0.04 2.48 1.73 0.02
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Figure 2. Annual time series of (a) annual precipitation; (b) annual temperature; (c) annual potential
evapotranspiration; and (d) annual river discharge from 1962 to 2017 in the Kamo River basin.
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Figure 3. Annual time series of precipitation anomalies relative to the average value from 1981 to
2010 at (a) Kyoto station and (b) Kumogahata station in the Kamo River basin.
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3.3. Variations of Temperature

The results of trend identification in annual temperature variables are shown in Table 2.
The minimum temperature and mean temperature had noticeable increasing trends from 1962 to
2017 (Figure 2). The maximum temperature, which notably rose with the MK test, did not show
significant trend when the full autocorrelation structure (MMK) was considered in the trend analysis.
Seasonal maximum, minimum, and mean temperatures also increased from 1962 to 2017, but there were
no statistical significant at the 5% level in some seasons. Similarly, the number of seasonal variables with
significant trends reduced when the full autocorrelation structure (MMK) was considered. The values
of Sen’s slope indicate that the increase of temperature in autumn was the highest. The magnitude of
trend in minimum temperature was higher than the one in maximum temperature.

3.4. Variations of Potential Evapotranspiration

It was found that the annual potential evapotranspiration significantly increased by 1.23 mm per
year from 1962 to 2017 (Table 2). Seasonal potential evapotranspiration also significantly increased
in all seasons by the MK test. Only summer potential evapotranspiration rose notably when the full
autocorrelation structure (MMK) was considered at the 5% level. The magnitude of trend in summer
was the highest, followed by autumn, spring, and winter.

3.5. Variations of River Discharge

According to the results of the homogeneity test, the decreasing trend was found for river discharge
from 1962 to 2017 after discarding the outliers of 1978–1987. Annual river discharge significantly
decreased by 0.09 m3/s per year (Figure 2). Also, a notable decrease was found in all seasons at the level
of 5% by MK test. However, no significant trend was found when the full autocorrelation structure
(MMK) was considered.

4. Discussion

4.1. Implication of Trend Analysis

A significant increase in annual precipitation at Kumogahata station was found, and the fluctuation
of anomalies became more frequent and intense since the 1970s at both analyzed stations. Thus, the risk
of alternate drought and flood probably increased, although there was no significant trend in annual
precipitation at Kyoto station. In addition, the characteristics of changes in precipitation were different at
the two gauged stations. For instance, the data at Kyoto station indicate that there was relatively wetter
period from 1964 to 1972, while the data indicate the opposite at Kumogahata station. The probable
reason for the discrepancy might be the differences in the terrains where the stations are located,
as water vapor fluxes on different terrains are different [32]. Mountain terrain comprises about 70% of
the surface in the Kamo River basin; in addition, Kumogahata station is in the mountains at an elevation
of 250 m, while Kyoto station is located on a plain with the elevation of 41 m. Moreover, the weakening
of the winter monsoon over Japan, which can be regarded as the distribution of winter precipitation
over Japan, was reported by some studies [33,34]. However, an increase in winter precipitation was
found in the Kamo River basin. Therefore, precipitation changes are less regular in different regions.
Upward trends were observed in temperature and potential evapotranspiration, which are consistent
with the findings of some studies in Japan [15,35].

4.2. Relations of Hydroclimatic Variables

Annual river discharge has significantly decreased by discarding the outliers. The variations
of streamflow were different from the variations of precipitation. In addition, no decreasing trend
was found on the annual values of precipitation minus potential evapotranspiration (P-E) from
1962 to 2017 (note: the basin average precipitation was calculated by Thiessen polygon interpolation).
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Meanwhile, the study area is a highly managed river basin. The urban drainage area increased
about 380% from 1962 to the present [36], and the water in urban pipes flow to the downstream
of the study area. The decrease in river discharge is very likely to be caused by human activities.
Potential evapotranspiration was highly related with temperature. It rose with the increase of
temperature. However, the magnitudes of trends among them were inconsistent. Maximum, minimum,
and mean temperature had the largest upward trend in autumn, while the biggest rise in potential
evapotranspiration was in summer. This is because the precipitation in summer was larger than in
autumn in the study area (Figure 2), and precipitation allows the identification of water availability for
evapotranspiration [37].

4.3. Implication of MK and MMK Tests

The differences of trends in hydroclimatic variables indicate that an autocorrelation structure has
great effects on trend analysis. Some results from the MK test may not be accurate, if the tested data series
have significant serial correlation [38]. For instance, annual maximum temperature had no significant
trend at the 5% level when autocorrelation was considered. The MMK test may help to improve the
results of trends [20]. Furthermore, precipitation seems to be the least correlated in time, because the
changes of statistic Z in precipitation at both stations were much lower than other variables when
autocorrelation was considered. When excluding winter precipitation at Kyoto station from the analysis,
the results of significant trends were not changed in all the precipitation statistics when autocorrelation
was considered. Temperature and potential evapotranspiration were relative highly autocorrelated.
The similarities in serial correlation support our finding that potential evapotranspiration was highly
related with temperature. River discharge was also highly autocorrelated. This observation validates
the earlier assumption that the decrease may be caused by human activities.

4.4. Limitations

The significant decrease in annual discharge is likely to pose a threat to the aquatic ecosystem and
cultural amenities. It is necessary to evaluate the actual reasons for the decrease of river discharge
in future study. In addition, the elevation of study area ranges from 17 m to 888 m and the average
slope is 25.7◦. The peak flow at the downstream will arrive quickly due to the terrain. The significant
increase of annual precipitation at Kumogahata station located in a mountain area is likely to increase
the flood risk. A future study on hourly extreme changes is necessary.

5. Conclusions

This study examined monotonic trends in annual and seasonal precipitation, temperature (in
terms of maximum, minimum, and mean values), potential evapotranspiration, and river discharge
from the hydrological year 1962 to 2017 in the Kamo River basin. Levene’s test was used to evaluate
the data homogeneity before trend analysis. The MK and MMK tests as well as Sen’s slope estimator
were used to analyze significant (p < 0.05) trends in time series with and without serial correlation and
their magnitudes. The major findings include:

(1) We found a significant upward trend in annual, autumn, and winter precipitation at Kumogahata
station, and no significant trend in precipitation at Kyoto station. Precipitation changes were
less regular in different locations. In addition, precipitation trends were the least affected by the
autocorrelation structure.

(2) Annual mean and minimum temperature and potential evapotranspiration notably increased.
Also, the potential evapotranspiration and all the temperature variables significantly rose in summer.

(3) Annual river discharge significantly decreased by 0.09 m3/s after discarding the outliers.
No significant trend was detected at the seasonal river discharge when the full autocorrelation
structure was considered.
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(4) The hydroclimatic variables except precipitation were relatively highly autocorrelated, and serial
correlation had great effects on trend analysis. The MK test may overestimate or underestimate
the significance. The MMK test with full autocorrelation structure improved the accuracy of
results of trends in this study.

To conclude, this study provides detailed information of trends in hydroclimatic variables in
the Kamo River basin during recent decades, which is useful for decision makers to improve their
planning and management of sustainable water resources.
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