Chapter 2

Modeling the Effects of Land Use Change
and Climate Change on Stream Flow Using
GIS and a Hydrological Model

Maochuan Hu, Bin He, Pingping Luo, Kaoru Takara, and Weili Duan

Abstract This paper reports our research effort aiming to investigate the applica-
bility of integrating a hydrological model and the Hydrological Predictions for the
Environment (HYPE) model with a geographic information system (GIS) to exam-
ine the effect of land use change and climate change on stream-flows with the Kamo
River basin (KRB) located in the central Honshu island, Japan as a case study. The
goal of this study was to provide important information for understanding water
discharge variations as a basis to guide water resource managers in environmental
change decisions in this river basin. This goal was accomplished by two steps
(i) comparing HYPE-generated hydrographs for various meteorological data from
history to present at current land use (S1 and S2); and (ii) comparing HYPE-
generated hydrographs for historical and current land use scenarios at current
climate (S3 and S4). The calibration and validation results suggest that HYPE
performs well in the case study site for daily simulations. The results of S1-S2
indicate that with the impact of climate change, the trend of annual and seasonal
stream flows at the Kamo River Basin outlet would decrease. However, there is no
evidence to indicate that the flood risk would be decreasing. The results of S3—-S4
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show that the conversion of forest, glass and agriculture (FGA) into urban area
would induce high peak flows, a reduction in annual evaporation and an increase in
annual surface runoff.

Keywords Land use change ¢ Climate change ¢ Hydrologic modeling « HYPE -
GIS » Kamo River basin

2.1 Introduction

In the last decades, the relentless usage of fossil fuel, growth of population,
migration to urban areas and consequent global climate change, land use transition
not only induce hydrological cycle variation and increase the risk of water-related
disasters also bring challenges to the current water management and planning
efforts. Water authorities in many places have paid special attention to water
management in order to mitigate the disaster risk. Understanding hydrological
processes, especially in the context of climate change and land use change is
necessary for water resources sustainable management.

A number of studies have been conducted on the impact of climate and land
cover variations on water resources balance at catchments (Cuo et al. 2013;
Cornelissen et al. 2013; Oztiirk et al. 2013; Arheimer et al. 2012; Chu et al. 2012;
Zhang et al. 2012; Delpla et al. 2009). Cuo et al. (2013) found that the upper Yellow
River Basin hydrological regimes had undergone changes over the past decades as
reflected by a decrease in wet and warm season stream flow, and annual stream flow
due to climate change and human activity. Oztiirk et al. (2013) showed the water
budget was most sensitive to variations in precipitation and conversion between
forest and agricultural lands but was less sensitive to the type of forest stands in the
Bartin spring watershed, Turkey. However, hydrological responses to climate and
land-use changes are different from place to place. It is necessary to conduct a study
of hydrological variation under climate and land-use changes on the regions with
few previous studies to provide valuable information for water management.

The basin of interest in this study, Kamo River basin (KRB), is the political and
socioeconomic center of Japan in history and also a famous tourist attraction with
about 1.5 million residents nowadays. The riverbank of Kamo River is popular with
tourists and residents for many activities such as sightseeing during Sakura blooms
(cherry blossoms), fishing and walking. These activities are sensitive to stream flow
changes. To date, there has been limited research on discharge variation in this
basin. Luo et al. (2014a) took a palaeoflood simulation in KRB and found that lower
discharge and earlier peak discharge time were exhibited under historical land use.
However, to what degree water discharge has been altered under climate and land
use changes certainly merits further investigation.

Rainfall-runoff dynamics are a complex process affected by various factors:
rainfall, temperature, vegetation etc. Many methods have been used to quantify
hydrological variations to all kinds of driving factors in river basins (Swank and
Crossley 1988; Singh and Gosain 2011; Beskow et al. 2012; Dixon and Earls 2012;
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Dechmi et al. 2012; Koch et al. 2013). Swank and Crossley (1988) studied hydro-
logical responses of deforestation and forestation from an early age using compar-
ative tests method. Dixon and Earls (2012) examined the effects of land use change
on a stream flow with a hydrological model. Hao et al. (2008) reports the variations
of surface runoff under climate change and human activities in the Tarim River
Basin by trend analysis of meteorological, socioeconomic and hydrological data.
Among them, hydrological simulation is the most widely used method and model-
ling can be looked upon as an objective and repeatable method with which to
interpolate and extrapolate knowledge in time and space between observations
(Stromgvist et al. 2012). Also, the modelled data can be widely used by water
authorities where measured data are not available for expert judgments.

This study, by applying a rigorously calibrated and validated process-based,
integrated semi-distributed hydrology model over the KRB aims to identify the
variations of stream flow at the outlet of the basin and to estimate the effects of
climate change and land use transition on stream flow changes. The ultimate goal of
this study is to provide important information for understanding water discharge
variation, and guide water resource managers in environmental change decisions in
the KRB.

2.2 Methodology

2.2.1 Study Area

The KRB is in the central part of the island of Honshu, Japan. The length of the river
is about 31 km, flowing into Katsura River. The area of the basin is 210 km?,
ranging in elevation from 25 to 882 m, with average slope angles of about 25.7°.
There is no weather station in the basin and the nearest station is Kyoto station
(shown in Fig. 2.1). The annual precipitation from 1978 to 2008 at the Kyoto station
is 1,491 mm and 84.3 % of precipitation is concentrated from March to October.
The daily temperature ranges from —3.2 to 32.8 °C and annual mean temperature
from 1978 to 2008 is about 16 °C.
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Fig. 2.1 Location of the study site: The Kamo River Basin (KRB) and a digital elevation model
(DEM)

2.2.2 Model Description

The Hydrological Prediction for the Environment model (HYPE) was employed to
investigate and understand the influences of climate and land use changes on KRB
hydrology. HYPE is a process-based, temporally continuous, semi-distributed
hydrology model, which integrates landscape elements and hydrological compo-
nents along the flow paths (Lindstrom et al. 2010; Stromqvist et al. 2012). It has
been applied in some regions of the world in a range of climate conditions and
resolutions and existing studies have shown that it performed well in simulating
stream flow (Stromqvist et al. 2009, 2012; Lindstrom et al. 2010; Arheimer
et al. 2012; Jiang et al. 2013; Jomaa et al. 2013; Donnelly et al. 2014).

HYPE shares some similarities to the HBV (Bergstrom 1976), VIC (Liang
et al. 1994) and SWAT (Arnold et al. 1998). The model partitions a basin into
multiple sub-basins, which are further subdivided into a set of hydrological
response units (HRUs) (Fliigel 1995). HRU is determined by land use and soil
type or other landscape characteristics such as elevation and slope. In this study
HRUs are the combinations of land use and soils. Flows generated from each HRU
in a sub-watershed are summed and routed through channels. HYPE model is based
on the water balance in the soil profile and the simulating processes mainly include
snowmelt, infiltration, surface flow, evapotranspiration, percolation, tile drainage,
macro-pore flow and groundwater flow. The detailed calculation methods of each
model component can be found in literature (Lindstrom et al. 2010).
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2.2.3 Data Preparing and Model Setup

The meteorological data at Kyoto station is obtained from Japan Meteorological
Agency and the daily data from 1979 to 2008 is used as input data to the model. The
100 m DEM of KRB and 100 m mesh land use data sheet of 2006 are from the
Nation and Regional Planning Bureau of MLIT. The 1927 land use stems from the
research of Luo et al. (2014b) (Shown in Table 2.2). The soil map of the KRB (from
MLIT) is presented in Fig. 2.2a and there are six types and the percentage
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Fig. 2.2 (a) Soil type map (b) Land use map of 2006 (¢) Hydrological response units (HRUs) map
of 2006
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distribution is: (1) Organic Soil (1.7 %), (2) Coarse Soil (2.4 %), (3) Fine Soil (5.4
%), (4) Brown Forest Soil (72.1 %), (5) Thin Soil (3.2 %), and (6) Undefined Soil
(15.2 %). At the outlet of the basin, there is a monitoring station called Fukakusa
station, which has discharge data of several years from 1991 to 1995 and from 2002
to 2005. The observed discharge data are used to calibrate and validate the model.

The DEM, land use and soil type data were processed in ArcGIS. Based on the
DEM data and hydrological analysis tools of ArcGIS, the basin was divided into
11 sub-basins (Fig. 2.1). Hydrological response units were created by the combi-
nation land use and soil type maps using the tool of raster calculation. Figure 2.2¢c
shows the distribution of HRUs in 2006. There are 18 HRUs in KRB. Each HRU is
named with double-digit. The first digit means land use type and the second digit
means the soil type.

After pre-processing in ArcGIS, the database files were prepared including
meteorological, geographical, hydrological data, etc. And some parameters without
observed data were set manually in general agreement with hydrological knowl-
edge and literature values in the process of calibration and a HYPE project was
built.

2.2.4 Model Calibration

The initial conditions used for the hydrologic models strongly influence the values
of the parameters and predicted outcome (Fliigel 1995; Dixon and Earls. 2012). In
order to reduce the uncertainties over initial conditions, the beginning date of the
simulation in the model is 1978.1.1 under calibration, validation and all scenarios.
The model is calibrated and validated by comparing the simulated stream flow and
observed stream flow on a daily basis for two different 3-year periods. The
calibration period is from 2003.1.1 to 2005.12.31 and the validation period is
from 1993.1.1 to 1995.12.31. Calibration of the model was carried out automati-
cally with an aim of obtaining a good calibration results fit, but with the constraint
that parameters should be in general agreement with hydrological knowledge and
literature values. In these processes, Monte Carlo simulation method is used. The
performance of the calibrated parameters was evaluated by Nash-Sutcliff efficiency
(NSE). The NSE is commonly used in hydrological modeling. It measures the
efficiency of a model by relating the errors to the variance in the observations. A
perfect fit corresponds to NSE = 1, whereas a naive model that uses the mean value
results in NSE =0. The NSE efficiency is usually evaluated over a certain time
period (n time steps) for one basin at a time. The equation for NSE is as follows:

Zinzl (0 B S)2 (2 1)
Z,‘il (0 - 5)2 .

NSE =1 —
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where O and S are the observed and simulated data, respectively, and 7 is the total
number of data records.

Monte Carlo simulation is a broad class of computational algorithms that rely on
repeated random sampling to obtain numerical results; typically one runs simula-
tions many times over in order to obtain the distribution of an unknown probabi-
listic entity. In the structure of HYPE, there is a module of Monte Carlo simulation.
The work of modelers is to assign the intervals and tolerance values of calibrated
parameters. Then the parameters are automatic calibrated in the model with the task
of Monte Carlo simulation.

2.2.5 Climate Trends Analysis

The Mann Kendall test (MKT) was applied in this study to analyze the monotonic
trend of annual and monthly precipitation and mean temperature from Kyoto
station. MKT is a non-parametric statistical procedure used to test for trends in
time series data (Yu et al. 1993). The null hypothesis in the Mann-Kendall test is
that the data are independent and randomly ordered, i.e. there is no trend or serial
correlation structure in the time-series (Hamed and Rao 1998). For independent and
randomly ordered data in a time-series x; {x;, i =1, 2, ..., n}, the null hypothesis Hy
is tested on the observations x; against the alternative hypothesis H;, where there is
an increasing or decreasing monotonic trend (Yu et al. 1993). According to the
condition of n > 10, the S variance is described according to Eq. 2.2 below:

nin—1)2n+5) — Z
18

i (l,‘ — 1)(2f, + 5) (22)

Var(S) =

where e is the number of tied groups and ¢; is the number of data values in the iy,

group.
The statistical S test is given as follows:

§= ZZ;:ZIH:L'+] Sgn(xf - xe) (23)

where
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The normal approximation Z test by using the statistical value S and the variance
value Var(S) is written in the following form:

S—1

2 if §>0
Var(S)
7 - 0 if S=0 (2.5)
S+l if S<0
Var(S)

For the normal approximation Z test and the cumulative standard normal distri-
bution ¢, if |Z| < Z,/, and ¢(Za2p) = a/2, then the HO hypothesis is adopted.
Where a is the probability level of rejecting the null hypothesis HO when it is true?
The value of Z shows the statistical trend. If Z < 0, it indicates a decreasing trend
and if Z > 0 it indicates an increasing trend (Luo et al., 2011).

2.2.6 Impact Assessment of Meteorological Variation

To evaluate the effects of climate change, the meteorological data from 1979.1.1 to
2008.12.31 was selected. Coupling the meteorological data and land use map of
2006, two scenarios were established (as follows). The influences of climate
variations were quantified by the trend analysis of the simulation results from
1979 to 2008 and comparing the simulation results of two scenarios.

S1: 1979-1988 climate and 2006 land use
S2: 19992008 climate and 2006 land use

2.2.7 Impact Assessment of Land Use Variation

To evaluate the effects of land use change, the meteorological data from 2003.1.1
to 2005.12.31 was selected. Coupling the meteorological data and land use maps of
2006 and 1926, two scenarios were established (as follows). The influences of land
use changes were quantified by comparing the simulation results of the two
scenarios.

S3: 1927 land use and 2003-2005 climate
S4: 2006 land use and 2003-2005 climate
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Table 2.1 Trend analysis for Mann-Kendall
precipitation and temperature Ttem Period 7 P
Precipitation Annual —0.91 N
Dry seasonal 0.61 N
Flood seasonal —-1.2 N
Temperature Annual 3.35 Y
Dry seasonal 1.75 Y
Flood seasonal 3.25 Y

Z is statistics of MKT; Y means significant at the level of P = 0.05
2.3 Results

2.3.1 Variations of Precipitation and Temperature

The trend analysis was carried out for the annual, flood (from March to October)
and dry (from November to next February) seasonal rainfall and mean temperature.
The annual and seasonal results were shown in Table 2.1. The annual and flood
seasonal rainfall trended to decrease and dry seasonal rainfall trended to increase
during 1979-2008. However, the trend is statistically insignificant. Whereas annual
and seasonal mean temperature increased significantly.

2.3.2 Land Use Changes

Table 2.2 exhibited the land use types of KRB in 2006 and 1927. From 1927 to
2006, the trend is forestland, grassland and farmland converted into urban areas.
The city sprawled twice larger (from 10.7 % of total area to 21.3 %). Rising rate is
almost up to 100 %. The decreased areas of forest, grassland and farmland are
4.3 kmz, 5.56 km? and 9.09 kmz, respectively. However, since the proportions of
grass and agriculture field in KRB are small, there are 80.6 % of grass and 69.1 % of
agriculture field disappeared.

2.3.3 Calibration and Validation of the HYPE Model

The HYPE model was calibrated for a 3-year period from 2003 to 2005 using the
land use of 2006 and the resulting parameters were kept constant for the validation
step for a different period from 1993 to 1995. Figure 2.3 provides observed and
HYPE simulated daily stream flow at the KRB outlet for calibrated and validated
periods. Simulations during the calibration period captured the observed evolution
well for daily time scales and in general, the observed peak flow was higher than the
modelled peak flow. Deficiencies in HYPE simulations included mismatched peak
flows for some days of extreme rainfall and underestimation of base flow, which
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Table 2.2 Classification and the area for each land use type for 2006 and 1927

Land use area
(km?) Changed area from 1927 Rising rate from 1927 to
ID | Name 1927 2006 to 2006 (%) 2006 (%)
1 | Forest 13821 |13391 |-24 -3.1
2 | Urban 19.3 38.35 10.6 98.7
3 | Water 1.67 1.911 0.1 14.4
4 | Grass 6.9 134 | -3.1 —80.6
5 | Agriculture 13.16 4.07 -5 —69.1
field
6 | Waste Land 1.12 078 | -0.2 -30.4
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Fig. 2.3 Observed and simulated daily streamflows at the outlet of the KRB and rainfall data over
the calibration and validation periods
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Fig. 2.4 Simulated annual and seasonal evaporation and outlet stream flows in the KRB

was most due to errors in rough soil data. There is no initial soil observed data (field
capacity, wilting point, etc.). During the calibration period, correlation coefficients
and NSE were 0.87 % and 0.72, respectively.

During the validation period, simulated daily stream flow at the outlet of the
KRB also captured the observed evolution well. Peak flow simulations improved in
comparison to the calibration period. However, base flow still was underestimated.
Correlation coefficients and NSE were 0.83 % and 0.69, respectively.

2.3.4 Climate Change Impact

Figure 2.4 displays simulated annual and seasonal evaporation and outlet stream
flow at the KRB. The figure illustrates that linear trends occurred in evaporation and
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Table 2.3 Differences of mete-hydrology between S1 and S2 in the KRB

Precipitation Temperature Surface runoff Evaporation
S1 Annual 1,519.2 15.3 361 754.3
Flood season 1,320.8 19.6 327.7 672.2
Dry season 198.4 6.5 334 82.1
S2 Annual 1,388.1 16.2 314.8 763.4
Flood season 1,142 20.6 261.2 672.9
Dry season 246.1 7.4 53.7 90.7
S2-S1 Annual —131.1 0.9 —46.2 9.1
Flood season —178.8 1 —66.5 0.7
Dry season 47.7 0.9 20.3 8.6
Table 2.4 Simulated daily Stream flow S1 S2
e e e s )
MD (m’s™ ") 102.2 104.5

stream flow. Annual and flood seasonal stream flows trended to decrease from 1979
to 2008, whereas dry seasonal stream flow had rising trends. Annual and seasonal
evaporation seemed to increase. In addition, stream flow and evaporation have
same trends as precipitation and temperature (Table 2.1 and Fig. 2.4), respectively.

Table 2.3 shows average annual precipitation, mean temperature, stream flow,
surface runoff and evaporation in two scenarios of S1 and S2. It reveals that annual
and flood seasonal rainfall and surface runoff of S2 decreased 131.1 mm and
46.2 mm respectively in comparison to S1. Evaporation rose 9.1 mm and
0.7 mm, respectively. In arid season, however, rainfall, surface runoff and evapo-
ration all increased.

In addition, the comparison of average annual maximum daily (AAMD) stream
flows and maximum daily (MD) stream flows of S1 and S2 demonstrates that
AAMD stream flow of S1 was higher, while MD stream flow of S2 was larger
(Table 2.4).

2.3.5 Land Use Change Impact

Computed daily stream flows of scenarios 3 and 4 are shown in Fig. 2.5. There are
large differences on peak flows. The peak flows of S4 are much higher than the ones
of S3. It can be concluded that the conversion of forest, glass and agriculture (FGA)
into urbanization would lead to high peak flow.

Furthermore, annual and monthly differences of surface runoff and evaporation
between S3 and S4 were estimated (shown in Figs. 2.6 and 2.7). With respect to
evaporation, the conversion of FGA into urbanization would result in a reduction of
about 35 mm, 36 mm and 31 mm for the years of 2003, 2004 and 2005. Greatest
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Fig. 2.5 Simulated daily stream flows at KRB outlet according to S3 and S4

differences were presented in summer. On the contrary, the surface runoff increased
about 39 mm, 35 mm and 23 mm for the years of 2003, 2004 and 2005 under the
conversion of FGA into urbanization.

2.4 Discussion

2.4.1 Model Uncertainty

Model uncertainties are resulted from uncertainties in input data, model dynamics
and physics and parameter values. To reduce uncertainties of the HYPE model and
examine the suitability of HYPE for impact studies in the KRB, the model was
calibrated and validated at the gauge of the basin outlet. The calibration and
validation results showed that HYPE simulations matched observations well in
various periods. Although this ensures that HYPE is applicable in this basin, it is
recognized that HYPE displayed relatively large biases in terms of base flows that
were most likely due to lack of soil hydrology data (field capacity, wilting point,
etc.). These biases, however, should not compromise our analysis results since the
analysis was based on the comparison of different simulated scenarios and was not
focused on base flow.
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Fig. 2.6 Annual and monthly evaporation of S3 and S4 in the KRB
2.4.2 Results Discussion

As we know, runoff has positive correlation with rainfall and negative relation with
evaporation. The simulated results of annual and flood seasonal stream flows
demonstrate the relationships. In arid season, rainfall, evaporation and surface
runoff had the same rising trends revealing that the contributions of rainfall to
runoff were larger than these of evaporation to runoff. Similar results had been
reported in some regions suffered homogeneous climate changes (Hao et al. 2008;
Zhang et al. 2012). But, there is no evidence to prove the flood risk decreasing in the
KRB since there is no decreasing trend in the MD stream flow in the two different
periods, though AAMD stream flow decreased from S1 to S2 and annual stream
flows seemed to reduce.

The results of stream flow variations under land use changes indicate that the
conversion of FGA into urban area resulted in high peak flow, a reduction in annual
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Fig. 2.7 Annual and monthly surface runoff of S3 and S4 in the KRB

evaporation and an increase in annual surface runoff. This phenomenon might be
explained by different hydrological processes in different land-use types. With
contrast to FGA area, infiltration in urban area is much smaller as most of urban
areas are covered by impervious surface, which leads to quick runoff and reduce
infiltration. Luo et al. (2014a) took a Palacoflood research in KRB and found
similar results that higher and earlier peak discharge was driven by urbanization.
In addition, the conversion of FGA into urban area presented a greater effect on
evaporation in summer. This phenomenon can be explained by the research of
Tucci (2003) that precipitation distribution over the year allowed identification (if it
exists) of water availability for evapotranspiration. As the temperature and precip-
itation in these months are the highest in a year in the KRB, there is water
availability in the soil during periods with the greatest potential evapotranspiration.
Beskow et al. (2012) reported the similar behavior that stream flows presented the
greatest differences among different scenarios of land use in the wettest and hottest
months like December, January, February, March, and April in Brazil. There are no
apparent characteristics with respect to monthly surface runoff differences of S3
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and S4, which are inconsistent with monthly evaporation changes. These might be
due to the rainfall density and extreme rainfall and it requires more research.

2.5 Summary and Conclusion

In this study, the influences of climate and land use changes on stream flow in the
KRB were estimated by an application of the HYPE model. The simulated stream
flow and its components were shown to vary among different scenarios of climate
and land use. Comparing the results of climate scenarios revealed that annual and
flood seasonal stream flows had a decrease trend from 1979 to 2008, whereas dry
seasonal stream flow trended to rise. However, there is no evidence to prove the
flood risk decreased. The differences of simulated outputs between land use sce-
narios exhibited the conversion of FGA into urban area induced high peak flow, a
reduction in annual evaporation and an increase in annual surface runoff. In general,
the results of this study provide important information for understanding hydrology
variation, and guide water resource managers to plan decisions associated with
water environmental change.
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