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Abstract. The native biodiversity and integrity of riverine ecosystems are dependent on the natural
flow regime. Maintaining the natural variability of flow in regulated river is the most important
principle for the operation and management of environmental flow (e-flow). However, climate
change has altered the natural flow regime of rivers. Flow regime alteration is regarded as one major
cause leading to the degradation of riverine ecosystems. It is necessary to incorporate the impacts of
climate changes into e-flow management. To provide scientific target for e-flow management, the
assessment method for flow regime alteration is devel oped. We analyze the alteration of hydrological
indicator under climate change. This study has selected the commonly used Indicators of Hydrologic
Alteration (IHAS) to describe the various aspects of flow regimes. To assess the alteration degree of
each IHA in regulated river under climate change, GCM is used to generate feasible future climate
conditions and hydrological model isused generate flow of river from those future weather conditions.
Then the values of IHAs are derived from historical and simulated flow data. The relationship
between IHA and climate variable is analyzed based on analysis method. The IHA, which is more
influenced by the climate variables, can be selected for the preparation of reservoir operation.

Introduction

Analysis of the alteration of natural flow regimeis based on appropriate hydrological indicatorsto
guantitatively describe the characteristics of river inflow at different time scales. Now, there are
nearly 170 hydrological indicators which have been used to assess flow regime ateration [1]. Early
the hydrological deviation method for flow regime alteration assessment is mainly to reflect the
difference between the measured flow rate and the natural flow. The method contains too little
hydrological information and basically does not reflect the ecological information. Then with the
continuous development of ecological hydrology, a large number of eco-hydrology indicators have
been developed. Flow-duration curves (FDC) are widely used in flow regime alteration assessment
and it could directly reflect the alteration [2]. Based on FDC, Homa et al [ 3] introduce introduces the
concept of ‘Ecodeficit” and ‘Ecosurplus’ to evaluate the flow regime alteration at different time scales
and the related ecological impacts. These methods are simple and easy to operate, but they cannot
fully reflect all five aspects of flow regime (magnitude, duration, timing, frequency and rate of
change). To solve this problem, Richter et a [4] established a set of Indicators of Hydrologic
Alteration (IHA) to assess the flow regime alteration before and after interference of climate change
and human activity. Currently, IHA isthe most widely used method in the world [5, 6]. The 32 IHAS
are categorized by five groups of hydrological features, that is, flow magnitude, duration, timing,
frequency and rate of change.

Climate change is one of the main drivers of flow regime ateration in the river and it is affecting
the rivers around the world [7, 8]. Due to human activity, increasing greenhouse gas emissions will
lead to global warming [9]. The rise in temperature will inevitably lead to an increase in the rate of
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snow melting and evapotranspiration, and finally change the flow regime [10]. At present, the change
of the natural flow regime induced by climate change has aroused more and more extensive attentions.
Scholarsintherelated fields al over theworld have carried out alot of research to assess the changes
of hydrological indicators in different future climate scenarios and their effects on the river
ecosystem.

In this study, a group of commonly used indicators (Indicators of Hydrologic Alteration, IHA)
were selected to explore the impact of climate change on flow regime. First, the large-scale climatic
factors (from the climate simulation model) were downscaled to low-resolution and regional scale
climatological factor data. The regiona climatic factor data were imported into the hydrological
model to obtain inflow for the study area. The multiple technologies are further used to explore the
changes in hydrological indicatorsin different climate scenarios. The overall target of this study isto
guantify the value of ecological hydrological indicators and their changesin climate change.

M ethodology

Weather generator module. This study selected a typical global climate model ECHAM as the
atmospheric circulation model (GCM) to generate basic information on large-scale climate predictors
in future climate scenarios. The detail information of ECHAM can be seen in Table 1. Emission
scenarios A2 (high greenhouse gas emission scenarios) and B1 (low greenhouse gas emission
scenarios) are selected.

Table 1 The basicinformation of the ECHAM model

M odel Country  Atmospheric resolution Marineresolution  Range Grid-point
ECHAM  Germany  1.875°x1.875° 1°x1° 89°N-89°S 144x90
1.25°E-358.75°E

Table 2 liststhe variablesin the global climate model (ie, candidate forecast factors). In this study,
the daily rainfall, maximum temperature and minimum temperature were chosen as the forecasting
factors. The future meteorological factor prediction is achieved by the above-established statistical
relationship and the large-scale climate prediction factor generated by the ECHAM climate model.
There are some small differences in the statistical reduction of rainfall, maximum temperature and
minimum temperature.

Table 2 GCMslarge-scale alter native factors

Variable Long Name Sardard Name
hur Relative Humidity Relative_humidity
hus Specific Humidity specific_humaidity
huss Surface Specific Humidity specific_humaidity
pr Precipitation Precipitation_flux
psl Sea Level Pressure air_pressure_at_sea level
ta Temperature air_temperature

tas Surface air temperature air_temperature
tasmax Maximum daily surface air temperature air_temperature
tasmin Minumum Daily surface air Temperature air_temperature

zg Geopotential Height Geopotential_height

The statistical downscaling model is a decision support tool based on the Windows interface,
research area and local climate change impact established by Wilby et al [11]. The model combines
the weather generator and multiple linear regression techniques, which is a hybrid statistical descent
method and iswidely used in related climate change research.

Hydrologic simulation module. Compared with other hydrological models, distributed hydrological
models are often used for runoff forecasting. VMOD, because of its open source, with a certain
physical meaning and parameterization process relatively clear, is widely used in the world. At
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present, it is possible to simulate the impact of climate change on hydrological cycles and runoff
output [12]. Sointhis study we use the VM OD hydrological model to do runoff simulation. The basic
data of the research area to be established in this study are obtained through field survey, site
collection and literature review.

Assessment of the |HA’salteration. The [HAsused in this paper areshownin Table 3. The 32 IHAs
are categorized by five groups of hydrological features, that is, flow magnitude, duration, timing,
frequency and rate of change. Based on the value of the 32 IHAs under the base period and climate
change condition, we carry out to analyze the impact of climate change on river hydrological
indicators.

Statistical analysis: In order to test the degree of change in the indicators, the change degree of the
indicators can be cal culated by the mean or median of the IHA. The variability of theindicators can be
measured using the IHA standard deviation or the number of bits between the 25" and 75" quartiles.
This study selects the median and the number of divisions between the 25" and 75" quartiles to
measure the degree of change degree of IHA.

Advances in Engineering Research (AER), volume 143

Table 3 Indicators of hydrological alteration (IHA) in the range of variability approach

IHA group Hydrological indicators Abbreviation
Group 1. Magnitude of Mean valuefor each calendar month JANF, FEBF, MARF, APRF, MAYF,
monthly water conditions JUNF, JULF, AUGF, SEPF, OCTF,
NOVF, DECF
Group 2: Magnitude and Annua minima 1-day means MI1F
duration of annua extreme Annua maxima 1-day means MA1F
water conditions Annual minima 3-day means MI3F
Annual maxima 3-day means MA3F
Annual minima 7-day means MI7F
Annual maxima 7-day means MATF
Annual minima 30-day means MI30F
Annual maxima 30-day means MA30F
Annual minima 90-day means MI90F
Annual maxima 90-day means MAO9OF
Group 3: Timing of annual Julian date of each annua 1 day maximum TMIM
extreme water conditions Julian date of each annual | day minimum TMAM
Group 4. Frequency and No. of high pulses each year NHP
duration of high and low No. of low pulses each year NLP
pulses Mean duration of high pulses within each DHP
year DLP
Mean duration of low pulses within each
year
Group 5: Rate and frequency Means of al positive differences between MPD
of water condition changes consecutive daily means
Means of all negative differences between MND
consecutive daily values
No. of exchange NREV

Study area

Taizi River Basin (longitude 122°30'-124°50'; latitude 40°30'-41°40") is located in the eastern part

of Liaoning Province, and the basin area is 1.4 x 10°km?. It belongs to the mid-latitude region,
affected by climate change is more significant. The total length is 413 km. Taizi River Basin is the
industrial and agricultural production base of Liaoning Province, which hasimportant research value.
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Results and discussion

Future climate character analysis. Based on NECP and ECHAM, the daily rainfall, minimum
temperature and maximum temperature data of Liaoyang station in Taizi River reference period
(1900-1959) and future (2011-2001) were obtained by downscaling. The results of the dataanalysis of
the precipitation are shown in Figures 1. Other two factors (minimum temperature and maximum
temperature) have the same change trends and we will not list in this study.
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Figure 1 Projected changesin precipitation of each month at Liaoyang station in the future periods under
different climate scenarios

It can be seen from Figure 1 that, in the A2 scenario ( high greenhouse gas emission) or in the B1
scenario (low greenhouse gas emissions), compared with the precipitation in the reference period
1900-1959, the precipitation in the Liaoyang station has changed from three periods of time
2011-2040, 2041-2070 and 2071-2001. The range of variation is-90% ~ 425%. In the A2 scenario,
the average monthly precipitation in Liaoyang station was lower than the mean value during the
period of 2011-2040; 2041 - 2070 and 2071-2100 were drastically changed compared with the base
period. It can be seen that the difference between the months of the A2 scenarioislarge. In the case of
B1 scenario, the mean change is smaller than that of the A2 scenario, -80% to 369%. Figure 1 (c) and
(d) describe the monthly standard deviation of precipitation (Cv) for the next three periodsin both A2
and B1 scenarios. The magnitude of the change is relatively large, indicating that the deviation from
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the base period of the degree of large. Figure 1 (e) and (f) describe the skewness coefficient (Cs) of
precipitation, which shows that al scenarios show a positive partia distribution (Cs> 0). The
skewness coefficient is greater than 0, because the mean isin theright of the public. It isaright partial

distribution, also known as positive bias.

Table4 IHA valuesfor thereference period 1900-1959 and projected future changesin IHA for the period
2011-2040, 2041-2070 and 2071-2100.

1900- 2011-2040 2041-2070 2071-2100
IHA

1959 A2 B1 A2 B1 A2 B1
Group 1: Magnitude of monthly water conditions
JANF 30.9 +0.5 11.8% -2.4 |7.8% -3.0 ]9.8%  -4.7% |15.4% -74 1241% -42 |13.7%
FEBF  24.2 +351143%  +2.7 111.4% +2.6 Z/io's +2.8 111.5% +2.6110.7% +3.3 113.6%
MARF 357 +5.0 113.9% +2.2 16.2% +1.8 15.2% +3.0 18.4% -6.0 |16.8%  -7.3 |20.6%
APRF 77.1 -37.7 149.0% -44.8 |58.1% -44.1 |57.2%  -42.9 |55.6% -48.2 |62.4% -47.4 |61.5%
MAY F 55.2 -18.9 |34.2% -30.8 |55.7% -28.7 |52.0% -28.9 |52.4% -27.3 |49.4% -31.7 |57.4%
JUNF 47.8 -104 |21.7% -19.8 |41.4% -58 |]121%  -16.6 |34.7% -16.2 |33.9% -20 |41.8%
JULF 146.0 +925 1634%  -20.0 |13.7% -6.6 |45% | +24.0 116.4% -50.9 |34.9% -10.0 |6.9%
AUGF  278.2 +40.9 114.7% -62.9 |22.6% -764 |27.4%  -74.7 |26.8% -109.9 |39.5% -79.2 |28.5%
SEPF 1375 -4.6 |3.4% -35.7 |26.0% -29.2 |121.3%  -43.9 |32.0% -58.3 |42.4% -51.0 |37.1%
OCTF 83.5 -0.7 |1.0% -7.8 19.3% -24.0 |28.7%  -17.0 |20.4% -42.1 |50.4% -30 |36.0%
NOVF  61.9 -0.9 |1.5% -8.2 113.2% -13.8 |22.3%  -15.6 |25.2% -255 |41.2% -21.6 |34.9%
DECF 415 +3.5 18.4% -3.1 [7.5% -5.1 |]12.4% -3.0 [7.1% -115 |278%  -8.6 |20.8%
Group 2: Magnitude and duration of annual extreme water conditions
MI1F 185 -0.7 |3.9% -3.0 ]16.2% -3.1 /]16.8% -3.4 |18.2% -48 |257%  -3.9 |20.8%
MA1F 1521.8 @ +461.6 130.3% -368.0 |24.2% -159.8 |10.5% -248.6 |16.3% -521.4 |34.3% -625 |41.1%
MI3F 55.8 -2.0 |3.6% -8.1 |14.6% -9.2 116.4% -9.2 116.4% -14.0 |25.0% -11.1 |19.8%
MA3F 2902.6 '+1135.3 139.1% -466.9 |16.1% -112.3 |13.9%  -116.4 |4.0% -990.5 |34.1% -860 |29.6%
MI7F 131.9 -4.2 13.2% -18.7 |14.2% -205 |15.6% -17.0 |12.9% -31.7 |24.0% -25.7 |19.5%
MA7F 4686.4 +2188.4 146.7% -862.1 |18.4% -273.5 |5.8% -49.9 |1.1% -1865.2 |39.8% -1532 |32.7%
MI30F 6415 -17.1 |12.7% -91.8 [14.3% -92.1 |14.4%  -76.7 |12.0% -158.1 |24.6% -137.4 |21.4%

MA30F 10502.6 +4817.1 145.9%

MIQOF 2676.78
MAOSOF 19045.6

+9.5 10.4%
+4512 123.7%

-575.1 |5.5%
-408.8 |15.3%

-2575.7 |13.5%

12779 112.2%
-540.4 120.2%
-566.9 |3.0%

-936.2 |8.9%
-427.1 116.0%

-4121.3 |21.6%

-3911.6 |37.2%

-778.5 |29.1%

-8644.4 |45.4%

-2717 |25.9%

-683.1 |25.5%

-4873 |25.6%

BASF 1.45 +0.03 12.1% +0.2 112.5% -0.01 |0.7% -0.1 |9.6% +0.5 132.0% +0.06 13.8%
Group 3: Timing of annual extreme water conditions

TMIM 75 +83.5 1111.3% +85.0 1113.3% +72 196.0% +76.0 1101.3% +68 190.7% +78.5 1104.7%
TMAM 222 -5 12.3% -6.5 |2.9% -3.5 [1.6% -6.0 |2.7% -6.5 |2.9% -6 [2.7%
Group 4: Frequency and duration of high and low pulses

NHP 4 -1 |25% -0.5 |12.5% +2 150.0%  +1.5 137.5% +1.5137.5% +2.5 162.5%
NLP 11 -3 127.3% -1.5 |13.6% -2 118.2% -4.0 |36.4% -4.0 |36.4% -3 127.3%
DHP 713 +22.0 131.0% +8.8 112.3% -27.1 1381% -22.4 |31.5% -31.0 |43.5% -35.7 |50.1%
DLP 25.3 +5.8 123.1% +2.9 111.6% +5.9 123.4% +12.3 148.5% +12.2 1485% +9.7 138.3%
Group 5: Rate and frequency of water condition changes

MPD 62.0 +15.6 125.2% -13.0 |21.0% -3.1 |5.0% -18.7 |30.1% -32.8 |52.9% -26.8 |43.3%
MND 16.76 +4.2 125.2% -4.0 |24.1% +0.1 10.8% -5.5 133.2% -83149.8% -6.6 |39.4%
NREV 83 -2 12.4% -2.0 |2.4% +1 11.2% +2.0 12.4% +0.5 10.6% -3 13.6%

Alteration of hydrological indicators. We calculate the all IHA values for the basic period
1900-1959 and future period 2011-2100 under A2 and B1 scenarios, separately. Table 4 shows the
change of magnitude and magnitude of the median value of each IHA for three future periods
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(2011-2040, 2041-2070 and 2071-2001). As can be seen from the Table 5, 49 items in the table (cell
mark gray) are increasing, which accounts for 25.5% of the total number. The remaining three
guarters of the datais decreasing. It is also can be found that one-third of the growth IHA indicatorsis
under A2 scenario in the 2011-2040 period. Meanwhile, the bold number in the table represent the
ateration degree of each IHA in different scenarios. It can be seen that the extreme value under A2
and B1 scenario is during the 2017-2100 period. It indicated that the value of IHA during this period
change faster than the mean of historical data.

The variability of IHA is measured by the target range bracketed by the 25th- and 75th-percentile
values of the target of 32 IHAs. For each IHA indicator, the 25th and 75th percentile of the
hydrological disturbance determines the target range of the indicator, and the frequency change of the
IHA sequentially can be quantified by comparing the number of years falling within the target range
before and after the disturbance . Theresults are shown in Figure 2. It can be seen from the figure that
the change of 18 indicatorsin A2 scenario is higher than that in B1 scenario, which indicates that the
impact of A2 scenario on ecological hydrological indicatorsis more B2. The change degree of which
iISTMIM (the date of daily minimum daily flow) isthe biggest change, indicating that climate change
has a great influence on the date of daily minimum daily flow.
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Figure 2 Therelationship between different storageratiosand degree of flow regime alteration for various
e-flow scenarios

Conclusions

In this study, the commonly used Indicators of Hydrologic Alteration (IHAS) is adopted to describe
the various aspects of flow regime. GCM is used to generate feasible future climate conditions and
hydrological model is used generate flow of river from those future weather conditions. Then the
value of IHAs are derived from historical and simulated flow data. The alteration of each IHA under
different climate change scenarios is determined. The IHA, which is more influenced by the climate
variables, can be selected for the preparation of reservoir operation.
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