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ABSTRACT: In this study we developed an impact factor formula (IFF) to quantitatively attribute separately the impacts
of climate change and local human activities on hydrological response (i.e. run-off) in a sub-basin of Yellow River for the
period 1950-2000. Using the daily climatic data, we first calibrated and verified the variable infiltration capacity (VIC)
hydrological model to the baseline period 1955—1970. Then we developed the basin’s natural run-off for the following three
decades (1971-2000) using the VIC model without considering local human impacts, as the VIC model is benchmarked
by the 1960’s hydrological regime.

On the basis of observed precipitation, run-off and reconstructed natural run-off data from 1971 to 2000, we quantified
their long-term trend, decadal and annual variations. Using daily climatic observations, we showed that the precipitation and
run-off have decreased from the baseline decade, the 1960s, indicating a drier hydrological regime for recent decades. We
further applied the IFF to quantitatively attribute separately the impacts of reduced precipitation and increased temperatures
from climate change and then of local human activities on hydrological run-off response. It was found that climate change
has a greater impact than human activities on the basin’s run-off for the three consecutive decades. The pCC (percentage
change of run-off due to climate change impact) is found to be 89% followed by 66% and 56% in 1970s, 1980s and 1990s,
respectively. Over the decades, pHA (percentage change of run-off due to human activities) has continuously increased
from 11% to 44%. If the trend continues, in future, the pHA is going to outweigh pCC in this basin. This study provides a
quantitative assessment methodology for water resources managers to understand the changing process of the hydrological
cycle and attribute its causative factors in a sub-basin of the Yellow River. Copyright © 2009 Royal Meteorological Society
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1. Introduction in 1997 (Yang et al., 2004). The trend is likely to continue
in the future. According to Cong et al. (2009), run-off
in catchments of the YRB has been altered by both
large-scale climate change and small-scale, more direct
human impacts. Therefore, it is important to analyse

the hydrological regimes’ responses to these factors

The global and regional hydrological cycles have been
greatly influenced by climate change and human activities
in the past century (Brutsaert and Parlange, 1998; Scanlon
et al., 2007; IPCC, 2008). Over the last half of the 20th

century, regional climate studies in the Yellow River
basin (YRB) have indicated warming temperatures at
a rate of 1.28°C/50 years and precipitation has been
decreasing by 45.3 mm/50 years (Shi et al., 2003; Wang
et al., 2003; Yang et al., 2004). On the other hand, human
activities including land use change and artificial water
intake in YRB have led to environmental degradation
and water shortages. In particular, the main river along
the lower reaches has been drying up since the mid-
1970s, with a maximum of approximately 20 dry river
days/year increasing to 226 days of a completely dry river
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separately for the past half century in order to predict
future changes.

Hydrological models have been used widely for water
resource assessments, especially for studying the impact
of climate change (Nijssen et al., 2001; Oki et al., 2001;
Yang et al., 2001; Dol et al., 2003). Li et al. (2007), Hao
et al. (2008) and Ma et al. (2008) used water balance
models with simple empirical relations to attribute the
changes in observed streamflow reduction to climate
change (i.e. precipitation) or human intervention in the
Wuding River, a sub-basin of the YRB. Several other
trend analysis studies have also attempted to explain the
changes of the water resources in YRB from historical
climate data (Burn and Hag Elnur, 2002; Fu et al., 2004).
Results of those studies have identified climate change
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and human activities (artificial water intake and land use
change) as the two main factors leading to the drying up
of the river (Cong et al., 2009). However, development
of a quantitative assessment method in order for the
local water managers to understand hydrological changes
and attribute the causative factors in the YRB remains a
challenge.

This study attempts to develop an impact factor for-
mula (IFF) to quantify separately the influences of
regional climate change (as manifested in observations of
daily precipitation, wind speed and minimum and maxi-
mum air temperatures) and local human activities (such
as land use change and water intake) on regional run-
off response in a sub-basin of the YRB for the period
1950-2000. More than 50 years of daily hydrometeoro-
logical data are used to reconstruct the ‘natural run-off’
by applying the variable infiltration capacity (VIC; Liang
et al., 1994; Liang et al., 1996) model for simulating the
hydrological cycle in a sub-basin of the YRB without
consideration of the local human factors such as land use
change and artificial water intake. The IFF is thus imple-
mented on the basis of the long-term observations and the
hydrological reconstruction to quantitatively understand
separately the influences of climate change and human
activities on run-off in this hydrological regime.

2. Study area and method
2.1.

The Baimasi basin is located at the mid-region of the
Yellow River, which is also the centre of the People’s
Republic of China (Figure 1) covering parts of the Henan
and Shanxi provinces. This basin extends from 33.7°N
to 34.9°N latitude and 109.7°E to 112.6°E longitude,

Study area and data
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draining a total area of 13915 km?. The elevation varies
from 122 to 2465 m. For the past century, the basin
has witnessed extreme events, massive floods as well
as water shortages (Prieler, 1999). According to Wang
(2005), since the late 1970s and early 1980s, increasing
human activities such as irrigation and industrialization
have presented significant impacts on this hydrological
regime.

The data required for this study were mostly collected
from local administrative agencies. The observations
came from seven meteorological stations for the period of
record 1955-2000 and included daily precipitation, wind
speed and maximum and minimum temperatures. Daily
river discharge was obtained for the site located at the
basin outlet in Baimasi (Figure 1).

2.2. Method
2.2.1. Impact factor formula

Previous studies have identified climate change, gener-
ally yielding lower precipitation and increased temper-
atures, and local human activities, such as river water
withdrawals and land use changes, as the two main fac-
tors leading to the altered run-off observations in the
YRB (Cong et al., 2009). In the past half century, Yang
et al. (2005) found warming temperatures at a rate of
1.28°C/50 years and precipitation decreasing at a rate
of 45.3 mm/50 years. As a relatively small sub-basin
of the YRB, the Baimasi hydrological regime has also
responded to these impacts for the past half century. To
separate and quantify the influences of climate change
and local human activities on the run-off variation, we
have taken the 1960s as the baseline (benchmark) decade
for this study. According to Cong et al. (2009), for
the successive decades thereafter, i.e. 1970s, 1980s and
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Figure 1. Study area and locations of hydrometeorological stations. Location of streamgauge is in Baimasi. This figure is available in colour
online at wileyonlinelibrary.com/journal/joc

Copyright © 2009 Royal Meteorological Society

Int. J. Climatol. 30: 2130-2137 (2010)



2132

1990s, the run-off variation in response to climate change
can be quantified by reconstructing the natural run-off
from a hydrological model.

An analysis of observed run-off shows the combined
impacts of lower precipitation and increased tempera-
tures due to climate change and increased human activ-
ities such as direct river withdrawals. A hydrological
model represents the non-linear transformation from pre-
cipitation to river run-off, and moreover, includes the
influences of reduced precipitation and warmer temper-
atures due to a changing climate system. In this regard,
the hydrological model is used to reconstruct the natural
run-off, which is responsive to climate change. For this
study, using the daily climatic data, we first calibrated the
VIC hydrological model (Liang et al., 1994; Liang et al.,
1996) to the baseline period of the 1960s as a bench-
mark. We then simulated the basin natural run-off for the
subsequent three decades (1971-2000) with no consid-
eration of local human activities on the sub-basin (i.e.
land use change and artificial water intake). Therefore,
the reconstructed run-off, hypothetically, is the result of
hydrological response impacted by climate change (pre-
cipitation and temperature in this case) only, hereinafter
I... Likewise, we define the run-off changes impacted
by human activities as Ip,. Thus, the difference between
reconstructed natural run-off and observed run-off rep-
resents the hydrological response to Iy,, which is the
residual. The relative change in observed run-off (RO)
since the 1960s can be attributed to the combined impacts
of human activities and climate change (I, + I..):

(oF
RO = CC+1ha=<_ —1))(100 )

base

where RO is the relative change in observed run-off over
the 1960s baseline period (%), I, indicates impact from
human activities (%), I.. indicates impact from climate
change (%), Opase is the observed mean decadal run-off
for the 1960s baseline period (cubic metre per year) and
O, is the observed annual run-off (cubic metre per year)
for the assessment period.

The relative change in reconstructed run-off over the
baseline period (RC) can then be stated as:

R;
RC:ICC=<_ —1) % 100

base

2)

where RC is the relative change in reconstructed run-
off over the baseline period (%), I indicates the impact
from climate change (%), Rhpase is the reconstructed mean
decadal run-off for the 1960s baseline period (cubic metre
per year) and R; is the reconstructed annual run-off for
the assessment period (cubic metre per year).

RO includes impacts from both local human activ-
ities and climate change for the recent three decades
as compared with the baseline decade of the 1960s,
whereas RC is the relative change of reconstructed natu-
ral run-off caused by climate change factors only. From
equations (1) and (2) we can separate the percentage of

Copyright © 2009 Royal Meteorological Society
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climate change impact /.. from the summation of com-
bined impacts

R; |
E — ICC — Fbase (3)
RO Iy + I o,
Obase

Equation (3) calculates the proportional run-off change
brought about by climate variation over observed run-off
changes impacted by both climate and human activities.
We therefore define pCC as the percentage of run-off
change due to climate change as opposed to the total

impact:
co=te <RC> )
P T e+l \RO
Likewise, pHA, the percentage of run-off change due to
human activities, can be derived as:

In
M__ —1-pCC

HA = —=
P Iha + Icc

&)

Equations (1)—(5) constitute the IFF that quantitatively
attributes separately the impacts of climate change and
human activities on run-off in the study basin for the
period 1950-2000. The next step is to reconstruct natural
run-off, which is the run-off subject to climate change
factors (i.e. temperature and precipitation) and not local
human activities, using the VIC hydrological model
given meteorological observations surrounding the basin
(Figure 1).

2.2.2.  Run-off reconstruction

2.2.2.1. VIC model: The VIC hydrological model has
been implemented over the study area at a 0.125° spatial
resolution (Figure 1), and simulations are run at a daily
temporal resolution. The suitability of the spatiotemporal
resolution employed by VIC is a subject to be assessed
in the model calibration procedure. The VIC model is
a land surface model based on the fundamental hydro-
logical processes which includes interaction of the atmo-
sphere with underlying vegetation and soils, where the
dynamic water and energy fluxes are considered. One
distinguishing characteristic of the VIC model is that it
represents the sub-grid spatial heterogeneity of precipi-
tation with sub-grid spatial variability of soil infiltration
capacity. The land surface is divided into different land
cover types horizontally, whereas soils are partitioned
into three vertical layers. Quick bare soil evaporation fol-
lowing short-duration summer rainfall events happens in
the top-most soil layer; the upper soil layer is designed
to represent the dynamic change of soil moisture and the
production of run-off in response to rainfall events. Soil
moisture changes and contributions to baseflow mainly
occur in the lower soil layer of the model. A variable
infiltration curve is used to represent the sub-grid vari-
ability of soil infiltration capability under different land
cover and soil types (Zhao et al., 1980a, 1980b). Three

Int. J. Climatol. 30: 2130-2137 (2010)
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types of evaporation are considered in the model: evap-
oration from the canopy layer of each vegetation class,
transpiration from each of the vegetation classes, and bare
soil evaporation. Evapotranspiration from each vegetation
type is calculated using the Penman—Monteith formula-
tion (Liang et al., 1994). Total evapotranspiration over
a grid cell is computed as the sum of the above com-
ponents, weighted by the respective surface cover area
fractions. For more information on the VIC model and its
application in different catchments, the reader is referred
to Su et al. (2008), Xie et al. (2007), and the VIC web-
site, http://www.hydro.washington.edu/.

2.2.2.2. Model calibration and verification: The model is
first calibrated for the decade 1961-1970 using the daily
climatic data as mentioned in Section 2.1. Figure 2 shows
simulated and observed discharge for the calibration and
validation period, with outputs computed on a monthly
basis. For the calibration period, a bias (defined as
the sum of simulated minus observed run-off, divided
by the sum of observed run-off, in percentage) and a
Nash—Sutcliffe coefficient of efficiency (NSCE) value of
0.7% and 0.93, respectively, were obtained, with slight
overestimation of the lower peaks and underestimation
of the higher peaks. The model is then validated for
the period 1955-1960 yielding a bias of —4.7% and
an NSCE of 0.89, showing some underestimation of
streamflow particularly for the high peaks. Overall, the
calibration and verification accuracy of the model is
acceptable for inter-annual run-off analysis, which also
supports our chosen model resolution of 0.125° with daily
time step.

2.2.2.3. Run-off reconstruction for the impacted period:
After the VIC hydrological model is benchmarked
with the hydrometeorological conditions of the base-
line period, meteorological data (daily precipitation, wind
speed and maximum and minimum temperatures) for
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the later decades, the 1970s, 1980s and 1990s, are used
as input to simulate natural river discharge (i.e. run-off
reconstruction) with no consideration of land use changes
or artificial water intake (i.e. no impacts from local human
activities). Therefore, taking the 1960s as the baseline
decade, we reconstructed the basin natural run-off for the
assessment period 1971-2000. The reconstruction results
and analyses are presented in the following section.

3. Results and analysis
3.1.

The monthly variation and long-term inter-annual trend
of observed precipitation, observed run-off and recon-
structed natural run-off subject to climate change fac-
tors in the study basin are presented in Figure 3(a). The
annual observed precipitation and run-off show a decreas-
ing trend (Figure 3(b)). The precipitation has decreased
at a rate of 0.74% per year, whereas the observed run-off,
influenced by both climate change (I..) and local human
activities (/p,), has decreased by 1.88% per year. For the
same time period, it is found that the reconstructed nat-
ural run-off (impacted by climate change /.. only) has
decreased at a rate of 0.86% per year. The larger rate of
run-off decrease due to I, and I, combined compared
with I.. alone indicates that I, has increased over this
time period.

Long-term trend analysis

3.2. Decadal and annual rainfall—run-off variation
analysis

Table I shows the decadal variation of precipitation,
observed run-off and reconstructed natural run-off against
the benchmark decade of the 1960s. Figure 4 displays the
scattergram of annual precipitation and observed (dia-
monds) and reconstructed (stars) run-offs. For simplicity,
we regressed two lines to represent the rainfall—run-off
relationships in this study basin. We found that, accord-
ing to the annual mean, there is a 3840 m? of run-off in
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Figure 2. Variable infiltration capacity model calibration and validation for the pre-1970 baseline period. This figure is available in colour online
at wileyonlinelibrary.com/journal/joc
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Figure 3. (a) Monthly time series of precipitation, observed discharge and simulated discharge for the period 1960-2000. (b) Same as
(a) but with a 5-year moving average of inter-annual variations and long-term linear trends. This figure is available in colour online at
wileyonlinelibrary.com/journal/joc

Table I. Decadal variation of observed precipitation, run-off and reconstructed run-off.

Duration Precipitation Run-off observation Run-off reconstruction
(mm/year) Decadal relative (m?3/year) Decadal relative (m3/year) Decadal relative
change (%) change (RO) (%) change (RC) (%)
1961-1970 609.5 N/A 24718.5 N/A 24518.7 N/A
1971-1980 554.1 -9.1 18098.8 —26.8 20363.5 —16.9
1981-1990 583.2 —4.3 20870.9 —15.6 24 176.7 —-14
1991-2000 468.3 —23.2 9578.9 —61.2 14077.2 —42.6

response to a 100 mm precipitation input, whereas recon-
structed run-off yields 5000 m* for the same precipitation
input. Corresponding to observed reductions in precipita-
tion and increased temperatures, the reconstructed natural
run-off has a larger slope than the observed run-off; there
is less observed run-off per unit rainfall input to the basin

Copyright © 2009 Royal Meteorological Society

as compared with the reconstructed natural run-off. This
statement assumes that model error doesn’t introduce bias
into the reconstructed run-off. In addition, it is possible
that climate change has altered the time of the year at
which a majority of rainfall has occurred, which would
also influence the annual run-off response. A detailed

Int. J. Climatol. 30: 2130-2137 (2010)
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Figure 4. Scatterplots of annual precipitation versus observed run-off
and reconstructed natural run-off. This figure is available in colour
online at wileyonlinelibrary.com/journal/joc

analysis of model error and sub-annual (seasonal) impacts
of run-off response to climate change and human factors
is an area inviting future research.

3.3.

According to the IFF shown in Equations (1)—(5), the
difference between the annual observed run-off and the
reconstructed natural run-off implies that the additional
run-off reduction is a result of local human activities (/y,).
Given the observed run-off and reconstructed natural run-
off data (Figure 3), the impact indices can be derived
from IFF and the decadal average results are shown
in Table II and Figure 5. It is found that the impact
due to climate change on run-off (/) is greater than
the impact due to human activities (Iy,) for the three
consecutive decades studied. In the 1970s the percentage
change of run-off due to climate change (pCC) is found
to be 89% followed by 66% and 56% in the 1980s
and the 1990s, respectively. Correspondingly, for the
same three decades, the percentage change caused by
human activities (pHA) is found to be 11%, 34% and
44%, respectively. The developed IFF indicates that
over the decades studied herein, the percentage run-
off changes due to human activities has continuously
increased whereas the percentage changes due to climate
change has decreased from 89% to 56% (Table II). With
a likely similar trend in future, the impact due to human

Quantification of the impacts
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is the baseline decade. This figure is available in colour online at
wileyonlinelibrary.com/journal/joc

activities (pHA) is going to outweigh the impact due to
climate change (pCC) in the study basin (Figure 5).

3.4. Human impact on wet and dry years

Figure 6(a) shows the frequency distribution of the
observed run-off and reconstructed annual run-off.
Figure 6(b) displays the ratio of observed run-off to the
reconstructed run-off. It shows that the ratio decreases
consistently and gradually from years with high flows
(0.9) to the lowest flow years (0.6). Particularly, dur-
ing the top 20 percentile wettest years (discharges
>25000 m3/year), the ratios are on the order of 0.8 or
above whereas for the drier years (discharges at bot-
tom 20%: <15000 m>/year) the ratios are on the order
of 0.7 or below. Recall that the difference between the
observed run-off and the reconstructed natural run-off
implies that the additional run-off reduction is a result
of local human activities (/,). This shows that human
activities on the land surface and river water withdrawals
have larger impacts on streamflow in the drier years than
in the wetter years, with an average reduction of 10% in
run-off (Figure 6(b)). This result indicates the complexity
of human factors, withdrawing more water per annum in
this case, when water becomes scarce.

Table II. Quantification of the impacts.

Duration® Combined impact Impact due to climate Impact due to human
on run-off change (I..) activities (/)
Relative change Impact to Percentage Impact to Percentage
(RO) (%) discharge (%) change (pCC) (%) discharge (%) change pHA) (%)
1971-1980 —26.8 -239 89.1 -29 10.9
1981-1990 —15.6 —10.3 66.3 —53 33.7
1991-2000 —61.2 —34.5 56.4 —26.7 43.6

2The period 1960—1970 is the baseline period.

Copyright © 2009 Royal Meteorological Society
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in colour online at wileyonlinelibrary.com/journal/joc

4. Summary

Previous studies have identified global and regional cli-
mate changes (i.e. increased temperatures and reduced
precipitation) and local human activities (e.g. river water
withdrawals for irrigation, land use changes from urban-
ization) as the two main causative factors yielding signif-
icantly reduced run-off in sub-basins of the Yellow River
(Cong et al., 2009). In this study we developed an IFF
(Equations (1)—(5)) to quantitatively attribute separately
the impacts of climate change (i.e. increased tempera-
tures and reduced precipitation) and local human activi-
ties (e.g. land use change and water intakes) on run-off.
Using daily climatic observations in the Baimasi sub-
basin in the Yellow River (Figure 1), we first calibrated
and verified the VIC hydrological model to the baseline
period 1955-1970 as a benchmark (Figure 2). Then, we
simulated the basin natural run-off for the subsequent
three decades (1971-2000) using the VIC model with
no consideration of local human activities (Figure 3). As
a result, the reconstructed run-off, hypothetically, is the
result of run-off impacted by climate change only (/).
This assumes that VIC model error does not impart a bias
to the reconstructed run-off. Thus, the difference between
reconstructed natural run-off and observed run-off repre-
sents the hydrological response resulting from impacts of
human activities (/,,). It should be noted that it is possi-
ble that some impacts from human activities and climate
are inter-related, and as such are not readily separable; an
example might be increased temperatures from extensive
urbanization.

On the basis of observed precipitation, run-off, and
reconstructed natural run-off, we quantified the long-
term trend and decadal and annual variations of climate
change (i.e. precipitation and temperature) and run-off
in the Baimasi basin. The annual observed precipitation
and run-off both show a decreasing trend for the second
half of last century (Figure 3). The precipitation has
decreased at a rate of 0.74% per year, whereas the

Copyright © 2009 Royal Meteorological Society

observed run-off, influenced by both climate change (/)
and local human activities (ly,), decreased by 1.88%
per year. However, the reconstructed natural run-off
(impacted by I, climate change only) has decreased
at a rate of 0.86% per year, following a similar trend
as the precipitation; this implies changes in the natural
run-off are controlled by the climate change factors
of decreasing precipitation and increasing temperatures.
The observations also showed that the mean decadal
precipitation and run-off has decreased from the baseline
decade, the 1960s, indicating a drier hydrological regime
for the last three decades of the 20th century (Table I). In
particular, a 23% decrease in precipitation yielded a 61%
reduction in the run-off in the 1990s. This is in agreement
with that observed in previous studies, particularly in arid
and semi-arid climates (Sankarasubramanian and Vogel,
2001). Similar findings were also made in some earlier
studies in different parts of China (Mo et al., 2006;
Hao et al., 2008) and in the USA (Christensen et al.,
2004). For simplicity, we regressed two lines to represent
the rainfall-run-off relationships in the study basin. We
found that, according to the annual mean of observations
and reconstructed run-off, there is a 3840 m?> of run-off
in response to a 100 mm precipitation input to the basin,
whereas reconstructed run-off yields 5000 m? to the same
unit input of precipitation; the difference is attributed to
local human activities such as withdrawing water from
the river channel for irrigation purposes.

We further applied the IFF to quantitatively attribute
the influences of climate change and human activities
on run-off. It is found that climate change factors have
greater impacts on basin run-off than human activities for
the three recent decades (Figure 5). In the 1970s the pCC
(percentage change of run-off due to climate change) is
found to be 89% followed by 66% and 56% in the 1980s
and 1990s, respectively. Correspondingly, the percentage
change of run-off caused by human activities (pHA) is
11%, 34% and 44%, respectively. Over the study period,
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the pHA has continuously increased whereas the pCC,
for the same decades, has decreased from 89% to 56%.
With a likely similar trend in future, there is a credible
possibility that the impact of local human activities (/y,)
in the basin is going to outweigh the impacts due to
climate change (I..) (Figure 5). This study also observed
the impacts of human activities on run-off during wetter
versus drier years. It showed that human activities have
larger impacts on run-off in the drier years (discharges at
the bottom 20%: <15000 m3/year) than in the wetter
years (discharges >25000 m?/year), with an average
reduction in run-off of 10% (Figure 6(b)). This result
indicates the complexity of human factors, withdrawing
more water per annum in this case, when water becomes
scarce.

The results of this study portend, in conjunction with
others’ findings, an upcoming crisis in water supply in
the YRB (Cong et al., 2009). This study also provides a
quantitative assessment methodology for water resources
planners and managers to understand the changing pro-
cess of the hydrological cycle and attribute its causative
factors in catchments of the Yellow River. This research
calls for a future study that will reconstruct multiple nat-
ural run-off scenarios, with each scenario accounting for
a specific human activity or a climate-forcing factor. As
there is very little control that local actions could possi-
bly bring in terms of reducing immediate impacts from
reduced precipitation and increased temperatures due to
climate change, quantitative assessment of hydrological
impacts from specifically identified human activities is a
practically possible proposition for local administrative
managers.
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