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Abstract

The Lancang River (LR) in China (the upper portion of the Mekong River which is
among the world's most important transboundary rivers) originates on the Tibetan
Plateau and provides important freshwater resources for living, agriculture, industry,
and hydropower generation for millions of people downstream. The natural flow
regime of the LR is critical to sustain native biodiversity and ecosystem integrity;
however, it has been changing due to the combined effect of climate change and
human activities. Accurate quantification of the impacts of climate change and human
activities on changes in the flow regime is a prerequisite for water resources and
hydropower exploitation and environmental protection. This study aims to evaluate
climate- and human-induced impacts on the LR during 1980-2014. A distributed
hydrological model CREST-snow combined with remote sensing and streamflow data

and the Budyko framework were jointly used to address this scientific question during
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three time windows determined by the Mann-Kendadk tand the history of dam
construction. Results show that compared with @eelne period (1980-1986) when
no dam was constructed, significant changes (~-6%inean annual streamflow
occurred during 1987-2014, particularly after 2008en the construction of the
largest hydropower plant (Nuozhadu) in the MekorigeRbasin began. Climatic
change contributed ~57% to streamflow changes duhg transition period (1987—
2007), whereas human activities contributed ~95%nduthe post-impact period
(2008-2014). At the seasonal scale, climatic viamaplays a more significant role
during the dry season (December—May), with pre&fjgih the most important factor
among climate variables, whereas human activit@gributed more during the wet
season (June—November), benefiting the downstreaas ahrough mitigating floods.
Among human activities, reservoir construction isdaminant factor affecting
streamflow over agricultural, industrial, and dotiewater uses. The findings of this
study enhance our understanding of hydrologicahgha in the LR basin that may
impact the Lower Mekong River, serve as a basisviter resources and hydropower
exploitation and environmental protection, and hgitt the need for considering
reservoir operation strategies in streamflow pitiges in similar basins globally

under climate change scenarios.

Keywords: Streamflow change; climate change; human actwitidistributed

hydrological model; attribution
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1. Introduction

As the most important transboundary river in therldjothe Mekong River (MR)
flows through six countries (i.e., China, Myanmiaos, Thailand, Cambodia, and
Vietnam) with a total length of ~4,350 km and aidage area of ~795,000 Km
(MRC, 2010a). The Lancang River (LR) in China,,itee upper portion of the MR,
originates on the Tibetan Plateau (TP) and flowsugh Qinghai, Tibet, and Yunnan
Provinces. The LR provides important freshwateoweses for domestic, agricultural,
industrial uses, and hydropower to China and dawast countries. The natural flow
regime of the LR is critical to native biodiversignd ecosystem integrity in rivers
(Poff et al., 1997). In addition, an improved ursianding of the hydrology of the
basin is the scientific foundation on integratedexaesources management (Carlisle
et al., 2010; Commission, 2009) and on modelingmidl changes in the streamflow

of the LR in the future.

Both climate change and human activities have edesignificant pressure on the LR.
First, runoff from the TP tends to be sensitivectomate change as a result of
changing precipitation and snow and glacier meltprgcesses due to climate
warming (Chen et al., 2017; Chen et al., 2018; Hustral., 2018a; Lauri et al., 2012;
Long et al., 2014; Lutz et al., 2014; Tang et 2018). Second, growing population
leads to increased water resource and energy dentlaaidmay subsequently result in
extensive hydropower exploitation in both the ma@em and tributaries of the LR

(Pokhrel et al., 2018). Quantifying the impactlhate change and human activities

3
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on the streamflow of the LR is therefore fundameetdavater resource management
and environmental protection and therefore hasivedeconsiderable attention from
the scientific community (Immerzeel et al., 2008elani et al., 2012; Rasanen et al.,

2017).

Recent studies associated with the impact of hyalmep generation mainly focused
on historical changes in streamflow of the lower KFdchrane et al., 2014; Lu et al.,
2014; Mohammed et al., 2018; Rasanen et al., 2R#2anen et al., 2017). Lu et al.
(2014) and Raséanen et al. (2017) examined changeger discharge at the Chiang
Saen gauging station in Northern Thailand sinceD19fereas Li et al. (2017a) used
streamflow observations at five gauging statiomm@lthe mainstream of the MR to
assess the alteration of flow regimes over theopdedf 1960-2014. These studies
mostly compared the streamflow before and after dawmstruction based on

streamflow observations and confirmed the significeffect of cascade reservoirs

upstream.

However, discrepancies of the findings exist duediiferent study periods and
changes in the intra-annual streamflow distributibo et al. (2014) found a 9%
decrease in discharge at the Chiang Saen gaugatigrstin August but a 15%
increase in discharge in July over the post-dano@di992-2010) than that over the
pre-dam period (1960-1991). But Rasénen et al./(Rfwlind an increase of 121-187%
in discharge during Mar—May and a decrease of 3%-#6discharge during July—

August in 2014 compared with the mean discharge theeperiod 1960-1990 at the

4
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Chiang Saen gauging station. Mohammed et al. (2@¥B)ored the variability in
streamflow of the Lower MR by examining changeshi@ Upper MR inflow using a
hydrological model. Moreover, several studies sated the effects of projected
climate change scenarios and reservoir operatioategies on streamflow. For
example, Ngo et al. (2016) applied the Soil Watssessment Tool (SWAT) and Water
Evaluation and Planning (WEAP) models to the talets of the Lower MR in
Vietnam and Cambodia for the future period 20100621® assess the impacts of
different reservoir operation strategies on flogimges. Wang et al. (2017) adopted
the Geomorphology-Based Hydrological Model (GBHM) s$tudy the combined
effect on floods in the MR basin from 2010 to 209%¥dicating that reservoir
operation could mitigate the effect of flood intéiegtion caused by climate change

before 2060.

Despite recent efforts, the impacts of climate geaand human activities on the
streamflow of the LR have remained inadequatelyess=d. First, few studies
quantified climate and human impacts on the histbistreamflow of the LR. Tang et
al. (2014) used a Back-Propagation Artificial NeéuMatwork (BP-ANN) model and
concluded that human activities exerted a larggraich on streamflow changes in the
LR than climatic variations (54.6% and 45.4%, resipely) during 1986-2008.
Second, as mentioned above, the LR has been lediedtthan the MR or only
studied over a short time period (Tang et al., 2024ao et al.,, 2012). The LR

originates at elevations of over 5100 m on thewi®) its runoff sensitive to climate
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change as a result of snow and glacier melting @maeel et al., 2009; Lutz et al.,
2014). Assessing the hydrological impacts of clenegltange over the LR basin thus
requires more sophisticated hydrological model& wisnow and glacier module and
adopts a multiple dataset calibration method tauen$oth accurate simulation of
streamflow and a reasonable contribution of snow glacier meltwater to total

runoff (Finger et al., 2015).

The overall objective of this study was therefore quantify climate- and
human-induced impacts on changes in streamflowhef ItR during the period
1980-2014. To achieve this objective, we reliedlm Coupled Routing and Excess
STorage (CREST) model (Wang et al., 2011) coupli a&vsnow and glacier melting
module (Chen et al.,, 2017) (termed CREST-snow lite@@aand streamflow
observations at the Yunjinghong gauging statiorthat outlet of the LR basin to
generate historical natural streamflow. We analyzetérannual, seasonal, and
monthly changes in streamflow and quantified thatdoutions from climatic and
anthropogenic effects. In addition, we partitiortbé impacts of human activities
during 1980-2010 based on a global monthly gridd@db°) sectoral water
withdrawal dataset (Huang et al., 2018b). The figdiadvance our understanding of
hydrological changes in the LR basin and highligjiet role of reservoir construction
and operation in influencing streamflow regimesisT$tudy can serve as a basis for
examining climate and human impacts on streamflandammed rivers, and provide

reference for projecting future streamflow changesticularly for snow-fed rivers
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that are dictated by reservoir operation.
2. Study area

The LR is located within the domain 22°683°40N and 93°50-101°30E in
Southwest ChinaFigure 1), with a total length of ~2,140 km and a drainagea of
~142,000 krf (Long et al., 2014). It has a complex terrainhvdtmean elevation of
~3,300 m and an elevation difference of ~5,500 rrefesing from the northwest to

the southeast (Shi et al., 2013).

The LR features a humid climate with a mean anpuatipitation of ~735 mm based
on a 35-year record (198P014) of the China Gauge-based Daily Precipitation
Analysis (CGDPA) product (Shen and Xiong, 2016).e Tlesterlies and Indian
monsoon bring abundant moisture and rainfall over LR basin from June to
September, which accounts for nearly 70% of theuahrainfall. Correspondingly,
streamflow in the LR also exhibits strong seasdyalvith 70% of the annual
discharge and the peak discharge normally occubr&tgreen August and September

(Jacobs, 2002).

The unique geographical features and the largeggrdgmand in Yunnan Province
and Eastern China have contributed to the burggod@velopment of hydropower
plants in the LR basin (Chen et al., 2010; Hennigle 2013). The six largest dams
(storage capacity > 1 hundred millior®)non the mainstream were included in our

analysis, with their detailed information listedTiable 1
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148 Table 1 Detailed information on six largest dams alorgltancang River mainstream

Hydropower station Manwan  Dachaoshan Jinghong Xiswow Gongguogiao Nuozhadu
Date of river closure 1987.12 1997.11 2005.1 20D4.1 2008.12 2007.11
Date of power generation 1993.6 2003.1 2008.6 2009. 2011.11 2012.9
Drainage area (f&m?) 11.45 12.10 14.91 11.33 9.73 14.47
Mean annual discharge {fs) 1230 1340 1840 1220 985 1750
Dead reservoir storage €6r) 6.68 3.71 8.10 43.50 3.16 103.00
Total reservoir storage (1en°) 9.20 9.40 14.00 153.00 3.65 227.00
Installed capacity (kW) 150 135 150 420 90 500
Height (m) 132 115 118 300 105 255
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3. Data and Methods

3.1Data

Streamflow observations at the Yunjinghong gaugstation for the time period
1980-2014 were obtained from the China Hydrology taDaProject
(http://depts.washington.edu/shuiwen/) (Henck gt2011) and local water resources
administrations. Snow water equivalent (SWE) wasneded based on a snow depth
product from the Environmental and Ecological Sceebata Center for West China
(http://westdc.westgis.ac.cn/) (Che et al., 2008; & al., 2015; Dai et al., 2012) and
snow density calculated using in situ measured stepth and snow pressure (Chen
et al., 2017). Here the discharge and SWE dataset yointly used to calibrate
CREST-snow and partial discharge data were usedlittate the hydrological model.

The CGDPA precipitation product developed by thetidvel Meteorological
Information Center of the China Meteorological Adistration, was generated using
rainfall measurements of ~2400 national gauges thed climatological optimal
interpolation (Ol) algorithm (Shen and Xiong, 201@ittp://cdc.nmic.cn). Other
meteorological data, including daily time seriesraximum, mean, and minimum air
temperatures, dew point temperature and pressuere vwobtained from the
ERA-Interim product, the latest global atmospheeanalysis produced by European
Centre for Medium-Range Weather Forecasts (ECMVBeth CGDPA and ERA
meteorological data were converted from a resalutd 0.25° to a resolution of
0.0625° using the nearest neighbor method formgithe hydrological model.

Daily temperature, dew point temperature, and presgstimates for the period

9
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1980-2014 were used to calculate wet-bulb temperatuck fance CREST-snow.
ERA-interim temperature estimates were used toneséi potential evapotranspiration
according to the Hargreaves method (Hargreaves Qamdani, 1985), with the
parameters adjusted to be applicable to SouthwasaGHu et al., 2011). The digital
elevation model (DEM) provided by NASA's Shuttle dda Topography Mission
(SRTM) at a spatial resolution of 0.0083°, was useddelineate the LR basin

boundary and derive flow direction and flow accuatiain for use in CREST-snow.

Huang et al. (2018b) generated a global monthlyldga (0.5°) sectoral water
withdrawal dataset for the period 1971-2010, usiagous sources of reported data
and some spatial and temporal statistical downsgahlgorithms. This dataset
comprises six water use sectors including irrigatitving, electricity generation

(cooling of thermal power plants), livestock, migirand manufacturing and was used

here to partition the effects of human activitiesstreamflow.

3.2Methodology

3.2.1 CREST-snow hydrologic model

The Coupled Routing and Excess STorage (CREST) h{wdeng et al., 2011) is a
distributed hydrological model jointly developed the University of Oklahoma and
the National Aeronautics and Space AdministratiNA$A) SERVIR Project Team
(http://www.servir.net). The CREST model computadtration and runoff using the
variable infiltration capacity curve updated frohe tXinanjiang model (Zhao, 1992)
and VIC model (Liang et al., 1996), and simulateb-grid cell routing in a study
basin employing linear reservoirs, which results rmore accurate streamflow

simulations than that using old routing method=(bét al., 2016; Wang et al., 2011).

10
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CREST has been coupled with a snow and glacieringethodule based on the
temperature-index method (Chen et al., 2017), inckvhvet-bulb temperature was
used in this study to partition total precipitatiomo solid and liquid phases because
precipitating droplets (e.g., rain, sleet, and sndwve a temperature closer to
wet-bulb temperature than air temperature (Dinglet2014). CREST-snow was set
up at a spatial resolution of 0.0625° (~7 km at #wuator) to simulate daily

streamflow at the Yungjinghong gauging station fe tR.

The performance of the model was evaluated usiregg Nlash-Sutcliffe model
efficiency coefficient NSE) (Nash and Sutcliffe, 1970), the Nash-Sutclifféidncy
Coefficient with logarithmic valued. 6gNSE), correlation coefficientR), and relative
differences Bias). NSE has been widely used to measure the overall pesfoce of
the hydrological model wheredsogNSE could better assess the simulation of low
flows (De Vos and Rientjes, 2008Bias is defined as the sum of the difference

between simulated and observed runoff, dividechieysum of observed runoff.

3.2.2 ldentification of streamflow break points

The Mann—Kendall test (Hamed and Rao, 1998) wad teseentify the break point
of streamflow time series at the Yunjinghong gaggistation for the period
1980-2014. The intersection point approaches y8a8,2corresponding to the year
when the construction of the largest reservoir, 2iaalu, on the LR started and the
river was intercepted. The first reservoir on thi®, Manwan, was under construction

since 1987.

Based on the history of dam construction and trendstreamflow, we divided the

historical 35-year period (1980-2014) into thremmetiwindows: (1) the baseline

11
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period 1980-1986 when no dam was constructedh&jransition period 1987-2007
when small dams were constructed but there waggndisant change in the trend of
streamflow, and (3) the post-impact period 2008420then large dams were
constructed and significant changes on streamfl@revobserved. Daily streamflow
observations during the baseline period were usedalibrate the model, whereas
streamflow observations during the transition péncere used to validate the model,

because the streamflow did not significantly chaaigeng the transition period.

3.2.3 Contribution of climate change and human actities

Both climate change and human activities can éterflow regime of the LR. In this
study, CREST-snow and a method based on the Bublykothesis were used to
evaluate these impacts. The total change in obdesteamflow AQ) can be

attributed to the combined impacts of climate cleafiQ..) and human activities
(AQha):
AQ = AQcc +AQna = 0; — 0 1)

where 0; and 0, are the observed mean annual streamflow/simfor the
assessment period (transition or post-impact pgriadd the baseline period,

respectively.

Streamflow simulation using CREST-snow represehés impacts of variability in
precipitation and temperature that reflects a cimnglimate system on the flow
regime. CREST-snow was used to generate natueamsffow in response to climate

change and variability. The climate-induced chang&reamflow can be calculated as

12
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follows:
AQ.. =R, —R, (2)

where R; is the simulated annual streamflow for the assessmeriod (r?‘/s) and
R, is the simulated annual streamflow for the baselperiod (rﬁ/s). Thus, the
human-induced streamflow change can be calculated tle difference

betweem\Q and AQ..:

AQpa = AQ — AQcc 3)

We definedl.candln, as the contributions of climate change and huntinites to

the total streamflow change:

_ 180l 0 _ _ 18Qpal 0
lee = {nguareinany < 100%: Tha = {55 " agny < 100% ()

Equations (1)—(4) are also appropriate for seasamallysis of contributions of climate
change and human activities during wet season {Nme&mber) and dry season

(December—May) or monthly analysis.

The Budyko framework has been widely used to sépattze effects of climate
change and human activities on streamflow chan@es €t al., 2015; Li et al., 2011;
Li et al., 2017a). In this study, we decomposeddimate and human impacts based
on the Budyko hypothesis at the annual timescataake a cross-validation with our
estimates from CREST-snow. We adopted the Ture-Pdgweation (Pike, 1964) and

guantified the climate-induced chande(.) of streamflow:

13
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E/P=(1+02)705 (5)

Q) :Eo/P (6)

' 9Q aQ
AQCC = EAP + B_EOAEO (7)

where the climate dryness inde®)(is the ratio of the mean annual potential
evapotranspirationfy,) to the mean annual precipitatid®).(For the long-term annual
water balance, soil-water storage change is asstnbd negligible, and the actual

mean annual evapotranspiratid) ¢an be expressed &= P — Q in equation (5)
3.2.4 Partitioning effects of water use

Five water use sectors including irrigation, livindivestock, mining, and

manufacturing of the global monthly gridded (0.8&ktoral water withdrawal dataset
(Unit: mm) and dead reservoir capacity data listedable 1 were used to partition

the effects of human activities on the flow regiaig¢he LR for the period 1980-2010.
Annual water use was calculated by spatially avatgpgvater use values across all
grid cells within the LR basin and then summing thbnvalues to obtain annual
average values. Streamflow variation caused by égmh of water use sectors was
calculated using the mean annual water use valtegtihe period 1987-2010 minus

that during the baseline period 1980-1986.

Dead reservoir storage is referred to as waterrgsarvoir that cannot be drained by
gravity through a dam's outlet works, spillway omgr plant intake. We summed the

dead reservoir storages of the completed reserdoiisng 1987-2010Table 1) and

14
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converted the volumetric values into millimetersda on the drainage area of the LR
basin, for the convenience of comparison. The téal reservoir storage was used to

characterize the streamflow change caused by @s&onstruction.

4. Results

4.1 CREST-snow model simulations

Table 2 shows monthly performance metrics of the simutatidth CREST-snow. For
the calibration period, th&lSE and Bias values were found to be 0.73 and 0.1
respectively. For the validation period, tN8E andBias values were 0.53 and 0.12.
Some overestimates of streamflow were found pdatilyufor the high peaks of 1992,
1994 and 2006, as seen fréfigure 2, and we postulated that it might result from the
overestimated precipitation estimates used in shisly. Previous studies suggested
that hydrological modeling withNSE > 0.50 can be considered satisfactory (Moriasi
et al., 2007). Here, CREST-snow for the overalliquer1980-2007 showed
satisfactory performance in terms of b&E (0.57) andR (0.85). The calibrated

parameters were therefore considered suited toaienmatural streamflow.

Note that low flows were simulated better than p#aks during the overall period,
with a higherLogNSE value (0.73) thafNSE (0.57). This is largely due to the impact
of precipitation input. We used meteorological datduding precipitation, potential
evapotranspiration, air temperature and wet-bulliptrature for the later decades as

input to simulate the historical natural streamfl@wthe transition period 1987-2007

15



297

298

299

300

301

302

303

304

305

306

and the post-impact period 2008-2014. The resuliisamalyses are presented in the

following section.

s P Precipitation Observation Simulation .
T TV T YV
5 : 1200 €
©
5 1 Calibration | Validation £
5 ! 5
L 400 =
:
®© 0.5 - [ g
§ : 600 &’
=z \
0 ‘ ‘ : ‘ ‘ ‘ 800
1980 1984 1988 1992 1996 2000 2004
Time

Figure 2. Normalized monthly simulated and observed disehagthe Yunjinghong gauging

station and corresponding monthly precipitationtfe@ LR basin for the calibration (1981986)

and validation (19872007) periods, respectively. The discharge was alizad as the difference

between the discharge and the minimum dischargalativby the difference between the

maximum and minimum discharge at the Yunjinghonggiyag station during 198@007.

Table 2. Performance metrics of simulated discharge aYtimginghong gauging station on the

LR for the calibration, validation, and overall jpels, respectively.

Time period NSE LogNSE R Bias
Calibration (19861986) 0.73 0.80 0.91 0.10
Validation (19872007) 0.53 0.70 0.82 0.12

Overall 0.57 0.73 0.85 0.12
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4.2 Trend analysis of hydrological variables during 198—-2014

During 1986-2014, the proportional contribution of snowmeltatal basin discharge
was relatively low (~2%) in the LR basin. The impat glacier meltwater on runoff
was even lower (~0.2%) due to the very limited glacoverage within the study
basin Figure 1). The simulation results therefore suggest thatat is the dominant
factor affecting runoff in the LR basin becausela relatively low contributions of
snow and glacier meltwater to total runoff. Timeie of annual mean precipitation,
observed streamflow, and simulated natural streamflrom 1980 to 2014 were
shown inFigure 3. Both precipitation and simulated natural streamfincreased at a
rate of 0.98 mm/yr(not significant) and the simulated natural stréamincreased at
a rate of 0.70 mm/§r(not significant). Natural runoff was simulatedings the
parameters calibrated for the baseline period amd wssumed to have been
influenced only by climate change, which was alemdnstrated by the higR value

(0.91) between precipitation and the simulated naasireamflow.

Note that during the period 1980-2014, mean artemaperature of the LR basin was
rising at a rate of 0.023 °C/yp<0.01), and snow and glacier meltwater increased at
rate of 0.064 mm/yr (p<0.05). However, the observed streamflow exhibited
decreasing trend at a rate of 2.96 mm(pr0.1), due to the combined effect of both
climate change and human activities. As seen fiigure 3, the discrepancies
between the observed streamflow and natural stteangnlarged since 1987 due to

reservoir construction, demonstrating the nonndgiggmpact of human activities on

17
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the flow regime of the LR.

Precipitation Runoff_simu Runoff_obs Snowmelt
- - -0.98(mmiyr3) - - - 0.70(mmfyr?) - - - -2.96 (mm/yr?) - - - 0.06 (mmiyr?)
1000 1100 2
800 [ N\ 180
Manwan Dachaoshan Jinghong  Gongguogiao

600 160

400 F 140

200 120

0 T 1 1 1 1 1 1 1
1980 1984 1988 1992 1996 2000 2004 2008 2012

Streamflow and precipitation (mm/yr)
Snow and glacier meltwater (mm

Figure 3. Time series of annual mean precipitation, obsersedamflow, simulated natural
streamflow, and simulated snowmelt runoff in the bR&sin during 198@014. Dashed lines
represent trend lines of the four variables andnimbers in the legend represent their change

rates. Arrows denote the initial construction tiofehe completed dams.

At the seasonal scale, the observed and simulatexhngflow also showed
considerable changes during the transition andipgsict periods compared with the
historical streamflow during the baseline perioésbed lines irfFigure 4 show the
observed streamflow at the Yunjinghong gaugingatéor all three periods. The dry
season streamflow (December—May) was lowest inbteline period. During the
transition period, the dry season streamflow shoaslight increase, whereas the wet
season streamflow (June—November) showed littlexgds During the post-impact
period, streamflow in both dry and wet seasons sgldogignificant changes (~20%
and ~40%) compared with that during the baselimbgewhich may be caused by
reservoir construction and filling.
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344  Monthly simulated natural streamflow at the Yunfiegg gauging station over the
345 three periods is shown Figure 4 using solid lines. The natural streamflow changed
346 little in the wet season during the three periddsaddition, the observed streamflow
347 deviated considerably from the simulated naturalashflow (i.e. with large reservoir
348 construction) during the period 2008-2014. Befagary2008, the difference between
349 the observed and simulated natural discharge waareptly smaller. At the monthly
350 scale, the observed streamflow showed a decreag8%#56% in June—September
351 Dbut an increase of 11%-50% in March—May on the mdetharge over the
352 post-impact period than that over the baselineopetiowever, the dam construction
353 did not affect the timing of the peak flow that watdl in August. Also, the trend in
354 low flows did not change, with the February—Maretv ldischarge period preceded by

355 high discharge in January and followed by a sudt#siine in March.
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357 Figure 4. Time series of observed streamflow (dashed limes) simulated natural streamflow
358 (solid lines) at the Yunjinghong gauging stationtfee baseline, transition and post-impact periods,

359 respectively.
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Figure 5 shows time series of observed streamflow duriregldhseline period and
during the first year after each of the six hydnepo plants Table 1) was put into
operation. The reservoir operation in the wet sedsecame increasingly significant
with more reservoirs built over time except 199%cduse there was a severe drought
in the LR basin around 1994 (Xu, 2018). The insdtigure 5 shows that the effect of
reservoirs on the dry season streamflow was natfgignt except 2013 when the dry
season streamflow was almost highest among allsyeampared due to the
completion of the Nuozhadu Reservoir. Rasanen.gR8lL7) made a comparison of
observed streamflow of 2010-2014 to observed sfitemmof a baseline period
(1960-1990) at Chiang Sean (in Thailand), NakhoanBm (in Vietham) and Kratie
(in Cambodia) gauging stations. In 2013 when alrservoirs in the LR basin were
completed, the wet season streamflow at Chiang $asriower than that during the
baseline period, which applies to Yunjinghong im etudy. However, streamflow in
July, August, and September of 2013 at Nakhon Rhaared Kratie was even higher
than that during the baseline period. We could etoee infer that reservoirs
constructed in the LR basin has a certain impactmwamflow in Thailand, but has a

less impact on streamflow in Vietnam and Cambodia.
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Figure 5. Comparison between the normalized observed streamdluring 1980-1986 and

normalized observed streamflow of specific yealateed to dam construction. Shading areas
represent the range of the observed streamflonnguhie baseline period 1980-1986 and the
white line represents the mean of the observedarsftew during the same period. The
normalization is the same as that shown in Figutdaximum and minimum observed discharge

at the Yunjinghong gauging station during the linsgberiod were used here.

4.3 Quantification of the impacts of climate change andhuman activities

Compared to the baseline period (1980-1986) whendam was constructed,
significant changes (~-6%) in mean annual streamffacurred from 1987 to 2014,
particularly after 2008 when streamflow decreasgd2b6.8% compared with the
baseline period. The contributions of climate cleaagd human activities to changes
in streamflow accounted for ~57% and ~43 % for ttla@sition time period (1987—
2007), and ~5% and ~95 % for the post-impact pe(R@D8-2014), respectively

(Table 3), compared with the baseline period (1980-1986).

21



392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

During the transition time period, only two largservoirs (Manwan and Dachaoshan)
were built, with a total dead reservoir storag& .8f mm, whereas two other reservoirs
(Jinghong and Xiaowan) were still under constructibhe impact of human activities
was therefore smaller than that of climate variatioiring this period, indicating that
reservoir construction and operations did not $icgutly impact the flow regime of
the LR basin during the transition period. Durihg post-impact period, all the six
reservoirs were built, including the reservoir withe largest annual regulation
(Nuozhadu) and the total dead storage capacityeased to 118.4 mm. The
construction of large reservoirs has led to a rapaease in the impact of human

activities on streamflow.

Table 3 shows the contributions of climate chang®t@uman activities in each period
after the reservoir was built. During 1987-1996,nMlan was the only reservoir on
the LR, and then Dachaoshan was built and put ap@ration during 1997-2004.
During 2005-2007, both Xiaowan and Jinghong wereleunconstruction and
Nuozhadu and Gongguogiao started to be built andnpo operation during 2008—

2012. All the reservoirs were completed during 2(BL4.

It was found that first, with increasing total destdrage of reservoirs on the LR, the
impact of human activities on streamflow was insnegly important. Second, the
impact of human activities was stronger when theetlag between the activation
period of two reservoirs was shorter. For examble,impact of human activities was

52.3% during 1997-2004 when there was only onerveseunder construction. It
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413 became 64.6% during 2005-2007 when two reservo@n® winder construction and
414  even raised to 90.5% during 2008-2012 when fowerveds were built together. The
415 impact of human activities on streamflow slightsduced during 2013-2014, when
416 all reservoirs were put into operation and there na need to fill dead water storage

417 of reservoirs.

418 Table 3.Human- and climate-induced changes on annual sti@arfor each period after the
419 reservoir was built.
Precipitation Runoff observation Runoff simulation
: . . Icc Iha
Duration Relative Relative Relative
(mm/yr)  change (mgls) change (m3/s) change (%) (%)
(%) (%) (%)
1980-1986 833 — 1728 — 1867 — — —
1987%1996 839 0.7 1736 0.5 1945 4.2 52.7 473
19972004 850 2.0 1881 8.9 1940 3.9 477 523
2005-2007 925 11.0 1485 -14.1 2163 17.1 354 64.6
19872007 855 2.6 1755 1.6 1974 5.7 57.2 4238
2008-2012 860 3.2 1215 -29.7 1927 3.2 9.5 90.5
2013-2014 818 -1.8 1387 -19.7 1806 -3.3 175 825
2008-2014 848 1.8 1264 -26.8 1893 14 5.0 95.0

420 In addition to the simulation performed by the toldgical model, the Budyko
421 framework was also used to separate the effectsliofate change and human

422 activities at the annual scale. As showiTatle 4, the contributions of climate change
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and human activities to the changes in streamflovoanted for ~63% and ~37 % for
the transition time period 1987-2007, and ~1% a9@P for the post-impact period
2008-2014, respectively. The difference betweeriwltemethods was approximately

within 6%.

Table 4.Human- and climate-induced changes on annualsti@a calculated by the Budyko

framework.
Budyko Framework
Time Period (mm/yr) (mriolyr) (mr(glyr)
lec (%) Iha(%)
1980-1986 833 781 385
19872007 855 785 391 63.4 36.6
2008-2014 848 809 282 14 98.6

At the seasonal scale, during the transition pefodnan activities accounted for ~61%
of wet season streamflow changes, whereas climatiation accounted for ~60% of
dry season streamflow changes. Similarly, during gost-impact period, human
activities accounted for ~80% during the wet seasehereas climate change
accounted for ~60% during the dry season. Thesdinfys indicate that human
activities had a relatively larger contribution thgy the wet season whereas climate
change was the dominant factor affecting the desse streamflow. During the wet
season, human activities contributed more in thet-popact period, providing
benefits to the lower reaches with regard to fleoatrol. For example, the flood

control standard of the Jinghong Reservoir incrédsem 20 years to 100 years after
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439 the completion of the Nuozhadu Reservoir.

440 At the monthly scale, during the transition peridde streamflow was mostly
441 influenced by climate change except July, Augusi &ctober Figure 6). The
442  contribution of climatic variation in March was gtest, accounting for ~67% of the
443 streamflow changes. Snow and glacier meltwatepiing (March—May) increased by
444 ~39% compared with the baseline period, and canith to 4.5% of the spring
445 streamflow. Therefore, the change in streamflow maly attributed to the change
446 in precipitation. During the post-impact periodan activities contributed more to
447 the changes in streamflow for most of months exégtruary, May and November
448 (Figure 6). The contribution of human activities in June wgasatest, accounting for
449 ~97% of the streamflow changes. This is consistétit the trends illustrated above
450 that human activities were the dominant factoraifeg changes in streamflow, as the
451 total reservoir dead storage capacity increasethgluhe post-impact period and

452  human activities mainly affected the streamflowidgithe wet season.

100 77/, Climate change = Human activities
g 80 o
5 7
> Z% %%%Z% Z
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Figure 6. Contributions of climate change and human acgigito monthly streamflow changes.
For each month, the column on the left represémtsransition period whereas the column on the

right represents the post-impact period.

4.4 Separating effects of human activities

Not only reservoir construction and operation, hlgo other human interventions
such as human water withdrawal changes and landrahanges might affect the
flow regime of the LRFigure 7 shows annual mean water withdrawal time series
including irrigation, livestock, manufacturing, destic and mining and dead storage
capacity of reservoirs in the LR basin. The prapartof irrigation, livestock,
manufacturing, domestic and mining water use ial tstreamflow during the baseline
period was 6%, 0.6%, 0.2%, 0.1% and 0.01%, respdyti It was found that
irrigation, the largest component of water withdahwn the LR basin, exhibited a
decreasing trend, whereas manufacturing and darneatier withdrawal was almost

doubled and water withdrawal for other purposesaiaed almost steady.

Under the impacts of human activities, streamfl@sduced by ~50 mm in the LR
basin during 1987-2010 compared with the baselam@g@. Water withdrawal was
only increased by 0.8 mm compared with the basglereod that accounts for 1.6%
of the streamflow change, while the dead reserstoirage increased by ~44 mm that
accounts for 88% of the streamflow change. The tner in the MRB changed by

only 0.57% during 2000-2010, implying that the lande change was not a
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474  significant factor affecting the streamflow amongrtan activities (Li et al., 2017a).
475 Consequently, we can draw a conclusion that regecemstruction was the primary

476 factor among human activities that impacted the flegime during 1987—-2010.

Irrigation Livestock Manufacturing . -+

E E 23 o % 12
24 Tk >
y=-0.1089x+26.032  \ w Ao~ - ¥=0.0037x+2.2588 ¥=0.0474x+0.493
22 0.8
22
20 2.1 0.4
1980 1985 1990 1995 2000 2005 2010 1980 1985 1990 1995 2000 2005 2010 1980 1985 1990 1995 2000 2005 2010
Time Time Time
2 0.1 50

Domestic

Minning Reservoir
L ae 40

y=0.0023x+0.0143 30
e’

£
20

y=0.0492x+0.2169 ~ _- o

0,02} -~ 10

] 0 (
1980 1985 1990 1995 2000 2005 2010 1980 1985 1990 1995 2000 2005 2010 1980 1985 1990 1995 2000 2005 2010

47 7 Time Time Time

478  Figure 7. Annual trends (dashed lines and linear regressiprations) in mean water withdrawal

479 and the dead storage of reservoirs in the LR basin.

480 5. Discussion

481 This study evaluated annual, seasonal, and morthénges in streamflow and
482 attributed the changes to climate change and haotvities in the LR basin over the
483 time period 1980-2014, by applying the CREST-sngdrdlogical model and using
484 long-term streamflow observations at the Yunjinghgauging station. CREST-snow
485 was calibrated for both streamflow and snow, alimuinore reliable quantification of
486 climate change impacts on streamflow. Runoff frdra TP tends to be sensitive to
487 climate change as a result of snow and glacierimge{tmmerzeel et al., 2009; Jeelani
488 et al., 2012). Finger et al. (2015) indicated ths¢ of streamflow alone can lead to

489 unrealistic glacier mass balances and snow cowdugon. The dual calibration with
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both streamflow and snow water equivalent perfornmedur study was therefore
more appropriate to assess hydrological dynamitsygh it would cause a certain

loss in streamflow simulation performance.

Impacts of reservoir operations in the LR basin t@nexamined by looking at
changes in streamflow between the baseline pefie80-1986) and the assessment
period (1987-2014). In our study, we found thaeregirs stored water during the
wet season with streamflow decreased by ~10% duihi@gvet season of 1987-2014
compared with that of 1980-1986, and released wdieng the dry season with a
~10% increase in streamflow. Our findings were iaat with the recent assessment
on hydrological alterations at the Chiang Saen g@ugtation (Li et al., 2017a;
Réasanen et al., 2017; Wang et al., 2017). Suchva@seperations could bring great
benefits to the downstream, with increasing dryseaaflows supplementing water
resources for irrigation and reducing wet seasawdl mitigating flood risks

downstream.

For example, influenced by the super El Nino durihg dry season of 2016, all
countries in the LR-MR basin suffered drought ofie degrees. The Chinese
government implemented an emergency water suppthe¢dR by releasing water
from the Jinghong Reservoir, which effectively wiéded the drought condition in the
lower reaches (Li et al., 2017b). However, the ding of large dams may cause
geological damage, affect fish migration, and d¢oshense manpower, material and

financial resources (Pokhrel et al., 2018). Evatumabf effects of dams on rivers
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requires an integrated consideration of varioutofacsuch as hydrology, ecology, and

economy as well.

Regarding the attribution of changes in streamftowclimate change and human
activities, we compared our estimates with two ghigld studies. Tang et al. (2014)
analyzed the contributions in the LR basin duri®§@-2008, and found that climatic
variation contributed more during the wet seasonere&s human activities
contributed more during the dry season, in conttarpur findings. Note that their
study calibrated and validated streamflow at thenttmy scale, as opposed to the
daily scale performed in our study. The BP-ANN miotey used to simulate the
natural streamflow may not well reflect the underdymechanisms and hydrological
processes. Different time periods of these analgsgsalso be one of the reasons for
the different findings. In addition, Li et al. (20d) used the Budyko hypothesis to
partition the effects of climate change and hunwivities on the streamflow changes
and concluded that climate change contributed t8%-&f the total streamflow
change during the transition period 1992-2009, ed&®human activities contributed
to ~62% of the total change during the post-impaariod 2010-2015 in the upper
MRB with the basin outlet located at Chiang Saehictv was highly consistent with

our results.

Furthermore, the contribution of human activitiesaswound to have decreased from
95% at Yunjinghong to 62% at Chiang Saen. The Ghi@aen gauging station in

Thailand is on the south of the Yunjinghong gaugstafion with a warmer climate
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and much more precipitation. Some research shohetdnbt only precipitation but
also interval inflow between the Yunjinghong anda®iy Saen gauging stations were
important components of streamflow at the ChiangnSstation (He et al., 2006). It
was therefore implied that precipitation is the msource of freshwater resources for
the lower MRB, and the impact of dam operationstioe LR would become less
important downstream. Still, different study pesodnd analysis approaches may

have induced some discrepancies in the results.

There are also limitations in this study. The préation data that we used has some
uncertainties. Precipitation is the primary forcimghydrological models. The LR
originating on the TP at over 5100 m elevationsdpgse in situ observations, so the
guality of the CGDPA precipitation product usedthis study may be degraded
relative to regions with denser observational nétwan eastern and central China.
Although some studies (Pan et al., 2010; Wang.e2@l7) demonstrated that remote
sensing precipitation products can be used to tefedg simulate hydrological
processes in basins including the MRB, the curyeattailable remote sensing
products could not cover such a long time periamfrl980-2014. More accurate
precipitation products at higher spatial resoludiane expected to improve the model
performance in the future. Also, CREST-snow shos@ue degraded reproduction of
the observed streamflow during the baseline peti®80-1986 Kigure 2). These
inaccuracies might be associated with uncertaimigsecipitation, and calibration of
the model parameters, leading to uncertainties ifferentiating the climate- and
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human-induced streamflow changes.

This study was conducted over the time period 128Q4 when there were only six
large reservoirs built on the mainstream of the TRe total dead reservoir storage of
the six existing reservoirs represents ~40% of #mmual streamflow at the
Yunjinghong gauging station. The magnitude of stréaw at Yungjinghong would
recover to a state prior to dam construction infthare if there is no filling of dead
reservoir storage and water use does not largehgase. There is a further need for
estimating future impacts of climate change andrdyyower development in the LR
basin to provide a basis for water resources manegg especially for transboundary

river management.

6. Conclusion

This study aims to estimate streamflow changesethbg climate change and human
activities in the LR basin over a historical 354ygeeriod (1980-2014) using the
CREST-snow hydrological model and streamflow obsgowns at the Yunjinghong

gauging station. CREST-snow was calibrated witreastiflow and snow water

equivalent data. Based on the history of dam coastm and the intercept break
point determined by the Mann-Kendall test, the 8&fyperiod was partitioned into
three time windows for our analysis, and the cbaotions of climate change and
human activities were investigated at annual, sedsand monthly scales. The major

findings of this study are summarized as follows.
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(1) A significant change (~-6%) in mean annual astrféow occurred during 1987—
2014 compared with that of the baseline periodeeisfly after year 2008 when the
largest hydropower plant (Nuozhadu) in the MRB Mega build. Increased
streamflow during the dry season and decreasednsti@v during the wet season

were found.

(2) Compared with the baseline period 1980-1988Bnatic change and human
activities contributed ~57% and ~43 % to the stié@mnchanges for the transition
time period 1987-2007, and ~5% and ~95% for the-ijpgsact period 2008—-2014,
respectively. Reservoir construction was the maghificant factor affecting

streamflow among human activities including agmaxal, industrial, and domestic

water uses.

(3) At the seasonal scale, climatic variation dboted more during the dry season,
and precipitation change was the dominant factat iasulted in streamflow changes.
Human activities were the dominant factor leadimgtreamflow changes during the
wet season mainly through reservoir filling. Stréam released from the reservoirs
during the dry season could benefit irrigation déimel reduced wet season discharge

could mitigate food risks downstream.

Overall, this study can serve as a basis for utaledsng hydrological changes in
dammed rivers, and provide reference for water uless management for the

transboundary LR-MR basin. Projections of futurenaffi under climate change
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scenarios should consider reservoir constructiah @peration strategies, and more
research is needed to understand implications ef sineamflow changes in the

dammed river on hydropower generation, ecosystantssociety.
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