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Abstract. China is facing a water resources crisis with grow- illustrated separately to assess the vulnerability of particu-
ing concerns as to the reliable supply of water for agricul-lar sectors within the country to provide a basis for targeted
tural, industrial and domestic needs. High inter-annual rain-policy analysis for reducing water stress.

fall variability and increasing consumptive use across the

country exacerbates the situation further and is a constraint

on future development. For water sustainability, it is neces- ]

sary to examine the differences in water demand and supply  Introduction

and their spatio-temporal distribution in order to quantify the , . ) ) . ,
dimensions of the water risk. Here, a detailed quantitativewater stress in China is a widely recognlzgd CrISIS. _Thg Sl-
assessment of water risk as measured by the spatial distribfiuitaneous effects of agricultural growth, industrialization
tion of cumulated deficits for China is presented. Consider-2nd urbanization coupled with declining surface and ground-
ing daily precipitation and temperature variability over fifty Water quantity, inefficiency in agricultural water use prac-
years and the current water demands, risk measures are dtices and cross—sectorgl conflicts over I|m|ted water resources
veloped to inform county level water deficits that account for are some of t_he.c.:rumal problems_(Cal,.ZOQS). Th? effects
both within-year and across-year variations in climate. Weof climate variability and change, including increasing fre- .
choose political rather than watershed boundaries since ec@UeNcy of extreme events such as droughts, creates addi-
nomic activity and water use are organized by county and thélOna! pressure on the already scarce water supplies. Irri-
political process is best informed through that unit. As ex-92t€d agriculture is the dominant water user in China, ac-

pected, the risk measures highlight North China Plain Coun_counting for more than 60 % of all consumptive usgti:

ties as highly water stressed. Regions with high water stres&WWW.mwr.gov.cn/zwzc/ h¥gb/ szygp/China has the high-
have high inter-annual variability in rainfall and now have €Stnetirrigated area (610" ha) in the world and the expan-

depleted groundwater aquifers. The stress components drion of agriculture through improved irrigation infrastruc-

to agricultural, industrial and domestic water demands ardU® has been the key for increased food production for self-
sustenance. In this context, ensuring sufficient water supply
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is a daunting challenge for sustainability in the 21st cen-use sector, and a significant portion of the water crisis in
tury. As competition for water increases across different useChina is associated with the use of groundwater for irriga-
sectors and across different states, the temporal variabilitgion, an explicit accounting of this sector is warranted. Agri-
in available supply leads to increasing pressure to develogultural productivity is closely tied to the ability to buffer
surface storage, or to use groundwater resources. Analyseriations in rainfall onset, the number of rainfall events, and
that directly highlight the water stress faced locally relative the duration of dry spells in the wet season. Here, we apply
to endogenous supply within a subregion can highlight thetwo metrics presented in Devineni et al. (2013) to capture
implicit degree of spatial competition for the resource andthe influence of within-year dry periods (normalized deficit
the impacts of temporal variability relative to an existing or index — NDI) and of shortage across years (normalized deficit
projected demand scenario. cumulated — NDC) as measures of water risk and map them
Water provision is usually a local issue, and decisions ardor China at a county level. The computations are done us-
often important at the county and province level. Other thaning over 50 years of daily precipitation data and the current
large surface reservoirs and canal systems that ultimatelyeported water use pattern for each county.
serve a relatively limited area and concentrated population, Section 2 presents the data sources and methodology. In
most use and sources of supply are local or regional. ConSect. 3 we summarize the water stress situation for China us-
sequently, one needs analyses that directly highlight the waing the indices developed. Finally, in Sect. 4, some summary
ter stress faced locally that relies on an endogenous supplgomments are offered.
which may have substantial temporal variability, and rela-
tive to an existing or projected demand scenario. Where lo-
cal demands outstrip average annual local renewable suppl®. Data and methods
groundwater mining and/or transbasin diversions, which in
turn are often supported by large surface storages, are relieDaily rainfall, maximum temperature, minimum tempera-
upon. Hence, one needs to distinguish between two compature, mean temperature, wind speed, sunshine duration, rela-
nents of water stress. First, consistent with existing analysegjve humidity and pressure at 730 stations from 1951 to 2010
one needs to assess the relative difference between averagere obtained from the China Meteorological Data Sharing
demand and supply. Second, one needs to assess the impBervice Systemhttp://cdc.cma.gov.cn/home ddata with
cations of the temporal imbalance of supply and demand agood quality at 588 stations from 1960 to 2009 (50 years)
a spatial resolution consistent with decision-making. The ap-were spatially interpolated to each of the 2410 counties in
proach we present in this paper addresses both aspects interainland China. The renewable water supply was estimated
grally, considering endogenous water supply and demand foas a fraction (70 %) of daily rainfall available over cropland
a geographical unit of interest. and a smaller fraction (30 %) of rainfall available from the
Unlike past work that considers estimates of groundwa-non-cropped area in the county. This conceptually resem-
ter recharge and river flow as measures of supply (Oki andbles the process one can model for bare soil evaporation,
Kanae, 2006; Alcamo et al., 2003; Brown and Matlock, 2011 soil moisture dynamics and runoff generation, and on aver-
and references therein), we use local precipitation as the reage is consistent with estimates from physically based mod-
newable water supply endogenous to the area, and considets for these processes as applied to China (Feng et al., 2007;
natural and human uses of this water in order to highlight thewu, 2007). For computing agricultural water demands, data
degree to which a county is dependent on both endogenousn harvested crops (a total of 18 are selected for the study)
and exogenous water supply for its needs. The renewabland the total cropland for each county in 1990 were obtained
supply for each county is considered to be the direct precipfrom the EOS-Earth data librarpitp://eos-earthdata.sr.unh.
itation on that county. This choice is motivated by the neededu/data/datal.j3pEstimates on the county level crop sown
to separate the spatial competition and use of the resourcarea and net crop area of most recent year were obtained
for an analysis of the purely locally induced stress, and tobased on the above data set, data from the World Blatty: (
reveal settings where there is a high implicit dependence o/ data.worldbank.org/indicator/AG.LND.ARBL.JSnd re-
external water sources, either through excessive groundwaterent cropping pattern changes (changes are small, the largest
use locally, or through the use of upstream river water thatchange is less than 10% at province level over the past
may subsequently be captured or depleted, as has happeng@ years) illustrated by Sun (2008). The planting season for
in much of the Yellow River basin, and may be happeningeach crop in each part of the country were taken according
in other river basins. Within this framework, the impact of to the FAO and some local farmers. The daily crop water re-
within- and multi-year droughts on available renewable wa-quirements for various crops were estimated based on FAO
ter supply is explicitly assessed for each county. recommended crop coefficients and reference crop evapo-
With regard to temporal variations, we consider intra- transpiration using the Penman—Monteith equation (Allen et
annual and inter-annual variations in precipitation input, andal., 1998). The crop water requirement modeled in this study
in the nature of demand. Demand variations in time are mosassumes complete efficiency. However, since the actual wa-
pronounced for agricultural water use. Since this is a largeter utilized in the farm is greater than the consumptive water
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use, one can parametrically adjust for the additional lossegntire period. Consequently, it reflects the stress associated

affected from the application efficiency. Industrial water de- with multi-year and within-year shortages at a location. With

mands are obtained from the 2011 China water resourceS0 years of data, the 5th largest NDI value indicates that there

bulletins fttp://www.mwr.gov.cn/zwzc/hygb/szygbat the  is an approximately 10 % chance that water storage or trans-

province level. Industrial water demand at city level from the fers of that amount may be needed to meet demands at that

latest province-specific water resources bulletins was used ttocation in any given year if multi-year droughts were not

proportionally disaggregate the province level data to countyconsidered. A different way of looking at the same index is

level data. Household water demand for each county was calthat it highlights the deficits associated with an annual proba-

culated using per-capita water consumption of 160 L-day bility of exceedance of 1#(+ 1) or 1/51 for this application.

and the 2011 population censusttp://www.stats.gov.cn/ The NDC indicates the worst case in 50 years. A detailed de-

tigb/rkpcgbj. scription of the mathematical model, along with applications
The water stress indices presented here were first deand interpretation, can be found in Devineni et al. (2013).

veloped and demonstrated in Devineni et al. (2013). They

are based on the computation of the water storage capacity

needed to meet the demand for a given sequence of supply Results

(Lall and Miller, 1988; Thomas et al., 1963) accounting for

temporal variation in supply and demand. The basic steps foB.1 Water supply and demand

the computation of these two indices are presented below.

For the jth geographical unit, the following quantities are Rainfall over China has significant variation across regions

defined: and across years as shown in Fig. 1. The coastal regions
o o and the southeast are well endowed with precipitation with
deficit;, = max (deficit;,—1 + Dj; — S, O) low inter-annual variability, while the northwest and parts of
deficitj; =0, ¢t =0 1) north China have low average annual rainfall and high varia-
SIC; = may (deficity; t =1:n - 365) ) tions from year to year. Much of the country also experiences

strong seasonality in rainfall. The monsoon occurs between
June and September, and the rest of the year can be dry. Even
deficitj ;) =0, 1t =0, y=1... n, (3)  within the monsoon season, there can be long periods of
no rain, or monsoon breaks (Panchawagh and Vaidya, 2011;
Yan and Wu, 2013), as well as periods of intense rainfall
to total water demand; ; to the total water supply volume, (> 10cmdayl) even in otherwise arid regions. In a mon-

for geographical location, and dayr, andy to a calendar  g,na| climate, one needs to account for the cumulative water
or cropping year. The corresponding normalized indices argyeficit for meeting water needs, at least at a daily time step

Sllj,, = max (deficitj ;(y); t =1:365 y =1:n);

where deficif ; refers to the accumulated daily defich,; ;

simply (at which rainfall data and crop water requirements are avail-

SIC; Sli;, able), consistent with the farmer’s decision-making process

NDC; = -5+ NDljy = -5~ (4)  toirrigate. The NDI and NDC presented here automatically
J J

account for the relative difference between average demand
where AP is the average annual rainfall volume (district and supply over the accounting unit, and the temporal imbal-
areax average depth of precipitation) for distrig:t ance of supply and demand at a spatial resolution consistent

The daily water deficit is defined as the difference betweenwith decision-making.

the daily water demand and the daily renewable water supply. Figure 2 shows the current cropping pattern for 18 crops
The deficits are accumulated (Eq. 1) while setting negativeidentified for this study as the net cropped area divided by the
accumulations to 0. The maximum accumulated deficit in acounty area. The high-intensity cropping areas are mainly lo-
given year divided by the average annual rainfall across thecated in three regions: North China Plain (Huang River, Huai
historical period is the NDI for that year. Similarly, the NDC River, and Hai River), Northeastern plain (Songhua River,
is the maximum accumulated deficit for all 50 years divided Liao River, and Heilongjiang River), and the Yangtze River
by the average annual rainfall. The NDI is computed as oneplain in the middle and lower sections of the Yangtze River. It
number for each year using historical daily rainfall data for is notable that much of the dryland areas of the country that
the area and current daily water needs. It measures the maxave intense agriculture also have a high inter-annual vari-
imum cumulated water shortage each year that needs to bability in rainfall manifest in the form of persistent droughts
provided for from ground or surface water storage or trans-or floods. Irrigation from surface- or groundwater reserves is
fers from other areas. The deficit at the beginning of eachessential in this setting. The progression of intensive agricul-
year is set to O for the calculation of the NDI, but not for ture in these regions has led to groundwater depletion (Zheng
the NDC. The NDC is computed as one number over theet al., 2010). Figure 3 shows the water demand for the agri-
historical climate record. It represents the largest cumula-ultural, industrial (including electric power), and domestic
tive deficit between renewable supply and water use over theectors, as well as the total demand across all the sectors.
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Fig. 2. Current China Cropping pattern as net cropped area/county

» . Heilongjiang area.

inform the current water use attributes for agriculture, indus-
trial, and domestic water withdrawals. The maximum of the
normalized deficit index (NDI.max, refers to the highest wa-
ter stress in any year) and the normalized deficit cumulated
(NDC, the maximum cumulated deficit over the whole pe-
riod) are shown in Fig. 4a and b, respectively. NDI or NDC
, greater than 1 indicates that the magnitude of cumulative
y deficit is greater than the average annual rainfall in the lo-
cal area. If the average NDI is greater than 1, then the annual
35-40 . rate of consumption in these regions is higher than the aver-
I 40 7 age utilizable rainfall rates.
= From Fig. 4a we see that for the year with the worst deficit
(this has a chance of happening once in 50 years), most of the
country has NDk 1, indicating moderate storage require-
ments or water stress. As one considers persistence beyond 1
year, we see from Fig. 4b that the current use patterns portend
The agricultural water demand is the sum of the water re-severe stress over much of the North China Plain, middle
guirement as estimated from FAO-recommended crop coefand lower Yangtze River, as well as some most arid regions
ficients and reference crop evapotranspiration for 18 crop®f Xinjiang. Consequently, across China, multi-year drought
in each county. High agricultural water demand emerges iremerges as a more important concern than local imbalances
South China and parts of Xinjiang. Rice, which is a water- in average supply and demand of water.
intensive crop, is dominant in these regions. Similarly, hu- The worst situation is perhaps in Kashgar in Xinjiang
man settlement and industrial productivity tend to happen inprovince, located in the western Taklimakan desert, has the
abundant water supply areas (South China and coastland rétighest NDI.max (10.6) and NDC (534). This county re-
gion) or where additional water needs can be easily met fronfuires more than 10 times the average annual rainfall almost
accessible surface water sources, (e.g., Yangtze River deltvery year in the past 50 years, since the annual rainfall here
and Pearl River delta in this case). is only 60 mm. Yarkant River is the main supplementary wa-
ter source which maintains the development in this region.
Another example is Jieshou County in Anhui province in the
North China Plain, where water demand was always greater
The intra-annual (NDI) and multi-year (NDC) water stress than renewable supply by 0.3 times the local average annual
indices described above are computed for each of thgyecipitation (820 mm or so) over the 50 years with NDI.max
2243 counties (167 counties left black due to lack of suf-at 0.33 and NDC at 13.4.
ficient matching data) in China using daily climate records
from 1960 to 2009 and the most recent national statistics that

Coefficient of Variation (%) ; p
B <15 W
15-20 ‘
20-25
25-30
30-35 J

Paracel
\ Piracet

Fig. 1. Mean annual precipitation in mm ye‘ér and the associated
coefficient of variation as % deviation from the mean.

3.2 Intra-annual and multi-year water stress
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Fig. 3. Average daily water demand (agriculture, industry, household and total demand) for China in the most current year at county level.

Under these conditions, water storage structures and reself-sufficiency across the country. Thus, despite the rapid
gional water transfers or groundwater pumping play a vitalincrease in industrial water use in the recent period, it is food
role in augmenting the surface water supply and groundwateself-sufficiency that is the primary driver of water stress in
recharge. Storage structures constitute one of the major in€hina.
terventions in the massive watershed development programs A question that arises is whether there is an opportunity to
undertaken recently. Demand management and water use dbetter allocate the resources across sectors while reducing the
ficiency improvements are emerging as the target for addressverall water stress. The extremely low cost of water encour-
ing water security, as there is growing opposition to large in-ages the production of crops that are both low-valued and
frastructure projects from social and economic perspectiveshighly water intensive and leads to a disincentive to use water
and due to the limited number of suitable sites for locatingefficiently. While changes in agricultural practices to more
large storage and transfer schemes. efficient techniques would reduce water stress, for a substan-

The sensitivity to different sources of water demand istial reduction in water stress and effective water allocation
shown in Fig. 4c and d. If we remove industry, it would have across all sectors, one has to explore large-scale ideas such as
little impact on the total water stress over China apart fromspatial readjustment of crops coupled with dynamic agricul-
the Yangtze River delta and Pearl River delta (Fig. 4d). Ontural market mechanisms that are informed by climate. The
the other hand, removing agriculture translates into watelintegration of more efficient irrigation technologies would

www.hydrol-earth-syst-sci.net/18/1653/2014/ Hydrol. Earth Syst. Sci., 18, 1653562 2014
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Fig. 4. Magnitude of water stress across China under within-year (lMDand multi-year cumulative water stress analysis (NDC for total
water demandp; NDC.agriculture removed for water stress when agriculture water demand was rercoN&;.industry removed for

water stress when industry water demand was remal)efdr 1960-2009 daily supply and demand data (the magnitude 0.3 indicates that
this county need 3 month rainfall volume to fill up the accumulative water deficits. Similarly, magnitude 5 indicates that this county needs
5-year rainfall volume to fill up the accumulative water deficits).

also be an important factor, and needs to be part of thevariations in climate relative to existing demand is provided
economic model of demand transition. Of course, some rein Fig. 5. The counties shown in blue have NDC equal
allocation across sectors, e.g. to energy and industrial usthe NDI.max, that is, multi-year shortages do not have an
from agriculture, coupled with financial support to farmers impact worse than that of the driest year on record. This
for not irrigating during drought periods, and through better could either be due to the absence of long droughts or
food storage and procurement would also significantly alle-due to a relative level of demand that is low enough to

viate the problem. not require storage across years. Within the blue category,

Shangcheng County in Henan province is the most stressed.

3.3 Spatial distribution of cross-year water stress and The most severe water shortage in this region occurred in
detection of monotonic trends 2001 and is NDl.max=NDC =0.24 times the average an-

nual precipitation. The counties marked in yellow have NDC
A map that describes the regions susceptible to multi-yeagreater than the NDI.max, and the ones marked in red have
vs. within-year critical water shortage resulting from natural NDC > 10 x NDI.max, indicating that multi-year deficit or
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Fig. 5. Spatial categorization of the magnitude and distribution of Fig. 6. Time trends in water stress (significance level = 95 %).

water deficit risks in China. Blue: multi-year stress represents the

worst single year stress. Yellow: multi-year stress is higher. Red:

demand exceeds average annual endogenous supply in the countgorresponding expectation that the intermittence of rainfall,
i.e., the number of dry days, may actually increase, while
the intensity of rainfall on wet days may increase. The NDI

. . metric is sensitive to such changes at the daily level, while
chronic impacts can be particularly severe. In these cases, de- . X
a metric based on average seasonal or annual rainfall would

mand reduction may be particularly beneficial unless a hlghIead to the misleading conclusion that water conditions may

amount of storage or diversion is available. Demands typ- : : .
improve in such regions under climate change.

ically exceed total endogenous supply and reflect locations In addition to the above analyses, we also compare our

where groqndwater mining or |mporteq water IS NECeSSaNress indices (NDI and NDC) to the average water stress
to meet existing demands. These regions are in the North

China Plain, middle and lower Yangtze River, Western Xin- measures (i.e., the ratio of average use to average supply)

- : . : . (e.g., Oki et al., 2001; Alcamo et al., 2003) in Fig. 7. The
jiang province and the Pearl River delta, which have massiv S . ;

. . Mmotivation here is to understand the relation between aver-
storage structures and excessive groundwater extractions.

. ) . . I nd multi-year str r h ntry, and al
Given concerns with trends due to anthropogenic C“_age stress and multi-year stress across the country, and also

mate change, we explored the monotonic trends in the NDItO explore the opportunity of deriving an empirical relation-

over the period 19602009 using the non-parametric Mann—.Shlp that can provide reasonable approximations to climate-

Kendall trend test (Mann, 1945: Helsel and Hirsch, 1992)_lnduced water stress (NDI or NDC) from simple estimates

The Mann—Kendall test is a rank-based test that is used fo(r)]c average supply and average dem.a”d' thereby avoiding the
. . : . need for detailed data on all the variables to compute NDC.
detecting trends in extremes with no assumption of the un-

derlying distribution of the data. Figure 6 shows the resultsThIS \.N'” be particularly useful for developmg ahd. under-
. . “standing the real water stress globally using minimal data
from the test for each county. The counties colored red in-

dicate that the NDI has an increasing trend that is Statisti_requwements. We can see that, in areas where the average

R : S value of NDI is greater than 0.1, the maximum NDI tends
cally significant at the 95 % confidence level. Similarly, the

X : . o be greater than 0.3 and NDC tends to be greater than 3. In
counties colored green have a decreasing trend in NDI thaEntherwords if the magnitude of average stress is more than a
is statistically significant at the 95 % confidence level. The ' g g

counties in white have no statistically significant trends. Thetenth of mean annual rainfall volume, these counties typically

. . . . . experience a multi-year stress (as computed by NDC) and the
large contiguous areas with decreasing trends in NDI, which . L .

. . __cumulative deficit would exceed three times the mean annual
reflect reduced persistence of dry days, are in western Chmaainfall Similarly. in areas where average stress is qreater
and the Yangtze River basin. Wang et al. (2006) reporte ' Y, 9 g

. i 4 ) : han 0.3, the maximum NDI tends to be greater than 0.7
increasing rainfall trends in these regions. However, most nd NDC tends to be areater than 15. indicating huge stress
parts of the North China Plain, the most severely stresse 9 ' g hug :

. . . . . hus, water stress across years has a non-linear relation with
region, did not show signs of deficit reduction. In fact, some ' y

o . ; average stress.
of the northeastern areas exhibit increasing trends in water 9

stress due to climatic factors, contrary to the usual expecta-
tion that precipitation in high-latitude regions may increase
under climate change. This may be in fact consistent with the
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continue to increase in China, as will the need for high-
quality domestic water use as living standards and economic
factors continue to improve. An in-depth analysis and recom-
mendations for water sustainability in China can be found in
Cai and Lall (2012) and Cai (2008). Given the constrained
water supply situation, addressing agricultural water use is
clearly an important factor. Some possibilities in a broad
global context are discussed in Lall (2013). Selected options
are indicated here.

NDI max

00 02 04 06 08 10 00 02 04 06 08 10

NDl.average NDl.average

4.1 Improvementsin irrigation technology thatimprove

Fig. 7. The statistic relationship between average NDI, maximum water use efficiency

NDI and NDC (the mark indicates how much water volume a

county needs to fill up the accumulative water deficits; 0.3 indicatesThere is substantial literature on the use of drip vs.

3 months rainfall volume in that county; 5 indicates 5 years rainfall sprinkler vs. flood irrigation, and application methods

volume in that county). such as alternate furrow. Capital and labor cost factors,
as well as the farm scale are typical limits to the adop-
tion of these technologies. An alternative is to consider

4 Discussion and summary changes in watering practices, e.g., direct seeding of rice

(Balasubramanium and Hill, 2002), system of rice inten-

Chronic water scarcity has emerged as a risk, as demorsification (Dobermann, 2004) and the use of soil moisture
strated in this paper for China (North China Plain) and in S€Nsors t(ttp://water.columb|g.ed'u/h.ome/research-themes/
some of our previous work for northwest India (Devineni Water-food-energy-nexus/punjab-indiaPerveen et al.,

et al.,, 2013) and Midwest USA (Shi et al., 2013). Fossil 2011).

aquifers, which have become the primary source of Water4.2 Macroscale policy for climate/water-informed crop

supply, are being depleted at rates much faster than the nat- diversification and public-private procurement
ural recharge, which in turn is translating into an increasing systems

marginal cost of supply. An attempt to develop a tractable

modeling framework that conceptualizes the _ir)teraction be'l\/luch of the current water stress in China, as in India, results
tween water supply and demand and quantifies the poteng,m ap intensification of agriculture facilitated by high wa-
tial water stress at high spatial and temporal resolutions iggr ang fertilizer subsidies. In the process, the cropping pat-
made in this paper. We demonstrate that analyses at thesgns have departed significantly from traditional cropping
timescales, recognizing the importance and sensitivity of the,aterns that were better attuned to the local climate. Conse-
irrigation water requirements, reveal more accurate measurei_'enﬂy, developing market-based incentives and processes
of water risk than those based on average supply and demang oy fagilitate investment in higher water efficiency through
Second, .spatlal units that rgflect a user rather .than SUppl'%chnologies and, more importantly, shifting crop production
perspective may be more directly useful to decision-makers, yegions better suited from a climate/water perspective for
who must ultimately manage the resource within their politi- 5 particular crop, emerge as key solutions to the current and

cal boundaries. This assertion forces one to change the anakyerging stress. Formal analyses in this direction need to be
ysis from the traditional watershed perspective to a county, .« ,eq.

perspective. Integrated water management needs to consider
watershed processes and boundaries. However, to be action-3 \Water transfer or food transfer
able, it also needs to recognize the constraints and the situa-
tion in political boundaries. Once one approaches the probThe impact of the south to north water transfer project on
lem from this perspective, the spatial competition in the re-the space and time distribution of water stress was not ana-
source within a river basin and across river basins becomelyzed here. However, a formal consideration of such large-
important to map. Consequently, one needs to think in termscale transfers in the context of the formulation of a policy
of the endogenous renewable supply within the political unit,for institutionalizing water reallocation would better inform
and the implications for a current use structure if it has to relythe water crisis and its solution. It is well known (Brown and
on either fossil groundwater storage, or de facto transferd.all, 2006) that reducing water supply variability through
from exogenous sources through river or canal transport ogtorage can enhance water security, agricultural productiv-
water. These factors motivated the developments presenteity and economy. For Jieshou County (in Fig. 8) the 50th and
in this and related work. 90th percentiles of the NDI are identified as the reference for
It is well known that water requirements for industrial water storage required to meet the needs at the 50 and 90 %
use and energy and mineral processing and production wilkeliability levels, respectively. The probability distribution of
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