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Abstract Water is vital for economic development and environmental sustainability in
arid and semi-arid basins. Management of water resource requires good understanding
of available water for human consumption. Evapotranspiration (ET) is an important
component of the hydrological cycle and represents the amount of water lost to the
atmosphere in a basin. This study proposes a new approach to estimate available
consumable water for human activities (ACW) in a basin based on precipitation,
natural ET, and uncontrollable outflow, thus capping water use for human consumption in a basin. The ACW is illustrated for the Hai Basin in North China, where the
average ACW from 2001 to 2012 for the entire basin is estimated at 31.97 ×
109m3 yr.−1, varying between 18.61 × 109m3yr−1 in 2002 and 42.60 × 109m3yr−1 in
2003. A water balance analysis for the basin indicates that the aquifer water depletion
in Hai Basin for 2001–2012 is 5.23 × 109m3yr−1. Compared to existing water resources assessment, ACW provides an easier approach to water management planning
as no hydrological data are required, only data on precipitation and ET, supported by
landcover data.
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Highlights
• A new approach to estimate available consumable water for human activities (ACW) in a basin and is
composed of precipitation, natural ET, and uncontrollable outflow.
• The average ACW and the aquifer water depletion in Hai Basin for 2001 to 2012 is estimated at 31.97 ×
109m3yr−1 and 5.23 × 109m3yr−1.
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1 Introduction
The Organization for Economic Cooperation and Development states that Bthe ‘water crisis’ is
largely a governance crisis^ (OECD 2011) caused by mismanagement. Improving water
resources management requires institutional arrangements and accurate information on water
availability. In many parts of the world, water resources planning was done with inaccurate or
out-of-date information. As a result, water is over-allocated to agriculture and industry, causing
serious environmental issues. One key element in developing sustainable water resources
management plan is to quantify how much water is available for consumptive use in a basin.
This study argues that there are two quite separate reasons to revisit the concept and estimation
of ‘available water’ used in the traditional water resources planning and management, which rely
on the quantities of water that can be withdrawn from surface water and groundwater.
Traditionally, available water has typically been estimated based on observations and estimates
of precipitation, streamflow, and groundwater recharge under natural conditions (e.g. limited land
use change and economic development). However, as we know human activities have significantly
modified natural hydrological cycle and affected available water. Examples include expansion of
urban areas with impervious surface and this could significantly increase runoff and cause flooding.
Other examples of human activities are afforestation and building of surface water storage for
irrigation and other uses. Each of these interventions can significantly affect the temporal and spatial
distribution of natural water cycle. It is difficult to accurately estimate available water for human
activities in a highly developed basin using hydrological measurements.
The limits to development have been set, based on quantities of water that is available to be
withdrawn from surface and groundwater sources—the most easily observable and measurable
component of human intervention in water systems. The designed withdrawal limits are to
prevent groundwater overdraft and other negative environmental impacts on surface systems.
More accurately, however, when considering water availability in a basin, and especially as
uses begin to affect one another, surface and groundwater resources may be (re)used several
times before they eventually are actually consumed. Hydropower and power station cooling for
example return almost all the diverted water to the system, while domestic and industrial uses
similarly involve very little net withdrawal of water from the hydrological system: diverted
surface water may eventually recharge groundwater and pumped groundwater may be returned
to rivers. In contrast, it is the water that evaporates from wet surfaces or transpires through
vegetation is no longer available for other uses. The timing and location of withdrawals and
return flows impact only on the local availability of water, but at larger scales it is water
consumption by evaporation and transpiration (evapotranspiration, ET) that is the primary
cause of scarcity in downstream areas, aquifer depletion, and negative environmental impacts.
These two factors mean that current water management approaches are increasingly
divorced from reality, as is partly recognized in the water accounting frameworks proposed
by the International Water Management Institute (Molden 1997; Molden and Sakthivadivel
1999; Molden et al. 2003) and more recently the Water Accounting Organisation (Karimi et al.
2013). In particular they include a fuller recognition of the withdrawal/consumption/return
flow relationships in a basin, but focus almost entirely on the natural landscape and agriculture
with less attention to urban and industrial water use. This urban and industrial consumption is a
significant part of water budgets in heavily developed regions.
Fortunately, modern monitoring tools based on remote sensing provide the means to
quantify consumptive water use spatially and temporally over wide areas. Currently available
tools include SEBAL (Bastiaanssen et al. 1998), METRIC (Allen et al. 2005), and ETWatch

Approach for Estimating Available Consumable Water for Human Activities...

(Wu et al. 2012). ETWatch can provide the basin scale ET estimates that are the key to basing
water resources analysis on the current conditions in the basin, presenting the accounts in terms
of consumption rather than withdrawal, and adjusting consumption to actual rather than
potential levels.
The objectives of this study include development of a simple approach for assessing current
status of available water in highly developed river basins using remote sensing techniques and
evaluate the applicability of the proposed method using the Hai Basin in northern China as a
case study.

2 Materials and Methods
2.1 Study Area
Hai River basin (~232,000km2) is located in North China (Fig. 1), and it is one of the most
important agricultural production regions in China; over 69% of the basin’s cultivated lands
are under a continuous winter wheat-maize rotation cropping system (Yang and Tian 2009).
The annual precipitation is about 500 mm yr.−1, with over 70% of precipitation falling in the
summer months of June, July, and August (Yang et al. 2006). Hai River basin excludes Luan
Basin and Tuhamajia Basin which is administrated by Haihe River Water Conservation
Commission of Ministry of Water Resources of China.
Irrigation for agriculture is an important water use in the basin and it accounted for 64.4% of
the total water use in 2012 (HRWCC 2012). Following the legislative reform in the agricultural
sector in 1978, irrigation developed rapidly across the basin based on electric-powered wells (Hu
and Shi 2005). Since 1980, the irrigated area has increased by about 30% overall and as much as

Fig. 1 Geographical location of Hai Basin
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50% in the most intensely developed areas (Yang and Tian 2009). Of the cropped area, about 70%
is irrigated, and overall cropping intensity is 140%. Irrigation accounts for 70% of total groundwater withdrawal in the floodplains and over 87% in the piedmont regions (Hu et al. 2010),
consuming more than 70% of the total water withdrawal (Liu et al. 2001).
Outcome of these agricultural (irrigation) and industrial developments is well documented.
The over-withdrawal of groundwater for irrigation has resulted in a rapid decline of the
groundwater table for an area larger than 40,000 km2 in the Hai Basin (Chen 1999),
representing the largest groundwater drawdown area in the world (Chen et al. 2000). The
over-extraction of groundwater has also caused serious ecosystem degradation, while the
surface outflow from the basin is minimal and highly polluted.

2.2 Data
Spatially distributed annual precipitation over the period of 2001 to 2012 in the Bai River
basin was obtained by locally calibrating TRMM 3B43 version-7 data with measured precipitation from ground-based meteorological stations. The meteorological stations are equipped
with automatic data-loggers and operated by the China National Meteorological Bureau
(CNMB). More than 53 meteorological stations were used to calibrate TRMM precipitation
product. The coefficient of determination (R2) between annual gauged precipitation and
TRMM pixel estimates varies between 0.60 and 0.82, indicating accurate estimates of
precipitation by the calibrated TRMM precipitation product. TRMM 3B43 is the final
precipitation product of TRMM, which provides a Bbest^ estimate of precipitation at spatial
resolution of 0.25° (Huffman et al. 2007). A basic assumption is that TRMM reflects the
spatial rainfall variations accurately, but with random deviation around the average (Cheema
and Bastiaanssen 2012). Duan and Bastiaanssen (2013) indicated that raw TRMM precipitation products gave reasonable spatial and temporal distribution of precipitation. In order to
obtain accurate precipitation estimates, geographical differential analysis (GDA) was proposed
by Cheema and Bastiaanssen (2012) to correct TRMM 3B43 data in Indus Basin.
Evapotranspiration estimates at 1 km spatial resolution were obtained from the ETWatch system
(Wu et al. 2008, 2012) for the period from 2001 to 2012. The ETWatch, consisting of data
acquisition, data preprocessing, ET monitoring, ET application, and database management system,
was developed by Wu et al. (2008, 2012) for estimating daily evapotranspiration using remote
sensing technique and it combines BResidue Approach^ and Penman-Monteith equation. Jia et al.
(2012) and Wu et al. (2012) evaluated the accuracy of ET estimates from the ETWatch at different
spatial scales against field measurements from lysimeter, eddy covariance systems, LAS, and water
balance estimates, as well as independent third party estimates. The annual deviations were between
3.0% and 9.0% at the field scale, 3.8% at the sub-basin scale, and 1.8% at the basin scale.
Land use/land cover data at 1 km spatial resolution for 2000, 2005, and 2010 were
resampled from the first level classes of ChinaCover datasets (at 30 m spatial resolution)
(Wu 2017) using majority resampling. The land use/land cover had been previously mapped
using Landsat TM/ETM data and Chinese HJ-1 satellite data and was reclassified into forest,
grassland, wetland, cropland, urban land surface, and other land. ChinaCover 2000, 2005, and
2010 respectively represent the periods of 2000–2002, 2003–2007, and 2008–2012. The
overall accuracy of ChinaCover at the first level classes was >94% for first level classes
(Wu 2017), and overall accuracy at the second level classes was >86% (Ouyang et al. 2016).
The relative error of ChinaCover is small and hence it can be used so that water consumption
(i.e.ET) from different land cover types can be estimated.
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Annual streamflow data over the period of 2001 to 2012 from each of the catchments in the
Hai River basin were obtained from HWCC (www.hwcc.gov.cn).

2.3 Method
Wu et al. (2014) proposed the definition of available consumable water for human activities
(ACW) that is the maximum value for total controllable water consumption in the basin that
would allow for sustainable water resources management, based on the following four
principles: (i) groundwater is not overexploited; (ii) natural ecological systems receive enough
water to remain healthy; (iii) the environmental flow in the river is preserved, and (iv) the
water cycle—the link between ground and surface water—is not broken.
In this study, a simple method for estimating ACW in a river basin has been developed. The
proposed method is based on the water balance with natural evapotranspiration estimated from
remote sensing data.
The water balance of a river basin can be expressed in the following equation:
S ¼ P−ET−Q

ð1Þ

Where S is the change in water storage in the basin, P is precipitation, ET is evapotranspiration,
Q is total runoff. All the fluxes are spatially averaged across the basin. Within a given area over
a specific period of time, the water balance equation states that water inflows are equal to water
outflows and balanced by any change in catchment storage.
Evapotranspiration (ET) can be considered as the sum of the water loss from the natural system
(i.e. natural ETn) and water consumption from agriculture, industry, and other human-induced uses.
Hence, if we define available consumable water for human activities (ACW) as the difference
between total evapotranspiration (ET) and the natural evapotranspiration (ETn) and assume no
change in water storage, then ACW can be estimated from the above water balance equation as:
ACW ¼ P–ETn –Q

ð2Þ

The right-hand-side of Eq. (2) can be estimated as follows:
Precipitation (P)
Precipitation is estimated based on locally calibrated TRMM 3B43 (v7) data using GDA method
with measured precipitation from ground-based meteorological stations as described above.
Natural evapotranspiration (ETn)
As described by Wu et al. (2014), natural ET represents evapotranspiration from various
landscapes under no impacts of direct human activities, including forests, grasslands, wetlands,
agricultural land, urban environment, bare land et. In this study, the following equation is used:
ETn ¼ ETfor þ ETgra þ ETwet þ ETfal þ ETurb þ ETbar
Where.
ETforET from natural forests.
ETgraET from natural grasslands.
ETwetET from natural wetlands and water surfaces.

ð3Þ
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ETfalET from agricultural land under fallow, assuming no crops over entire year.
ETurbET from the urban environment.
ETbarET from natural bare land, such as deserts, ice, and glaciers.
To estimate the volume of water consumed at the basin scale, the area under each land use
class is multiplied by the corresponding ET rate and then aggregated to the whole basin. The
various ET values for all years in the study period (2001–2012) can be estimated by
overlapping the land cover/land use dataset with the ET dataset obtained from the ETWatch,
with the exception of the ETfal and ETurb.
ETfal is evapotranspiration from agricultural land under fallow. According to phenology of
crops in Hai basin, the pixels of agricultural land were identified as cropped land if Normalized
Difference Vegetation Index (NDVI) meet the following conditions: (I) winter crops with local
maxima of NDVI in November; (II) single-season crops with local minima of NDVI in April;
(III) winter crops and summer crops rotation with local minima of NDVI in the period from
June to early July, which indicate the harvest of winter crops and planting of summer crops.
Local maxima and minima of NDVI time series profile are extracted by NDVI difference
algorithm on cropping intensity proposed by Fan and Wu (2004). After subtracting cropped
arable land pixels from agricultural land, the rest is identified as uncropped (fallow) land pixels.
During period of 2001 to 2012, Terra MODIS NDVI (MOD 13A2) data at 1 km spatial
resolution are used to identify the uncropped (fallow) arable land. In order to avoid interference
from abnormal NDVI value on extraction of local maxima and minima, Savitzky-Golay filter
(Chen et al. 2004) is adopted in this work. ET values of uncropped land pixels are identified by
overlapping the uncropped land pixels with the ET dataset obtained from ETWatch and are
interpolated with Ordinary Kriging method into an ET raster of agricultural land at 1 km
resolution.
ET from the urban environment (ETurb) is residual rainfall lost to evaporation under
impervious urban land. Rain falling on an impervious land surface is lost mostly through
runoff, which can be recovered for human use, with a residual amount lost to evaporation
known as ETurb. A constant value of 0.1 was used to represent the ratio of evaporation to
rainfall (fallen on impervious land). The value of 0.1 for the ratio of evaporation to rainfall was
suggested by Liu et al. (2009) to be acceptable for Tianjin (which is in Hai Basin) and this
value is adopted here for urban areas across the basin. Estimating impervious surface is critical
step to calculate ETurb. In this work Multiple End member Spectral Mixture Analysis
(MESMA) (Roberts et al. 1998) was used to estimate impervious land based on Landsat
ETM+ images of 2000, 2005 and 2010.
Uncontrollable outflow (Q)
The last term of Eq. 1 is the outflow from a catchment. In this paper, uncontrollable outflow
(Flowunc) is used, which is the surface water that cannot be withdrawn or is otherwise
unsuitable for human consumption (under the current technical conditions of the basin). This
includes the runoff resulting from floods above the designed holding capacity, the recharge to
saline aquifer, and the sewage to rivers and lakes. The withdrawal capacity of surface water for
humans will be enhanced with the construction of water conservancy projects, which means
the estimation of uncontrollable outflow should be changed as holding capacity enhance by the
water conservancy projects.
Hai basin is a high intensity human interventions basin, Since the 1960s, human interventions have had a drastic impact on water cycles in the basin. Massive water storage projects
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have been constructed to increase agricultural water use and reduce flood events. In 2004, the
basin included 26 large reservoirs, 107 medium reservoirs, 1154 small reservoirs, 346 river
dams, 59 rubber dams, and 481 sluices, representing a large increase compared to the
respectively 24 large, 39 medium, and 399 small reservoirs in 1960 and the 11 river dams
and 33 sluices in that same year (Lu et al. 2012). The total water holding capacity of the dams
and flood detention areas in Hai River basin is double the average withdrawal. Those projects
have large runoff interception ability, so the runoff into the Bohai Sea is considered to be the
amount of flood above their designed water storage capacity.
As a result, both water holding capacity and runoff interception ability are at a maximum
level, which means that the outflow during flood season from Hai Basin into Bohai Sea is part
of the uncontrollable flow. Due to lack of data on how much water was polluted and how much
water was used to leach soil salt, this paper uses actual outflows for 2001 to 2012 as a measure
of the uncontrollable flow. In fact this amount is only the minimum value for uncontrollable
outflow.

3 Results
The method described above was applied to Hai Basin to illustrate its features and benefits for
water resources management. On average over the period of 2001–2012, the total annual water
consumption by farmlands (ETagri) is 66.18 × 109 m3 yr.−1 obtained by overlapping cropland mask
with the annual ET dataset obtained from ETWatch. The water consumed by agriculture (ETagri)
consists of water consumed by the crop lands under fallow (ETfal) and the water consumed by
crops (ETcrops). ETfal is 33.88 × 109 m3 yr.−1. The difference of 32.30 × 109 m3 yr.−1 in ET is
caused by planting crops (ETcrops) (Table 1). ETcrops can be further divided into water from rainfall
(ETcrops_rain) and irrigation (ETcrops_irri), which can be obtained from HWCC. ETcrops_rain can be
then estimated by the difference between ETcrops and ETcrops_irri. On average, 42.45% of the crop
water consumption is due to irrigation and 57.55% is from rainfall, indicating that irrigation
contributed significantly to the total crop water consumption in the basin.
Next, ET data was combined with precipitation and runoff data in Eqs. (2) and (3) to estimate
the natural ET and ACW in Hai Basin for the entire study period from 2001 to 2012. The results
are given in Table 2 and Fig. 2. Natural ET, on an average, is 79.92 × 109 m3 yr.−1, 70.52% of
precipitation, meaning that most precipitation is consumed by the natural landscape, which is
uncontrollable under current conditions. After accounting for uncontrollable outflow, only a small
amount (28.21% of precipitation) can be consumed by human activities. The average ACW from
2001 to 2012 for the entire Hai Basin is 31.97 × 109m3 yr.−1, signifying the average amount of
water available for human consumption in the basin. As shown in the table, the ACW varies
substantially from year to year, ranging from 18.61 × 109m3yr−1 in 2002 to 42.64 × 109m3yr−1 in
2003.
As shown in Table 2, Figs. 2 and 3, ACW is dependent on precipitation: ACW increases
with increasing rainfall and decreases in years with less rainfall. The linear relationship
between ACW and precipitation is significant with a coefficient of determination (R2) of
0.87. Because ACW also depends on the natural ET in a given year, the changes in ACW also
reflect changes in the various factors that influence the natural ET, such as land use. For
example, the average precipitation for the basin for all years is 113.33 × 109m3 yr.−1, with
precipitation varying from a maximum value of 130.44 × 109m3yr−1 in 2003 to a minimum
value of 92.84 × 109m3yr−1 in 2002. The average precipitation from 2001 to 2006 is 108.02 ×

63.44
31.51
31.93
15.20
16.73

ETagri
FT fal
ETcrops
ETcrops_irri*
ETcrops_rain

63.79
34.68
29.11
15.17
13.94

2002

Note: *ETcrops_irri data from HWRCC

2001

Year

73.35
34.67
38.68
14.16
24.52

2003

67.97
33.10
34.87
13.26
21.61

2004
61.91
33.53
28.38
12.91
15.47

2005
66.12
34.03
32.09
14.19
17.90

2006

Table 1 ET for agricultural land in Hai Basin from 2001 to 2012 (in 109m3)

65.60
34.71
30.89
13.04
17.85

2007
72.53
33.15
39.38
13.53
25.85

2008
64.61
31.62
32.99
13.49
19.50

2009
64.47
36.12
28.35
13.32
15.03

2010

63.73
34.98
28.75
13.17
15.58

2011

66.68
34.48
32.20
13.10
19.10

2012

66.18
33.88
32.30
13.71
18.59

Avg.

100.00
51.20
48.80
42.45
57.55

%
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Table 2 Precipitation, Natural ET, Outflow, and calculated ACW in Hai Basin from 2001 to 2012(in 109m3)
Year

2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
Average

P

94.69
92.84
130.40
118.70
109.30
102.10
112.60
125.60
113.80
114.20
115.80
129.90
113.30

Total/P Flowunc ACW ACW/P
(%)
(%)

Natural ET
ETfor

ETgra

ETwet ETfal

ETurb ETbar Total

25.35
22.95
30.68
27.01
24.42
27.24
27.13
31.09
28.91
31.95
29.62
30.74
28.09

14.54
13.01
17.68
13.41
12.16
13.77
14.43
14.1
13.07
14.47
14.22
13.84
14.06

2.35
2.18
2.58
2.36
2.3
2.37
2.26
2.34
2.39
2.37
2.33
2.4
2.35

0.91
1.03
1.07
1.24
1.24
1.22
1.27
1.52
1.45
1.52
1.52
1.60
1.30

31.51
34.68
34.67
33.1
33.53
34.03
34.71
33.15
31.62
36.12
34.98
34.48
33.88

0.20
0.23
0.29
0.23
0.19
0.23
0.24
0.26
0.27
0.24
0.27
0.27
0.24

74.86
74.08
86.97
77.35
73.84
78.87
80.04
82.46
77.71
86.67
82.94
83.33
79.92

79.06
79.79
66.68
65.16
67.54
77.24
71.08
65.65
68.31
75.89
71.61
64.15
70.52

0.00
0.15
0.83
1.4
1.04
0.93
0.92
1.94
1.59
1.52
1.84
5.08
1.44

19.83
18.61
42.64
39.95
34.44
22.31
31.65
41.20
34.46
26.01
31.05
41.49
31.97

20.94
20.04
32.69
33.66
31.50
21.85
28.10
32.80
30.29
22.78
26.80
31.94
28.21

109m3 yr.−1, while for 2007–2012 it increases to 118.65 × 109m3 yr.−1, an increase of 10.63 ×
109m3yr−1. Meanwhile, following the change in rainfall, average ACW for the basin rises from
29.62 × 109m3yr−1 for 2001–2006 to an average of 34.31 × 109m3yr−1 for the years 2007 to
2012, an increase of only 4.69 × 109m3yr−1. The increment in ACW thus is 5.94 × 109m3yr−1
below the increase in precipitation between the two periods, indicating that more water was
consumed in the second period compared to the first. This can also be seen in the maps for
natural ET in Figs. 2 and 3.

Fig. 2 Hai Basin average precipitation, natural ET for 2001 to 2006 (left), 2007 to 2012 (middle), and 2001 to
2012 (right) periods
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Fig. 3 Hai Basin P, ETn, and ACW change for 2001–2012

4 Discussion
The purpose of this study is to develop a simple method for estimating available water in a
river basin using remote sensing technique. Different from the existing methods used in water
resources assessment, which generally focus on streamflow and groundwater data, the proposed method described here takes a new look at basin scale water resources management with
a focus on evapotranspiration. As such, water consumption by different land covers and
management activities can be directly estimated. The new method defines available consumable water for human activities (ACW) in a basin as the quantity that is available, on annual
average, for sustainable consumptive use to meet human needs, while maintaining acceptable
environmental conditions. The ACW method will enable river basin authorities to examine
water use by different sectors and help them to monitor and evaluate compliances.

4.1 Definition of Available Consumable Water for Human Activities
In a Bsustainable status^ basin, in terms of volume of water, available consumable water for
human activities (ACW) is subject to (1) aquifers are stable over time (though subject to seasonal
and annual fluctuations); (2) outflows from the basin are sufficient to maintain estuaries and
ecosystems in an acceptable state; and (3) stream flows at defined, important sites are adequate.
Given these conditions, the available consumable water for human activities (ACW) is the sum of
managed water use and utilizable outflow or the sum of available water and managed water use
under ET rainfall as described category at the wateraccounting.org website.
Part of the ACW is uncontrollable due to evapotranspiration from rain-fed agricultural lands
(ETcrops_rain). With human intervention, for example, by increasing agricultural land in a basin by
converting forest or grassland into agricultural land, this uncontrolled part of ACW will increase.
ACW is not a fixed value, is a result of the combination of natural precipitation/land
interactions plus precipitation interactions with managed land uses (urban, plantation trees,
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cleared forests, etc), when a basin experiences a change in land use or land cover changes,
ACW may increase in case of expansion of agricultural land or decrease in case of afforestation.

4.2 Comparison with the Official Water Resource Amount
In this study, the average annual ACW of Hai Basin is estimated to be 31.97 × 109m3yr−1 for
the 2001 to 2012 period. This number can be compared to the average annual water resource
amount (WRA) for the same period as published by the HRWCC, which is 19.42 × 109m3yr−1.
The calculated average ACW thus is 12.55 × 109m3yr−1 larger than the WRA estimate. The
two estimates are not the same because ACW included not only water withdrawal, but also
rainfall consumed as a result of transpiration by crops (ETcrops_rain), which on average is
18.59 × 109 m3 yr.−1 and not included in the annual water withdrawal recorded by HWCC. If
the value for ETcrops_rain is subtracted from ACW, the average value of ACW is 13.38 ×
109m3 yr.−1, thus 6.04 × 109m3yr−1 (or about 31.16%) smaller than WRA. Thus, using ACW
instead of WRA in water resources planning would result in less water allocation for human
activities and hence benefit the environment more.
If no crops had been planted, ETcrops_rain (18.59 × 109 m3 yr.−1) would have potentially
remained in the basin, and the extra water can recharge the groundwater, water bodies, and
wetlands of the basin. Currently, this part was consumed by crops, thus resulting in decreasing
in water bodies and wetlands and a declining ground water table. This is also evident from the
disappearance of water bodies and wetlands in the basin: the area of water bodies in Hai Basin
has shrunk from 5954 km2 in 1960 to 3762 km2 in 2007, a decrease of 2755 km2 in area, as
shown on 1960 and 2007 KH and TM images, respectively. The area of wetlands in the basin
has also decreased from 10,000 km2 at the beginning of the 1950s to 1000 km2 in 2005 (Xia
et al. 2005). The same phenomenon was reported by Lu et al. (2011), who indicated that the
area of natural wetlands had shrunk from 5360 km2 in 1980 to 4331 km2 in 2007. Although
the two articles disagree on the exact area of wetlands disappearing, the speed of its loss is
astonishing. The significance of this reduction in areas of open water bodies and wetlands
means that extra water was lost due to crop land expansion.
The present study uses actual outflow of 1.44 × 109m3 yr.−1, which is at the moment less than
the required outflow to meet the various environmental targets. Outflow should be the annual
volume of water that is released to the sea to maintain ecological conditions in the river/estuary
system and also maintain coastal water quality, as well as perform other important tasks, such as
flush salts and dilute pollution. In an earlier study, Wu et al. (2014) estimated that required
outflow for Hai Basin to be 3.45 × 109m3 yr.−1, which is higher than actual current outflow.

4.3 Studying Water Depletion Using ACW
By comparing ACW to the actual amount of water consumed, water depletion in Hai Basin
can be estimated based on the difference between the two. As shown in Table 3, for the period
2001–2012 this leads to average aquifer depletion in Hai Basin of 5.23 × 109m3yr−1 based on
actual outflow, a rate consistent with other estimates of aquifer depletion in the Hai River
basin.1 According to the Hai River Record (1998) for example, the average annual basin-wide
1

The distinction between the Hai Basin and the Hai River Basin is not always clear in the literature. The Hai
River Basin Authority has authority over the study area shown shaded in Fig. 1 and two smaller river basins to
the north and south. These are not included in this study
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groundwater overdraft was up to 5.02 × 109 m3 yr.−1. Foster et al. (2004) and the World Bank
(2001) provided an estimate of 8.8 × 109m3yr−1. Famiglietti (2014) estimated the figure to be
8.3 × 109m3yr−1 of reduction in groundwater storage for the 2003 to 2010 period based on the
NASA GRACE Satellite mission data. Guoliang Cao et al. (2013), using a modelling
approach, suggest that the figure is around 4.36 × 109 m3 for the 2002 to 2008, equivalent to
about 120 mm of runoff. This last figure is also consistent with Kendy et al. (2004), whose
modelling and field data show a consistent decline in groundwater storage, the rate of aquifer
depletion is 6.5 × 109m3yr−1 in the period of 2002 to 2008. Overall, the water depletion
calculated in Table 3 based on ACW is in reasonable agreement with these findings. As such,
the water balance analysis based on ACW in Table 3 can help water managers determine
sustainable water consumption in a river basin.
Recently, in an analysis similar to the one presented here, Wu et al. (2014) have estimated
the excess abstractions from the aquifer at 6.23 × 109m3yr−1 for the 2002 to 2007 period; in the
same period, the water deficit was 5.33 × 109m3yr−1 according to this study. The difference
(0.9 × 109m3yr−1) is because of the already mentioned difference in definition of outflow and
precipitation dataset used in the earlier study. The study by Wu et al. (2014) defined the
outflow as target river flow meeting certain environmental criteria and estimated it using
minimum monthly runoff data before the emergence of groundwater depletion, which was
3.45 × 109m3yr−1. Precipitation was extrapolated by IDW interpolation technology. In this
study, however, actual outflow was 1.44 × 109m3yr−1. The difference in outflow estimate
(2.01 × 109 m3) is comparable to the difference in deficit calculation (0.9 × 109m3yr−1) between the two studies.
The water depletion is seemingly amount of excess consumption (5.23 × 109 m3) shown in
Table 3. It accounts for 4.61% of the total rainfall, and 14.05% of total ET that can be
controlled —incremental ET from irrigation, vegetation and water in urban areas, and consumption from industry. These actual consumed water total only 32.30 × 109m3yr−1 and are
dominated by the contribution of irrigation (about 86.83%), with ET from vegetated and
watered urban areas accounting for another 7.53%; the remaining 5.65% is consumed by
industry and biological.
Table 3 Water balance analysis in Hai Basin from 2001 to 2012 (in 109m3)
Year

2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
Average

ACW

19.83
18.61
42.64
39.95
34.44
22.31
31.65
41.20
34.46
26.01
31.05
41.49
31.97

Actual water consumed

Water depletion

Crops

Urban

Biological

Industrial

Sum

31.93
29.11
38.68
34.87
28.38
32.09
30.89
39.38
32.99
28.35
28.75
32.20
32.30

2.09
2.04
2.95
2.75
2.42
2.48
2.34
3.23
3.28
3.17
3.29
3.53
2.80

0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06

2.04
2.04
2.04
2.04
2.04
2.04
2.04
2.04
2.04
2.04
2.04
2.04
2.04

36.12
33.25
43.73
39.72
32.90
36.66
35.33
44.71
38.37
33.62
34.14
37.84
37.20

Note: Industrial water consumption data provided by HRWCC

−16.29
−14.64
−1.09
0.23
1.55
−14.35
−3.69
−3.51
−3.91
−7.61
−3.09
3.66
−5.23

Approach for Estimating Available Consumable Water for Human Activities...

Each of these sectors has the potential to conserve water, and no doubt examples can be
found where consumption can be reduced at minimal economic cost—but the heaviest burden
is likely to fall on irrigated agriculture, which compared to industry has lower output and
employment per unit of water consumed. Savings in urban landscapes are also feasible—but
the amenity benefits of parks and urban greenery are significant and may be protested by
citizens.

4.4 Strength and Limitation of ACW
Existing approaches to planning water use at basin scale are formulated in terms of water
withdrawals from a pristine or near-pristine environment. The ACW, as described in this paper,
takes advantage of modern data sources to address conditions in developed basins with complex
and changing land use patterns. These modern data sources, especially satellites, allow new
insights as for example climate data and evapotranspiration can be directly mapped at large scales
(temporally and spatially), and land use classes can be associated with these patterns of consumptive use allowing re-estimation of water balances based on the current status of the basin.
Such re-mapping also permits classification of consumption into types: i) which can be controllable as human induced consumption (most particularly, incremental consumption due to irrigation), and ii) which cannot be controlled because they are simply natural occurring processes.
As described in this paper, ACW is the cap of water consumption by all human activities in
a basin. Any new human intervention in the natural landscape may change this balance, as for
example afforestation may reduce the cap and forest conversion to agriculture will increase it.
Similarly, dams may detain more flooding waters and thus increase the available water. Once
the natural landscape remains stable, ACW is the maximum amount of water that can be
consumed by the human activities with dedicated purposes.

&

&

&

ACW is the amount of water that can be consumed by agriculture, industry, or through
domestic uses. Water that has been withdrawn can be used many times before it has been
fully consumed. Once the water consumption amount is determined for a specific activity,
developing water plans and performing water management becomes more trackable and
dedicative, with spatial and temporal pattern of consumptive water. ACW is inclusive of all
human activities, while the method based on water withdrawal (as used in current water
management plans) only partly considers human activities—industrial, domestic, and
irrigation delivery, thus excluding other increases in water consumption from agriculture
or forest plantations. In this regards water resources amount (WRA) is not sustainable
measure as shown by the example of the Hai Basin.
ACW is derived from rainfall and natural ET, requiring no hydrological data. Human
interventions exist along rivers, as dams, water retrieval, and return flow have almost no
impact on the estimation of ACW, but they do affect the estimation of WRA, which
requires natural stream flow data. ACW is easily calculated, as it does not require
information related to groundwater, managed ET (such as industrial ET or the biological
consumption of human and livestock), or even agricultural ET.
ACW is reduced with ecological restoration, which is in line with sustainable development. Unlike water withdrawal calculations, ACW is directly related to ecological process
in a basin. ACW is actually reduced with ecological restoration and increased with
agriculture expansion. ACW therefore clearly relates to decision makers in terms of the
trade-off between ecological restoration and human consumption.
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The concept of ACW goes beyond managed ET or controllable ET to cap water consumption at the appropriate level. If a basin is overdraft, managed ET is more than ACW, which
means the excess water has to come from groundwater depletion or inter-basin transfer.
ACW is not the same as the water resources amount (WRA). ACW is larger than WRA
because it also includes rain water consumed by crops. If crop ET from rain is excluded
from ACW, ACW will be less than WRA. From consumption point of view, WRA
overestimates the water availability—in Hai Basin by 25%.
The reliability of the proposed ACW method relies on the consistency of the precipitation,
evapotranspiration and landcover. In this study, ET had a 1.8% annual deviation, and
landcover had 94% overall accuracy, and TRMM 3B43 dataset was calibrated with annual
precipitation from HRWCC resulting 0.97 R2.

Furthermore, the proposed method accounts for ACW annual average, but it can be further
explored for monthly ACW by simulating water storage dynamically, as water detention by dams.

5 Conclusions
The paper proposes an approach to determine annual available consumable water for human
activities (ACW). ACW constitutes the cap of water consumption as a result of human
interventions in a basin and ACW is inclusive of all human activities, it provides a more
accurate account of the amount of consumable water for water planning and management in a
basin. The ACW approach is based on water balance equation and is relatively easy to
calculate. The use of ACW combined with an analysis of consumption by sector can help
decision makers determine where to focus water saving measures.
The ACW approach summarized above was applied to the Bai Basin and results showed that
the average available consumable water for human activities is 31.97 × 109m3yr−1 over the period
of 2001–2012, or 28.21% of precipitation in the basin, while average actual consumption for the
same period is 37.20 × 109m3 yr.−1, with irrigated agriculture accounting for 86.83% of the
consumption, urban areas for 7.53%, and industry and biological for the rest, leading to 5.23 ×
109m3yr−1 water deficit. Clearly current levels of consumption in the Hai Basin are excessive, so
that groundwater levels are falling and outflows to the sea are far below than what is required to
support adequate ecosystems and environmental status. The excess consumption cannot be
balanced without reductions in agricultural water use or water transfer from other basins.
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