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a  b  s  t  r  a  c  t

Water  use  profit  (WUP)  has  been  recognized  as  an  important  indicator  of  water  resources  management.
This  paper  presents  a set  of models  for  evaluating  the  spatial  distribution  of  economic  and  ecological
WUP.  The  outputs  of  the  models  are detailed  with  a higher  resolution  than those  in traditional  WUP
evaluation.  Evapotranspiration  (ET),  which  can  be  retrieved  from  remote  sensing  images,  is  regarded
as  the water  consumption  at the basin  scale. The  gridded  GDP  and ecosystem  service  value  (ESV)  are
derived  as indices  of economic  and  ecological  profits  respectively.  This  method  is applied  in the  Tuhai
Majia  Basin,  North  China.  Agriculture  is both  economically  and  ecologically  fundamental  in  the  study

3

conomic
cological

area.  The  economic  WUP  of  the whole  basin  (4.87  Yuan/m )  is  slightly  higher  than  the  value  of  pri-
mary  industry  (3.39  Yuan/m3)  and  lower  than  the  value  of  the  secondary  industry  and  tertiary  industry
(9.84  Yuan/m3). The  ecological  WUP  of  the  whole  basin  (87.29  Yuan/m3)  is  quite  close  to  the  value  of farm
land.  Water  and  wet  land  conservation  and  the  development  of  barren  land  are important  for  ecological
WUP  improvement.  Moreover,  the  dataset  of  WUP  generated  based  on  our  method  in this  paper  can  be

ysis  a
used for multi-scale  anal

. Introduction

Water use profit (WUP) is an important index for policy mak-
rs, environmental managers and conservation practitioners for
ater-saving (Smajgl et al., 2010). Due to exacerbated water short-

ges resulting from a growing population and deteriorating soil
nd water quality, enhancing the WUP  has been an essential way
o maintain a sustainable water resources supply and to ensure a
ealthy social development.

In this paper, WUP  is defined as the profits brought to human
ociety by water consumption in a socio-economic and ecologi-
al system. All indices proposed to evaluate WUP  can be classified
nto three categories, namely, economic profit, social profit and
cological profit. Traditionally, WUP  was evaluated by economet-
ic approaches. Based on the theory of marginal utility, economic

UP  could not exceed the least cost of water resources (Young,
973). Other economic theories were introduced into economic
UP  studies to evaluate WUP  in the subsequent decades, such as

he theory of economic levers (Fakhraei et al., 1984; Moncur, 1987,

988), duality value theory (Huang, 1994) and theory of ground
ent (Zhang, 1996), which led to a succession of water resources
anagement practices. With the progress made in water resources
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nd  be  helpful  to  basin  water  resource  management.
© 2013 Elsevier Ltd. All rights reserved.

research, the social profit of water use was proposed as a public wel-
fare attribute of water resources (Luo, 2003). However, the social
WUP  is too vague to be evaluated quantitatively, and there are no
universal methods or indices for evaluation. Furthermore, recent
social WUP  studies are mainly focused on urban areas because
application of the methods or indices of these studies to regional
scales is difficult. During the 1990s and 2000s, more and more eco-
logical problems caused by water shortages gave rise to a new field
of WUP, i.e., the ecological profit of water use. Ni defined ecological
WUP as the impact of changing water resources on an ecological
environment (Ni et al., 2003). A number of methods were proposed
to evaluate the ecological WUP  including Green GDP accounting
(Gao et al., 2005), GPP (Lu and Zhuang, 2010), etc. Water resources
are indispensable for the habitats of numerous creatures and as reg-
ulators of the earth’s energy balance. Therefore, ecological WUP  is
difficult to evaluate unless the regulatory function has been com-
pletely lost (Li and Hui, 1999). Thus, the evaluation of ecological
WUP  needs to consider the whole ecosystem in addition to the
surface water system (He et al., 2000).

With the development of geo-information technologies and
hydrological models, water resources research is being improved
by providing methods of retrieving spatially distributed hydrolog-

ical parameters of water use including evapotranspiration (ET),
precipitation, water consumption, etc. However, profit (economic)
data are traditionally collected based on administrative boundaries,
which cannot meet the needs of spatial WUP  evaluation because of
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1) the low spatial resolution of the datasets; and (2) incompati-
ility with the spatially distributed water use data such as ET. A
ew “spatialization of anthrop factors” proposed in the 1990s can
e used for the generation of spatially distributed profit data (Yang
t al., 2009; Jiang, 2007). There is a perceived need by various stake-
olders for the integration of spatially distributed profit and water
se data that provide support for water resources management.

In this paper, we propose a deterministic approach that uses the
T retrieved from remote sensing and gridded GDP and ecosystem
ervice value data to model regional WUP. The GDP and ecosystem
ervice value data are obtained by pixel-based GIS methods. From
he model results the spatial and temporal variability of WUP  can
e estimated. To demonstrate the applicability of this method, we
resent a case study of the Tuhai Majia Basin in North China.

. Methodology for evaluating WUP

Humans gain profit from water resource use through water
onsumption. In this study, WUP  equals the ratio between the
rofit and water consumption. According to in-depth consulta-
ions and widely circulated previous papers, the division of water
esources into consumed and non-consumed fractions is recom-
ended. At the basin scale, consumed water can be defined as the
ater used and removed from a water basin to the extent that

t is permanently unavailable for further use. The consumed frac-
ion (essentially ET) is comprised of beneficial consumption (water
vaporated or transpired for the intended purpose, e.g. evapora-
ion from a cooling tower, transpiration from an irrigated crop)
nd non-beneficial consumption (water evaporated or transpired
or purposes other than the intended use, e.g. evaporation from
ater surfaces, riparian vegetation, waterlogged land) (Perry, 2007;
olden and Sakthivadivel, 1999; Sarwar and Perry, 2002; Shen

t al., 2000). Both consumed fractions contribute to WUP, but the
eduction in non-beneficial evaporation loss locally often implies
ore available water for downstream areas and thus the achieve-
ent of a higher WUP  at the basin scale (Khan et al., 2008; Cai and

osegrant, 2004; Cai et al., 2011). Therefore, basin-scale WUP  was
stimated in this study as the profit (Pw) per total water consump-
ion (ET):

UP  = Pw
ET

(1)

In an economic system, various parameters (e.g., crop yield,
ross primary productivity) are used as indicators of the profit
rought by water consumption. However, they are not compara-
le when evaluating real profit to human among different types of
roducts. In this study, we chose gross domestic product (GDP)
s indicator of economic profit in the basin context. In China,
DP statistics brings another problem: its statistical unit (county)

s inconsistent with the spatial resolution of ET retrieved from
emote sensing images (1 km × 1 km pixel). We  processed GDP
tatistics with a spatial distribution model to grid form, which will
e detailed in the section of data acquisition. The economic WUP
as calculated as:

UPen = GDPs

ET
(2)

here WUPen is the economic WUP, GDPs is the spatially dis-
ributed GDP.

In an ecological system, it is difficult to measure ecological profit

ccurately due to the complexities of the structure and function
f an ecosystem. The economic valuation of ecosystem services is
ore widely applied to understand the multiple profits provided by

cosystems (Guo et al., 2001). In this study, the ecosystem service
icators 36 (2014) 94– 99 95

value was  adopted to evaluate ecological profit. The ecological WUP
was calculated as:

WUPel = ESVs

ET
(3)

where WUPel is the ecological WUP  and ESVs is the spatially dis-
tributed ecosystem service value.

3. Case study

3.1. Study area

The study area, the Tuhai Majia Basin, lies in North China from
35◦41′ N to 38◦08′ N and from 114◦51′ E to 118◦58′ E (Fig. 1). It is
an alluvial plain of the Yellow River with area of 30,945 km2. The
mean annual precipitation of this area is 567.3 mm.  It is the main
agricultural region with a great water resources demand. However,
the basin stands in an area of China with a serious water shortage
(Huang et al., 2009).

3.2. Data acquisition

To evaluate the economic and ecological WUP  at the basin scales,
we acquired four types of data: (1) land use map, (2) ET evaluation
datasets from remote sensing images, (3) spatially distributed GDP
datasets, and (4) datasets of spatially distributed ESV.

3.2.1. Land use
The land use dataset at the scale of 1:100,000 for 2005 were

used in this study. The dataset was  obtained from Landsat Thematic
Mapper (TM) and China–Brazil Earth Resources Satellite (CBERS-2)
satellite images and was  interpreted by experts in the Data Center
for Resources and Environmental Sciences (RESDC) at the Chinese
Academy of Sciences (Liu et al., 2003). The land use types fell into six
categories (including crops land, forest land, grass land, residential
and build-up land, water and unused land) and 25 sub-categories.
The land use map  is a fundamental dataset that will be used for
evaluating the ET, spatially distributed GDP and ESV datasets.

3.2.2. Satellite-based ET evaluation
In this paper, ET was derived from hourly images from China’s

geostationary meteorological satellite FY-2C. The VIS band (cov-
ering the wavelengths from 0.55 to 0.9 �m)  and the IR1 band
(covering the wavelengths from 10.3 to 11.3 �m) were used. Here,
we estimated ET based on evaporative fraction (EF), which could be
assumed to be constant during the daytime (Cragoa and Brutsaert,
1996). EF was  calculated as:

EF = �ET
A

= Rn − G − H

Rn − G
(4)

where EF stand for evaporative fraction, ET (mm) is the daily actual
evapotranspiration, H (W/m2) is the sensible heat, Rn (W/m2) is net
radiation, G (W/m2) is soil heat flux, A (W/m2) is available energy
and � is the latent heat of vaporization (=2.49 × 106 (W/m2) mm−1.

Based on the assumption above, the daily actual ET could be
estimated by:

ET = 86400 × EF × Rday

�
(5)

where EF is the evaporation fraction, ET is the daily actual evapo-
transpiration (mm)  and Rday is the daily surface net radiation

(w/m2). We  proposed a sinusoidal model for estimating Rday (Bisht
et al., 2005). According to the validation of using large aperture scin-
tillometer (LAS) measurements, the derived ET and LAS-measured
ET matched very well. The R2 for clear days was larger than 0.85, and
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sity with land use map. Fig. 2 shows the gridded GDP data in the
study area in 2005.
Fig. 1. 

or both clear and cloudy days of the year 2005, the R2 was approx-
mately 0.80. More details of ET retrieval method can be found in
he relevant literature (Huang et al., 2009).

.2.3. Spatially distributed GDP
GDP is a fundamental index of annual economic census. Given

hat the unit of the administrative boundary (county), GDP statistics
ave a low spatial resolution compared with the ET retrieved from
atellite images. To maintain the spatially distributed attribute of
he WUP  evaluation result, we proposed a model to generate grid-
ed GDP based on GDP data and land use map.

China’s GDP datasets are collected for primary industry, sec-
ndary industry and tertiary industry. Primary industry includes
griculture, forestry, animal husbandry and fishery. Secondary
ndustry includes industry and construction. Tertiary industry
ncludes all industries other than primary or secondary industries
ncluding transportation, warehousing, postal service, etc.

Based on the correlation between the land use types and three
ndustries, we proposed an “intelligent” gridded GDP mapping
echnique that used the ratio of class densities to redistribute
DP into corresponding land use areas. The regional GDP can be
xpressed by the three components as:

DP = GDPPI + GDPSI + GDPTI (6)

here GDPPI is GDP of primary industry (Yuan, the basic unit of
oney in China), GDPSI is GDP of secondary industry (Yuan) and
DPTI is GDP of tertiary industry (Yuan).

By the definition of primary industry, GDPPI can be expressed
s:

DPPI = GDPAg + GDPFo + GDPAh + GDPFi (7)

here GDPAg is GDP of agriculture (Yuan), GDPFo is GDP of forestry
Yuan), GDPAh is GDP of animal husbandry (Yuan) and GDPFi is GDP
f fishery (Yuan). GDP distribution among the industries can be
alculated as:

n∑

DP(SI,TI,Ag,Fo,Ah,Fi)j =

i=1

(gi × Lij) + Bj (8)

here GDP(SI,TI,Ag,Fo,Ah,Fi)j is GDP data of the j-th country (sample)
f all types of industries (secondary industry, tertiary industry,
 area.

agriculture, forestry, animal husbandry and fishery), gi is GDP
density of the i-th sub-category of land use types for different
industries(Yuan/km2), Lij is the area of the i-th sub-category of land
use types of the j-th country (sample) and Bj is intercept. The GDP
density gi can be calculated by the least square method using data
from all counties (samples) in the study area. The sub-categories of
land use types of the tertiary industry were determined after cor-
relation analysis and principal component analysis of GDP  of the
tertiary industry and area of all sub-categories of land use types.
Then, the gridded GDP data was generated by associating GDP  den-
Fig. 2. Gridded spatially distributed GDP measured in RMB of Tuhai Majia Basin in
2005.
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Table 1
Chinese ecosystem services value unit area of different ecosystem types (Yuan/(hm2 yr)).

Land use Forest land Grass land Crops land Wet  land Water Barren land

Value coefficient 19334 6406.5 6114.3 55489 40676.4 371.4
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that the economic WUP  of secondary industry and tertiary industry
was 9.84 Yuan/m3, nearly three times of that of primary industry.
However, the economic WUP  of whole basin (4.87 Yuan/m3) was

Table 2
Economic WUP  of primary industry and entire basin of Tuhai Majia Basin in 2005.

ET (billion GDP (billion Economic WUP
ig. 3. Gridded spatially distributed ESV measured in RMB  of Tuhai Majia Basin in
005.

.2.4. Spatially distributed ESV
ESV is the profits that living organisms derive from ecosys-

em functions that maintain the Earth’s life support system. In this
tudy, the total value of the ecosystem services used for the eco-
ogical WUP  estimation was obtained by multiplying the estimated
ize of each land category by the value of the biome used as the
roxy for that category:

SV =
∑

AK VCK (10)

here ESV is the estimated ecosystem service value, AK is the area
hm2) and VCK is the value (Yuan/(hm2 yr)) of land use category ‘k’
Kreuter et al., 2001).

Costanza et al. (1997) proposed values for different land use
ypes, which were modified according to the situation in China.
he value presented by Xie et al. (2003) was adopted in this study
s shown in Table 1.

ESV for each 1 km × 1 km pixel was calculated by associating
and use map  with the values in Table 1. Fig. 3 shows the gridded
SV data of Tuhai Majia Basin in 2005.

. Results and discussion

The economic WUP  and ecological WUP  of Tuhai Majia Basin
n 2005 were derived using the above-mentioned methods with
etailed spatial variation.

.1. Economic WUP
Based on the gridded aggregated daily ET estimates and GDP in
005, economic WUP  was estimated, which showed a large vari-
bility (Fig. 4).
Fig. 4. Gridded spatially distributed economic WUP  of Tuhai Majia Basin in 2005.

The areas with high economic WUP  were found irregularly in
the study area. By comparing the spatially distributed economic
WUP  (Fig. 4) with land use map, a large area of low economic WUP
was found to correspond to the distribution of crop lands, which
accounted for 77.1% of the study area in 2005. The region surround-
ing residential settlements and constructed land had high economic
WUP, which indicated that the economic WUP  of secondary indus-
try was  higher than that of primary industry. Furthermore, the area
with high economic WUP  (Fig. 4) was  larger than that of the residen-
tial settlements and constructed land, indicating that urbanization
led to an increase in the economic WUP  of tertiary industry and
primary industry in the surrounding areas.

Table 2 compares the water consumption (ET), GDP and eco-
nomic WUP  of agriculture with those of the entire basin in 2005.

As shown in Table 2, ET of primary industry (16.4 billion m3)
accounted for 76.9% of total water consumption of whole basin
(21.3 billion m3) in 2005, meaning that agricultural water con-
sumption was the major consumption fraction in Tuhai Majia
Basin. The proportion of GDP of primary industry (55.5 billion Yuan)
in the entire basin was  only 53.5%. Thus, the economic WUP  of
primary industry was relatively lower than those of secondary
industry and tertiary industry. Further statistical analysis showed
m3) Yuan) (Yuan/m3)

Primary industry 16.4 55.5 3.39
Whole basin 21.3 103.7 4.87
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ig. 5. Gridded spatially distributed ecological WUP  of Tuhai Majia Basin in 2005.

elatively low, which was closer to that of primary industry, indicat-
ng that the economic WUP  of Tuhai Majia Basin was predominantly
nfluenced by agricultural water consumption with low economic

UP. Improving the agricultural economic WUP  was the focus of
omprehensive water use management of Tuhai Majia Basin.

.2. Ecological WUP

In addition to analyzing the productivity of water resources, we
ridded the aggregated ecological WUP  of Tuhai Majia Basin in 2005
ased on our gridded ET and ESV estimates (Fig. 5). Ecological WUP
nd its spatial distribution were analyzed.

Fig. 5 shows that the spatial distribution of low ecological WUP
n the study area corresponded to that of residential settlements
nd constructed land (Fig. 1). The regions with high ecological WUP
ere mainly found near water and wet land, which could improve

he ecological condition of the surrounding areas.
In the increasing order of ecological WUP, we can arrange the

and types in this way: barren land, farm land, grass land, for-
st land, water and wet land. The ecological WUP  of wet land
923.68 Yuan/m3) and water (612.68 Yuan/m3) were much higher
han that of other ecosystems, indicating that these two ecosys-
ems should be protected first in the study area. Ecological WUP
f forest land was in the middle (281.98 Yuan/m3). Forest protec-
ion is also important in Tuhai Majia Basin due to the effect of on
limate regulation, water conservation, soil protection and biodi-
ersity conservation. However, because the area of forest land only
ccounted for 0.51% of entire basin, we suggested that avoiding
rban and farm land encroachment on forest land reforesting culti-
ated land were two major measures. Ecological WUPs of grass land
99.21 Yuan/m3) and farm land (90.85 Yuan/m3) were relatively
ow. Agriculture was also the major carrier of economic WUP  of the
asin, which was confronted with the conflicts between economic
nd ecological WUPs of the study area. Due to the important role
f agriculture in water use management of the basin, harmonizing

conomic and ecological WUPs of farm land is necessary to ensure
conomic development without ecological deterioration. The eco-
ogical WUP  of barren land was the lowest (6.21 Yuan/m3), but its

ater consumption (0.66 billion m3) ranked the second highest in
icators 36 (2014) 94– 99

the entire basin. This finding implies that the development of bar-
ren land is significant to improving ecological WUP, which is the
priority of ecological conservation of Tuhai Majia Basin.

5. Conclusion

Evaluating WUP  at regional scale is crucial for innovative man-
agement estimation to cope with water shortage. However, the
resolution of WUP  evaluation results by the existing methods is
low, lacking the details of spatial distribution of WUP. In this study,
we developed a method for evaluating spatially distributed WUP
at the basin scales. The most important parameter of water con-
sumption, ET, was  estimated from FY-2C meteorological satellite
images and other auxiliary data. In economic WUP  estimation, grid-
ded GDP was used as indicator of economic profit. Based on land
use map, we generated gridded ESV, which was adopted as the indi-
cator of ecological profit. The method we proposed can generate
an integrated spatially continuous WUP  map  with intra-regional
difference at resolution of 1 km,  which enables economic and eco-
logical WUPs to be spatio-temporally comparable (valued by RMB
with the units of Yuan/m3).

The economic and ecological WUP  estimation of Tuhai Majia
Basin indicated some new findings. The agricultural (primary
industry) economic and ecological WUP  contributed greatly to that
of whole basin. The economic WUPs of secondary industry and ter-
tiary industry were relatively higher than that of primary industry,
and the distribution of areas with high value indicated that urban-
ization increased economic WUP  in the surrounding regions. In the
ecosystem, barren land consumed the second largest amount of
water resources but had the lowest ecological WUP, which is a
major problem related to the ecological conservation of the basin.
Meanwhile, water and wet land had a great effect on ecological
WUP  improvement, not only in their location but also in their sur-
rounding areas. The conservation of wet  land and water should be
the priority in the study area.

The new approach of WUP  evaluation that we proposed can
be used to generate gridded economic and ecological WUPs at
the basin scale, with higher spatial resolution than traditional
county-based results, and is useful for water resources manage-
ment. Furthermore, gridded WUP  dataset is more compatible with
other geographical or hydrological datasets for further analysis. For
these reasons, it is expected that the new method can be applied
to construct WUP  datasets to be used as inputs in hydrological
researches, such as distributed hydrological model, water resources
allocation and management and terrestrial ecosystem models.
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