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Application and study on evaluation method of the overall effect of
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Abstract: The efficacy of water saving efforts in a region is often evaluated using only a single index measuring a specific indus-
try or user, seldom examining the overall effect of efforts over the whole of the region. In this paper, a new method, referred to as
baseline comparison, is used to evaluate the overall effect of water saving efforts in a region to determine the water utilization rate
as well as the level at which water use is sustainable. The method takes target evapotranspiration (ET) and the theoretical change in
groundwater level as the evaluation baseline, which is then compared with two evaluation indices: actual regional evapotranspiration
(ET) and actual change in groundwater level calculated by remote sensing. This method is applied in Daxing District of Beijing,
producing evaluation results consistent with measurements. A new evaluation method of the overall effect of water saving efforts in
a region is proposed.
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1 INTRODUCTION

The city of Beijing suffers from a scarcity of water resources;
less than 300 m’ of water are available per capita, significantly lower
than the 1000 m’ per capita threshold that is globally recognized
as signifying a water shortage (Yang & Cui 2005). In recent years,
the government has taken a series of measures to urge industrial opera-
tions to save water, including economic and policy measures and
the deployment of new technology. According to statistics available
from the Beijing Water Authority, overall water use in Beijing has
dropped each year over the past decade, decreasing from 40.4x10° m’
in 2000 to 35.8x10* m® in 2009. Recycling of water used by indus-
trial operations has increased 93%, while the efficiency of water
used in irrigation has been 63%, However, groundwater depth has
dropped from 13.85 m in 2000 to 24.07 m in 2009, which shows
that while using a single-industry evaluation index which is useful
for evaluating water conservation efforts in a specific domain, it does
not provide an accurate understanding of the overall efficacy of efforts
throughout the region.

In order to make an overall evaluation of the efficacy of wa-
ter savings efforts in the region, we chose the district of Daxing
as a research area, and then applied the baseline comparison
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method to evaluate the overall effect of all water saving efforts
in the region. This baseline comparison method took the target
evapotranspiration (ET) (Qin, ef al., 2008) and projected change
in groundwater level (Gu, ef al., 2008) as an evaluation baseline,
which was then compared with the two evaluation indices: Actual
regional evapotranspiration (ET) and actual change in groundwa-
ter level as calculated by remote sensing, considering the actual
level of water consumption in the region as well as the level at
which utilization is sustainable.

2 STUDY AREA AND DATA
2.1 Introduction of the study area

Daxing District is located in the alluvial plain of the Yongding
River in the southern part of Beijing. It covers an area 44 km long
from north to south and 44 km wide from east to west. Its latitude
range is from 39°26'N to 39°50'N while its longitude range is from
116°13'E to 116°43'E, giving Daxing District a total area of about
1030 km’. The mean annual precipitation is 535 mm, creating
2.623x10° m’ of exploitable groundwater each year, against
an actual exploitation amount of 2.914x10° m’. The ground water
depth has dropped from 3.07 m in 1980 to 19.28 m in 2009.
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2.2 Data and data processing

In this paper, Terra/MODIS Level 1B data with a resolution of 1
km is used to calculate regional evapotranspiration in the research
area from 2007 to 2009. The MODIS data processing (including
geographical correction, radiation calibration, atmospheric correction,
and cloud detection) was completed using ETWatch (Wu, et al.,
2008) a system created by the Institute of Remote Sensing Applications
of the Chinese Academy of Sciences which calculates regional
evapotranspiration based on remote sensing. The projection type of
all MODIS data was an Albers equal-area conical projection whose
projection parameters are as follows: Spheroid: Krasovsky; Datum:
Krasovsky; Latitude of first standard parallel: 25N; Latitude of second
standard parallel: 47N; Longitude of central meridian: 110E; False
easting at central meridian: 4000000 m.

Meteorological data from the weather station in Daxing District
for 2007 through 2009, including wind velocity, temperature, hu-
midity, and atmospheric pressure, were interpolated to form raster
data with the same projection type as the MODIS data. The kriging
method (Zhou, et al., 2006) was applied to the wind velocity, humidity,
and atmospheric pressure, while the temperature was interpolated
using the gradient plus inverse distance squared (GIDS) method
(Lin, et al.,2002).

The hydrological data in the research area includes precipita-
tion, runoff coefficient, and specific yield from 2007 to 2009.
The precipitation data was again interpolated using the gradi-
ent plus inverse distance squared (GIDS) method (Lin, et al.,
2002). The multi-year average precipitation was from the data
series for 1956 to 2000. The runoff coefficient data and specific
yield data were from the monitoring and evaluation report of the
Beijing Water Conservation and Irrigation Project funded by the
World Bank.

3 METHOD

We applied the baseline comparison method to evaluate the overall
effect of water saving efforts in the region. The baseline compari-
son method took target evapotranspiration (ET) (Qin, ef al., 2008)
and the projected change in groundwater level (Gu, et al., 2008)
as an evaluation baseline, which was then compared with the two
evaluation indices: Actual regional evapotranspiration (ET) and the

actual change in groundwater level as calculated by remote sensing.

3.1 Calculation method of the evaluation baseline

3.1.1 Target evapotranspiration

Target evapotranspiration (Qin, et a/.,2008) is the maximum
amount of water use which can support the sustainable develop-
ment of the regional economy and the sustainable utilization of
regional water resources in current special development stage,
given the basic condition of the region’s water resources and
the constraints of the region’s ecological cycles. Target evapotran-
spiration, which includes vegetation transpiration, soil or water
evaporation and water consumption fixed in the products shipped
out of the region.

The process of calculating target evapotranspiration is compli-
cated and involves the distribution model of water resources, the
distributed hydrological model, the regional evapotranspiration

monitoring model based on remote sensing, and the soil moisture
model. Generally, target evapotranspiration is calculated at a ba-
sin level first, and then at a provincial level, then a city level and
county level. The Eq. (4) for calculating target evapotranspiration
(Qin, et al., 2008) is as follows.

ET,=ETyt W =P+ W, AWy— W, ,.— W, — AW (1)
ET, denotes target evapotranspiration (unit: mm), ET; denotes
regional natural evapotranspiration (unit: mm), W, denotes the
amount of water contained in products shipped out of the region
(unit: mm), P denotes the precipitation level per year (unit: mm),
W, denotes the annual inflow (units: mm), W, denotes the annual
outflow (unit: mm), W, denotes annual water amount from external
regions, W, denotes the annual water amount flowing into the
sea (unit: mm), AW denotes the water resource storage variation
amount in the region (unit: mm).

3.1.2  Projected change in groundwater level

The projected change in groundwater level is a function of specific
yield, precipitation, and surface water resources (Gu, et al., 2008).
If the projected change in groundwater level is positive, it shows
that the groundwater level should rise in that specific period, with
the increase equal to the projected change in groundwater level.
If the projected change is negative, it shows that the groundwater
level should drop in that specific period, with the drop equal to
the absolute value of the projected change in groundwater level.
Projected change in groundwater level is calculated as follows in
Eq.(2)(Gu, et al., 2008):

AH,= ((PAW,) — (P+W) ) / (1000 1) ©2)
where AH; denotes the projected change in groundwater level
(unit: mm), P, denotes annual precipitation (unit: mm), W;denotes
surface water resources level in the year (unit: mm), P denotes the
multi-year precipitation average (unit: mm), # denotes multi-year
average surface water resource amount (units: mm), and x denotes
specific yield (units: m*/m)

If a region is heavily irrigated, the projected change in groundwater
level is calculated by the following Eq. (3) (Gu, et al., 2008):

AH,= (P~P) / (1000 x) 3)
3.2 Calculation method of the evaluation indices

3.2.1 Actual regional evapotranspiration

Because of the limitations of common methods for the cal-
culation of regional actual evapotranspiration (Mao , 2005), the
ETWatch system (Wu, et al., 2008), created by the Institute of
Remote Sensing Applications of the Chinese Academy of
Sciences, is used to calculate the region’s actual daily, monthly,
and yearly evapotranspiration. This system consists of an
operational processing chain starting from data pre-processing
to application products, utilizing spatial information on climate,
soil type, land use, vegetation cover, digital elevation, and
remotely sensed land surface parameters. SEBAL (Bastiaanssen,
et al., 1998) and SEBS (Su , 2002)are integrated into ETWatch
to estimate surface flux in clear-sky conditions, while Penmon-
Monteith is applied to retrieved daily ET based on a surface
resistance model, meteorological data and surface parameters from
remote sensing data such as TM, ASTER, NOAA, and MODIS.
The process flow is shown in Fig. 1 (Wu, et al., 2008):
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*)4; -1 (ET>ET,)
As for the variance in groundwater level: If the actual level is
Meteo- Daily fUIfaCC ™. higher than theoretical level, then the projected amount of ground-
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M;;;‘" B Penmon-Monteith showing that the water saving efforts have not reached a successful
reversed standard, providing a AH, value equal to — 1. This evaluation process
can be expressed by Eq. (6):

Actual Eton
Golden day

—>/ SEBS/SEBAL

Fig. 1 ETWatch Process Flowchart

3.2.2  Actual change in groundwater level
The actual change in groundwater level can be expressed a
function of precipitation, evapotranspiration and surface water re-
sources (Gu, et al., 2008). Its equation is shown as follows (Gu, et
al., 2008):
AH= ((P, (1=a) +W;) —ET) /u @

where AH, stands for the actual change in groundwater level
(unit: mm), ET stands for regional evapotranspiration, P,;stands for
annual precipitation (unit: mm), a stands for runoff coefficient, W;
stands for surface water resources amount in the year (unit: mm),

and 1 stands for specific yield (unit: m’/m)

3.3 Evaluation method

In this paper, we have calculated the efficacy of water saving
efforts in the test region by a baseline comparison method compar-
ing projected values with the actual evaluation indices gathered
by remote sensing. The actual evapotranspiration in the region
was compared with the target evapotranspiration to determine the
evapotranspiration evaluation value, expressed as ET,, while the
actual change in the region’s groundwater level was compared with
projected change in groundwater level to get the change in ground-
water level evaluation value expressed as AH..

If the region’s actual evapotranspiration value is higher than
target value, this will lead to water resource loss, showing that
the water saving methods are not reaching the necessary stand-
ard of effectiveness and water saving efforts are failing, shown
as an ET, value equal to —1. If the actual evapotranspiration
value is equal to the target value, this will lead to a balance be-
tween water supply and consumption in the region, showing that
the water saving efforts are succeeding, providing an ET, value
equal to 0. If the actual evapotranspiration value is smaller than
target value, this will lead to a water resource surplus, showing
that the water saving efforts are highly successful and provid-
ing an ET, value equal to 1. This evaluation process can be ex-
pressed by the follow Eq. (5):

1 (aH, > AH,)
AH, = p(AH,,AH )=1 0 (MH, =AH) ()
-1 (AH, <AH,)

4 RESULTS AND ANALYSIS
4.1 Results of evaluation baseline

According the report on target evapotranspiration distributed
by the Hai River Water Resources Commission (Zhu, et al., 2009),
the target evapotranspiration for Daxing District during the study
period was 542 mm.

There has been no water in rivers in Daxing District since 2000,
so the surface water resource level is zero. Runoff levels are negligible.
Therefore, only precipitation contributes water to Daxing District. All
irrigation is done with groundwater. Therefore, according to Eq. (3),
the theoretical annual variance in groundwater level for Daxing County
from 2007 to 2009 were respectively —0.19 m, 0.20 m and —1.34 m;
that is to say, in 2007 there was a theoretical decline in groundwater
level of 0.19 m in Daxing district, a theoretical rise in groundwater
level of 0.20 m in 2008, and a decline of 1.34 m in 2009. These re-
sults are shown in Table 1.

Table 1 the integrated water saving effect evaluating results in

Daxing
P, P ET i ET, AH, AH
Y /mm  /mm  /mm /(m*/m) /mm /mT m’ ET,  AH,
2007 532.0 568.3 -0.19 -0.52 -1 -1
2008 559.1 545 511.0 0.07 542 0.20 0.68 1 1
2009 451.5 499.9 -1.34 -0.69 1 1

4.2 Results of monitoring indices

The average values of actual annual levels of evapotranspiration
for Daxing District which were calculated by ETWatch form 2007
to 2009 are 568.3 mm, 511 mm and 499.9 mm, respectively.

The actual change in groundwater level for Daxing District,
which was calculated by Eq. (4), were —0.52 m, 0.68 m and —0.69
m, respectively. This shows that the groundwater level dropped by
0.52 m in 2007, rose 0.68 m in 2008, and dropped 0.69 m in 2009.
These data and results are shown in Table 1.
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4.3 Analysis of evaluation results

The values of evapotranspiration (ET, ) calculated by Eq. (5)
and the values of change in groundwater level (AH,) calculated by
Eq. (6) in Daxing District from 2007 to 2009 are respectively —1, 1,
1 and —1, 1, 1. These results are shown in Table 1.

The evaluation results showed that the net water consumption
amount (actual evapotranspiration) of Daxing District in 2007 exceeded
the maximum water consumption quota (target evapotranspiration).
The actual drop in groundwater level was larger than projected,
showing that water was being used a rate faster than it was being
replenished; as a result, the water supply and groundwater resources
ran at a deficit. In 2008, the net water consumption amount was
smaller than the maximum water consumption quota, and the actual
rise in groundwater level was bigger than the projected, showing
that the groundwater was used less quickly than it was replenished,
creating a surplus. In 2009, the net water consumption amount was
less than the maximum water consumption quota, and the drop in
groundwater level was smaller than projected, leading to a water
surplus and a decrease in the rate of groundwater loss.

According to the data from the Beijing Water Resources Bulletin
from 2007 to 2009, the groundwater level in Daxing District descended
0.4 m in 2007, ascended 0.3 m in 2008 and descended 0.33 m in
2009. This shows that the evaluated results are in agreement with

the measured results from groundwater observation wells.

5 CONCLUSIONS

In this paper, a new method referred to as baseline comparison
is proposed to evaluate the overall effect of water-saving efforts in
a region for the purpose of regional water consumption control and
maintaining the sustainable usage of groundwater. This method
takes target evapotranspiration (ET) and projected change in
groundwater level as the evaluation baseline, which is then compared
with the two evaluation indices: regional actual evapotranspiration
(ET) and actual groundwater level as calculated by remote sensing.
This method was applied in Daxing District of Beijing. The results
showed that:

(1) This method yields satisfactory results. By taking the target
evapotranspiration reflecting existing water consumption controls
and the projected change in groundwater level reflecting sustainable
groundwater utilization as an evaluation baseline, then calculating
the actual evapotranspiration in the region and actual change in
groundwater level based on remote sensing, and finally comparing
the baseline with the corresponding index to evaluate the actual
overall effect of water saving efforts in the region, we obtained results
commensurate with the measured values.

(2) The overall effect of water saving efforts in Daxing District
in 2007 did not meet expectations, leading to an overexploitation
of groundwater and a loss of water resources. The overall effect
of water saving efforts in Daxing District fared better in 2008 and
2009, with a sustainable usage level of water resources leading to a
surplus and increase in groundwater level.

A possible avenue for future study in this field is the method for
improving the suitability of this evaluation method under differing
rainfall conditions. Rainfall can vary, leading to wet years and dry
years, but the target evapotranspiration used as a baseline for this
paper reflects the conditions in an average year (Qin, ef al., 2008),
which may lead to inaccurate results in years where rainfall differs
significantly from average.
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FEAR S AR PO SR E AT OB, 1R PR (E, DIDF
P DR KB AR A SE U DL . ARSI, BIDRF X 3
SPRAAHUE S AR 28 B LUEL, 9 2R R PPN
(ET,) ; R DXaslts T K SEBn A i 45 R 7K B S 22 e
P, AR KRR RPN E (AH,) o

RN 7 o DS BR 28 e R T B AR
ZEHOE, ORI XK B, WK TAEA

AR WORBCR 2, MIZEBRIFMEET =—1; #IX
BEEPR A O SET HARZE B, 0 XK B RS 1ok
BUOFEfr, DA K TARREASCE A AR, Wiz
WNMEET =0; # XIS Pr2E i/ N T HrZ8 i,
XK AR R A, DA K ARG R, W
AR PPNMEET =1, XSz HCE i PP A ) =X
(5) FR:

1 (ET<ET,)
ET, = f(ET,ET,)={ 0 (ET=ET,) (5)
-1 (ET>ET,)

AU T KA IR T K SEBR AR IR T 3
TOKHEISASE, W T KB R A/ N T A, TR
KAFEN T AMTE, BB RSCRIE R, HR /K A28 i
PN EAH =15 i /K SEPRAS IR A5 T3t T~ K Bg AR
g, JUIHL R KITRA BIANSEBE T B AP, K TAE
FARSI T TAERAR, M FKAEE A EAH,=0;
T R SEPR SR /NT MR K BRIE AR 0R IR K A
TR R T b, # N AGER T, WK TAERR
b, HUR KA AR IEM EAH =—1, HuF /K AR 1
i BT (6) o

1 (AH, > AH,)
AH,=p(MH 0 )=1 0 (aH,=0H,) O
-1 (AH, <AH,)

4 LRS00
4.1 FMEEEER

HR A sl K RS B2 B 2 Bl 45 X B H
PrzgHe, R4IXAEMIERT B ) B FRZ8 iR 542 mm
(RBEEF 5, 2009)

F120004F IR, R4 IX PTG IEATE K, HiZK
PRI NE; FENILTRAE TR RN, MoK Ry
AR AL REBE K &F R Tk, i,
WIER (3) , K4X20074E—20094F 1 L T /K B¢
AEMES R . —0.19 m, 0.20 mAl-1.34 m, B AKX
20074F- R /KA T BEFIS(E 0.19 m; 20084F4h R 7K
A7 ETFEISE 90.20 m; 20094FHE T /K A7 R FEHIE
H134m (F£1)
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F1 RKRMUXRPFAMBIENEIESR
P; P ET u ET, AH, AH,

AEALN
O /mm  /mm /mm /(m’m) /mm  /m /m ET, AH,
2007 532.0 568.3 -0.19 -052 -1 -1

2008 559.1 545 511.0 0.07 542 0.20 0.68 1 1

2009 451.5 499.9 -1.34  -0.69 1 1

4.2 IEMFEIRER

FIHETWatch & Gt 1153 1 K24 X 20074-—20094F
MYAESE PRZE A P X 200 . 568.3 mm, 511 mm
#1499.9 mm,

PG (4) THHE B RLIX20074E—20094F 1 b
T KA SEBRAS IR 51 E-0.52 m, 0.68 mAI—0.69 m .
XL K24 X 20074 T KA SEPR F R T70.52 m;
20084F- 1 T /K7 SEF5 T 70.68 mj; 20094F 1 7K A7
SR FRET0.69m (1) .

4.3 FMERLH

WG (5) Mk (6) HHEBEH, KM%IX2007
AE—20094F M ZE MU TP EET, AL T 7K A7 22 BRIP4
HAHSY A1, 1, 1FI-1, 1, 1 (1) .

ZEHUE AN K AL AR MR RN &5 SRR . K% IX
20074F K GEIR M FE K B (P PRZE IR ) it ix
X e RFEKBRA (BPHbRZEHE ) |, 0 B R koK
A7 114 S s g e R F BRI R, 100 BH Ml /K B IR
KF Rk, T3 At K 7 8 DL T K I
s 20084 H K BRI FHFE K & (SEPRZEHLE ) /M T
X RFEKBRAR (BPEbRZ& LR ) , Hib N KoK
PLSEBRTEIE K T HIS TR, 3B 7K B IR it/
Tl BORHE 2 X Rt 7K 2 Ay R T K ] b
) R AR T 5 20094F A /K B2 FE K B ( SEPRZE 1K
1w ) NTIZXERRFE KBRS (B HirzEdE ) , M
AR AR B SE R R R /N T RIS R R, ORI X 35
Bk Z Ay, WTFKABERM A TR, BT HERE
P .

HRARAE 5T 20074E—20094F (1 7K % T /S HRBH:
KP4IX20074F T /KA T F0.4 m, 20084F 1 T K7
EFFT0.3m, 200941 F /KA FF%0.33 m, X EHATT
s 5 5 M AU ) W25 SR IA ) 4

5 45 &

FEARFE R R KRR R R MR, $2 i

T LA E bR 2 BRI MR A B AR I P R A
P, R e SR A DX 38 52 P 7% et A, T 7K A S B
MR, SRFIFEUE LA P XS5 AT KR B i 5
FELAE T RS G X, JF R TR ZE 5T
IKBCR RPN . NS SRR

(1) DR BRAEAK A2 i 7K T (4 B AR 28 150t F e
H R KRR FH 7K 14 bR 7K A7 R 8 AR i R 1 5
WEFEBR , AR 328 JR 000 52 o 7 Ao R b T 7K A S B
AR, SRS RS IR PR XS EE A T KR 1
BORVATIY, BRI PR 45 55 S PR M I 25 R A
W&o

(2) RMIX20074F LRE TIKEOR B2, #E AL
IR AL TR, AR KB IRRREER L 5
20084F FI20094F LA T /KRBT, fR3E T Hu K
MIkh, AR TR R AFRELL R

ARWFFAA TR R T . HFRZE B SRR
IKAERK GRS 1 (K00 45, 2008) , FIH
ZAEARPEN A AR 25 BT KRR BN A 38, 7EAE T
KAEEOLT , PPN SR TREAAE R ZE . PG, 752k
—BFFEAE FIKAE | AR K AR IR A7 AN [R] B A 3R
AT EARZERCRE TR, DISImZ N ik
T .
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