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Abstract. The behavior of groundwater response to leakagel Introduction

of surface water in the middle reaches area of Heihe River

Basin is significantly influenced by a thick vadose zone. TheThe interaction between groundwater and surface water plays
groundwater regime is a result of two recharge events due tan important role in water balance in most of hydrological
leakage of Heihe River and irrigation water with different de- basins around the world. An aquifer can obtain recharge
lay time. A nonlinear leakage model is developed to calculatefrom leakage of rivers and irrigation system in a basin. How-
the monthly leakage of Heihe River in considering changesever, in the same basin groundwater can also be the source of
of streamflow, river stage and agricultural water utilization. base flow for streams, lakes and wetlands. This groundwater
Numerical modeling of variable saturated flow is carried outand surface water interaction is one of the major components
to investigate the general behaviors of leakage-recharge coref hydrological process to be observed and investigated in the
version through a thick vadose zone. It is found that theWatershed Airborne Telemetry Experimental Research (WA-
recharge pattern can be approximated by simple reservoif ER) which is carried out in the Heihe River Basin (Li and
models of leakages under a river and under an irrigation disCheng, 2008; Li et al., 2008), the second largest inland river
trict with different delay-time and recession coefficient. A basin in the arid region of northwest China.

triple-reservoir model of relationship between surface water, Interpretation of groundwater regime observed in WATER
vadose zone and groundwater is developed. It reproduces tha the middle reaches area of Heihe River Basin needs a well-
groundwater regime during 1989-2006 with variable stream-established model of groundwater recharge and discharge.
flow of Heihe River and agricultural water utilization. The The typical process of groundwater and surface water in-
model is applied to interpret changes of groundwater levekeraction is necessary to be considered. Several numerical
during 2007-2008 that observed in the Watershed Airbornemodels of groundwater flow in the middle reaches area of
Telemetry Experimental Research (WATER). Heihe River Basin developed in the literature can be selected
for the purpose. Zhou et al. (1990) established a single-layer
two-dimensional finite-difference model (Model-1990). Two
numerical models were developed by Zhang et al. (2004)
with finite-element method: a single-layer model (Model-
2004-1) and a double-layers model (Model-2004-2). An-
other double-layers model (Model-2006) was also developed
by Jia et al. (2006) as a part of the hydrological model WEP-
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dimensional model with 8 model-layers. In these 5 mod-ever, the characteristics of infiltration-recharge conversion
els, discharge of groundwater into Heihe River is handled bycan be recognized through change of groundwater level as
using a constant head boundary (Model-1990, Model-2004+esponse of leakage events of surface water. In study of
1 and Model-2004-2) or a river-aquifer interaction model the upper river Lys basin and the Origny aquifer with an
(Model-2006 and Model-2007). In Model-2006, a linear unsaturated zone (depth of water table is 0-50 m), Besbes
formula is applied which assumes that exchange of wa-and De Marsily (1984) suppose a method in recognizing
ter between the river and the aquifer is proportional to theinfiltration-recharge conversion with observed rainfall and
difference between the river stage and groundwater levelgroundwater level by using a parametric transfer function.
This linear relationship is according to Rushton and Tom-The transfer function method is also applied by Zammouri
linson (1979). In Model-2007, horizontal discharge besidesand Feki (2005) in study of artificial groundwater recharge
vertical flow through the riverbed is also considered while through leakage from reservoirs on ephemeral streams. A
groundwater level is higher than the river stage. The river-model including several linear reservoirs (Nash, 1957) is de-
aquifer interaction models are successful when surface waveloped to represent the unsaturated zone which influences
ter and groundwater are directly connected with each otherthe leakage-recharge conversion under streams. The num-
However, recharge of groundwater through infiltration of sur- ber of the equivalent reservoirs and the recession coefficient
face water influenced by vadose zone is still a problem. Inof each reservoir are calibrated with observed groundwater
Model-1990, Model-2004-1 and Model-2004-2, infiltration level of depth 25-35m. These previous works suggest that
rate is assumed to be equal to recharge rate and is directly irthe transfer function is valuable in practice to produce simple
put to groundwater model. Therefore, the impact of vadoseanalog models of groundwater recharge with a thick vadose
zone is ignored in the models. In Model-2006 and Model-zone. However, in the middle reaches area of Heihe River
2007, hypothetical equations are applied to redistribute infil-Basin, it is noted in WATER that the change of groundwater
tration rate for recharge rate in considering of the hysteresidevel under the fluvial fans is not a simplex response to leak-
between infiltration and recharge. However, the methods ar@age of surface water, i.e., a transfer function is not enough to
not well expatiated on and these hypothetical equations needonfigure the whole recharge patterns.
to be verified. In this presentation, the behavior of groundwater response

Unsaturated flow in the vadose zone is a key factor forto leakage of surface water in the middle reaches area of
infiltration-recharge conversion in the Middile reaches areaHeihe River Basin is investigated. The purpose is to re-
of Heihe River Basin. This is due to deep buried groundwateriease the general behaviors of leakage-recharge conversion
table under fluvial fans and irrigation districts where rivers through a thick vadose zone and check the validation of the
and channels loss surface water through leakage. As releasadnsfer function method. A simplified model of relation-
from experiment study with two-dimensional sand box (Vau- ship between surface water, vadose zone and groundwater is
clin et al., 1979), significant delay time and redistribution of developed to reproduce groundwater regime during a period
infiltration can be resulted in while surface water is trans-over 10 years with variable streamflow of Heihe River and
ferred to groundwater through vadose zone. Chen (2007) reagricultural water utilization. The model is applied to inter-
ports an investigation of stream-aquifer interactions in southpret changes of groundwater level observed in WATER.
central Platte River valley, Nebraska. At the site, ground-
water level varies seasonally from about 1.0-1.5m below
ground surface. During a rising-falling event of river stage, 2 Site conditions
it is found that the time lag is 0.5 h for the initial response
of water table in the aquifer to the rise of stream stage an®.1 General
peak groundwater level came 1.5 h later than the peak crest
of streamflow. In a deeper water table condition, Dahan etHeihe River is the primary stream in Heihe River Basin. As
al. (2007) measured ground water response to flood eventshown in Fig. 1a, it runs down from Qilian Mountain (up-
in a river beneath a shallow alluvial aquifer. The depth of per reaches, A) to Zhangye basin on Hexi Corridor(middle
water table is 3.6—4.0 m and rising of groundwater level isreaches, B1), then travels to the Ejina Basin in inner Mongo-
sensed 5-6 h after flooding initiation. Indirect recharge fromlia (lower reaches, C) and finally stops at Juyan Lakes. The
stream leakage is also found for 10-m-depth groundwater tamiddle segment of Heihe River is controlled by two outlets:
ble under a sandy alluvial fan (Massuel et al., 2006). TheYingluo Gorge (at an altitude of about 1600 m) and Zhengyi
impact of vadose zone in the middle reaches area of Heih&orge (at an altitude of about 1300 m). As shown in Fig. 2,
River Basin is more significant than these reported examplesluring 1989-2005, the monthly streamflow of Heihe River at
because depth of groundwater table in this area can be largefingluo Gorge is 10-220 Ais and the corresponding annual
than 100 m. streamflow is 11-2810° m%/a.

It is difficult to completely handle the in situ unsaturated In the middle reaches area of Heihe River Basin shown as
flow with moisture measurement in the large scale fluvialB1 and B2 in Fig. 1a, mean annual precipitation is less than
fans which is composed of heterogeneous media. How200 mm and mean annual potential evaporation is greater
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2.2 Groundwater observation

On the west of Zhangye City, as shown in Fig. 1b, there are
8 observation wells allocated near Heihe River with data of
groundwater level during 1989—-2005. Variations of ground-
water level at five typical wells are shown in Fig. 3. Depth

of water table in the aquifer observed in the wells ranges be-
tween 4-81m, as shown in Fig. 1c. However, in the south
of the site where Heihe River runs out of Yingluo Gorge

012 3km

Fig. 1. A schematic representation of the studied ar@d:Heihe

River Basinj(a) observation wells near Heihe Rivéc) comparison
between ground water level and ground surface along Heihe River.

than 2000 mm in this area. However, oases are strongly de
veloped by introducing streamflow into channels to irrigate
Rivers come from Qilan Mountain contribute
about 30<10° m? of water resources annually to the middle
and lower reaches area. About 2/3 of the water resources i

farmlands.

consumed in the middle reaches area.

Groundwater plays an important role in terrestrial hydrol-
ogy and utilization of water resources in this area. Firstly,
a great amount of surface water leaks down as recharge
groundwater on pluvial fans in front of the foot of Qilian
Mountain. Secondly, groundwater flows out through springs
or discharges into Heihe River in the lower alluvial plain. In
addition, groundwater is directly abstracted from aquifers by
over 6000 wells for domestic, agricultural and industrial wa

ter demand.

: . . . . F
The aquifer system in this area is a composite of

Quatemary sediments with total thickness of 20-1800m

Sandy gravel and sand with calyey interbeds are included,

Underlying Tertiary sediments of sand-stones and shale

stones are normally regarded as the impermeable bed of this
groundwater basin. Thick gravel sand sediment exhibits un-

der the pluvial fans. It forms a high permeable aquifer for .

groundwater level is 100-300 m below the riverbed

It is found that variation patterns of streamflow and
groundwater level are significantly different. As shown in
Fig. 4, the highest streamflow occurs during midsummer but
the highest groundwater level occurs during autumn every
year. In the winter and the following spring, a general de-
scending of groundwater level follows decrease of stream-
flow in the autumn. However, during December and follow-
ing January and February when streamflow is very small,
drop of groundwater level is significantly slowed down (in
1993-1994, Fig. 4) or broken by a rising-falling event (in
%994 —1995, Fig. 4). Itis a temporary disturb and the drop of
groundwater level will continues until June.

This special relationship between streamflow and ground-
water level is due to the special river-aquifer interactions at

e site. The involved hydrological processes are leakage of

streams, leakage of irrigation water, unsaturated flow in the
vadose zone and groundwater discharge.

2.3 Leakage of Heihe River

In the south area of Zhangye-Jiuquan Basin as shown in

ig. 1a, more than 20 rivers provide surface water that origi-
nates form Qilian Mountain. Most of the rivers loss their total
M-flow by leakage and irrigation before they arrive in the lower
feaches area. Heihe River is the largest one which provides
Cthe most leakage of surface water in Zhangye basin.

Heihe River mainly leaks through the riverbed along seg-

ment between Yingluo Gorge and Zhangye Bridge, as shown
groundwater flow and percolation of water in the vadose zone

from leakage of surface water.

www.hydrol-earth-syst-sci.net/14/639/2010/

in Fig. 3. This leakage is dependent on streamflow, river
stage and properties of sediment on the riverbed. Investiga-
tion of leakage of Heihe River has been carried out in 1967,
1985 and 2001-2003 by measuring change of streamflow
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Fig. 3. Monthly observed groundwater level near Heihe River dur- 2 4 6 8 10 12 2 4 6 8 10 12 2 4 6
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ing 1989-2005.

time

when channels are closed. Total leakage along a measurddg- 4. Comparison between monthly streamflow of Heihe River
segment of the river is calculated by difference between in-at Yingluo Gorge and monthly observed groundwater level at G5
flow and outflow. It is found that the total leakage is a func- during 1993-1995.

tion of inflow and length of the segment.

A simplified model is presented in this study to simulate
the leakage of Heihe River, as shown in Fig. 5. In this model,
decreasing of streamflow due to leakage is described by &
nonlinear relationship:

99  _epm

oL x—&1h™, 1)
whereQ is streamflowL is the distance along the river,is

the river stages 1 andn1 are two factors. The effect of evap-
oration over water table is ignored in Eqg. (1). The maximum
annual evaporation loss is calculated as 008 m%/a ac-
cording to length of the investigated river segment. It is about
0.38% of the minimum annual streamflow at Yongluo Gorge
(11.0x108 m3/a). Therefore, the relative error of Eq. (1) by

ignoring evaporation is less than 0.4% which is acceptable irf . -
leakage along a segment of Heihe River.

1Yingluo Gorge
2 C.T.Z. Reservoir

3 Zhangye Bridge
CW1, CW2 West Channels
CE1,CE2 East Channels

ig. 5. A schematic representation of streamflow, river stage and

this study.
The relationship between the river stage and the stream-
flow can be generally described by an empirical formula asQB =0, Lag > Lo(0n). )
follows
h=&0", (2)  WhereLo is the threshold distance dependent on inflow,

. , and can be calculated by
where&, andn, are two factors. Substituting Eq. (2) into

Eq. (3) we have oX
Lo(Qn) = —2—. ®)
99 _ _con @) 5(1-b)
IL _ It means that the river comes to be dry after leakage along the
where¢ andn are two factors subject #, 11, &2, n2. threshold distance. Total leakage along segment A,
In accounting for monthly behavior of the streamflow, a js estimated by
quasi-steady state flow is assumed in each month so that
dQI9L in Eq. (3) can be approximated byddL. For con-  FaB(Qa.La) = Q0a — 0OB. (7)
stbatng a;d"’ solution of Eq. (3) as outflowg s in Fig. 5, is For leakage between Yingluo Gorge and Zhangye Bridge,
obtained as Lag=30km. If irrigation channels are closed, the actual

Og = [Q,lg” —E@A—n LAY, Lag <Lo(Qa); (4)  leakage of Heihe River can be calculated as difference in
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streamflow between the two measurement sites. It is found 0.7

thaté=0.09 kn11 (for unit of streamflow is r#/s) andb=0.54
leads to a best agreement between estimation and observatic = 0.6 - “
in this situation. S 05 -
In considering of irrigation water introduced from Heihe &
River, streamflow after export to channels at site-1 and site-2 g 0.4 7
(Fig. 5) are reduced to < 0.3 -
QlZQy—Il, (8) 3 02 4
Q2= 01— Fi2—1I2, 9) 0.1 4
where 0, is the measured streamflow at Yingluo Gorge, 0.0 T T T T |
is the total flow diverted to CW1 and CEL, is the total flow 0 1 2 3 4 5

diverted to CW2 and CEZ7; is the leakage of Heihe River
between site-1 and site-2. Egs. (4—7) are applied to estimate
F12 by replacing A to 1 and replacing B to 2. Distance be-
tween site-1 and site-2 K1,=14 km.

Streamflow at site-3 (Fig. 5) is determined by

Q3= 02— Fa3, (10)

where F»3 is the leakage of Heihe River between site-2 andof the vadose zone can be larger than 100 m. Unsaturated
site-3. Equations (4—7) are applied to estimatgby replac-  flow in the vadose zone significantly influences the time-
ing A to 2 and replacing B to 3. Distance between 2 and 3 islag behavior of leakage-recharge conversion and results in

Q; I~k (10°mr’ fmonth)

Fig. 6. Relationship between total leakage of Heihe Riv¥gg, and
streamflow at Yingluo GorgeQ,: monthly leakage calculated for
1996 (blocks) and empirical equation (line).

Lo3=16 km. a special pattern of groundwater response as shown in Fig. 4.
The total leakage of Heihe River is given by However, few in situ observations on the unsaturated flow in
the thick vadose zone are available for analysis on leakage-
F13= F12+ F23. (11)  recharge conversion.

In this study, numerical models are applied to investigate

and/» in Egs. (8) and (9) to calculate the total leakage. ttgfelf[gpcicr; Olfe\;ziatd?r?i Zaotir;T r?erl(;?:k:r?eei;regpt?]f\?afj%g\éezrilr?g.
As an example, the calculated monthly leakage of Heihe pieXity in Sp 9 y

River according to measured streamflow at Yingluo GOrgeizga:?g;l?;/?llgﬁzléceﬂ?ir?sfz:?uer;[(éltljs%l(l)tv:/sir?ltﬁligualltréc; Ca:\)//v
and export flow for irrigation in 1996 is shown in Table 1. It '

indicates that in this year 27.0% of total flow in Heihe River ever, itis pOSS|bIg to find general beh_awors of the Igaka_ge—
lost with leakage. As shown in Fig. 6, this monthly leakage recharge conversion by using we!l-deﬁngd models W'th sim-
of Heihe River is a function of excess streamflow and can bé)le pqundary conditions, uniform |s'otro.p|c por.ous_medla.and
approximated by an empirical equation as follows empirical parameters. The f(_)cus in this section is the time-

lag feature of recharge following leakage under a river bed or

0.60 irrigati istri
U an irrigation district.
Qpsh) 12)

Fo

Export of water from Heihe River to channels is input/{o

Fi3=Fo (
3.1 Equations of flow in the vadose zone

where Fp=0.164x 10° m3/month. Fp is a reference leakage . _ . . .
rate introduced herein to form a dimensionless power func-Richards equation based on hydraulic head is applied to de-

tion in Eq. (12). It is found that annual leakage of Heihe scribe variable saturated flow in the vadose zone, as follows
River is 15%—-30% of the annual streamflow at Yingluo OH 9 OH 9 oH
C h)E— K(h)a— +— K(h)a—
X y

Gorge during 1989-2008.

ax dy
d oH
. . . +—|K*h)— | =S (x,y,2,1), 13
3 Numerical modeling of leakage-recharge conversion Bz[ ) 9z } (6. 2.0) (13)
through a thick vadose zone where

In the middle reaches area of Heihe River Basin, recharge of
groundwater is mainly contributed by leakage of streams and
leakage of irrigation water. Before moving into groundwa- h soil water pressure, m of water; for unsaturated
ter, the leaked surface water must pass through the vadose condition, <0;

zone under pluvial fans and irrigation districts. Thickness

H hydraulic head given byl =k —z, m of water;

www.hydrol-earth-syst-sci.net/14/639/2010/ Hydrol. Earth Syst. Sci., 14,65892010
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Table 1. Calculated leakage of Heihe Rivefy(3) in 1996. 3.2 Leakage-recharge conversion under a river

In this section, a model is built up to investigate the patterns

Month Monthly leakage (1bm®) of groundwater recharge from leakage of a river through a

0y I I, Fi3 Q3 thick vadose zone. It is a two-dimensional model on pro-
1 034 000 000 022 043 f||§. The riveris 2—m—W|dth, e_x_tends mﬁmtely alonga bee!lne
> 035 000 000 021 014 with the same aquifer condition on both sides. In consider-
3 042 003 020 018 0.01 ing the symmetry of the problem, only the right part of cross
4 089 005 050 025 0.09 section originated from the center of the river is treated in
5 1.35 0.07 070 032 0.27 the model. As shown in Fig. 7a—b, the model is composed
6 1.78 0.09 1.00 0.34 0.35 of a given head cell on the left-top in representing the river,
7 364 011 130 051 172 the top boundary with constant uniform infiltration of precip-
8 514 012 120 061 321 itation and the 100-m-depth bottom boundary with constant
9 204 008 0.70 040 086 head that equal te- 100 m. Initial head of the given head cell
10 106 006 080 020 0.00 is 0m which means the river stage is equal to the top of the
11 068 006 020 025 0.17 model. Infiltration of precipitation is 0.001 m/d. The bottom
12 0.38 0.00 0.00 0.23 0.15

boundary approximately represents a ground water table to
accept recharge from leakage of the river.

An initial steady state flow is firstly simulated while river
stage is steady on O m. Figure 7b shows the initial distribu-
tion of volumetric water content in the vadose zone. Under
the river, it can be seen that a thick unsaturated wet zone
is developed between the top saturated zone and the bottom
K (h) hydraulic conductivity, m/d; saturated zone. Moisture content in the wet zone is 0.13—

0.25, larger than that far away the river in horizontal where
Sy(x,y,z,1) is the sink term generally arisen by root ex- x >~ 18m. Figure 7c shows the distributions of initial flow
traction, d™. velocity along horizontal axis at different depth. They ap-
proximately represent a group of gauss curve with different
highest velocity below center of the river. With increasing
Suction curve is approximated by an empirica| equation ofOf depth, both the hlghest VelOCity and deviation of the curve
van Genuchten (1980) as follows decrease. It indicates a diffusion of infiltration with depth.
A rising-falling event of river stage is specified on the

accumulation 18.07 0.67 6.60 3.70 7.10

C(h) capillary capacity, equal td6 /dh, m~1, whered
is the volumetric water content;

z is oriented positively downward, m.

g(h)=9r+ﬂ’ h<0; 6(h)=6;,, h>0, (14) 9iven head cell to investigate the recharge response on vari-
[1+]|ech|"]™ able leakage. The river stage rises up from 0 m to 2 m in five
whered is the volumetric water conter, andd, are sat- 9ays and then falls down from 2m to Om in the next five
urated and residual moisture content, respectively:, days. This transient flow is simulated with a time step of
m are factors and there is=(n—1)/. 0,=0.25,6,=0.05, 0.2 d. Redistribution of volumetric water content on the fifth
a=1.2n7! andn=1.5 are applied in this étudy. day is shown in Fig. 7d. Comparing with the initial condition
Hydraulic conductivity is determined with an empirical 2S shown in Fig. 7D, this rising of river stage enlarges the sat-
equation of Gardner (1958) urated zone and the wet zore=(0.13-0.25) under the river.

Range of the wet zone aboye90 m increases t@=25m.

K(h) = Ksexpckh), h<0; K(h)=Ks;, h>0, (15) It is found that this wet zone is diminished gradually during
falling of river stage. Variations of total infiltration at dif-
- i 1: SR ferent depth response to the rising-falling event can be seen
tor. KS__lo m/d andt; =0.5 nr 1S applled_ln this study. . in Fig. 8. The total flow rate at one depth is an accumula-

In this study, Eq. (13) IS numerically solved with tion of Darcy velocity at the depth along the horizontal axis.
an open source code, AquerFIow-?.OO? .(Wang, 20F)S)'The curve ofz=1m gives the variable leakage of the river.
AquiferFlow-2007 deals with a three-dimensional numerical Change of groundwater recharge can be approximately repre-
model for variable saturated flow based on block-centered fio .0 g by variation of the total flow ratezat90 m, as shown
nite difference method. The parameters are specified accorgz Fig. 8. Obviously, a significant delay exhibits in response

ing to normal empirical conditions of moderate sand soil aSof the recharge to the variable leakage. The peak of recharge
an approximation of the sediments under Heihe River. HOW- e occurs at=6.5d. which is 1.5 days after the peak of

ever, the exact parameter values are not available currenth{eakage rate
It is not a trouble because the model is built to analyze the
general behaviors of leakage-recharge processing.

whereK; is the saturated hydraulic conductivity, is a fac-
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depth during a rising-falling event of river stage. TM: the result of
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g s 30 ter table begins to answer the change of leakage. It is subject
. ~® to the initial moisture and the thickness of the vadose zone.
Equation (16) can be numerically solved for arbitraty)
e with finite difference method as follows
© @

. - o g R e E (17)
Fig. 7. A simplified model for water flow in a thick vadose driven 14+aAt
by leakage of a river(a) finite-difference grid near the river (repre-
sented by a given head celfl) initial distribution of water content;  where F’is the discrete leakage rate at timeR'** and
(c) initial flow rate of water at different distance and de(dh) re- R'TTtA gre the discrete recharge rate at timer and

distribution of water content on the fifth day during a rising-falling t+T+At, respectively,Ar is time step. In the numerical

event of river stage. scheme, the arbitrary functiofi,(1), is approximated by dis-
crete value attime, 1o+ At, ro+2At, ..., andR(¢) is calcu-

As proposed by Besbes and De Marsily (1984) and zam-at€d with Eq. (17) for timeo+t, o+t +Az, o+t +2A1, ...,
mouri and Feki (2005), the effect of vadose zone to ground-VNer€o is @ beginning time. _ _ _
water recharge can approximately described by a transfer The result o_f recharge in the previous numerical mode!rng
function. For a thick vadose zone, the transfer function!S @nalyzed with the simple reservoir (tank) model. During
of several linear reservoirs can be considered. Howeverth€ rising-falling event of river stag; is obtained though
the number of the reservoirs is not a well-defined parameCUrve ofz=1m as shown in Fig. 8. It starts from 28.15/h
ter though it is explained that one reservoir represents a valS€S Up t0 46.73 fild linearly with time in five days and
dose zone layer of several meters. To satisfy the nature ofen falls down to 28-_15% in the next five days. The
infiltration-recharge conversion, fractional value of the num- récharge foe=90m, R, is reproduced through Eq. (20) with
ber of the reservoirs is allowed. In this study, a different & fime stepAr=0.2d alnd suitable parameters. Itis found that
way in description of the time-lag behavior of groundwater =077 d and:=2.3d™" lead to a best agreement between the
recharge is proposed. It is found from the numerical resultd €S€rvoir model and the numerical model as shown in Fig. 8.
that the leakage-recharge conversion under a river can pehis agreement _C(_)nfrrms the varrdatron of a simple reservoir
simply simulated by a modified linear reservoir (tank) model M0del in recognizing the behavior of leakage-recharge con-

described as follows version through a thick vadose zone under a river.
dr =a[F(t—1)—R), (16) 3.3 Leakage-recharge conversion under an irrigation
dt district

whereF (¢t) is the leakage/infiltration rate on the tapjs the

recharge rate of groundwater,is the recession coefficient, In this section, a vertical one-dimensional model is built up to
t andt are the current time and the delay-time, respectively.investigate the patterns of groundwater recharge from leak-
The delay-time indicates how quickly the recharge over wa-age of irrigation water through a thick vadose zone. This
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Volumetric water content the groundwater table without any response of water table.
008 009 010 011 012 After t =16 d, the wetting front disappears quickly follow-
0 ing with a rising of groundwater table and a decreasing of
water content near ground surface.

Infiltration
I

A4
; TEm Recharge of groundwater in this model can be estimated
lm:T 201 by balance of water in the saturated zone:
n
:I: E 30 4 d
|I = Zg
?3’ EE: %40_ (05 — 0, EZR—CL (19)
i : . .
2 30 wherez is the elevation of water table whehe=0, it can
g\ L I 60 - be approximated bye| in this model. Substituting Eq. (18)
v into Eq. (19) we have
70
d Heell
80 - 05 —6, =R —C4(Hcen— Hp). 20
@ ® 05 =0 — 4 (Heell — Ho) (20)
Fig. 9. Numerical modeling of vertical transient flow in the vadose Therefore, the recharge rate can be numerically calculated by
zone induce by an infiltration ever(g) finite difference grid of the 2] i1
model;(b) redistribution of water content at different time. R/ = Cd(Hj 1 — Ho) + (65— 6,) cell — cell (21)
ce! At ’

problem is a little different from leakage of a stream. Leak- where; is the time step. The result of recharge as a response

age under a river leads to a concentrated infiltration (a IineaOf the infiltration event is shown in Fig. 10. It is obviously

. ) : ) .Ehat the recharge process is delayed and is smoother than the
source in space or a point source in profile) and then hori-

. L ) infiltration process.
zontally spreads in the vadose zone with increasing of depth. " _. . . :
Similar to the leakage-recharge conversion under a river,

However, leakage of irrigation water occurs in a larger scale

on the ground surface as an areal source. Itis an excess of jfeSponse of recha_lrge to the inf?ltration event can glso be ap-
rigation water upon evaporation and transpiration within thepr%mm?teg byt?]sllzmplelgese::vowtr;odel ?_es?rfllb edin Etj (16)
root zone. Vertical flow in the vadose zone is the domina-2nd SO'ved Wi g. (17). For this vertical flow problem,

_ _ 1 . . pu .
tive process of leakage-recharge conversion under these areér 17.9d a_nda =0.059d" are identified. As shown in
sources. Therefore, a vertical flow model is considered. 19. 10, the time of peak recharge rate calculated by the reser-

As shown in Fig. 9a, the model is composed of a topv0|rmodel is about 3 days later than that simulated by the nu-

boundary of given infiltration rate and a bottom boundary of merical model. However, shapes of the two recharge curves

a draining cell. The draining cell is assumed to be connecte(ﬁqr g d?alflf S;|nIIe?t:éotiagr;oﬁ;rér|1tal|n??;?égfg;h:.rrgiﬁgog
with a constant head body of water table=aB0 m. Drainage v rli \r/1 tEr h tlhipklv d yzl ne und rgn i tign
of groundwater out off the cell is given by conversio ough a thick vadose zone under a gatio

district.
g = Cq(Hcell — Ho), (18)

whereq is the discharge rateffce is the hydraulic head 4 A triple-reservoir model of groundwater response to

in the draining cell, Hp is the elevation of the constant leakage of surface water

head bodyC, is the conductanceHy = —80m andC,; =

0.005d! are applied in this study. A steady state flow un- Previously, with a two-dimensional model on profile and a

der constant infiltration rate (1 mm/d) is approached with anone-dimensional vertical model, the leakage-recharge con-

initial groundwater table 0.18 m higher than the bottom. Theversions through a thick vadose zone under a river and an irri-

transient flow is driven by an infiltration event on the top. gation district are investigated with finite difference method.

The infiltration rate is 1 mm/d initially and linearly rises up The numerical modeling is undertaken with assumptions of

to 45 mm/d during a day. It is maintained on 45 mm/d until isotropic and homogenous porous media, simple boundary

the tenth day, and then linearly decreases to 1 mm/d duringonditions and empirical parameters. However, they pro-

a day. This infiltration event approximately represents a pevide the knowledge of the impacts of a thick vadose zone

riod of irrigation on the ground surface with excess irrigation on leakage-recharge conversion. Similarity has been found

water passes through the vadose zone to becaome rechargbetween leakage-recharge conversion through a vadose zone
Transport of water in the vadose zone is simulated in theand input-output transfer within a simple reservoir model.

numerical model. Figure 9b shows the redistribution of volu- Accordingly, an alternative method besides a complex real

metric water content in leakage-recharge conversion. Beforevorld numerical model is suggested in this study to investi-

t =10d, awetting front exhibits and moves gradually toward gate groundwater response to leakage of surface water. The
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Fig. 10. Change of groundwater recharge in the vertical model as a__ ) ] ] )
response to infiltration event on the top. Fig. 11. A schematic representation of the triple-reservoir model.

S1 andS$, are the vadose zones under Heihe River and the Ganzhou
irrigation district, respectively.

method applies reservoir models in simulation of water trans-

fer through the vadose zone. A triple-reservoir model is es-ds,

tablished to describe interactions among the river, the irriga-";, — Ri+R2—=Quw—0Qu; (26)
tion districts, the vadose zone and the aquifer system. This

model can deal with the essential characteristics of hydrolode = ag(Sg — S0, (27)
ical process at the studied site. where:

4.1 Description of the triple-reservoir model F; is the total leakage of streams and trunk channels;

The investigation is concentrated in the Ganzhou district i is the total leakage of irrigation water including leak-
around Zhangye City as shown in Fig. 1b. Heihe River be-  age under small channels;

tween Yingluo Gorge and Zhangye Bridge (Fig. 5) is in-
cluded. As shown in Fig. 11, the triple-reservoir model is
composed of three reservoirs representing the vadose zones Q, is the total discharge of groundwater to springs and

Q. is the total pumping rate of groundwater from wells;

under Heihe River{;) and under the irrigation districtSg) the lower part of Heihe River;
and the aquifer systens(), respectively.

In the Ganzhou district, the total stream flow,, at Ry and R, are recharge of groundwater under streams
Yingluo Gorge is divided into three parts: export flow to and irrigation districts, respectively;
channels, leakage through river bed anq excess flow for the S, and S, are current storage and basic storage of
lower reaches. Export flow to channels includgsand Q ¢ groundwater;
where; is export flow to farmlands in the Ganzhou district '
andQ ; is export flow to other irrigation districts 40 km away Ac andy; are leakage coefficient of trunk channels and
from Heihe River in the west. There is irrigation water, respectively;
0i+Qr=n+1y, (22) 71 andzt are delay-times of recharge iterRg and R,

] ) ) respectively;
wherel; andl, are defined in Egs. (8-9). Leakage of Heihe

River is calculated with Eq. (12). Both leakage of Heihe a1, az anda, are recession coefficient of reservoirs for
River and leakage of trunk channels are given to the first  S1, Sz andSg, respectively.

reservoir §1). Leakage of small channels which densely dis- ., . : .
. . _ . Itis assumed that storage of groundwasgr,is proportional

tribute in the area of farmlands is included in the leakage of, . i

S . ) to groundwater level measured in observation wells at the

irrigation water and given to the second reservsi) (

. . . ) site. This relationship can be described as follow
Governing equations of the triple-reservoir model are

Fy = Fiat 0. (23) dSg =gkdHy, Qu=agpx(Hy — Hyo), (28)

where Hy, is the groundwater level measured in wiellfHo
Fi=Ai[(1=20) Qi + Qul, (24)  is areference head related to the basic storage of groundwa-
d ter, ¢, is a factor to address the relationshipSfand Hy.

R dR
d_tl:al[FS (t—11)—R1], d_tzzaZ[Fi (t—12)—R2], (25) Substituting Egs. (27-28) into Eqg. (26) we have
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(pkﬁ = R1+ R2— agpx (Hx — Hio) — Qu- (29)  eventis almost the same of the leakage event under rivers in
d modeling of monthly behaviors.

Solution of Eq. (29) gives a simulated response of ground- The three parameters,, ¢x, Ho, are identified accord-

water level to leakage of surface water. ing to long-term groundwater level movement. Finadly=

A problem arisen in the model is the probable relationship0-39 montiT= is obtained which can lead to a best agreement
between groundwater use and surface water use for irriga€tween simulation and observation. The other two parame-
tion. If the conjunctive use of surface water and groundwa-ters are identified for G5 and G79 as shown in Fig. 12.

ter is a policy in water resources managemedj, would To evaluate the efficiency of the model, Nash-Sutcliffe co-
perhaps depend on how diverted surface water can satisf§/fficient, Ex, is applied for wellk that defined as

the demand of agriculture. In the last two decades, the M M

pumping rate of groundwater in this studied area is less tharg, —1— Z(Hkp — Hlfw)z/ Z (H — Hia)?, (30)
1.0x10° m%/a and gradually increases with time. However, =1 =1

no strong correlation is found betweéh, and Q; that indi- , ,
cates a relatively poor integrated practice in water resource¥here i, and Hy,, are the model calculated and observed
management. As a result in the model b@h andQ; are  groundwater level, respectively, at time indexydbr well-k,

treated as known data. Hy, is the mean groundwater level observed at well{ is
the total number of data. For groundwater level during 1989—
4.2 Estimation of the parameters 2005. The Nash-Sutcliffe coefficients of the triple-reservoir
model are 0.80 and 0.65 for G5 and G79, respectively, as a
There are nine parametefs, A;, t1, T2, a1, az, ag, ¢x, Hro,  result of the optimization of parameters.

need to be identified in the triple-reservoir model for the stud-

ied area. Among theni,., A; can be determined with obser- 4.3 Verification of the model in WATER and discussions

vation of irrigation system. It is reported that during 1990— S )

2005, efficiency of water transport in the trunk channels andl" 2008, the watershed scientific experiment WATER was

smaller channels have been increased form 85% to 91% andndertaken. The observation well G5 is selected to obtain

form 73% to 82% respectively due to preventing of leakage.O" time infprmation of groundwater in the vicinity of Heihe

In addition, 20%—35% (23% in average) of water diverted _Rlver. .Whlle the new data of.groundwater level meagured

into the farmlands by channels can penetrate through the rodp G5 is released in WATER, it is expected that the triple-

zone and comes to be the source of groundwater recharg,{,e;servoir model can provide an on time simulation of ground-

Therefore,1..=0.15-0.09 and.;=0.44-0.37 are applied and Water response to change of streamflow.

change gradually during 19902005 in this study. The other With observed streamflow and previously estimated pa-

parameters are identified with a simple trial-err method tor@meters, the triple-reservoir model gives a simulation result

make the simulation result matches the observation. of groundwater level in G5 during 2006-2008, as shown in
Observations of groundwater level in G5 and G79 duringFig: 13. This result approximately fits the observation in the

1989-2006 are selected in this study for the purpose. Sim_penod between January and Septgmber in 2008. However,_ it

ulation of the process during 1986—2006 is undertaken withS not successful to approach the highest groundwater level in

data of streamflow, irrigation water demand and total pump_Octob(.ar. Itis found that the trip!e-reservqir model briefly un-
ing rate of groundwater. The model is run on monthly time derestimate groundwater level in G5 during 2003—-2008. This

steps. Backward finite difference method is applied to nu-underestimation leads to a low Nash-Sutcliffe coefficients:
merically solve Eq. (29). Egs=0.54 andEgs = 0.63 with respect to observation data

The four parameters,s, 7, a1, az, are identified accord- during 2005 and 2008, respectively. S
ing to time-lag properties of groundwater level as shown in 1he most probable reason of the underestimation is the
Fig. 4. It is implied in variation of groundwater level that changes of hydrological condition after 2001 are not fully
there are two significant recharge events every year. pDurSaptured. In order to retrleye the ecological environment in
ing July and August, groundwater level rapidly rises uptht; lower _reaches area,_Chlnese government started a project
to the highest value in a year. To reproduce the ground_(Dlspatchlng Water Project) in 2001 to control export of sur-

water regime as response of two recharge events in th&Ce water in Heihe River at the middle reaches area. This
model, 71 = 0 month, 7, = 5month, a; = 5mont? and  Project has significantly increased the excess streamflow in

ap = 0.25month! are available. It means that the delay- Heihe River, especially after 2003. It enhances the leakage of

time of leakage-recharge conversion under rivers is less thahi€ihe River but reduce the leakage of irrigation water. As a
a month. However, the delay-time of leakage-recharge conf€Sponse, fluctuate of groundwater level comes to be stronger
version under the irrigation districts is about 150d. The Which can be also found in the modeling result. However,
peak of recharge rate increases with increasing;oand ~ Why increasing of water table in the summer is higher than
ap. However, it is not sensitive to changeaf-value while  that ontained with the triple-reservoir model is still a prob-

a1 > SmonttrL. This result indicates that the first recharge '€Mm.
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e 1109 Fig. 13. Monthly streamflow of Heihe River at Yingluo Gorge and
= 1464 - —= Observation — Simulation ‘ groundwater level in well-G5 during 2005-2009.
— 1462
2 . . . . .
2 60 4 reservoir models but with different delay-time and recession
- . .
E coefficient.
S 1458 - A ; PRI
2 ccording to the similarity between the leakage-recharge
5 | G79: @ 0.63x10° m’, Hy=1456 m aing Y ) ge-re g
1456 +——/—"—7—""7—"—T" 7T conversion and the reservoir transfer, a triple-reservoir model
1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 is developed to understand the relationship between sur-
fime face water, vadose zone and groundwater. It reproduces the

groundwater regime during 1989—2006 with variable stream-
Fig. 12. Monthly groundwater level in observation wells during flow of Heihe River and agricultural water utilization. Agree-
1986-2006. ment between the observation and the model results indicates
that this simple model can handle the major behaviors of
] groundwater response to leakage of surface water.

In the subsequent studies, the unaware changes of hydro- The model is applied to interpret change of groundwater
logical condition should be carefully investigated and cap-|eyg| during 2007—2008 that observed in WATER. It agrees
tured in the model. In particular, a systematic observationye general trend: during 2003—2008, fluctuation of ground-
of streamflow along Heiher River during Dispatching Water \yater level comes to be stronger due to the Dispatching Wa-
Project is suggested as well as measurement of river stagger project. However, groundwater level in the summer is
It can provide essential direct data of leakage to check thgngerestimated by the triple-reservoir model. It indicates
leakage model and the triple-reservoir model. that more changes of hydrological conditions in this period

should be further investigated and considered.
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