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ABSTRACT

Understanding the processes and rates of groundwater recharge in arid and semi-arid areas is crucial for utilizing and 

managing groundwater resources sustainably. We obtained three chloride profiles of the unsaturated-zone in the desert/loess 

transition zone of northwestern China and reconstructed the groundwater recharge variations over the last 11, 21, and 37 years, 

respectively, using the generalized chloride mass balance (GCMB) method. The average recharge rates were 43.7, 43.5, and 

45.1 mm yr-1, respectively, which are similar to those evaluated by the chloride mass balance (CMB) or GCMB methods 

in other semi-arid regions. The results indicate that the annual recharge rates were not in complete linear proportion to the 

corresponding annual precipitations, although both exhibited descending tendencies on the whole. Comparisons between 

the daily precipitation aggregate at different intensity and recharge rates reveal that the occurrence of relatively heavy daily 

precipitation per year may contribute to such nonlinearity between annual precipitation and recharge. The possible influ-

ences of vegetation cover alterations following precipitation change cannot be excluded as well. The approximately negative 

correlation between the average annual recharge and temperature suggests that changes in temperature have had significant 

influences on recharge.

Key words: Groundwater recharge, Chloride, Unsaturated zone, Semi-arid area, Climate change, Northwestern China

Citation: Deng, L., W. Wang, Y. Cai, A. Hu, and L. Tan, 2015: Groundwater diffuse recharge and its response to climate changes in semi-arid northwestern 
China. Terr. Atmos. Ocean. Sci., 26, 451-461, doi: 10.3319/TAO.2015.03.18.01(Hy)

1. INTRODUCTION

Groundwater is very important to human survival and 

development, especially in arid and semi-arid areas where 

the surface water is insufficient. It is vital to understand 

the processes and rates of groundwater recharge to utilize 

and manage groundwater resources sustainably. In arid and 

semi-arid regions unsaturated zones have been recognized 

as possible sources that retain information on such relations 

(Stone 1992; De Vries et al. 2000; Gates et al. 2008). This is 

because water flow is slow and mixing processes are often 

small in arid and semi-arid environment unsaturated zones. 

Furthermore, diffuse recharge, which is defined by De Vries 

and Simmers (2002) as the recharge derived from precipita-

tion that infiltrates vertically from the surface directly into 

the aquifer, may be the dominant recharge process, playing 

a vital role in the groundwater budget despite its infrequent 

occurrence in arid and semi-arid climates (Wang et al. 2008; 

Ng et al. 2009).

Distinct unsaturated zone geochemical profiles relating 

to water transport may be preserved as a result of high evapo-

transpiration in arid and semi-arid regions (Ginn and Murphy 

1997; Edmunds and Tyler 2002). Among the geochemical 

tracers in arid and semi-arid region unsaturated zones, chlo-

ride has been the most widely employed chemical marker 

(Scanlon et al. 2006). The chloride mass balance (CMB) 

technique was usually used to estimate diffuse recharge in 

the past (e.g., Allison and Hughes 1978; Scanlon 1991; Ed-

munds and Gaye 1994; Bromley et al. 1997; Ng et al. 2009; 

Scanlon et al. 2010). As part of regional hydrological cycles 
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groundwater is under the control of the local climate (Chen 

et al. 2004; Ali et al. 2012) and changes in climate may alter 

the recharge process and subsequently impact groundwater 

resources (Jyrkama and Sykes 2007). The chloride profile in 

the unsaturated zone can also be used to reveal the palaeocli-

mate changes. Palaeoclimate and palaeohydrology archives 

at different time scales have been achieved from vadose-zone 

chloride profiles in arid and semi-arid areas around the world 

(Edmunds and Walton 1980; Cook et al. 1992; Tyler et al. 

1996; Gates et al. 2008). For example, using the CMB meth-

od, Cook et al. (1992) reconstructed the history of unsaturat-

ed zone recharge over the past 400-year at northern Senegal, 

which can be matched with the rainfall and lake level records, 

implying that the chloride profile can be used to infer the 

palaeoclimate variations.

In the past several decades great advances have been 

made in CMB method application, including methodologies 

and analytical techniques. For instance, the generalized chlo-

ride mass balance (GCMB) method was developed based on 

the conventional CMB method (Murphy et al. 1996; Ginn 

and Murphy 1997). In the GCMB technique both water and 

chloride transient fluxes over the land surface are considered. 

This may effectively promote resolution in climatic recon-

struction and investigation of the relationship between pre-

cipitation and recharge over long time scales (Edmunds and 

Tyler 2002), although the lack of information on transient 

fluxes in most time scales during which the recharge his-

tory was kept in chloride profiles in arid areas has restricted 

its application. For example, comparisons between chloride 

profiles and such instrumental records as rainfall, river flow 

have been made in studies in Senegal and Cyprus (Edmunds 

and Walton 1980; Cook et al. 1992; Edmunds et al. 1992). 

Ginn and Murphy (1997) applied the GCMB method to data 

from the Cyprus chloride profile presented by Cook et al. 

(1992) and gave a brief analysis on the relationship between 

annual precipitation and recharge rates over 18 years. Ng et 

al. (2009) combined chloride-based recharge estimates and 

numerical model predictions to identify the mechanisms 

controlling diffuse recharge and achieve recharge history at 

interannual timescales, in spite of the fact that this approach 

requires a great variety of parameters that are unavailable 

for modeling in many cases.

Although the CMB and GCMB methods are applicable 

to both arid and semi-arid areas, more temporally detailed 

and time-segregated recharge history can be obtained from 

chloride profiles in semi-arid climate using these methods. 

In arid climates the groundwater recharge is usually low. It 

causes the timescales corresponding to the sampling inter-

vals to be highly compressed (Ginn and Murphy 1997). In 

semi-arid climates, however, the recharge rates are much 

higher and the same sampling intervals represent much 

shorter timescales. Therefore, some recharge records in 

semi-arid areas may span relatively short time scales during 

which some instrumental records are available.

In China the CMB method has recently been applied 

to estimate the net infiltration and recharge in some stud-

ies (Lin and Wei 2001; Wang et al. 2006; Liu et al. 2009; 

Huang and Pang 2011; Lin et al. 2013). Additionally, several 

studies estimated past recharge rates and also reconstructed 

palaeoclimate changes using this method (Chen et al. 2001; 

Ma and Edmunds 2006; Gates et al. 2008; Ma et al. 2009), 

providing important information on the changes in the lo-

cal hydrology and climate change over the past hundreds 

to thousands of years at the studied sites. Palaeohydrology 

and palaeoclimate archives from unsaturated zones in typi-

cally semi-arid areas of north-central China have not been 

reported. Here, we present three chloride profiles from a 

desert-loess transition zone, north-central China and use the 

GCMB method to characterize the recharge history. Com-

paring the results to meteorological records we also discuss 

the relationship between diffuse recharge and such climatic 

variables as precipitation and temperature. This study may 

provide valuable information for better understanding of the 

mechanisms controlling diffuse recharge and sustainable 

use of groundwater in this area.

2. PHYSICAL GEOGRAPHY AND LOCAL  
CLIMATE OF THE STUDY AREA

The desert-loess transition zone of China, located south-

east of the Ordos Plateau and to the northwest of the Loess 

Plateau in north-central China (Fig. 1), is defined as a tran-

sitional zone between the desert and loess. In this region the 

Fig. 1. Locations of the study area and sample sites. Town shown with 

red round symbols, and sample sites of Gou-zhang (GZ), Ge-qiu-he 

(GQH), and Xia-sha-gou (XSG) shown with green star symbols.
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eolian sand and loess are distributed alternatively in space but 

also in time due to Asian monsoon fluctuations. Geomorpho-

logic units include desert land, undulating loess hills called 

loess ‘Liang’ and loess ‘Mao’, grassland covered by sand, 

highland among lakes, and river valleys and terraces (Zhang 

et al. 2003). With annual precipitation of 200 - 400 mm  

and potential evaporation of 1800 - 2200 mm yr-1, it is a 

typically semi-arid continental monsoon climate. Influenced 

strongly by the East Asian summer monsoon, more than 75% 

of the annual precipitation occurs from July to September, 

most of which is in the form of storms. With a vulnerable 

eco-environment there are strong links between climate and 

hydrological processes.

As one of the most typical parts of the desert-loess 

transition zone in China, the study region is bounded by the 

Mu Us Desert to the north and the Loess Plateau in Shaanxi 

Province to the south. The water supply there relies largely 

on groundwater as a result of surface water shortage. The 

development of coal and crude oil on large scales in recent 

years has intensified such dependence. The shallow ground-

water in the aquifer is recharged mainly by meteoric precipi-

tation (Wang et al. 2008; Hou et al. 2009). Regional recharge 

has been estimated on large spatial scales using groundwa-

ter based approaches in the area (Wang et al. 2008; Yin 

et al. 2010). However, local recharge estimation based on 

unsaturated zones in the area has rarely been reported. Al-

though a study has focused on precipitation infiltration and 

soil moisture variation in the study area for evaluating veg-

etation water uptake through physical experiments (Yuan et 

al. 2008), local recharge estimation using the geochemical 

tracing method and the corresponding hydro-climate record 

have not yet been obtained. The unsaturated zones exceed-

ing 10 m in depth in this region may afford good archives 

for recharge history reconstruction with relatively higher 

resolution using the GCMB method.

3. FIELD SAMPLING, LITHOLOGY, AND  
LABORATORY ANALYSES

Three natural ecosystem unsaturated zone cores were 

drilled in May 2008 in the desert land of the aforementioned 

transition zone in Shaanxi Province (Fig. 1). Cores were 

drilled using a hollow-stem hand auger with 1.5/1.0 m in-

terchangeable steel rods and 90-mm-diameter opening. The 

first core was taken from Xia-sha-gou (XSG) village, close 

to the Heng-shan County seat (109°32’E, 38°04’N, referred 

to as XSG profile afterwards). The second core was taken 

from Gou-zhang (GZ) village, Shenmu County (109°57’E, 

38°53’N, referred to as GZ profile afterwards), and the third 

taken from Ge-qiu-he (GQH) village, close to Yulin City 

(109°34’E, 38°36’N, referred to as GQH profile afterwards).

The XSG profile is 9 m in depth. The top layer (3.8 m) 

is composed of brown fine sand with plant roots in the top  

2 m. The second layer (3.8 - 5 m) is brown silt. The third 

layer (5.0 - 6.2 m) is brown fine sand, followed with brown 

silt in the fourth layer (6.2 - 7.2 m), and yellowish-brown 

silt interbedded with thin yellowish-green fine sand layers in 

the fifth layer (7.2 - 9.0 m) (Fig. 2). The GZ profile is about  

8.4 m in depth. It is composed of homogeneous fine sand. 

Plant roots can be found within the 2 m top layer (Fig. 2). The 

GQH profile is about 17 m in depth. The top 7 m is composed 

of yellowish-brown fine sand with visible plant roots in the 

top 1.2 m. From 7.0 - 17 m is multiple interbedded brown 

fine sand and brown silt (Fig. 2). No agricultural activity is 

Fig. 2. The moisture content and Cl  concentration profiles for Gou-zhang (GZ), Ge-qiu-he (GQH), and Xia-sha-gou (XSG) sections.
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conducted on these sampling sites. The natural vegetation 

includes small shrubs and grasses (primarily Artemisia spha-

erocephala and Astragalus adsurgens Pall) which, based on 

preliminary field reconnaissance, occur in densities typically 

less than 1 plant m-2.

All three cores were sampled at intervals of 0.2 m. Ho-

mogenized bulk sediment samples over the sampling depth 

were immediately placed and sealed in air-tight polyethyl-

ene bags to minimize evaporation. The sample moisture con-

tents were determined gravimetrically after drying for 24 h at 

110°C. Approximately 30 ml deionized water was added to 

50 g of the sediment sample in bakers for the chloride con-

centration. The mixture was stirred fully and then centrifuged 

at 2500 rpm for 30 min to separate the water from sediment. 

The supernatant was filtered through 0.45 (μm) filters and 
analyzed using ion chromatography (Dionex 600) for Cl  

concentrations at Institute of Earth Environment, Chinese 

Academy of Sciences. ±3% of concentration was the analyti-

cal precision and 0.1 mg L-1 was the detection limit.

4. METHODS FOR RECHARGE AND  
CHRONOLOGY CALCULATION  
AND CHLORIDE INPUT

In the CMB method the following assumptions must be 

satisfied (Tyler et al. 1996; Ma and Edmunds 2006; Gates et 

al. 2008; Scanlon et al. 2010). The water recharge is solely 

from precipitation without the influence of run-on and run-

off. Wet and dry deposition from the atmosphere is the only 

source of Cl  input in the soil water. The chloride concen-

tration in precipitation is assumed constant over time repre-

sented by the mean available rainfall sample concentration. 

The annual chloride wet input is then assumed constant if 

the long-term average precipitation is adopted. Water per-

colation can be simplified as the one-dimensional, down-

ward piston-type. With these assumptions, according to the 

mass balance theory, the Cl  mass from precipitation and 

dry fallout is considered unchanged during its subsurface 

transport with infiltrating water. When the percolating wa-

ter undergoes evapotranspiration, the chloride is left while 

the moisture is reduced. As a result the Cl  concentrations 

are inversely proportional to the recharge rates (Allison and 

Hughes 1978; Edmunds et al. 1988):

( )R q Cl PCl D Clcl sw p sw= = +  (1)

Where R is the groundwater recharge (LT-1); qcl is the chlo-

ride deposited annually (ML-2 T-1), P is precipitation (LT-1), 

Clp is the chloride concentration in precipitation (ML-3), D 

is dry deposition of Cl  (ML-2 T-1), and Clsw is the chloride 

concentration in soil water (ML-3). tx (T), the residence time 

of water at a given depth can be calculated by dividing the 

cumulative mass of chloride (M) (ML-2) by the annual depo-

sition flux of chloride mass (qcl) (Tyler et al. 1996):

( ) ( )
t

q
M

q

x Cl x dx
x

cl cl

sw

x

0
i

= =
#
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where Clsw(x) is the chloride concentration in soil water at a 

given depth x (ML-3), ( )xi  is the volumetric water content 

at a given depth x (L3 L-3).

The chloride input is assumed to be constant over a 

long period in CMB. However, in the GCMB method, which 

was developed from the CMB method, variations in precipi-

tation and chloride input are taken into account (Ginn and 

Murphy 1997):

[ , ( )] [ ( )] ( )R x t x q t x Cl x0 0 sw0 =  (3)

The residence time of water in the chloride profile can also 

be estimated (Ginn and Murphy 1997):

( ) ( ) ( )x Cl x dx q t dt
( )sw

x

t x

t

0 0
now

0

i =# #  (4)

where t0(x) is the entry time of an element in water at depth 

x (T), tnow is the entry time of water currently at the surface 

(T), tnow - t0(x) is the residence time, q0(t) is the transient 

chloride mass deposited (ML-2 T-1), R[x, t0(x)] and q0[t0(x)] 

are the transient recharge rate and chloride influx, respec-

tively (L T-1) (ML-2 T-1).

In order to estimate recharge rate using the CMB/

GCMB methods, it is crucial to determine the chloride in-

put. In the study area a seawater source is absent and the 

rock salt chloride contribution from silica sandy systems is 

also insignificant. The major chloride source in the profiles 

is from atmospheric deposition. The chloride input from the 

atmospheric source is also inevitably assumed constant over 

long time periods in the CMB method. As mentioned in the 

GCMB method the annual chloride input from the atmo-

sphere, including wet and dry deposition is actually vari-

able. Therefore, estimating the wet and dry Cl  deposition 

in the study area is prerequisite.

It has been suggested that monitoring the rainfall chlo-

ride input for a minimum of 3 years is necessary for reliable 

wet deposition estimates (Sukhija et al. 1988; Edmunds and 

Gaye 1994; Bromley et al. 1997). The wet chloride input 

in this study refers to the value used by other researchers 

in nearby areas because long-term rainfall chemistry mon-

itoring was unavailable in the study area. There were two 

groups of long-term rainfall chloride deposition monitoring 

near the study sites. The first is from the Badan Jaran Desert, 

about 400 km west of the study area, where the best rainfall 

Cl  deposition estimate was 1.5 mg L-1 based on three years 

monitoring (Ma and Edmunds 2006; Gates et al. 2008). The 

second monitoring source is from a rural monitoring station 

in the vicinity of Xi’an City (more than 500 km south of 

the study area) where the volume-weighted average chloride 
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concentration was 1.7 mg L-1 according to 7-year monitoring 

from 2001 - 2007 (EANET 2009; Huang and Pang 2011). 

Here, we adopted the 1.5 mg L-1 value from Badan Jaran 

Desert as the Cl  rainfall concentration (i.e., wet deposition) 

since it is closer to the study sites and has similar climatic 

and environmental conditions.

The relationship between dry deposition and wet or to-

tal deposition can be helpful for estimation if the wet depo-

sition is known. According to Dettinger’s study in the Great 

Basin of Nevada and Utah, the dry chloride deposition ac-

counts for about 33% of the total influx (Dettinger 1989). As 

suggested by Yin et al. (2010), without the observed rela-

tionship between dry deposition and wet or total deposition, 

it is probably acceptable to use the relationship reported at 

the Great Basin of Nevada and Utah in the Ordos Plateau 

(including the Loess Plateau and Mu Us Desert) because the 

climatic and geomorphologic conditions are similar at both 

places (Yin et al. 2010). Thus, the total chloride influx here 

was also considered approximately 1.5 times wet influx.

As the chloride concentration in precipitation at a spe-

cific site is governed mainly by the distance to its oceanic 

source, the chloride wet deposition should be linearly pro-

portional to the precipitation if the precipitation source re-

mains constant (Tyler et al. 1996). If 1.5 mg L-1 is adopted 

as the Cl  rainfall concentration in this area and the annual 

average precipitation is known, the total annual chloride 

input from the atmosphere, including that from dry deposi-

tion, can be calculated. With this assumption the effective 

precipitation percentage that becomes diffuse recharge, des-

ignated effective ( )t0a , may be calculated using the rewrit-

ten Eq. (3) as follows:

( )
[ ( )]

. [ ( )] .
t

Cl p t x

c p t x

Cl

c1 5 1 5

sw sw
0

0

0 0 0
a = =  (5)

where p[t0(x)] is the transient precipitation, c0 is the chloride 

concentration in the influx precipitation at the time of t0(x), 

equal to the aforementioned Clp with the relative assump-

tion adopted in this study, and 1.5 is the coefficient for wet 

chloride deposition conversion to total chloride deposition.

Transient recharge rates may be obtained based on  

Eq. (3) from the GCMB method. However, it should be 

noted that the Cl  concentrations in GCMB method profiles 

indicate ( )t0a  but not the recharge rates. So ( )t0a  is first 

calculated using Eq. (5) and the transient recharge rates can 

then be calculated by multiplying ( )t0a  by the precipitation. 

The GCMB method provides a way to obtain recharge rate 

transient variations and then the relation between the pre-

cipitation and recharge may be established.

The recharge estimation and residence time is quite sus-

ceptible to the influence of uncertainties associated with the 

Cl  input and output and moisture and Cl  transport process-

es (Dettinger 1989; Ginn and Murphy 1997; Scanlon 2000). 

For example, Eqs. (1) or (3) show that the recharge estima-

tion varies linearly with the Cl  input and Eqs. (2) or (4) 

show that the residence time varies inversely with the Cl  

input. Given the scarcity of data on precipitation chemistry in 

the study area, a large source of uncertainty comes from the 

errors in estimating the average precipitation chloride con-

centration. Undoubtedly, more data on chloride deposition 

should reduce the recharge estimate uncertainties based on 

the proposed method and more emphasis should be placed 

on long-term chloride deposition monitoring in (semi-) arid 

regions worldwide (Edmunds and Tyler 2002; Scanlon et al. 

2006).

5. RESULTS AND DISCUSSION

5.1 Moisture Content and Chloride Profiles

The variations in soil moisture content with depth for 

the three profiles were different (Fig. 2). The mean soil-

moisture content for the GZ profile was 6.3%, ranging from 

4.4 - 12.6%. The XSG profile had relatively higher soil wa-

ter contents as a whole, with an average of 8.2%. The maxi-

mum water content was 17.3% and the minimum 4.0%. 

Compared to the GZ profile, more fluctuations occurred 

in the XSG profile moisture content. The average moisture 

content in the GQH profile was 6.9%, which was similar to 

that of the GZ profile. But the magnitude of soil moisture 

content variations in this profile was much larger, varying 

from 2.0 - 21.18% due to the greater lithology variability 

than in the other two profiles.

The three profiles all exhibited significant fluctuations 

in chloride distributions with depth (Fig. 2). Especially ob-

vious peaks in Cl  existed near surface, which were wide-

spread in (semi-) arid areas as a result of solutes accumu-

lation and moisture removal by evapotranspiration (Gates 

et al. 2008). The chloride concentrations of the GZ profile 

fluctuated within a range of 11.9 - 39.5 mg L-1 with an av-

erage of 19.8 mg L-1. The chloride concentration range for 

the XSG profile was from 10.3 - 47.8 mg L-1 and the aver-

age was 23.1 mg L-1. The chloride concentration variation 

amplitude in the GQH profile was relatively larger than that 

for the other two profiles, with a minimum of 9.7 mg L-1 and 

a maximum of 61.5 mg L-1. The mean value of 24.3 mg L-1 

was similar to that of the other two profiles.

5.2 Recharge History from the Chloride Profiles

The chloride profile cannot directly reflect recharge 

rates in the GCMB method, which is different from that in 

CMB method, because the annual precipitation variations 

and associated chloride influxes are involved. Instead, effec-

tive ( )t0a  is indicated by Cl  concentrations in the GCMB 

method as mentioned before, with an inverse relation to the 

Cl  concentrations according to Eq. (5).

Employing 2008 as the moisture entry time (same as the 
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sampling time) on the top of these profiles, we calculated the 

residence times for these profiles, effective ( )t0a  and corre-

sponding mean recharge rates at annual timescales using the 

GCMB method and precipitation records from 1954 - 2008 in 

Yulin and Hengshan. Because the salt and water activities in 

the root zone are rapid and unstable, the Cl  in the root zone 

cannot reflect effective ( )t0a . Here we discuss only the ef-

fective ( )t0a  and recharge rates recorded in chloride profiles 

below the root zones, which can be identified in the field and 

confirmed by the chloride distribution profiles, although the 

results from the root zones are also illustrated in plots.

Table 1 shows that the average effective ( )t0a  record-

ed in the three chloride profiles were quite similar, with 

values of 12.3, 12.2, and 11.5%, respectively. So did the 

mean recharge rates from them. They were 43.7, 43.5, and  

45.1 mm yr-1, respectively. Since the three chloride pro-

files represented different residence times, the cumulative 

chloride content with depth against the cumulative moisture 

content at the same depth was plotted for better comparisons 

of effective ( )t0a  from the three profiles (Fig. 3). The slope 

of each straight-line segment in this plot was the 1/Cl  for 

the corresponding depth interval, which indicates the aver-

age effective ( )t0a  for a period. These plots also show the 

similarity in average effective ( )t0a  of the three profiles. 

The GZ and GQH profiles, which were both located near 

Yulin City, have the quite similar effective ( )t0a .

Recharge rates obtained in this study can be compared 

with results from the CMB or GCMB methods in other re-

gions in the world with similar climates. The mean recharge 

rate in a previous recharge study in Cyprus by Edmunds and 

Walton (1980) was 50 mm yr-1 and accounted for 12.5% of 

the mean annual precipitation of 400 mm. The recharge esti-

mates in Senegal from chloride profiles were 30 mm yr-1 and 

nearly 10% of the mean annual precipitation of 290 mm yr-1  

(Gaye and Edmunds 1996). Our results in this study are anal-

ogous to those in similar regions globally.

For discussion on the variations in recharge, the Cl  

and moisture content depth profiles were transformed into 

recharge rate and effective ( )t0a  time series based on the 

residence time from Table 1 (Fig. 4). The periods pertinent 

to the plant zone which are not applicable in Table 1 are 

not included in this discussion. As shown in Fig. 4 the GZ 

profile below the root zone archived effective ( )t0a  and re-

charge rates for 11 years from 1990 - 2000. The maximum 

effective ( )t0a  was 16.1% and the minimum was 8.1%, with 

an average of 12.3%. The recharge rates in this period lay 

between 24.6 - 73.2 mm yr-1, with a mean recharge rate of 

43.7mm yr-1. It is clear that recharges in the mid-1990s were 

relatively higher than in the late 1990s. In the XSG profile 

effective ( )t0a  and recharge rates of 21 years from 1981 

- 2001 were recorded below the root zone. The effective 

( )t0a  fell between 6.2 - 20.8%, with an average of 12.2%. 

Sites
Depth of profile 

(m)

Mean precipitation 

(mm yr-1)

Mean recharge 

(mm yr-1)

Residence time below 

root zones (years)

Average effective 

α(t0) (%)

GZ 8.4 397 43.7 10 12.3

XSG 9 376 43.5 20 12.2

GQH 17 397 45.1 36 11.5

Table 1. Estimates of annual mean recharge and corresponding residence time from chloride profiles using the GCMB 

method.

Fig. 3. Cumulative moisture vs. cumulative chloride of the three profiles.
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The recharge rates ranged from 14.8 - 85.2 mm yr-1, with 

an average of 43.5 mm yr-1. Similar to the GZ profile the 

mid-1990s recharge was higher than that in other periods. 

The GQH profile recorded past recharge processes over a 

longer period because of its longer length. The 37-year re-

charge process from 1967 - 2003 was reconstructed based 

on chloride distribution below the root zone in the profile. 

During this period the average effective ( )t0a  and recharge 

rate were 11.5% and 45.1 mm yr-1, respectively, with the 

effective ( )t0a  being in a range of 5 - 20.7% and recharge 

rates in a range of 15.2 - 85.5 mm yr-1. The recharge was 

relatively high in the mid-1990s and late 1960s, but it was 

low in the early 1970s and late 1990s. The recharge varia-

tions during the 1990s in the GQH profile are similar to the 

former two profiles, indicating a consistent variation in re-

charges in the study region.

5.3 Influence of Precipitation on Recharge

Annual variations in recharge rates in the past obtained 

using the GCMB method make it possible to discuss the re-

lationship between recharge and climate variables. Precipita-

tion is one of the most important factors that affect ground-

water recharge. In order to find annual precipitation and 

recharge trends the Mann-Kendall method for trend analysis 

was used (Burn and Elnur 2002; Kahya and Kalayci 2004). 

From 1967 - 2000 (with data counts of n = 34), the Mann-

Kendall method z value for the yearly precipitation series 

was -2.11, which suggested a significant descending trend 

with a confidence probability of 95%. A descending trend in 

the annual recharge rate series is present for the GQH profile 

from 1967 - 2000 with a z value of -1.13. Its descending 

trend was not significant even if it was on a confidence prob-

ability of 90%. Although both yearly precipitation series and 

recharge series in this period displayed descending trends on 

the whole, there was a difference in the trend significance 

(Fig. 4). As shown in Fig. 5 the annual recharge rate was not 

completely in linear proportion to the corresponding annual 

precipitation. This implies that other factors besides the an-

nual precipitation may influence the recharge as well.

Ginn and Murphy (1997) pointed out that such factors 

as an unknown nonlinear relationship between precipita-

tion and recharge or ecosystem stress induced by climatic 

changes may result in the changes in effective ( )t0a . In the 

study areas the majority of rainfall comes from storms and 

these storms yield major contributions to diffuse recharge 

(He and Liu 1996). Experiments on rainfall infiltration and 

evaporation were carried out in the Mu Us Desert. The re-

sults showed that precipitation infiltration in this area was 

closely related to the amount of rainfall at one time (Yuan et 

al. 2008). Most of the water from low daily precipitation may 

be consumed in evapotranspiration or just enough to wet the 

foliage and soil and thus they contribute no water to diffuse 

recharge. Therefore, it is likely that only daily rainfall above 

some certain amount can be conducive to infiltration.

Since the GZ and GQH profiles are both located in Yulin 

and the latter one kept recharge history over a relatively lon-

ger period, we investigated in detail the recharge rate and 

effective ( )t0a  for these two profiles and their relations to 

daily Yulin precipitation characteristics in the corresponding 

years. Based on daily metrological records the daily Yulin 

precipitation characteristics were analyzed by aggregating 

the daily precipitation over a given interval. The daily pre-

cipitation sum equal and above 50 mm, that equal and above 

30 mm but below 50 mm, that equal and above 13 mm but 

below 30 mm, that equal and above 5 mm but below 13 mm, 

and that below 5 mm were calculated, respectively. The daily 

precipitation aggregate over the given intervals listed above 

Fig. 4. Recharge history obtained from three chloride profiles.
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in each year were represented by different shades as shown 

in Fig. 5. It shows that there was no absolute coincidence 

between the annual precipitation and heavy rain occurrences 

in a year. That means in some years the annual precipitation 

was not high in spite of the fact that much more heavy rain 

occurred in that year, for instance in the early 1970s.

The comparison of annual recharge and daily precipita-

tion aggregate indicates that during some periods, as indi-

cated by the light grey bars in Fig. 5, the annual recharge 

presented an exceptionally opposite trend to the annual pre-

cipitation. In years from 1992 - 1995, for example, the re-

charge rates were rather high while the annual precipitations 

were not so high. However, as shown in Fig. 5, it is evident 

that daily precipitation equal and above 30 mm in these years 

occurred more frequently and this portion of the precipita-

tion in each year accounted for a majority of the yearly pre-

cipitation. Similarly, during the period from 1969 - 1971, the 

effective ( )t0a  and recharge rates were rather high compared 

to the annual precipitation for the period. It may also be at-

tributed to the fact that heavy daily precipitation occurred 

much more during these years, especially storms with daily 

precipitation equal and above 50 mm. Such phenomenon 

could be found during the mid-1970s, from 1975 - 1977 as 

well, although the discrepancy between the annual precipita-

tion and recharge rates in value was not as prominent as in 

the periods mentioned above.

Very low daily precipitations may contribute no infil-

tration to groundwater. This was experimentally tested in a 

previous study by Yuan et al. (2008). They discovered that 

daily precipitation below 15 mm could not produce diffuse 

recharge in the study area. Similar phenomena can also be 

identified in our study as shown in Fig. 5 with dark grey bars. 

For example, in years of 1974, 1980, 1983, 1989, and 1998, 

the effective ( )t0a  and recharge rates were rather low. This 

may result from the low annual precipitation accompanied 

by rare daily precipitation above 30 mm. Lack of storms 

may make the diffuse recharge decrease considerably. It can 

be inferred that recharge can be negligible in some particu-

lar years when even daily rainfall events with precipitation 

above 13 mm seldom took place. The year 1965 might be 

such a year although the recharge history in this study was 

not long enough to cover it. All of these comparisons sug-

gest that daily precipitation characteristics in each year have 

substantial influences on the annual recharge and should be 

taken into account in recharge estimation.

Besides the direct impact of precipitation on the ground-

water recharge, the possible effect of successive droughts 

on the vegetation cover and thus on recharge changes was 

also mentioned in the study of Ginn and Murphy (1997). 

Reduced vegetative cover after several drought years may 

Fig. 5. Variations in effective ( )t0a  and recharge rates from Gou-zhang (GZ) and Ge-qiu-he (GQH) profiles compared with those of annual precipi-

tation and average annual temperature. Vertical grey bars were used to emphasize the typical durations in which the influence of precipitation on re-

charge was discussed in the main text. Dashed lines were used to indicate the periods in which the temperature influence on recharge was discussed 

in the main text. The recharge duration after 2003 corresponding to the plant zone section was blocked because it has no meaning for discussion.



Groundwater Recharge and its Response to Climate Changes 459

result in decreased water uptake by vegetation and then a 

greater recharge per annual precipitation would take place 

in the following years. In this case the substantial increase 

in recharge from 1992 - 1996 may also be partially attrib-

uted to the vegetation decrease on the land surface follow-

ing successive relative droughts in the three years before 

1992. The influence of vegetative cover change on recharge 

is the indirect result of precipitation variations. Therefore, 

precipitation changes may influence groundwater recharge 

in both direct and indirect ways.

5.4 Influence of Temperature on Recharge

As one of the most important factors controlling evapo-

transporation, temperature also has some substantial impacts 

on soil moisture (Miralles et al. 2014). In Yulin the correla-

tion coefficient between the average monthly evaporation 

and temperature comes to 0.91 (Wang 2006). Changes in 

average annual temperature may also be responsible for non-

linear annual recharge response to the annual precipitation. 

With respect to the influence of temperature on recharge, 

the two GZ and GQH chloride profiles are also inspected 

and discussed. The variation in temperature in the study area 

in Fig. 5 shows that the average annual temperature there 

steadily increased since the 1960s. Particularly after the 

1990s the increasing temperature trend was rather promi-

nent, coincident with global warming. Comparison between 

the annual effective ( )t0a  and average annual temperature 

revealed an approximately negative correlation. A more no-

table correlation could be identified after the 1990s as the 

accelerated temperature increase occurred since. During a 

representative period, for example the late 1990s, shaded by 

dashed lines in Fig. 5, substantial increase in average annual 

temperature might result in exceptionally low annual effec-

tive ( )t0a  in this period and thus very low recharge rates, 

even though heavy daily precipitation frequently occurred 

in some years. The similar negative correlation between the 

average annual temperature and effective ( )t0a  was also no-

ticeable in the years around 1993, as shaded by dashed lines, 

during which high annual effective ( )t0a  and recharge rates 

corresponded to relatively low average annual temperature. 

Both the relatively low temperature and the heavy daily pre-

cipitations led to the remarkable high annual effective ( )t0a  

in this period. Investigating the relationship between tem-

perature and recharge indicates that temperature variations 

may also disturb the linear annual recharge response to an-

nual precipitation by its impacts on evapotranspiration.

6. CONCLUSIONS

Chloride profiles in semi-arid areas can maintain the 

historical recharge record with less compressed timescales. 

The GCMB method developed from the CMB method pro-

vides a way to reconstruct recharge history with higher reso-

lution compared to the CMB method. With the aid of annual 

recharge time series and available daily meteorological data, 

it is possible for us to investigate the relationship between re-

charge and main climatic variables. In this study the recharge 

history on decadal time scale in the desert/loess transition 

zone of northwest China, a typically semi-arid area, was re-

constructed from chloride profiles using the GCMB method. 

The results indicate that the average recharge rates for three 

chloride profiles, i.e., GZ, XSG, and GQH, were 43.7, 43.5, 

and 45.1 mm yr-1, representing 12.3, 12.2, and 11.5% of the 

mean annual precipitation, respectively. Although the re-

charge records obtained from the three profiles cover differ-

ent time periods, the recharge processes within overlapped 

time spans were quite similar. The recharge estimations are 

also analogous to those using the CMB or GCMB methods 

in other regions with similar climate conditions.

The significant changes in annual effective ( )t0a  in this 

study indicate that a linear relationship between annual pre-

cipitation and recharge rate does not always exist, i.e., there 

are other climatic factors than annual total amount of rain-

fall exerting influence on the annual recharge. Comparisons 

between the daily precipitation at different intensity and re-

charge rates reveal that relatively heavy daily precipitation 

occurrences per year might be associated with such nonlin-

earity between the annual precipitation and recharge. On the 

one hand, in those years when relatively heavy daily precipi-

tation occurred more frequently, exceptionally high annual 

recharge may take place, even if the annual total precipitation 

was not high. On the other hand, in those years when heavy 

daily precipitation rarely occurred, the annual recharge might 

be low even though the annual precipitation was high. Fur-

thermore, the indirect influence of precipitation on recharge 

may also be responsible for such nonlinear relation, as pre-

cipitation anomalies in successive years may substantially 

affect recharge through changes in vegetation. In addition to 

precipitation, temperature is another important climate factor 

controlling recharge because of its impact on evapotranspi-

ration. The approximately negative correlation between the 

average annual recharge and temperature indicates that the 

variation in mean annual temperature might also disturb the 

linear response of annual recharge to annual precipitation.

In conclusion, groundwater recharge is governed 

strongly and comprehensively by various climatic variables. 

With more frequent climate extremes occurring today, 

the influence of climate change on groundwater recharge 

should be better understood for sustainable development of 

groundwater resources in the study area.
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