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s u m m a r y

Watershed models play an important role in modern water resource management, increasingly demand-
ing a robust hydrologic data framework to estimate watershed hydrochemical processes. The Generalized
Watershed Loading Function (GWLF), a typical watershed model with modest data requirements, has
been applied to watershed-scale hydrochemical estimation worldwide. However, while it generally
successfully estimates flows in humid regions, the model suffers from a weakness in hydrologic estima-
tion during low-flow periods, which are projected to continue increasing with global climate change in
many places. To address this issue, three algorithms describing functional responses of flows to saturated
water storage, the segment function approach, linear function approach, and exponential function
approach, have been proposed in this paper, integrated with a previous leakage mechanism for unsatu-
rated water storage used in two earlier GWLF versions, and applied to a case study of Shuai Shui River
watershed in China. Comparisons of this version, including new algorithms or algorithm linkages, with
the earlier GWLF versions, show that all the new algorithms improve model accuracy in low-flow
months; the linear function approach linking the leakage process has the best effect. This work refines
the framework of GWLF model to address both humid and arid conditions that can be used as alternatives
for future applications. These new functional dynamic responses should also have potential application in
other similar watershed models.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

Watershed models have become fundamental tools for modern
water resource management (Chen et al., 2014; Wu et al., 2012).
They can be used to simulate watershed hydrochemical processes
and estimate pollution loads and source apportionment, providing
critical information for decision making support (Pokhrel et al.,
2012; Singh et al., 2011). To adequately describe the environmen-
tal behavior of pollution in a watershed, models should have a
proper hydrologic framework to accurately characterize the
transport of components (Fu et al., 2014; Xu et al., 2007). Many
well-established hydrologic functions (e.g. the Soil Conservation
Service Curve Number (SCS-CN) method) have been widely
integrated into watershed models (Haith and Shoenaker, 1987;
Tolson and Shoemaker, 2007). An accurate hydrologic model is

the precondition for a successful watershed model application
(Golden et al., 2014; Narula and Gosain, 2013) and research that
has improved the hydrologic structure of watershed models over
their historical development (Dechmi et al., 2012; Wang and
Brubaker, 2014) has resulted in more sensible management
measures as the model structures have improved (Fu et al., 2014;
Strauch et al., 2013).

The Generalized Watershed Loading Function (GWLF) model,
with a good record of estimating watershed hydrochemical
processes with modest data requirements, has been an effective
modeling tool for water resource management support (Du et al.,
2014; Jennings et al., 2009; Schneiderman et al., 2013). The model
was initially proposed (GWLF V1) in 1987 (Haith and Shoenaker,
1987), followed by an enhanced version considering unsaturated
zone water capacity and evaporation limit (GWLF V2) in 1992
(Haith et al., 1992). More detailed discussions about variants of
the GWLF model are provided in Supplementary Material. The
framework of GWLF model is robust and flexible and has
worldwide applications (Hong et al., 2012; Li et al., 2010;
Schneiderman et al., 2007).
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While used to characterize watershed-scale water resources
particularly in humid regions like the Eastern US, the original GWLF
application showed a weakness in estimating low monthly ground-
water volumes in dry seasons (Lee et al., 2000; Schneiderman et al.,
2002). As the dominant component of streamflow in low-flow
months, the groundwater contributions to streamflow during these
periods are commonly underestimated, creating potentially signif-
icant biases in pollution load estimates. Although such biases have
little impact on annual load estimates (the contribution of loads
during low-flow periods to cumulative loads is minimal) they can
affect the validity of estimates of both pollution loads and outflow
concentrations in low-flow months. Both are critical indicators for
water resource management, especially under arid conditions pro-
jected to be more extreme under future climate change scenarios
(Narsimlu et al., 2013; Parry, 2007).

Although previous research has addressed this issue by adding a
leakage mechanism for saturated zone recharge (Schneiderman
et al., 2002), we believe that additional improvements are possible
with relatively simple modifications of the model. In this study, we
propose three new algorithms to refine the framework of the
groundwater transfer mechanism of GWLF to improve streamflow
predictions without additional data requirements, and apply the
modifications to estimate watershed hydrologic processes in arid
conditions. The ReNuMa modeling platform (Hong and Swaney,
2008), which uses the same hydrologic model components as the
original GWLF V1 or V2, was used here because of its flexible code
and data handling, and powerful capability in Bayesian parameter
estimation. We generalized the new algorithms for the saturated
zone based on GWLF V2 and integrated them with a previously-
developed unsaturated zone leakage algorithm approach
(Schneiderman et al., 2002). We then compared the modeling
results from different resulting GWLF versions with hydrological
observations in a watershed of China, which has an uneven precip-
itation distribution with dry periods occurring in the spring and
autumn months of most years. The goal of our research is to
develop refinements in the groundwater framework of the GWLF
model to better estimate hydrology in dry seasons or arid areas
that are of particular concern to management under climate
change. These new algorithms also offer an approach which may
be useful for other similar watershed models with steady ground-
water transfer mechanisms (Allred and Haan, 1996; Frankenberger
et al., 1999).

2. Materials and methods

2.1. Model modifications

Three new algorithmic modifications have been made to
estimate fluxes of water to streamflow and deep seepage from
groundwater storage in GWLF V2. The three algorithms, describing
functional relationships between the fluxes and storage, are
respectively called the segment function approach, linear function
approach, and exponential function approach in this paper. The
modifications are designed to refine streamflow estimates during
low-flow periods by replacing fixed ‘‘transfer coefficients’’ with
functional relationships.

The transfer of groundwater to streamflow and deeper layers in
the original model is calculated simply as the product of fixed coef-
ficients, the recession coefficient and seepage coefficient, and daily
water storage in the saturated zone, which can be formulated as:

recession yield¼ recession coefficient� saturated zone storage ð1Þ

seepage yield¼ seepage coefficient�saturated zone storage ð2Þ
Here, the saturated zone of the watershed is considered to be a

linear reservoir. The recession yield indicates a water transfer from
the saturated zone to streamflow; this can be conceptualized as a

‘‘horizontal flow’’ from the saturated zone to streamflow. The seep-
age yield indicates the corresponding ‘‘vertical water transfer’’ lost
from the saturated zone to deeper layers. These two transfer
approaches comprise the main mechanisms for groundwater
simulation in the GWLF model based on two simple ‘‘lumped’’
parameters, the recession coefficient and seepage coefficient,
which approximate the average, depth-integrated behavior result-
ing from a more detailed characterization, such as a hydraulic con-
ductivity tensor or transmissivity profile. Recession coefficient and
seepage coefficient can be calibrated to reflect the local aquifer
properties of the simulated region; for a low permeability aquifer
region, such as silty-sand sediments, the seepage coefficient could
be very low (or even set to zero to represent an impervious layer);
for gravel aquifer with high permeability, the seepage rate could be
set at a higher value (to a maximum of 1). However, although such
mechanisms are clear and require little data, the approach
disregards a key point regarding the relationship between water
transfer rates and saturated zone storage: that water storage in
the saturated zone is the source of energy for groundwater trans-
fers, so that the recession coefficient and seepage coefficient
should be variable functions of water storage rather than fixed
coefficients. The smaller the water storage, the smaller the hydrau-
lic head of groundwater, associated with both lateral and vertical
flows, having less energy for groundwater transfer. In the original
algorithm with invariable coefficients, the recession coefficient
and seepage coefficient would likely be overestimated during the
low-flow period with little infiltration water recharging the satu-
rated zone storage, leading to an overdraft of water storage from
the saturated zone, as a result of which the groundwater flow
would likely be underestimated relative to the real flow in the later
low-flow period (Eq. (1)). The proposed solution is to construct a
positive functional relationship between water transfer rates and
saturated zone storage to better reflect its physical behavior; as
described below, we have developed three alternate algorithms
to address this issue (Fig. 1).

2.1.1. Segment function approach
The first approach, a ‘‘segment function’’, was introduced to

characterize daily recession and seepage. The groundwater transfer
coefficients here were divided into quick and slow recession and
seepage coefficients depending upon whether the saturated zone
water storage was above or below a threshold value, which can
be formulated as:

Daily recession coefficient¼
recession coefficientquick saturated zone storage P thresholdrecessionð Þ
recession coefficientslow saturated zone storage< thresholdrecessionð Þ

�
ð3Þ

Daily seepage coefficient¼
seepage coefficientquick saturated zone storage P thresholdseepage

� �
seepage coefficientslow saturated zone storage< thresholdseepage

� �
(

ð4Þ

In this algorithm, two groups of groundwater transfer
coefficient were used in the model. When the saturated zone water
storage is smaller than a threshold value (a low-flow situation), the
slow transfer coefficients would be applied to calculate the slow
transfer process on that day. Otherwise, the quick flow coefficients
would be used to represent the normal groundwater process. The
critical threshold parameter for saturated zone storage is obtained
by calibration.

2.1.2. Linear function approach
As the second alternative, a linear relationship is assumed

between the saturated zone water storage and groundwater
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