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Abstract. Understanding the propagation of prolonged meteorological drought helps solve the problem of intensified water scarcity around the world. Most of the existing literature
studied the propagation of drought from one type to another
(e.g., from meteorological to hydrological drought) with
statistical approaches; there remains difficulty in revealing
the causality between meteorological drought and potential
changes in the catchment water storage capacity (CWSC).
This study aims to identify the response of the CWSC to
the meteorological drought by examining the changes of
hydrological-model parameters after drought events. Firstly,
the temporal variation of a model parameter that denotes that
the CWSC is estimated to reflect the potential changes in the
real CWSC. Next, the change points of the CWSC parameter were determined based on the Bayesian change point
analysis. Finally, the possible association and linkage between the shift in the CWSC and the time lag of the catchment (i.e., time lag between the onset of the drought and
the change point) with multiple catchment properties and climate characteristics were identified. A total of 83 catchments
from southeastern Australia were selected as the study areas. Results indicated that (1) significant shifts in the CWSC
can be observed in 62.7 % of the catchments, which can
be divided into two subgroups with the opposite response,
i.e., 48.2 % of catchments had lower runoff generation rates,
while 14.5 % of catchments had higher runoff generation
rate; (2) the increase in the CWSC during a chronic drought

can be observed in smaller catchments with lower elevation,
slope and forest coverage of evergreen broadleaf forest, while
the decrease in the CWSC can be observed in larger catchments with higher elevation and larger coverage of evergreen
broadleaf forest; (3) catchments with a lower proportion of
evergreen broadleaf forest usually have a longer time lag and
are more resilient. This study improves our understanding of
possible changes in the CWSC induced by a prolonged meteorological drought, which will help improve our ability to
simulate the hydrological system under climate change.

1

Introduction

Drought is one of the most damaging environmental disasters
and has significant environmental, economic and social impacts around the world (Zhao and Running, 2010). It not only
affects the balance of aquatic and terrestrial ecosystems but
also many economic and social sectors including agriculture
yield, industrial production and urban water supply (Mishra
and Singh, 2010). Furthermore, recent literature indicates
that improved probabilities of extreme events have been projected in many parts around the world because of increasing
anthropogenic interference and global climate change, which
implies more severe droughts in the future (Dai, 2011, 2012;
Pan et al., 2019b). Unlike other natural hazards, e.g., floods,
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cyclonic storms and earthquakes, a drought may have a much
longer duration.
Droughts are generally classified into four categories
(Mishra and Singh, 2010): meteorological, agricultural, hydrological and socioeconomic droughts. All droughts start
as meteorological droughts caused by precipitation shortage.
Then a prolonged meteorological drought might result in a
hydrological drought that is represented by the deficits in the
surface or subsurface water supply (e.g., streamflow, groundwater, reservoir and lake storage). An agricultural drought, a
period with declining soil moisture and consequent crop failure without any reference to surface water resources, is usually the combined effects of meteorological and hydrological droughts. A socioeconomic drought is associated with
the failure of water resources systems to meet water demands as a result of a weather-related shortfall in the water supply. Recently, many studies have been carried out on
the links between different drought types, e.g., the link between meteorological and hydrological droughts (Haslinger
et al., 2014; Huang et al., 2017; Lopez-Moreno et al., 2013;
Lorenzo-Lacruz et al., 2013; Van Loon et al., 2015; Wu et
al., 2017), the link between meteorological and agricultural
droughts (Huang et al., 2015; Wu et al., 2016), and the link
between meteorological and socioeconomic droughts (Zhao
et al., 2019). However, little attention has been paid to the
causality between meteorological drought and changes in
catchment properties where the latter plays a critical role in
the transference of different drought types.
Whether a sustained shift in precipitation (e.g., a prolonged meteorological drought) can trigger a change in
catchment properties is important for understanding the
mechanism of catchment response and hydrological projections under change (Schindler and Hilborn, 2015). For example, because of the significant decline in annual rainfall in the
late 1960s, a shift from perennial to ephemeral streams and
a decline in the runoff coefficient (runoff and rainfall) since
the 1970s has been observed in Western Australia (Petrone
et al., 2010). Furthermore, Saft et al. (2015) indicated the
shift in the annual rainfall–runoff relationship in southeastern Australia during the Millennium drought (1997–2009).
The possible mechanisms may be the drought-induced persistent change in groundwater level (Van Lanen et al., 2013),
catchment soil condition (Descroix et al., 2009), vegetation
(Adams et al., 2012) and soil moisture (Grayson et al., 1997).
Furthermore, a new hydrologic regime has developed in the
study area with important implications for future surface water supply.
One of the most important attributes of a catchment is the
ability to store water and to release it later, which is known
as the catchment water storage capacity (CWSC). The storage serves as a buffer for climate variability and meteorological extremes and sustains vegetation during the drought
period, while the value of the CWSC is a vital index to
quantify and compare the maximum water volume of different catchments. The detailed definition of the CWSC (McHydrol. Earth Syst. Sci., 24, 4369–4387, 2020

Namara et al., 2011) is that in an unregulated and unimpaired catchment, the water storage capacity is defined as
the maximum water volume that a catchment can hold after rainfall events. It refers to the part of effective rainfall that does not develop into the surface flow, and it is
the sum of soil water storage capacity, vegetation intercept
and snowpack. Recently, there have been two main methods
to derive the CWSC value, i.e., the water balance method
and hydrological-modeling
method. For the former method,
P
V (T ) = V0 + 1t Tt=1 (Pt − Qt − Et ), where V (T ) is the
storage at time step t = T ; 1t is the interval between two
contiguous time steps; V0 is the storage at time t = 0; and Pt ,
Qt and Et refer to the precipitation (mm), streamflow (mm)
and evapotranspiration (mm) at time step t, respectively.
Thus, the CWSC is denoted as the difference between the
minimum and maximum of the computed annual storage volumes over the observation period. For the latter method, the
CWSC is estimated through the calibration of hydrologicalmodel parameters (that denote the catchment water storage
capacity within the model structure) with the time series of
precipitation, evapotranspiration and streamflow as well as
certain objective functions (e.g., minimize the errors between
the streamflow observations and the simulated results based
on the estimated parameters) and the inference methods (e.g.,
SCEM-UA – Shuffled Complex Evolution Metropolis – algorithm by Vrugt et al., 2003). Generally, the latter has the
advantage of quantifying the contribution of snow, soil and
groundwater storage (Staudinger et al., 2017). For example,
Deng et al. (2016) calibrated the time-varying parameters of
a two-parameter monthly-water-balance model with a case
study in the Wudinghe catchment in China and found that
one of the model parameters that denote the CWSC experienced a significant upward trend during the historical period
from 1958 to 2000. Pan et al. (2019b) calibrated the GR4J
(modèle du Génie Rural à 4 paramètres Journalier) hydrological model with time-varying parameters in three catchments
of southeastern Australia and found that the spatial coherence of adjacent catchments helps to reduce the estimation
uncertainty of the CWSC and improves the model prediction performance. In addition, because of the resilience of
the catchment, the shift in the CWSC might occur as a delayed step change. However, no study has been made on the
application of hydrological-modeling methods to explore the
impacts of sustained meteorological drought on the catchment water storage capacity.
The objectives of this study, therefore, are (1) to verify
whether a sustained meteorological drought would result in
a significant change in the CWSC and, if so, to explore the
possible change points (the time points that the value of the
CWSC experienced an abrupt variation), change direction
(whether the value of the CWSC has an upward or downward change after the change point) and change magnitude
(the difference between the values of the CWSC during the
periods before and after the change point); (2) to analyze
which catchment properties and climate characteristics are
https://doi.org/10.5194/hess-24-4369-2020
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Table 1. Prior ranges of parameters in the GR4J hydrological
model.
Parameters
θ1
θ2
θ3
θ4

Min

Max

1.0
−5.0
1.0
0.1

500.0
5.0
200.0
8.0

Table 2. Potential factors for exploring the association between the
change of the CWSC with catchment properties and climate characteristics.

more promising to be related to the shift in the CWSC; and
(3) to explore the possible association between catchment
properties and climate characteristics with the time lag between the onset of meteorological drought and the change
point.
The remainder of this study is organized as follows. Section 2 presents the study area and research data. Section 3
illustrates the methodology to explore the questions mentioned above. Section 4 provides the results of catchments
with significant and nonsignificant changes in the CWSC as
well as catchments with different change directions due to
a prolonged meteorological drought and illustrates the association results between the shift in the CWSC and time lag
with the potential variables (including catchment properties
and climate characteristics). Section 5 provides discussions
of the results. The conclusions have been made in Sect. 6.

2
2.1

Study area

https://doi.org/10.5194/hess-24-4369-2020

Category

Variables

Catchment
properties

X1: catchment area (km2 )
X2: elevation difference between the
maximum and minimum elevations (m)
X3: mean elevation (m)
X4: slope range (◦ )
X5: mean slope (◦ )
X6: forest coverage percentage (%)
X7: AWHC of the topsoil (mm)
X8: AWHC of the subsoil (mm)
X9: Ks of the topsoil (mm h−1 )

Climate
characteristics

Study area and data

Analyses in this paper are based on daily rainfall, potential evapotranspiration, runoff time series and catchment attributes from southeastern Australia. The study catchments
were checked to be free from major anthropogenic disturbances during the measurement history (Zhang et al., 2013).
Southeastern Australia went through nearly a decade of meteorological drought that was approximately from 1996 to
2009. This drought has resulted in large impacts on the economy, culture, politics and ecosystem development of southeastern Australia, the most densely populated part of Australia. The study catchments are situated in this region, including southern Queensland, southern New South Wales
and the whole of Victoria. A map of the study area with the
geolocation of the study catchments in southeastern Australia
is shown in Fig. 1.
The study catchments exhibit a broad variety of climatic
conditions, soils, land use, and vegetation and hydrological
regimes. Generally, the study catchments have much more
rainfall during the spring and winter seasons than the summer and autumn seasons. In most of the study catchments,
there is no snowmelt; even if the snowmelt appears in an individual catchment, it does not have much effect on the local hydrological system because the mean elevation of these
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Y1: average of daily rainfall
Y2: average of daily
potential evapotranspiration
Y3: average maximum daily temperature
Y4: average minimum daily temperature
Y5: Cv of monthly rainfall
Y6: Cv of monthly runoff
Y7: average of monthly runoff ratio
Y8: average of spring rainfall
Y9: average of summer rainfall
Y10: average of autumn rainfall
Y11: average of winter rainfall
Y12: average of spring runoff
Y13: average of summer runoff
Y14: average of autumn runoff
Y15: average of winter runoff
Y16: average of annual rainfall
Y17: average of annual
potential evapotranspiration
Y18: average of annual runoff
Y19: average of annual aridity
index (PET and rainfall)
Y20: average of annual runoff ratio
Y21: Cv of annual rainfall
Y22: Cv of annual runoff
Y23: average of annual baseflow
Y24: annual base flow index

AWHC: available soil water holding capacity; Ks : saturated hydraulic
conductivity; Cv : coefficient of variation.

catchments is around 584 m a.m.s.l. It should be mentioned
that the mean elevation of these catchments is much lower
than the seasonal snow line (1500 m a.m.s.l.) in this area (Saft
et al., 2015).
2.2

Research data

The following data have been used in this study: (1) climate variables, including daily rainfall and daily potential
evapotranspiration; (2) daily streamflow observation at the
catchment outlet; (3) land use types at 1 km resolution;
Hydrol. Earth Syst. Sci., 24, 4369–4387, 2020
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Figure 1. Location map of the study catchments in southeastern Australia. The dark-gray color denotes the catchments with a long-term
meteorological drought (145 catchments), while the light-gray color denotes the catchments without any sustained droughts or that have
more than one prolonged drought period (253 catchments). DEM: digital elevation model.

(4) soil types at 30 arcsec resolution; and (5) catchment
attributes, including catchment area, mean elevation and
so on. The detailed lists of the catchment attributes and
climate characteristics are presented in Table 2. The climate
variables, daily runoff and catchment attribute data were
obtained from the Australian Water Resources Assessment
(AWRA) system, which has served as a standard publicly
available national dataset for hydrological-model evaluation
(https://publications.csiro.au/rpr/pub?pid=csiro:EP113194,
last access: 27 August 2020; Zhang et al., 2013). For
all catchments, there are no missing data in the rainfall and potential evapotranspiration data, while the
runoff data in some catchments are missing. The
dataset of soil types was obtained from the Harmonized World Soil Database by the Food and Agriculture
Organization of the United Nations (http://www.fao.
org/soils-portal/soil-survey/soil-maps-and-databases/
harmonized-world-soil-database-v12/en/,
last
access:
27 August 2020; Fischer et al., 2008) and was classified according to the soil texture triangle of the USDA
(https://www.nrcs.usda.gov/wps/portal/nrcs/detail/soils/
survey/?cid=nrcs142p2_054167, last access: 27 August 2020). The dataset of the land use types was derived
from the global land cover map released by the University of
Maryland (UMD) (Hansen et al., 2000) and was classified
according to the UMD Land Cover Classification method
(http://app.earth-observer.org/data/basemaps/images/global/
LandCover_512/LandCoverUMD_512/LandCoverUMD_
512.html, last access: 27 August 2020).
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In total 398 catchments from southeastern Australia were
selected from the original dataset, under the conditions that
(1) they are not regulated and only had insignificant effects
of human activities during the observation period and that
(2) the catchment area ranges from 50 to 17 000 km2 . Available records of these catchments for our study ranged from
1 January 1976 to 31 December 2011. For the initial dataset
of 398 catchments from southeastern Australia, a set of 125
catchments were excluded before analysis because the completeness of daily streamflow data in these catchments is less
than 80 %. The remaining 273 catchments are used for the
identification of meteorological droughts. Finally, 145 catchments within the subset were identified with a long-term meteorological drought (see Sects. 3.1 and 4.1) and analyzed
further. The attributes of the 145 catchments are summarized
in Table S1 in the Supplement.

3

Methodology

This section presents the methodology of this study, including (i) the identification of catchments with a long-term meteorological drought (Sect. 3.1); (ii) derivation of change in
the CWSC on account of drought based on the hydrologicalmodeling method (Sect. 3.2), including an introduction of
the hydrological model adopted, the likelihood function, the
model parameter estimation method and the identification
method for the change points of the CWSC; and (iii) potential variables that might be associated with the changes in the
CWSC (Sect. 3.3).
https://doi.org/10.5194/hess-24-4369-2020
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3.1

Identification of meteorological drought

Since rainfall is one of the most important factors that influence the degree of wetness, the identification method of
meteorological drought was only based on the annual rainfall data as in other studies (Li et al., 2020; Pan et al., 2019b;
Saft et al., 2015; Wong et al., 2013). The method proposed by
Saft et al. (2015) was introduced in this study to define the
meteorological-drought period (also known as dry period).
Saft et al. (2015) examined several algorithms for the identification of the dry period with the consideration of different
combinations of the dry-period anomaly (i.e., the percentage
variation between the annual rainfall during the dry period
and the average of the whole time series), the length of the
dry period and various boundary conditions, and the delineation results of the dry period by one of the algorithms that
illustrated the lowest dependency on the algorithm itself and
was robust to different algorithms. The process of this best
identification method is generalized as follows.
Firstly, the anomaly was calculated as the percentage variation between the annual rainfall data and the long-term annual mean value, and the anomaly was smoothed with a 3year moving window. It should be mentioned that smoothing
was applied to avoid single wetter years that interrupt a long
dry period and identify all periods of consecutive smoothed
negative anomalies. Secondly, the start year of the dry period
was defined as the start of the first 3 continuous years of the
negative anomaly period based on the unsmoothed anomaly
data. Similarly, the end year of the dry period was determined
from the last negative 3-year anomaly series based on the unsmoothed anomaly data. The end year was defined as the last
year of this 3 year series unless (i) there was a year with a
positive anomaly that was larger than 15 % of the mean, in
which case the end of dry period was determined as the year
before that year, or (ii) the last 2 years had slightly positive
anomalies (but each was smaller than 15 % of the mean), in
which case the end year was determined as the first year of
the positive anomaly. Two additional rules were set to ensure a sufficiently long and severe dry period: the length of
the dry period should be longer than 6 years, and the mean
dry years’ anomaly should be smaller than 5 %. In addition,
the remaining part in the observation history (except the dry
period) was determined as the nondry period.
The selected algorithm has been verified as a rigorous method for processing the autocorrelation in regression
residuals and testing the global significance. Furthermore, we
have the same study region, i.e., catchments in southeastern
Australia (but our data sources and periods are different). A
more detailed process of the identification method of the dry
period can be obtained in research by Saft et al. (2015) and
our previous study (Pan et al., 2019b).

https://doi.org/10.5194/hess-24-4369-2020
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Derivation of the catchment response to drought
Hydrological model

The conceptual rainfall–runoff model, i.e., the GR4J (modèle du Génie Rural à 4 paramètres Journalier) hydrological
model, was used to examine the proposed method (Perrin
et al., 2003). Previous studies showed that the GR4J model
had comparable simulation and prediction performance with
other hydrological models with more model parameters (Pan
et al., 2019a, b; Westra et al., 2014). The GR4J model comprised four parameters: θ1 represents the catchment water
storage capacity (mm); θ2 denotes the coefficient of groundwater exchange (mm); θ3 represents the 1 d ahead maximum
capacity of the routing store (mm); and θ4 denotes the time
base of the unit hydrograph (d). Previous studies (Demirel
et al., 2013; Pan et al., 2019a, b; Perrin et al., 2003; Westra
et al., 2014; Yan et al., 2015) showed that θ1 , which denotes
the catchment water storage capacity, is the most sensitive
parameter in the structure of the GR4J model.
In the GR4J model structure, the first operation is to subtract evapotranspiration from the original rainfall to determine the net rainfall or net evapotranspiration. The net rainfall is then divided into a surface flow and a water production
storage of catchment, where θ1 is the maximum capacity of
the production store of the catchment. The total runoff includes two flow components (underground flow and the surface runoff), which are presented as slow- and fast-routing
processes by two unit hydrographs. Of the total runoff, 90 %
is routed by the slow unit hydrograph and then a nonlinear routing store, while the remaining 10 % of the runoff is
propagated through the fast-routing process. Both unit hydrographs depend on the same parameter θ4 expressed in days.
In addition, a groundwater exchange term that acts on both
flow components is calculated based on parameters θ2 and
θ3 . More details about the Gr4J model can be found in Perrin
et al. (2003).
The real CWSC values are hard to derive based on available data and attributes of catchments. However, the hydrological model provides a new perspective for reflecting
the potential variations of the CWSC, that is, the utilization
of specific model parameter(s) that represent(s) the CWSC,
such as parameter θ1 in the GR4J model. Figure 2 presents
an example to illustrate the impacts of the shift in the value
of θ1 on the model simulation results.
Thus, in this study, we use the magnitude of the shift in estimated θ1 between periods before and after the change point
to represent the change in the CWSC. In addition, we assume
that the other model parameters θ2 , θ3 and θ4 are kept constant during the periods before and after the change point,
and the shift of the CWSC happens on the potential change
point. The constant assumption of parameters θ2 , θ3 and θ4 is
a common assumption, which has been made in many previous studies, such as Westra et al. (2014) and Pan et al. (2019a,
b).
Hydrol. Earth Syst. Sci., 24, 4369–4387, 2020
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Figure 2. Example of the impacts on model simulation due to the different shifts in model parameter θ1 (that denotes the catchment water
storage capacity). Qsim refers to the simulated streamflow.

3.2.2

Likelihood function, parameter estimation and
inference

1. Likelihood function
For catchment c, the likelihood function in this study
was adopted from Thiemann et al. (2001), which is written as
  ω (τ ) T
−
→
pc θ (c) |ξ (c) , q (c) , τ ∝
σ


−
→  2/(1+τ )
T et θ (c)
−
X
→ 


exp −c (τ )
 · p θ (c) ,
σ
t=1

where
ω (τ ) =

(2)

where p refers to the likelihood probability. θ (c) =
{θ1 , θ2 , θ3 , θ4 }, and 0(.) indicates the gamma function.
T refers to the number of time step t; c is the index
of catchments; q denotes observations of streamflow; ξ
represents the climate inputs of the hydrological model,
including precipitation (P ) and potential evapotranspiration (PET); et signifies the residual error at time step
t; and τ refers to the residual-error model type (Pan
Hydrol. Earth Syst. Sci., 24, 4369–4387, 2020

{0(1/2)}

0(3/2)
ω (τ = 0) = 0(1/2)
= 0.5, respectively. Additionally, for
all unknown quantities, uniform distributions are used
as their prior distributions.

2. Inference

(1)

 
 1/2
0 3 (1 + τ ) /2
n 
 3/2 o , c (τ )
(1 + τ ) 0 (1 + τ ) /2
( 
 )1/(1+τ )
0 3 (1 + τ ) /2


=
,
0 (1 + τ ) /2

et al., 2019a; Thiemann et al., 2001). When the model
type of residual error is verified, parameters ω and c are
unchanged values. The Gaussian distribution was used
to denote the residual-error model in this study; thus
τ = 0 was verified. Therefore, ω (τ = 0) and c (τ = 0)
1/2
are confirmed as ω (τ = 0) = {0(3/2)}3/2 = 0.3989 and

The estimation of the posterior distributions of all unknown quantities is based on the Shuffled Complex
Evolution Metropolis (SCEM-UA) sampling method
(Vrugt et al., 2003). The Gelman–Rubin convergence
value (Gelman et al., 2013) was used as the evaluation criterion of model convergence, with its value that
should be smaller than the threshold of 1.2. The prior
ranges of all model parameters have been given in Table 1.
3.2.3

Bayesian change point analysis

In this part, the Bayesian change point analysis was introduced to find out the possible change points of the CWSC.
The change point of the CWSC denotes the time point that
the estimated values of the CWSC between two periods (before and after this point) were significantly different. Each
change point was then illustrated by a likelihood probability. The time point with the maximum likelihood probability
among all potential options was regarded as the final change
point of the catchment.
https://doi.org/10.5194/hess-24-4369-2020
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The Bayesian change point is one of the simplest and
most effective methods to analyze the change point problem
(Cahill et al., 2015; Carlin et al., 1992). The detailed process
is as follows.
At first, assume unknown value k as the potential change
point of the CWSC and its value is taken from 2 =
{1, 2, . . . , T }. Thus, k = T is interpreted as “no change”. Assuming the rainfall–runoff relationship, Y before the change
point k is

−
→
Yi (c) ∼ pc θ (c) |ξi (c) , qi (c) , τ , i = 1, . . . , k − 1. (3)
Therefore, for all possible k, corresponding values of calibrating parameters θ (c) can be obtained through the derivation of the likelihood function with the SCEM-UA algorithm.
Obviously, there were four unknown quantities (i.e., four
model parameters) that need to be solved during this process.
Similarly, the rainfall–runoff relationship after the change
point k is assumed as
−

→
Yi (c) ∼ pc 0 θ 0 (c) |ξi (c) , qi (c) , τ , i = k, . . . , T ,
(4)

where θ 0 (c) = θ1 0 , θ2 , θ3 , θ4 . Parameters θ2 , θ3 and θ4 are
predefined and taken from the calibrating results of the previous process. Thus, only θ 0 1 would be calibrated in this process. The association between pc and pc 0 is that the posterior
distributions of θ2 , θ3 and θ4 are the same.
Therefore, for every k, the likelihood function L (Y ; k) becomes
−
−
→ 
→ 
L (Y ; k) = pc θ (c) · pc 0 θ 0 (c) .
(5)

1. The minimum NSE requirement: the values of the
Nash–Sutcliffe efficiency coefficient (NSE) in two periods should be larger than 0.6. The reason for setting this
requirement was to ensure the simulation results by the
adopted model (the GR4J model) were reasonable for
the simulation of the hydrological cycle in a catchment;
thus, the estimated model parameter can truly reflect the
CWSC of this catchment.
2. The minimum requirement of significant change: the
difference in simulated values of the parameter θ1 between the two periods should be more than ±20 %. In
other words, only the catchments with more than ±20 %
changes in θ1 would be recognized as significantly
changed. After comparison of several other threshold
levels (such as ±5 % and ±10 %), we found that the
value of ±20 % can maximally exclude the negative impacts by the heterogeneity of the available parameter
sets.
3. The requirement for maximum performance degradation: the degradation of NSE values between the two
periods should be no more than 20 %.
4. The requirement for the robustness of results: the initial
conditions (i.e., the initial value of all unknown quantities which might have impacts on the final results)
for the calculation would change three times; only the
catchments that were identified as significantly changed
in each time would be identified as the final changing
items.
3.3

The Bayesian perspective is added by placing a prior density
ς(k) on 2 whence the posterior density of p(k |Y ) is
p (k |Y ) =

L (Y ; k) ς (k)
.
n
P
L (Y ; j ) ς (j )

(6)

j =1

Therefore, the final change point is recognized as the point
that has the largest p (k | Y ). It should be noted that every
catchment would get a “potential change point” during the
calculation process. However, these potential change points
would be evaluated to judge whether there is a significant
shift in the estimated θ1 (θ1 0 ) between these two periods, i.e.,
before k and after k. In order to speed up the calculation process, the time interval between two adjacent change point is
set as 30 d.
3.2.4

Criteria in identifying catchments with a
significant change in θ1

https://doi.org/10.5194/hess-24-4369-2020

Response time of a catchment

In those catchments with a significant change in the CWSC,
a time lag would usually exist between the onset of meteorological drought and the change point because of the catchment resilience. For example, Van Lanen et al. (2013) and
Huang et al. (2017) indicated that the groundwater that maintained the runoff during a brief drought period thus acted as a
cushion to the spread of meteorological drought to hydrological drought. However, the interactions between the surface
water and groundwater would be gradually reduced because
of the falling groundwater levels if the drought conditions
persist for several years and even decades. The shift between
the connected situation and disconnected condition usually
takes some time and occurs as a delayed step change, which
is also known as the time lag of the catchment. Furthermore,
the vegetation and catchment soil moisture may also have
an impact on the response of catchments to meteorological
drought.
3.4

In order to derive the catchments with significant changes in
the CWSC, four evaluation criteria have been used in this
study.

4375

Potential factors for the shift in the CWSC

Since the processes potentially responsible for the shift in the
CWSC are not directly measured, some measurable proxies
Hydrol. Earth Syst. Sci., 24, 4369–4387, 2020
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Table 3. The direction of the shifts in the CWSC due to the long-term meteorological drought for the catchments in southeastern Australia.
NSE: Nash–Sutcliffe efficiency.
Magnitude

Change direction

Significant
change

Downward (smaller CWSC than the previous estimation suggests)
Upward (larger CWSC than the previous estimation suggests)

8.3 % (12)
27.6 % (40)

Nonsignificant
change

Slight increase
Slight decrease

12.4 % (18)
9.0 % (13)

Dissatisfy the criteria of the minimum NSE performance,
the maximum performance degradation and the robustness requirement

42.8 % (62)

All (catchments with a sustained meteorological drought)

100 % (145)

are used to explore the potential factors and possible associations between these potential factors with the changes in the
CWSC and the length of the time lag of the catchment. Thus,
33 variables, including catchment physical properties and climate characteristics, were employed. It should be noted that
due to the limitation of available catchment attribute data,
for each catchment, only one static or constant value of the
catchment property was employed (X1–X9). However, each
climate variable includes four values, i.e., the values of climate characteristics during the periods before and after the
change point and the variation and percent variation of the
climate characteristics between the aforementioned two values. For example, four values of the average of daily runoff
are considered, i.e., the average values of daily rainfall during the period before the change point ARbefore , the average
values of daily rainfall during the period after the change
point ARafter , and the variation and percent variation of the
average of the daily runoff between ARbefore and ARafter . Table 2 summarizes the potential factors included in the following analysis. The employed climate variables can be divided
into four categories, i.e., daily- (Y1–Y4), monthly- (Y5–Y7),
seasonal- (Y8–Y16) and annual-scale variables (Y17–Y24).
Note that the base flows of catchments were calculated based
on the Lyne–Hollick method (Lyne and Hollick, 1979).
4
4.1

Percentage
(number of catchments)

Results
Catchments with a long-term meteorological
drought

A total of 125 catchments in southeastern Australia were excluded from the original dataset (total of 398 catchments) because these catchments lacked a long enough data series during their streamflow measurement history; that is, the completeness of daily streamflow data is less than 80 %. Furthermore, 145 catchments from the filtered 273 catchments have
been identified with one long-term meteorological drought
during its observation history according to the identification
method mentioned in Sect. 3.1. It should be mentioned that
Hydrol. Earth Syst. Sci., 24, 4369–4387, 2020

the catchments with more than one long-term drought period
in its measurement history were not included in order to exclude the unnecessary impact on the subsequent evaluation of
shift in the CWSC due to sustained drought. For most catchments, the long-term meteorological drought started around
2000 and then ended around 2009. The drought length of all
these catchments was longer than 7 years. During this period,
a decrease larger than 5 % has been identified in the annual
rainfall of all those catchments.
4.2

Catchments with significant and nonsignificant
change

The Bayesian change point test was applied to the 145 catchments that have been identified with a long-term meteorological drought (Table S1). Based on the evaluation criteria mentioned in Sect. 3.2.5, it was found that 83 of the 145 catchments satisfied the requirements for minimum NSE performance and maximum performance degradation. The following analysis was based on these 83 catchments.
As presented in Table 3, in 52 out of 83 (62.7 %) catchments, the estimated value of the model parameter θ1 was
detected to have a significant change after the onset of meteorological drought, indicating the potential changes of the
CWSC in these catchments. These catchments satisfied all
criteria mentioned in Sect. 3.2.5. More clearly, the median
estimated value of parameter θ1 during the period after the
change point was significantly different from that value before the change point; the median NSE performance of both
parameter sets in two periods were larger than 0.6; furthermore, the performance degradation between simulated results before and after the change point was no more than
20 %. Meanwhile, the remaining 31 (37.3 %) catchments had
no significant changes after the onset of the drought.
Figure 3 illustrates the results of three examples, including the posterior distributions of θ1 during the periods before and after the change point (left three columns), the posterior probability in the likely change points (middle three
columns) and the corresponding NSE performance (right
https://doi.org/10.5194/hess-24-4369-2020
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three columns). Clearly, there was a time lag between the
onset of meteorological drought and the shift in the CWSC.
In catchment 215002, a significant upward change in θ1
was detected after the change point. It means that after the
change point the CWSC was larger than expected based
on the calibrated results in two periods. As for the posterior probability, it was found that there was a probability of
48.0 % that the change point would be located in the range
of July–December in 2001 and a probability of 76.0 % that
the change point would be located in the range of February–
December in 2001. In catchment 401203, the white box that
refers to the mean estimate of θ1 was shifted downward significantly, indicating the potential decreased change in the
CWSC of this catchment. The likely change point has a probability of 39.9 % to occur within the period of January–July
in 2003. Finally, catchment 410061 experienced an upward
but not significant change in θ1 when comparing the results
from two periods that were separated by the “most likely
change point”. Since the shift in θ1 was not significant in this
catchment, the change point did not exist here statistically.
Thus, under sustained rainfall reduction, the CWSC of different catchments might experience absolute diverse changes.
The possible reasons may lie in the diverse catchment properties and climate characteristics (see Sect. 4.4 and 4.5).

and southern Victoria experienced different levels of increase
in the CWSC, while (3) in northeastern Victoria, the majority
of catchments had a decrease in the CWSC. Figure 5 presents
the statistical histograms of catchments with different degrees of the shift in θ1 . It should be noted that both catchments with significant changes and nonsignificant changes
have been plotted together. The fitted curves in Fig. 5a and
b are both positively biased, since there was a larger number
of catchments with an increasing trend in the CWSC compared to those with a decreased trend detected. The distribution of the catchments illustrates that the majority of catchments have [−50, 100] percent change (based on the period
before the change point) or [−100, 200] absolute change in
the estimated value of θ1 .

4.3

Two groups of catchments were established according to the
significance level of the shift in θ1 after the onset of the
long-term drought. Specifically, one group is composed of
catchments with a significant change in the estimation of parameter θ1 between two periods. The other group is composed of catchments that only had a nonsignificant change
in parameter θ1 between two periods. As shown in Fig. 6
(left two columns), the catchment properties of two groups
of catchments have been presented. Significant changes in
the CWSC were likely to occur in catchments with smaller
catchment areas, lower elevation and difference, less slope,
lower available soil water holding capacity (AWHC) in subsoil, and less saturated hydraulic conductivity (Ks ) in topsoil.
The forest coverage percentage and the AWHC in topsoil are
not significantly different between the two groups of catchments. It should be noted that some of those catchment properties might be somewhat related. Thus, the Pearson correlation coefficient (PCC) has been used to explore the potential relationship between the change in parameter θ1 with the
catchment properties as well as the connection between different catchment properties. Figure 7 illustrates a low degree
(PCC ∈ [±0.3, ±0.5]) of association between the percentage
shift in parameter θ1 and these catchment properties for two
groups of catchments.

Direction and magnitude of the shift in the CWSC

In the case of the direction of shift in the CWSC, a significant increase in the estimated θ1 has been found in 40 out of
83 catchments. Since the significant decrease in rainfall has
been found during the prolonged drought, these catchments
were expected to experience a downward trend with a similar magnitude of reduction in the runoff generation. However, the increase of the CWSC means that the drought might
result in lower runoff generation rates for similar amounts
of rainfall during the drought period. Thus, in the following years with reduced rainfall, lower runoff due to the reduced rainfall could be expected; furthermore, the even less
runoff than historical records may occur because of the significant increase in the CWSC. Another 12 catchments had
a significant downward shift in the CWSC. The decrease of
the CWSC indicates that meteorological drought might result in higher runoff generation rates for a similar amount
of rainfall than previous records. These catchments had the
lower capacity to hold available water, and their ecosystems
might suffer more frequent and more severe extreme events,
e.g., droughts and floods. In addition, the remaining 31 catchments were divided into two parts further, i.e., 18 catchments with a slight (nonsignificant) increase in the CWSC
and 13 catchments with a slight (nonsignificant) decrease
in the CWSC. As for the geographical distribution of the
catchments with significant and nonsignificant changes in the
CWSC, Fig. 4 illustrates that there is some tendency for clustering, e.g., (1) for the majority, adjacent catchments tend to
have same change directions; (2) catchments in southwestern
https://doi.org/10.5194/hess-24-4369-2020

4.4

Factors for shifts in the CWSC

In this part, we investigate whether changes in the CWSC
are associated with particular catchment properties or climate
characteristics. In other words, do catchments with certain
catchment properties or climate characteristics more easily
trigger the potential shift in their CWSC?
4.4.1

4.4.2

Factors for the significant and nonsignificant
shifts in the CWSC

Factors for the significant upward and downward
shifts in the CWSC

Two subgroups of catchments were extracted from the group
of catchments with significant shifts in the CWSC according
Hydrol. Earth Syst. Sci., 24, 4369–4387, 2020
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Figure 3. Examples of shifts in model parameter θ1 : (a) catchment 215002 with a significant upward change in θ1 , (b) catchment 401203 with
a significant downward change in θ1 and (c) catchment 410061 with a nonsignificant change in θ1 . The first column compares the posterior
distributions of θ1 calibrated during the periods before and after the change point. The second column denotes the posterior probabilities
based on all possible change points. The last column denotes the Nash–Sutcliffe efficiency (NSE) performance of the model parameters
calibrated during the periods before and after the most likely change point.

to the change direction of the estimated θ1 . Specifically, one
subset is composed of catchments with a significant upward
change in the estimated θ1 , while another subset is composed
of catchments that experienced a significant downward shift
in the estimated θ1 . As shown in Fig. 6 (right two columns),
catchments with a significant upward change in estimated
θ1 had a smaller catchment area, lower elevation and difference, less slope, lower AWHC in subsoil, and less saturated
hydraulic conductivity (Ks ) in topsoil. The forest coverage
percentage, the AWHC in topsoil and the length of the time
lag are not significantly different between two subgroups of
catchments.
Furthermore, 24 climate variables in Table 2 have been
used to explore the difference between two subgroups of
catchments and the possible associations between the magni-

Hydrol. Earth Syst. Sci., 24, 4369–4387, 2020

tude of the shift in the CWSC with the values of climate variables. As illustrated in Sect. 3.4, one climate variable consists of four values, i.e., the climate values during the periods
before and after the change point, absolute difference, and
percentage variation between the climate variables between
two periods. Thus, there were 96 climate values considered in
this part. As shown in Fig. 8, significant differences (i.e., percentage variation is larger than ±10 %) have been found in
the majority of the climate variables between two subgroups
of catchments for both four categories of climate values, except for the percentage difference in the daily maximum temperature, which was not significant for both four values between two periods. In addition, the percentage difference of
the drought length (≥ 7 years) between the two subgroups of
catchments was 14.3 %, and on average, the subset of catch-
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Figure 4. Location map of the catchments with significant and nonsignificant shifts in the CWSC. The red (blue) color denotes the catchments
that have a significant increase (decrease) in the CWSC after the change point, while the (light-blue) light-red color denotes the catchments
with a nonsignificant increase (decrease) in the CWSC.

Figure 5. Shift magnitudes of the CWSC between the periods before and after the change point. The orange lines denote the kernel smoother
curve of the histograms.

ments with significantly increased shift had longer drought
length than the other subset.
The potential associations between the change in the
CWSC and both climate values have been presented in Fig. 9.
A medium degree of correlation (PCC >0.4) has been found
between the percentage shift in the CWSC with the Cv of
annual rainfall (PCC = 0.422) and the Cv of annual runoff
(PCC = 0.419) during the period before the change point. No
more than a medium degree of correlation has been found
between the shift in the CWSC and the climate values after

https://doi.org/10.5194/hess-24-4369-2020

the change point. As for the variation of climate values between two periods, a larger association has been found in the
shift in the CWSC with the variation in daily rainfall (PCC =
−0.425), variation in annual rainfall (PCC = −0.518) and
change in annual runoff ratio (PCC = 0.479) rather than others. In addition, it seems that the shift in parameter θ1 was not
related to drought length (≥ 7 years) because its PCC value
was only 0.148.

Hydrol. Earth Syst. Sci., 24, 4369–4387, 2020
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Figure 6. Catchment properties for the study catchments, including catchment area (km2 ), elevation difference between the maximum and
minimum elevations (m), mean elevation (m), slope range (◦ ), mean slope (◦ ), forest coverage percentage (%), available soil water holding
capacity (AWHC) in top- and subsoils, and saturated hydraulic conductivity (Ks ) in topsoil (mm h−1 ). The red and black lines (solid) denote
the average of catchments with and without significant changes in the CWSC, respectively. “Increased” means catchments with a significant
increase in the CWSC, while “decreased” represents catchments with a significant decrease in the CWSC.

4.5

Factors for the time lag of a catchment

Using the same method as illustrated in Sect. 4.4, the difference between two subgroups of catchments and potential associations between the time lag of the catchment (time lag)
with catchment properties and climate characteristics were
analyzed. In other words, is it easier for catchments with certain catchment properties and/or climate conditions to have
longer time lag? It should be noted that the catchments with
a nonsignificant change in the CWSC were not included in
this part, because these catchments did not experience a significant change in its estimation value of θ1 and thus did not
have a statistically significant change point.
On average, the time lag in the subset of catchments with
the significant upward change in estimated θ1 was 9.4 %
larger than the subset with a significant downward shift. As
shown in Fig. 10, only lower associations have been found
between the time lag with different catchments. The maxiHydrol. Earth Syst. Sci., 24, 4369–4387, 2020

mum PCC value between the time lag with the catchment
properties was just 0.159, which was achieved by the correlation between the time lag and the AWHC in topsoil. In
addition, the potential association between the time lag with
the climate variables also has been presented in Fig. 11. Similarly, low correlation (|PCC < 0.3|) has been found between
the time lag and both four categories of climate values.
5

Discussion

The results indicate that, under certain circumstances, a longterm meteorological drought would result in a significant
change in the CWSC. In this study, 52 in 83 catchments
(62.7 %) have been found to have a significant shift in their
CWSC. Furthermore, a subset of 40 catchments had a significant upward change in the CWSC, while another subset of
12 catchments had a significant downward change.
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Figure 7. Pearson correlation coefficient based on the association
between the magnitude of the shift in θ1 and multiple catchment
properties as well as the associations between different catchment
properties. In the lower triangular matrix, the shift in θ1 was considered, while in the upper triangular matrix, the percentage shift
in θ1 was used. S denotes the shift in θ1 , and %S denotes the percentage shift in θ1 , while X1–X9 denotes the catchment properties
mentioned in Table 2.

Figure 8. The percentage difference of climate variables between
two subgroups of catchments (catchments with significant upward
and downward changes in estimated θ1 ). The numbers in the x coordinate denote climate variables illustrated in Table 2. The blue and
orange lines denote the percentage difference of climate variables
between two subgroups of catchments during the periods before and
after the change point, respectively. The gray line denotes the percentage difference of the amplitude of variation between two periods. The positive value means an increase, while a negative value
means a decrease.

5.1

Possible reasons for different changes in the CWSC

The results indicate that, under certain circumstances, a longterm meteorological drought would result in a significant
https://doi.org/10.5194/hess-24-4369-2020
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Figure 9. Pearson correlation coefficient based on the association
between (1) the magnitude of shifts in the CWSC with multiple
climate variables as well as the connection between different climate variables (lower triangular matrix) and (2) the magnitude of
percentage shifts in the CWSC with multiple climate variables as
well as the connection between different climate variables (upper
triangular matrix). Panels (a) and (b) denote a connection between
the shift or percentage shift in the CWSC with the climate variables during the periods before and after the change point, respectively. Panels (c) and (d) denote the association between the shift
or percentage shift in the CWSC with the variation and percentage
variation of climate variables of two periods, respectively. Y1–Y24
denotes the climate variables in Table 2.

change in the CWSC. However, no strong association has
been found between the magnitude of the change in the
CWSC with any single variable. In addition, the length of
the dry period was not associated with the shift in the CWSC.
Thus, it seems that the catchment response behavior to longterm meteorological drought is controlled by the combination of local catchment properties and climate characteristics
rather than a single factor. Thus, further studies are still required to confirm which factors played the most important
role in the catchment dynamic.
5.1.1

Potential mechanisms for the impacts of
catchments properties on the CWSC

The CWSC of a catchment is the comprehensive presentation
of catchment properties in the field of water storage. The interrelated impacts by the changes in catchment properties,
such as groundwater decline, may result in the potential shift
in the CWSC. However, it should be mentioned that even
similar changes that take place in catchments with different
backgrounds of properties may have opposite impacts on the
change direction of the CWSC.
Hydrol. Earth Syst. Sci., 24, 4369–4387, 2020
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Figure 10. Pearson correlation coefficient based on the length of the
time lag of the catchment (between the start of the meteorological
drought and the change point) with the catchment properties.

In the study area, the groundwater decline combined with
a different background of soil types in the catchments may
be one of the possible reasons for different change directions
in the CWSC. The groundwater decline would lead to the
loss of the hydraulic connection between groundwater and
surface water. The space that once was occupied by soil water becomes void. However, catchments with different soils
would have different change directions. In sand and other
soil types with a lower adhesive property, these soil pores
would be compacted due to the reduction of buoyancy of soil
water; thus the compacted soil may result in a decrease in
the CWSC. Conversely, these soil pores may be retained in
those soils with a strong adhesive property; the decline of
groundwater may lead to an increase in the CWSC. A significant decline in the groundwater level has been observed in
southeastern Australia during the drought periods (Leblanc
et al., 2009). Figure 12 presents the soil types of 83 catchments in southeastern Australia and illustrates that the silt
loam and loam are the main soil types in the study area, the
sum of which occupies more than 80 % of the region. Moreover, southwestern Victoria and southern New South Wales
(i.e., catchments with an increase in the CWSC) were mainly
occupied by the loam, while eastern Victoria (i.e., catchments
with an increase in the CWSC) was mainly occupied by the
silt loam. By contrast, the silt loam had a stronger adhesive
property and larger field capacity than the loam. Thus, the
distribution of these two soil types may explain a proportion
of variance in the change direction of the CWSC. However,
in southern Victoria, the results disagree with this finding; the
possible reasons might be that other more influential factors
control the catchment behaviors in this region.
Hydrol. Earth Syst. Sci., 24, 4369–4387, 2020

Figure 11. Pearson correlation coefficient based on the association
between the length of the time lag of the catchment with multiple
climate variables.

In addition, another possible reason is the variance in land
use. The primary land use types in the study region are evergreen broadleaf forest (49.8 %), wooded grassland (16.9 %),
woodland (14.1 %) and cropland (13.2 %). As shown in
Fig. 13, catchments with downward changes are mainly covered by evergreen broadleaf forest, while those with upward
changes are mainly covered by other three land use types.
Historical literature (Adams et al., 2012; Fensham et al.,
2009; Ferraz et al., 2009) showed that, due to the persistent
drought, plant mortality and change in species compositions
have been observed in southeastern Australia. Thus, it can
be hypothesized that evergreen broadleaf forest has less resilience in response to the drought, and it may be much easier for it to experience significant changes in the CWSC than
other types, since that the growth of evergreen broadleaf forest needs much more water than other types. In catchments
with large coverage of evergreen broadleaf forest, the canopy
interception and absorption of the forest usually consist of
the vital proportions for the catchments to store water; thus
the tree die-off in these catchments might result in a decrease
in the CWSC. On the contrary, in the catchment with other
land use types, the water storage by its vegetation may only
play a non-primary role, and its vegetation has a stronger resilience in response to the drought because of less water consumption. Thus, the persistent drought in these catchments
did not result in massive tree morality but merely led to the
increased water stress and the augmentation of the CWSC.
https://doi.org/10.5194/hess-24-4369-2020
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Figure 12. Soil types and corresponding percentages in the study catchments (83 catchments). The soil type data was adopted from the
Harmonized World Soil Database at 30 arcsec resolution (Fischer et al., 2008) and classified according to the soil texture triangle of the
USDA.

Figure 13. Land use types and corresponding percentages in the study catchments (83 catchments). The land use data were adopted from the
global land cover map at 1 km resolution released by the University of Maryland (Hansen et al., 2000).
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Potential mechanisms for the impacts of climate
characteristics on the CWSC

The effect mechanism of climate characteristics on the
CWSC is through their remodeling on the catchment properties. A medium degree of correlation has been found between the percentage shift in the CWSC with the coefficients
of annual rainfall and runoff before the change point and the
variation in annual or daily rainfall and annual runoff ratio.
Furthermore, the shift in the CWSC was not associated with
all climate variables after the change point. It also has been
found that the annual distribution of baseflow and the interannual, seasonal and monthly distribution of rainfall and runoff
are not correlated to the shift in the CWSC. Previous studies
(Chiew et al., 2011; Saft et al., 2015) illustrated that during
the meteorological drought, a large reduction in autumn rainfall and an even larger decrease in winter runoff and annual
runoff of many catchments in southeastern Australia have
been observed. However, in our study, significant declines
in rainfall and runoff in all four seasons have been observed
throughout the study area, not merely the autumn rainfall and
winter runoff. Furthermore, significant differences have been
found in most climate variables between catchments with
significant upward and downward changes, including the autumn rainfall and winter and annual runoff and other climate
variables. Thus, it is really hard to judge the influence of each
factor on the CWSC. According to our study, it seems that
the final changes in the CWSC are the combined effects of
multiple climate variables and catchment properties.
5.2

Catchments with quick or slow response

The length of time lag represents the resilience of a catchment in response to a prolonged drought. Our results indicated a negative association between the length of time
lag with the forest coverage percentage in both catchments
with significant upward and downward changes. It means
that catchments with a larger forest coverage percentage are
more susceptible to the stress from a chronic meteorological
drought than other catchments. This phenomenon is possibly related to the primary land use types in the study area,
i.e., evergreen broadleaf forest (49.8 %), which has a high
demand for water consumption. Thus, a catchment that experienced a prolonged meteorological drought, combined with
the characteristic of large coverage of evergreen broadleaf
forest, would be quite sensitive to have changes in its CWSC.
In addition, opposite directions of PCC association between
the time lag with several catchment properties (i.e., mean elevation and elevation difference, mean slope and slope range,
AWHC in subsoil, and Ks in topsoil) have been found in two
subgroups of catchments. For example, in the subset of catchments with a significant decrease in the CWSC, the length of
time lag is positively associated with the elevation level and
slope, while in the subset of catchments with a significant
increase in the CWSC, it is a negative association. Similar
Hydrol. Earth Syst. Sci., 24, 4369–4387, 2020

findings also have been found in associations between the
time lag and multiple climate variables (e.g., daily rainfall
and baseflow). However, since only a low association level
has been observed between the time lag and these single climate variables, it is still hard to judge whether there are certain physical mechanisms behind this phenomenon or it is
just a statistical artifact.
6

Conclusions

This study aims to examine the possible changes in the catchment water storage capacity (CWSC) as well as the time
lag between the onset of the meteorological drought and the
change point of the CWSC. A classical hydrological model,
GR4J, was used, and its parameter θ1 was selected to denote
the CWSC. Thus, the temporal variation in parameter θ1 was
detected to reveal the possible fluctuation in the CWSC, and
the causality between the temporal variation in parameter θ1
and a persistent meteorological drought was examined. The
83 catchments in southeastern Australia were selected as the
study areas because a decadal meteorological drought was
observed. Main conclusions can be drawn as follows.
1. Significant changes in the CWSC have been identified
in 62.7 % (52 in 83) of catchments, which can be divided into two subgroups with opposite catchment responses: 48.2 % (40 in 83) experienced a significant decrease in the CWSC during the drought period and had
lower runoff generation rates, while 14.5 % (12 in 83)
of catchments experienced a significant decrease in the
CWSC during the drought period and had higher runoff
generation rates.
2. Different change directions in the CWSC resulted in the
opposite impacts on runoff generation, i.e., catchments
with increased CWSC would result in lower runoff generation rates for similar amounts of rainfall than before,
while those catchments with decreased CWSC would
have an opposite response (higher runoff generation
rate). Generally, the increase in the CWSC during a
chronic drought can be observed in smaller catchments
with lower elevation, slope and forest coverage of evergreen broadleaf forest, while the decrease in the CWSC
can be observed in larger catchments with higher elevation and larger coverage of evergreen broadleaf forest.
Among all catchment properties and climate variables
considered, our results suggest that two climate variables (i.e., variation in annual rainfall and annual runoff
ratio) have the strongest associations with the shift in
the CWSC.
3. The responses of different catchments to persistent
meteorological drought were not equally susceptible. Catchments with a lower proportion of evergreen
broadleaf forest usually have a longer time lag and are
more resilient.
https://doi.org/10.5194/hess-24-4369-2020
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It is noted that although this study resulted in interesting findings that give new insight and have not been fully outlined
before, it is based on the lumped GR4J model and the specific case in Australia, which implies that the main findings
and conclusions may not directly extendable to other regions.
Thus, to examine the generality of the main conclusions, the
response of the CWSC to meteorological drought can be analyzed with other hydrological models in other regions.
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