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Abstract: Studies on the hydrological response to continuous extreme and asymptotic 13 

climate change can improve our ability to cope the intensified water-related problems. 14 

Most of the existing literature focused on the runoff response to different climate 15 

change patterns, while neglected the impacts by the potential variation in the catchment 16 

water storage capacity (CWSC) that plays an important role in the transfer of climate 17 

input to the catchment runoff. This study aims to identify the response of the CWSC to 18 

the long-term meteorological drought and asymptotic climate change systematically. 19 

Firstly, the time-varying parameter is derived to reflect the CWSC periodic/abrupt 20 

variations under both drought and non-drought periods. Secondly, the change points 21 

and varying patterns of the CWSC are analysed based on the Bayesian change point 22 

analysis with multiple evaluation criteria. Finally, multiple catchment properties and 23 

climate characteristics are used to explore the possible relationship between these 24 

variables and the temporal variation characteristic of the CWSC. The catchments 25 

suffered from prolonged meteorological drought in southeast Australia are selected as 26 

the case study. Results indicate that: (1) the increase of CWSC amplitude change has 27 

been observed in 83/92 catchments during the prolonged drought period and the 28 

significant shifts in the mean value of the CWSC are detected in 77/92 catchments; (2) 29 

the median response time of CWSC for all 92 catchments with significant changes is 30 

641.3 days; (3) the values of CWSC are changed significantly in the catchments with 31 

small area\low elevation\small slope range\large forest coverage and high soil water 32 

holding capacity. This study might enhance our understanding to the variations in 33 
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catchment property under different climate-changing patterns.  34 

Keywords: catchment water storage capacity; prolonged meteorological drought; 35 

extreme and asymptotic climate change; southeast Australia 36 

1. Introduction 37 

Climate change is one of the most significant drivers to influence mechanism of runoff 38 

generation and confluence process of catchments (Chen et al., 2007; Jung et al., 2012; 39 

Changnon and Gensini, 2019). Depending on the extent and duration of climate change, 40 

it can be classified as extreme (e.g., from prolonged meteorological drought to 41 

extremely wet climate conditions in a period) and asymptotic changes (climate change 42 

under different seasons in a normal year) (Shen et al., 2018). For instance, significant 43 

variations (i.e., less runoff than expected) in hydrological behaviour were reported 44 

during the decade-long millennium drought of many catchments in south-eastern 45 

Australia compared with the previous wet period (Saft et al., 2016). Seasonally 46 

asymptotic variation have been identified in many catchments in America (Deng et al., 47 

2018; Pan et al., 2019a), Asia (Deng et al., 2016) and Australia (Pan et al., 2019b). 48 

Studies on the hydrological response of catchments to different climate change 49 

scenarios not only can improve our understanding to the variation mechanism of 50 

catchment, but also enhance our ability to prevent the unpredictable extreme events. 51 

(Kusangaya et al., 2014; Kundu et al., 2017; Liu et al., 2018). 52 

Accordingly, literatures on the hydrological response to the changing 53 

environments generally include two main approaches, i.e., statistical analysis and 54 
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hydrological modelling. The statistical analysis method is simple and can be used to 55 

detect the change trend of prolonged hydrological and meteorological data series in 56 

large catchments (Costa et al., 2003; Siriwardena et al., 2006), but usually lack 57 

necessary physical explanations for the potential variation in catchment hydrological 58 

response (Lin et al., 2015; Liu et al., 2018). Hydrological models can comprehensively 59 

consider the spatial heterogeneity and physical process of the catchment, which has 60 

been widely used to examine the hydrological response under multiple climate 61 

conditions, even the contrastive scenarios (Abbaspour et al., 2007; Tu, 2009; Chen et 62 

al., 2019; Tian et al., 2021). For example, the Variable Infiltration Capacity (VIC) model 63 

was adopted by Chawla and Mujumdar (2015)  to evaluate the runoff response in the 64 

upper Ganga basin. Shen et al. (2018) adopted the Hydrological Model of École de 65 

Technologies Supérieure (HMETS) hydrological model to estimate uncertainty of 66 

runoff response to climate change. Tian et al. (2021) applied the Soil and Water 67 

Assessment Tool (SWAT) model to distinguish quantitatively the effects of land-use 68 

change and climate change on future runoff in Han River basin, China. However, most 69 

of the existing hydrologic response studies mainly focused on the runoff variations 70 

under changing environments, without pay attentions to the causality between the 71 

varying climates (i.e., extreme and asymptotic changes) with variation in catchment 72 

properties. 73 

Many previous literatures (McNamara et al., 2011; Melsen et al., 2016; Carrer et 74 

al., 2019) indicated that the CWSC is one of the most significant parameters to 75 
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influence the mechanism of hydrological response of catchments. Our previous study 76 

(Pan et al., 2020) has showed that significant shift in the CWSC has been identified in 77 

almost two thirds of the catchments in south-eastern Australia during the prolonged 78 

meteorological drought period compared with the previous non-drought period, which 79 

may result in the opposite response in two subsets of catchments, i.e., runoff generation 80 

rates of some catchments were lower while others had higher runoff generation rate. 81 

The study also found that the main potential reasons may due to the difference in the 82 

proportion of evergreen broadleaf forest in these catchments. However, this study only 83 

considered the average shifts from the non-drought period to drought period and treated 84 

the CWSC of each period as a constant, i.e., we did not consider the time-varying 85 

characteristics of the CWSC of each catchment that due to the periodic climate change, 86 

and thus unable to reflect variation in catchment characteristics with progressive 87 

climate. 88 

Recently, studies of the potential time-varying CWSC characteristics based on the 89 

simulation of the temporal variation of hydrological parameters have attracted a lot of 90 

attention (Coron et al., 2012; Brigode et al., 2013; Patil and Stieglitz, 2015; Deng et al., 91 

2018), and provided a new approach for better-representing changes in catchment 92 

characteristics (Deng et al., 2016). Accordingly, the selected model parameters that 93 

refers to the CWSC in the model structure were constructed as multiple hypothetical 94 

functions based on physical covariates (e.g., time covariates and catchment attributes), 95 

and their simulation results were evaluated and compared with real observations 96 
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through certain criteria. Thus, the functional form that achieved the best simulation 97 

performance would be recognized as the best item to represent the potential changes in 98 

the catchment property (Jeremiah et al., 2013; Westra et al., 2014; Wright et al., 2015; 99 

Guo et al., 2017; Pan et al., 2019a; Pan et al., 2019b). For example, Westra et al. (2014) 100 

found that the streamflow prediction of the Scott Creek catchment in South Australia 101 

was significantly improved if the CWSC is allowed to change over time as a combined 102 

function. Pan et al. (2020) identified the impact of meteorological drought on CWSC 103 

by investigating the changes of hydrological model parameters before and after drought 104 

events.  105 

In this study, we further explore the response of the CWSC to both extreme climate 106 

changes (i.e., prolonged meteorological drought) and asymptotically periodic climate 107 

changes systematically. In particular, three scientific questions will be investigated as 108 

follow: 109 

(1) What are the change characteristics of CWSC under prolonged meteorological 110 

drought and asymptotic climate variation?  111 

(2) Which catchment features and climate factors are more likely to be related to 112 

the change of CWSC? 113 

(3) What is the difference in CWSC when both extreme climate variation and 114 

asymptotic climate variation are considered compared with extreme climate variation? 115 

The rest of this study is as follows: the study area and adopted data set is introduced 116 

in Section 2, the proposed methodology is presented in Section 3, our findings and 117 
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discussions are provided in Section 4. Followed by Section 5 to summarize the 118 

conclusions. 119 

2. Materials 120 

2.1. Study area 121 

In this study, south-eastern Australia was selected as the initial study area. To minimize 122 

the impact of human activities, 398 catchments that were not disturbed by reservoirs or 123 

irrigation systems are selected in this study. The study area covers from southern 124 

Victoria to New South Wales and Queensland. The map of the study area with location 125 

of the 398 initial catchments is presented in Fig. 1. Westra et al. (2014) and Pan et al. 126 

(2019b) indicated that these catchments have experienced about ten years of 127 

meteorological drought near the millennium, which had a significant impact on the 128 

stability of local ecosystems, and the development of local society, economy and 129 

politics.  130 

The basic climate characteristics include the large proportion of arid areas, the 131 

semi annular distribution of annual precipitation, and the terrain, geology, land cover 132 

and climate conditions are differentiated between catchments in various states. The 133 

annual mean precipitation, temperature ranges from 507 mm to 1814 mm, and 8.26℃ 134 

to 19.52℃, respectively. From the perspective of spatial and temporal distribution, the 135 

precipitation in the catchments of Victoria state is mainly concentrated in winter. In 136 

contrast, the northern catchments in New South Wales and Queensland states have more 137 
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rain in summer than in winter. The potential reason of this phenomenon is ENSO (El 138 

Niño-Southern Oscillation). In terms of runoff, runoff in summer is dominant in the 139 

northern catchments, while runoff in winter is more likely in the southern catchments.  140 

2.2. Data set 141 

Table 1 summarized the description and source of the three types of data set, which 142 

includes (1) meteorological data (daily precipitation, potential evapotranspiration 143 

(PET)); (2) hydrological data (daily runoff); (3) catchment characteristics (including 144 

catchment area, mean elevation, mean slope, forest coverage percentage, etc). 145 

The studied 398 catchments were selected from the dataset in Zhang et al. (2013) 146 

with catchment areas between 50 to 17000 km2. The observations of these catchments 147 

range from year 1976 to year 2011. It is noted that the historical meteorological 148 

observations of all catchments in the data sets are complete. However, the daily runoff 149 

observations of 125 catchments are incomplete with the integrity of the time series is 150 

less than 80%. Thus, these catchments are excluded and the remaining 273 catchments 151 

are used for further analysis. 152 

3. Methodology 153 

The proposed methodology and procedures are sketched in Fig. 2. To investigate the 154 

response of CWSC to the prolonged meteorological drought and asymptotic climate 155 

variation, the study scheme is conducted with following four procedures: (1) 156 

identification of prolonged meteorological drought; (2) derivation on the response of 157 
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the CWSC to long-term meteorological drought and asymptotic climate variation on 158 

the basis of Bayesian change point analysis and hydrological modelling approach; (3) 159 

analysis of potential factors (i.e., properties of the catchments and climate 160 

characteristics) that may be related to the potential changes of the CWSC and the 161 

response time (the response time is denoted as the interval between the occurrence of 162 

the prolonged meteorological drought and the abrupt shift of the CWSC).   163 

3.1. Identification of prolonged meteorological drought  164 

There are many methods/indexes, such as Standardized Precipitation Index (SPI) 165 

(Bayat et al., 2015), Rainfall Departure Analysis (Kumar et al., 2020), Standardized 166 

Precipitation-Evapotranspiration Index (SPEI) (Das et al., 2021) and so on, have been 167 

used to identify the prolonged meteorological drought. Saft et al. (2015) introduced a 168 

drought definition algorithm that was based on the annual rainfall only, and has been 169 

proved to have lower degree of dependence and the stronger robustness than other 170 

selected approach in the south-eastern Australia catchments. It is mentioned that the 171 

prolonged drought period should be longer than 7 years according to the definition 172 

algorithm. For more detailed information about this method, please refer to Saft et al. 173 

(2015) and Pan et al. (2019b). 174 

3.2. Hydrological model  175 

The GR4J hydrological model (modèle du Génie Rural à 4 paramètres Journalier) is 176 

used to simulate the potential change characteristics of CWSC before and after the 177 
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prolonged meteorological drought. GR4J model is a lumped conceptual rainfall-runoff 178 

model development by Perrin et al. (2003) and improved by Le Moine et al. (2008), 179 

and has been used in more than 400 regions with various climatic characteristics around 180 

the world, such as China (Zeng et al., 2019), France (Perrin et al., 2003), north America 181 

(Pan et al., 2019a), and Australia (Coron et al., 2012). Its validity in the simulation of 182 

rainfall-runoff relationship and reflection of potential changes in catchment properties 183 

has been verified by Le Moine et al. (2008), Simonneaux (2008) and Harlan (2010). 184 

3.2.1 Model structure 185 

The original GR4J model framework proposed by Perrin et al. (2003) only contains 186 

four parameters, and its structure is shown in Fig.3. The meanings of the four model 187 

parameters are as follows: θ1 is the capacity of runoff producing reservoir in the 188 

catchment (mm); θ2 is the groundwater exchange coefficient (mm); θ3 is the capacity 189 

of catchment reservoir (mm); θ4 is the unit line confluence time (day). All model 190 

parameters are real values, θ1, θ3 and θ4 are positive, θ2 can be positive, negative or 0.  191 

Based on the existing data and catchment attributes, it is almost impossible to 192 

obtain the real value of the CWSC with current technology. However, hydrological 193 

simulation method provides us a new perspective for revealing the potential changes of 194 

CWSC, i.e., we can use a specific parameter θ1 in the GR4J model to represent CWSC 195 

and characterize its variation in the real catchment. Similar studies can be found in 196 

Westra et al. (2014), Deng et al. (2016) and so on. Hence, the simulated values of the 197 
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parameter θ1 and its time-varying characteristics are used to represent the change of real 198 

CWSC. It is noted that θ2, θ3 and θ4 are assumed to remain constant, similar settings 199 

can be found in many previous studies (Westra et al., 2014; Pan et al., 2020). 200 

3.2.2 Periodicity of the CWSC 201 

As explained before, parameter θ1 in the GR4J model was used to represent the real 202 

CWSC according to its implications. Our previous work (Pan et al., 2020) has verified 203 

that the CWSC (i.e., parameter θ1) had an “abrupt” point after the prolonged 204 

meteorological drought, which assumes that the offset of the estimated θ1 represents the 205 

change of CWSC. Meanwhile, the θ1 in each period is recognized as a constant value 206 

and do not include the periodicity of the CWSC that has been outlined by many previous 207 

works (Nepal et al., 2017; Kunnath-Poovakka and Eldho, 2019; Sezen and Partal, 2019). 208 

However, Westra et al. (2014) and Pan et al. (2020) indicated that the CWSC had 209 

periodic variability that may due to the seasonal growth and wiling of catchment 210 

vegetation. 211 

In this study, a sine function is considered in the regression function of θ1 to 212 

represent its periodicity within each period since the CWSC (model parameter θ1) may 213 

process periodic change pattern due to the seasonal growth and die-off of vegetation. 214 

Furthermore, the sine function is one of the most fundamental functional forms to 215 

represent the periodic change of variables (Westra et al., 2014; Pan et al., 2019a; Pan et 216 

al., 2019b). The time-varying functions of θ1 during two periods are presented as 217 

follows:  218 
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Before the change-point:                                               219 

 1 1 1 1 1sin t        (1) 

After the change-point: 220 

 '

1 2 2 2 2sin t        (2) 

where, 1 1 1 1, , ,     and 2 2 2 2, , ,     are regression parameters for the time-varying 221 

function. 1  and 2  signify the amplitude of the sine function; 1  and 2 represent the 222 

frequency of the sine function; 1 and 2 denotes the remainder in the sine function; 1223 

and 2  refer to the intercept.  224 

3.2.3 Likelihood function and parameter estimation 225 

(1) Likelihood function  226 

In this study, the likelihood function for catchment i from Thiemann et al. (2001) 227 

was adopted, which is shown as follows: 228 
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 (4) 

where p means the probability of likelihood.    1 2 3 4, , ,i     ,  .  means the gamma 229 

function. T is the number of time step; q represents the measured value of runoff;   230 

denotes the climate variables entered into the hydrological model; et refers to the 231 
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residual error at time step t; and r is type of the residual-error model (In this study, r is 232 

represented by Gaussian distribution). When verifying the model type of the residual, 233 

the parameters    ,r r  are constant values as r is certain. In additional, the prior 234 

distribution of all unknown quantities is uniform distribution. 235 

 (2) Parameter estimation 236 

The posterior distribution of all unknown variables is estimated using the Shuffled 237 

complex evolution metropolis (SCEM-UA) algorithm, which is on the basis of Markov 238 

chain Monte Carlo method (Vrugt et al., 2003; Ajami et al., 2007). For the convergence 239 

of parameters, the Gelman-Rubin convergence value is selected as the evaluation 240 

standard, and the convergence threshold is 1.2. The pre-set range of all parameters is 241 

shown in Table 2. 242 

3.3 Change point analysis of CWSC 243 

3.3.1 Bayesian change point analysis 244 

Bayesian change point analysis is one of strongest ways available to explore the 245 

possible change time of the CWSC (Carlin et al., 1992; Cahill et al., 2015). The 246 

likelihood probability is used to evaluate the possibility of each potential change point. 247 

The most likely time point of all potential schemes is seen as the ultimate change point 248 

of that catchment.  249 
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3.3.2 Criteria for evaluating significant changes in CWSC 250 

To evaluate whether the CWSC has changed significantly under climate change, the 251 

following three criteria are adopted. 252 

(1) The requirement of NSE  253 

In order to guarantee the reasonable simulation results of the GR4J model, the 254 

Nash-Sutcliffe efficiency (NSE) coefficient values before and after the change point 255 

should be greater than 0.6. Furthermore, the difference of NSE values between the two 256 

periods should be less than  20% . 257 

(2) The minimum requirements for significant changes in storage capacity  258 

The change rate of the estimated parameter θ1 (θ’1) before and after the change 259 

point should exceed  20% . i.e., 1 1

1

-
100%  20%

 


  

’

. 260 

(3) Robustness requirements of the results 261 

The initial values of the model parameters will be changed three times. Only when 262 

the results of the three calculations all show that the CWSC has changed significantly, 263 

the catchments would be selected.  264 

3.4. Response time of a catchment 265 

Van Lanen et al. (2013) and Huang et al. (2017) have shown that the recharge between 266 

the groundwater and surface runoff would alleviate the hydrological response by a 267 
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short-term meteorological drought. In other words, the groundwater would buffer the 268 

surface runoff during the drought period. If the duration of meteorological drought is 269 

longer than several years or even decades, the hydraulic connection between the surface 270 

runoff and the underground runoff would be weak due to the decrease of groundwater 271 

level. Pan et al. (2020) indicated that the CWSC may change with the occurrence of the 272 

prolonged meteorological drought, the potential reasons lie that the differentiated soil 273 

composition and the extensive death of vegetation during the drought period. It also 274 

should be noted that CWSC would not change immediately after the occurrence of the 275 

meteorological drought but respond after a period due to the existence of catchment 276 

elasticity (e.g., the hydraulic connection between the surface runoff and the 277 

groundwater). Thus, the time length between the occurrence of meteorological drought 278 

and the change point of the CWSC is named as the catchment response time. 279 

3.5 Potential factors associated with the changes in CWSC 280 

The process that leads to the change of the CWSC cannot be measured directly, so some 281 

measurable factors are used to probe their lurking correlation between the change of 282 

CWSC and the catchment response time. We select 33 potential factors of catchment 283 

and list in Table 3, which including 9 catchment features and 24 local climate variables. 284 

It is noted that because of the limitation of available data for catchment characteristics, 285 

only one static/constant value of the catchment features (A1-A9) is used for the 286 

correlation analysis. Furthermore, climate variables in four-time scales are used, 287 

including daily (B1-B4), monthly (B5-B7), seasonal (B8-B15), and annual (B16-B24) 288 
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variables. 289 

4. Results and discussion 290 

4.1 Catchments with prolonged meteorological drought  291 

We selected 398 catchments in the south-eastern Australia as our initial study area, then 292 

excluded 125 catchments as the integrity of daily runoff data is less than 80%. Thus, 293 

the remaining 273 catchments are used for the meteorological drought identification, 294 

final 145 catchments are identified with a long-term meteorological drought with the 295 

drought period is longer than 7 years. The spatial distribution of these 145 catchments 296 

is shown in Fig. 1. The years of drought begin and end for those 145 catchments are 297 

exhibited in Fig.4. Based on the identification criteria of the prolonged drought period, 298 

the length of the drought periods in these catchments are all more than 7 years. In 299 

addition, the drought periods of 35% of catchments are larger than 13 years. It can be 300 

found that the prolonged meteorological drought of most catchments started later than 301 

1990, and end before 2009. In particular, the meteorological drought of 34 catchments 302 

began in the year 1997 and 37 catchments began in the year 2001.   303 

The characteristics of the 145 catchments with prolonged meteorological drought 304 

(Table 4) demonstrate that: there are significant differences in physical properties 305 

among different catchments. For example, the catchment area, mean elevation, and 306 

mean slope ranges from 54 to 6818 km2, 47 to 1351m, 0.3 to 13.6°, respectively. The 307 

interval of forest coverage is 15%-92%. These catchment features are selected as 308 
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potential impact factors and analysed further in Section 4.3. 309 

4.2 Change pattern of the CWSC 310 

The most likely change point is confirmed when those three criteria had been satisfied. 311 

The change pattern of the CWSC is determined by Equation (1) and (2). In other words, 312 

Equation (1)/Equation (2) reflects the potential periodic/asymptotic feature during the 313 

period before/after the change point. It is obvious that 𝛼1(𝛼2) and 𝛿1 (𝛿2) are the most 314 

important parameters in the regression function, which refer to the amplitude and 315 

intercept of the time-varying parameter 𝜃1 , respectively. Furthermore, the variation 316 

between 𝛿1  and 𝛿2  denoted the average difference between 𝜃1  and 𝜃1
′  , reflecting the 317 

potential change between the CWSC of periods before and after the change point.  318 

Table 5 presents the variation characteristics (amplitude 𝛼 and intercept 𝛿) of the 319 

CWSC in the 145 studied catchments with a meteorological drought in the south-320 

eastern Australia. 36.6 % of catchments (55 in 145 catchments) were identified as the 321 

violation of the criteria of the maximum performance degradation and result robustness, 322 

and thus were removed for further analysis. The remaining 92 catchments were retained 323 

as the set of catchments that satisfied the basic criteria of NSE performance and result 324 

robustness. As presented in Equation (1) and (2), the amplitude 𝛼 represents the range 325 

of variation in the CWSC, larger |𝛼| implies a greater variation interval of the CWSC 326 

during the specific period. Significant change in the amplitude 𝛼 has been found in 60.0% 327 

of catchments (87 in 145 catchments) during the drought period, in which 57.2% of 328 

catchments (83 in 145 catchments) experienced a significantly increased change in the 329 
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amplitude 𝛼  while that of 2.8% of catchments (4 in 145 catchments) had the 330 

significantly decreased variation during the drought period. In addition, only 3.4% of 331 

catchments (5 in 145 catchments) experienced a non-significant change in the 332 

amplitude 𝛼, in which 3 and 2 catchments had slightly upward and downward tendency, 333 

respectively. It means that most of catchments (87 in 92 catchments) experienced a 334 

significantly upward trend in the range of variation during the prolonged drought period, 335 

indicating the increased dramatic cyclical variation magnitude of the CWSC during the 336 

transformation from non-drought period to the prolonged drought period.  337 

The regression parameter 𝛿 , refers to the intercept/mean value of the CWSC 338 

during the specific period, is used to evaluate the average difference of the CWSC 339 

during two periods. Significantly upward change in the mean value 𝛿  has been 340 

identified in 84% of catchments (77 in 145 catchments) during the drought period, no 341 

catchment has been found with the significant downward change of 𝛿 in the drought 342 

period. In addition, the number of catchments with non-significant change in 𝛿 is 15; 343 

6.9% of catchments (10 in 145 catchments) and 3.5% of catchments (5 in 145 344 

catchments) have been identified with non-significant upward and downward trend 345 

during the drought period, respectively. These results illustrated that most of catchments 346 

(77 in 92 catchments) experienced a significantly upward trend in the average CWSC 347 

during the transformation from non-drought period to the prolonged drought period, 348 

indicating the increased CWSC during the latter period.  349 

The spatial distribution of the set of 92 catchments that satisfied the criteria of 350 
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NSE performance and results robustness is presented in Fig. 5. As shown in Fig. 5(a), 351 

94.5% catchments (87 in 92 catchments) were found with the significantly upward 352 

change in the amplitude 𝛼 during the drought period. Similarly, As presented in Fig. 353 

5(b), more than 80% of catchments (77 in 92 catchments) were identified with 354 

significant increased variation in the mean value 𝛿. Remarkable convergence pattern 355 

has been found in the spatial distribution of the group of catchments with different 356 

change forms in the amplitude of the periodic change and the average variation level of 357 

two periods. For instance, catchments with non-significant change in the mean value 𝛿 358 

were mainly concentrated in the middle part of the south region of Australia. The reason 359 

for this phenomenon may due to the similar physical features and climatic 360 

characteristics of adjacent catchments, which results in the relatively consistent change 361 

direction of catchments in a region.  362 

Fig.6 illustrates the statistic results of the change of amplitude ( ) and mean value 363 

( ) between two periods (before and after the change point) in all catchments in the 364 

south-eastern Australia. Fig.6 (a) and (b) show the absolute and relative change 365 

percentage of amplitude (   ) between two periods, indicating that the absolute 366 

differences of the amplitude between two periods, i.e., 2 1  are concentrated in the 367 

interval of [0, 75] for 80.4% catchments while the relative changes 2 1 1( ) /    are 368 

mostly concentrated in [0, 400%] for 69.6% catchments. The fitting curves in Fig.6 (a) 369 

and (b), which based on the kernel smoother method (Yandell, 1996), is significantly 370 

positive bias, indicating that there much more catchments have experienced an 371 
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increased tendency in the variation range of periodic changes of the CWSC during the 372 

drought period. Fig.6 (c) and (d) show the absolute and relative change percentage of 373 

the mean value ( ) respectively, indicating that the absolute change of the mean value, 374 

i.e., 2 1  , are concentrated in the interval of [50,150] for 75% catchments, while 375 

those of relative change, i.e., 2 1 1( ) /    are mostly concentrated within the interval 376 

of [0, 50%] for 65.2% catchments. Similarly, the fitting curves in Fig.6 (c) and (d) are 377 

remarkable positive bias too, indicating that there were much more catchments have 378 

experienced an increased tendency in the mean value of the CWSC after the change 379 

point.  380 

Among the catchments with θ1 varying significantly, two types of typical catchments 381 

are taken as examples to analyze the specific changes of CWSC (shown in Fig.7). In 382 

catchment 222206, both the 2  and 2  increase significantly after the change point 383 

compared with 1  and 1 . Based on the posterior probability of each possible change 384 

point, it is found that the change probability of CWSC is greatest at the time of 385 

2002/12/27. Changes of θ1 indicate that the CWSC of catchment 222206 has the 386 

tendency to increase after the change point. In catchment 421042, the amplitude 2  387 

decreases significantly while the mean value 2   increases significantly after the 388 

change point. The time corresponding to the change point is 2001/7/30, which refers to 389 

the moment when θ1 change. Therefore, above results for the two example catchments 390 

suggest that the CWSC of various catchments may experience different magnitudes of 391 

change under a sustained reduction in rainfall. In addition, time lag is clearly present 392 
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between the onset of meteorological drought and the change in θ1. 393 

4.3 Response time of catchments with a significant change in CWSC 394 

As mentioned in section 3.4, the response time refers to the time length between the 395 

occurrence of meteorological drought and the change point of CWSC. The magnitude 396 

distribution of response time in the 92 catchments that satisfied the basic criteria of 397 

NSE performance and result robustness is manifested in Fig.8, which indicates that the 398 

response time in nearly one third of catchments (27/92) is in the range of 800-1000 days, 399 

followed by that of 17 catchments is in the range of 600-800 days. Furthermore, as 400 

shown is Table 6, the average and median response time of the groups of catchments 401 

with significant changes in 𝛿, are 660.7 days and 750.6 days, respectively. Since no 402 

significant decreased variation has been found in 𝛿 , the group of catchments with 403 

significant changes in 𝛿  after the change point both experienced the remarkable 404 

increased trend. In the group of catchments with significant upward changes in the 405 

amplitude 𝛼, the average and median estimates of the response time are  660.4  and 406 

750.6 days, respectively; while those of catchments with significantly downward 407 

changes in 𝛼  are 391.9 and 422 days, respectively. Significant difference has been 408 

identified in the length of the response time between the sets of catchments with 409 

significantly upward and downward changes of the amplitude 𝛼. According to results 410 

in Table 6, catchments with increased variation interval of the periodic changes 411 

generally had the lager response time.  412 

https://doi.org/10.5194/hess-2021-646
Preprint. Discussion started: 26 January 2022
c© Author(s) 2022. CC BY 4.0 License.



22 

 

4.4 Factors for shifts in the CWSC 413 

4.4.1 Factors for shifts in the amplitude of the CWSC 414 

To provide a better understanding of the response of the variation range of CWSC to 415 

the prolonged meteorological drought and the variation characteristics under 416 

asymptotic climate change, we investigate whether the change in the amplitude 𝛼 is 417 

associated with particular catchment features and climate inputs, i.e., are variation in 418 

CWSC more likely to occur in the catchments with certain properties? Thus, 9 multiple 419 

catchment features and 24 climate variables that may drive the shifts in catchment 420 

response were analysed in this part.  421 

Firstly, 92 catchments that satisfied the basic criteria of NSE performance and 422 

result robustness are used in this part. According to the significance level of the change 423 

in the amplitude 𝛼, the selected 92 catchments are into two groups, namely significant 424 

change group and non-significant change group, named as 𝑔𝛼(𝑆) and 𝑔𝛼(𝑁𝑆) group 425 

respectively. As presented in Fig.9, the left two columns in each sub-figure refer to the 426 

corresponding catchment features of 𝑔𝛼(𝑆)  and 𝑔𝛼(𝑁𝑆)  group. 𝑔𝛼(𝑆)  denotes the 427 

group of catchments with significant changes in the amplitude 𝛼 after the change point; 428 

while 𝑔𝛼(𝑁𝑆) refers to the group of catchments with non-significant changes in 𝛼. As 429 

for the area and mean elevation, the mean values of area and elevation in the significant 430 

change group are 719 km2 and 322m, respectively, which are all lower than those (913 431 

km2,587m) in the non-significant change group. The same phenomenon appears in 432 

slope range, AWHC subsoil. However, other physical features of catchment (Ks topsoil, 433 
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Ks subsoil, AWHC topsoil, and Forest top soil percentage) all show the opposite results. 434 

The right two columns in Fig.9 refer to the corresponding catchment features of 435 

significant increase and significant decrease groups. The characteristics of the 436 

significant increase are quite different from those in significant decrease groups. For 437 

example, the average area of the significant increase group is 692 km2, which is about 438 

half of that in the significant decline group (1299 km2). On the whole, we can get the 439 

conclusion that: catchments with small area\ low elevation\ small slope range\ large 440 

forest coverage and AWHC soil may change more significantly than catchments with 441 

opposite characteristics. It is likely that the resilience of catchments with small area\ 442 

low elevation\ small slope range\ large forest coverage and high AWHC soil is poor, 443 

and which result in an easy change in CWSC of these catchments after the interference 444 

of meteorological drought. 445 

The relationship between the amplitude ( ) change of 1  and catchment features 446 

before and after the change point (see Fig.10) indicate that: the absolute value change 447 

of amplitude ( ) is positively correlated with mean elevation and KS of subsoil, while 448 

negatively correlated with all other catchment features (see Fig.10(a)). Furthermore, no 449 

significant correlation has been found between the absolute change of amplitude ( ) 450 

and all catchment features. As presented in Fig.10(b), positive association has been 451 

found between the relative change of amplitude ( ) and the AWHC of the topsoil, 452 

while negative relationship between the former and other catchment features. The 453 

correlation between the amplitude (  ) change of CWSC and 24 climate variables 454 
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before and after the change point is presented in Fig.10(c) and (d). Weak positive 455 

correlation has been found between the absolute value change of amplitude ( ) and all 456 

climate variables. The Correlation Coefficient (CC) between 𝛼 and B6 (CV of monthly 457 

runoff), B18 (mean annual runoff) are higher than that with other climate variables, 458 

which are 0.203 and 0.174, respectively. Similarly, there was no significant correlation 459 

between the relative change of amplitude ( ) and all climate variables (Fig.10(d)). 460 

Since no strong correlation between the amplitude ( ) and a single factor is found, 461 

therefore we speculate that the potential change of the variation range of the CWSC is 462 

the result of the combination of various catchment features and climate factors. 463 

4.4.2 Factors for the shifts in the mean value of the CWSC 464 

Similarly, we also explored the potential relationship between the change of mean value 465 

( ) of the CWSC and the catchments features/climate characteristics. According to the 466 

significance level of the change in the mean value 𝛿, the 92 catchments are also divided 467 

into two groups, i.e., named as 𝑔𝛿(𝑆) and 𝑔𝛿(𝑁𝑆) group. 𝑔𝛿(𝑆) denotes the significant 468 

change catchment group in the mean value 𝛿  after the change point; while 𝑔𝛿(𝑁𝑆) 469 

refers to the non-significant change catchment group in 𝛿. 470 

Left two columns in Fig.11, presents the comparison of catchment features between 471 

significant change and non-significant change group of mean value (   ), which 472 

demonstrates that all catchment features of the 𝑔𝛿(𝑆)  group are lower than 𝑔𝛿(𝑁𝑆) 473 

group. As for the change magnitude, the median estimate of all catchment features in 474 

the 𝑔𝛿(𝑁𝑆) group are lower than that in the 𝑔𝛿(𝑆)  group. In addition, catchments in 475 
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the 𝑔𝛿(𝑆) group are generally processed the smaller area, lower mean elevation and 476 

topsoil moisture content than the 𝑔𝛿(𝑁𝑆) group. 477 

Fig.12 illustrates the Pearson correlation between the changes (absolute change and 478 

relative change) of mean value ( ) of 1  and catchment features before and after the 479 

change point. The absolute value change of mean value ( ) is negatively correlated 480 

with both catchment features (see Fig. 12(a)). For instance, the most related estimate 481 

of CC was acquired by the absolute variation in 𝛿  and the Ks of topsoil with CC 482 

estimate of -0.362, followed by the AWHC of the subsoil (CC=-0.341), Ks of subsoil 483 

(CC=-0.267), Forest percentage (CC=-0.242), subsequently. As illustrated in Fig. 12(b), 484 

the relative change of mean value ( ) of 1  is negatively correlated with all catchment 485 

features (except for A3 (Slope range), and A6 (AWHC of topsoil)), but both correlations 486 

are weak. In general, soil and forest percentage are the most related variables to the 487 

mean value ( ). The water holding capacity of various soil types is different as the 488 

dissimilarity of void and adhesion in different soil types, which directly affects the 489 

ability of the catchment to absorb and store water, and then affects the CWSC of the 490 

catchment. Furthermore, the coverage of multiple forest percentage would affect the 491 

water holding capacity and water assumption ability, resulting the potential changes in 492 

the CWSC. Fig.12(c) and (d) illustrates the association between the change of the mean 493 

value ( ) and 24 climate variables before and after the change point. It shows that the 494 

absolute change value of mean value ( ) has a significantly positive correlation with 495 

B9 (mean summer precipitation, CC=0.306), B17 (annual potential evapotranspiration, 496 
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CC=0.306), B19 (Annual aridity index, CC=0.421), while has a significantly negative 497 

correlation with B8 (Mean spring precipitation, CC=-0.336), B21 (CV of annual 498 

precipitation, CC=-0.245) (Fig.12 (c)). The correlation between the relative change 499 

values of these two is shown in Fig.12 (d). Only the correlation between relative change 500 

of mean value ( ) and B20 (Mean annual runoff index, CC=-0.215), B24 (Annual base 501 

flow ratio, CC=-0.279) are significantly negative, respectively.  502 

4.5 Factors for the response time of catchment 503 

The Pearson correlation coefficient between the response time with catchment features 504 

and climate variables are presented in Fig.13, which indicate that: a strong positive 505 

correlation was identified between the response time with A2 (mean elevation, 506 

CC=0.239), and A6 (AWHC of the topsoil, CC=0.249). While a strong negative 507 

correlation was found between response time with A5 (forest coverage, CC=-0.225). 508 

The potential reasons for this finding lie that the increased forest coverage of the 509 

catchment resulted in the larger water demand of the ecosystem, and thus a shorter 510 

response time of the CWSC to the meteorological drought. In other words, when a 511 

catchment has experienced a prolonged meteorological drought, it would respond fast 512 

due to its large water demand. As for the climate variables, the absolute variations of 513 

most climate variables had negative correlations with response time in Fig.13(b). The 514 

CC between the absolute change of response time with B2 (Mean daily potential 515 

evapotranspiration), B3 (mean Tmax), B13 (Mean summer runoff, CC) are -0.313, -516 

https://doi.org/10.5194/hess-2021-646
Preprint. Discussion started: 26 January 2022
c© Author(s) 2022. CC BY 4.0 License.



27 

 

0.263, -0.27 and -0.27, respectively, indicating the weak relationship between the 517 

elative change values of most climate variables and response time as shown in Fig.13(c). 518 

5. Conclusions 519 

This study focused on the response of CWSC to the long-term meteorological drought 520 

and asymptotic climate change systematically based on the hydrological simulation 521 

method. Firstly, the time-varying parameter (the most sensitive model parameter in the 522 

adopted GR4J model) was derived to reflect the CWSC periodic/abrupt variations 523 

under both drought and non-drought periods. Secondly, the change points and varying 524 

patterns of the CWSC under the transform from non-drought to drought period were 525 

analysed on the basis of the Bayesian change point analysis with multiple evaluation 526 

criteria. Finally, a variety of catchment features and climate characteristics were used 527 

to explore the possible relationship between these variables and the temporal variation 528 

characteristic of the CWSC. Catchments that suffered from prolonged meteorological 529 

drought in southeast Australia were selected as the case study. The main conclusions 530 

were summarized as follows: 531 

(1) The increase of CWSC amplitude change has been observed in 83/92 532 

catchments during the prolonged drought period and the significant shifts in the mean 533 

value of the CWSC are detected in 77/92 catchments;  534 

(2) The median response time of CWSC for all 92 catchments with significant 535 

changes is 641.3 days. Specifically, the response time in 27 and 17 catchments are in 536 

the range of 800-1000 days and 600-800 days, respectively;  537 

https://doi.org/10.5194/hess-2021-646
Preprint. Discussion started: 26 January 2022
c© Author(s) 2022. CC BY 4.0 License.



28 

 

(3) The CWSC is changed significantly in the catchments with small area\low 538 

elevation\small slope range\large forest coverage and high available water holding 539 

capacity soil.  540 

In this study, the response characteristics of CWSC to the prolonged 541 

meteorological drought in southeastern Australian were analyzed. It was found that the 542 

catchment response time and mode are different greatly. However, only the correlation 543 

between the changes of parameter θ1, response time and single-factor of catchment 544 

features and climate variables were considered in this study. Subsequent studies could 545 

be conducted by combining data from multiple sources to carry out multi-factor 546 

regression analysis. Nevertheless, this study might enhance our understanding to the 547 

variations in catchment property under different climate-changing patterns.  548 
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Tables 707 

Table 1. Description of the dataset. 708 

Data type Description Data source 

Meteorological 

data 

daily precipitation, potential 

evapotranspiration 

Australian Water Resources 

Assessment system 

 

Runoff data 
daily runoff data from hydrological 

stations 

Catchment 

features 

catchment area, elevation, slope,  

forest coverage percentage, AWHC of 

the soil, Ks of the soil 

Note: AWHC denotes the Available Soil Water Holding Capacity; Ks refers to the Saturated 709 

Hydraulic Conductivity. 710 
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 711 

Table 2. Initial value range of GR4J model parameters. 712 

Parameters Meaning Unit Min Max 

 

 

 

1  

1 2,   amplitude of the sine function / -200 200 

1 2,   frequency of the sine function / 0 1 

1 2,   remainder in the sine function / -200 200 

1 2,   intercept of the sine function / -300 300 

2  groundwater exchange coefficient mm -5.0 5.0 

3  capacity of catchment reservoir mm 1.0 200.0 

4  unit line confluence time day 0.1 10.0 

 713 

 714 
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Table 3.  Selected variables may be associated with the changes in CWSC. 715 

Category Catchment features Category Climate variables 

A1 Area (km2) A6 AWHC of the topsoil (mm) 

A2 Mean elevation (m) A7 AWHC of the subsoil (mm) 

A3 Slope range (°) A8 Ks of topsoil (mm/h) 

A4 Mean slope (°) A9 Ks of subsoil (mm/h) 

A5 Forest coverage (%)   

Category Climate variables Category Climate variables 

B1 Mean daily precipitation (mm) B13 Mean summer runoff(mm) 

B2 
Mean daily potential 

evapotranspiration(mm) 
B14 Mean autumn runoff(mm) 

B3 Mean Daily Tmax(℃) B15 Mean winter runoff(mm) 

B4 Mean Daily Tmin(℃) B16 Mean annual precipitation (mm) 

B5 Cv of monthly precipitation B17 
Mean annual potential 

evapotranspiration(mm) 

B6 Cv of monthly runoff B18 Mean annual runoff(mm) 

B7 Mean monthly runoff index B19 Mean annual aridity ratio 

B8 Mean spring precipitation (mm) B20 Mean annual runoff index 

B9 Mean summer precipitation (mm) B21 Cv of annual precipitation 

B10 Mean autumn precipitation (mm) B22 Cv of annual runoff 

B11 Mean winter precipitation (mm) B23 Mean annual base flow (mm) 

B12 Mean spring runoff(mm) B24 Annual base flow ratio 

 716 
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 717 

Table 4. Summary of 145 catchment characteristics with the prolonged meteorological 718 

drought. 719 

Number Catchment features Mean Median Minimum Maximum 

A1 Area (km2) 711.17 363.0 54.0 6818.0 

A2 Mean elevation (m) 542.57 468.0 47.0 1351.0 

A3 Slope range (°) 22.18 22.6 2.1 49.9 

A4 Mean slope (°) 5.49 5.0 0.3 13.6 

A5 Forest coverage (%) 55.00 57.0 15.0 92.0 

A6 AWHC of the topsoil (mm) 41.26 42.0 22.0 64.0 

A7 AWHC of the subsoil (mm) 88.66 87.5 27.0 188.0 

A8 Ks of topsoil (mm/h) 157.52 160.0 31.0 283.0 

A9 Ks of subsoil (mm/h) 62.10 53.0 4.0 216.0 

 720 
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 721 

Table 5. The change pattern of the amplitude 𝛼  and mean value 𝛿  in the regression 722 

function of the CWSC of catchments with a prolonged meteorological drought in south-723 

eastern Australia. 724 

Factors Magnitude Change direction 
Number of 

catchments 
Percentage 

Amplitude 

( ) 

Significant change 
Increased 83 57.24% 

Decreased 4 2.76% 

Non-significant change 
Increased 3 2.07% 

Decreased 2 1.38% 

Catchments that do not meet the criteria for 

the maximum performance degradation and 

result robustness 

53 36.55% 

Catchments with a prolonged meteorological 

drought 
145 100% 

Mean value 

( ) 

Significant change 
Increased 77 53.10% 

Decreased 0 0 

Non-significant change  
Increased 10 6.90% 

Decreased 5 3.45% 

Catchments that do not meet the criteria of the 

maximum performance degradation and result 

robustness 

53 36.55% 

Catchments with a prolonged meteorological 

drought 
145 100% 

 725 

https://doi.org/10.5194/hess-2021-646
Preprint. Discussion started: 26 January 2022
c© Author(s) 2022. CC BY 4.0 License.



40 

 

 726 

Table 6.  Response time of different groups of catchments with significant increase/ 727 

decrease in the regression parameter 𝛿 and 𝛼. 728 

Catchment type 
Average 

(day) 

Median

（day） 
Minimum 

(day) 

Maximum 

(day) 

Catchments with significant 

increase in 𝛿 
660.7 750.6 61.8 1051.6 

Catchments with significant 

decrease in 𝛿 
/ / / / 

Catchments with significant 

increase in 𝛼 
660.4 750.6 61.8 1051.6 

Catchments with significant 

decrease in 𝛼 
391.9 422 92.2  631.5 

 729 
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 730 

Figures 731 

 732 

 733 

Fig.1. Spatial distribution of 398 catchments in south-eastern Australia. 734 
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 735 

Fig.2. Flowchart of the proposed methodology and procedures. 736 
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 737 

Fig.3. Diagram of the GR4J model proposed by Perrin et al. (2003). 738 
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 739 

Fig.4. The years of drought begin and end for 145 catchments with prolonged 740 

meteorological drought in the south-eastern Australia. 741 
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 742 
(a) Amplitude  743 

 744 

(b) Mean value   745 

Fig.5. Spatial distribution of catchments with different change patterns in the CWSC 746 

after the prolonged drought period. Fig. 5(a) and Fig. 5(b) illustrates the spatial 747 

distribution of catchments with different variation forms in the amplitude 𝛼 and 748 

mean value 𝛿 during the drought period, respectively. 749 
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(a)Magnitude of absolute change in estimated 

parameter   
(b)Magnitude of the relative change percentage in 

estimated parameter   

 
 

(c)Magnitude of absolute change in estimated 

parameter   
(d)Magnitude of the relative change percentage in 

estimated parameter   

Fig.6.The magnitude of the CWSC before and after the change point. 750 

0

5

10

15

20

25

30

35

40

C
o

u
n

t

Number of catchments The kernel smoother curve of the histograms

-75      -50        -25        0         25       50       75 100       125     150      175

0

5

10

15

20

25

30

35

40

C
o

u
n

t

Number of catchments The kernel smoother curve of the histograms

0      200      400     600    800    1000   1200   1400   1600   1800  2000   2200

0

5

10

15

20

25

30

35

40

45

50

C
o

u
n

t

Number of catchments The kernel smoother curve of the histograms

0               50            100            150           200            250            300       

0

10

20

30

40

50

60

70
C

o
u

n
t

Number of catchments The kernel smoother curve of the histograms

0               50            100            150           200            250            300       

https://doi.org/10.5194/hess-2021-646
Preprint. Discussion started: 26 January 2022
c© Author(s) 2022. CC BY 4.0 License.



47 

 

  

(a) (b) 

Fig.7. Examples of parameter θ1 shifts.  751 
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 752 

Fig.8.  Magnitude distribution of response time in 92 catchments that satisfied the 753 

criteria for evaluating significant changes in CWSC. 754 
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 755 

   

 
  

 
  

 756 

Fig.9. Physical features for the study catchments. The orange and green boxes denote 757 

corresponding catchment features of significant increase and significant 758 

decrease groups.  759 

https://doi.org/10.5194/hess-2021-646
Preprint. Discussion started: 26 January 2022
c© Author(s) 2022. CC BY 4.0 License.



50 

 

  
(a) Absolute variation of catchment features (b) Relative variation of catchment features 

  
(c) Absolute variation of climate variables (d) Relative variation of climate variables 

Fig.10. The Pearson correlation coefficient between the Amplitude ( ) of 1  760 

with catchments features and climate variables, respectively. 761 
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 762 

   

   

  
 

Fig.11. Comparison of catchments characteristics between the groups of catchments 763 

with significant and non-significant change in the mean value ( ). 764 
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(a) Absolute variation of catchment features (b) Relative variation of catchment features 

  
(c) Absolute variation of climate variables (d) Relative variation of climate variables 

Fig.12. The Pearson correlation coefficient between the mean value (   ) of 1  with 765 

catchment features and climate variables, respectively. 766 
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(a) Absolute variation of catchment features 

  
(b) Absolute variation of climate variables (c) Relative variation of climate variables 

Fig.13. The Pearson correlation coefficient between the response time with catchment 767 

features and climate variables, respectively. 768 

 769 
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