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Abstract 8 

Despite the increasing influence of human activities on water resources in our current Anthropocene 9 

era, the impacts of these activities on the duration, rate and timing of the recovery of drought events, 10 

known as the drought termination phase, remain unknown. Here, we present the first assessment of 11 

how different human activities (i.e. water abstractions, reservoirs, water transfers) affect drought 12 

termination. Six case studies in Europe were used to analyse the human influence on streamflow 13 

drought termination characteristics. For all case studies, we compared a human-influenced time-series 14 

of streamflow (observation data) and a naturalised time-series (modelled data) for the same period. 15 

Overall, results clearly demonstrate the influence of human activities on drought terminations in all 16 

the studied catchments. Groundwater abstractions, reservoirs and mixed influences were all found to 17 

increase the average duration of drought termination, whereas water transfers into the catchment 18 

decreased drought termination duration. Results also show that average drought termination rates 19 

increased in all case studies due to the human influence. Furthermore, start and end months of the 20 

termination phase were more skewed to certain months in human-influenced data than in the 21 

naturalised situation. Future research could extend this new knowledge by looking to add further case 22 

studies and covering different human activities to gain a wider understanding on how human actions 23 

modify hydrological droughts and their recovery. Furthering this work could also help to improve the 24 

forecasting of drought recovery in the Anthropocene, which is important for informing drought 25 

management decisions. 26 

1. Introduction 27 

Many regions of the world will likely see an increase in drought occurrence and severity in the 21st 28 

century (Dai, 2011; Kirono et al., 2011; Stahl et al., 2012), yet there are numerous areas in which our 29 

understanding of drought processes is far from complete. This hinders our ability to forecast, manage 30 

and respond to water deficit anomalies, especially in relation to anthropogenic activities and 31 

feedbacks within drought (Van Loon et al., 2016a). Arguably, a critical yet neglected phase of 32 
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drought is the re-wetting stage, termed drought termination (Parry et al., 2016a). Drought termination 33 

is a characteristic of a drought event that describes its ending. It is not only a point in time denoting 34 

when a drought is said to have ended, but a quantifiable event with a temporal profile (see Figure 3 in 35 

Parry et al. 2016a). An understanding of why, when and how a drought is likely to terminate is 36 

valuable information for water managers. Such knowledge is crucial for deciding how the transition 37 

from depleted to replenished water supplies is operationally handled (Hannaford et al., 2011; Bell et 38 

al., 2013). Heim and Brewer (2012) stress the importance of including drought termination within any 39 

monitoring framework. As drought terminations are often disruptive, abrupt events (Dettinger, 2013), 40 

their study is also merited to help predict associated impacts of high flows and implications for water 41 

quality (Loecke et al., 2017). Yet the propagation, drivers, physical processes and feedbacks of 42 

drought termination through the hydrological cycle are currently poorly understood (Parry et al., 43 

2016a). 44 

One of the earliest studies on the topic used the Palmer Drought Severity Index (PDSI; Palmer, 1965) 45 

to calculate the amount of rainfall required for drought termination over different timeframes (Karl et 46 

al., 1987). Since then, the question of the amount of rainfall required to terminate a drought has been 47 

explored using models or climate ensembles of rainfall forecasts to calculate the likelihood of 48 

termination under given meteorological inputs (Bell et al., 2013; Pan et al., 2013; Antofie et al., 2014; 49 

Parry et al., 2018). Whilst such studies are important, this area of research is still in its infancy. 50 

Research to-date often considers events in soil moisture or subsurface stores, whereas there is a need 51 

to address hydrological drought termination more holistically.  52 

In addition to the natural drivers of drought termination (i.e. climate, catchment type, geology, etc.), 53 

there are numerous ways in which humans modify land-use, water partitioning and hydrological 54 

regimes, which is especially crucial for the termination of hydrological drought compared to 55 

meteorological and soil moisture drought. Human-induced changes are known to have a significant 56 

effect on the hydrological cycle (Barnett et al., 2008) and are expected to increase due to a growing 57 

population (Alcamo et al., 2003). Understanding the processes impacted by human activities, such as 58 

those in the drought termination phase, is fundamental for the effectiveness of drought forecasting, 59 

monitoring and early warning systems. This information is subsequently invaluable for the 60 

formulation of adaptive responses to drought conditions and managing water scarcity, especially 61 

given that it is often human-influenced systems that we are most reliant upon for our water supply 62 

(Barker et al., 2016).   63 

Despite the increasing influence of human activities on water resources in our current Anthropocene 64 

era (Steffen et al., 2015; Hamilton, 2016), the impacts of these activities on drought termination 65 

remain unknown and unexplored. For the first time here we assess the impact of human activities on 66 

changes in drought termination characteristics within different catchments by comparing human-67 
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influenced (observed) data with naturalised (modelled) data. The study aim is to assess if and how 68 

human modifications affect the drought termination phase by considering the human activities of 69 

reservoirs, abstraction, urbanisation and water transfer. We use a framework that can be applied to 70 

other human activities, catchments, climates etc. 71 

It is expected that human influences will have a detectable effect on drought termination metrics, as 72 

they are known to do on other drought characteristics, thanks to the resulting modification of water 73 

availability and hydrological regimes (Van Loon and Van Lanen, 2013; 2015; Wada et al., 2013; 74 

Tijdeman et al., 2018). The type of response seen in the termination phase is predicted to be reliant on 75 

the type of human activity dominant in the catchment.  76 

2. Methods 77 

In this section, we describe the methods used for this analysis. We introduce the case studies from 78 

across Europe, the data, the drought analysis and drought termination characteristics, and the 79 

comparisons to calculate the human influence. This work focuses on streamflow drought, defined as a 80 

sustained period of below ‘normal’ water availability in river discharge (Mishra and Singh, 2010). We 81 

focus on streamflow droughts influenced by human activities (human-modified droughts, Van Loon et 82 

al. (2016a)). 83 

2.1 Case studies and data 84 

Six case studies in Europe were used to analyse the human influence on streamflow drought 85 

termination characteristics (Figure 1; Table 1; Appendix 1). These case studies were chosen based on 86 

the availability of an observed and a naturalised streamflow time-series for the same discharge gauge 87 

within the catchment.  The datasets used have no missing data. All case studies compared the human-88 

influenced time-series of streamflow (observation data) and the naturalised time-series (representing 89 

the ‘natural’ situation) for the same period. Compared to an approach in which post-disturbance time 90 

series are compared with pre-disturbance time series, a benefit of using naturalised data is that the 91 

same time period and input data (i.e. precipitation) are used for both the human and natural situations. 92 

Any differences seen in streamflow therefore should be due to human activity, given uncertainties in 93 

both observations and model data. 94 
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Table 1. Summaries of case study details, their direct anthropogenic influences and naturalisation methods. 95 

                                                      

1 Köppen climate classification used (Kotek et al., 2006). 
2 Denotes the lesser of the two (or more) human influences where they are not significant in terms of dominance in the catchment.  

Country Basin 
Area 

(km2) 
Human Activity 

Climate 

Class1 
Source 

Dataset 

period 
Naturalisation Method 

Czech 

Republic 
Svitata 419 

Groundwater abstraction for drinking 

water/public water supply (PWS) 
Dfb 

Van Loon and Van 

Lanen (2015) 
 1975 – 1990 

BILAN lumped conceptual rainfall-

runoff model, calibrated on a pre-

disturbed period  

Czech 

Republic 
Bilina 1,071 

Water transport  

to catchment from nearby basin 
Cfb 

Van Loon and Van 

Lanen (2015) 

 1961 – 1990 

 

BILAN lumped conceptual rainfall-

runoff model, calibrated on a pre-

disturbed period   

France Ariège 1,340 
Hydropower dam/reservoir, 

water transfer2 
Cfb 

Banque Hydro French 

database (2017) 

1990 – 2004 

 
Naturalisation via reconstruction 

Spain 
Upper-

Guadiana 
16,480 

Groundwater abstraction for 

 irrigation and artificial drainage 

Csa, Csb, 

Bsk 

Van Loon and Van 

Lanen (2013) 

 1980 – 2001 

 

HBV hydrological model, calibrated 

on a pre-disturbed period   

United 

Kingdom 
Thames 9,948 

Mixed influence (reservoirs, abstraction 

for PWS, industry and agriculture, 

effluent returns1 and urbanisation) 

Cfb NRFA (CEH, 2019) 
 1900 – 2017 

 
Naturalisation by decomposition  

United 

Kingdom 
Lee 1,036 

Mixed influence (reservoirs, abstraction 

for PWS, industry and agriculture, 

effluent returns1 and urbanisation) 

Cfb NRFA (CEH, 2019) 
 1903 – 2016 

 
Naturalisation by decomposition 
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 96 

Figure 1: Study catchments. Location of the six study catchments across Europe and the dominant 97 

human activity for each. 98 

Data was naturalised prior to acquisition using the naturalisation technique most suitable for each case 99 

study (see Appendix 1). Monthly data was used, therefore where required, specific discharge values 100 

were converted from a daily to a monthly time-step by calculating monthly sum values. Although data 101 

lose finer details at this resolution, using a monthly time-step has the advantage of negating the need 102 

for pooling, as minor droughts (<1 month) are removed (Fleig et al., 2006). 103 

2.2 Identifying drought events 104 

The method chosen to define drought conditions is important as it can influence the results obtained 105 

(Fleig et al., 2006; Heudorfer and Stahl, 2016). Here, the threshold level method was used to identify 106 

drought events (Yevjevich, 1967; Hisdal et al., 2004). The threshold level method identifies drought 107 

periods as periods when discharge is below a predefined threshold, calculated using the average of 108 

multiple years of streamflow data at a certain percentile of the flow duration curve (Van Loon, 2015). 109 

We used the 80th percentile (Q80), frequently used for identifying drought (Hisdal and Tallaksen, 110 

2000; Fleig et al., 2006). As all catchments used here have flow regime seasonality, the variable 111 

threshold level method was deemed most appropriate for use (Fleig et al., 2006) rather than a fixed 112 

threshold. The Q80 threshold for each catchment was calculated using the full length of the natural 113 

dataset, which was then used to identify drought events in both the natural and human-influenced 114 

data. This was important to effectively show the impact of human activity on hydrological droughts 115 
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(Liu et al. 2016; Rangecroft et al., 2019) and their termination characteristics. Ideally, a time period of 116 

at least 30 years of data is used to establish the drought threshold (McKee et al., 1993). As it is often 117 

difficult to obtain appropriate datasets of this length, time-series used here varied from 14 to 117 years 118 

in length, depending on the case study.  119 

Drought event analysis produced several drought characteristics (frequency, timing, duration, deficit 120 

volume, drought maximum intensity) (Table 2, Figure 2). We subsequently calculated drought 121 

termination characteristics.  122 

Table 2. Summaries of drought and drought termination metrics used in this study and their 123 

calculations. 124 

 125 

2.3 Drought termination 126 

Drought termination can be characterised by its duration, rate of recovery, and seasonality 127 

(Nkemdirim and Weber, 1999; Mo, 2011; Parry et al., 2016a). Our definitions for the drought 128 

termination phase for each drought event are described in Table 2. Figure 2 shows a conceptual 129 

Drought Characteristic Description 

Drought Events 

Frequency (DF) Number of droughts identified in time-series. 

Timing Date of drought onset and drought termination for each event. 

Duration (DD) Number of months spent in drought for each event. 

Deficit (Ddef) Water volume (mm) below Q80 lacking for each event. 

Drought Maximum 

Intensity (MI) 

Most intense point for each drought event. Calculated as follows: 
 

Drought Maximum Intensity = Max(Q(t) – Threshold(i)) if Q(t) < Threshold(i) 

 

Q is the flow value for month t, Threshold is Q80 for the same month in the year 

and i is the timestep. The MI using the (variable) threshold level method is 

therefore the largest distance between Q and the Q80 during an event. 

Drought Termination 

Drought Termination 

Start (DTstart) 

The first month of the drought termination phase (DTstart) is the month where 

the maximum intensity (MI) is reached.  DTstart is calculated for each event. 

Drought Termination 

End (DTend) 

The last month of the drought termination phase (DTend) is the last month of the 

drought event (i.e. the last month when discharge < Q80 drought threshold).  

DTend is calculated for each event. 

Drought Termination 

Duration (DTD) 

Number of months encompassed between DTstart and DTend (inclusive) for each 

event. 

Drought Termination 

Rate (DTR) 

Drought minimum divided by drought termination duration (mm/month) for 

each event. 
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diagram of how the termination phase was defined and the metrics calculated for each drought event. 130 

Drought events were divided at the drought maximum intensity (MI) (Bravar and Kavvas, 1991). The 131 

first month of the drought termination phase (DTstart) is therefore the month where the MI is reached 132 

(Figure 2). The last month of drought termination phase (DTend) is the last month of the drought event, 133 

defined when discharge exceeds the Q80 drought threshold. A drought event and its termination phase 134 

therefore end at the same point in time. The drought termination duration (DTD) is the number of 135 

months encompassed between DTstart and DTend (inclusive). The drought termination rate (DTR) is the 136 

rate at which the system changes from being in a state of most intense drought state to non-drought 137 

conditions. 138 

 139 

Figure 2: Definition of drought termination. Conceptual diagram of drought termination 140 

characteristics and definitions used. 141 

2.4 Quantifying the human influence 142 

2.4.1 Human influence on drought termination duration and rate 143 

Drought termination characteristics per events were averaged over all events in the time period for 144 

each case study. Although it would be interesting to look at individual events, droughts identified in 145 

human-influenced and naturalised time-series could not be matched and compared like-for-like, 146 

therefore comparisons were achieved based on averages. Results were compared between the drought 147 

characteristic of the naturalised data (Xnat) and the drought characteristic of the human-influenced data 148 



This is an EarthArXiv preprint under review at “Elementa: Science of the Anthropocene”. 
 

(Xhum) to quantify the size and direction of change in drought termination characteristics using 149 

Equation 1. Percentages reported are the change in the human-influenced conditions relative to the 150 

naturalised situation. 151 

                        % change due to human influence = [(Xhum – Xnat)]/Xnat * 100    (Equation 1) 152 

2.4.2 Human influence on timing of drought termination 153 

Differences in the timing of termination in human-influenced and naturalised data were presented 154 

visually. Histograms showing the frequency of termination start and end month were compared for 155 

both datasets for each catchment. To ensure valid comparison, as the number of drought events were 156 

not equal in human and natural data, the number of drought terminations starting/ending in each 157 

month were converted to a percentage of the total number of drought events.  158 

3. Results 159 

3.1 Human influence on drought events  160 

The influence of human activities is evident in all catchments when visually comparing the two time-161 

series plots for each catchment (Figure 3). With the exception of the Bilina case study (Figure 3b), 162 

droughts events are more severe, frequently last longer and have greater deficit volumes in human-163 

influenced data. The human-influenced time-series for the Bilina catchment shows the mitigation of 164 

drought compared to the naturalised time-series.  165 

The overall direction of change in drought characteristics due to anthropogenic activities is negative 166 

(drought characteristics are aggravated, Table 3). On average, drought duration is up to 471% longer 167 

and maximum intensity is up to 1084% greater in human-influenced data compared to naturalised 168 

data. Average drought deficit volumes in human-influenced data also exceed those of naturalised data 169 

by over 100% in four out of the six study catchments (reaching up to 7149% higher).  Only the Bilina 170 

case study displays evidence of drought amelioration. Statistics in Table 3 reveal that larger increases 171 

were observed in the average maximum intensity and deficits of drought events in human-influenced 172 

data than in drought duration.  173 



This is an EarthArXiv preprint under review at “Elementa: Science of the Anthropocene”. 
 

 174 

Figure 3: Human-influenced and natural droughts and the timing of drought termination. Time-series and drought events identified (red areas) for a) 175 

Svitata and b) Bilina case studies. Relating histograms display the frequency (as % of drought events) of termination start (light blue) and end months (dark 176 

blue) for naturalised (top) and human-influenced (bottom) drought events. 177 
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 178 

Figure 3 (continued): Human-influenced and natural droughts and the timing of drought termination. Time-series and drought events identified (red 179 

areas) for c) Ariège and b) Upper-Guadiana case studies. Relating histograms display the frequency (as % of drought events) of termination start (light blue) 180 

and end months (dark blue) for naturalised (top) and human-influenced (bottom) drought events. 181 
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 182 

Figure 3 (continued): Human-influenced and natural droughts and the timing of drought termination.  Time-series and drought events identified (red 183 

areas) for e) Thames and f) Lee case studies. Relating histograms display the frequency (as % of drought events) of termination start (light blue) and end 184 

months (dark blue) for naturalised (top) and human-influenced (bottom) drought events. 185 
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Table 3. Percentage change results from naturalised to human-influenced data for drought and drought termination metrics. Any percentage change of 100% 186 

or above is in bold to highlight the high magnitude of change. 187 

Case study 

Dominant 

human 

activity 

Drought metrics: % change due to human influence 
Drought termination metrics: % 

change due to human influence 

Drought 

frequency (DF) 

Mean drought 

duration (DD) 

Mean drought 

deficit (Ddef) 

Mean 

maximum 

intensity (MI) 

Mean termination 

duration (DTD) 

Mean 

termination rate 

(DTR) 

Svitata, Czech 

Republic 
Abstraction -22 +471 +7149 +1084 +275 +332 

Bilina, Czech 

Republic 

Water 

transfer 
-71 -72 -85 -8 -65 +115 

Ariège, France 
Hydropower 

dam 
-40 +25 +194 +188 +36 +130 

Upper-

Guadiana, Spain 
Abstraction +56 +95 +204 +83 +16 +38 

Thames, UK 

Dam, 

abstraction, 

urbanisation 

+65 +36 +83 +24 +26 +4 

Lee, UK 

Dam, 

abstraction, 

urbanisation 

+47 +41 +128 +60 +12 +62 
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3.2 Human influence on drought termination  188 

Overall, the influence of human activities on drought terminations is present in all catchments 189 

(Table 3). There is an increase in drought termination duration in all case studies except Bilina 190 

and higher termination rates in all case studies due to the influence of human impacts. 191 

Human influences alter drought termination duration compared to the naturalised situation. 192 

Drought aggravating anthropogenic activities (i.e. water abstractions, mixed influences, 193 

hydropower reservoir; Figure 3a and 3c-f) all increase the mean duration of drought termination 194 

(Table 3). This means that on average, these human-influenced systems take longer to transition 195 

from the point of a drought’s maximum intensity to reaching non-drought conditions. Variability 196 

was observed across all case studies in the magnitude of change, likely due to the differences in 197 

the dominant human activity. The increase in termination duration was remarkably pronounced in 198 

the Svitata case study, a catchment impacted by abstraction. The human activity of water transfers 199 

into the catchment that alleviated droughts themselves (Figure 3b, Bilina case study) also 200 

decreased drought termination duration (Table 3).   201 

Average drought termination rates increase in all case studies due to the human activities, 202 

meaning the rate at which the system recovers from drought is faster in human-influenced 203 

systems (Table 3). This means that on average, human activities increase the rate at which a 204 

system changes from its most intense month of drought to non-drought conditions. This finding is 205 

true for all human activities, although the magnitude of change is larger in the Svitata, Bilina and 206 

Ariége catchments.  207 

Since termination rate is calculated from maximum intensity (MI) and termination duration 208 

(DTD, see Figure 2), the change is termination rate is the result of changes in these two variables. 209 

For case studies with drought-aggravating human influences (all except Bilina), the increase in 210 

drought termination rate is caused by the increase in MI in the human-influenced situation, 211 

despite the smaller increase in DTD. For the Bilina case study, however, the human activity 212 

decreased MI, but DTD decreased more, also resulting in an increased termination rate. This is 213 

discussed further in Section 4. 214 

The influence of human activities is seen in the timing of drought termination. Termination start 215 

and end months in human-influenced catchments are often concentrated in a smaller number of 216 

months and/or in one season (Figure 3). Peaks in most frequent months for the start and end of 217 

termination are amplified in human-influenced droughts. For example, in the Upper-Guadiana, 218 

August was the most frequent month for termination beginning in 25% of events in the natural 219 
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data, whereas in the human data over 70% of terminations began in April (Figure 3a). Results 220 

from the two UK catchments possibly indicate that human activities make drought termination 221 

more likely to start towards the end of the dry season (summer) and end at the beginning of the 222 

wet season (winter).  223 

4. Discussion 224 

4.1 Drought termination duration  225 

An increase in drought termination duration was observed in nearly all case studies due to the 226 

influence of human activities. Human activities that aggravate drought, such as water abstraction, 227 

manifested in longer drought termination in all affected catchments as a result of a decrease in 228 

water availability compared to the natural situation. Water abstractions influence streamflow 229 

drought and the severity of the influence is related to the amount of abstraction (Tijdeman et al., 230 

2018). Similarly, reservoirs have also been found to aggravate streamflow drought downstream 231 

(Firoz et al., 2018; Tijdeman et al., 2018). This likely explains the results obtained here for 232 

drought termination duration, as the decrease in water availability compared to the natural 233 

situation means longer is required for the system to recharge and return to non-drought levels. 234 

The Bilina catchment was an exception to the results with a decrease in drought termination 235 

duration observed as a result of water transfers into the catchment. In this catchment, the low 236 

flows are artificially increased (Rolls, et al., 2012). As this activity ameliorates drought 237 

conditions (Soulsby et al., 1999; Xu et al., 2016), shorter, less intense human-influenced droughts 238 

take less time to return to non-drought conditions compared to the naturalised situation without 239 

water augmentation. 240 

It is therefore deduced that drought termination duration is related to the change in drought 241 

duration and severity (i.e. maximum intensity and deficit) as a result of human activities, the 242 

scatterplots of which are shown in Figure 4. However, due to the small sample size we cannot 243 

determine a valid relationship. More data would be needed to test the validity of the suggested 244 

correlation between the drought and drought termination metrics. 245 

 246 
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 247 

Figure 4: Correlation between drought termination duration and drought metrics. Relation 248 

between the % changes in a) drought termination duration and drought duration; b) drought 249 

termination duration and drought deficit; and c) drought termination duration and maximum 250 

intensity.  251 

4.2 Drought termination rate  252 

Anthropogenic activities increase the average rate at which a system changes from drought at its 253 

maximum intensity to non-drought conditions in all case studies. The most likely explanation for 254 

this is that the drought maximum intensity that begins the drought termination phase is typically 255 

lower in human-influenced situations (Figure 3, Table 3), resulting in larger drought termination 256 

rate values.  257 

We would have expected that, compared to the naturalised scenario, drought termination rate 258 

would be slower in case studies where drought is aggravated if water is being removed from the 259 

system for human use. If human-influenced droughts are more intense than natural droughts, the 260 

magnitude of change in streamflow required between the maximum intensity and non-drought 261 

conditions is greater. It appears that the impact of the range of human activities examined here 262 

have the effect of making this transition from drought at its worst back to ‘normal’ conditions 263 

happen quicker, despite the intensities and deficits observed being much larger. This could be due 264 

to active management during times of drought (Scanlon et al., 2016), a change in hydrological 265 

pathways (i.e. more surface runoff), or a change in water demand over different times of year, 266 

allowing the system to recover when pressure on the hydrological system is low (i.e. wet season) 267 

(Ho et al., 2016). The natural processes driving drought termination may also be consistently 268 

great enough to compensate for a higher drought maximum intensity due to human activities. 269 

The scatterplots of drought and drought termination rate metrics (Figure 5) show a possible 270 

relationship, but again more data is required to test validity. 271 
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 272 

Figure 5: Correlation between drought termination rate and drought metrics. Correlations 273 

between the % changes in a) drought termination duration and drought duration; b) drought 274 

termination duration and drought deficit; and c) drought termination duration and maximum 275 

intensity.  276 

Importantly, it is worth examining the question of what denotes a desirable drought termination 277 

rate. Whether a faster rate is a ‘desirable’ effect of human influences will likely depend on the 278 

circumstances of individual events or the intended group of interest (i.e. an ecosystem, specific 279 

biota or a human focus). The nature of the system in drought and whether the drivers behind the 280 

termination phase cause any further issues (i.e. intense rainfall leading to flooding) are factors 281 

that would contribute to a (possibly contradictory) definition of a desirable termination rate. For 282 

instance, although water managers who are eager to lift water restrictions might favour a quicker 283 

drought termination rate, a rapid rate caused by high precipitation events following dry spells can 284 

compromise water quality (via high levels of accumulated sediment and/or pollutants in runoff) 285 

and its suitability for drinking water (Parry et al., 2016a). Further work is recommended to refine 286 

suppositions on this topic. 287 

4.3 Timing of termination 288 

Human influences studied here create stronger seasonal patterns of when drought termination is 289 

most likely to occur. Patterns in the timing of termination were found to either become amplified 290 

or shift depending on the human activity the catchment was subjected to. The timing of 291 

termination start and end months for human-influenced droughts in the Ariège and Bilina basins 292 

alter greatly compared to the naturalised situation. This is attributed to the artificial flow regime 293 

created by the reservoirs and water transfers (Firoz et al., 2018). Changes are highly pronounced 294 

in the Ariège catchment, however it is likely that the utility of the reservoir (hydropower vs 295 

irrigation or drinking water supply) is an important factor in the resulting flow regime and 296 

consequent timings of downstream drought events (Rangecroft et al., 2019). Catchments 297 

influenced by abstractions tend to have naturally-existing patterns in their timing of termination 298 
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amplified, seen especially in the Svitata and somewhat in the Upper-Guadiana, Thames and Lee, 299 

possibly relating to increasing drought occurrences during low-flow periods.  300 

It has previously been stated that drought termination depends on the probability of a given 301 

region to receive large positive precipitation anomalies needed to end drought (Karl et al., 1987; 302 

Antofie et al., 2015). Mo (2011) established that [meteorological and agricultural] drought is 303 

more likely to end at the beginning of the wet season. In addition to precipitation anomalies, 304 

human activities are known to play a key part in moderating the seasonal cycle of water 305 

availability. For example, a demand for water for irrigation or potable supply that differs between 306 

summer (growing season in Europe) and winter often determines seasonal abstraction regimes 307 

(Wada et al., 2013). It is possible that as a result the seasonal cycle of a catchment is enhanced, 308 

causing more synchronicity in drought termination start and end months (i.e. due to the most 309 

water use during the low flow period).   310 

 4.4 Limitations and uncertainties 311 

Any study using a hydrological model will have associated uncertainties (Beven, 1993; Gupta et 312 

al., 1998; Walker et al., 2003). This is an important consideration as uncertainty determines 313 

model confidence in simulating the naturalised situation, which was the basis of the comparisons 314 

in this work. Where results are published, levels of uncertainty are within acceptable limits and 315 

model performance is good (Van Loon and Van Lanen, 2013; 2015). However, re-wetting and 316 

recovery are not always simulated well in hydrological models (Birkel et al., 2011) and therefore 317 

the processes most relevant to drought termination (i.e. soil moisture or subsurface stores) may 318 

have larger uncertainties. When naturalisation uses information on abstraction licence limits, this 319 

assumes that water users are using the full allowance of their licence. Potential inaccuracies are 320 

introduced if full licence limits are not being utilised, however information on actual abstracted 321 

volumes is often sensitive and thereby very difficult to obtain. 322 

Variation exists between the method used to arrive at the naturalised time-series for some case 323 

studies (Appendix 1). Different methods of naturalisation introduce some uncertainty into cross-324 

catchment comparisons due to the lack of uniformity in the processes considered and calculations 325 

used to produce the naturalised flow record. We expect that this could influence the magnitude of 326 

change, but not the direction of change, therefore our conclusions would remain unaffected.  327 

The brevity of available hydrological records is a constraint for most studies of drought (Barker et 328 

al., 2016). A small sample size due to the limited number of appropriate catchments with an 329 

available human-influenced (observed) and naturalised time-series, and also in terms of the total 330 
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number of drought events identified (i.e. the Bilina case study had only five drought events in the 331 

human-influenced time-series), could limit results. This could be addressed by expanding the 332 

number of case studies in future research. 333 

Hydrometric accuracy (particularly at low flows) and the evolution of or updates to a gauge 334 

station over time means it is often impossible to have an accurate, homogeneous flow record. 335 

This creates uncertainty, particularly affecting stations with longer records such as those of the 336 

Thames (Marsh and Harvey, 2012) and the Lee. However, it was recognised that the benefit of 337 

using these longer records in analysis outweighs the disadvantages of uncertain hydrometric 338 

accuracy.  339 

Where more than one predominant human activity is taking place (i.e. Thames and Lee), it is 340 

acknowledged that the overall ‘net’ effect of activities is observed, making it difficult to separate 341 

one effect from the other when influences (for positive or negative) are concurrent. Some 342 

activities may have synergistic or non-linear effects, the delineation of which goes beyond the 343 

scope of this work.  344 

Exploring the influence of the period of record chosen could be important. Here, we used the full 345 

period of record available in analyses, as, even though human influences were highly unlikely to 346 

have been equal throughout the time period (particularly for the Thames and Lee catchments due 347 

to their >100-year record), it was felt that this would give the greatest representation of drought 348 

and drought termination metrics when using averages in the results. It was noted however that the 349 

period chosen can indeed influence the results obtained. For instance, when using only the 1951 – 350 

2017 human-influenced and naturalised flow records for the Thames, the % change due to human 351 

influences in average drought termination rate was 36%, compared to just 4% using the period 352 

1900 – 2017 (results not shown). It is likely that different record periods will have experienced 353 

different natural (i.e. climatic) and anthropogenic (i.e. abstraction activity) factors that will be 354 

driving differences in results. Further work is therefore needed to explore the use of different time 355 

periods in drought termination analyses to illustrate non-stationarity in human influences over 356 

time. 357 

4.5 Application and future research directions 358 

The framework used here to assess the termination phase allows application to any 359 

climatic/geographical region. This type of research (and further work) is invaluable for the 360 

formulation of adaptive responses to drought conditions, especially given that it is often human-361 

influenced systems that we are most reliant upon for our water supply (Barker et al., 2016). Given 362 
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that human influences are generally set to increase (Alcamo et al. 2003), attempting to quantify 363 

their impacts on aspects of drought is essential for improving knowledge on how to increase 364 

resilience and prepare for the drought challenges we face. 365 

Longer drought recoveries have consequences for water companies under increasing pressure to 366 

meet potable water demands and ensure sustainability in their abstractions. The increased time 367 

available for the accumulation of pollutants (which might otherwise be present in streamflow in 368 

diffuse concentrations in non-drought conditions) during a longer termination phase may lead to 369 

water quality concerns when recovery and contaminant re-mobilisation does occur. Further to 370 

this, water companies have legal obligations to meet flow thresholds and regimes that maintain 371 

critical environmental thresholds for water-dependent species (EA, 2013). Biota often require 372 

frequent fluctuations between drought and non-drought (Zimmerman et al., 2017); a longer 373 

drought termination phase may alter the typical annual flow regime of a system in ways that 374 

prove unfavourable for certain species. If longer time periods are expected for termination, 375 

strategies in water resource management will have to adapt to minimise these impacts.  376 

Understanding the link between drought termination duration and drought severity as a result of 377 

human water use and modifications enables water managers to balance supply and demand, based 378 

on current abstractions and the manner in which termination is likely to proceed. Knowledge of 379 

the rate at which the system recovers and the human influence on seasonal drought/termination 380 

patterns are therefore an inherent part of assessing these probabilities (Yuan et al., 2013). 381 

Information of this kind is also valuable for reservoir managers who have greater levels of control 382 

over stored resources (Návar and Lizárraga-Mendiola, 2016). Water managers may opt to 383 

implement short-, medium-, or long-term water-saving measures if they are aware of actions 384 

known to delay the recovery of the system (Bell et al., 2013). This also assists policy makers 385 

overseeing legislation (i.e. abstraction licences) with the aim of increasing sustainability and 386 

resilience to drought risks (DEFRA, 2013). 387 

Knowledge of the seasonal cycle of water availability within a catchment is essential for those 388 

handling water resource management decisions. The findings of this study suggest that the 389 

timings associated with human-influenced drought termination could be predicted with more 390 

confidence than those in natural systems. Although it is arguably generally unfavourable to have 391 

fewer opportunities for drought termination, it could allow more robust decision-making if there 392 

is less uncertainty on its timing.  393 
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Work has begun exploring the predictability of drought recovery using global circulation models 394 

and large-scale meteorological forcings (Mo, 2011) or water-balance approaches (Bell et al., 395 

2013). However, the significant impact of human activities is highly likely to be responsible in 396 

explaining some of the variation not captured by such climate/hydrological models. It is therefore 397 

important to consider the influence, non-stationarity and synergistic/antagonistic effects of our 398 

activities when working in this area. 399 

The specific effect of management practices on the termination phase, including large-scale 400 

proactive measures (i.e. managed aquifer recharge) and other water saving technologies (Scanlon 401 

et al., 2016) merit investigation. The delineation of the impact of human activities where more 402 

than one is occurring in a catchment is yet another challenge that needs addressing (Parry et al., 403 

2016b). A comparison between drought onset/development and termination phases may help 404 

reveal the significance of mechanisms or management strategies at work over the course of an 405 

event (Vernon-Kidd et al., 2017). As management practices change over short (daily, monthly) 406 

and longer (decadal) time periods, it would be interesting to test their impact on the termination 407 

phase as they evolve. This is no easy task however, as the type of information required (i.e. 408 

abstraction records) from governments/water managers is often sensitive or unreliable (Bromley 409 

et al., 2001; Novo et al., 2015) 410 

Finally, the current sample size is small, therefore further work should aim to build on these 411 

results by adding more case studies and covering other human activities not included here, with a 412 

view to create a typology of termination characteristics under prevalent human influences. 413 

Examples include other reservoir purposes, urbanisation, deforestation and afforestation and other 414 

large-scale land-use changes that are yet to be studied in this context (Laurence and Williamson, 415 

2001; Tallaksen and Van Lanen, 2004; Zhang et al., 2017). This will help to produce a deeper 416 

understanding of how important human activities are impacting the hydrological system, drought 417 

termination and ultimately help to guide water resource management in the future. 418 

5. Summary and conclusions 419 

Here we present the first study that analyses anthropogenic influences on the streamflow drought 420 

termination phase. Our example case studies in Europe have shown that human activities have a 421 

clear effect on drought termination characteristics. In response to human activities and compared 422 

to the naturalised situation, most case studies show a longer drought termination duration (by up 423 

to 275%), but a faster termination rate (with some over two orders of magnitude higher), due to 424 

an often more extreme maximum intensity in the human data than the naturalised. The time of 425 
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year at which the termination phase begins and ends was observed to shift in systems under 426 

human influence, with more start and end months concentrated in a single season. 427 

Furthering research in this topic will help gain a wider understanding on how human actions are 428 

modifying hydrological droughts and help to improve drought management policies. This is 429 

crucial for our understanding of how the transition from depleted to replenished water supplies is 430 

operationally handled (Hannaford et al., 2011; Bell et al., 2013) and should feature as a 431 

fundamental part of effective drought monitoring and early warning systems. Despite the 432 

increasing influence of human activities on water resources, their various impacts on drought 433 

termination were previously unknown. Further work should aim to build on current results by 434 

adding further case studies and covering other influential human activities not included here. 435 

Given the projected increase and non-stationarity of human influences, knowledge of this kind is 436 

subsequently invaluable for the formulation of adaptive responses to drought and managing the 437 

changing threat of water scarcity. This is extremely important as it is human-influenced systems 438 

that we are most reliant upon for water supply.  439 

6. Appendix 1: Case studies and naturalisation methods 440 

Svitata, Czech Republic 441 

This catchment is located in eastern Czech Republic, underlain by sandstone aquifers suitable for 442 

drinking water extraction. Groundwater abstraction for drinking water therefore constitutes the 443 

main human influence and has increased considerably since 1975 (Tallaksen and Van Lanen, 444 

2004). This significantly affects the catchment’s flow regime. According to the Köppen-Geiger 445 

classification system (Kotek et al., 2006) the climate type is Dfb, with warm summers, a humid 446 

continental climate and no significant precipitation difference between seasons.  447 

The BILAN lumped conceptual rainfall-runoff model (Kašpárek, 1998) was used by Van Loon 448 

and Van Lanen (2015) with the concepts of the observation-modelling framework (Van Loon and 449 

Van Lanen, 2013) to provide the naturalised data used here. The model solves the catchment-450 

average water balance on a monthly timescale, calibrated using the observed discharge from the 451 

undisturbed period. Precipitation, air temperature and relative humidity data were used as input. 452 

Outputs were found to agree reasonably well with observations (Tallaksen and Van Lanen, 2004). 453 

Bilina, Czech Republic 454 

Located in Krušne mountains, north-west Czech Republic, the development of large-scale mining 455 

activities in the catchment meant that the Bilina’s natural discharge was insufficient to meet the 456 

demands of growing industries and drinking water supply (Tallaksen and Van Lanen, 2004). 457 
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Consequently, the main human influence on the Bilina since 1960 has been the augmentation 458 

with water transported from a nearby river basin. The dominant climate type is Cfb, indicating a 459 

mild temperate oceanic climate.  460 

The BILAN model was used by Van Loon and Van Lanen (2015) with the concepts of the 461 

observation-modelling framework (Van Loon and Van Lanen, 2013) to also provide the 462 

naturalised data for this catchment. 463 

Ariège, France 464 

The Ariège catchment is a mountainous sub-basin of the larger Garonne River basin in the 465 

Pyrenees. The river flow regime is influenced by a series of high-elevation reservoirs, relying 466 

mostly on snowmelt for recharge, whose main function is the production of hydro-electricity 467 

(Hendrickx and Sauquet, 2013). Water transfers (operating in both directions) between the Ebro 468 

River basin, located on the southern side of the Pyrenees in Spain, and the headwaters of the 469 

Ariège basin constitute a further human influence on the catchment. The climate classification of 470 

the basin is Cfb, meaning it experiences a mild temperate oceanic climate.  471 

The naturalisation process removed the effects of the hydropower reservoir storage by taking 472 

account of reservoir levels and released discharges and adding them to the observed flow values 473 

(Vidal, 2017). The reconstructed time-series was then lagged to adjust for routing times between 474 

water bodies.   475 

Upper-Guadiana, Spain 476 

The Upper-Guadiana catchment is a headwater catchment of the Guadiana River, located in 477 

central Spain. It has a Mediterranean, semi-arid climate with very warm summers and mild 478 

winters (classes Csa, Csb and Bsk) (Van Loon and Van Lanen, 2013). The catchment has 479 

experienced severe multi-year meteorological droughts during the 1980-90s, however the 480 

presence of water stores (aquifer systems and wetlands) often attenuates these anomalies after 481 

periods of high precipitation, preventing further propagation through the hydrological system 482 

(Van Loon and Van Lanen, 2013). When hydrological drought does develop, events tend to be 483 

very long due to the combination of a semi-arid climate and slow response time to precipitation. 484 

Agriculture (mainly vineyards) is the dominant land use in the catchment, with human influence 485 

on the hydrological regime of the Upper-Guadiana being abstraction for irrigation and artificial 486 

drainage. Borehole abstractions increased by 244% between 1974-1988, causing dramatic 487 

drawdown in water tables.  488 
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Van Loon and Van Lanen (2013) developed the observation-modelling framework to quantify 489 

human influence in this catchment. For this, the HBV hydrological model was used to generate 490 

the naturalised data utilised in this research. 491 

Thames, UK 492 

The Thames catchment in south-east England is one of the driest regions in the country, 493 

experiencing a mild temperate oceanic climate (class Cfb). The gauging station at Kingston has 494 

one of the longest flow records in the UK. The basin overlies major chalk and oolite aquifers, 495 

which help sustain baseflow. This is a mixed influence catchment with several human activities 496 

influencing the hydrological regime simultaneously. Regulation from surface water, groundwater 497 

and reservoirs affect runoff, which is reduced by major abstractions for public water supply 498 

(PWS), industry and agriculture (CEH, 2019). Some effluent returns increase flows but overall 499 

this is substantially less than the effect of abstractions. Furthermore, the region has a high 500 

population and urban extent.  501 

Naturalised flows are calculated with a naturalisation by decomposition method. Abstractions and 502 

discharges are monitored and reported by the parties involved, the volumes of which are used to 503 

adjust the gauged daily flow data on an average daily and monthly basis (Hammet, 2017). 504 

Lee, UK 505 

The gauging site for this catchment is located in the middle reaches of the River Lee, south-east 506 

England, downstream of the confluence with the River Stort. It is a pervious chalk basin, 507 

consisting of predominantly rural headwaters with significant urban growth in lower valley 508 

(CEH, 2019). Like the Thames, it has a mild temperate oceanic climate (Cfb). Flows are reduced 509 

by abstraction for PWS, industry and agriculture, and marginally increased by effluent returns. 510 

Considerable groundwater abstractions are exported from catchment (CEH, 2019). Naturalised 511 

flows are calculated with a naturalisation by decomposition method. 512 
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 717 

Figures 718 

Figure 1: Study catchments. Location of the six study catchments across Europe and the 719 

dominant human activity for each. 720 
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Figure 2: Definition of drought termination. Conceptual diagram of drought termination 721 

characteristics and definitions used. 722 

Figure 3: Human-influenced and natural droughts and the timing of drought termination. 723 

Time-series and drought events identified (red areas) for a) Svitata and b) Bilina case studies. 724 

Relating histograms display the frequency (as % of drought events) of termination start (light 725 

blue) and end months (dark blue) for naturalised (top) and human-influenced (bottom) drought 726 

events. 727 

Figure 3 (continued): Human-influenced and natural droughts and the timing of drought 728 

termination. Time-series and drought events identified (red areas) for c) Ariège and b) Upper-729 

Guadiana case studies. Relating histograms display the frequency (as % of drought events) of 730 

termination start (light blue) and end months (dark blue) for naturalised (top) and human-731 

influenced (bottom) drought events. 732 

Figure 3 (continued): Human-influenced and natural droughts and the timing of drought 733 

termination.  Time-series and drought events identified (red areas) for e) Thames and f) Lee case 734 

studies. Relating histograms display the frequency (as % of drought events) of termination start 735 

(light blue) and end months (dark blue) for naturalised (top) and human-influenced (bottom) 736 

drought events. 737 

Figure 4: Correlation between drought termination duration and drought metrics. Relation 738 

between the % changes in a) drought termination duration and drought duration; b) drought 739 

termination duration and drought deficit; and c) drought termination duration and maximum 740 

intensity.  741 

Figure 5: Correlation between drought termination rate and drought metrics. Correlations 742 

between the % changes in a) drought termination duration and drought duration; b) drought 743 

termination duration and drought deficit; and c) drought termination duration and maximum 744 

intensity.  745 

Tables 746 

Table 1. Summaries of case study details, their direct anthropogenic influences and naturalisation 747 

methods. 748 

Table 2. Summaries of drought and drought termination metrics used in this study and their 749 

calculations. 750 
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Table 3. Percentage change results from naturalised to human-influenced data for drought and 751 

drought termination metrics. Any percentage change of 100% or above is in bold to highlight the 752 

high magnitude of change. 753 
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