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ABSTRACT

In this present era of the Anthropocene, human activities affect hydrology and droughts. Quantifying
this human influence improves our understanding and builds fundamental knowledge for water
resource management. Analysis of observation data is useful in progressing this knowledge as these
human activities and feedbacks are intrinsically included. Therefore, here we present an observation-
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based approach, the upstream-downstream comparison, to quantify changes in hydrological drought

downstream of a human activity. We demonstrate this approach in a basin in northern Chile, where
a reservoir was introduced. A sensitivity analysis is performed to assess how different choices of drought
analysis threshold can affect the results and interpretation. We find that many commonly used choices
do not exclude human activities from the threshold and therefore could be underestimating the change
detected due to the human influence. The upstream-downstream comparison avoids this through the
application of the upstream station threshold rather than the human-influenced downstream station.

1 Introduction

Drought is an important natural hazard which can lead to
severe environmental and socio-economic impacts in
many regions of the world, with losses in agriculture,
damage to natural ecosystems and social disruption
(Prudhomme et al. 2014, Vicente-Serrano et al. 2014).
Drought is regarded as a deficit in available water com-
pared to the normal conditions. “Normal” is based on an
average established over a certain period (e.g. 30 years) or
a defined level. Drought identification can be established
for a range of variables, such as precipitation (meteorolo-
gical drought), soil moisture (agricultural drought) and
streamflow or groundwater (hydrological drought). This
study focuses on hydrological drought, identified by
streamflow deficit.

Classically, most drought definitions consider it to be
a natural phenomenon, with climate variability as the only
driver of drought. However, recently there has been a call to
acknowledge and include the anthropogenic influence
on drought, drought processes and propagation
(AghaKouchak et al. 2015, Wanders and Wada 2015, Van
Loon et al. 2016). Anthropogenic activities can cause,
exacerbate or alleviate drought situations (Vogel and
Drummond 1993, Van Oel et al. 2017) through directly
and indirectly affecting natural drought propagation and
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processes (e.g. Fig. 1 in Van Loon et al. 2016). For example,
human activities can affect the amount of surface runoff
and infiltration (e.g. through land use practices, urbaniza-
tion, deforestation), water availability (e.g. through water
abstraction, irrigation, reservoirs) and water storage (e.g.
through reservoirs). In recent years research has started to
investigate the anthropogenic impact on drought (e.g. Van
Loon and Van Lanen 2013, Wada et al. 2013, Mehran et al.
2015, Wanders and Wada 2015). There is a need to quan-
tify the relative importance of human activities as a driver,
contributor or alleviator of hydrological drought. This
would improve our knowledge on how human activities
are impacting on drought to enable better drought pre-
paration and mitigation, as well as improve hydrological
modelling. However, this quantification is difficult as cur-
rent research is done with a variety of approaches and tools
designed for operating in an undisturbed situation.

To quantify the difference in hydrological droughts due
to anthropogenic activities, a common approach is through
a comparison of the natural condition with the human-
influenced situation. Typically, observed discharge data can
be used to represent the human-influenced situation if
known human activities are present. However, we also
need to know the conditions that would have occurred
naturally for the same location during the observation
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period. Existing research mainly uses hydrological model-
ling to simulate this natural situation (e.g. Van Loon and
Van Lanen 2013, Wada et al. 2013). Modelling allows
a direct comparison between two simulated datasets, nat-
ural and human-influenced (e.g. Van Loon 2015; Wanders
and Wada 2015), or the comparison between observation
data as the human-influenced dataset and its modelled
naturalized situation (e.g. observation-modelling frame-
work, Van Loon and Van Lanen 2013, 2015). However
the modelling data might not always be available, be of high
enough quality that they can be trusted, or adequately
represent and include human activities (e.g. Srinivasan
et al. 2017).

Observation data are extremely valuable as they include
the real natural condition and the human activities and
responses that we aim to quantify. There are only a limited
number of publications that have quantified the human
impact on hydrological droughts in case studies using obser-
vation data (e.g. Lopez-Moreno et al. 2009, Van Dijk et al.
2013, Van Loon and Van Lanen 2013, Wang et al. 2015, Liu
et al. 2016a). Often this may be because it can be difficult to
find an exact observed “natural” proxy to allow for
a quantitative comparison. To address this, three different
approaches can be taken: (a) different time periods can be
used with an undisturbed period to represent natural con-
ditions (e.g. pre- and post-disturbance); (b) different catch-
ments can be compared with an undisturbed catchment for
the comparison (e.g. paired catchments); or (c) different
stations within the same catchment can be used where an
upstream station represents natural conditions (e.g.
upstream-downstream). In some studies, the pre- and post-
disturbance comparison uses the period before
a disturbance as natural conditions to compare directly
with the human-influenced situation after the disturbance
(e.g. Liu et al. 2016a, 2016b), but is then limited by the
meteorological forcing of the two periods not being similar,
and therefore different drought events are compared (Penas
etal.2016). Paired catchments trade space for time and allow
a comparison of the same time period; however, it can be
extremely difficult to find a similar enough natural catch-
ment for the pairing (Rangecroft et al. 2018). To avoid both
of these limitations, here we explore the use of upstream-
downstream observation data within a catchment.

The upstream-downstream comparison method
assesses the hydrological impact of change between two
discharge stations spatially distributed along a river,
upstream and downstream of a human activity. The
upstream data are used as a proxy for natural conditions
and the downstream data represent the human-influenced
situation. Observation data downstream contain the same
influences as upstream, plus the human activity. The
approach has been used elsewhere in hydrology, for exam-
ple to study changes in water quality and quantity
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downstream (e.g. Ren et al. 2002, Azrina et al. 2006), but
has rarely been used to look at hydrological droughts
specifically (limited examples, e.g. Lopez-Moreno et al.
2009, Wu et al. 2009). The biggest advantage of this method
is that it uses the same time period for analysis, in contrast
to methods that compare pre- and post-disturbance peri-
ods, which suffer from confounding factors, such as differ-
ent meteorological droughts in the pre- and post-
disturbance periods.

It is known that the exploration of streamflow dis-
charges and the severity and frequency of hydrological
droughts in upstream and downstream stations helps in
understanding the influence of human activities on low
flows (Lépez-Moreno et al. 2009, Wu et al. 2009). To
identify drought events using observation data, drought
thresholds based on individual stations can be calculated
and applied (e.g. Lopez-Moreno et al. 2009); however,
human activities are then already incorporated into the
threshold of the human-influenced station, affecting
drought identification. Instead, the threshold can be calcu-
lated from the natural situation, such as the pre-disturbed
time period (e.g. Van Loon and Van Lanen 2013, p. 2015)
or modelled natural streamflow (e.g. Wanders and Wada
2015), or from an upstream station. This natural threshold
can then be applied to both the natural and human-
influenced data to identify drought events compared to
natural conditions. The effect of these choices in drought
analysis on quantification of human influence on drought
has not been explored in the literature.

The aim of this paper is to demonstrate this observa-
tion-data-driven upstream-downstream approach to
quantify the human influence on hydrological droughts
downstream of a human activity. Through a sensitivity
analysis of three variations of threshold used to identify
drought events, we assess the impact of different drought
analysis choices on results and interpretation: (a) the
variable threshold and the fixed threshold; (b) the use of
a reference period or the use of the whole time period for
calculating the threshold; and (c) the use of individual
stations for the threshold, or the use of the upstream
station only for calculating the threshold. This enables
us to assess the effects that our choices have when working
in the Anthropocene to quantify the human influence.

To address the aims of the paper, we demonstrate
the approach through a place-based example from
Chile. The upstream-downstream comparison can be
used to quantify a range of different human activities,
but here we use the introduction of a reservoir.

2 Methods and data

Drought analyses were conducted on observed discharge
time series data (Section 2.1) to identify drought events and
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Figure 1. Huasco basin: (a) identified on a map of annual precipitation of Chile (DA-FAS-OGA) and (b) topographical map of the

basin (adapted from Wagnitz et al. 2014; Fig.1).
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Figure 2. Monthly discharge data for upstream (blue) and downstream (red) stations before and after the construction of the dam.
Data are missing for the period May 1986 to January 1988 at the downstream station.

characteristics (Section 2.2) upstream and downstream of
a human activity (e.g. a reservoir). A direct comparison
between drought events upstream and downstream quan-
tified the change downstream associated to the human
activity (Section 2.3). We additionally performed a sensi-
tivity analysis, in which we compared results obtained with
different drought analysis methods, to assess the effect that
drought analysis choices have (Section 2.4).

Here we use the term hydrological drought to repre-
sent droughts in streamflow. The methodology presented

here concerns hydrological drought analysis unless other-
wise specified. Precipitation observations were also ana-
lysed for both time periods to assess the similarities in
meteorological droughts in the pre- and post-dam data.

2.1 Case study observation data

We analysed observation data (1965-2013) from the
Huasco basin in arid northern Chile (28-29°S) (Fig. 1) to
quantify the influence of the Santa Juana dam (operating



by 1998) on downstream droughts. Downstream agricul-
tural users rely heavily on the water resources from the
upper catchments, with glacier meltwater and snowmelt
being important contributors to streamflow (Viviroli et al.
2007, Favier et al. 2009). The region experiences wet and
dry seasons with ~80% of annual precipitation occurring
during the wet season, the Chilean winter (May-August),
with year-to-year precipitation variation partially related to
the El Nifio Southern Oscillation (ENSO) (Montecinos
et al. 2000, Gascoin et al. 2011).

The observation data for this study comprised daily
precipitation and discharge covering the time period
1965-2013, obtained from the Chilean government’s
General Water Direction (Direccion General de Aguas,
DGA). One precipitation station was analysed for meteor-
ological droughts in the basin and two discharge stations
for hydrological droughts, one upstream (Q,;) of the Santa
Juana dam representing the “natural” condition (without
a reservoir) and one downstream (Qgown) Of the dam
representing the “human-influenced” condition. The two
stations are located 18 km apart along the same river
stretch (Fig. 1). The catchment areas of the upstream and
downstream stations are 1030 and 1520 km®, respectively.

Daily hydrological data were converted into monthly
summed data and converted into specific discharge
(in mm/month) to allow a direct comparison between
stations with different catchment areas. The Santa Juana
dam construction started in 1996 and was in operation by
1998, therefore the pre-dam observation period was classi-
fied as 1965-1996. An upstream-downstream approach
was used on the discharge data to directly compare
droughts upstream and downstream during the post-dam
period (1998-2013). Similarities in the upstream and
downstream discharge data can be seen throughout the
pre-dam period, giving confidence in the use of these
stations (Fig. 2).

Available station data for analysis were limited by their
data quality and time periods. The stations used had miss-
ing data of less than 5%. Missing data for hydrological
records were replaced by linear interpolation, a common
method for filling when gaps are not of significant length
(Hisdal et al. 2004). Missing data for the precipitation
record were replaced with zeros, an approach that can be
taken for precipitation data specifically (Jolly and Running
2004).

2.2 Drought analysis

The threshold level method was used to identify drought
events and characteristics. The threshold level method is
a commonly used method, frequently applied for quanti-
tative drought definition (Tallaksen and Van Lanen 2004,
Vicente-Serrano et al. 2004, Van Loon 2015). Drought
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events can be identified as periods during which the data
(river flow, precipitation, etc.) are below a certain thresh-
old (Yevjevich 1967). Thresholds based on percentiles of
the flow duration curve are commonly employed, with
a recommended threshold of between the 70th and 90th
percentile for a daily or monthly time series (Van Loon
2015). Therefore the 80th percentile (Qgo) is frequently
used as the threshold for determining a drought (Hisdal
and Tallaksen 2000, Fleig et al. 2006, Heudorfer and Stahl
2016) and is used here for identifying hydrological
droughts; Qg is the streamflow value that is equalled or
exceeded for 80% of the time. To calculate the threshold,
ideally at least 30 years of data are used to establish the
“norm” from the flow duration curve (McKee et al. 1993).

To quantify the human influence we followed the
proposed hydrological drought analysis methodology.
To avoid the incorporation of human actions in the
threshold itself, we used the upstream station to act as
a proxy for “natural conditions” and establish the
threshold. We used the whole time period of observation
data (1965-2013) for the upstream station to calculate
the 80th percentile threshold. This threshold was then
applied to both the upstream and downstream data for
the post-dam time period. This allowed a direct com-
parison of the impact of the human activity on hydro-
logical droughts (e.g. Van Loon and Van Lanen 2013).

Minor drought events, which are events of short
duration and/or small deficit volume, can be removed
from the analysis using a defined minimum duration.
Monthly data were analysed, and therefore, to avoid
identifying droughts with the same length as the reso-
lution of analysis, minor droughts of only one month
duration were excluded from the analysis. Drought
event characteristics such as frequency, timing, dura-
tion and deficit volumes were extracted.

For the meteorological drought analysis, the 50th per-
centile threshold was used to avoid a threshold of zero,
which is common practice for semi-arid/arid regions (Van
Huijgevoort et al. 2012, Giannikopoulou et al. 2014).

2.3 Estimation of the human impact on
hydrological drought characteristics

To estimate the percentage change of hydrological
droughts downstream due to the human influence,
drought characteristics of the upstream and downstream
stations were compared during the disturbed period, i.e.
the post-dam period (1998-2013). Drought characteris-
tics of frequency, duration (average, maximum and total)
and deficit volume (average, maximum and total) were
analysed across the 17-year post-dam period. For each
drought characteristic (DC), an estimation of the human
impact was calculated using the following equation:
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ADC =[(DCgown—DCyp) /DCyp|*100 (1)

where ADC is the percentage change in DC due to
human influence. Resulting negative values would indicate
that the human activity alleviates drought characteristics
downstream, whereas positive values show that the human
activity aggravates downstream drought characteristics.

2.4 Sensitivity analysis

Various approaches to analysing drought events have been
used in the international literature. However, decisions
regarding specifics of the drought analysis threshold could
affect the results and interpretations made when assessing
the human influence on droughts. To assess the implication
of these choices, a sensitivity analysis was conducted
between three main variations of the drought analysis
threshold within the upstream-downstream comparison:
(a) threshold level method: variable or fixed threshold
(Section 2.4.1); (b) threshold time period: whole time period
or pre-dam time period threshold only (Section 2.4.2); and
(c) threshold station: own thresholds or upstream-station
threshold only (Section 2.4.3) (Fig. 3). A difference in
threshold percentile (70th or 90th instead of 80th) was not
studied here as the effect is assumed to be small. Previous
studies have found that changing the percentile used for
calculating the threshold level slightly changes the magni-
tude but not the direction of change (e.g. Van Loon and Van
Lanen 2013, Heudorfer and Stahl 2016).

2.4.1 Variation 1: threshold level

When using the threshold level method, a fixed or variable
threshold level can be applied to identify drought events
(Tallaksen et al. 1997, Hisdal and Tallaksen 2000, Fleig et al.
2006). Both are commonly used for drought analysis. The
variable threshold level is useful when there is seasonality in
the data as it allows to the identification of droughts in the
high flow season as well as in the low flow season.
Standardized indicators (e.g. standardized precipitation

>

1. Threshold level

>

2. Threshold period I

Drought threshold

»

3. Threshold station ‘

index, SPI, for precipitation and standardized streamflow
index, SSI, or alternatively termed standardized runoff
index, SRI, for discharge) are comparable to a variable
threshold because they calculate the anomaly compared to
the climatology of the same month. The fixed threshold, on
the other hand, establishes a single value for the 80th per-
centile of the entire time series, regardless of the month. The
fixed threshold level is generally more applicable
in situations with limited seasonality in the discharge data.
It has recently been found by Heudorfer and Stahl (2016)
that the choice of method affects the drought events identi-
fied and the interpretation of the results. Therefore, it is
important to understand how this decision affects the results
of interpreting the human influence on drought. In the
sensitivity analysis we apply both the variable and the fixed
threshold level (Fig. 3) to assess how this might affect the
results.

2.4.2 Variation 2: threshold time period

Secondly, the time period used to calculate the threshold
can vary. Often only a pre-disturbance period (sometimes
termed undisturbed, baseline or reference period) is used
to determine the threshold for studies looking at
a disturbance period (e.g. Wang et al. 2009, Van Loon
and Van Lanen 2013, Liu et al. 2016a). Transferring the
threshold from one time period (e.g. historical) to the
analysis period is also commonly used in future drought
studies to assess changes between periods (e.g. Van Tiel
et al. 2018). However, this approach then does not
include the climatic characteristics of the study period
in the analysis (e.g. during the post-dam period), which
could be relevant for the study.

Thus, in the sensitivity analysis, we explore two differ-
ent options for the threshold time period (Fig. 3). Firstly,
we use the pre-dam period only (1965-1996) to calculate
the threshold for analysis in the post-dam period. We also
use the whole period observation data (1965-2013) to
establish the threshold. However, it is important to note
that, when using the whole time period, combined with

v

Variable Threshold Level |

N

Fixed Threshold Level l

v

Pre-dam only (1965-1996) |

* Whole period (1965-2013)

Own station ‘

{ Upstream station only l

Figure 3. Diagram of the sensitivity analysis conducted: three different drought threshold variations (threshold level, threshold

period, threshold station) with two options for each.



own station thresholds (Section 2.4.3), the downstream
station data will contain effects of human activities, and
therefore these will be incorporated into the threshold,
affecting the quantification of the human influence.

2.4.3 Variation 3: threshold station

Finally, the threshold for drought analysis is often estab-
lished based on the individual station data (e.g. Lopez-
Moreno et al. 2009, Wang et al. 2009, Liu et al. 2016a).
This use of the own station data to establish the normal
against which the droughts are identified is also similar to
how the standardized indicators (e.g. SPI, SSI) are com-
monly applied. However, downstream station observation
data contain the effect of human activities during the post-
dam period. Therefore, this threshold will include the
changes due to human activities, rather than representing
the natural threshold needed to allow a comparison.

A threshold established based on “natural conditions”
only can help to separate the human activities from the
threshold for drought identification. Here, the upstream
station acts as a proxy for the natural situation. The
threshold from the upstream station can be applied to
both the upstream and the downstream station for
drought identification. This is similar to using the simu-
lated natural threshold in drought modelling studies (e.g.
Wanders and Wada 2015, He et al. 2017). In the sensi-
tivity analysis we test the difference of using own station
data for the threshold, or the application of just the
upstream station for the threshold to represent the
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natural condition (Fig. 3). This is a variation that has
not yet been explored in the literature, but could affect
the results significantly.

3 Results

3.1 Results of human influence on drought
characteristics

Meteorological drought analysis showed that meteorolo-
gical droughts were similar during the pre-dam and the
post-dam period (Table 1); no differences were observed
in the maximum meteorological drought characteristics
between the two time periods, and minimal differences
were seen in the average drought characteristics (duration
—4%, deficit +3%, Table 1). Discharge records of the
upstream and downstream stations were also similar
during the pre-dam, but very different in the post-dam
period (Fig. 2). Hydrological drought analysis results
following the upstream-downstream approach revealed
an aggravation of hydrological droughts downstream
during the post-dam period due to the reservoir (Fig. 4),

Table 1. Results for percentage change in meteorological
drought characteristics between the two time periods.

Meteorological droughts Duration (months) Deficit (mm)
Average Maximum Average Maximum
Pre-dam (1965-1996) 25 3 3.6 4.1
Post-dam (1998-2013) 2.4 3 3.6 4.1
Difference (%) -4 0 +3 0
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Figure 4. Hydrological drought analysis results during the post-dam period (1998-2013) for (a) upstream and (b) downstream
discharge stations. Drought analysis conducted with the variable threshold level, using the whole time period of the upstream

station only to calculate the threshold.
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Table 2. Results for the upstream-downstream approach for the post-dam period (1998-2013): drought characteristics of the
upstream and downstream stations and the percentage (%) change of drought characteristics downstream, calculated with

Equation (1).

Frequency Duration (months) Deficit (mm)
Average Maximum Total Average Maximum Total
Upstream 6 38 6 23 0.6 1.0 33
Downstream 7 44 7 31 14 2.8 10.0
Change downstream (%) +17 +16 +17 +35 +158 +179 +201

shown by increases in drought durations (+15% average,
+17% total) and deficit volumes (+158% average, +201%
total) (Table 2).

3.2 Sensitivity analysis of drought analysis
threshold variations

Results of the sensitivity analysis showed large differences
in the direction and magnitude of change (Table 3).
Interpretation of results thus depends on the method
and choices used for the drought analysis (see Sections
2.4.1-2.4.3). Variations of the threshold level (variable or
fixed) resulted in the largest differences within the sensi-
tivity analysis, with a difference in the direction of change
seen. The variable threshold level showed an aggravation
of drought events due to the human activity (Table 3),
whereas the fixed threshold level results indicated an
alleviation of drought events (see Section 3.2.1).
Changes in threshold time period and station gave vary-
ing differences in magnitude, depending on the combina-
tion (Table 3). Furthermore, the use of a threshold with
human activities incorporated within the threshold itself
(e.g. use of human-influenced downstream discharge sta-
tion for threshold) seemed to underestimate the change
in drought characteristics observed due to the human
influence (see Section 3.2.3).

3.2.1 Effect of variation 1: threshold level

The variable threshold level method showed an aggrava-
tion of drought events due to the presence of the human
activity, indicated by an increase in the percentage change

downstream, especially in deficit volumes (Table 3).
Conversely, using the fixed threshold, results implied
that the introduction of the dam helped to alleviate
droughts downstream through a decrease in all drought
characteristics (Table 3). However, through visual assess-
ment of the droughts identified in the post-dam period
with both variations (Fig. 5), this alleviation with a fixed
threshold is seen because the discharge downstream has
been increased and low flows are mainly sustained by the
dam (Fig. 5(d)), whereas the variable threshold level
identified the shift in river regime in the downstream
station due to the reservoir, resulting in droughts during
the high-flow season (Fig. 5(c)).

3.2.2 Effect of variation 2: threshold time period
Using the whole period to establish the threshold rather
than a pre-dam period resulted in larger changes in
droughts downstream (Table 3). This is because the
thresholds for the pre-dam period are different from the
thresholds for the whole period (Fig. 6(a) and (b)). The
whole period downstream threshold included the human-
influenced post-dam period. The variable post-dam period
threshold (Fig. 6(c)) clearly showed a regime shift in the
downstream station. This therefore contributed to the
differences in upstream and downstream thresholds
when the whole period was used. From this, we observed
that using the whole period for the upstream station
allowed only the inclusion of the post-dam analysis period
(something that a pre—post disturbance analysis does not
account for), but also excluded human activities from the
threshold, which is desired for the quantification.

Table 3. Sensitivity analysis results for variable and fixed threshold level method calculating the percentage change (%) of drought
characteristics downstream for the analysis period 1998-2013 using Equation (1).

Threshold period Threshold station Frequency Duration (months) Deficit (mm)
Average Maximum Total Average Maximum Total
Variable threshold level
Whole period Own threshold -33 +11 =17 —-26 +30 +41 -13
Upstream only +17 +16 +17 +35 +158 +179 +201
Pre-dam period Own threshold 0 -5 0 -5 +14 +48 +14
Upstream only 0 -9 0 -9 +24 +53 +24
Fixed threshold level
Whole period Own threshold -33 -33 =17 -56 -83 —67 —88
Upstream only =17 -29 =17 -41 =79 -59 -83
Pre-dam period Own threshold -83 0 -20 -83 -91 -94 -98
Upstream only -50 =25 0 —-63 -83 -72 -92
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Figure 5. Application of the variable and fixed threshold on the upstream and downstream stations during the post-dam period.
Threshold calculated based upon upstream whole period (to represent “natural conditions”).

3.2.3 Effect of variation 3: threshold station

Using own stations to establish the thresholds for
drought analysis resulted in much lower percentage
changes downstream compared to when the upstream
threshold was used as a proxy for “natural conditions”
(Table 3). It is speculated that this is due to human
activities being incorporated into the threshold calcu-
lated with the downstream station, affecting the thresh-
old (Fig. 6). This was seen clearly in the variable
thresholds for the post-dam period where the down-
stream threshold becomes the reverse of the upstream
threshold (Fig. 6(c)). Although the seasonality is chan-
ged by the reservoir, and the hydrograph is smoothed
with reduced variation, the fixed thresholds showed
that total discharges of both stations were still very
similar (Fig. 6(c)). Compared to the pre-dam fixed
thresholds, this actually indicated an elevation of dis-
charge levels overall (Fig. 6(b) and (c)).

4 Discussion

Most of this section is focused around our approach
(Section 4.2) and what we have learnt from the sensi-
tivity analysis (Section 4.3). However, we start by dis-
cussing specifically the impact of the Santa Juana Dam
on downstream droughts, and compare our results to
other reservoir studies (Section 4.1). These results are
an important contribution to the increasing knowledge
of case studies analysing the influence of human activ-
ities on drought.

4.1 Overall impact of the dam on hydrological
droughts downstream

In this example, the introduction of a reservoir clearly
impacted hydrological droughts downstream. This
impact was mainly due to the change in river regime
with the presence of the reservoir. The temporal differ-
ence observed between droughts upstream and down-
stream during the post-dam period (Fig. 4) reflects the
impact of human activities, with a consequential change
in drought seasonality due to reservoir management (Fig.
6(c)). This is something that has been observed in other
studies when studying the flow alterations rather than
droughts specifically; it is known that reservoirs influence
downstream river regime through changes in the volume,
timing and seasonality of discharge (e.g. Petts and
Gurnell 2005, Assani et al. 2013, Liu et al. 2016a), with
impacts on ecology (e.g. Nilsson and Berggren 2000, Poft
and Hart 2002, Rolls et al. 2012, Timpe and Kaplan 2017).
Whilst smoothing of the hydrograph might be observed,
through lower peak flows and higher low flows (Van Oel
et al. 2017), and because flow regulation might artificially
elevate flows eliminating natural periods of low flows
(Rolls et al. 2012), overall annual discharge values may
not be affected (Rolls et al. 2012).

The results show an aggravation of hydrological
droughts identified using the variable threshold method,
yet an alleviation of droughts using the fixed threshold
method (Fig. 5). Both the aggravation and alleviation of
droughts due to reservoirs has been seen in the literature.
Lépez-Moreno et al. (2009) found an increase in drought



284 e S. RANGECROFT ET AL.

16

(a)whole period (1965 - 2013)

10 12 14

Threshold level (mm/month)
08

06
1

04

— Upstream variable threshold
— Downstream variable threshold
== Upstream fixed threshold

= = Downstream fixed threshold

16 02

(b)Pre-dam (1965 - 1996)

Threshold level (mm/month)
06 08 10 12 14
1 ]

04

02
1

16

(C)Post-dam (1998 - 2013)

06 08 10 12 14
1

Threshold level (mm/month)

04

02
1

Jul Aug Sep Oct Nov Dec

Month

Figure 6. Upstream and downstream variable and fixed drought analysis thresholds for: (a) whole period thresholds (1965-2013);
(b) pre-dam thresholds (1965-1996); (c) post-dam thresholds (1998-2013).

severity downstream due to the introduction and manage-
ment of a transboundary reservoir (Spain/Portugal) using
the SSI. However, using hydrologically modelling and the
variable threshold level to assess the impact of human
activities, He et al. (2017) showed that reservoirs helped
alleviate drought conditions in California, USA, reducing
drought deficit by 50% in southern California during the
2014 drought. One reason for these differences could be the
drought analysis choices made. Yet another reason could
be that the purpose of the reservoir affects the changes
downstream. For example, the Chilean reservoir was man-
aged to provide water security for agricultural users in the
downstream area, therefore designed to sustain low flows
by lowering peak flows. However, other reservoir manage-
ment (e.g. hydropower, public water supply, upstream
users) might result in a different impact downstream.

Even when reservoirs alleviate drought, this allevia-
tion will be dependent on storage capacity and may not
end up influencing multi-year droughts. This can be
seen in our results during the post-dam period as
drought events are alleviated at the start of the period,
and the start of the multi-year drought (2007-2015) is
delayed; however, the multi-year drought becomes visi-
ble downstream with time (Fig. 5(d)). This is likely due
to the multi-year drought becoming too severe for the
storage capacity of the Santa Juana reservoir to alleviate.

4.2 Upstream-downstream approach

This work has used observation data to quantify the
change in drought characteristics downstream due to



dam operation. One advantage of the upstream-down-
stream approach is that, through comparing the same
time period, we can account for the same climatic drivers
influencing droughts in the analysis period. There are of
course uncertainties in comparing two stations; however,
these can be limited if stations are located in close proxi-
mity, with the main difference between the two stations
being the human activity seeking quantification.
Another advantage of this approach is the exploitation
of observation data that inherently contain human activ-
ities, feedbacks and responses. Hydrological modelling is
yet to fully incorporate human activities and feedbacks
(Srinivasan et al. 2017), and therefore the use of observa-
tion data can help us to understand real changes due to
human activities. In turn, this information can be used to
help improve hydrological modelling. Whilst we used the
example of a reservoir in this study, the upstream-down-
stream approach can also be applied to other human
activities. However, it is likely to work best with more
direct human influences, such as dams and water abstrac-
tions located at specific points, because point-based
alteration of the hydrological system is easier to isolate.

4.3 Quantifying human influence on droughts:
considerations for drought analysis and threshold
choice

The drought threshold choices made during the
drought analysis process were found to affect results
and interpretations. It is important to know that the
interpretation and synthesis of published work could
be complicated by these different method choices. It
seems that these variations should be understood and
applied depending on the purpose of the analysis.

Heudorfer and Stahl (2016) recently investigated the
impact of a variable or fixed threshold on drought char-
acteristics, finding that it changed the distribution of
drought durations. Here we actually find a difference in
the direction of change, not just in the magnitude.
Applying a fixed threshold shows the overall reduction
of low flows, especially during the summer. However, the
shift in river regime reduces the flow during high flows,
which is only identified using the variable threshold.
From a water use and management point of view, the
fixed threshold can represent a minimum level for human
water use or environmental flows. Therefore the fixed
threshold could be used to highlight changes in low
flows (rather than droughts) due to human activity.

Our sensitivity analysis shows that if drought analysis
tools are applied in the Anthropocene without thorough
consideration, we could be underestimating the human
influence on droughts. Isolating the threshold without
impacts of human activities is needed to allow for full
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quantification of the human influence. A known advan-
tage of using the whole period to calculate the threshold is
that the climate conditions of the analysed period are
included. Yet, if the own thresholds are used for the
whole period, human activities are automatically incor-
porated into the threshold of the human-influenced sta-
tion, which will not provide a natural comparison to
identify the change due to the human influence.
Drought analysis using own thresholds represents
how most standardized indices (e.g. SSI) are usually
applied. Thus our results suggest that studies using SSI
to quantify the human influence on droughts could be
underestimating the human influence. Being able to
compare the human influence with the “natural” situa-
tion is the desired approach for quantifying the human
influence, and therefore the application of the natural
threshold only is highly recommended for this purpose.

5 Conclusions

In our human-modified world it is important to under-
stand how human activities are affecting hydrology.
Investigating observation data is useful in progressing
this knowledge in how human activities and feedbacks
affect drought as these actions are intrinsically included
in the observation data. However, for quantification of the
human influence, finding a proxy observation dataset for
the natural situation to allow the necessary comparison can
be difficult. We explored the application of an upstream-
downstream approach using observation data. We find
that this approach is a good way to assess changes observed
downstream for a human activity, particularly because the
quantified comparison is within the same meteorological
period. For the quantification we recommend the use of
the threshold level method with a threshold that excludes
human activities from the threshold, such as the upstream
station rather than downstream station.

Whilst testing the application of this observation-
based approach, we discovered the importance of asses-
sing our current drought analysis methods for hydrology
in the Anthropocene. This research has shown the need
for consideration when initially choosing methods for
drought analysis, as different choices of drought thresh-
olds are seen to affect the results and interpretation of
changes in hydrological droughts. If the purpose is to
quantify the human influence, then the threshold for
drought identification needs to be unaffected by human
activities. We find that current methods frequently used
do not achieve this, and therefore could be underestimat-
ing the change detected due to the human influence.
Furthermore, this demonstrates that it could be difficult
to compare existing studies if different variations of
drought thresholds are used.
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Increasing our knowledge on how human activities are
affecting hydrological droughts is fundamental for water
resource management and hydrological modelling. Whilst
the application of this study was on the impacts of a selected
reservoir on hydrological droughts, this methodology can
be applied to other human activities, such as irrigation,
groundwater abstraction and urbanization, to increase
our understanding of the impacts of anthropogenic activ-
ities on hydrological droughts.
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