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Abstract. Streamflow drought forecasting is a key element of contemporary Drought Early Warning Systems (DEWS). The
term streamflow drought forecasting, rather than streamflow forecasting, however, has created confusion within the scientific
hydro-meteorological community, as well as in operational weather and water management services. The way, how streamflow
drought is defined, is the main reason for this misperception. The purpose of this study, therefore, is to provide a compre-
hensive overview of the differences within streamflow droughts using different identification approaches for European rivers,
including an analysis of both historical drought and implications of forecasting of these extreme events. Streamflow data
were obtained from a LISFLOOD hydrological model forced with gridded meteorological observed (known as LISFLOOD-
Simulation Forced with Observed, SFO). The same model fed with seasonal meteorological forecasts of the European Centre
for Medium-range Weather Forecasts system 5 (ECMWF SEAS 5) was used to obtain the forecasted streamflow. Streamflow
droughts were analyzed using the Variable Threshold (VT), Fixed Threshold (FT), and the Standardized Streamflow Index
(SSI). Our results clearly show that streamflow droughts derived from different approaches deviate from each other both in
occurrence and timing, associated with different climate regions across Europe. The occurrence of FT drought is higher than
droughts based upon VT and SSI, which highlights the importance of seasonality. FT drought happens earlier in the year than
droughts obtained from VT and SSI. The use of aggregating daily streamflow data into monthly time windows for forecasting
drought, such as the application of 30-day Moving Average (30DMA), is recommended to identify the VT and FT droughts.
This approach will eliminate the undesired minor drought events, which are identified when using non-aggregated daily flow
data. There is no unique hydrological drought definition that fits all purposes, hence developers of DEWS and end-users should
clearly agree among themselves upon a sharp definition on which type of streamflow drought is required to be forecasted for a

specific application.
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1 Introduction

Drought is a creeping natural disaster that has major socio-economic and environmental impacts across the world (e.g., Tallak-
sen and Van Lanen, 2004; Wilhite et al. , 2007; Ding et al., 2011; Van Dijk et al. , 2013; Stahl et al., 2016; Haile et al. , 2019).
IPCC (2014) reports with very high confidence that impacts from among others drought on society are already considerable.
Drought hazard and its impacts are projected to increase in numerous regions under a future warmer climate (e.g., Feyen
and Dankers , 2009; Forzieri et al., 2014; Prudhomme et al., 2014; Wanders et al. , 2015; Samaniego et al., 2018). Gu et al.
(2020) analyzed how drought influences regional gross domestic product (GDP) under different representative concentration
pathways (RCPs) and shared socioeconomic pathways (SSPs) at global scale. The fraction of drought-affected GDP relative to
the country’s GDP would equal 100% in over about 75 countries under 1.5°C warming, which is projected to increase to over
90 countries under 2.0°C warming. There is an urgent necessity for society to respond to these signs. National drought policy
plans should be implemented that convert the usually reactive drought crises management into a pro-active risk management
(Sivakumar et al., 2014; WMO and GWP , 2014; Poljansek et al., 2017). One of the elements to be included is a Drought Early
Warning System that in addition to real-time monitoring contains operational drought forecasting with appropriate lead times
(i.e. multi-months or seasonal).

The term drought forecasting has been used in an indefinite way, which has created misconceptions, miss-citations, and
confusion in the scientific hydro-meteorological community (authors, readers, editors, and reviewers), as well as in operational
weather and water management services. An explicit definition what is being forecasted is crucial to avoid any misunderstand-
ing on usability of drought forecast products for different purposes. Firstly, meteorological drought forecast systems have been
developed (e.g., Mishra and Desai , 2005; Belayneh et al., 2014; Dutra et al., 2014), which use the Standardized Precipitation
Index, SPI (McKee et al., 1993) or the Standardized Precipitation Evaporation Index, SPEI (Vicente-Serrano et al., 2010).
These aggregate precipitation (SPI) and precipitation minus evaporation (SPEI) over at least one month and have lead times
of several months. Conventional weather forecast systems that predict low or no precipitation and above normal temperature,
as part of their suite of forecast products, should be not classified as a drought forecasting system because of their rather short
lead time (sub-daily to 10-15 days). Secondly, hydrological drought forecasts are provided (e.g., Pozzi et al., 2013; Sutanto et
al., 2020a), which involve groundwater, river flow, soil moisture, and runoff. Hydrological drought deviates from meteorolog-
ical drought (e.g., Changnon , 1987; Peters et al., 2003; Mishra and Singh, 2010; van Loon and Van Lanen , 2012; Barker et
al., 2016; Sutanto et al., 2020b), which means that the latter cannot straightforwardly used to predict drought in groundwater
or river flow. Because of all these differences, an explicit delineation of what is being forecasted is prerequisite. Here, our
study focuses on hydrological drought forecasting, specifically of drought in the river (streamflow drought), which is defined
as below-normal streamflow (Hisdal et al. , 2004; Peters et al., 2006; Fleig et al., 2006; Feyen and Dankers , 2009; Sarailidis et
al., 2019).

Forecasting of streamflow drought follows different approaches on how the hydrological drought is defined (Hisdal et al.
, 2004; van Loon , 2015), which is also essential to consider when using forecast products. Yuan et al. (2017) use the so-

called standardized approach. They calculated the Standardized Streamflow Index (SSI), which measures monthly normalized



55

60

65

70

75

80

85

https://doi.org/10.5194/hess-2020-458 Hydrology and
Preprint. Discussion started: 5 October 2020 Earth System
(© Author(s) 2020. CC BY 4.0 License. Sciences

Discussions
By

anomalies in streamflow and, if negative, then SSI signifies a dry anomaly. Others applied the threshold approach to derive
drought in river flow from the forecasted flow time series. This implies that the river is in drought when it is below a predefined
flow. Marx et al. (2018) and Wanders et al. (2019) use a fixed threshold meaning that it does not vary throughout the year.
Usually, a percentile of the flow duration curve is taken using all flow data to identify the fixed threshold. In contrary, Fundel et
al. (2013), Sutanto et al. (2020a), and van Hateren et al. (2019) have used the variable threshold approach to identify drought
events with their hydrological drought forecasting system. In this approach the threshold varies over the year and accounts for
seasonality, which means that drought can occur in every season. The threshold is derived from, for instance, the daily, monthly
or seasonal flow duration curve.

In the context of this study, it is also important to realize, that hydrological drought forecasting is different from just stream-
flow forecasting (e.g., Day , 1985; Clark and Hay , 2004; Schaake et al., 2007; Bell et al., 2017; Mendoza et al., 2017; Arnal
et al., 2018; Duan et al., 2019), although the latter provides key input data to derive hydrological drought. For hydrological
drought forecasting, an additional step is required, that is, derivation of drought events from the forecasted flow time series,
e.g. the flow time series is converted in a time series of drought events. In summary, the different approaches that are being
used to communicate drought in rivers call for an explicit description of what is being meant.

The purpose of this study, therefore, is to provide a clear overview of the differences between streamflow drought using
different definitions. This is done through a historic analysis using data from 1990-2018. Differences are illustrated for the
entire Europe and some major rivers across different climate regions. The historical analysis is innovative because it covers the
entire pan-European river network with all its hydrological regimes instead of a country (Heudorfer and Stahl , 2017; Vidal
et al. , 2010) or a river basin (Sarailidis et al., 2019) and involves both threshold and standardized identification approaches.
Eventually, its implications for forecasting hydrological drought are elaborated using the extreme 2003 drought in Europa as
an example, which demonstrates that there no one fits all hydrological drought forecast. The observed and ensemble forecasts
of streamflow datasets, used in this study, are described in Section 2.1, followed by a description of the methodology to derive
the drought indices (Section 2.2). The results are presented and discussed in Section 3. Finally, we conclude the findings in

Section 4.

2 Data and Methods
2.1 Data

A state-of-the-art hydrological model, LISFLOOD, was used to simulate the streamflow of rivers across Europe from 1990 to
2018, which was derived from the routed runoff of 5 x 5 km grid cells (van der Knijff et al., 2010; Burek et al., 2013a). We
decided to use simulated river flow rather than observed flow, because sufficiently-long times of observed flow for a common
period covering the whole of Europe do not exist. The LISFLOOD model was fed by gridded meteorological observations
(e.g., precipitation, temperature, relative humidity, wind speed) to obtain daily proxy for observed streamflow data, known
as LISFLOOD-Simulation Forced with Observed (SFO). The gridded meteorological observation data were collected from

ground observations (>5000 synoptic stations), obtained from the Joint Research Center (JRC) meteorological database, the
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Global Telecommunication System of the WMO, and high-resolution data received from the National member States institu-
tions (Pappenberger et al., 2011). The time series of proxy observed streamflow data for each cell at the river network across
Europe were used to derive the streamflow drought following different approaches. Potential evapotranspiration was calculated
through the offline LISVAP pre-processor based on the Penman-Monteith equation (van der Knijff, 2008; Burek et al., 2013b).
A kinematic wave approach was used for routing the water movement on the river network. The model was calibrated using
time series of observed river streamflow from over 700 calibration stations across Europe. The hydrological skill of the LIS-
FLOOD model expressed by the Kling-Gupta Efficiency (KGE) shows that 42% of all calibration stations score a KGE higher
that 0.75, 33% of all stations score a KGE between 0.5 and 0.75, and 25% of all stations score a KGE below 0.5 (Arnal et al.,
2019). Although the model was originally developed for operational flood forecasts in the EU under European Flood Aware-
ness System (EFAS) platform (Thielen et al., 2009; Pappenberger et al., 2011; Cloke et al., 2013), the LISFLOOD model has
been tested for drought identification, forecasting and projections (Feyen and Dankers , 2009; Trambauer et al., 2013; Forzieri
et al., 2014; Sutanto et al., 2019, 2020a, b; van Hateren et al., 2019). It appears that the model also performs rather well for
drought studies. The model used in this study is the latest version of LISFLOOD that has been implemented in the operational
EFAS since 2019 (version 3).

Besides the SFO data, we also used re-forecasted (known as hindcast) time series of streamflow data for the year 2003,
as an example of drought forecasts. The European Centre for Medium-range Weather Forecasts System 5 (ECMWF S5)
seasonal forecast was used as forcing for the LISFLOOD hydrological model to forecast streamflow at the pan-European scale
(Stockdale et al., 2018). The seasonal forecasts are available as re-forecast data for each month from day 1 to day 215 (7
months lead-time) for 25 ensemble members (see Sutanto et al. (2020a) for detailed information). In this study we selected the
re-forecast data from 2003, because a severe drought across extended areas in Europe was observed (Fink et al., 2006; Ionita

et al., 2017; Laaha et al., 2017).
2.2 Streamflow drought identification

In this study, we employed two well-known drought identification methods, i.e. the threshold drought approach and the stan-
dardized drought approach (van Loon , 2015). Firstly, drought was derived from time series of streamflow data from 1990
to 2018 and re-forecasted data 2003 using the threshold-based approaches to indicate water deficit in different domains of
the water cycle, in our case it is the surface water domain, i.e. determination of streamflow deficit. This threshold approach
originates from the theory of runs and is developed based on a pre-defined variable threshold level (Yevjevich , 1967; Hisdal
et al. , 2004). The threshold approach uses an event-based sampling of the flow time series to convert this into a time series of
drought events. The drought event starts when the hydrological variable falls below the threshold value and ends when it equals
or rises above the threshold value. In this study, we applied two different types of drought threshold approaches, which are the
Fixed Threshold (FT drought) and the Variable Threshold (VT drought). FT uses a pre-defined threshold, which is constant
over the year and unique for each river grid cell. The VT varies in each day for each river grid cell. The VT method gains
more popularity because this method considers streamflow seasonality in the dataset (Hannaford et al. , 2011; Prudhomme et

al., 2011; van Loon , 2015). Thresholds in this study were derived from the opth percentile of the streamflow (Q90), which are



125

130

135

140

145

150

155

https://doi.org/10.5194/hess-2020-458 Hydrology and
Preprint. Discussion started: 5 October 2020 Earth System
(© Author(s) 2020. CC BY 4.0 License. Sciences

Discussions
By

the flows that are equaled or exceeded 90 percent of the time. The Q90 was considered as drought threshold because most of
the rivers across Europe are classified as perennial rivers. Moreover, the Q90 threshold lays within the range of the 70-90™"
percentile that is commonly used in drought studies (Tallaksen et al. , 1997; Hisdal et al. , 2004; Fleig et al., 2006; Wong et al.
, 2011). Using the Q90, means that fewer drought events are identified compared with higher thresholds, e.g., Q70 and Q80.

A backward 30-day moving average (30DMA) method was employed to the daily streamflow data as well as to the VT
threshold to reduce the number of minor droughts (pooling procedure) (Fleig et al., 2006; van Loon and Van Lanen , 2012;
Sarailidis et al., 2019). This means that we were moving averaged the first 30 days of the SFO data (from 1 to 30 January
1990) to calculate the streamflow on 30 January 1990. For the 31 January 1990, we were moving averaged the SFO data
from 2 January 1990 to 31 January 1990 and so on until 31 December 2018. Missing 30DMA streamflow data from 1 to 29
January 1990 were not relevant since we have started drought analyses from the hydrologic year 1991 (from October 1990
to September 1991) to the hydrologic year 2018 (from October 2017 to September 2018). We applied the same hydrologic
year for all European rivers. The reason for choosing the same hydrologic year is to ensure consistency in the analysis at the
European level. For the threshold, we calculated the daily threshold values using the original streamflow data without applying
30DMA for each day (365 and 366 thresholds for no leap and leap years, respectively). The threshold values are the same
for every year from 1990 to 2018. We then applied the backward 30DMA method to these daily threshold values and simply
neglected the first 30 days threshold (1 to 29 January 1990) for the same reason as above. We also applied 30DMA to the
forecast data. To handle the forecast streamflow data at the start of the 215 day forecasts, we moving averaged 29 days of
preceding observed data (SFO) with one day of forecast to predict a possible drought event on the first day. For the second
forecast day, we moving averaged 28 days of preceding observed with two days of forecast and so on. For example, the 30DMA
forecasted streamflow on 1% August 2003 was obtained from moving averaging the SFO data from 3 July to 31 July 2003 with
the forecasted streamflow on the first day (1 August 2003 lead time one day). Hence, the first 29 forecasted streamflow data
from the 215 day time series include some observed flow.

Secondly, the Standardized Streamflow Index (SSI, Nalbantis and Tsakiris , 2009; Vicente-Serrano et al., 2012) was used to
indicate drought in the river. The SSI was calculated using the same theoretical background as the Standardized Precipitation
Index (SPI, McKee et al., 1993). The SSI calculation for any river grid cell was based on a monthly average streamflow record
that is fitted to a gamma distribution, which is then transformed into a normal distribution so that the median SSI for the site and
desired period is zero. Please keep in mind that the 30DMA method was not applied for SSI analysis since SSI uses monthly
average streamflow data. We decided to use the gamma distribution as general distribution for the whole Europe since it can
be used for hydrological forecasting of both high and low flows (Slater and Villarini , 2018) and none of single distributions
fit all streamflow time-series across Europe (Vicente-Serrano et al., 2012). A 6-month accumulation period was used in this
study to avoid many minor drought events (SSI-6 drought), following studies from Trambauer et al. (2015) and Barker et
al. (2016). SSI with 1-month accumulation period (SSI-1 drought) was added only for comparison with SSI-6 to prove the
aforementioned reason (Fig. 5 and Appendix Figures). Negative SSI values indicate a drought event, which means that the
streamflow in a certain month (accumulation of average streamflow data for six months for SSI-6, incl. five preceding months)

is lower than median streamflow of that month (median accumulation of average streamflow data for six months for SSI-6)
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and vice versa for positive SSI values. To forecast the SSI-6 for a lead-time of x-month (x = 1, 2, ... 7 months), we combined
SFO data with forecast data, as introduced by Yuan et al. (2013) and Dutra et al. (2014). For example, the forecasted SSI-6 for
August 2003 with 1-month lead-time (forecasts issued on 2" August 2003) was estimated by combining the SFO data from
March to July 2003 (five months) with August 2003 forecast data (one month). To forecast the SSI-6 for September 2003 with
2-month lead-time (forecasts issued on 2™ August 2003), we combined the SFO data from April to July 2003 (four months)
with forecast data for August and September 2003 (two months), and so on for the rest. The drought event was categorized into
four classes, which are: (i) mild drought: 0>SSI>-1, (ii) moderate drought: -1>SSI>-1.5, (iii) severe drought: -1.5>SSI>-2,
and (iv) extreme drought: SSI<-2 (Nalbantis and Tsakiris , 2009). Similar to the threshold approach, the standardized method

uses an event-based sampling of the flow time series to convert this into a time series of drought events for further analysis.
2.3 Koppen-Geiger climate classification

The Koppen-Geiger climate classification has been built based on observed global temperature and precipitation data (Peel et
al., 2007). There are four main climate types found in Europe, which are cold (D), arid (B), temperate (C) and polar (E). Each
climate type can be classified into several sub-climate types. In our study area, the dominant sub-climate types are Bsk, Csa,
Cfa, Cfb, Csb, Dfc, Dfb, Dsa, Dfa, Dsc, and ET (Fig. 1). In addition to the analysis of streamflow drought in all grid cells of the
pan-European river network, four different rivers located in the major climate regimes of Europe were selected (Cfb, temperate
oceanic climate; Dfb, warm-summer humid continental climate; Dfc, subarctic climate; and (Bsk, Mediterranean climate). The
locations of the selected rivers are as follow: 1) Rhine River near Cologne, Germany, located at 50.9°N and 6.9°E (Cfb), 2)
Danube River near Budapest, Hungary, located at 46.9°°N and 18.9°E (Dfb), 3) Kemijoki River near Kemi, Finland, located at
65.8°N and 24.6°E (Dfc), and 4) Ebro River near Asco, Spain, located at 41.2°N and 0.6°E (Bsk). The four rivers are indicated
by red dots in Figure 1. For detailed information about climate classifications used in the study, see the Koppen-Geiger climate

classification presented in Peel et al. (2007).

3 Results and discussion

We present the differences of streamflow droughts identified using different definitions in two parts. The first part provides
results and discussion of the historical analysis that consists of the investigation of differences between drought analyzed using
different approaches, in terms of occurrences and timing in river grid cells at the pan European scale, and four selected river
basins (Section 3.1). The second part elaborates an example of the implication of streamflow drought forecasts using different

definitions in one of the selected river basin (Section 3.2).
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3.1 Historic analysis
3.1.1 Streamflow drought occurrences

One of the most profound differences among streamflow drought using different indices is the occurrence of these events.
Based on the definition, streamflow drought may be absent, or occur once or more in a hydrological year in a certain river grid
cell. This happens when the streamflow falls below the thresholds (VT and FT) or when it is lower than median streamflow
(SSI). Streamflow drought might occur every year (28 events), but this is rare, as shown in Figure 2a (VT). In some regions,
especially in cold regions, such as in northern Europe and Alps, the occurrence of VT droughts exceeds 28 events during the
study period. However, in most river grid cells across Europe (96% of all river grid cells), occurrence of VT drought is less
than 28 events. The number of FT drought is in general higher than of VT droughts. In more than 50% of all river grid cells, the
frequency of FT drought is higher than VT drought, which especially applies to the cold regions (Fig. 2b). In these cold regions,
drought occurs not only during summer or autumn due to below-normal precipitation and higher evapotranspiration, but also
during winter and spring seasons, depending on the length of the frost period and the timing of the snow incident, accumulation
and melting (cold snow season drought) (van Lanen et al., 2004; Pfister et al., 2006; van Loon and Van Lanen , 2012). A warm
snow season drought may also occur during spring or summer, associated with no snow occurrence during winter or earlier
snowmelt than normal (van Lanen et al., 2004; van Loon et al. , 2010). This causes an early peak in streamflow, resulting in
lower streamflow in late spring and summer. van Loon and Van Lanen (2012) discuss in detail these types of drought events.
In general, the number of SSI-6 drought is similar to VT, i.e. in 91% of all grid cells the occurrence is lower than 28 events.

VT and FT droughts also occurred more than once a year in some rivers flowing from Spain to Portugal that might be
caused by minor drought events (>30 events, red color Fig. 2a and 2b). Minor drought events are also the main reason for
high occurrence of FT droughts in the UK and west Europe (>30 events), such as France and Germany (Fig. 2b). Here, the FT
threshold is larger than the VT threshold in the dry season (summer), which causes a higher number of periods with streamflow
falling below the threshold. For example, the average VT threshold during summer in the Loire River France, close to Angers
city, is 145 m?/s, which is lower than the FT threshold (219 m®/s). The higher occurrence of FT droughts in the regions’ border
with west Russia is also caused by minor drought events that occur during winter. In this season, the VT threshold, e.g. in the
Daugava River in Minsk (81 m?/s), is lower than in summer due to lower streamflow during cold period in winter (112 m?/s).
A different number of drought occurrences between VT and SSI-6 is clearly seen in Ireland (Fig. 2a and 2c, 100% and 65% of
all Irish river grid cells have less than 28 events, respectively). In this region, the number of SSI-6 drought events is similar to
FT drought, which is in some cases more than 30 events. SSI-1 (hydrological drought index if only one month of accumulation
is considered), on the other hand, gives higher drought occurrence (>55 events in Ireland) than other approaches (VT, FT,
and SSI-6) as been shown in Figure A1 (Appendix). This is plausible due to the occurrence of more drought events when the
monthly streamflow drops below the median monthly flow.

In this study, we highlight the occurrence of minor droughts derived with the threshold methods especially the FT method as a
causative factor for high drought occurrence in certain regions. A high number of minor droughts with short duration and small

deficit volume may disturb drought analysis. Tallaksen et al. (1997) and Fleig et al. (2006) suggest several pooling procedures
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to reduce the number of minor droughts, such as applying the inter-event time method, the moving average procedure, and the
sequent peak algorithm. In addition to these techniques, exclusion of drought event with duration shorter than a given number
of days is recommended (Jakubowski and Radczuk , 2004; van Loon et al. , 2012). For example, van Loon et al. (2012)
excluded drought that has duration less than three days. In this study, although we excluded many minor drought events by
applying moving average procedures, which is the 30DMA for drought analyses (Section 2.2), a few minor drought events are
still visible (short drought event). A clear example of the exclusion of minor drought events by using the 30DMA approach

can be seen in Figure 4 that will be discussed later in the Section 3.1.3 and 3.1.4.
3.1.2 Timing of streamflow drought

To investigate the timing of streamflow drought, we present the month when drought mostly started in each grid cell of Eu-
ropean rivers (Fig. 3). The timing was determined for each drought event in the period October 1990 to September 2018
(coincides with hydrologic years in most of Europe). Figures 3a, 3b, and 3c indicate that there is a strong relation between
streamflow drought timing in the rivers and the Koppen-Geiger climate regions across Europe (Fig. 1). In general, rivers
located in the cold climate regions Dfc and ET (subarctic climate and tundra climate, respectively), such as in northern Eu-
rope and Alps, experience early streamflow drought events in early winter for FT drought, and between late winter and early
spring for VT drought and SSI-6. Rivers located in Dfb regions (warm-summer humid continental climate), such as in central
and east Europe, have a broad range of timings from winter to summer, which means that we could not distinguish between
drought identification approaches. The timing of drought for the remaining climate regions (Cfb: temperate oceanic climate,
Csb: warm-summer Mediterranean climate, Csa: hot-summer Mediterranean climate, and Bsk: cold semi-arid climate) is in the
summer for FT drought and later for VT drought, i.e. around summer to early winter. In these climate regions, the distinction
between FT drought (Fig. 3b) on one hand, and VT (Fig. 3a) and SSI-6 (Fig. 3c) droughts on the other hand is obvious. The
timing for FT drought in these regions shows that drought occurs usually during summer. In 83% of all river grid cells in the
Cfb, Csb, Csa and Bsk climates, the FT drought occurs in the months June, July and August. However, if we take into account
the seasonality, as in the VT and SSI-6 approaches, the drought does not have to occur during the dry period. VT drought only
starts to occur in the dry season when the river is low for a sustained period. VT and SSI-6 droughts appear mostly in autumn
(Vidal et al. , 2010). On the other hand, the Standardized Streamflow Index with shorter accumulation period (SSI-1 drought)
has earlier drought timing, which is in several grid cells in spring and summer (in 42% of all river grid cells, see Figure A2).
Rivers flowing through different climate regions and associated seasonality are affected by different VT and SSI-6 drought
timings, e.g. the Rhine River flowing from Switzerland, via Germany to the Netherlands (Fig. 3a and 3c). This causes a mixing.
Downstream, the Rhine River is located in the Cfb region (Fig. 1). In this climate, VT and SSI-6 droughts usually start by the
end of summer to early winter (see neighboring rivers). However, our analysis shows that the VT and SSI-6 droughts in the
downstream part mostly start before summer. Short drought events in winter/spring in the upstream part of the Rhine play an
important role in drought timing in the downstream area (Fig. 3 around Alpine region, ET climate). This also applies when

SSI-6 is replaced with SSI-1 (Fig. A2). The FT drought, on the other hands, has drought timing in the end of autumn (Fig. 3b).
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Another clear distinction between VT drought timing and climate regions is also found in the Ebro River in Spain. The
upstream part of the Ebro River is mainly located in the Cfb climate region where the water is coming from the Pyrenees
mountains (Dfc and ET), whereas the downstream part is located in the Bsk climate region. The timing of drought event in the
upstream part is early (spring), similar to the Rhine in the upstream part, which mixes the timings of Dfc, ET, and Cfb climates.
The downstream part has similar drought timing than many other Cfb and Bsk climate regions, where drought starts at the end
of summer to early winter. However, in contrary to VT drought, FT drought, SSI-6, and SSI-1 droughts in the Ebro River do

not show different timing between upstream and downstream areas (Fig. 3b,c and A2).
3.1.3 Drought occurrences in selected rivers

For a more detailed analysis on differences of streamflow droughts derived from different indices, we investigated four rivers
situated in main climates across Europe (Fig. 4 and 5). Figure 4 and 5 show for some particular years a detailed analysis of
drought in the rivers. The 30DMA hydrograph of the period 2000-2004 from the Rhine River in combination with the VT and
FT clearly shows that streamflow drought mainly occurred from summer to autumn 2003 (Fig. 4a). The year 2003 is one of the
most notable drought years in Europe (Fink et al., 2006; Ionita et al. , 2017; Laaha et al., 2017). During wet years, e.g. from
2000 to 2002, there were no streamflow drought events (both VT and FT) identified, although the lowest flows occurred in the
end of summer season (referred to as the n-day annual minimum flow, which appears each year by definition, Hisdal et al.
(2004)). Drought in the Rhine River derived from SSI-6 shows that streamflow drought started in spring 2003 and continued
into 2005 (Fig. 5a). This multi-year drought event (Tallaksen and Van Lanen, 2004) occurred because the 6-month accumulated
Rhine streamflow was relatively low from 2003 to 2005 (1700-1800 m?3/s) compared with long mean annual average (>2000
m?/s). One long drought event derived from SSI-6 is divided into four shorter SSI-1 drought events (Fig. 5a), which occurred
in the beginning of 2003 to December 2003, January 2004 to July 2004, August 2004, and from September 2004 to 2005. A
comparison between SSI-6 and SSI-1 droughts clearly shows that the frequency of SSI-1 drought is much higher than of SSI-6
(Vidal et al. , 2010) (see also Fig 2c and A1).

In the Danube River (Fig. 4b), FT and VT droughts in 2003 happened in August, whereas in the hydrological year 2004,
only FT drought occurred in 2003/2004 winter (November 2003 to January 2004). Similar to the Rhine River, in the Danube,
a long SSI-6 drought started before summer of 2003 and covered the whole of 2004 (Fig. 5b). Figures 4b and 5b demonstrate
that during rather wet years (year 2000-2002), no VT and SSI-6 droughts were observed. VT and SSI-6 droughts take into
account seasonality in their analyses. In contrast, many minor FT drought events were observed if the 30DMA approach would
not have been applied to the streamflow data. In these years, several drought events were also seen in SSI-1 (Fig. 5b).

Figure 4c shows that the Kemijoki River, located in the cold climate region (Fig. 1), is dominated by long baseflow periods.
High streamflow was only observed at the end of the spring season and summer due to the snowmelt and high precipitation
events. Unlike VT drought, which was only identified in the beginning of summer 2004 for short period, a FT drought with
long duration and high deficit volume was observed from winter to end of spring 2004 due to delayed snowmelt. A multi-year
SSI-1 drought and SSI-6 drought was observed from summer 2002 to the beginning of 2005 (Fig. S5c¢). During these years, the
spring peak streamflow was only half of the peak in the year 2000 and 2001.
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In the first decade of the 21% C, regions situated in the Mediterranean experienced different climate variability compared
to the rest of Europe. In contrast to the severe 2003 drought in central and west Europe, the most severe droughts in e.g.
Catalonia (Spain) were observed from 2005 to 2008 (Martin-Ortega et al., 2012; March et al., 2013), which is illustrated by the
streamflow of the Ebro River that indicates drought events in these years (Fig. 4d and 5d). Nine FT drought events (30DMA)
were observed from 2005 to 2008, whereas only six VT droughts were observed. These VT and FT drought events from 2005
to 2008 correspond with two and six SSI-6 and SSI-1 drought events, respectively (Fig. 5d). In the hydrologic year 2006, the
Ebro River experienced one VT drought and three FT droughts when applying the 30DMA and five VT droughts and five FT
droughts when the 30DMA was not used. This proves that application of the 30DMA results in less minor droughts and that
the occurrence of FT and SSI-1 droughts in many rivers, not only in the Ebro River, is higher than the VT and SSI-6 droughts,
as discussed above (Section 3.1.1).

In general, our study on streamflow drought occurrences of the four selected rivers and the pan-European river network
shows that the FT approach identifies more drought events and higher drought deficit volumes than the VT method, which
contradicts with some previous studies (e.g., Sung and Chung , 2014; Heudorfer and Stahl , 2017). These studies conclude
that the VT approach yields a higher number of minor drought events and larger deficit volumes because those studies did not
smooth streamflow and threshold data by applying e.g. 30DMA to reduce the occurrence of minor drought as we did (Section
2b). Another study by Sarailidis et al. (2019) for the Yermasoyia river basin (intermittent river) in Cyprus conclude that FT
identifies lower number drought event but it yields higher deficit volume than VT, which is in between our study and studies
conducted by Sung and Chung (2014) and Heudorfer and Stahl (2017).

3.1.4 Summary of drought occurrences and timing in selected rivers

The number of streamflow droughts derived using different identification methods and the timing for the four selected rivers
are summarized in Table 1 for the hydrological years 1991 to 2018. We ranked the timing of drought for the two or three
months, in which drought most frequently occurred starting by the month with the highest occurrence, followed by the month
with the second highest occurrence, etc (descending order). The highest number of VT drought events was found in the Ebro
River followed by the Rhine River. The Kemijoki and Danube Rivers have the same number of VT droughts (17 events). The
frequency of FT droughts is higher than VT droughts (except for the Rhine River). The Ebro River has the highest occurrence
of FT droughts (35 events) followed by the Danube River (32 events). The Kemijoki and Rhine Rivers have a lower number
of FT drought events than the two other rivers. The occurrence of SSI-6 drought is, in general, close to VT drought around 18
events, except in Ebro (only 14 SSI-6 drought events).

Another distinction among drought indices is to be seen in the timing of these events, except for Rhine. In the Rhine River
(downstream, see Fig. 2) streamflow drought mostly occurred in spring for all indices (April), followed by in the beginning
of winter and in autumn. VT and SSI-6 droughts happening in December are caused by sustained low flows in the end of
summer and autumn. Minor drought events in spring can be related to the warm snow season drought in the upstream area, as
explained above (Section 3.1.1). In the Danube, VT drought occurred in a wide range of months (spring, end of winter season,

and summer), while the FT drought commonly occurred at the end of autumn and winter. SSI-6 differs from VT and FT in the
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Danube. SSI-6 drought mainly occurred in winter and beginning of spring. In the Kemijoki River (Dfc), VT drought has timing
in late winter and early spring, just before the high streamflow starts (Korhonen and Kuusisto , 2010) (see also Fig. 4c). This is
typical for rivers in a subarctic climate, where the snowmelt process generates peak streamflow in early summer, that is, May
or June (Schneider et al., 2013; van Huijgevoort et al., 2014). FT drought, on the other hand, mostly occurred in winter and
early spring. SSI-6 drought in Kemijoki has a different timing compared to others. Start of drought was mostly observed in late
spring and in autumn. The Ebro River has VT drought that starts in early spring and autumn. This likely is caused by the lack of
heavy precipitation associated with convective weather events that normally occur in spring and autumn (Barrera-Escoda and
Llasat , 2015; van Hateren et al., 2019). Moreover, the VT drought that occurred in autumn (November) can also be triggered
by sustained low flows that started in summer and continued in autumn (from August to October). Drought identification using
the FT approach in the Ebro River shows that events mostly occurred in the summer (July and August) prior to the SSI-6

drought.
3.2 Implication of the identification approaches to forecast streamflow drought

So far this paper has focused on the historical drought analysis using different identification approaches, which creates a base
for the implications of the findings for streamflow drought forecasting. This section describes in detail an example of the conse-
quences of using different drought identification approaches to forecast streamflow drought. Figure 6 illustrates the forecasted
streamflow in the Rhine River (location 1) initiated in August 2003 for 5 months ahead (purple line), incl. 25 ensemble mem-
bers (grey shaded area) and the median ensemble streamflow. In addition, the forecasted droughts in streamflow using different
identification approaches are given (shaded areas below VT and FT). August 2003 was chosen because streamflow drought
based on observations (SFO) was starting from this month (see Fig. 4a). Clearly, meteorological drought started earlier. FT
drought forecast done in August using the median ensemble identifies a drought event that occurred from end of August to mid
September (Fig. 6a), i.e. the purple line is below the red line. The FT approach forecasts a drought deficit volume of 1,217 m?
for the duration of 29 days (red area, Fig. 6a). The VT method, however, could not detect drought and could have performed
better in this case. The median streamflow is forecasted slightly higher than the VT threshold and consequently no drought
is predicted. In contrast to the threshold approaches, the 25 ensemble forecasts done in August 2003 using the standardized
approach (SSI-6) show a long drought event, with SSI-6 that varies between -0.3 and -2.7 (mild to extreme drought) by the
end of December (Fig. 6b). Based on median ensemble, a mild SSI-6 drought was forecasted for the Rhine at the beginning of
August that increased to severe drought in the end of December.

Figure 6¢ shows drought forecasts for the Rhine River using VT and FT without applying the smoothing procedure (30DMA).
Three drought events were forecasted: one in August (both VT and FT indicated by blue and red areas, respectively), one in
the end of September (FT, red area), and one in the end of October (minor FT drought, red area). FT drought analysis without
30DMA procedure will produce more drought events with shorter duration (24 days in August, 18 days in September, and
four days in October). The 30DMA FT drought in August 2003 has drought duration of 29 days (see Fig. 6a), which is five
days longer than without 30DMA application. In total, the FT approach without 30DMA procedure forecasts a drought deficit

11
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volume of 5,047 m?3 in 46 days for the period from August to December 2003. VT drought was only predicted to occur in
August with a drought deficit volume of 2,101 m? over 18 days.

Although VT drought in the example of August 2003 could not be predicted using the 30DMA, a moving average method
(e.g. the 30DMA) is commonly applied to reduce minor drought events as shown in some studies (e.g., Fleig et al., 2006; van
Loon and Van Lanen , 2012; Sarailidis et al., 2019). For drought forecasting, it is also encouraged to use monthly averaged
streamflow data, by for instance, aggregating the data into monthly, such as the use of the Standardized Indices or applying
30DMA (e.g., Yuan and Wood , 2013; Yuan et al. , 2013; Dutra et al., 2014; Trambauer et al., 2015; Sutanto et al., 2020a;
van Hateren et al., 2019). The use of monthly averaged data or 30DMA will alleviate the drought forecast skill as shown
in those studies. In our case where the 30DMA VT drought could not be detected (Fig. 6a), this might be due to the Q90
threshold applied in our analysis that only identifies rare extreme drought events compared to lower thresholds, such as Q70
and Q80 (Tallaksen et al. , 1997; van Loon and Van Lanen , 2012). The SSI-6 also predicts moderate drought in August 2003
(-1>SSI>-1.5) and severe drought in October 2003 (-1.5>SSI>-2) while no extreme drought was forecasted (SSI<-2, Fig.
6b).

4 Conclusions

Streamflow drought forecasting involves different identification approaches to identify drought. This study presents a historical
drought analysis for pan-European rivers, incl. a more detailed investigation of four selected rivers in different climates across
Europe using commonly applied identification approaches, which are the Variable Threshold (VT), the Fixed Threshold (FT),
and the Standardized Streamflow Index (SSI-6). These approaches generate different drought outcome. The main difference
between VT, FT, and SSI-6 droughts was found in the number of occurrences. The occurrence of drought derived using the FT
method is higher than the number of drought events derived using the VT or SSI-6 approach (except SSI-1), which highlights
the importance whether end-users of drought forecasts would take seasonality into account or not for their purpose. In addition,
the FT method produces higher drought deficit volumes and duration than VT. Identification of streamflow droughts using
different methods also affects timing, i.e. the month in which the event starts. Differences are strongly controlled by climate
regions. For instance, in the temperate oceanic climate and Mediterranean climate, FT droughts mostly occurred in the summer
(July and August). The start of VT and SSI-6 droughts is later. We also found that, in general, the occurrence and timing of FT
droughts are close to what being identified by the SSI-1 index and VT droughts are more similar to SSI-6.

Drought forecasting requires multi-monthly or seasonal time horizons, as drought is a slowly-develop natural disaster that
can last longer than a month up to seasons or years. For streamflow drought, the threshold approaches have to be applied
with caution, in particular the temporal aggregation has to be considered. The use of aggregated daily streamflow data into
monthly time windows, such as the application of 30-day Moving Average (30DMA), is recommended as applied in this
study for the identification of VT and FT droughts. This approach will eliminate the undesired minor drought events, which
are identified when using non-aggregated daily flow data, and also increase the drought forecast skill. The use of monthly-

aggregated forecasted flow data (e.g. SSI) is the best practice for seasonal drought forecasts. This method, however, cannot be
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385 used to calculate the drought deficit volume, which is a key component for water managers coping with hydrological drought. If
deficit volumes are required for decision making, then threshold approaches (VT or FT) should be applied on 30-day averaged
flow data. The choice of the drought identification method when forecasting streamflow drought, in the end, lies to the end-users
specific requirements and decisions and there is no one drought identification approach that fits all needs.

Our study clearly shows that streamflow droughts obtained from different drought identification approaches (variable thresh-

390 old, fixed threshold, and standardized approaches) differ both in the occurrence and timing, including the forecasts of these
events. Often scientists have analyzed and provided streamflow drought forecasts without clearly defining the identification
method. This created misconceptions, miss-citations, and confusion among the academic community (authors, reviewers, ed-
itors), operational weather and water services, as well as end-users, which consider drought forecast products and associated
terminology as interchangeably. Our study recommends scientists, developers of Drought Early Warning Systems and end-

395 users to clearly agree among themselves upon a sharp definition which type of streamflow drought is required to be forecasted
to mitigate the impacts of drought. Obviously, Drought Early Warning Systems also can include more than one drought iden-
tification method, as illustrated by Sutanto et al. (2020a). Then the end-user can decide in the end which forecast product is

most adequate based upon the provided description of the identification method and product.

Data availability. The streamflow EFAS data are accessible under a COPERNICUS open data license (https://doi.org/10.24381/cds.e3458969).
400 In this study, we used EFAS system version 3. The SSI-6 and SSI-1 analyzed using the SFO data and re-forecasts are available online in the

4TU Centre for Research Data with doi:xxxxx.

Appendix A: Drought occurrence and timing deriverd from SSI-1

In Figure A1, we present the number of streamflow drought occurrences identified using the Standardized Streamflow Index
with an accumulation time of one month (SSI-1). Streamflow drought was calculated using the SFO data from 1990 to 2018.
405 Occurrence of streamflow drought derived from SSI-1 is higher than SSI-6 (Fig. 2c), which is more than 70 events in some
regions, such as in the UK and Norway. Figure S2 shows the timing of streamflow drought identified using the SSI-1. Major
difference between SSI-1 and SSI-6 (Fig. 3¢) in term of drought timing is located in the Dfb (central and east Europe) and Dfc
climate regions (north Europe). In these regions the timing of SSI-1 is in winter and spring, which deviates with the timing of

SSI-6 in autumn.

410  Author contributions. S.J.S and H.A.J.V.L conceived and implemented the research. Data analyses, model output analyses, and all figures
have been performed by S.J.S. S.J.S and H.A.J.V.L. wrote the initial version of the paper and equally contributed to interpreting the results,

discussion, and improving the paper.
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Figure 1. Koppen-Geiger map of Europe, and locations of selected river basins for detailed hydrological drought analyses in different climate

regimes, as shown by red dots. Readers are referred to Peel et al. (2007) for an explanation of Koppen-Geiger climate classification codes

(e.g., Dfc, Dfb, Dsa, and so on).
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Figure 2. a) Drought occurrences in European rivers from October 1990 to September 2018 (28 years) identified using the variable threshold

method (VT drought), b) using the fixed threshold method (FT drought), and c) using the Standardized Streamflow Index with accumulation

time 6 months (SSI-6 drought).
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Figure 3. a) Months when drought mostly started in the European rivers from October 1990 to September 2018 identified using the variable

threshold method (VT drought), b) using the fixed threshold method (FT drought), and c) using the Standardized Streamflow Index with

accumulation time 6 months (SSI-6 drought). The timing for drought was determined based on the first month of each drought event.
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Figure 4. Streamflow droughts in the: a) Rhine River from 2000 to 2004 (location 1), b) Danube River from 2000 to 2004 (location 2), ¢)
Kemijoki River from 2000 to 2004 (location 3), and d) Ebro River from 2005 to 2009 (location 4). Streamflow drought events are indicated
as blue areas below the threshold for variable threshold (VT drought) and red areas for fixed threshold (FT drought).
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Figure 5. Streamflow droughts (SSI1-6 and SSI-1 droughts) in the: a) Rhine River from 2000 to 2004 (location 1), b) Danube River from 2000
to 2004 (location 2), c) Kemijoki River from 2000 to 2004 (location 3), and d) Ebro River from 2005 to 2009 (location 4), derived from the

Standardized Streamflow Index (SSI) with accumulation periods of 1 and 6-month.
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Figure 6. Forecasted streamflow for 25 ensemble members and streamflow drought in the Rhine River initiated on 1st August 2003 for 5
months ahead (153 days, gray lines). a) Drought is indicated by the forecasted streamflow (30DMA) below the variable threshold (VT, blue
line and blue shaded area) and the fixed threshold (FT, red line and red shaded area), b) SSI-6 drought (persistent drought in the forecast
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period, SSI-6<0), and c) same as a) but without 30DMA application to the forecasted streamflow.
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Table 1. The number of streamflow droughts and timing using the fixed (FT), variable threshold (VT), and SSI-6 approaches for the selected
locations in the four rivers (Fig. 1) from hydrologic years 1991 to 2018. The timing for streamflow drought events was determined as the first
month when drought occurred. In some results, we only show two months for the timing because the third highest occurrences of timing are

too low and close/similar to the fourth and the fifth

VT drought FT drought SSI-6 drought
No River Num. of events  Timing Num. of events Timing Num. of events Timing
1 Rhine 21 4,12, 8 19 10,4, 11 20 4,12
2 Danube 17 4,2,8 32 11,2,12 18 3,1
3 Kemijoki 17 4,3,5 21 1,2,3 15 10,5, 6
4 Ebro 24 2,11,3 35 8,2,7 14 6,8,1
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Figure Al. Drought occurrences in European rivers from October 1990 to September 2018 (28 years) identified using the Standardized
Streamflow Index with accumulation time of 1-month (SSI-1). One should note that the classes in the legend of SSI-1 differ from SSI-6.
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Figure A2. Months when drought mostly started in the European rivers from October 1990 to September 2018 identified using the SSI-1.
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