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Abstract. Climate and land use changes, as well as human
water use and flow alteration, are causing worldwide shifts
in river flow dynamics. During the last decades, low flows,
flow intermittence, and drying have increased in many re-
gions of the world, including Europe. This trend is projected
to continue and amplify in the future, resulting in more fre-
quent and intense hydrological droughts. However, due to a
lack of data and studies on temporary rivers in the past, little
is known about the processes governing the development of
flow intermittence and drying, their timing and frequency, or
their long-term evolution under climate change. Moreover,
understanding the impact of climate change on the drying up
of rivers is crucial to assess the impact of climate change on
aquatic ecosystems, including the biodiversity and functional
integrity of freshwater systems.

This study is one of the first to present future projections
of drying in intermittent river networks and to analyse future
changes in the drying patterns at a high spatial and tempo-
ral resolution. Flow intermittence projections were produced

using a hybrid hydrological model forced with climate pro-
jection data from 1985 until 2100 under three climate sce-
narios in six European drying river networks. The studied
watershed areas are situated in different biogeographic re-
gions, located in Spain, France, Croatia, Hungary, Czechia,
and Finland, and their areas range from 150 to 350 km2. Ad-
ditionally, flow intermittence indicators were developed and
calculated to assess (1) changes in the characteristics of the
drying spells at the reach scale and (2) changes in the spatial
extent of drying in the river network at various time intervals.

The results for all three climate scenarios show that dry-
ing patterns are projected to increase and expand in time and
space, despite differences in the amplitude of changes. Tem-
porally, in addition to the average frequency of drying events,
the duration increases over the year. Seasonal changes are
expected to result in an earlier onset and longer persistence
of drying throughout the year. Summer drying maxima are
likely to shift to earlier in the spring, with extended drying
periods or additional maxima occurring in autumn and ex-
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tending into the winter season in some regions. A trend anal-
ysis of extreme events shows that the extreme dry spells ob-
served in recent years could become regular by the end of the
century. Additionally, we observe transitions from perennial
to intermittent reaches in the future.

1 Introduction

Low-flow situations and flow intermittence, where sections
of rivers run dry, are becoming increasingly common around
the world due to climate change and human water use or flow
alteration. These factors often interact in complex ways and
can lead to prolonged and intensified periods of dryness and
drought, disrupting river ecosystem functions and threaten-
ing the valuable services that they provide (Pal et al., 2015;
Datry et al., 2018, 2022; Van Loon et al., 2016). Messager
et al. (2021) showed that a large proportion (51 %–60 %)
of the 64× 106 km of the global river network studied al-
ternates between flowing and dry conditions, particularly in
arid and semiarid regions. These intermittent rivers are char-
acterized by the cessation of streamflow, and extreme low
flow can result in pool formation or in fully dry terrestrial
riverbeds (Datry, 2017). This expansion and contraction of
temporal river networks can be caused by various conditions
of pedo-lithological, topographical, and meteorological ori-
gin (Van Meerveld et al., 2019). In addition to these natural
causes, anthropogenic drivers, such as water abstraction or
land use change, can also trigger flow intermittence or in-
crease the duration and frequency of dry spells (Datry et al.,
2022; Van Loon et al., 2016). Observed and simulated hydro-
logical processes and river flow alteration show an increase in
low-flow situations and drying over the last decades in many
river basins around the world (Gudmundsson et al., 2021;
Gelfan et al., 2023).

Changes in natural flow regimes can impact freshwa-
ter ecology, leading to habitat degradation, loss of species
adapted to specific flow conditions, reduced biodiversity, and
a decline in overall ecosystem health (Poff et al., 1997).
Even though rivers cover less than 2 % of the Earth’s surface,
they are home to around 13 % of all known species, mak-
ing them a hotspot for biodiversity (Strayer and Dudgeon,
2010; Datry et al., 2023). Intermittent rivers and streams,
in particular, support species that have evolved to adapt to
these variable conditions of flow dynamics, thereby form-
ing unique ecosystems (Datry et al., 2014). Increases in hy-
drological droughts and shifts from perennial to intermittent
flow regimes threaten both aquatic and terrestrial ecosystems
by challenging species adapted to intermittent flow regimes
(Leigh et al., 2016; Pörtner et al., 2021) and, hence, com-
promising river biodiversity as well as ecosystem functions
and services (Tonkin et al., 2019; Bond et al., 2008; Stew-
ard et al., 2012; Tramblay et al., 2021; Gudmundsson and
Seneviratne, 2016).

Projections of the Intergovernmental Panel on Climate
Change (IPCC) indicate that the persistence of global warm-
ing throughout the 21st century will be largely determined
by the socioeconomic pathways chosen by societies (IPCC,
2023), ranging from sustainable development to scenarios
dominated by fossil-fuel-related growth. The Shared Socioe-
conomic Pathways (SSPs) framework represents these di-
verse scenarios, providing a detailed foundation for under-
standing how socioeconomic decisions might impact future
climate conditions, as well as climate change mitigation and
adaptation strategies (Riahi et al., 2017). However, the con-
tinuation of global warming will lead to increased evapotran-
spiration, mainly driven by higher temperatures and changes
in atmospheric moisture demand, exacerbating the frequency
and intensity of dry spells and droughts (Naumann et al.,
2018; Calvin et al., 2023). Depending on the environmen-
tal characteristics of each river basin, the projected impacts
of climate change on river runoff are manifold, ranging from
the increased occurrence of high flows to an amplification
of low-flow situations (Gusev et al., 2018). An increase in
extreme streamflow patterns under climate change has also
been observed in various river basins located in different Eu-
ropean climate zones (Schneider et al., 2013). Studies have
indicated that the frequency and severity of low-flow condi-
tions, streamflow droughts, and drying events are projected to
increase significantly until the end of the century in Europe
(Feyen and Dankers, 2009), potentially causing shifts from
perennial to intermittent flow regimes (Döll and Schmied,
2012; Sarremejane et al., 2022).

Despite recent advancements, intermittent rivers and
ephemeral streams remain understudied, leaving critical gaps
in our understanding of ecohydrological interactions across
different spatial and temporal scales, especially as climate
change and human water use increasingly threaten ecosys-
tem functions and services in drying river networks (Sauquet
et al., 2020; Acuña et al., 2014; Leigh and Datry, 2017; Da-
try et al., 2017). An important reason for this is the spatial
scale of both the observations and the associated modelling
results. Observations of drying patterns are often biased be-
cause of the installation of gauging stations in larger rivers
instead of smaller tributaries, which can result in mislead-
ing interpretations and an oversight with respect to chang-
ing patterns in the entire river network (Yu et al., 2020).
Döll et al. (2024) introduced a novel approach to estimat-
ing flow intermittence across Europe. However, despite in-
creasing their spatial resolution to 15 arcsec (≈ 500 m), their
global modelling approach cannot achieve the high resolu-
tion needed to capture small intermittent reaches (Döll et al.,
2024). Additionally, hydrological models used for rainfall–
runoff simulations at the catchment scale often generalize
river networks, which can compromise the fine-scale details
necessary to accurately represent reach-level dynamics. This
limitation reflects the broader challenges of scaling in basin
hydrology when aiming to capture the internal heterogene-
ity, especially at finer spatial scales (Blöschl and Sivapalan,
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1995; Thompson et al., 2011). Another reason for gaps in our
understanding of intermittent rivers and ephemeral streams is
linked to the projection of flow intermittence under climate
change. While notable studies assess the impacts of climate
change on hydrological processes at the river basin scale and
evaluate low flows under climate change (Cammalleri et al.,
2020; Krysanova and Hattermann, 2017; Parey and Gailhard,
2022), limited data and models exist to quantify the climate
change impacts on flow intermittence and drying patterns at
a high spatiotemporal scale.

To address these gaps, we present, to our knowledge, the
first study assessing projections of flow intermittence un-
der various climate change scenarios, utilizing an ensem-
ble of five global climate models across six European dry-
ing river networks (DRNs). The DRNs are located in dif-
ferent biogeographic regions of Europe, ranging from south-
ern Spain to Finland. The spatiotemporal resolution allows
one to observe changes in flow intermittence at both river-
network-level (150–350 km2) and reach-level (mean length
≈ 900 m) scales. For this purpose, we use a hybrid modelling
approach developed by Mimeau et al. (2024), who combined
process-based hydrological modelling with machine learning
techniques to predict flow intermittence in European DRNs.
These models are forced with climate projection data (Dev-
ers et al., 2023) to estimate and assess streamflow intermit-
tence under climate change in six pilot DRNs. Similarly to
Mimeau et al. (2024), the term “flow intermittence” refers to
two conditions in this study: flowing phases and phases with
interrupted flow. The latter applies to both a completely dry
riverbed and disconnected pools.

In this paper, we seek to use our results to answer the fol-
lowing questions:

– Are there changes in flow regimes, particularly in the
transitions of reaches from perennial to intermittent?
If so, where do these changes occur (upstream, down-
stream, or randomly distributed), under which emission
scenarios might these transitions take place, and what is
the time frame for such changes?

– How are the spatiotemporal patterns of flow intermit-
tence changing across the pilot DRNs? This includes
examining both network-scale changes, such as the per-
centage of the river network experiencing intermittence,
and reach-scale changes, such as the number of days
with dry conditions.

– What changes are occurring in the characteristics of dry-
ing events at the reach scale, focusing not only on the
number of events but also on the duration of drying
events per year and the timing of the first dry events?

– What is the potential evolution of extreme drying
events? This question involves analysing the annual
maximum extent of 10 consecutive dry days within the
river network.

This work is embedded in the DRYvER project, aiming to in-
tegrate hydrology, ecology, and socioeconomics to better un-
derstand, predict, and project changes in river flow regimes
and their subsequent effects on biodiversity, ecosystem func-
tions, and services, with the goal of developing strategies and
tools for mitigating the impacts of climate change on inter-
mittent river networks (Datry et al., 2021). Within the scope
of this collaboration, tools such as the DRYRivERS mobile
application were developed to monitor stages of flow, discon-
nected pools, and dry riverbeds (Truchy et al., 2023), which
were used, among other crowdsourced data (Kampf et al.,
2018), to calibrate the flow intermittence models developed
(Mimeau et al., 2024).

2 Materials and method

2.1 Study area

This study focuses on the six European drying river networks
(DRNs) studied in the DRYvER project (Datry et al., 2021).
The studied DRNs are located in Croatia (HR), Czechia
(CZ), Finland (FI), France (FR), Hungary (HU), and Spain
(ES) (Fig. 1). The sites are characterized by contrasting cli-
mates, with a Mediterranean climate for the Genal (ES)
and Butižnica (HR) catchments, a pre-alpine climate for
the Albarine catchment (FR), a continental climate for the
Bükkösdi (HU) and Velička (CZ) catchments, and a boreal
climate for the Lepsämänjoki catchment (FI) (Tables 1 and
2).

These sites were regularly monitored by local DRN teams
during the DRYvER project, with observations of the state
of flow in the river streams (Truchy et al., 2023), and were
also the subject of several biological samplings campaigns to
monitor the impact of drying on the metacommunity dynam-
ics (Silverthorn et al., 2024; López-Rojo et al., 2024).

The six sites are characterized by regular drying up of
part of the river networks, although the patterns and causes
of drying differ from one site to another. The Genal (ES)
and Butižnica (HR) are the driest DRNs, with a large pro-
portion of the river length drying during summer months
(June–September) due to meteorological and hydrological
droughts. Furthermore, in the Butižnica DRN, karst plays a
major role in drying. The highly permeable substrate allows
for substantial water storage in aquifers. This permeability
often includes larger openings, facilitating groundwater flow.
After prolonged periods without precipitation, groundwater
levels can drop, leading to dry riverbeds or partial cessation
of flow (where the river continues to flow, but flow is partly
above and partly below the ground surface). For instance, in
November 2021, the largest tributary to the Butižnica River,
the Radljevac, was flowing at the upper sampling location
but was dry at the lower part, indicating that the flow contin-
ued underground, leaving the surface dry. Some sections of
the main river in the Genal(ES) catchment experience drying
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due to water abstraction for irrigation purposes. Flow inter-
mittence in the Albarine (FR) DRN is caused by its geolog-
ical characteristics, with seepage of the river streams into a
moraine deposit in the downstream part of the catchment and
into karstic geology in the upstream part of the catchment.
Drying in the Velička (CZ) DRN is caused by a combina-
tion of human activities, such as water abstraction and land
use changes, and climatic factors related to its continental lo-
cation that are exacerbated by climate change, with drying
events mostly occurring in late-summer and autumn. Lep-
sämänjoki (FI) is the least intermittent DRN. Flow intermit-
tence is only observed in small headwater streams in July or
August and drying events are shorter than in the other DRNs,
covering a few weeks at most.

2.2 Flow intermittence model

This section provides a summary description of the flow in-
termittence model used in this study; a more detailed descrip-
tion is presented in Mimeau et al. (2024).

Flow intermittence is simulated using a hydrological
model coupled to a random forest (RF) model (Fig. 2).
The spatially distributed JAMS-J2000 hydrological model
(Kralisch and Krause, 2006) is used to simulate the stream-
flow as well as various hydrological variables such as inter-
ception, actual evapotranspiration, water content in the soil
and groundwater reservoirs. As the JAMS-J2000 model is
unable to represent the drying up of rivers, it is coupled
to a statistical RF model (Breiman, 2001) that predicts the
daily state of flow using hydrological variables simulated
by JAMS-J2000 (streamflow, groundwater contribution to
streamflow, evapotranspiration, saturation of the soil reser-
voir, and saturation of the groundwater reservoir) as well
as hydrometeorological variables (precipitation and temper-
ature) and reach characteristics (drainage area, slope, land
use, type of soil, and type of geology) as predictors. The RF
model is trained using observations of the state of flow col-
lected in the DRNs and then used to predict the state of flow
in every reach of the DRNs according to the meteorological
and hydrological conditions of the previous days.

There are several reasons for using a hybrid model in
this study, rather than a model such as ParFlow, HGS, or
MIKE SHE that is able to represent groundwater–river in-
teractions and directly simulate the drying up of rivers. A
first reason is that these physically based models are lim-
ited by high data requirements, computational costs, and dif-
ficulties simulating zero-flow conditions, which are critical
for predicting flow intermittence (Shanafield et al., 2021;
Gutierrez-Jurado et al., 2021; Herzog et al., 2021). Addi-
tionally, the origins of flow intermittence are complex, in-
volving local geological, climatic, and anthropogenic pro-
cesses, making it difficult for physically based models to cap-
ture these dynamics without extensive datasets (Datry et al.,
2016, 2018). The hybrid modelling technique used in this
study integrates physical hydrological modelling and ma-

chine learning to enable robust long-term projections of flow
intermittence across high spatial and temporal scales, mini-
mizing data requirements and, consequently, high computa-
tional efforts (Mimeau et al., 2024).

The hybrid flow intermittence model was applied in the six
studied catchments using (to the extent possible) the same
datasets and methodology. The JAMS-J2000 model was cal-
ibrated and validated in the DRNs on the period from 1995
to 2020 using gauging station data, and the RF model was
trained separately in the six DRNs during the period from
1 October 2005 to 30 April 2022 using multiple datasets of
the observed state of flow during the training period.

All information regarding the set-up of the JAMS-J2000
hydrological model (spatial data, parameter values, calibra-
tion method, and model performance at the gauging stations)
is available in Mimeau et al. (2024) for the Albarine (FR),
Genal (ES), and Lepsämänjoki (FI) DRNs or in Künne et al.
(2022) for the Bükkösdi (HU), Butižnica (HR), and Velička
(CZ) DRNs. Details on the observed state of flow data used
to train the RF models are presented in Sect. S1 in the Sup-
plement.

In order to evaluate the flow intermittence model perfor-
mance, the RF model was trained with 75 % of available
observed data selected randomly over the period from 2005
to 2021 and was evaluated on the remaining 25 %. Figure 3
shows the ranges for the probability of detection of drying
events (POD) and the false-alarm ratio (FAR) for an ensem-
ble of 20 training and evaluation runs of the RF model. The
POD and FAR criteria are computed as follows:

POD=
a

a+ c
;

FAR=
b

a+ b
.

Here, a is the number of dry observations correctly simu-
lated by the model, b is the number of flowing observations
that were simulated as dry, and c is the number of dry ob-
servations that were simulated as flowing. Figure 3 shows
good performance of the flow intermittence model for the Al-
barine (FR), Bükkösdi (HU), Lepsämänjoki (FI), and Velička
(CZ) DRNs, with POD values above 90 % and FAR values
of around 5 %. For the respective Butižnica (HR) and Genal
(ES) DRNs, the average POD is equal to 71 % and 65 % and
the average FAR is 12 % and 19 %. The poorer performance
of these two DRNs can be explained by the lack of observed
data on which to train the RF model (Table S1 and Fig. S1).

To reduce the number of simulations for the projection sce-
narios and to use most of the observed data, only one member
of the RF models trained with 100 % of the observed data is
used in the rest of the study. Figure S2 shows the simulated
seasonal drying pattern with the selected member for each
of the DRNs compared with the seasonal drying patterns ob-
tained with the full RF model ensemble. The uncertainty re-
lated to the training of RF models under data-scarce condi-
tions is discussed in greater details in Mimeau et al. (2024).
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Figure 1. Flow intermittence regimes in the six studied DRNs. Flow intermittence regimes for each reach were obtained from the reconstruc-
tion simulation over the period from 1985 to 2014 (see Sect. 2.3). A reach is considered to be perennial if the mean of the annual number of
dry days is below 1.

Table 1. Characteristics of the studied DRNs. Mean annual precipitation and temperature are computed from the ERA5-Land reanalysis for
the period from 1991 to 2020.

Name Country Area Outlet Outlet Elevation Mean annual Mean annual
latitude longitude range temperature precipitation

(km2) (°) (°) (m a.s.l.) (° C) (mm)

Albarine France (FR) 350 45.906 5.234 212 −1497 10.0 1439
Bükkösdi Hungary (HU) 190 45.989 17.928 106 −500 11.6 750
Butižnica Croatia (HR) 325 44.041 16.187 215–1563 9.8 1250
Genal Spain (ES) 336 36.318 −5.312 3–1718 15.9 743
Lepsämänjoki Finland (FI) 208 60.238 24.984 8–145 5.6 899
Velička Czechia (CZ) 177 48.907 17.340 164 −913 9.3 774

2.3 Reconstruction simulations

To simulate flow intermittence during the past observed pe-
riod (1960–2021), the flow intermittence model was forced
with the ERA5-Land reanalysis (Muñoz-Sabater et al.,
2021). The following variables were extracted at an hourly
time step and 0.1° spatial resolution over the six studied
catchments between 1 January 1950 and 31 December 2021
and then aggregated at a daily time step:

– 2 m air temperature (°C),

– 2 m dew point temperature (°C),

– 2 m relative humidity (%),

– 10 m u and v wind speed components (m s−1),

– surface pressure (Pa),

– surface downward solar radiation (W m−2),
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Figure 2. Principles of the flow intermittence model (adapted from Mimeau et al., 2024).

Figure 3. Performance of the flow intermittence model on the training period (2005–2021) for the six DRNs. Bars show the average value
for the 20-member ensemble, while error bars present the minimum and maximum values for the 20-member ensemble. POD denotes the
probability of detecting a drying event. FAR is the false-alarm ratio.

Table 2. Characteristics of the modelled river networks.

DRN Total river length Number of
(km) reaches

Albarine (FR) 386 495
Bükkösdi (HU) 218 207
Butižnica (HZ) 404 634
Genal (ES) 348 352
Lepsämänjoki (FI) 283 360
Velička (CZ) 149 149

– surface downward thermal radiation (W m−2),

– total precipitation (mm).

The daily variables are then used to calculate the refer-
ence evapotranspiration using the Penman–Monteith equa-
tion (Allen et al., 1998).

The model is then forced with the daily time series of
precipitation, temperature, and reference evapotranspiration.
Simulations are run over the period from 1950 to 2021, and
results are analysed over the period from 1960 to 2021, re-
moving the first 10 years of initialization.

2.4 Future projections

Climate projections from the Inter-Sectoral Impact Model
Intercomparison Project (ISIMIP3a and ISIMIP3b, http://
www.isimip.org, last access: 19 August 2024) were used.
This study uses projections from five Coupled Model In-
tercomparison Project Phase 6 (CMIP6) general circula-
tion models (GCMs) (GFDL-ESM4, IPSL-CM6A-LR, MPI-
ESM1-2-HR, MRI-ESM2-0, and UKESM1-0-LL) selected
in the ISIMIP project on the basis of their historical perfor-
mance and to reflect the climate sensitivity of the full CMIP6
ensemble (Frieler et al., 2024). Three SSP scenarios are con-

Hydrol. Earth Syst. Sci., 29, 1615–1636, 2025 https://doi.org/10.5194/hess-29-1615-2025

http://www.isimip.org
http://www.isimip.org


L. Mimeau et al.: Streamflow intermittence under climate change in European drying river networks 1621

sidered: SSP1-2.6 – “Sustainability”; SSP3-7.0 – “Regional
rivalry”; and SSP5-8.5 – “Fossil-fuelled development”.

The data were extracted at a daily time step between 1971
and 2100. The variables extracted are the same as for the
ERA5-Land reanalysis, and evapotranspiration was calcu-
lated with the Penman–Monteith equation. The GCM projec-
tions, with a 0.5° spatial resolution, were downscaled to ob-
tain high-resolution projections with a 0.1° spatial resolution
using the analogy method, which is fully described in Devers
et al. (2023). The downscaling method produced 20-member
ensembles for each GCM–SSP scenario combination for the
six studied catchments. The dispersion of the 20 members re-
lates to the uncertainty in the analogue downscaling method.
As stated by Devers et al. (2023, see e.g. their Fig. 4), this
uncertainty is rather negligible with respect to both the SSP
uncertainty and the GCM uncertainty. As a consequence (and
in order to limit the computation time), only one member is
considered in the following. Moreover, the 20-member en-
semble was built to be unbiased as a whole, with individ-
ual members being either slightly too wet or slightly too dry
systematically over time. Therefore, the 10th member at the
centre of the distribution was chosen to minimize the bias in
downscaled projections.

The high-resolution projections of daily temperature, pre-
cipitation, and evapotranspiration produced by the downscal-
ing method were used to force the flow intermittence model
over the 1971–2100 period, including a 14-year initialization
period.

To clarify the terminology used throughout the paper, we
provide the following definitions:

– Reconstruction period refers to simulations of flow in-
termittence during the past observed period (1960–
2021) using climate reanalysis data from ERA5-Land as
forcing data. These simulations aim to reconstruct his-
torical hydrological conditions based on observed cli-
mate data.

– Historical period (1985–2014) refers to simulations of
flow intermittence under historical climate conditions,
utilizing climate projections from the ISIMIP3a. These
simulations are based on climate data obtained from the
five climate models used, and they serve as a baseline
for comparison with future scenarios.

– The terms future projections and SSP scenarios (2015–
2100) refer to different Shared Socioeconomic Pathway
(SSP) scenarios used to represent plausible future so-
cioeconomic and climate trajectories. In this study, we
consider three SSP scenarios: SSP1-2.6 (Sustainabil-
ity), SSP3-7.0 (Regional rivalry), and SSP5-8.5 (Fossil-
fuelled development), each representing different as-
sumptions about future societal and economic devel-
opment pathways and corresponding greenhouse gas
(GHG) emissions. These simulations are conducted for
each GCM across the 3 SSP scenarios, resulting in a to-

tal of 15 simulations (5 GCMs× 3 SSP scenarios). In
Sect. 3, the flow intermittence projections are analysed
for two time horizons: the medium term (2041–2070)
and the long term (2071–2100).

2.5 Flow intermittence indicators

To better quantify and evaluate the modelled outputs of flow
intermittence at the reach scale, a suite of flow intermittence
indicators was developed. This was a joint effort within the
DRYvER project consortium to ensure that these indicators
provide insights into the impact of flow intermittence on bi-
ological, chemical, and socioeconomic processes and poten-
tial change signals under present and projected climate con-
ditions (Künne and Kralisch, 2021). In this study, a sub-
set of these indicators were used to assess hydrological pat-
terns and projected changes. Their definitions are listed in
Table 3. They either quantify information in relation to the
reach scale (i.e. ID 1–6) or the river network scale (i.e. ID 7–
11). At the reach scale, flow intermittence is quantified dif-
ferently by several indicators on a monthly and annual ba-
sis. The number of days with dry (ConD) or flowing (ConF)
conditions (ID1 in Table 3) allows one to track how fre-
quently a river reach experiences these states over differ-
ent timescales, which helps to identify seasonal patterns and
long-term trends. In addition to the frequency, the duration
of dry (DurD) or flowing (DurF) conditions (ID2 in Table 3)
measures the number of consecutive days that a reach re-
mains in these states within a year. This provides insights
into the persistence of specific hydrological conditions. The
absolute number of drying (numFreDr) or rewetting (numFr-
eRW) events (ID3 in Table 3) and their relative frequencies
(percFreDr and percFreRW; ID4 in Table 3) help to under-
stand the dynamics of flow intermittence by counting tran-
sitions between dry and wet states. On an annual basis, we
also examine the day of the first drying event (FstDrE; ID5
in Table 3), which records the Julian day on which the first
drying event occurs each year. This is crucial for understand-
ing changes in the onset of dry conditions in reaches. Fur-
thermore, the intermittence regime (IntReg; ID6 in Table 3)
classifies the flow regime of a reach as either perennial or in-
termittent based on the average number of dry days per year:
this threshold can be adapted for each DRN, based on the
different climatological and environmental characteristics of
the basin. In this study, we define a reach as perennial if it
experiences less than 1 d of flow intermittence on average
over a 30-year period. Conversely, a reach is considered non-
perennial if it experiences more than 1 d of flow intermittence
on average over the same period.

At the network scale, several indicators help to assess spa-
tial patterns of drying and connectivity. The proportion of
network length with flowing conditions (RelFlow; ID7 in Ta-
ble 3) measures the percentage of the river network experi-
encing flowing conditions. Similarly, the proportion of net-
work length with flow intermittence (RelInt; ID8 in Table 3)
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quantifies the extent of intermittent flow conditions within
the network. Moreover, annually and at the network scale,
the average longitudinal length of dry (LengthD) or flow-
ing (LengthF) reaches (ID9 in Table 3) is calculated, provid-
ing a spatial dimension to flow intermittence by determining
the average length of reaches experiencing permanent dry or
flowing conditions each year. In addition, the patchiness of
flowing conditions or intermittent flow conditions (PatchC;
ID10 in Table 3) assesses the proportion of the river network
where flow conditions change between adjacent downstream
reaches, thereby enabling computation of the variability in
flow conditions. The indicator can help to identify where flow
conditions change frequently along the stream, which can be
crucial for understanding habitat connectivity and ecological
dynamics. Finally, the extreme drying events (RelInt10max;
ID11 in Table 3) describe the annual maximum fraction of
the river network that dries up over a 10 d period, helping
to identify and quantify extreme drying events that can have
significant impacts on aquatic ecosystems and water quality.

These indicators allow a comprehensive assessment of
flow intermittence across different temporal and spatial
scales, providing valuable insights into the dynamics of dry-
ing river networks under current and future climate condi-
tions. The calculation of these indicators is explained in more
detail in Sect. S2 in the Supplement.

3 Results

3.1 Climate and hydrological projections

Figure 4 shows the evolution of climate and hydrological
variables in the DRNs for the three SSP scenarios. Projec-
tions of the mean annual temperature and precipitation are
directly obtained from the downscaled climate projections,
and projections of mean annual actual evapotranspiration
and streamflow are simulated with the JAMS-J2000 mod-
els. Flow trends are given for river sections corresponding to
the location of gauging stations (see Fig. S3), where stream-
flow is known to be perennial. The mean annual temperature
is increasing in the DRNs and across the three SSP scenar-
ios. For the SSP1-2.6 scenario, temperatures rise during the
first half of the 21st century and then start to fall, with an in-
crease in 2071–2100 compared with 1985–2014 that ranges
between +1.2 and +2.0 °C. For the SSP3-7.0 and SSP5-8.5
scenarios, temperatures keep rising until 2100. The temper-
ature increase by 2071–2100 ranges between 3.2 and 4.6 °C
for SSP3-7.0 and between 4.1 and 5.6 °C for SSP5-8.5.

The trends in precipitation vary depending on the sce-
nario and DRN. For the SSP1-2.6 scenario, there is no clear
trend in the six DRNs. However, for the SSP3-7.0 and SSP5-
8.5 scenarios, there is a north–south gradient in precipita-
tion changes, with a slight increase in cumulative annual
precipitation in Lepsämänjoki (FI) (+4 % for SSP3-7.0 and
SSP5-8.5), a slight decrease in the Albarine (FR) and Velička

(CZ) basins (between−5 % and−9 % for SSP5-8.5), a more
marked downward trend for Bükkösdi (HU) and Butižnica
(HR) (−7 % for SSP3-7.0 and −14 % for SSP5-8.5), and a
sharp decrease for the Genal (ES) (−26 % for SSP3-7.0 and
−33 % for SSP5-8.5).

Due to the temperature increase, evapotranspiration tends
to increase for the three SSP scenarios for Lepsämänjoki
(FI), Velička (CZ), Albarine (FR), and Butižnica (HR). The
increase in evapotranspiration is greatest for Lepsämänjoki
(FI) (+17 % for SSP5-8.5 by 2071–2100), due to the com-
bined effect of rising temperatures and precipitation. For the
Bükkösdi (HU) and Genal (ES) basins, evapotranspiration
decreases by 2071–2100 for the SSP3-7.0 (−3 and −12 %)
and SSP5-8.5 (−9 and −17 %) scenarios because, as a re-
sult of falling precipitation, the evaporative demand can no
longer be met.

Streamflow decreases sharply for all DRNs and for the
three SSP scenarios. The Lepsämänjoki (FI) dries out the
least, with a decrease in streamflow that ranges between
−10 % and −17 %, depending on the SSP scenario, by the
end of the 21st century as the increase in evapotranspiration
is partly compensated for by the increase in precipitation. For
the other DRNs, the decrease in streamflow at the end of the
century is particularly significant for the SSP3-7.0 and SSP5-
8.5 scenarios. The mean annual streamflow in the Bükkösdi
(HU), Genal (ES), and Velička (CZ) catchments could be re-
duced by more than half by 2071–2100 for SSP5-8.5. All
of the projected values for temperature, precipitation, evap-
otranspiration, and streamflow for 2071–2100 for the three
SSP scenarios and six DRNs are given in Table S2.

3.2 Flow regime transition

In this section, we analyse the evolution of flow regimes in
river systems under climate change scenarios. As a reminder,
in this study, a reach is defined as perennial if it has less
than 1 d of dryness on average per 30-year period or as non-
perennial in the opposite case. Figure 5a shows the majority
flow regime simulated with the SSP5-8.5 scenario for the pe-
riod from 2071 to 2100 in the DRNs for the five GCMs; in
particular, it shows the reaches for which there is a transi-
tion from a perennial to a non-perennial regime compared
with the historical period. Figure 5b show the temporal evo-
lution of the proportion of river length with a perennial flow
regime for the three SSP scenarios. For the six DRNs, the
results show a decrease in the projected length of rivers with
a perennial flow regime in 2041–2070 and 2071–2100 com-
pared with 1985–2014.

In the Genal (ES) and Velička (CZ) DRNs, a very high pro-
portion of the river networks could transition from a peren-
nial to a non-perennial regime by the end of the 21st cen-
tury. The results show a −57 % (for SSP3-7.0) and −60 %
(for SSP5-8.5) decrease in the length of perennial rivers in
Velička and a decrease of −77 % (for SSP3-7.0) and −93 %
(for SSP5-8.5) in Genal. For the Velička DRN, the flow
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Table 3. The suite of indicators and their definitions at the reach scale and network scale.

ID Indicator name Abbreviation Definition

Reach scale

1 Number of days with dry/flowing conditions ConD/ConF Number of days with dry/flowing conditions per
month (days per month) or year (d yr−1)

2 Duration of dry/flowing conditions DurD/DurF Number of consecutive days with dry/flowing
conditions per year (d yr−1)

3 Absolute drying/rewetting events numFreDr/numFreRW Absolute number of drying/rewetting events (n)
4 Relative drying/rewetting frequency percFreDr/percFreRW Relative frequency of drying/rewetting events

(%)
5 Day of first drying event FstDrE Julian day of the first drying event per year (1–

366)
6 Intermittence regime (perennial or intermittent) IntReg Threshold for the average number of dry days

per year (ConD) to characterize a permanent or
intermittent flow regime. If ConD < threshold,
the regime is perennial; otherwise, the regime
is intermittent.

Network scale

7 Proportion of network length with flowing con-
ditions

RelFlow Proportion of model-derived river length with
flowing conditions (%)

8 Proportion of network length with flow inter-
mittence

RelInt Proportion of model-derived river length with
flow intermittence (%)

9 Annual average length of dry/flowing reaches LengthD/LengthF Average longitudinal model-derived river
length with permanent dry/flowing conditions
(m yr−1)

10 Patchiness of flowing conditions and intermit-
tent flow conditions

PatchC Proportion of model-derived reach length with
changing flowing and intermittent conditions
compared with adjacent downstream reaches
(%)

11 Extreme drying event relIint10max Represents the annual maximum fraction of
river network dried up over a 10 d period (%)

regime transitions occur mainly in the downstream part of
the catchment, notably on sections of the main river. For the
Genal DRN, transitions occur along the main river, making
almost all of the river network river intermittent.

Lepsämänjoki (FI) and Butižnica (HR) also have a sig-
nificant proportion of their river network switching to a
non-perennial regime by 2071–2100 (on average, −19 %
of the perennial river length for Lepsämänjoki and −39 %
for Butižnica with SSP5-8.5), although with different spa-
tial patterns of regime shift. For the Lepsämänjoki DRN, the
flow regime transitions mainly occur in the headwater reach,
whereas the transitions occur for all types of reaches, from
the headwaters to the main river sections, in Butižnica.

There are less projected transitions from perennial to non-
perennial regimes in the Albarine (FR) and Bükkösdi DRNs.
For the Bükkösdi DRN, this is mainly due to the fact that the
river network is already highly intermittent during the his-
torical period. For the Albarine DRN, a few reaches, mainly
located in the two main areas of flow intermittence (down-
stream and all the way upstream), show a switch in their
flow regime with SSP5-8.5. The low proportion of the river

section with a regime transition in the Albarine compared
with similar DRNs such as Velička (CZ) and Butižnica (HR)
could be due to the flow intermittence model structure (see
Sect. 4.5).

3.3 Evolution of flow intermittence in the river
networks

As a result of the decrease in streamflow simulated by
the JAMS-J2000 hydrological model, the flow intermittence
model simulates a strong increase in the average annual
length of dry rivers by 2100 (Fig. 6). For the SSP1-2.6 sce-
nario, the annual length of the dry river network keeps in-
creasing until 2050 and then stabilizes or slightly decrease in
the second half of the century. For scenarios SSP3-7.0 and
SSP5-8.5, drying continues to increase until 2100.

The intensification of drying up is greatest in the Bükkösdi
(HU) DRN, with 94 km (+43 %) more river drying up on av-
erage per year by 2071–2100 than in the historical period
for SSP5-8.5. Lepsämänjoki (FI) is the DRN with the small-
est increase in drying, with +8 km (+3 %) of dry rivers on
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Figure 4. Projections of annual temperature (T ), precipitation (P ), actual evapotranspiration (ET), and streamflow at the main gauging station
(QA) (see Fig. S3 for the locations of the gauging stations) for the three SSP scenarios (anomaly compared to the historical reconstruction).
Thin lines represent the results obtained for the five downscaled GCM models, whereas wider lines represent the smoothed average of the
five GCMs.

average by 2071–2100. For the other DRNs, the anomaly
of annual dry river length ranges between +6 % and +13 %
for the SSP5-8.5 scenario: +46 km (+13 %) for Genal (ES),
+13 km (+8.5 %) for Velička (CZ), +35 km (+8.4 %) for
Butižnica (HR), and +24 km (+6.1 %) for Albarine (FR).

Figure 7 shows the evolution of the seasonal patterns of
drying in the DRNs by 2071–2100. For the Lepsämänjoki
(FI) DRN, drying become more intense during the summer
season: July stays the driest month in the projections, but
the drying up season is longer starting in May and ending
in June vs. June–August for the historical period. For the Al-
barine (FR) DRN, the drying period also increases, with its
maximum of drying up shifted to the end of the summer and

the end of drying up later, until October. For the Butižnica
(HR) DRN, the projections show a strong modification of the
seasonal pattern of drying, with intensification of drying dur-
ing the second half of the year. The driest period is shifting
from May to September for the historical period to June to
November for the period from 2071 to 2100. For the Velička
(CZ) and Bükkösdi (HU) DRNs, the intensification of dry-
ing is fairly homogeneous throughout the year. For these two
DRNs, projections show an increase in drying during both
the summer and winter season. The Genal (ES) DRN, is the
only DRN showing a higher intensification of drying during
the winter season than during the summer season. This is due
to the fact that the Genal river network is already very dry in
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Figure 5. (a) The evolution of flow regimes (2071–2100 vs. 1985–2014) for SSP5-8.5. Red colour shows the reaches for which three or more
GCMs present a transition from a perennial to a non-perennial regime. (b) Evolution of the proportion of river length with a perennial flow
regime for scenarios SSP1-2.6, SSP3-7.0, and SSP5-8.5. Bar plots show the average of the five GCMs, while error bars present the range of
the five GCMs.

summer in the historical season (around 70 % of the river
network dries up in July–August) and cannot dry up much
further in the future, even for the SSP5-8.5 scenario.

3.4 Characteristics of dry spells at the reach scale

This section focuses on the evolution of local drying at the
reach scale. Here, a dry spell is defined as consecutive days
with a dry condition in a reach without considering the flow-
ing condition in the other reaches during the same period.
To do this, we consider four classes of reaches based on
the average mean annual number of dry days (ConD) from
the reconstruction simulation (1985–2014) (Fig. 8b): Class 1
for reaches with ConD < 5 d yr−1, Class 2 for reaches with
ConD between 5 and 30 d yr−1, Class 3 for reaches with
ConD between 30 and 120 d yr−1, and Class 4 for reaches
with ConD > 120 d yr−1.

Figure 8a shows the anomaly in the first annual day of dry-
ing (FstDrE), in the annual number of days with dry spells
(numFreDr), and in the maximum duration of dry spells
(DurD) of the projection simulations compared with the re-
construction simulation. Firstly, the projection simulations
show that FstDrE values tend to decrease for the three SSP
scenarios at the 2071–2100 horizon compared with the his-
torical period from 1985 to 2014; this means that there is

a general trend towards earlier dry conditions in the DRNs
in the future, with an increasing intensity according to the
severity of the SSP scenario. However, there is no general
pattern that emerges according to the reach classes in all of
the DRNs. For the Velička (CZ), the anticipation of dry spells
becomes greater at the end of the century for the driest reach
classes. For the Lepsämänjoki (FI), there is little difference
between the three reach classes. For Butižnica (HR), it is
classes 1 and 2 that show the greatest changes towards earlier
dry spells, whereas it is classes 2 and 3 for the Albarine (FR)
and Bükkösdi (HU). Finally, for Genal (ES), the anticipation
of dry periods is more marked for Class 3, but the results also
show a trend towards later dry periods for Class 1.

Regarding the evolution of DurD, Fig. 8a shows a massive
increase in the six DRNs, correlated with the reach class: the
more the reach dries up in the historical period, the greater
the increase in the maximum duration of drying in future
projections. For reach classes 3 and 4, DurD barely exceeds
a few weeks for the projection simulations in the historical
periods, but it regularly becomes greater than 1 month in the
DRNs or even several months for the Bükkösdi (HU), Bu-
tižnica (HR), and Velička (CZ) DRNs for the SSP3-7.0 and
SSP5-8.5 scenarios by 2071–2100.

https://doi.org/10.5194/hess-29-1615-2025 Hydrol. Earth Syst. Sci., 29, 1615–1636, 2025



1626 L. Mimeau et al.: Streamflow intermittence under climate change in European drying river networks

Figure 6. Anomaly of the mean annual length of dry river network (in km) compared with the historical reconstruction for the three SSP
scenarios. Thin lines represent the results the five downscaled GCM models, whereas wider lines show the smoothed average of the five
GCMs. The y-axis scale is different for each DRN.

In contrast, the number of annual dry spells changes little
with the climate change scenarios. For reach classes 1 and
2, numFreDr tends to slightly increase in the projections by
2070–2100 compared with the historical period. Trends show
more contrast for Class 3, whereas there is no change for
the Butižnica (HR) and Velička (CZ) DRNs and a decreasing
trend for the Albarine (FR), Bükkösdi (HU), and Genal (ES)
DRNs for Class 4.

Overall, the projections show two main types of change
in intermittence in the DRNs at the 2071–2100 horizon.
Reaches characterized by infrequent or moderate drying over
the historical period (classes 1 and 2) will tend to become
more intermittent, with slightly more frequent and longer
drying events. In the case of reaches that dry up frequently
and for a long time in the historical period (classes 3 and 4),
the duration of drying up will tend to be much longer, reduc-
ing the alternation between phases of flowing and dry con-

ditions and leading to prolonged periods of continuous dry
spells. In both cases, dry spells will tend to start earlier in the
year, with the dates of first dry condition shifting to earlier in
the year by a few weeks to more than a month, depending on
the DRNs and SSP scenarios.

3.5 Extreme droughts

This section focuses on extreme drying or droughts, i.e. pe-
riods with intense and widespread drying across the entire
river network. To do this, we analyse the evolution of the
relinInt10max indicator, which represents the annual maxi-
mum fraction of the river network that dried up over a 10 d
period.

Figure 9a shows the dates and spatial extent of the maxi-
mum drought event for the reconstruction simulation over the
period from 1980 to 2022 for each DRN. In the six DRNs,
the most intense droughts happened during the last 10 years
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Figure 7. Evolution of the seasonal pattern of the proportion of dry river length (in %) by 2071–2100 for three SSP scenarios. Thin lines
represent the results for the five downscaled GCM models, whereas wider lines show the average of the five GCMs.

Figure 8. Evolution of the FstDrE, numFreDr, and DurD indicators (anomaly compared with the historical reconstruction, ERA5-Land
1985–2014, per reach class, 1–4). Reach classes are determined from the yearly ConD indicator averaged over the period from 1985 to 2014
for the reconstruction simulation (ERA5-Land). The box plot whiskers range from the 10th to the 90th percentile.
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of the 1980–2022 period. For the Genal (ES) and Bükkösdi
(HU) DRNs, more than 80 % of the river network is simu-
lated as dry during the maximum drought event. For Velička
(CZ), around two-thirds of the river network dried up during
the maximum event, whereas this amount was around half
for Albarine (FR) and Butižnica (HR) and a quarter for Lep-
sämänjoki (FI).

Figure 9b shows the projections of the annual maximum
drought event (RelInt10max) for the three SSP scenarios. For
the six DRNs, all of the projection simulations show an in-
crease in the intensity of extreme drought in both the long and
medium term. Projections show that the historical drought
maxima presented in Fig. 9a will be exceeded on a regular
basis by the end of the century for the SSP3-7.0 and SSP5-
8.5 scenarios for Bükkösdi (HU), Butižnica (HR), and Lep-
sämänjoki (FI).

4 Discussion

4.1 Evaluation of the reconstruction simulations

This study is one of the first attempting to simulate the long-
term evolution of drying at the river reach level. One main
difficulty is to assess the ability of a flow intermittence model
to predict realistic spatiotemporal patterns of drying in river
systems. This is partially due to the fact that observed data
on flow intermittence are point measurements in both space
(time series from a few sites that are insufficient to repre-
sent the entire network) and time (although participatory sci-
ence or remote sensing can provide well-distributed spatial
observations, those are typically infrequent and discontinu-
ous over time). In addition, measures to observe the intermit-
tence of watercourses have only recently been put in place,
most commonly after 2010. As a result, the available time
series are not long enough to observe long-term changes in
the state of watercourse flow. Of the six study sites, only
the Saint-Denis-en-Bugey gauging station, located in the Al-
barine (FR), has been recording observations on an intermit-
tent section of river for several decades (since 1957). As a
result, there are almost no quantitative observed data to char-
acterize past spatiotemporal changes in the state of flow in
river systems and evaluate the modelling results.

This study was conducted in collaboration with teams of
local researchers specializing in freshwater ecology in dry-
ing rivers systems. Through their field sampling activities,
these teams have acquired in-depth knowledge of the inter-
mittent characteristics of these basins. Thanks to their exper-
tise, local researchers were able to provide maps of the flow
regime in the Albarine (FR), Bükkösdi (HU), Genal (ES),
and Velička (CZ) river networks (Fig. S4). These data are
subjective, as they are based on the researchers’ perceptions,
but they provide useful information for assessing the flow in-
termittence model’s ability to represent the dynamics of dry-
ing up observed in the field. Comparison between Figs. S4

and 1 shows that the model seems to provide a good rep-
resentation of the intermittency regimes in the Albarine (FR)
and Velička (CZ) DRNs for the reconstruction period. For the
Genal (ES) DRN, the observation data are spatially very frag-
mented and relate only to recent years (2020–2023); thus, it
is more difficult to assess the model on the basis of these
data. However, the observations seem to confirm the sim-
ulated pattern, with a main perennial river and intermittent
tributaries. The section of the main river simulated as inter-
mittent in Fig. 1 in the Genal DRN comes from the value
of the threshold set to define the perennial or intermittent
regimes (taken here at 1 dry day per year on average over
a 30-year period); however, when taking a threshold equal
to 2 dry days per year, this section of river is simulated as
perennial (the uncertainty related to this threshold is further
discussed in Sect. 4.2). For the Bükkösdi (HU) DRN, flow
intermittence is clearly overestimated by the model, which
simulates almost all tributaries to the Bükkösdi River as in-
termittent, whereas local expertise shows that there are more
river sections with a perennial flow regime. This error possi-
bly comes from a misclassification of flowing and dry events
in the streamflow time series (see the location of the gauging
stations in Fig. S3). One reason for this is the use of a com-
mon threshold of 0.005 m3 s−1 to identify dry days in the
observed streamflow time series for the six DRNs, which led
to an overestimate of the number of observed dry events in
the Bükkösdi DRN. Another reason for this stems from zero
flows that are possibly erroneous in the measured streamflow
time series (Zimmer et al., 2020).

In addition, the uncertainties related to the training of the
random forest model (quantity and quality of the observa-
tions used to train the model) also affect the simulated flow
intermittence patterns. These modelling uncertainties have
been described in detail in Mimeau et al. (2024).

4.2 Definition of perennial and non-perennial regimes

There is no consensus among studies on a threshold for defin-
ing perennial and non-perennial flow regimes. For example,
Snelder et al. (2013) considered rivers with 0 d of drying over
the entire period to be perennial rivers, whereas Messager
et al. (2021) used a threshold of 1 d yr−1 on average, and
other studies used thresholds of 5 d yr−1 on average (Costi-
gan et al., 2017) or up to 18 d yr−1 on average (Van Meerveld
et al., 2020).

Threshold values ranging from 0 to 20 d yr−1 were tested
to analyse the sensitivity of this study’s results to the defini-
tion of non-perennial rivers (Fig. 10). Figure 10a shows that
the proportion of perennial rivers during the historical period
can be very sensitive to the threshold value, with the propor-
tion ranging from 16 % to 58 % for the Velička (CZ) DRN
and from 71 % to 90 % for the Lepsämänjoki (FI) DRN for
threshold values of between 0 and 5 d yr−1 on average. Sensi-
tivity to the threshold value varies between DRNs, but there
is a significant difference between considering a threshold
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Figure 9. (a) State of flow in the DRNs during the driest 10 d event of the reconstruction simulation (1980–2022 with ERA5-Land). Red
colour denotes reaches that were dry for more than 7 d during the event. The starting date of the event and the length of river network that
was dry for more than 7 d are indicated in each panel. (b) Evolution of RelInt10max for the three SSP scenarios compared with the historical
period. The horizontal dashed red line shows the RelInt10max value corresponding to the driest historical event.

equal to 0 or 1 dry day per year for all DRNs. On average
for the six DRNs, 7.6 % more river length is considered to be
perennial with a threshold of 1 d yr−1 compared to a thresh-
old of no dry days at all. The threshold value also impacts the
projected changes in the proportion of perennial rivers under
climate change scenarios (Fig. 10b). The projections of the
river lengths switching from a perennial to a non-perennial
regime at the 2071–2100 horizon for the SSP5-8.5 scenario
are very sensitive to the threshold value. For example, for
the Velička DRN, depending on whether a threshold of 0 or
5 d yr−1 is considered, the percentage of the river network
switching to a non-perennial regime by the end of the cen-
tury varies from 8 % to 32 %.

4.3 Conceptualization of extreme events

The concept of what constitutes an “extreme” event varies
based on the historical flow regime of the river reach. For
example, a single dry day could be considered extreme for
a historically perennial reach, whereas 2 months of dryness
might be moderate for a reach that typically dries 50 % of
the time. By coupling temporal and spatial drying patterns,
we aim to identify possible extreme events at the network

scale, such as those observed in the Albarine River in 2022
(Sarremejane et al., 2022; Datry et al., 2023).

In Czechia, dry episodes shorter than 7 d are considered
mild for near-perennial streams and have a limited impact
on biota, as refugia are not destroyed, allowing for quick re-
covery. This threshold has proven effective, achieving about
90 % accuracy in distinguishing between intermittent and
perennial reaches (Straka et al., 2019). However, this defi-
nition is specific to the region; in Mediterranean catchments,
the critical period may be longer, whereas it may be shorter in
Finland due to differing hydrological conditions. To account
for these regional differences, this study employs the Re-
lInt10max indicator, which measures the annual maximum
fraction of the river network that dries up over a 10 d period,
as a metric for identifying extreme drying events. This indi-
cator is conceptually similar to the Q10 flow metric used in
hydrology, providing insight into low-flow conditions. The
effectiveness of RelInt10max has been validated across the
study sites. For example, in the Albarine River, the worst
simulated historical event aligned with observed data. In the
Bükkösdi River basin, 2012 was identified as the year with
the most extreme drying within the 1984–2014 period. Sim-
ilarly, while 2022 was a significant drought year for the Bu-
tižnica River, 2012 remains the most intense drought year.
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Figure 10. (a) Proportion of perennial rivers for the 1985–2014 period. (b) Change in the proportion of perennial rivers in 2071–2100
compared with 1985–2014, according to the threshold for defining a perennial regime (average, minimum, and maximum values of the five
GCMs).

Such variations underscore the need for a region-specific def-
inition of extreme events. In the Genal River, for instance,
events with over 10 consecutive dry days are common and
may not be considered extreme unless they affect the typi-
cally perennial main channel. The accuracy of RelInt10max
has been further demonstrated in the Lepsämänjoki River,
where the severe dry event of 2021 was accurately captured.
However, for the Velička River, while the driest event in 2012
was correctly identified, future projections did not match
this severity, suggesting potential underestimation of future
extreme events under changing climatic conditions. These
findings highlight the importance of considering local hy-
drological characteristics when applying indicators like Re-
lInt10max to identify extreme events. The variability across
regions emphasizes the need for a tailored approach in defin-
ing and identifying extreme drying events in river networks
with different environmental characteristics.

4.4 Influence of the river geometry on the flow
intermittence indicators

The resolution of the digital elevation models (DEMs) used
to delineate the spatial reach entities influences the accu-
racy of reach length and connectivity calculations, which evi-
dently has an impact on the indicators. Thus, the overall river
length with a certain flow condition (LengthD/LengthF; Ta-
ble 3) is determined by the DEM used, which varies from
a resolution of 10 to 30 m. In addition, smaller streams and
tributaries may not be well represented in the data, which can
result in underestimations of flow intermittence in smaller

streams. The calculation of the indicator (PatchC; Table 3)
also relies on accurate representations of network connec-
tivity. Moreover, DEM resolution determines reach connec-
tions, which should be taken into account when using this
indicator to assess parameters such as habitat fragmentation.

The river network geometry influences hydrological pro-
cesses by shaping flow pathways, connectivity, and reten-
tion across the network (Roy et al., 2022). Properties, such
as number of reaches, sinuosity, and hydrological connec-
tivity, directly affect flow dynamics, including flow inter-
mittence. For example, steeper upstream reaches typically
lead to faster runoff and shorter flow durations, while flatter
downstream reaches can sustain pooling or prolonged drying
phases, as observed in our case studies. Future studies could
benefit from incorporating additional metrics and method-
ologies, such as Horton’s laws or advanced clustering ap-
proaches (Roy et al., 2022), to further investigate the influ-
ence of river network geometry on hydrological processes.
The limited number of six case studies constrains the gener-
alization of these findings, but the results highlight the signif-
icant role of network geometry and connectivity in shaping
flow intermittence and seasonality.

4.5 Projections of flow intermittence with an RF model

Nowadays, machine learning techniques are commonly em-
ployed in hydrology and can be used for flood or drought
forecasting (Zennaro et al., 2021; Zounemat-Kermani et al.,
2021). However, they are less widely used for future pro-
jections, mainly because they cannot extrapolate outside of
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their training range (Hengl et al., 2018). One expected re-
sult of this study was that the hybrid flow intermittence
model would predict an increase in the frequency and du-
ration of drying events under climate change scenarios in
reaches where some drying was observed during the training
period but that the model would continue to simulate flowing
conditions, whatever the climatic conditions, for the reaches
known as perennial during the training period. On the con-
trary, results show that the flow intermittence model can sim-
ulate transitions from a perennial to an intermittent regime in
some reaches. One of the reasons for this is the definition of
perennial and non-perennial regimes: as a perennial regime is
defined as less than 1 d of drying per year on average, it hap-
pens that a few days of drying are observed in certain reaches
during the training period without this reach being consid-
ered to be intermittent. In this case, the RF model can easily
predict a change towards an intermittent regime in the future,
as it has been trained with some drying observations. How-
ever results show that, even with a threshold strictly equal
to 0 dry days per year, the model can simulate a decrease
in the proportion of perennial rivers for the SSP5-8.5 sce-
nario (Fig. 10b) in all DRNs, except for the Albarine (FR)
for which almost no transition from perennial to intermittent
is simulated. This difference between the Albarine and the
other DRNs is most likely due to the fact that the training of
the RF model was much more constrained for this DRN, with
the addition of many flow condition observations in peren-
nial reaches based on the expertise of the local DRN team
(see Sect. S1 and Mimeau et al., 2024).

We assume that the ability of the flow intermittence model
to predict some drying conditions that were never observed in
the river networks may be due to its hybrid structure. This is
(1) because the JAMS-J2000 hydrological model enables one
to simulate streamflow projections under climate change sce-
narios and provide unprecedented hydrological conditions as
input data to the RF model and (2) because the RF model
is trained on the whole river network at once (not reach by
reach), which allows one to predict unprecedented drying
conditions in some reaches based on the drying pattern ob-
served in intermittent reaches during the training period.

In all cases, a major limitation of this flow intermittence
model is that the projections of flow intermittence are very
sensitive to the training dataset of the RF model. As seen in
the Albarine example, a highly constrained model in river
sections considered to be perennial during the training phase
can certainly predict changes in drying patterns on histori-
cally intermittent sections, but it cannot predict changes on
perennial sections. On the other hand, models that are less
constrained on perennial reaches might overestimate drying
in the historical period and overestimate flow regime transi-
tioning in the future projections.

Another limitation with respect to using a model based
on an RF algorithm to predict future change in flow inter-
mittence is that the physical processes causing flow inter-
mittence, such as water abstraction, are not explicitly rep-

resented in the model. This introduces uncertainty, particu-
larly for the Genal River (ES), which is intermittent in its
downstream section due to abstraction for irrigation. The fu-
ture intermittence projections produced by the model there-
fore consider not only the impact of climate change but also
the impact of water abstraction; therefore, it is not possible
to separate the two impacts and determine the model’s sensi-
tivity to climate change.

4.6 Spatial patterns of flow intermittence changes at
the European scale

The six European DRNs studied in the DRYvER project
were selected to evaluate the impact of climate change on
flow intermittence in different regions characterized by di-
verse climatic and hydrological regimes across Europe. Al-
though the six study basins are local basins of relatively small
size, their locations can provide information about the im-
pacts of climate change on intermittency on a larger scale
on the European continent. The reconstruction simulations
(Fig. 1) show the differences in intermittence between the
different climatic regions: the DRNs in southern Europe with
dry climates (the Genal and Butižnica) are very intermit-
tent, whereas the DRN in northern Europe (Lepsämänjoki)
shows relatively little intermittence. The flow intermittence
projections under climate change scenarios also show a gen-
eral tendency for the intermittent river network percentage to
increase more for southern sites than for those in the north
(Figs. 6, 7, 8). However, our results also show that local pro-
cesses, such as geological characteristics and water abstrac-
tion, have a significant influence on intermittence. This sug-
gests that the climatic region alone is insufficient to fully ex-
plain intermittence at the scale of local river networks.

5 Conclusions and perspectives

This study presents some future projections of drying in river
networks under climate change scenarios in six European
basins. The river flow intermittence is spatially simulated in
river networks at a daily time step, using a hybrid hydro-
logical model combining a spatially distributed hydrological
model and a random forest model (Mimeau et al., 2024).

Flow intermittence indicators have been produced to char-
acterize changes in drying patterns in river networks at vari-
ous spatial scales (i.e. the reach scale and river network scale)
and temporal scales (i.e. the drying event scale and seasonal
and interannual scales). The projections of these indicators
in the six study basins show that flow intermittence will in-
tensify throughout the 21st century, regardless of the GHG
scenario, at different levels depending on the basins and the
scenarios considered. Overall, the results show an intensifi-
cation of flow intermittence, with an increase in the maxi-
mum length of the dried-up river network during the sum-
mer months (JJA), and an increase in the duration of drying,
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which starts earlier at the beginning of the low-flow season
(late spring and early summer) and extends later into the au-
tumn (SON). The projections show a spatial extension of in-
termittent rivers with transitions from perennial to intermit-
tent flow regimes, particularly for the SSP3-7.0 and SSP5-8.5
scenarios. An analysis of extreme drying events shows that
the historical extreme events observed over the past decade
could become frequent by 2071–2100 under the SSP3-7.0
and SSP5-8.5 scenarios.

An interactive web application – DRYvER-Hydro
(https://dryver-hydro.sk8.inrae.fr/, last access: 28 Au-
gust 2024; Mimeau, 2023) – was developed to help visualize
the evolution of intermittence indicators under climate
change in the six study basins. DRYvER-Hydro is a Shiny
application (Chang et al., 2024), developed in R (R Core
Team, 2023), that allows one to visualize changes in climate
(temperature, precipitation, and reference evapotranspira-
tion) and flow intermittence (RelInt, RelFlow, and PatchC)
globally over the six basins and to track changes in flow
intermittence (ConD, ConF, DurD, DurF, numFreDr, num-
FreRW, FstDrE, and IntReg) for each river section. Flow
intermittence indicators can be displayed for the past and
present period (reconstruction simulation 1960–2021) and
for the future period (projection simulations 1985–2100).

The flow intermittence indicators presented in this study
were designed to answer questions related to ecological is-
sues concerning the impact of flow intermittence and climate
change on freshwater ecosystems. In particular, these indi-
cators have been used in interdisciplinary studies on the im-
pact of flow intermittence on river’s GHG emissions (López-
Rojo et al., 2024) and the impact of flow intermittence on the
degradation of microplastics (Barthelemy et al., 2024). Flow
intermittence indicators are also being used in other studies
currently being carried out as part of the European interdisci-
plinary H2020 DRYvER project on the impact of change on
the biodiversity and ecosystem services of intermittent rivers
(Datry et al., 2021).

In order to improve the quality of the flow intermittence
projections and indicators for freshwater ecology studies, a
future perspective of this work is to consider more than just
two conditions (flowing or dry), particularly the pool con-
dition which can also have a significant impact on aquatic
species (Steward et al., 2022). Another perspective is to im-
prove the flow intermittence modelling by further improv-
ing the understanding of the impact of the data used to train
the RF model on the simulated future projections. For these
two perspectives, more observed data on flow intermittence
in drying river networks will be necessary.

Code and data availability. The J2000 hydrological models and
random forest models for predicting flow intermittence are avail-
able at https://doi.org/10.57745/LCT9L6 (Mimeau et al., 2025a),
shapefiles of the watersheds and river networks are available
at https://doi.org/10.57745/U0KJL3 (Mimeau et al., 2025b), ob-

served flow intermittence data collected at the six study sites
are available at https://doi.org/10.57745/VIPKDP (Mimeau et
al., 2025c), simulated hydrological variables and flow inter-
mittence indicators for the reconstruction period (1960–2021)
are available at https://doi.org/10.57745/JDQ4KO (Mimeau et
al., 2025d), downscaled climate projections are available at
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ulated hydrological variables and flow intermittence indica-
tors for the projection period (1985–2100) are available at
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