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Abstract. Temperate regions across Europe, such as Denmark, are projected to be subjected to substantial changes in the
hydrological cycle due to climate change. Changes in climate can materialize as general changes in long term means,
extremes, or in seasonal patterns, e.g., dampening or intensification of the seasonal contrasts. Changes in seasonal patterns
can affect the hydrological cycle in various ways, due to the interlinkage between hydrological compartments. To detect,
track and quantify the impact of changes in climate and seasonal patterns, integrated hydrological modelling is needed. This
makes Denmark an ideal test case due to the established integrated and physically based National Hydrological Model of
Denmark (DK-model). Utilizing climate projections from 17 RCP8.5 climate models, downscaled and bias-corrected for
Denmark, we calculate climate change impacts on both overall values and seasonality for the variables soil moisture,
streamflow, shallow and deeper groundwater to the end of the century. Moreover, standardized hydrological drought indices
are calculated for the same variables. Climate change projections point towards a future with higher annual precipitation,
mainly due to wetter winters, while climatic water balance deficits increase during summer; thus, intensifying the seasonal
contrast. The increased contrast is reappearing in the fast-responding hydrological variable, soil moisture; while streamflow
and shallow groundwater clearly reproduce increase during the wetter winter, the summer signal differs. The deep
groundwater systems experience higher future groundwater heads across the entire year. Common for all variables is a larger
seasonality, defined as contrast between intra-annual low and highs. Notably, the ensemble of hydrological projections is
more in agreement regarding the seasonal contrast than on the direction of absolute change, with results agreeing for 85 % to
99 % of the area of Denmark on increased seasonality, whereas only agreeing for 50 % to 98 % on the absolute direction of
that change. The drought indices exhibit a similar seasonal change, with more droughts during summer and more wet
anomalies during winter for soil moisture, while summer droughts for streamflow and shallow groundwater partially are
buffered by wetter winters and the related recharge increase. In summary, the results indicate that despite considerable
increases in precipitation, projected climate change for Denmark is expected to enhance hydrological seasonality instead of
producing a uniform transition to a wetter regime, potentially impacting the climate adaptation and mitigation effort,

agricultural yields, and water supply.
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1 Introduction

Climate change impacts on hydrology are a persistent and imminent global concern. Temperate regions, such as Northern
Europe, are projected to experience increases in mean temperatures and precipitation (Bednar-Friedl et al., 2022). These
changes affect the entire hydrological cycle (Douville et al., 2023) and have been shown in numerous studies to cause an
overall increase in stream discharge (Lobanova et al., 2018). The impacts on the hydrological cycle are, however, highly
interlinked, and responses in different compartments of the hydrological system have the potential to either buffer or amplify
climate change impacts (Sen, 2021). Changes in the seasonal distribution of hydroclimatic variables are known from studies
around the world (Caretta et al., 2022; Konapala et al., 2020; Nile et al., 2025). Such changes could be acceleration of the
existing seasonality pattern (Eisner et al., 2017; Kay, 2021; Sanderson et al., 2012), shifts in spring flood timing (Ford et al.,
2020), or seasonal shifts in peak irrigation water demands (Wada et al., 2013) and have the potential to impact numerous
ecosystem services, including water availability, hydropower production (Golgojan et al., 2024), and ecology. Depending on
their timing and magnitude, such changes may have either positive or negative effects on anthropogenic systems
(Ruosteenoja et al., 2020). For example, higher temperatures may lengthen the growing and harvesting season in Northern
Europe (Wiréhn, 2018), but they may also increase drought risk (Tootoonchi et al., 2025). Likewise, recharge rates during
winter may increase while at the same time, the recharge season may shorten (Hughes et al., 2021), and increased
precipitation may elevate flood risk, while simultaneously enhancing groundwater resources available for summer irrigation.
Consequently, assessments of climate change impacts on the hydrological system should be conducted in an integrated
framework that captures multiple components of the natural system (Dahal et al., 2025; Mourot et al., 2025), including soils,
vegetation, surface water, and groundwater. Such assessments require (i) modelling systems capable of simulating the entire
hydrological cycle and (ii) analytical frameworks that enable consistent comparison of changes and anomalies across
variables and hydrological compartments.

In this context, Denmark represents an ideal study area, as it allows for the use of the well-established National Hydrological
Model, the DK-model (Hejberg et al., 2013; Stisen et al., 2019), a physically-based integrated distributed hydrological model
covering the entire hydrological cycle. Denmark is characterized by a high degree of connectivity between surface water and
groundwater (Sechu et al., 2022), and the DK-model has been developed and adapted to reproduce this co-dependency. The
Danish case is also favoured by availability of an abundance of high-quality data.

Climate change impact studies of the hydrological cycle in Denmark were first conducted in the late 2000s. The first national
dataset of bias-corrected climate model data based on IPCC AR4 (Intergovernmental Panel on Climate Change (IPCC),
2007) was generated (van Roosmalen et al., 2010) and assessed using local hydrological models (e.g., van Roosmalen et al.,
2007, 2009), and was later expanded with additional emission scenarios and downscaling methods (Seaby et al., 2013). This
updated dataset was subsequently used to drive the then-current version of the DK-model, supplying data to the earliest
national climate adaptation platforms, such as www.klimatilpasning.dk, as well as feeding into numerous local climate

change studies (e.g., Karlsson et al., 2016; Kidmose et al., 2013; Randall et al., 2013; Sonnenborg et al., 2015). In 2019, the
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national climate data set was updated to IPCC ARS (Intergovernmental Panel on Climate Change (IPCC), 2013) by Pasten-
Zapata et al. (2019), and run through a new version of the DK-model by Henriksen et al. (2020), making national climate
change impacts available via the Hydrologic Information and Prognosis System (HIP), www.hipdata.dk (Henriksen et al.,
2022a). Three studies have since been published on the national hydrological climate assessment, describing the climate
change sensitivity of the groundwater system (Seidenfaden et al., 2022), climate impact on ecological flow and shallow
groundwater for two subcatchments in the context of water resource assessments (Henriksen et al., 2021), and the
downscaling of 500 m climate change outputs of groundwater table depth to 100 m resolution using machine learning
(Schneider et al., 2022¢). The present study utilises the same climate runs, but in contrast to the previous studies, it focuses
on exploring the increased seasonality under future climate and increased variability by including hydrological drought
indices in the analysis.
Within drought and hydroclimate research, standardized drought indices are routinely used for describing dry extremes for
model and observational time series. These indices are well-suited for investigating changes across multiple hydrological
variables, as they are standardized to common scales, and therefore facilitate direct comparison across compartments. The
indices represent deviations from statistically “normal” conditions, and they can therefore also be used to describe wet
extremes. The DK-model, combined with the indices framework, is therefore a powerful tool for investigating the
propagation of climate change signals through the entire hydrological cycle, including changes in the seasonality (Schneider
et al., 2025).
Despite the extensive literature on climate change impacts on hydrology, many assessments focus on changes in long-term
means or extreme events (floods and droughts), while changes in the seasonal patterns in the hydrological system receive
less attention (Caretta et al., 2022). Yet, climate projections increasingly suggest that changes in seasonality (Arora et al.,
2025; Konapala et al., 2020) — rather than uniform changes in mean conditions — may dominate future hydrological impacts.
Moreover, the majority of studies that include assessments of impacts on seasonality focus on single compartments, e.g.,
groundwater (Hughes et al., 2021), soil moisture (Boeing et al., 2025), or more commonly streamflow (Dallison et al., 2022;
Eisner et al., 2017; Kay, 2021; Murray et al., 2023; Rottler et al., 2021; Sanderson et al., 2012). Others have used separate
hydrological models for analysing impacts on streamflow and groundwater (Hannaford et al., 2023) or connecting changes in
meteorological variables to impacts on a single hydrological variable (Meresa et al., 2023). We see a lack of studies
assessing climate change impacts on seasonality in an integrated manner across the entire hydrological system. Seasonality
in our context is understood as the amplitude between intra-annual low/dry and high/wet conditions.
The paper will investigate the following research questions:

e How does the projected increase in climatic seasonality propagate through the different compartments of the

hydrological system?
e To what extent does climate change modify hydrological anomalies, as captured by hydrological indices, beyond

changes in mean conditions?
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2 Study area: Denmark

The modelling domain covers the land phase of Denmark with a total area of around 43,000 km? (excluding a few smaller
islands). Topography is generally flat, with the highest elevation of 170 m.a.s.l. The shallow geology of Denmark is largely
formed by the late glaciations, particularly the advance of the ice sheet during the Weichselian glaciation, marked by the
main stationary line splitting the peninsula of Jutland into a North-Eastern and South-Western part. North and East of the
main stationary line, the landscape and surface geology of Eastern Jutland and the major islands of Funen and Zealand are
dominated by moraine deposits. The outwash plain in the South and Western parts of Jutland is dominated by coarser
grained sediments of sand and gravel with hill islands from previous glaciations. The deeper pre-quaternary geology consists
of large sedimentary basins of sand and clay underlaid by carbonate rocks forming several chalk aquifers (Schack Pedersen
et al., 2018). The depth to the chalk varies greatly, from shallow in Zealand and Northern Jutland to deep in the southern and
western parts of the country.

The climate in Denmark is characterized as humid and temperate with average annual precipitation of 860 mm/y ranging
from 700 mm/y in Zealand to 1100 mm/y in Western Jutland. Annual temperatures are 8-9 °C and reference
evapotranspiration is around 560 mm/y (Klimanormaler for Danmark, 2025). The hydroclimate is energy-limited with high
water availability during the winter season, where groundwater recharge, groundwater levels, and stream discharges are
high. During summer, the balance between precipitation and evapotranspiration is reversed, with evapotranspiration
exceeding precipitation.

The current hydroclimatic variability is illustrated in Fig. 1 for the climate normal period 1991-2020, expressed as average
monthly values for precipitation, actual evapotranspiration, runoff, groundwater recharge in mm, and average states for root
zone soil moisture and depth to the phreatic surface. Precipitation in Fig. 1 is observed, while the remaining fluxes and states
are simulated using the DK-model (see Sect. 3). The winter surplus in precipitation relative to actual evapotranspiration
largely dictates the hydrological seasonality by generating groundwater recharge and runoff. During the summer period,
where actual evapotranspiration exceeds precipitation (Fig. la), the runoff is sustained by groundwater and maintains
relatively high runoff rates despite low recharge rates (Fig. 1b). The distinct seasonality is also visible in root zone soil
moisture and shallow groundwater level (depth to phreatic surface) fluctuations, which reach the annual low around July to
August for soil moisture and about one to two months later for shallow groundwater (Fig. 1c). This coincides with the time

of year when the precipitation again exceeds actual evapotranspiration.
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Figure 1: Average hydro-climatic variables for Denmark based on the climate normal 1990-2020. Fluxes for precipitation and
actual evapotranspiration (a) and for runoff and groundwater recharge (b) are in mm/month while the average states for root zone
soil moisture and depth to the phreatic surface (c) are in volumetric water content and meters below surface respectively.

The land use in Denmark is dominated by agriculture, which occupies around 60 % of the area, while the remaining is
primarily urban and forest. Groundwater abstraction accounts for 10 mm to 25 mm per year at the national scale, on average,
half of this is for irrigation, the rest primarily for public water supply (Thorling et al., 2024). These abstraction amounts
account for roughly 3 % to7 % of the net precipitation; however, abstractions vary spatially. Irrigation occurs mainly on the
sandy soils in Western Jutland while public water supply is distributed across the country, with the largest production around

the larger cities.

3 Data and Methods
3.1 DK-model

The National Hydrological Model of Denmark (DK-Model) is a distributed and integrated hydrological model coupling
surface and groundwater processes while representing the major anthropogenic impacts on the hydrological system
(Henriksen et al., 2003, 2020; Hejberg et al., 2013; Stisen et al., 2019). The model development has been ongoing since it
was initiated in 1996 and has been guided by a combination of research, technical developments, and user requirements. The
model is applied for a series of water management tasks at the national scale, such as water resources assessments
(Henriksen et al., 2024), climate change impacts (Seidenfaden et al., 2022), nitrate transport (Andersen et al., 2025), and

monitoring and forecasting systems (Henriksen et al., 2018; Liu et al., 2026).

3.1.1 Model setup

The model setup is based on the MIKE SHE code (Abbott et al., 1986; DHI, 2024). It couples a 3D finite difference
representation of groundwater flow with a 2D description of overland flow, a 1D representation of root zone processes, and a
simple routing of streamflow. The version employed in the current study is in a 500 m grid resolution with transient

simulation at maximum timesteps of 24 hours.
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Climate forcing data are provided by the Danish Meteorological Institute (Scharling, 1999a, b), and measured precipitation is
bias corrected for wind-induced undercatch (Stisen et al., 2012). The soil parametrization is based on a digital map of Danish
soil types (Borgesen et al., 2009), with associated soil physical parameters. Artificial drainage, which is common throughout
Denmark (Olesen, 2009), is conceptualized by drain depth and resistances (time constant) distributed according to
topographical variability, landcover and soil types with associated soil physical parameters (Schneider et al., 2022b). The
hydrostratigraphy is described as layers of varying thickness based on the hydrogeological model of Denmark (Arvidsen et
al., 2020), with approximately ten computational layers. 30,000 km of stream network is represented explicitly in the model
by location, connections, and stream profiles.

An important part of the model setup is the anthropogenic impacts of groundwater abstraction, irrigation, and point-
discharges to streams. Groundwater pumping is included based on extensive databases of wells and abstractions from
Jupiter, the National Well Database (GEUS, 2025), with more than 10,000 wells included, while irrigation is calculated

based on crop water demand deficits, where around 19,000 irrigation wells are represented.

3.1.2 Model calibration and performance

Being a national-scale integrated model, the DK-Model is computationally demanding to run and calibrate. The complexity
is further increased by the fact that the integrated nature and multiple applications require model optimization and evaluation
across a range of metrics. For the version used in this study, the calibration of the DK-model utilized observational datasets
for stream discharge, groundwater levels and irrigation to form a range of performance targets that are combined in one final
objective function.

Stream discharge was evaluated based on the Kling-Gupta efficiency (KGE) (Gupta et al., 2009), as well as annual and
summer water balances calculated for 305 daily discharge stations. Groundwater levels are evaluated based on three groups
of data: (i) the general groundwater heads in the saturated zone as observed in roughly 39,500 wells with at least one
observation; (ii) the annual groundwater table amplitude as observed in 400 wells with detailed timeseries; and (iii) lastly
from the water stage from 19,000 small lakes identified as groundwater-fed and not coupled to the surface water system. The
small lakes were regarded as observation points with a groundwater table at the surface of the digital elevation model. For
groundwater level observations, an objective function based on the Continuous Ranked Probability Score (CRPS) was
applied, which reduces sensitivity to single outliers in the large observation datasets (Schneider et al., 2022a). In addition,
the groundwater observations were split into a shallow and a deep group (based on well filter depths below or above 10 m) to
enable the separate evaluation of the model performance on shallow and deep groundwater. Annual irrigation sums for the
irrigated areas, as reported in the national database Jupiter, were a target for evaluating the simulated irrigation.

The model is calibrated for the period 2000 to 2010 with a 10-year spin-up from 1990 to 1999. 44 model parameters were
selected for optimization based on past experiences and sensitivity tests, while additional parameters are tied to these free
parameters. The optimized parameters are mainly hydraulic conductivities in the subsurface associated with different

hydrostratigraphic units, drainage parameters, and parameters associated with soil and vegetation. The Levenberg-Marquardt
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180 optimization scheme within the PEST tool (Doherty, 2002) was used as a gradient based search algorithm to minimize the
combined objective function.
The model performance is summarized in Fig. 2, which displays the cumulative distributions of simulation performance for
KGE, annual and summer water balance error, shallow and deep groundwater heads, and shallow and deep annual
groundwater level amplitudes. Simulated streamflow (Fig. 2a) is generally in good agreement with observations, with 50 %

185 of stations having a KGE above 0.70. Water balance errors (Fig. 2b) are balanced across the country with a low mean error
(ME) and a mean absolute error (MAE) of 14 % annually and 24 % for summer months. Groundwater levels are simulated
with a MAE of 2.79 m and 4.17 m for shallow and deep wells, respectively (Fig. 2¢). Annual amplitudes in groundwater
level fluctuations are underestimated by approximately 0.5 m for both shallow and deep wells (Fig. 2d). For further

information on the DK-model calibration and performance, the reader is referred to Henriksen et al. (2020).
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Figure 2: DK-model calibration performance. (a): KGE [-] and (b): water balance error for 305 streamflow stations. (c): Residuals
against groundwater level measurements in 11,822 shallow and 27,692 deep wells. (d): Residuals against seasonal groundwater
level amplitudes in 97 shallow and 304 deep wells. Optimal values marked with red.
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3.2 Climate change projections

In this study, 17 climate model projections are used to investigate the future hydrological cycle. The climate models are all
part of the Euro-CORDEX project (Jacob et al., 2014), and are based on scenarios from AR5 IPCC (Intergovernmental Panel
on Climate Change (IPCC), 2013). The projections are all under the RCP8.5 concentration pathways representing a business-
as-usual storyline. Newer AR6 (Lee et al., 2021) climate model data are still being generated and can therefore not be
utilized in the study. However, the newer SSP5-8.5 is the development scenario that comes closest to the RCP8.5. The
climate models have previously been downscaled/bias-corrected to Denmark by Pasten-Zapata et al. (2019). Precipitation
and temperature are downscaled by Distribution-Based Scaling (DBS) (Piani et al., 2010) using a double gamma function
with a cut-off at the 90" percentile for the former and a normal distribution for the latter. The DBS is done on each grid in
the gridded observational dataset (Scharling and Kern-Hansen, 2012), thus on 10 km resolution for precipitation and 20 km
resolution for temperature. Potential evapotranspiration (PET) is calculated from the temperature using the Oudin formula
(Oudin et al., 2005), and subsequently bias-corrected to the national gridded observation dataset (Scharling, 2001) that is
based on Makkink (Makkink, 1957).

3.2.1 Overall future meteorological signal

The most important drivers of the hydrological cycle are precipitation and evapotranspiration. Fig. 3 displays climatologies
of daily climatic water balance (precipitation — PET), as a median across the climate models, where we compare the
reference period with the end-century period. In the end-century period, the dry season (characterized by negative climatic
water balance) starts at the same time as in the reference period, around the beginning of April. However, it finishes later by
about 20 days, around the beginning of September instead of the middle of August. Also, the deficit increases with the
largest differences during July and August. In contrast, the positive climatic water balance during the recharge season
(winter) increases, causing an intensification of the seasonality. The impact of this increase in seasonal contrasts in the
climate model input data on the hydrological cycle is the focus of this study. See Fig. Al for a more detailed version,

including a comparison to historic observed values.
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Figure 3: Climatic water balance (precipitation — PET). Mean across Denmark of the median of the 17 climate models. Based on
values for each day of the year for the reference (1991-2020) and end-century (2071-2100) period, with a 15-day moving average.
The resulting yearly average values are shown as grey horizontal lines and equate to 270 mm/y in the reference period and
291 mm/y in the end-century period.

3.2.2 Sea level rise

The sea level is projected to increase in the future for the Danish area (Colgan et al., 2022), even in areas counteracted by
glacio-isostatic land rebound after the last glaciation (Colgan et al., 2017). In the DK-model, the current sea level is fixed at
0 m.a.sl. For future sea level projections, estimates of sea level rise are implemented using interpolations from projections by
the Danish Meteorological Institute (Thejll et al., 2021), and kept constant over the period investigated (more information
can be found in Henriksen et al. (2020), Sect. 2.2.1). On national scale, the end-century sea level elevation is 0.51 m.a.sl.,
ranging from 0.44 m.a.sl. in the northeast, where glacio-isostatic adjustments are largest, to 0.59 m.a.sl. in the south. These

projections are smaller for the mid-century period, with 0.24 m.a.sl. on average, ranging from 0.19 to 0.29 m.a.sl.

3.2.3 Anthropogenic influence in the DK-model

The future human use of water resources is uncertain. Therefore, the annual abstraction of groundwater for water use are
held constant throughout the entire future period. The constant abstraction is fixed at the average use in the years 2010 to
2019. Similarly, the wastewater outflow to the river system is fixed as the average from the period of 2001 to 2011. Also,

land use is kept constant at the historical distribution. Irrigation amounts in agriculture, however, are derived from a dynamic
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demand-driven module, using a soil moisture threshold together with information on the location of irrigation wells as well
as irrigation permits, crop type, and season. The future runs follow the same approach. Thus, irrigation can be higher or
lower in the future, corresponding to an increase or decrease in the need to hold the soil moisture above the threshold.
However, the irrigation amounts are still restricted by pumping limits and wells running dry, maintained at historical
restrictions. In this fashion, we allow for more irrigation by farmers in response to drought, but not altering the infrastructure

and regulations in place currently.

3.2.4 Climate change impact on soil moisture, streamflow, and groundwater levels

Climate model data is available from 1971 to the end of the 21% century. In our case, we investigate two periods: the mid-
century (2041-2070) and the end-century period (2071-2100), which are compared to the historical period of the climate
models called the reference period (1991-2020). Thus, changes in hydrological variables from past to future are always
calculated using differences in climate model runs between future and reference period to eliminate problematic biases in the
climate models.

We then focus on four compartments of the hydrological cycle: Soil moisture of the root zone, streamflow, depth to phreatic
(the uppermost groundwater table), as well as the aquifer groundwater head (the deeper groundwater).

Soil moisture is extracted for each grid cell from the lumped root zone layer of the 2-layer UZ description of MIKE SHE.
Thus, the depth over which soil moisture values integrate will vary depending on vegetation type and season. Soil moisture
is given in volume fraction as a percentage between 0 % and 100 % (effectively limited to values between local residual and
saturation water content), describing the part of the root zone volume that is water-filled. The soil moisture change is
therefore reported in percentages, meaning that the changes indicate if the soil moisture is closer (positive) or further
(negative) from saturation. For the indices, the former values are used for calculation.

Streamflow is simulated at every calculation point (Q-point) along the rivers, roughly every 500 meters, and given in m3/s
for every 24 hours. In this paper, changes to streamflow are mainly reported as climate factors, given as
streamflow cs/streamflowsre, thus a value above one indicates increasing streamflow in the future, while a value below one
indicates a decrease.

Groundwater is split into two distinct variables: First, the depth to the phreatic table, as a representation of the uppermost
shallow groundwater, with relevance for ecosystems, river-subsurface exchange, but also affecting agriculture and
infrastructure, in particular when close to the surface. Second, the aquifer groundwater head, representing the deeper
groundwater, with relevance for water supply. Both variables are again extracted at every grid cell of the DK-model. The
depth to the phreatic table is the depth in meters below surface. The aquifer groundwater head is calculated based on the
mean simulated saturated zone head elevations across the two computational layers of the DK-model from which the largest
water supply extractions occur. This means that the information on aquifer groundwater head spans different groundwater
aquifers with different hydrogeological properties that are scattered across depths and area, , which can also be seen in their

diverse responses to historical meteorological anomalies (Schneider et al., 2025).

10
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3.3 Hydrological indices

Standardized drought indices are routinely used for describing dry extremes in the hydrological system. If the statistics are
based on an intra-annual approach for the historical period and applied for future projections, their changes also reveal
information on timing and shifts of means. The hydrological indices were originally calculated for Denmark for historical
periods by Henriksen et al. (2022b), based on experience from catchment studies (e.g., Karlsson et al., 2014) for soil
moisture, streamflow, and both shallow and deep groundwater. Subsequently, extensive work was done to evaluate the DK -
model’s ability to reproduce observed signals and trends of the hydrological indices (Schneider et al., 2025), future
predictions using indices have previously only been done for single catchments (Chan et al., 2021; Karlsson et al., 2015).

To investigate the changes in the hydrological system, in particular changes to the occurrences of anomalies, we calculate
drought indices for multiple variables. Soil moisture is evaluated using the Empirical Standardized Soil Moisture Index
(ESSMI) (Carrdo et al., 2016). For streamflow, we used the Streamflow Drought Index (SDI) (Nalbantis and Tsakiris, 2009).
For groundwater, we used the Standardized Groundwater Drought Index (SGDI) (Bhuiyan et al., 2006; Bloomfield and
Marchant, 2013), where we separated the groundwater into the uppermost groundwater table (depth to phreatic) with
SGDIhanow and the deeper aquifer groundwater head, represented by the average across the two aquifer layers with highest
groundwater abstractions, referred to as SGDIjecp.

The reader is referred to Seidenfaden et al. (2025) and Schneider et al. (2025) for detailed calculation steps. Common for the
chosen indices is that they represent the deviation from statistical normal conditions for a given time of year, standardized to
index values. Thus, the statistical information is used to generate standardization transferrable in space, time as well as
across variables, where e.g. an index value of -2 indicates that the variable is more than two standard deviations below the
mean, corresponding to a severe drought category. The related categories to index values for the hydrological indices can be
seen in Table 1.

The indices are all standardised indices originating from drought literature, but as they, in their formulation, describe
different types of deviations from normal conditions based on standard deviation, they can also be utilised in describing wet
anomalies in addition to dry anomalies. In this context, they are therefore nomenclatured as hydrological indices. The
hydrological indices are supplemented by two meteorological indices, the Standardized Precipitation Index (SPI) (McKee et
al., 1993) and the Standardized Precipitation Evapotranspiration Index (SPE]) (Vicente-Serrano et al., 2010).
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Table 1: Drought and wet anomaly categories based on standardized index intervals. *The category Beyond Extremes is used here

as future projections of the indices may move substantially outside the “normal” given range of the indices.
Category Index interval
Beyond Extreme* >3
Extremely wet 2to3
Severely wet 1.5t02
Moderately wet 1tol.5
Mildly wet Oto 1
Mildly dry -1t00
Moderate drought -1to-1.5
Severe drought -1.5t0 -2
Extreme drought -2to0 -3
Beyond Extreme* <3

The indices her are calculated for climate projections, where the thresholds for the indices are based on the statistical
information from the reference period. Meaning that for each climate model, the standardization is based on the climate
model data for the 1991 to 2020 reference period, and this standardization is maintained for the mid- and end-century
periods. This approach makes it possible to somewhat account for climate model bias, while allowing the future indices to

move beyond the standardisation constraints.

3.3.1 Drought severity

A commonly used drought characteristic is drought severity, defined as the accumulated index deficit under a given drought
threshold (Hisdal et al., 2023). Severity, therefore, encapsulates both the duration under the threshold and the distance to the
threshold. For standardized indices, this accumulated value is not directly relatable to a missing deficit water volume but is a
representation of the accumulated deviation from “normal” conditions. In this study, severity is calculated for periods under

—1 for droughts (dry severity) and +1 for wet conditions (wet severity).

4 Results
4.1 Overall future hydrological signal

Figure 4 displays the climate change impacts on the four major compartments of the hydrological cycle as simulated by the
DK-model across the 17 climate models. Changes are presented as end-century — reference values for soil moisture [vol. %],
depth to phreatic [m], and aquifer groundwater head [m]. For streamflow, changes are presented as a climate factor, i.e., end-
century / reference values (see Fig. B 1 for mid-century values). All values are mean values across Denmark and presented
separately for each month. The black vertical lines represent the median of these changes across all climate models, whereas
the histograms summarize the climate model and temporal variability, i.e., each representing 17*30 values (climate models *

years). The climatic water balance deficit during summer (compare Fig. 3) leads to a negative climate change impact on soil

12



320

325

330

https://doi.org/10.5194/egusphere-2026-1531
Preprint. Discussion started: 10 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

moisture from April to November, with the highest impact of -1.8 vol. % in August. During the winter months, soil moisture
is also increasing in accordance with increased (net) precipitation amounts, where January experiences largest increases with
+0.6 vol. %. Streamflow values increase across the entire year with a strong seasonal signal, ranging from a factor of 1.33 in
January to a factor of 1.03 in October. This reflects the fact that the majority of Danish streams are groundwater-fed and the
generally large interaction between surface water and groundwater in Denmark (Sechu et al., 2022). The stronger seasonal
signal for streamflow, with almost no change during late summer and early autumn, is considered a counterbalanced effect of
both increased winter precipitation and increased climatic water balance deficit during summer. Due to generally increased
precipitation, in particular increased net precipitation during winter, the groundwater levels generally rise. For the depth to
phreatic, climate change impacts show a clear seasonal signal, with highest increases during late winter (up to +0.27 m), and
lowest rises during September and October (+0.09 m). Aquifer groundwater heads rise by slightly higher amounts, but with a
much-subdued seasonal signal between +0.33 m and +0.25 m. Hence, an increased dampening of the seasonal signal in
climatic water balance change can be seen when moving through the hydrological cycle from soil moisture to streamflow, to
shallow groundwater, and lastly the aquifer groundwater head. This correlates with response times — from faster reacting to
slower reacting — of the compartments to precipitation or precipitation anomalies (Schneider et al., 2025).

As Fig. 4 displays average values across Denmark, obviously, those values span over considerable local variations. Figure 5
shows maps of historic mean values together with the expected median climate change impact for the four hydrological
variables. Values here are averages across the entire year; the appendix shows values separately for winter (DJF) and

summer (JJA) seasons (Fig. B 3 and Fig. B 4).
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Figure 4: Predicted changes in key hydrological variables in Denmark from reference to end-century (17 climate models). The
solid black line represents each month’s and variable’s median change across the climate models, as a mean for Denmark. The

histograms show the spread of those mean changes across all 17

climate models and all 30 years of the end-century period.
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340 Figure 5: Top row: Historic mean values simulated by the DK-model for soil moisture [vol. %], streamflow [m?%/s], depth to
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phreatic (below surface [m]), and the deeper groundwater head (mean of the two most important aquifer layers [m]). Middle and
bottom row: Predicted change to each variable, as median across the 17 climate models for the mid-century and end-century
period, respectively.

4.2 Climate change predictions on changes in seasonality

As we can see from Fig. 3, Denmark expects an increase in climatic water balance seasonality, with the dry summer season
becoming drier and the wet winter seasons becoming wetter. Even though in some ways the trend to wetter conditions is
dominating, the seasonality change in itself is also reflected in the resulting hydrological response as simulated by the DK-
model (Fig. 4). Figure 6 reveals that climate change impacts across the 17 climate models throughout the hydrological cycle

actually agree more on the increase in seasonality than on the overall trend: The top row shows areas where climate model

350 runs show an increase in soil moisture, streamflow, depth to phreatic or aquifer groundwater head in more than 75 % (13 out
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of 17) climate models in blue. A decrease in more than 75 % of climate models is marked in red, and inconclusive areas are
grey. Moreover, areas with negligible median change are hatched. On yearly average values, large parts of Denmark show a
decrease in soil moisture, with only a few exceptions, mostly in low-lying areas. For streamflow, where average streamflow
is dominated by winter values (compare Fig. 1), climate models generally agree on an increasing trend. For groundwater, the
picture is less clear: Most of the country experiences increased values in most climate models. However, significant
exceptions exist, mostly in areas where the uppermost groundwater table is close to the surface (compare Fig. 4) and, hence,
is more affected by increased summer evapotranspiration. The bottom row of Fig. 6 shows the same trend agreement, but for
the change in seasonality calculated as maximum — minimum monthly values per year: Apart from for limited local
exceptions, most climate model runs agree that seasonality is increasing — for all four hydrological variables — irrespective of
their general increase or decrease.

soil moisture streamflow depth to phreatic aquifer groundwater head

trend agreement

increase
unclear
decrease

RCM
agreement

seasonality trend agreement

Figure 6: Trend agreement across the 17 climate models. Top row: Trend agreement on climate change impact on average soil
moisture, streamflow, depth to phreatic and aquifer groundwater head (red: more than 75 % of climate models show decrease,
blue: more than 75 % of climate models show increase). Bottom row: Trend agreement on climate change impact on seasonality
(max — min of monthly values per year). Areas with marginal median changes (soil moisture < +/-0.5 %, streamflow < 0.98/1.02,
groundwater < +/-2 cm) are hatched. For changes to the end-century period.

Table 2 summarizes these findings, reporting the percentage of area (or percentage of streamflow points) that show a clear
positive or negative climate change impact on the overall variables and the variables’ seasonality (rows “increase” and

“decrease”, bold values in the Table 2) for the median of the climate runs, with agreement on the sign across at least 75% of
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the climate runs. Separately, areas with positive or negative climate change, but without agreement across the climate models
are reported (rows “increase unclear” and “decrease unclear”), as well as areas with only marginal climate change impact.
Marginal climate change impacts are defined as soil moisture changes of less than 0.5 %, streamflow factor changes of less
than 0.98 or 1.02, and groundwater changes of less than 2 cm. Here, values for both the end-century period are shown, as
presented in Fig. 6, as well as values for the mid-century period. The respective mid-century map can be found in (Fig. B 4).

Table 2: Percentage of area (or percentage of streamflow calculation points) that show marginal changes (soil moisture <+/-0.5 %,
streamflow < 0.98/1.02, groundwater < +/-2 c¢cm) or larger increases or decreases by climate change impacts on the average
condition (columns “CC impact”) or on the seasonality (columns “CC impact on seasonality”). Increases and decreases are
separated into areas where 75% of climate models agree on the trend and the remainder (“unclear”).

mid-century end-century
CC impact CC impact on CC impact CC impact on
seasonality seasonality

marginal 82.6% 16.2% 35.0% 5.6%

soil increase unclear 0.6% 2.0% 1.9% 1.0%
moisture Flecrease unclear 1.4% 0.3% 2.5% 0.4%
increase 1.4% 81.1% 3.0% 92.3%

decrease 14.0% 0.4% 57.6% 0.7%

marginal 9.0% 0.6% 0.8% 0.6%

stream- increase unclear 34.0% 2.9% 1.1% 0.0%
flow decrease unclear 0.3% 0.0% 0.0% 0.0%
increase 56.5% 96.5% 97.9% 99.4%

negative 0.3% 0.0% 0.2% 0.0%

marginal 48.5% 11.6% 30.4% 4.3%

depth to increase unclear 17.3% 7.0% 10.1% 4.1%
phreatic Flecrease unclear 5.5% 4.0% 5.7% 3.3%
increase 25.7% 75.8% 50.0% 84.8%

decrease 3.1% 1.6% 3.9% 3.5%

. marginal 19.7% 38.2% 10.0% 12.7%
aq“‘fe; increase unclear 27.9% 6.0% 15.7% 1.0%
%;:)tlel:_l " decrease unclear 3.6% 0.3% 2.5% 0.3%
head increase 48.5% 55.2% 71.6% 85.7%
decrease 0.4% 0.3% 0.3% 0.3%

4.3 Indices-based predictions

This change in seasonality is expected to also have an impact on extremes. One way of quantifying extremes is to use
hydrological (drought) indices. Figure 7 shows the four indices ESSMI, SDI, SGDIaiion and SGDI 4., together with the two
meteorological indices SPI and SPEI. All indices were standardized for the reference period and then calculated for the
future periods relative to the same climate model’s reference period values. Hence, the expected value during the reference
period is 0, and any future deviation from O indicates a change compared to the reference period. Displayed are then the
average Denmark-wide values for each month during the two future periods as a median across the 17 climate models. SP/

values, representing precipitation, slightly increase during most of the year, with decreases only observed during the months
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July, August, and September. The trend to drier summers (and early autumn) is more pronounced in SPEI, representing
climatic water balance. This change in climatic input, then, is most directly translated to reduced ESSMI values, indicating an
increased tendency to soil moisture droughts. SDI (streamflow) and SGDIau0w (depth to phreatic) are less impacted by the
drier summer climate, and show a slight delay compared to the meteorological input. Their general increase can be linked to
the higher net precipitation during winter, resulting in higher recharge, which generally moves SGDI 4., to wetter conditions,

even though also here the increase during late winter and early spring is most pronounced.

i mid-century {2041 - 2070) end-century (2071 - 2100)
precipitation| —— | | — T |
SPE]
net precipitation| == — - — = | | - 222 s 2 2= | ig
ESSMI | | 10
soil moisture : e — 77— 0.0
SDI ’
streamflow| | | | -1.0
SGD"shaHow| | | | :;g
depth to phreaticL—— — : — T e T S
SGDlgeep

aquifer gw head ' +———— —— T .|
jan feb mar aprmay jun jul augsep oct novdec jan feb maraprmayjun jul aug sep oct nov dec

Figure 7: Ensemble median drought values for the 17 climate models and the two investigated periods for all six indices. For the
reference period, these values are expected to be 0 according to the standardizations applied. Hence, any deviation in the future
periods from 0 indicates a change compared to the reference period.

4.3.1 Frequencies of dry and wet anomalies

To not only look at average values across the period, but also investigate the occurrence of anomalies, Fig. 8 visualises the
occurrence frequency of conditions above/below the defined thresholds of drought categories (compare Table 1) throughout
Denmark. This reveals a large increase in extreme conditions, both on the dry and the wet end, for £SSMI values. The other
compartments change to generally more wet conditions, with less frequent Denmark-wide droughts of different severities,
and more frequent Denmark-wide wet conditions. The exception is beyond extreme droughts (<-3) for SGDIsau0w and

SGDleqp, which also increase in frequency.
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Figure 8: Distribution of future frequencies of drought and wet events above specified thresholds (coloured) across the ensemble of
17 climate model runs. The grey bar of each group displays the expected frequency, whilst the second and third coloured columns
of each group display mid-century and end-century frequencies, respectively.
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4.3.2 Dry and wet severity
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Figure 9: Severity change for moderate wet/drought events (>1/<-1) to the end-century period: Values are wet/drought severities
as percentage of the respective reference period values, as medians across the 17 climate models. Top row: Change of wet severity
during winter (DJF). Bottom row: Change of drought severity during summer (JJA).

Figure 9 shows the changes in drought severity, as well as wet condition severity, for the end-century period. Changes are
calculated as the future severity relative to the respective reference period’s severity, for the medians of the 17 climate
models. The top row in Fig. 9 displays the changes to wet severity (defined as severity above the moderate threshold, +1)
during the winter months December, January, and February. During this period, with generally highest climatic water
balance surplus, conditions get even wetter across the entire hydrological cycle. This trend to wetter conditions during winter
only sees larger exceptions for soil moisture, where there do exist areas, especially on Jutland, which experience a decreased
wet severity for soil moisture. Those are linked to areas where the phreatic surface is deep (compare Fig. 5), far below the
bottom of the root zone. Hence, the generally increasing groundwater levels cannot contribute to increased soil moisture.
Instead, those areas are affected by increased evapotranspiration linked to increased temperatures. The bottom row in Fig. 9
displays changes to drought severity (defined as severity below the moderate threshold, -1) during the summer months June,
July, and August. During this period, with generally negative climatic water balance, soil moisture droughts increase
markedly across all of Denmark. The signal for the other compartments, however, is more heterogeneous: With increased

(net) precipitation, groundwater levels generally rise. This also applies to the shallow groundwater table. Even though this
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rise of the shallow groundwater table is largest during winter (compare Fig. 4), it remains apparent during summer due to the
lagged response of groundwater levels to precipitation (deficit) (Schneider et al., 2025), most apparent where shallow
groundwater tables are deep, e.g. in central Jutland (compare Fig. 5). As streams in Denmark generally are groundwater-fed,
higher groundwater levels impact streamflow — and are responsible for a decrease of moderate drought severity during
summer across large parts of the country. The deeper groundwater rises most pronouncedly, and with more limited
seasonality than the shallow groundwater table (compare Fig. 4). Some exceptions to a decrease of drought conditions during
summer are visible, where moderate drought severity increases. Those patches are mostly linked to demand-driven irrigation
implemented in the DK-model. Irrigation abstractions are, within some limits, based on current permits, allowed to increase
in the model simulations in line with increased demand due to decreased soil moisture, and parts of the irrigation wells

extract from deeper aquifers.

5 Discussion
5.1 Relation to previous studies

Climate models consistently show an increase in precipitation for parts of Northern, Central, and Western Europe (Jacob et
al., 2014), as also reflected over Denmark (Seidenfaden et al., 2022). How future climate with increased precipitation
translates into hydrological impacts is, however, heterogeneous both in space, time, and across hydrological compartments,
as it also depends on the projected changes to temperature, evapotranspiration, and seasonality of meteorological variables.
For example, increases in precipitation can be counteracted by increases in evapotranspiration, leading to diverse
hydrological responses (Parry et al., 2024) at least during parts of the year, or such responses can be driven by changes in
snow regimes (Nygren et al., 2020). Hence, climate change in these regions can lead to both increase or decrease (i) in
groundwater recharge and levels dependent on region (Seidenfaden et al., 2022; Vergnes et al., 2023), (ii) in streamflow
dependent on region and season (Lobanova et al., 2018; Meresa et al., 2023; Vergnes et al., 2023), (iii) in peak flows
dependent on region (Lane et al., 2022), or (iv) in soil moisture dependent on region and season (Grusson et al., 2021). Also,
complex especially in groundwater-dominated systems where response times vary strongly between compartments, complex
interactions such as an increase of streamflow droughts whilst at the same time stable or decreasing groundwater droughts
(Parry et al., 2024) are projected. Moreover, despite the general increase in precipitation, an increase in multi-year droughts
can be expected (van der Wiel et al., 2022). Specifically for Denmark, ongoing work by Héberli et al. (2026a) is showing a
pronounced increase in drought frequencies throughout meteorological and hydrological indices, based partly on the drought
indices presented here, but also a larger ensemble of climate models.

Previous studies have acknowledged that the sensitivity of hydrological variables to changes in precipitation and
evapotranspiration depends on season and hydrological compartment (e.g., Eisner et al., 2017; Hughes et al., 2021; Parry et
al., 2024). For Northern, Central, and Western Europe, an increase in seasonality was also found, e.g., for groundwater levels

in wetlands (Thompson et al., 2023), groundwater recharge (Hughes et al., 2021), or runoff (Poschlod et al., 2020). Parry et
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al. (2024) showed an increase in summer droughts for streamflow, with a diverging signal in groundwater where summer
droughts were offset by wetter winters, similar to our results. Their results are based on separate modelling systems for
groundwater and streamflow; ideally, the complex interplay of season and compartment across the hydrological cycle calls
for integrated hydrological assessments (Mourot et al., 2025) such as in this study. However, many studies focus on single
hydrological compartments. This is reflected in the most recent IPCC AR6 report (Caretta et al., 2022), which summarises
state-of-the-art in studies of hydrological compartments, but has a limited focus on interlinkages between compartments and
changes in seasonal patterns.

In our study for Denmark, the changes in seasonality across interlinked hydrological compartments were shown to have a
stronger signal than changes in average conditions. Also, our study, combined with previous work by Schneider et al. (2025),
revealed that the groundwater system in Denmark is crucial for understanding the interlinkages and changes in seasonality
across the entire hydrological cycle. Here, we mainly focus on national tendencies and changes in seasonality in the overall
hydrological signal. However, it is worth noting that regional differences in hydrological climate change responses across

Denmark have been documented (Seidenfaden et al., 2022).

5.2 Limitations and uncertainties

Future assessment studies, such as the present, are underlaid with numerous uncertainty sources (Refsgaard et al., 2013)
related to (i) climate forcing data e.g., emission scenarios and climate model uncertainty, downscaling and implementation,
(Chan et al., 2021; Teutschbein and Seibert, 2013); (ii) hydrogeological interpretation, calibration and parameterisation (Her
et al., 2019; Kim et al., 2024); (iii) model structure e.g., limitations in model code (Rebelo et al., 2025; Vansteenkiste et al.,
2014); (iv) prediction capability e.g., parameter transferability (Broderick et al., 2016; Thirel et al., 2015); (v) assumptions of
future societal trajectories e.g., future water use or land use practices (Olesen et al., 2019); (vi) method of analysis e.g.,
hydrological indices (Laimighofer and Laaha, 2022).

The uncertainty of climate model data, particularly the choice of global climate model, is well-known and documented. It
can be substantial (Matte et al., 2019) and is often believed to overshadow many other uncertainty sources when dealing with
quantitative hydrology (Refsgaard et al., 2016). For Scandinavia, it was also shown that fine-scale convection-permitting
regional climate models show a distinct future drought signal (Héberli et al., 2026b).

An example of uncertainties arising from the implementation of climate data in hydrological models, also relevant here, is
the choice of the PET formula. PET influences predicted future amounts of net precipitation, and, consequently, hydrological
responses under climate change, especially important for summer drought prediction. Some hydrological studies found the
uncertainties arising from different PET formulas to be small compared to the uncertainties from different global and
regional climate models (Lemaitre-Basset et al., 2022; Williamson et al., 2016), whilst others found a more significant
impact of the choice of PET formulas at least for low flow predictions (Dallaire et al., 2021; Koedyk and Kingston, 2016).
Different PET methods rely on different combinations of meteorological variables and exhibit different sensitivity to

changes in the input. In the present study, the projected amplification of hydrological seasonality and the emerging
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divergence between meteorological and hydrological anomalies are closely linked to increased evapotranspiration during
summer. The here used temperature-driven PET formula (Oudin) may over- or underestimate absolute PET changes;
however, the relative increase of PET under future climate seems to be a robust feature across different PET methods in
temperate climates (Dallaire et al., 2021; Lemaitre-Basset et al., 2022). Consequently, the key findings regarding increased
summer drying are expected to be qualitatively robust. Future work could assess the sensitivity of these results by comparing
different PET formulations within the DK-model framework.

Climate change impacts on hydrology will result in significant societal adaptations, which again will have feedback to the
hydrological system. In addition to the societal changes occurring as a response to climate change, other significant changes
will occur due to socio-economic developments. E.g., the future land use and water management are substantial uncertainty
factors that cannot be extrapolated with certainty. In this study, we assume no change in drinking water abstraction.
Depending on the trajectory change in abstraction scenarios can however have a significant effect on impact assessments as
shown by e.g., Rusli et al. (2024); however, in the Danish case these effects are likely to most important on local scale (see
also Sect. 5.3). In this study, irrigation is demand-driven, i.e. it responds to changes in the climate alone, but there are no
changes in land use management. In reality, it must be expected that future farming practices (e.g., crop types, tile drainage
configuration, sowing and harvesting time, irrigated areas, irrigation systems, and more) will adapt to changes in future
climate. A thorough analysis of combined socio-economic effects can be carried out using a Shared Socioeconomic

Pathways (SSP) approach (Zandersen et al., 2019); however, this is beyond the scope of the present study.

5.3 Potential implications of the intensification of the hydrological seasonality

In this section, we reflect on the likely direct implications of climate change through impacts on hydrology, focusing on the
intensification of the hydrological seasonality. Impacts are addressed for agriculture and the open landscape, and the urban
environment, separately. We acknowledge that several of the impacts will lead to adaptation measures that will impact the
hydrology in a feedback loop, however this is neither accounted for in our presented model analysis nor in the implications

listed below.

5.3.1 Agriculture and landscape

The agricultural sector will be affected by both the projected intensification of the hydrological system and by the parallel
land transformation as part of the green transition.

Wetter winters. Increased streamflow and phreatic groundwater levels will amplify existing problems for farmers regarding
waterlogging and wet fields in spring, with negative implications for sowing time and yield losses (Tian et al., 2021).
Adaptation measures to counteract such issues are increased drainage, improving the discharge capacity of streams by
embankments, or expansion/deepening of river cross sections. Wetter winters with increased drain flow will also reduce
nitrate retention, since a smaller fraction of rootzone leaching will be reduced in the deeper groundwater (Motarjemi et al.,

2023). Most adaptive measures to handle wetter winters are in direct conflict with ongoing national policies to transform
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river valleys and lowland organic soils by river restoration and rewetting to reduce nutrient loads and green-house gas
emissions (Denager et al., 2026).

Drier summers. The increase of severe summer droughts will likely cause reduced yields and consequential economic
losses, as seen during historical droughts such as 2018 and 2023 (Danmarks Statistik, 2018, 2023; Jensbye et al., 2025). To
counteract such consequences, considerably more irrigation will be required, which will have negative impacts on low flows
in streams and on groundwater-dependent ecosystems (Danapour et al., 2021). Possible positive implications of warmer
summers could be longer growing seasons, where water is available. Alternative adaptive measures to irrigation could be
shifts in crop type or variety and growing season to improve drought resistance. In a warmer climate, surface water systems
are more vulnerable to eutrophication caused by agricultural nutrient loads. In addition, there is concern that summer
droughts will increase leaching of nitrate, due to a surplus caused by low plant uptake of applied fertilisers (Blicher-
Mathiesen et al., 2021, 2025) particularly in connection with succeeding large precipitation events (Raij-Hoffman et al.,
2024).

5.3.2 Urban climate adaptation and water supply

The impacts on the urban environment caused by climate change and intensification of the hydrological system are mainly
attributed to increased flood risks; however, impacts of drought can also be seen in water demand and infrastructure
damages.

Wetter winters. Increased streamflow and urban runoff pose an imminent challenge for urban surface water systems and
sewers, and this has been the focal point in past climate adaptation in Denmark. Recently, flooding and damage by elevated
groundwater levels in urban areas have received increasing attention, and both flooding from surface and groundwater are
considered major challenges that are projected to increase with climate change (Liu et al., 2026; Rasmussen et al., 2023).
From a quantitative groundwater perspective, climate change is projected to increase the resource for drinking water and
could potentially alleviate issues regarding negative impacts on stream baseflow; however in Denmark, sustainable
groundwater resources are generally limited by water quality constraints (Danish Environmental Protection Agency, 2023;
Henriksen et al., 2024; Jorgensen et al., 2024).

Drier summers. Despite increased frequencies of summer droughts, the quantitative groundwater resource is not expected to
be reduced, since groundwater is recharged during winter, which is projected to get wetter.

However, during summer droughts, domestic water demands have been reported to increase substantially, leading to pressure
on the supply network due to limited capacity and ultimately invoking restrictions on consumption (HOFOR, 2025). Such
instances will likely increase in frequency due to climate change and, combined with population migration to urban centres
and increasing demands from new industries (e.g., Power-to-X) lead to increasing pressure on urban water supply in the
future (Danish Environmental Protection Agency and NIRAS, 2023). Another consequence of summer drought is land

subsidence and shrinking of clay soils, leading to infrastructure damage such as subsidence damage and settlement cracks in
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buildings and roads. This has been shown to be correlated to drought indices on soil moisture and shallow groundwater

(Seidenfaden et al., 2025).

6 Conclusion

This study assessed how projected climate change under RCP8.5 propagates through the interconnected hydrological system
of Denmark using the integrated, physically based National Hydrological Model (DK-model). By combining multi-model
climate projections (17 EURO-CORDEX simulations) with standardized hydrological indices (ESSMI, SDI, SGDI), we
evaluated not only changes in mean conditions, but in particular changes in seasonality, and drought/wet severity across soil
moisture, streamflow, shallow groundwater, and deep groundwater.

The main conclusions are: Climate change in Denmark is generally characterized by a shift to wetter conditions. However,
embedded in this is a clear intensification of the hydrological cycle characterized by increased seasonality. Across the
climate projection ensemble, there is even greater agreement on the changes (increases) in seasonality than on the changes in
mean conditions. The increased seasonality of the hydrologic cycle is caused by an increased seasonality in climatic water
balance. The heterogeneous propagation of this signal throughout the hydrological cycle depends on interlinkages and
response times, where faster responding compartments (soil moisture) mirror the amplified summer drying most directly,
while slower responding compartments (streamflow and especially groundwater) integrate and redistribute seasonal forcing.
Beyond the increased seasonality towards wetter winters and drier summers, there is a tendency — at least locally — to
increased drought severities across all seasons.

This study contributes to the climate impact literature by demonstrating that seasonal amplification can constitute a more
robust climate signal than changes to mean conditions, and providing a national-scale, integrated assessment across
interconnected hydrological compartments in a groundwater-dominated system. Future research should explore feedback
from adaptive land and water management, investigate how intensified seasonality interacts with multi-year drought
persistence, and new climate model projections.

The projected amplification of hydrological seasonality has important implications for climate adaptation: Increased
groundwater recharge may enhance long-term water resource availability; however, there is a concurrent intensification of
summer soil moisture droughts, increasing irrigation demand. Such seasonal asymmetry may exacerbate trade-offs between
flood management, ecological requirements, groundwater abstraction, and nutrient mitigation strategies. Thus, adaptation
planning in Denmark should not only prepare for a wetter future, but rather for a hydrological regime with stronger intra-

annual contrasts and enhanced variability.
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585 Appendix A: Climatic water balance
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Figure A 1: Climatic water balance (precipitation — PET). Mean across Denmark of the median of the 17 climate models. Based on
values for each day of year for the reference (1991-2020) and end-century (2071-2100) period, with a 15-day moving average. As
Fig. 3, but including (i) the 15-day moving average climatic water balance based on observed climate data during the historic

590 period 1991 to 2020 in grey and (ii) the 10 % and 90 % intervals across the 17 climate models and 30 years each for the reference
and end-century period as thinner lines.
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Appendix B: Overall future hydrological signal
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Figure B 1: Predicted changes in key hydrological variables in Denmark from reference to mid-century (17 climate models).

595 Equivalent to Fig. 3, but for different period. The solid black line represents each month’s and variable’s median change across
the climate models, as a mean for Denmark. The histograms show the spread of those mean changes across all 17 climate models
and 30 years of the mid-century period.
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Figure B 2: Equivalent to Fig. 5, but for winter season (DJF). Top row: Historic mean values simulated by the DK-model for soil

600 moisture [vol %], streamflow [m%/s], depth to phreatic (below surface [m]) and the deeper groundwater head (mean of the two
most important aquifer layers [m]). Middle and bottom row: Predicted change to each variable, as median across the 17 climate
models for the mid-century and end-century period, respectively.
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Figure B 3: Equivalent to Fig. S, but for summer season (JJA). Top row: Historic mean values simulated by the DK-model for soil

605 moisture [vol %], streamflow [m%/s], depth to phreatic (below surface [m]) and the deeper groundwater head (mean of the two
most important aquifer layers [m]). Middle and bottom row: Predicted change to each variable, as median across the 17 climate
models for the mid-century and end-century period, respectively.
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Figure B 4: Trend agreement across the 17 climate models. Top row: Trend agreement on climate change impact on average soil
moisture, streamflow, depth to phreatic and aquifer groundwater head (red: more than 75 % of climate models show decrease,
blue: more than 75 % of climate models show increase). Bottom row: Trend agreement on climate change impact on seasonality
(max — min monthly values per year). Areas with marginal median changes (soil moisture < +/-0.5 %, streamflow < 0.98/1.02,
groundwater < +/-2 cm) are hatched. Same as Fig. 6, but for the mid-century period.
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Appendix C: Dry and wet severity
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Figure C 1: Severity change for moderate wet/drought events (>1/<-1) to the end-century period: Values are wet/drought severities
as percentage of the respective reference period values, as medians across the 17 climate models. Top row: Change of wet severity
during DJF (winter). Bottom row: Change of drought severity during JJA (summer). Equivalent to Fig. 9, but for droughts during
winter and wet conditions during summer instead.
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Figure C 2: Severity change for extreme wet/drought events (>2/<-2) to the end-century period: Values are wet/drought severities
as percentage of the respective reference period values, as medians across the 17 climate models. Top row: Change of wet severity
during DJF (winter). Bottom row: Change of drought severity during JJA (summer). Equivalent to Fig. 9, but for extreme instead
of moderate thresholds.
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Figure C 3: Severity change for extreme wet/drought events (>2/<-2) to the end-century period: Values are wet/drought severities
as percentage of the respective reference period values, as medians across the 17 climate models. Top row: Change of drought
severity during DJF (winter). Bottom row: Change of wet severity during JJA (summer). Equivalent to Fig. 9, but for droughts
during winter and wet conditions during summer, and for extreme instead of moderate thresholds.

Data availability

The climate change impacts described here on soil moisture, streamflow, and the depth to phreatic surface are openly
available via the Hydrologic Information and Prognosis System HIP hosted by Climate Data Agency (KDS) under

https://hip.dataforsyningen.dk/. The same applies to the bias-corrected climate models used as forcing of the hydrological

projections. Moreover, drought indices (in real-time) are shown on the same platform. The DK-model setup in the version

reported here can be accessed in a repository under https://dataverse.geus.dk/dataverse/DKmodelHIP. All python scripts

used to calculate the climate change impacts and drought indices, as well as the resulting data will be provided upon request

to the authors without undue reservation.

Author contributions

All authors contributed to the definition of the research aims. SST, IKS and RS developed the methods, with inputs from

640 LTR and JCR — building on a body of work of a larger group of people working on the DK-model. RS prepared plots and

33



645

650

655

660

665

https://doi.org/10.5194/egusphere-2026-1531
Preprint. Discussion started: 10 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

maps visualizing the results. The manuscript draft was written by RS, SST and IKS; all authors reviewed and edited the

manuscript. IKS was responsible for project administration during the current part of the work.

Competing interests

The authors declare that they have no conflict of interest.

Acknowledgements

The authors want to express their gratitude towards the entire team at GEUS that has been driving the development of the
DK-model throughout roughly three decades, acknowledging the large, accumulated effort that is represented in the DK-
model in general in its current stage, as well as in the climate projection runs. This includes, besides authors of this
manuscript, David Terpager Christiansen, Luc Taliesin Eisenbriickner, Jane Gotfredsen, Mark F.T. Hansen, Hans Jorgen
Henriksen, Klaus Hinsby, Anker Lajer Hojberg, Lisbeth F. Jargensen, Peter van der Keur, Jacob Kidmose, Julian Koch,
Seren Julsgaard Kragh, Jun Liu, Bertel Nilsson, Martin Molis, Maria Ondracek, Ernesto Pasten-Zapata, Per Rasmussen,
Mohsen Soltani, Torben Sonnenborg, Michael John van Til; though the list is not comprehensive. Moreover, we want to
thank the Danish Climate Data Agency (Klimadatastyrelsen KDS) for great support and cooperation throughout the years

while working on the HIP platform and related initiatives.

Financial support

The work presented in this manuscript was funded by the Danish research reserve 2025 (forskningsreserven) as part of an
effort to strengthen drought knowledge in Denmark (Styrket vidensgrundlag for terke). Further support was provided by the
Hydrological Information and Prognosis System (HIP) project, part of the Danish National Digitalisation Strategy 2022-
2025, headed by the Danish Climate Data Agency (Klimadatastyrelsen KDS).

References

Abbott, M. B., Bathurst, J. C., Cunge, J. A., O’Connell, P. E., and Rasmussen, J.: An introduction to the European
Hydrological System — Systeme Hydrologique Europeen, “SHE”, 1: History and philosophy of a physically-based,
distributed modelling system, Journal of Hydrology, 87, 45-59, https://doi.org/10.1016/0022-1694(86)90114-9, 1986.

Andersen, A. H., Andersen, L. T., Audet, J., Bach, E. O., Mgller Balling, 1., Hoyer Christensen, A.-S., Christiansen, D. T.,
Christiansen, D. A., Tirado Conde, J., Frederiksen, R. R., Giannini-Kurina, F., Gudbjerg, J., Hansen, B., Henri, C. V.,
Henriksen, E. S., Hermansen, N., Hoffmann, C. C., Iversen, B. V., Jacobsen, R., Jorgensen, M. S., Kim, H., Kjeldgaard, A.,
Koch, J., Kronvang, B., Larsen, S. E., Liu, J., Madsen, R. B., Mortensen, M. H., Motevalli, A., Muff, E., Ondracek, M.,

34



670

675

680

685

690

695

700

https://doi.org/10.5194/egusphere-2026-1531
Preprint. Discussion started: 10 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Petersen, R. J., Pugliese, L., Rosenkrantz, A., Sandersen, P., Schneider, R. J. M., Sonnenborg, T. O., Stisen, S., Segrensen, P.
B., Thorling, L., Tornbjerg, H., Troldborg, L., Uldall-Jessen, L., Voutchkova, D., Aamand, J., Molis, M., Martin, N. L., and
Falk, F. A.: National kvalstofmodel - version 2025 Udvikling af nye kvelstofretentionskort. Metoderapport, edited by:
Hajberg, A. L., Thodsen, H., and Bergesen, C. D., De Nationale Geologiske Undersogelser for Danmark og Grenland, 155
pp-, https://doi.org/10.22008/gpub/38954, 2025.

Arora, V. K., Lima, A., and Shrestha, R.: The effect of climate change on the simulated streamflow of six Canadian rivers
based on the CanRCM4 regional climate model, Hydrology and Earth System Sciences, 29, 291-312,
https://doi.org/10.5194/hess-29-291-2025, 2025.

Arvidsen, A. G., Andersen, T. B., Nielsen, O. F., Madsen, T. M., Westergaard, G. H., Kallesge, A. J., and Pallesen, T.:
Samling af geologiske modeller i Jylland: FOHM - Falles Offentlig Hydrologisk Model, 54 pp., 2020.

Bednar-Friedl, B., Biesbroek, R., Schmidt, D. N., Alexander, P., Borsheim, K. Y., Carnicer, J., Geogropoulou, E., Haasnoot,
M., Le Cozannet, G., Lionello, P., Lipka, O., Méllmann, C., Muccione, V., Mustonen, T., Piepenburg, D., and Whitmarsh,
L.: Europe, in: Climate Change 2022 — Impacts, Adaptation and Vulnerability: Working Group II Contribution to the Sixth
Assessment Report of the Intergovernmental Panel on Climate Change, edited by: Portner, H.-O., Roberts, D. C., Tignor, M.,
Poloczanska, E. S., Mintenbeck, K., Alegria, A., Craig, M., Langsdorf, S., Loschke, S., Méller, V., Okem, A., and Rama, B.,
Cambridge University Press, Cambridge University Press, Cambridge, UK and New York, NY, USA, 1817-1928,
https://doi.org/10.1017/9781009325844.015, 2022.

Bhuiyan, C., Singh, R. P., and Kogan, F. N.: Monitoring drought dynamics in the Aravalli region (India) using different
indices based on ground and remote sensing data, International Journal of Applied Earth Observation and Geoinformation, 8,
289-302, https://doi.org/10.1016/j.jag.2006.03.002, 2006.

Blicher-Mathiesen, G., Petersen, R. J., Holm, H., Houlborg, T., Rolighed, J., Andersen, H. E., Carstensen, M. V., Jensen, P.
G., Wienke, J., Hansen, B., and Thorling, L.: Landovervigningsoplande 2019. NOVANA, Aarhus Universitet, DCE —
Nationalt Center for Milje og Energi, 256 pp., 2021.

Blicher-Mathiesen, G., Larsen, S. E., Rasmussen, J. J., Thorsen, M., Seidenfaden, 1. K., Troldborg, L., Ondracek, M., ten
Damme, L., Andersen, M. N., Kratschmer, A. K., Lissner, E. S., Tornbjerg, H., and Thodsen, H.: Terkes betydning for
kvalstofudledning, vandfering og biologi i vandleb: Perspektiver for klimasikring og forvaltning af vores vandressourcer,
Aarhus University, DCE - Danish Centre for Environment and Energy, 2025.

Bloomfield, J. P. and Marchant, B. P.: Analysis of groundwater drought building on the standardised precipitation index
approach, Hydrology and Earth System Sciences, 17, 47694787, https://doi.org/10.5194/hess-17-4769-2013, 2013.

Boeing, F., Attinger, S., Wagener, T., Rakovec, O., Samaniego, L., Thober, S., Schlaak, J., Miiller, S., Teichmann, C.,
Kumar, R., and Marx, A.: Spatially and Seasonally Differentiated Response of Soil Moisture Droughts to Climate Change in
Germany, Earth’s Future, 13, e2024EF005495, https://doi.org/10.1029/2024EF005495, 2025.

Boargesen, C. D., Waagepetersen, J., Iversen, T. M., Grant, R., Jacobsen, B., and Elmbholt, S.: Midtvejsevaluering af
Vandmiljeplan III, 2009.

35



705

710

715

720

725

730

735

https://doi.org/10.5194/egusphere-2026-1531
Preprint. Discussion started: 10 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Broderick, C., Matthews, T., Wilby, R. L., Bastola, S., and Murphy, C.: Transferability of hydrological models and ensemble
averaging methods between contrasting climatic periods, Water Resources Research, 52, 8343-8373,
https://doi.org/10.1002/2016 WR018850, 2016.

Caretta, M. A., Mukherji, A., Arfanuzzaman, M., Betts, R. A., Gelfan, A., Hirabayashi, Y., Lissner, T. K., Liu, J., Lopez
Gunn, E., Morgan, R., Mwanga, S., and Supratid, S.: Water, in: Climate Change 2022: Impacts, Adaptation and
Vulnerability. Contribution of Working Group II to the Sixth Assessment Report of the Intergovernmental Panel on Climate
Change., edited by: Péttner, H.-O., Roverts, D. C., Tignor, M., Poloczanska, E. S., Mintenbeck, K., Alegria, A., Craig, M.,
Langsdorf, S., Loschke, S., Mdéller, V., Okem, A., and Rama, B., Cambridge University Press, Cambidge, Uk and New York,
NY, USA, 551-712, https://doi.org/10.1017/9781009325844.006, 2022.

Carrao, H., Russo, S., Sepulcre-Canto, G., and Barbosa, P.: An empirical standardized soil moisture index for agricultural
drought assessment from remotely sensed data, International Journal of Applied Earth Observation and Geoinformation, 48,
74-84, https://doi.org/10.1016/j.jag.2015.06.011, 2016.

Chan, S. S., Seidenfaden, I. K., Jensen, K. H., and Sonnenborg, T. O.: Climate change impacts and uncertainty on
spatiotemporal variations of drought indices for an irrigated catchment, Journal of Hydrology, 601,
https://doi.org/10.1016/j.jhydrol.2021.126814, 2021.

Colgan, W., Box, J. E., Ribeiro, S., and Kjeldsen, K. K.: Sea-level rise in Denmark: Bridging local reconstructions and
global projections, GEUS Bulletin, 43 SE-RE, https://doi.org/10.34194/GEUSB-201943-01-01, 2017.

Colgan, W., Henriksen, H. J., Bennike, O., Ribeiro, S., Keiding, M., Seidenfaden, 1. K., Graversgaard, M., Busck, A. G.,
Fruergaard, M., Knudsen, M. H., Hopper, J., Sonnenborg, T., Skjerbaek, M. R., Bjerk, A. A., Steffen, H., Tarasov, L.,
Nerem, R. S., and Kjeldsen, K. K.: Sea-level rise in Denmark: paleo context, recent projections and policy implications,
GEUS Bulletin, 49, 8315, https://doi.org/10.34194/geusb.v49.8315, 2022.

Dahal, D., Bhattarai, N., Silwal, A., Shrestha, S., Shrestha, B., Poudel, B., and Kalra, A.: A Review on Climate Change
Impacts on Freshwater Systems and Ecosystem Resilience, Water, 17, https://doi.org/10.3390/w17213052, 2025.

Dallaire, G., Poulin, A., Arsenault, R., and Brissette, F.: Uncertainty of potential evapotranspiration modelling in climate
change impact studies on low flows in North America, Hydrological Sciences Journal, 66, 689-702,
https://doi.org/10.1080/02626667.2021.1888955, 2021.

Dallison, R. J. H., Williams, A. P., Harris, I. M., and Patil, S. D.: Modelling the impact of future climate change on
streamflow and  water quality in  Wales, UK, Hydrological Sciences Journal, 67, 939-962,
https://doi.org/10.1080/02626667.2022.2044045, 2022.

Danapour, M., Fienen, M. N., Hgjberg, A. L., Jensen, K. H., and Stisen, S.: Multi-Constrained Catchment Scale
Optimization of Groundwater  Abstraction Using Linear Programming, Groundwater, 59, 503-516,
https://doi.org/10.1111/gwat.13083, 2021.

Danish Environmental Protection Agency: Forvaltning af fremtidens drikkevandsressource: Afrapportering af projekt under

Drikkevandsfonden 2022, Miljestyrelsen, 138 pp., 2023.

36



740

745

750

755

760

765

https://doi.org/10.5194/egusphere-2026-1531
Preprint. Discussion started: 10 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Danish Environmental Protection Agency and NIRAS: Forvaltning af fremtidens drikkevandsressource. Aktivitet 2:
Fremskrivning og kvalitative vurderinger af vandbehov, 66 pp., 2023.

Danmarks Statistik: Knaster sommer gav usedvanligt ringe host,
https://www.dst.dk/Site/Dst/Udgivelser/nyt/GetPdf.aspx?cid=28083, 2018.

Danmarks Statistik: Mindste kornhest siden terkearet i 2018, Nyt fra Danmarks Statistik, Danmarks Statistik, Copenhagen,
Denmark, 2023.

Denager, T., Christiansen, J. R., Schneider, R. J. M., Langen, P., Quistgaard, T., and Stisen, S.: Combined water table and
temperature dynamics control CO 2 emission estimates from drained peatlands under rewetting and climate change
scenarios, Biogeosciences, 23, 441462, https://doi.org/10.5194/bg-23-441-2026, 2026.

DHI: MIKE SHE - User Guide and Reference Manual, 2024.

Klimanormaler for Danmark: https://www.dmi.dk/vejrarkiv/normaler-danmark, last access: 9 October 2025.

Doherty, J. E.: PEST: Model-independent Parameter Estimation, Watermark Numerical Computing, 2002.

Douville, H., Raghavan, J., Renwick, J., Allan, R. P., Arias, P. A., Barlow, M., Cerezo-Mota, R., Cherchi, A., Gan, T. Y.,
Gergis, J., Jiang, D., Khan, A., Pokam Mba, W., Rosenfeld, D., Tierney, J., and Zolina, O.: Water Cycle Changes, in:
Climate Change 2021 — The Physical Science Basis, edited by: Masson-Delmotte, V., Zhai, P., Pirani, A., Connors, S. L.,
Péan, C., Berger, S., Caud, N., Chen, Y., Goldfarb, L., Gomis, M. 1., Huang, M., Leitzell, K., Lonnoy, E., Matthews, J. B. R.,
Maycock, T. K., Waterfield, T., Yelek¢i, O., Yu, R., and Zhou, B., Cambridge University Press, Cambridge, United
Kingdom and New York, USA, 1055-1210, https://doi.org/10.1017/9781009157896.010, 2023.

Eisner, S., Florke, M., Chamorro, A., Daggupati, P., Donnelly, C., Huang, J., Hundecha, Y., Koch, H., Kalugin, A.,
Krylenko, 1., Mishra, V., Piniewski, M., Samaniego, L., Seidou, O., Wallner, M., and Krysanova, V.: An ensemble analysis
of climate change impacts on streamflow seasonality across 11 large river basins, Climatic Change, 141, 401417,
https://doi.org/10.1007/s10584-016-1844-5, 2017.

Ford, C. M., Kendall, A. D., and Hyndman, D. W.: Effects of shifting snowmelt regimes on the hydrology of non-alpine
temperate landscapes, Journal of Hydrology, 590, 125517, https://doi.org/10.1016/j.jhydrol.2020.125517, 2020.

GEUS: National well database Jupiter, https://eng.geus.dk/products-services-facilities/data-and-maps/national-well-database-
jupiter, 2025.

Golgojan, A.-D., White, C. J., and Bertram, D.: Future impacts of river flow on hydropower generation in Great Britain,
Journal of Water and Climate Change, 15, 4840—4861, https://doi.org/10.2166/wcc.2024.355, 2024.

Grusson, Y., Wesstrom, 1., Svedberg, E., and Joel, A.: Influence of climate change on water partitioning in agricultural
watersheds: Examples from Sweden, Agricultural Water Management, 249, https://doi.org/10.1016/j.agwat.2021.106766,
2021.

Gupta, H. V., Kling, H., Yilmaz, K. K., and Martinez, G. F.: Decomposition of the mean squared error and NSE performance
criteria:  Implications for improving hydrological modelling, Journal of Hydrology, 377, 80-91,
https://doi.org/10.1016/j.jhydrol.2009.08.003, 2009.

37



770

775

780

785

790

795

800

https://doi.org/10.5194/egusphere-2026-1531
Preprint. Discussion started: 10 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Haberli, R., Schneider, R., Christensen, O. B., Thejll, P., Seidenfaden, I. K., and Kaas, E.: Projected seasonal changes in
meteorological and hydrological drought frequency and intensity in Denmark, 2026a.

Héberli, R., Christensen, O. B., Thejll, P., and Kaas, E.: Unprecedented extreme meteorological droughts simulated in
Fenno-Scandinavia with high-resolution climate models, Climate Dynamics, 64, https://doi.org/10.1007/s00382-026-08060-
z, 2026b.

Hannaford, J., Mackay, J. D., Ascott, M., Bell, V. A., Chitson, T., Cole, S., Counsell, C., Durant, M., Jackson, C. R., Kay, A.
L., Lane, R. A., Mansour, M., Moore, R., Parry, S., Rudd, A. C., Simpson, M., Facer-Childs, K., Turner, S., Wallbank, J. R.,
Wells, S., and Wilcox, A.: The enhanced future Flows and Groundwater dataset: development and evaluation of nationally
consistent hydrological projections based on UKCPI8, Earth System Science Data, 15, 2391-2415,
https://doi.org/10.5194/essd-15-2391-2023, 2023.

Henriksen, H. J., Troldborg, L., Nyegaard, P., Sonnenborg, T. O., Refsgaard, J. C., and Madsen, B.: Methodology for
construction, calibration and validation of a national hydrological model for Denmark, Journal of Hydrology, 280, 52—71,
https://doi.org/10.1016/S0022-1694(03)00186-0, 2003.

Henriksen, H. J., Schneider, R. J. M., Stisen, S., Refsgaard, A., Reinhold, M., and Boegh, E.: Transition of a national water
resources model to a flood risk model for Denmark, in: Nordic Hydrological Conference 2018, edited by: Alfredsen, K., Xu,
C.-Y., and Engeland, K., Norges vassdrags- og energidirektorat, 48, 2018.

Henriksen, H. J., Kragh, S. J., Gotfredsen, J., Ondracek, M., van Til, M., Jakobsen, A., Schneider, R. J. M., Koch, J.,
Troldborg, L., Rasmussen, P., Pasten-Zapata, E., and Stisen, S.. Dokumentationsrapport vedr. modelleverancer til
Hydrologisk Informations- og Prognosesystem, GEUS, https://doi.org/10.22008/gpub/38113, 2020.

Henriksen, H. J., Jakobsen, A., Pasten-Zapata, E., Troldborg, L., and Sonnenborg, T. O.: Assessing the impacts of climate
change on hydrological regimes and fish EQR in two Danish catchments, Journal of Hydrology: Regional Studies, 34,
100798, https://doi.org/10.1016/j.ejrh.2021.100798, 2021.

Henriksen, H. J., Schneider, R., Koch, J., Ondracek, M., Troldborg, L., Seidenfaden, I., Kragh, S., Begh, E., and Stisen, S.:
A New Digital Twin for Climate Change Adaptation, Water Management, and Disaster Risk Reduction (HIP Digital Twin),
Water, 15, 25, https://doi.org/10.3390/w15010025, 2022a.

Henriksen, H. J., Schneider, R. J. M., and Nilsson, B.: Analysis of drought indicators based on a national coupled
hydrological model. Identification of drought events, propagation of drought indices, aggregation level and illustration how
data from HIP realtime model can support vulnerability assessment for d, GEUS, 41 pp.,
https://doi.org/10.22008/gpub/34660, 2022b.

Henriksen, H. J., Troldborg, L., and Ondracek, M.: Model and Ensemble Indicator-Guided Assessment of Robust,
Exploitable Groundwater Resources for Denmark, Sustainability (Switzerland), 16, https://doi.org/10.3390/su16229861,
2024.

Her, Y., Yoo, S.-H., Cho, J., Hwang, S., Jeong, J., and Seong, C.: Uncertainty in hydrological analysis of climate change:
multi-parameter vs. multi-GCM ensemble predictions, Scientific Reports, 9, 4974, https://doi.org/10.1038/s41598-019-

38



805

810

815

820

825

830

835

https://doi.org/10.5194/egusphere-2026-1531
Preprint. Discussion started: 10 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

41334-7,2019.

Hisdal, H., Tallaksen, L. M., Gauster, T., Bloomfield, J. P., Parry, S., Prudhomme, C., and Wanders, N.: Chapter 5 -
Hydrological drought characteristics, in: Hydrological Drought (Second Edition), edited by: Tallaksen, L. M. and Van
Lanen, H. A. J., Elsevier B.V., 157-231, https://doi.org/10.1016/C2017-0-03464-X, 2023.

HOFOR: For vi leber tor for drikkevand,
https://hoformedia.dk/pdf/foer vi loeber toer for vand hvidbog 07.5 14.03 fd rev.pdf, 2025.

Hgjberg, A. L., Troldborg, L., Stisen, S., Christensen, B. B. S., and Henriksen, H. J.: Stakeholder driven update and
improvement of a national water resources model, Environmental Modelling and Software, 40, 202-213,
https://doi.org/10.1016/j.envsoft.2012.09.010, 2013.

Hughes, A., Mansour, M., Ward, R., Kieboom, N., Allen, S., Seccombe, D., Charlton, M., and Prudhomme, C.: The impact
of climate change on groundwater recharge: National-scale assessment for the British mainland, Journal of Hydrology, 598,
126336, https://doi.org/10.1016/j.jhydrol.2021.126336, 2021.

Intergovernmental Panel on Climate Change (IPCC): Climate Change 2007: The Physical Science Basis. Contribution of
Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change, IPCC Fourth
Assessment Report (AR4), Cambridge University Press, Cambridge, United Kingdom and New York, USA, 996 pp., 2007.
Intergovernmental Panel on Climate Change (IPCC): Climate Change 2013: The Physical Science Basis. Contribution of
Working Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change, IPCC Fifth Assessment
Report (ARS), Cambridge University Press, Cambridge, United Kingdom and New York, USA, 1535 pp., 2013.

Jacob, D., Petersen, J., Eggert, B., Alias, A., Christensen, O. B., Bouwer, L. M., Braun, A., Colette, A., Déqué, M.,
Georgievski, G., Georgopoulou, E., Gobiet, A., Menut, L., Nikulin, G., Haensler, A., Hempelmann, N., Jones, C., Keuler, K.,
Kovats, S., Kroner, N., Kotlarski, S., Kriegsmann, A., Martin, E., van Meijgaard, E., Moseley, C., Pfeifer, S., Preuschmann,
S., Radermacher, C., Radtke, K., Rechid, D., Rounsevell, M., Samuelsson, P., Somot, S., Soussana, J. F., Teichmann, C.,
Valentini, R., Vautard, R., Weber, B., and Yiou, P.. EURO-CORDEX: New high-resolution climate change projections for
European impact research, Regional Environmental Change, 14, 563—578, https://doi.org/10.1007/s10113-013-0499-2, 2014.
Jensbye, L. G., Hansen, H. O., Andersen, M. N., Greve, M. B., ten Damme, L., Greve, M. H., Bisgaard, L. R., and
Ostergaard, S.: Okonomiske konsekvenser ved terke i landbruget, Aarhus Universitet - DCA Nationalt Center for Fedevarer
og Jordbrug, 137 pp., 2025.

Jorgensen, L. F., Troldborg, L., Ondracek, M., Seidenfaden, I. K., Kidmose, J., Vangsgaard, C., Hinsby, K., and Jergensen,
L.F., Troldborg, L., Ondracek, M., Seidenfaden, I.K., Kidmose, J., Vangsgaard, C. and Hinsby, K.: Groundwater resilience,
security, and safety in the four largest cities in Denmark, Acque Sotterranee - Italian Journal of Groundwater, 13, 25-41,
https://doi.org/10.7343/as-2024-803, 2024.

Karlsson, I. B., Sonnenborg, T. O., Refsgaard, J. C., Trolle, D., Borgesen, C. D., Olesen, J. E., Jeppesen, E., and Jensen, K.
H.: Significance of hydrological model choice and land use changes when doing climate change impact assessment, in: EGU

General Assembly 2014, 1, 2014.

39



840

845

850

855

860

865

870

https://doi.org/10.5194/egusphere-2026-1531
Preprint. Discussion started: 10 June 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

Karlsson, 1. B., Sonnenborg, T. O., Seaby, L. P., Jensen, K. H., and Refsgaard, J. C.: Effect of a high-end CO2-emission
scenario on hydrology, Climate Research, 64, 39—54, https://doi.org/10.3354/cr01265, 2015.

Karlsson, I. B., Sonnenborg, T. O., Refsgaard, J. C., Trolle, D., Bargesen, C. D., Olesen, J. E., Jeppesen, E., and Jensen, K.
H.: Combined effects of climate models, hydrological model structures and land use scenarios on hydrological impacts of
climate change, Journal of Hydrology, 535, 301-317, https://doi.org/10.1016/j.jhydrol.2016.01.069, 2016.

Kay, A. L.: Simulation of river flow in Britain under climate change: Baseline performance and future seasonal changes,
Hydrological Processes, 35, e14137, https://doi.org/https://doi.org/10.1002/hyp.14137, 2021.

Kidmose, J., Refsgaard, J. C., Troldborg, L., Seaby, L. P., and Escriva, M. M.: Climate change impact on groundwater
levels: ensemble modelling of extreme values, Hydrology and Earth System Sciences, 17, 1619-1634,
https://doi.org/10.5194/hess-17-1619-2013, 2013.

Kim, J. H., Chung, E.-S., Song, J. Y., and Shahid, S.: Quantifying Uncertainty in Hydrological Drought Index Using
Calibrated SWAT Model, KSCE Journal of Civil Engineering, 28, 2066—2076, https://doi.org/10.1007/s12205-024-1029-0,
2024.

Koedyk, L. P. and Kingston, D. G.: Potential evapotranspiration method influence on climate change impacts on river flow:
a mid-latitude case study, 47, 951-963, https://doi.org/10.2166/nh.2016.152, 2016.

Konapala, G., Mishra, A. K., Wada, Y., and Mann, M. E.: Climate change will affect global water availability through
compounding changes in seasonal precipitation and evaporation, Nature Communications, 11, 3044,
https://doi.org/10.1038/s41467-020-16757-w, 2020.

Laimighofer, J. and Laaha, G.: How standard are standardized drought indices? Uncertainty components for the SPI &amp;
SPEI case, Journal of Hydrology, 613, 128385, https://doi.org/10.1016/j.jhydrol.2022.128385, 2022.

Lane, R. A., Coxon, G., Freer, J., Seibert, J., and Wagener, T.: A large-sample investigation into uncertain climate change
impacts on high flows across Great Britain, Hydrology and Earth System Sciences, 26, 5535-5554,
https://doi.org/10.5194/hess-26-5535-2022, 2022.

Lee, J.-Y., Marotzke, J., Bala, G., Cao, L., Corti, S., Dunne, J. P., Engelbrecht, F., Fischer, E., Fyfe, J. C., Jones, C.,
Maycock, A., Mutemi, J., Ndiaye, O., Panickal, S., and Zhou, T.: Future Global Climate: Scenario-Based Projections and
Near-Term Information, in: Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the
Sixth Assessment Report of the Intergovernmental Panel on Climate Change, edited by: Masson-Delmotte, V., P. Zhai, A.
Pirani, S.L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M.I. Gomis, M. Huang, K. Leitzell, E. Lonnoy,
J.B.R. Matthews, T.K. Maycock, T. Waterfield, O. Yelek¢i, R. Yu, and B. Z., Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA, 553-672, https://doi.org/10.1017/9781009157896.006, 2021.

Lemaitre-Basset, T., Oudin, L., Thirel, G., and Collet, L.: Unraveling the contribution of potential evaporation formulation to
uncertainty under climate change, Hydrology and Earth System Sciences, 26, 2147-2159, https://doi.org/10.5194/hess-26-
2147-2022, 2022.

Liu, J., Koch, J.,, Stisen, S., Troldborg, L., and Raphael, S.: Operational Flood Forecasting System in Denmark — Integrating

40



875

880

885

890

895

900

905

https://doi.org/10.5194/egusphere-2026-1531
Preprint. Discussion started: 10 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Groundwater and Surface-water, GEUS Bulletin, 62, https://doi.org/10.34194/5f80b592, 2026.

Lobanova, A., Liersch, S., Nunes, J. P., Didovets, ., Stagl, J., Huang, S., Koch, H., del Rocio Rivas Lopez, M., Maule, C. F.,
Hattermann, F., and Krysanova, V.: Hydrological impacts of moderate and high-end climate change across European river
basins, Journal of Hydrology: Regional Studies, 18, 15-30, https://doi.org/https://doi.org/10.1016/j.ejrh.2018.05.003, 2018.
Makkink, G. F.: Testing the Penman Formula by Means of Lysimeters, Journal of the Institution of Water Engineers &
Scientists, 11, 277-288, 1957.

Matte, D., Larsen, M. A. D., Christensen, O. B., and Christensen, J. H.: Robustness and Scalability of Regional Climate
Projections Over Europe, Frontiers in Environmental Science, 6, https://doi.org/10.3389/fenvs.2018.00163, 2019.

McKee, T. B., Doesken, N. J., and Kleist, J.: The relationship of drought frequency and duration to time scales, in:
Proceedings of the 8th Conference on Applied Climatology, 179—-183, 1993.

Meresa, H., Murphy, C., and Donegan, S. E.: Propagation and Characteristics of Hydrometeorological Drought Under
Changing Climate in Irish Catchments, Journal of Geophysical Research: Atmospheres, 128, €2022JD038025,
https://doi.org/10.1029/2022JD038025, 2023.

Motarjemi, S. K., Styczen, M. E., Petersen, R. J., Jensen, K. J. S., and Plauborg, F.: Effects of different drainage conditions
on nitrogen losses of an agricultural sandy loam soil, Journal of Environmental Management, 325, 116267,
https://doi.org/10.1016/j.jenvman.2022.116267, 2023.

Mourot, F. M., Irvine, D. J., Remenyi, T. A., Hutley, L. B., Crosbie, R. S., and Moore, C. R.: Producing Hydrological
Projections Under Climate Change: A Groundwater-Inclusive Practical Guide, Earth’s Future, 13, 1-44,
https://doi.org/10.1029/2025EF006316, 2025.

Murray, J., Ayers, J., and Brookfield, A.: The impact of climate change on monthly baseflow trends across Canada, Journal
of Hydrology, 618, 129254, https://doi.org/10.1016/j.jhydrol.2023.129254, 2023.

Nalbantis, I. and Tsakiris, G.: Assessment of hydrological drought revisited, Water Resources Management, 23, 881-897,
https://doi.org/10.1007/s11269-008-9305-1, 2009.

Nile, B. K., Al-Saadi, R. J. M., Abdulameer, L., Al Maimuri, N. M. L., and Al-Dujaili, A. N.: Climate Change Impacts on
River Hydraulics: A Global Synthesis of Hydrological Shifts, Ecological Consequences, and Adaptive Strategies, Water
Conservation Science and Engineering, 10, 48, https://doi.org/10.1007/s41101-025-00375-y, 2025.

Nygren, M., Giese, M., Klave, B., Haaf, E., Rossi, P. M., and Barthel, R.: Changes in seasonality of groundwater level
fluctuations in a temperate-cold climate transition zone, Journal of Hydrology X, 8, 100062,
https://doi.org/10.1016/j.hydroa.2020.100062, 2020.

Olesen, J. E., Bergesen, C. D., Hashemi, F., Jabloun, M., Bar-Michalczyk, D., Wachniew, P., Zurek, A. J., Bartosova, A.,
Bosshard, T., Hansen, A. L., and Refsgaard, J. C.: Nitrate leaching losses from two Baltic Sea catchments under scenarios of
changes in land use, land management and climate, Ambio, 48, 1252—1263, https://doi.org/10.1007/s13280-019-01254-2,
2019.

Olesen, S. E.: Kortlegning af potentielt dreningsbehov pé landbrugsarealer opdelt efter landskabselement, geologi,

41



910

915

920

925

930

935

https://doi.org/10.5194/egusphere-2026-1531
Preprint. Discussion started: 10 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

jordklasse, geologisk region samt hgj/lavbund, 30 pp., 2009.

Oudin, L., Hervieu, F., Michel, C., Perrin, C., Andréassian, V., Anctil, F., and Loumagne, C..: Which potential
evapotranspiration input for a lumped rainfall-runoff model? Part 2 - Towards a simple and efficient potential
evapotranspiration ~ model  for  rainfall-runoff — modelling, Journal of  Hydrology, 303, 290-306,
https://doi.org/10.1016/j.jhydrol.2004.08.026, 2005.

Parry, S., MacKay, J. D., Chitson, T., Hannaford, J., Magee, E., Tanguy, M., Bell, V. A., Facer-Childs, K., Kay, A., Lane,
R., Moore, R. J., Turner, S., and Wallbank, J.: Divergent future drought projections in UK river flows and groundwater
levels, Hydrology and Earth System Sciences, 28, 417—440, https://doi.org/10.5194/hess-28-417-2024, 2024.

Pasten-Zapata, E., Sonnenborg, T. O., and Refsgaard, J. C.: Climate change: Sources of uncertainty in precipitation and
temperature projections for Denmark, GEUS Bulletin, 43, €2019430102-01, https://doi.org/10.34194/GEUSB-201943-01-
02, 2019.

Piani, C., Haerter, J. O., and Coppola, E.: Statistical bias correction for daily precipitation in regional climate models over
Europe, Theoretical and Applied Climatology, 99, 187—192, https://doi.org/10.1007/S00704-009-0134-9, 2010.

Poschlod, B., Willkofer, F., and Ludwig, R.: Impact of climate change on the hydrological regimes in Bavaria, Water, 12,
https://doi.org/10.3390/w12061599, 2020.

Raij-Hoffman, 1., Dahan, O., Dahlke, H. E., Harter, T., and Kisekka, I.: Assessing Nitrate Leaching During Drought and
Extreme Precipitation: Exploring Deep Vadose-Zone Monitoring, Groundwater Observations, and Field Mass Balance,
Water Resources Research, 60, e2024WR037973, https://doi.org/10.1029/2024WR 037973, 2024.

Randall, M. T., Troldborg, L., Refsgaard, J. C., and Kidmose, J. B.: Assessing urban groundwater table response to climate
change and increased stormwater infiltration, GEUS Bulletin, 28, 33-36, https://doi.org/10.34194/geusb.v28.4715, 2013.
Rasmussen, P., Kidmose, J., Kallesge, A. J., Sandersen, P. B. E., Schneider, R., and Sonnenborg, T. O.: Evaluation of
adaptation measures to counteract rising groundwater levels in urban areas in response to climate change, Hydrogeology
Journal, 31, 35-52, https://doi.org/10.1007/s10040-022-02573-7, 2023.

Rebelo, A. J., Glenday, J., Holden, P. B., Gokool, S., Gwapedza, D., Metho, P., and Tanner, J.: Structural differences across
hydrological models affect certainty of predictions of nature-based solution benefits, Ecological Modelling, 501, 110940,
https://doi.org/10.1016/j.ecolmodel.2024.110940, 2025.

Refsgaard, J. C., Arnbjerg-Nielsen, K., Drews, M., Halsnes, K., Jeppesen, E., Madsen, H., Markandya, A., Olesen, J. E.,
Porter, J. R., and Christensen, J. H.: The role of uncertainty in climate change adaptation strategies — A Danish water
management example, Mitigation and  Adaptation  Strategies for  Global Change, 18, 337-359,
https://doi.org/10.1007/s11027-012-9366-6, 2013.

Refsgaard, J. C., Sonnenborg, T. O., Butts, M. B., Christensen, J. H., Christensen, S., Drews, M., Jensen, K. H., Jorgensen,
F., Jorgensen, L. F., Larsen, M. A. D., Rasmussen, S. H., Seaby, L. P., Seifert, D., and Vilhelmsen, T. N.: Climate change
impacts on groundwater hydrology — where are the main uncertainties and can they be reduced?, Hydrological Sciences

Journal, 61, 2312-2324, https://doi.org/10.1080/02626667.2015.1131899, 2016.

42



940

945

950

955

960

965

970

https://doi.org/10.5194/egusphere-2026-1531
Preprint. Discussion started: 10 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

van Roosmalen, L., Christensen, B. S. B., and Sonnenborg, T. O.: Regional Differences in Climate Change Impacts on
Groundwater and Stream Discharge in Denmark, Vadose Zone Journal, 6, 554—571, https://doi.org/10.2136/vzj2006.0093,
2007.

van Roosmalen, L., Sonnenborg, T. O., and Jensen, K. H.: Impact of climate and land use change on the hydrology of a
large-scale agricultural catchment, Water Resources Research, 45, 1-18, https://doi.org/10.1029/2007WR006760, 2009.

van Roosmalen, L., Christensen, J. H., Butts, M. B., Jensen, K. H., and Refsgaard, J. C.: An intercomparison of regional
climate model data for hydrological impact studies in Denmark, Journal of hydrology, 380, 406-419,
https://doi.org/https://doi.org/10.1016/j.jhydrol.2009.11.014, 2010.

Rottler, E., Bronstert, A., Biirger, G., and Rakovec, O.: Projected changes in Rhine River flood seasonality under global
warming, Hydrology and Earth System Sciences, 25, 2353-2371, https://doi.org/10.5194/hess-25-2353-2021, 2021.
Ruosteenoja, K., Markkanen, T., and Rdéisénen, J.: Thermal seasons in northern Europe in projected future climate,
International Journal of Climatology, 40, 4444—4462, https://doi.org/https://doi.org/10.1002/joc.6466, 2020.

Rusli, S. R., Bense, V. F., Mustafa, S. M. T., and Weerts, A. H.: The impact of future changes in climate variables and
groundwater abstraction on basin-scale groundwater availability, Hydrology and Earth System Sciences, 28, 51075131,
https://doi.org/10.5194/hess-28-5107-2024, 2024.

Sanderson, M. G., Wiltshire, A. J., and Betts, R. A.: Projected changes in water availability in the United Kingdom, Water
Resources Research, 48, https://doi.org/https://doi.org/10.1029/2012WRO011881, 2012.

Schack Pedersen, S. A., Gravesen, P., and Hinsby, K.: Chalk-glacitectonite, an important lithology in former glaciated
terrains covering chalk and limestone bedrock, Geological Survey of Denmark and Greenland Bulletin, 41, 21-24,
https://doi.org/10.34194/geusb.v41.4333, 2018.

Scharling, M.: Klimagrid Danmark - Nedber, lufttemperatur og potentiel fordampning 20X20 & 40x40 km -
Metodebeskrivelse, Danish Meteorological Institute, 1999a.

Scharling, M.: Klimagrid Danmark Nedber 10x10 km (ver. 2) - Metodebeskrivelse, Danish Meteorological Institute, 1999b.
Scharling, M.: Sammenligning af potentiel fordampning beregnet ud fra Makkinks formel og den modificerede Penman
formel, Danish Meteorological Institute, 2001.

Scharling, M. and Kern-Hansen, C.: Climate Grid Denmark - Dataset for use in research and education, DMI Technical
Report, DMI, Copenhagen, Denmark, 12 pp., 2012.

Schneider, R., Henriksen, H. J., and Stisen, S.: A robust objective function for calibration of groundwater models in light of
deficiencies of model structure and observations, Journal of Hydrology, 613, 128339,
https://doi.org/10.1016/j.jhydrol.2022.128339, 2022a.

Schneider, R., Stisen, S., and Hgjberg, A. L.: Hunting for Information in Streamflow Signatures to Improve Modelled
Drainage, Water, 14, 110, https://doi.org/10.3390/w14010110, 2022b.

Schneider, R., Koch, J., Troldborg, L., Henriksen, H. J., and Stisen, S.: Machine-learning-based downscaling of modelled
climate change impacts on groundwater table depth, Hydrology and Earth System Sciences, 26, 5859-5877,

43



975

980

985

990

995

1000

1005

https://doi.org/10.5194/egusphere-2026-1531
Preprint. Discussion started: 10 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

https://doi.org/10.5194/hess-26-5859-2022, 2022c.

Schneider, R., Stisen, S., Hansen, M. F. T., Andreasen, M., Nilsson, B., Hinsby, K., Henriksen, H. J., and Seidenfaden, I. K.:
Drought dynamics across the hydrological cycle -- an extensive validation of the National Hydrological Model of Denmark,
EGUsphere, 2025, 1-53, https://doi.org/10.5194/egusphere-2025-5373, 2025.

Seaby, L. P., Refsgaard, J. C., Sonnenborg, T. O., Stisen, S., Christensen, J. H., and Jensen, K. H.: Assessment of robustness
and significance of climate change signals for an ensemble of distribution-based scaled climate projections, Journal of
hydrology, 486, 479493, 2013.

Sechu, G. L., Nilsson, B., Iversen, B. V, Mgller, A. B., Greve, M. B., Troldborg, L., and Greve, M. H.: Mapping
groundwater-surface water interactions on a national scale for the stream network in Denmark, Journal of Hydrology:
Regional Studies, 40, 101015, https://doi.org/10.1016/j.ejrh.2022.101015, 2022.

Seidenfaden, 1. K., Sonnenborg, T. O., Stisen, S., and Kidmose, J.: Quantification of climate change sensitivity of shallow
and deep groundwater in  Denmark, Journal of Hydrology: Regional Studies, 41, 101100,
https://doi.org/10.1016/j.ejrh.2022.101100, 2022.

Seidenfaden, I. K., Schneider, R., Nilsson, B., Koch, J., Troldborg, L., Hinsby, K., Hansen, M. F. T., Martin, N., Andreasen,
M., Hojberg, A. L., Ondracek, M., and Stisen, S.: Hydrologisk Terke. Temarapport 2 i det tveerorganisatoriske samarbejde
“Styrket vidensgrundlag for terke” mellem KDS, GEUS og DMI, GEUS, 127 pp., https://doi.org/10.22008/gpub/34762,
2025.

Sen, Z.: Reservoirs for Water Supply Under Climate Change Impact—A Review, Water Resources Management, 35, 3827—
3843, https://doi.org/10.1007/s11269-021-02925-0, 2021.

Sonnenborg, T. O., Seifert, D., and Refsgaard, J. C.: Climate model uncertainty versus conceptual geological uncertainty in
hydrological modeling, Hydrology and Earth System Sciences, 19, 3891-3901, https://doi.org/10.5194/hess-19-3891-2015,
2015.

Stisen, S., Hojberg, A. L., Troldborg, L., Refsgaard, J. C., Christensen, B. S. B., Olsen, M., and Henriksen, H. J.: On the
importance of appropriate precipitation gauge catch correction for hydrological modelling at mid to high latitudes,
Hydrology and Earth System Sciences, 16, 41574176, https://doi.org/10.5194/hess-16-4157-2012, 2012.

Stisen, S., Ondracek, M., Troldborg, L., Schneider, R. J. M., and van Til, M. J.: National Vandressource Model -
Modelopstilling og kalibrering af DK-model 2019, GEUS, 127 pp., https://doi.org/10.22008/gpub/32631, 2019.

Teutschbein, C. and Seibert, J.: Is bias correction of regional climate model (RCM) simulations possible for non-stationary
conditions?, Hydrology and Earth System Sciences, 17, 5061-5077, https://doi.org/10.5194/hess-17-5061-2013, 2013.
Thejll, P., Boberg, F., Schmith, T., Christiansen, B., Christensen, O. B., Madsen, M. S., Su, J., Andree, E., Olsen, S., Langen,
P. L., Skovgaard, K. M., Olesen, M., Pedersen, R. A., and Payne, M. R.: Methods used in the Danish Climate Atlas, Danish
Meteorological Institute, 67 pp., 2021.

Thirel, G., Andréassian, V., and Perrin, C.: On the need to test hydrological models under changing conditions, Hydrological

Sciences Journal, 60, 1165—1173, https://doi.org/10.1080/02626667.2015.1050027, 2015.

44



1010

1015

1020

1025

1030

1035

1040

https://doi.org/10.5194/egusphere-2026-1531
Preprint. Discussion started: 10 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Thompson, J. R., Clilverd, H. M., Zheng, J., Iravani, H., Sayer, C. D., Heppell, C. M., and Axmacher, J. C.: Revisiting
hydro-ecological impacts of climate change on a restored floodplain wetland via hydrological / hydraulic modelling and the
UK Climate Projections 2018 scenarios, Springer Netherlands, 1-44 pp., https://doi.org/10.1007/s13157-023-01708-0, 2023.
Thorling, L., Albers, C. N., Hansen, B. G., Kidmose, J., Johnsen, A. R., Mortensen, M. H., Troldborg, L., and Voutchkova,
D.: Grundvandsovervéagning Status og udvikling 1989 — 2024, GEUS, 175 pp., https://doi.org/10.22008/gpub/38957, 2024.
Tian, L. X., Zhang, Y. C., Chen, P. L., Zhang, F. F., Li, J., Yan, F., Dong, Y., and Feng, B. L.: How Does the Waterlogging
Regime Affect Crop Yield? A Global Meta-Analysis, Frontiers in Plant Science, 12, 634898,
https://doi.org/10.3389/fpls.2021.634898, 2021.

Tootoonchi, F., Bergkvist, G., and Vico, G.: Warmer growing seasons improve cereal yields in Northern Europe only with
increasing precipitation, https://doi.org/10.5194/egusphere-2025-1982, 4 June 2025.

Vansteenkiste, T., Tavakoli, M., Ntegeka, V., De Smedt, F., Batelaan, O., Pereira, F., and Willems, P.: Intercomparison of
hydrological model structures and calibration approaches in climate scenario impact projections, Journal of Hydrology, 519,
743755, https://doi.org/10.1016/j.jhydrol.2014.07.062, 2014.

Vergnes, J.-P., Caballero, Y., and Lanini, S.: Assessing climate change impact on French groundwater resources using a
spatially distributed hydrogeological model, Hydrological Sciences Journal,
https://doi.org/10.1080/02626667.2022.2150553, 2023.

Vicente-Serrano, S. M., Begueria, S., and Lopez-Moreno, J. I.: A multiscalar drought index sensitive to global warming: The
standardized precipitation evapotranspiration index, Journal of Climate, 23, 16961718,
https://doi.org/10.1175/2009JCL12909.1, 2010.

Wada, Y., Wisser, D., Eisner, S., Florke, M., Gerten, D., Haddeland, 1., Hanasaki, N., Masaki, Y., Portmann, F. T., Stacke,
T., Tessler, Z., and Schewe, J.: Multimodel projections and uncertainties of irrigation water demand under climate change,
Geophysical Research Letters, 40, 4626—4632, https://doi.org/10.1002/grl.50686, 2013.

van der Wiel, K., Batelaan, T. J., and Wanders, N.: Large increases of multi-year droughts in north-western Europe in a
warmer climate, Climate Dynamics, https://doi.org/10.1007/s00382-022-06373-3, 2022.

Williamson, T. N., Nystrom, E. A., and Milly, P. C. D.: Sensitivity of the projected hydroclimatic environment of the
Delaware River basin to formulation of potential evapotranspiration, Climatic = Change, 215-228,
https://doi.org/10.1007/s10584-016-1782-2, 2016.

Wiréhn, L.: Nordic agriculture under climate change: A systematic review of challenges, opportunities and adaptation
strategies for crop production, Land Use Policy, 77, 63—74, https://doi.org/https://doi.org/10.1016/j.landusepol.2018.04.059,
2018.

Zandersen, M., Hyytidinen, K., Meier, H. E. M., Tomczak, M. T., Bauer, B., Haapasaari, P. E., Olesen, J. E., Gustafsson, B.
G., Refsgaard, J. C., Fridell, E., Pihlainen, S., Le Tissier, M. D. A., Kosenius, A.-K., and Van Vuuren, D. P.: Shared socio-
economic pathways extended for the Baltic Sea: exploring long-term environmental problems, Regional Environmental

Change, 19, 1073—-1086, https://doi.org/10.1007/s10113-018-1453-0, 2019.

45



