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Abstract15

Global studies tend to project fewer droughts in temperate and cold climates,16

where detecting and characterising droughts remains methodologically challeng-17

ing. We use Denmark as a test-case to investigate the validity of these global18

projections which often rely on methods that overlook Denmark’s pronounced19

seasonal drought patterns and heterogeneous geography. To address this, we20

propose a stepwise methodology when investigating droughts in temperate and21

cold climates. We calculate drought indices tailored to the climatic conditions22

and apply one coherent, multi-threshold method for consistent comparison of23

drought characteristics across meteorological, soil moisture and hydrological com-24

partments. Using bias-adjusted regional climate projections from Klimaatlas, the25

Danish Climate Atlas, together with simulations from the National Hydrological26

Model of Denmark, we assess how drought frequency and intensity may evolve27

by the end of the 21st century.28

Although the overall climate is projected to become wetter, our methodology dis-29

covers a concurrent increase in extreme drought events. The projections reveal30

a robust increase in frequency and intensity of summer meteorological droughts,31

due to shifting precipitation patterns and increased evapotranspiration. The32
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hydrological responses show strong spatial variability. While most catchments33

and aquifers are projected to experience fewer streamflow and groundwa-34

ter droughts, certain areas still expect more frequent hydrological drought35

conditions. Overall, shifting meteorological drought patterns do not translate36

uniformly into hydrological droughts, with some regions facing simultaneous37

increases in both meteorological and groundwater drought. The methodologi-38

cal framework presented here provides a transferable approach for capturing39

seasonal dynamics, varying drought intensities, and cross-compartment compar-40

isons, improving the interpretation of future drought risks in similarly complex41

hydro-climatic regions.42

Keywords: meteorological drought, hydrological drought, climate projections,43

drought indices, temperate climate hydrology, Denmark44

1 Introduction45

Most of Scandinavia has seen droughts in 2018, 2022 and 2023 which increased the46

effort to better understand future drought conditions in Northern Europe. These47

droughts have had severe impacts on agriculture, ecosystems, building structure and48

more (Henriksen et al. 2022; Bakke et al. 2020). In the spring of 2018, a precipita-49

tion deficit combined with a very warm and sunny period led to a severe drought in50

soil moisture and streamflow, but had less severe effects on the groundwater, due to51

buffering effects from the preceding wet winter (Henriksen et al. 2022). This highlights52

the need for a more direct interdisciplinary approach considering both meteorological,53

soil moisture and hydrological drought.54

To get an overview over the current knowledge, we first look at the latest IPCC55

report (Seneviratne et al. 2021). There, chapter 11 projects with medium confidence56

a decrease of drought frequency and severity in Northern Europe, based on the fol-57

lowing studies (Touma et al. 2015; Spinoni et al. 2020; Vicente-Serrano et al. 2020).58

Further similar studies from a global perspective also project more precipitation in59

the future with fewer droughts (Ionita et al. 2022; Balting et al. 2021; Naumann60

et al. 2018; Toreti et al. 2024; Wang et al. 2021). Other regions, where global stud-61

ies suggest decreasing future drought levels similarly to Northern Europe are: Alaska,62

Canada–Greenland–Iceland, Northern Asia and Southeast Asia (Spinoni et al. 2020).63

Regional studies focusing on Northern Europe hint at the possibility of a more nuanced64

drought response (Chan et al. 2021; Karlsson et al. 2015; Häberli et al. 2026). However,65

the small number of regional drought studies hampers confidence in assessments of66

future drought frequency. This apparent discrepancy between global and local drought67

studies highlights the need for further investigation.68

To better understand the discrepancy between global and local studies, we list69

some of the methodological problems the previously mentioned global studies face in70

the Nordic climate. Touma et al. (2015) uses 6-month accumulated data, not capturing71

some parts of the seasonality of the region due to the long accumulation period.72

Further, they actually show an increase in both SPI and SPEI drought events by the73

end of the century, the opposite of what the IPCC report claimed. Spinoni et al. (2020)74
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uses 12-month accumulated data, not capturing any seasonality as the well-established75

projected increase in winter precipitation drowns out any summer variability. Vicente-76

Serrano et al. (2020) uses a more suitable methodology for the local climate but77

only presents changes in average SPI and SPEI values, not capturing any signal in78

the drought frequency. Ionita et al. (2022) also focusses on long-term drought and79

uses annual accumulated SPEI. Balting et al. (2021) uses 6-month accumulated SPEI80

for JJA, which introduces a wetting through the inclusion of the winter and spring81

months which are projected to become wetter. Naumann et al. (2018) mentions that82

Northern Europe faces short drought events, nevertheless they base their results on83

12-month accumulated SPEI. Wang et al. (2021) uses 6-month accumulated SPI and84

SPEI and does not take seasonality into account. While these studies provide valuable85

insights into global drought changes, we demonstrated the need for a better suited86

methodology for drought analysis in Northern Europe. In this study, we present a87

new six-step methodology to better analyse future drought projections, shown with88

national-scale data of Denmark.89

Improved drought analysis in regions with uncertain drought projections should if90

possible include the following points.91

1. Use high-resolution model ensembles to account for spatial heterogeneity.92

2. Bias-adjust the model output to increase trust in the findings.93

3. Include hydrological models to represent hydrological variables more accurately and94

at a higher resolution.95

4. Calculate drought indices for all hydrological compartments (atmosphere, surface,96

groundwater, etc.).97

5. Take seasonality into account.98

6. Investigate both changes in drought frequency and intensity.99

Our study shows how these points can effectively be applied to Denmark as a test-100

case. Denmark is well suited for such a study, as it has a heterogeneous geography and101

geology at small scale, and it is located between the drying mainland Europe and a102

wetter future Scandinavia. Furthermore, Danish winters are projected to, on average,103

become even wetter with climate change, while summer precipitation is projected to104

remain similar to today (Seidenfaden et al. 2022). This makes the methodologies in105

the previously mentioned global studies especially unsuitable for drought research in106

this region.107

In this study we start from climate projections from Klimaatlas, the Danish Cli-108

mate Atlas (DMI 2024a). Klimaatlas builds on the EURO-CORDEX ensemble (Jacob109

et al. 2014), downscaled and bias-adjusted against local measurements. We supple-110

ment the meteorological data with hydrological projections, simulated using a subset111

of the EURO-CORDEX data by the Geological Survey of Denmark and Greenland112

(GEUS) in their National Hydrological Model of Denmark (DK-model) (Stisen et al.113

2020) and the indices calculated by Schneider et al. (2026b).114

Our results present drought frequency changes for every month of the year, which115

is essential in temperate regions where seasonal contrasts can be extreme. For exam-116

ple, in 2023, Denmark had a very dry spring yet recorded the wettest year since 1874,117

rendering annual indices like SPI-12 unreliable (Toreti et al. 2023; Rubek 2024). The118
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results were obtained using the drought multi-threshold method, which was specif-119

ically created to work for any standardised drought index and improve comparison120

between indices (Häberli et al. 2026). Further, the method allows comparing multi-121

ple drought intensities for all water compartments using the same analysis. Together,122

these elements form a transferable framework for drought projection analysis in hydro-123

climatically complex regions, while delivering a comprehensive assessment of future124

drought conditions in Denmark from precipitation deficits to groundwater.125

2 Methods126

2.1 Study area127

Denmark is a low-lying country in northwestern Europe located between approxi-128

mately 54–58◦ N and 8–15◦ E, see Fig. 1, and bordered by the North Sea to the west129

and the Baltic Sea to the east. This leads to a complex and variable coastline, which130

is impossible to reproduce in low-resolution climate models. The region is charac-131

terised by a temperate maritime climate, influenced by prevailing westerlies, relatively132

small seasonal temperature and precipitation amplitudes, and a pronounced land–sea133

interaction.134

Fig. 1 The largest regions and islands of Denmark, highlighting the areas with irrigation in the DK-
model. The inset map shows the location of Denmark in Europe.

Hydrologically, Denmark is dominated by shallow groundwater systems, small135

river catchments, and permeable Quaternary deposits, with strong spatial variabil-136

ity between sandy and loamy soils and a heterogeneous geology (Greve et al. 2007;137

Sandersen and Jørgensen 2017). Interactions between surface water and groundwa-138

ter are therefore strong, in particular in the sandy areas (Duque et al. 2023). Thus,139
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hydrological droughts often reflect cumulative anomalies in both precipitation and140

evapotranspiration rather than short-term meteorological deficits. Irrigation in Den-141

mark is predominantly found in western Jutland, see Fig. 1, with few irrigation wells142

elsewhere (Stisen et al. 2020).143

Concerning climate change, Denmark constitutes a climatic and hydrological tran-144

sition zone between Southern and Northern Europe. Projected climate-change signals145

differ significantly both in magnitude and seasonality thus uncertainties are high146

(Matte et al. 2019). According to the latest IPCC AR6 WG1 assessment, Northern147

Europe is projected to experience increases in annual precipitation and runoff, while148

large parts of Southern Europe are projected to face decreasing precipitation and149

enhanced drought risk (Douville et al. 2021; Gutiérrez et al. 2021). Denmark is inter-150

esting in this context because it is located close to the boundary between these regimes151

(Spinoni et al. 2015). Observational and model-based analyses from e.g. Klimaatlas,152

described in more detail in the next section, indicate increasing winter precipitation153

and runoff. Summer precipitation changes are weaker and more uncertain, with a154

tendency towards increased interannual variability (compare Fig. 2 and Table A1).155

Potential evapotranspiration (PET) was calculated with three different methods, a156

radiation-based method (Makkink 1957) and two temperature-based methods (Har-157

greaves and Samani 1982; Oudin et al. 2005). All methods project PET to increase158

throughout the 21st century, although the magnitude of this increase depends on the159

formulation used.160

2.2 Data161

We use data from two sources: Klimaatlas, the Danish Climate Atlas, and the National162

Hydrological Model of Denmark (DK-model). An overview between datasets is given163

in Table 1.164

Table 1 Overview over the datasets used in this study. The indices are described in Table 3.

Klimaatlas DK-model

PET method Makkink Oudin

Calibration method

Regridded to CORDEX grid,

bias cadjusted using quantile-quantile matching

Distribution-based scaling approach,

undercatch-corrected precipitation

Nr. of simulations

27 RCP2.6
22 RCP4.5
72 RCP8.5

5 RCP4.5
17 RCP8.5

Indices calculated SPI, SPEI

ESSMI, SDI,

SGDIshallow, SGDIdeep
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(c) Summer (JJA)
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Fig. 2 Seasonal Klimaatlas ensemble median for precipitation and potential evapotranspiration
(PET), 10-year running mean. High precipitation dominates the water balance in winter and autumn,
while spring and summer see higher PET, increasing towards the end of the 21st century.

2.2.1 Klimaatlas165

Klimaatlas is a project providing quality climate information and data for Denmark166

based on regional climate models coupled with observations (DMI 2024a). Klimaatlas167

provides variables such as precipitation, temperature, evapotranspiration, and sea-level168

on national, region or municipality level with the possibility of using daily 12 km or169

1 km gridded data. Since drought is a large scale phenomenon, we used the 12 km data.170

A test with the downscaled 1 km data showed little change. Klimaatlas is meant as a171

tool to investigate future risk to prepare for a changing climate. Danish municipalities172

and organisations have so far used this information for amongst others flood prepared-173

ness, addressing sea-level rise and securing buildings (DMI 2026b). However, only few174

of the 98 municipalities have concrete drought adaptation measures in progress (Lind175

and Hansen 2024). Many municipalities stress the need for further research into future176

drought levels before they can make concrete plans.177
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The data in Klimaatlas was created by bias-adjusting the original model data178

from EURO-CORDEX using observational data with the quantile-quantile matching179

method and extreme value analysis (DMI 2024b). This makes Klimaatlas the most180

reliable high-resolution dataset for future climate projections in Denmark. Almost all181

EURO-CORDEX models were selected, with an overview given in Table 2 and (DMI182

2024b). In total, we use 27 RCP2.6 scenarios (lowest greenhouse gas concentration)183

(Moss et al. 2010), 22 RCP4.5 scenarios and 72 RCP8.5 scenarios (highest greenhouse184

gas concentration) from Klimaatlas v2024b. Two RCP8.5 scenarios were missing daily185

minimum and maximum temperature and could not be used for certain calculations.186

We use the Klimaatlas data to calculate the meteorological drought indices described187

in the next section.188

While Klimaatlas provides data for multiple meteorological variables, it does189

not deliver information on surface and subsurface variables such as streamflow and190

groundwater levels. Therefore, Klimaatlas recommends combining its data with local191

knowledge to understand e.g. impacts of future droughts (DMI 2026a). In our case we192

combine the meteorological data for Denmark with specific hydrological modelling.193

Table 2 Overview over the climate simulations used in this study. The numbers show how many simulations
were used for each GCM+RCM combination in Klimaatlas / the DK-Model, no slash indicates no simulations in
the DK-model. One example how to read this table is KNMI-RACMO22E driven by ICHEC-EC-EARTH, there
were 6 simulations in Klimaatlas and 2 in the DK-Model. In Klimaatlas, the scenarios used were RCP2.6 (one
spinup version), RCP4.5 (two different spinup versions) and RCP8.5 (three different spinup versions). Two of
these RCP8.5 scenarios were used to force the DK-model.
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2
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S
M
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R
C
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U
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R
F
3
6
1
H

CCCma-CanESM2 1 0 0 0 1 / 1 0 0 0 0 0 0 0
CNRM-CERFACS-CNRM-CM5 0 / 1 1 2 1 2 1 1 3 1 0 0 0
ICHEC-EC-EARTH 3 3 0 5 / 2 3 1 1 6 / 2 2 0 5 / 1 2
IPSL-IPSL-CM5A-MR 0 0 0 1 1 0 2 1 0 0 2 / 2 0
MIROC-MIROC5 2 0 0 0 2 / 1 0 0 0 0 0 0 1
MOHC-HadGEM2-ES 2 / 1 1 1 3 / 1 3 / 1 2 1 3 / 2 2 0 3 / 1 1
MPI-M-MPI-ESM-LR 3 3 0 1 1 2 1 2 1 6 / 4 5 / 1 2
NCC-NorESM1-M 0 1 0 2 / 1 3 2 1 2 1 0 3 0
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2.2.2 DK-model194

The National Hydrological Model of Denmark (DK-model) is a distributed, integrated195

surface water–groundwater model covering most of Denmark’s land area. It is set up196

in the MIKE SHE model code (Abbott et al. 1986; DHI 2024), and couples a 3D finite197

difference description of groundwater flow to a 2D description of overland flow, as well198

as a simple routing of streamflow and a 1D representation of root zone processes. It is a199

transient hydrological model, forced by gridded, daily observational climate data from200

DMI (Scharling 1999a,b). Automatic model calibration is performed against various201

observations of streamflow and groundwater heads (Schneider et al. 2022b,a).202

Its development over the last three decades (Henriksen 2001; Henriksen et al. 2003,203

2021; Højberg et al. 2013; Stisen et al. 2020) has been driven both by projects from204

the public sector and research funds. In different versions, it has served as the basis for205

water resource assessments (Henriksen et al. 2024), nutrient transport studies (Højberg206

et al. 2025), the estimation of groundwater age and travel time (Musy et al. 2023), or207

for hydrological monitoring and early warning (Henriksen et al. 2018; Liu et al. 2026)208

as well as climate change impact studies (Schneider et al. 2022b; Seidenfaden et al.209

2022).210

The results presented here are based on the DK-model HIP, which is the version211

that is part of the Danish Hydrologic Information and Prognosis system (HIP) (Hen-212

riksen et al. 2021). As part of HIP, an ensemble of RCMs from EURO-CORDEX was213

run with the DK-model to assess climate change impacts on the hydrological cycle.214

A selection of 17 RCP8.5 and 5 RCP4.5 RCMs were bias corrected for Denmark by215

Pasten-Zapata et al. (2019a) using a distribution-based scaling approach with special216

consideration for hydrological applications, for example using undercatch-corrected217

precipitation as baseline (Stisen et al. 2011). PET is determined based on the Oudin218

approach (Oudin et al. 2005), as it requires only temperature data as variable input219

and was found robust for applications with hydrological models. All those RCMs cover220

the years 1971 to 2100 with daily timesteps.221

To determine climate change impacts, each RCM was run through the DK-model222

for each of the periods 1991–2020 (reference), 2041–2070, and 2071–2100. The climate223

change impact was calculated as the difference between conditions during the future224

periods relative to the reference period for each climate model. Being an integrated225

hydrological model, the DK-model is able to track impacts of climate change consis-226

tently throughout the hydrological cycle, that is, translating changed climate input227

into changes to compartments such as soil moisture, streamflow, and groundwater. Its228

ability to simulate hydrological anomalies such as droughts also has been shown in229

recent work (Schneider et al. 2026a), where multiple drought indices were calculated230

and validated against observations.231

2.3 Drought indices232

Different drought indices are used to mathematically quantify droughts, helping233

researchers define the onset, termination and intensity of droughts (Svoboda and Fuchs234

2016; Mishra and Singh 2010). The indices used in this study take one or more input235

variables and return a single value representing the drought intensity per day, week or236
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month. The drought frequency tells us how often these droughts occur. In this study,237

we only use standardised indices, describing deviations from the reference period nor-238

mal conditions. The distribution of each index in the reference period is constructed to239

be normal around a mean of zero with a standard deviation of one. This helps to com-240

pare drought levels across multiple regions (World Meteorological Organization 2012).241

Changes from this distribution outside the reference period can be used to analyse242

climate signals. The indices and reference periods we used are presented in Table 3,243

where we separated the indices into those describing meteorological or hydrological244

drought.245

Meteorological drought indices aim to describe drought conditions solely based246

on meteorological data such as precipitation and PET. We use the Standardised247

Precipitation Index (SPI) (McKee et al. 1993) and the Standardised Precipitation248

Evapotranspiration Index (SPEI) (Vicente-Serrano et al. 2010). The SPI (SPEI) uses249

a gamma (generalised extreme value, GenEV) distribution on monthly accumulated250

precipitation (precipitation minus PET) (Stagge et al. 2015). Vremec et al. (2024)251

and Seiller and Anctil (2016) recommended using multiple methods to calculate PET,252

because they can show large differences. We calculate PET using three different253

methods: the modified Makkink method (PET-Makkink) (Makkink 1957; Aslyng and254

Hansen 1982; Scharling 2001), the Hargreaves method (PET-Hargreaves) (Hargreaves255

and Samani 1982) and the Oudin method (PET-Oudin) (Oudin et al. 2005). While256

PET-Makkink was already calculated in Klimaatlas, we calculated the other two meth-257

ods using temperature data from Klimaatlas and the python package PyEt (Vremec258

et al. 2024).259

We chose the Makkink method since DMI uses it for forecasting and climate260

research, and it is sensitive to changes in global radiation and temperature. The Har-261

greaves method is temperature-driven using minimum, maximum and average daily262

temperature and the expected solar radiation based on the latitude (Shaw and Riha263

2011; Vremec et al. 2024). It was recommended as the best alternative to radiation-264

based methods for observational data (Allan et al. 1998). We included the Oudin265

method, driven by average daily temperature and expected solar radiation, since it is266

a simple method based on only average temperature, and it is used in the DK-model.267

It exhibits a stronger temperature sensitivity and therefore produces a larger PET268

increase under warming conditions, see Table A1.269

This difference between PET methods is important for drought assessment, as270

it directly affects simulated soil moisture deficits and low-flow conditions. While the271

purely temperature-based methods have the disadvantage of ignoring radiation and272

wind, the radiation-based method might also be sensitive to uncertainties in climate273

model prediction of radiation. From these precipitation and PET values, we calculated274

the SPI and SPEI using the xclim python package and the KAPy pipeline (Bourgault275

et al. 2023; DMI 2025). While these indices give an overview over precipitation deficits276

and an approximation of soil conditions, to investigate conditions on and below the277

ground, we need more specialised indices.278

Agricultural and hydrological drought indices are used to describe deficits in the279

water system such as soil moisture, streamflow or groundwater. We calculate such280

standardised indices from the outputs of the hydrological model, therefore calling all281
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of them hydrological drought indices. First, we detect soil moisture droughts using282

an Empirical Standardized Soil Moisture Index (ESSMI) (Carrão et al. 2016). While283

we tested other indices (SMDI and SSI), ESSMI showed the best standardised values284

during the reference period. Challenges with the previous indices are likely caused by285

the partly bounded nature of (simulated) soil moisture values, e.g. at saturation water286

content, which makes parametric distribution fitting difficult. In contrast, the ESSMI287

relies on the empirical distribution fitted with the help of kernel density estimates.288

Second, we detect streamflow droughts using the Streamflow Drought Index (SDI)289

(Nalbantis and Tsakiris 2009) for all the stream data points (calculation points) in the290

model. Third, we detect groundwater droughts using both the Standardised Ground-291

water Drought Index for the uppermost groundwater (SGDIshallow, using the depth292

to the uppermost groundwater table [m]) and deep groundwater (SGDIdeep, using the293

aquifer groundwater head [m]) (Bhuiyan et al. 2006; Bloomfield and Marchant 2013).294

A thorough description of the hydrological indices and how they were calculated can be295

found in Schneider et al. (2026a). Consistent with the meteorological drought indices,296

we calculate all hydrological drought indices to fit a reference period. This allows us297

to detect a climate change signal using deviations from the normal distribution by298

utilising the drought multi-threshold method.299

Table 3 Overview over the indices used in this study, how they were calculated and the reference
period used.

Type Index Calculation Reference Period

Meteo.
Indices

SPI Gamma fit on monthly accum. precipitation 1981–2010
SPEI GenEV fit on monthly accum. precipitation - PET 1981–2010

Hydro.
Indices

ESSMI Nonparametric empirical probability density function fit 1991–2020
SDI Standardised log-streamflow anomaly 1991–2020
SGDIshallow Standardised uppermost groundwater table anomaly 1991–2020
SGDIdeep Standardised groundwater head anomaly 1991–2020

2.4 Drought multi-threshold method300

The drought multi-threshold method improves on traditional methods by analysing301

changes in the frequency distribution of multiple drought intensities. The method was302

introduced in Häberli et al. (2026), we present only a short summary. Standardised303

drought indices are constructed to be normally distributed for a chosen reference304

period. Therefore, each threshold has a known, fixed exceedance probability. Using this305

method allows selecting multiple thresholds (in our case -1, -2, -3) to investigate how306

the exceedance probability changes outside the reference period. We define drought307

frequency as increasing if months in the future are below the thresholds more often308

than the statistical values.309

The benefits of using the drought multi-threshold method are threefold. First, we310

can choose multiple drought thresholds rather than only using one fixed definition311

10



of drought. While we chose integer values, the thresholds could also be selected to312

reflect return periods. Second, the method allows us to intuitively compare results for313

different indices directly to each other and to the statistically expected frequency of314

drought. Third, we can include the reference period in the results rather than using315

it as the base truth. This makes flaws in the index fit become easily visible, as we will316

show in the results section. The limitations on the other hand regard the fact that317

only standardised indices can be analysed. Further, the index values at every time step318

are taken independently of the previous time step. Therefore, a drought definition as319

given in the original McKee et al. (1993) would break with this analysis.320

Häberli et al. (2026) found that while the Danish climate is projected to become321

wetter and experience fewer moderate droughts, the frequency of extreme droughts322

can nevertheless increase. This is shown schematically in Fig. 3. Therefore, multiple323

drought thresholds should be analysed. While that paper only used the SPI, they324

argue that the method can be used for any standardised drought index. We apply this325

method to the previously discussed drought indices to analyse changes to the frequency326

across the year of moderate (index < −1), extreme (index < −2) and exceptional327

(index < −3) droughts at the end of the 21st century.328

Fig. 3 The left column shows how well the SPI (standardised precipitation) during the reference
period matches a normal distribution. While the distribution moves to the right in the future (meaning
wetter conditions, top right) with fewer moderate droughts (middle right), the tail to the left also
increases (meaning exceptional drought, bottom right). Here, we show data for the whole year.
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3 Results and discussion329

In this section we present the results from the analysis of the drought indices using330

the multi-threshold method, divided into sections covering meteorology (Sect. 3.1)331

and hydrology (Sect. 3.2). Each section includes a discussion on the results from the332

specific indexes. The overall discussion and perspectives are investigated in Sect. 4.333

All the indices and results were calculated for each gridcell individually. Then, the334

average over Denmark is calculated for the period 2071–2100.335

3.1 Meteorological drought336

3.1.1 Meteorological drought results337

We first investigate the result of the SPI in Fig. 4, showing the median model projec-338

tions for all three RCP scenarios 2071–2100 and the reference period, averaged over339

Denmark. The reference period median (in green) matches the statistical values from340

the normal equation reasonably well, expectedly getting worse for the rarer drought341

intensities. Both the SPI-1 (monthly precipitation anomaly) and SPI-3 (three-month342

accumulated precipitation anomaly) show a similar seasonal signal at the end of the343

century. The projections show decreased moderate drought frequency during winter344

and spring, and an increase during late summer and early autumn. Likewise, extreme345

and exceptional droughts show the same pattern, however, with an earlier onset and346

larger increase during the summer. The model spread is quite large, with most mod-347

els agreeing on fewer droughts during winter. During summer, the model-agreement348

lessens, the driest 10 % of models in the RCP8.5 scenario reach moderate drought fre-349

quencies of over 0.4, while the wettest 10 % of models show less than 0.07. Maps of the350

SPI signal, see Fig. 7, show little spatial variation. While SPI only takes precipitation351

into account, PET plays a large role in drought dynamics, leading us to analyse the352

SPEI.353

We present the results for the SPEI in Fig. 5. We show SPEI-1 and SPEI-3 using354

the Makkink PET method, while for the other PET methods, we only show the three-355

month accumulated SPEI. This was done as SPEI-3 is more robust against outliers356

and has fewer non-normal values (Stagge et al. 2015). SPEI-1-Makkink and SPEI-3-357

Makkink look similar to SPI-1 and SPI-3, but with larger summer increases in drought358

frequency and an earlier onset of the increase. While SPI-3 increases in moderate359

drought frequency in July, the SPEI-3-Makkink increases already in June. SPEI-3-360

Hargreaves shows even larger increases in the frequency and earlier start of the increase361

for each intensity. SPEI-3-Oudin shows the largest increase in drought frequency. The362

median of the RCP8.5 scenarios projects every second year to experience moderate363

droughts in August and September. Furthermore, SPEI-3-Oudin shows high model364

agreement (more than 90 % of the RCP8.5 scenarios) of increasing frequency of moder-365

ate and extreme summer droughts. This is to be expected, as all the EURO-CORDEX366

models for the RCP8.5 scenario result in high temperatures. Similarly to the SPI, the367

results for the SPEI were also spatially homogeneous over Denmark, see Fig. 7.368
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(a) Moderate Drought - SPI-1
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(b) Extreme Drought - SPI-1
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(c) Exceptional Drought - SPI-1
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(d) Moderate Drought - SPI-3
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(e) Extreme Drought - SPI-3
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(f) Exceptional Drought - SPI-3

Statistical Value Ref. Period 80% Range
Reference Period Median

RCP26 80% Range
End of Century RCP26 Median

RCP45 80% Range
End of Century RCP45 Median

RCP85 80% Range
End of Century RCP85 Median

Fig. 4 SPI-1 (top row) and SPI-3 (bottom row) during the reference period and for three scenarios
at the end of the century. Note the different y-axis for each drought intensity.

3.1.2 Meteorological drought discussion369

The SPI results show a strong seasonality, with fewer droughts in the winter months370

and more in the summer months. Winter droughts are projected to become less fre-371

quent, with an average precipitation increase between 1.4 % (RCP2.6) and 20.6 %372

(RCP8.5), compare Table A1. Changes in summer precipitation are less certain, with373

some scenarios on average projecting an increase while others projecting a decrease.374

This explains why the SPI reaches more frequent summer drought levels in some375

scenarios, with little to no change in others. This stresses the importance of taking sea-376

sonality of the data into account, as studies only looking into yearly averages will miss377

the increasing summer drought frequency. Comparing our results to studies including378

seasonal analysis such as Spinoni et al. (2018) and Häberli et al. (2026), they have379

also found increasing frequency and intensity of meteorological summer droughts, with380

decreases in winter. Spinoni et al. (2018) also speculated that strong temperature381

increases could lead to more severe future droughts in Scandinavia, which is consistent382

with the results of the present study.383

The SPEI results show an even stronger seasonality compared to the SPI. In384

Table A1, the projected increase in PET during winter is minor (-1 to +7 mm) com-385

pared to the increase in precipitation (3 to 38 mm), leading to lower SPEI values. The386

larger increase in SPEI drought frequency during summer stems from the increasing387

summer temperatures on top of similar precipitation levels. The Makkink PET method388
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(a) Moderate Drought - SPEI-1-Makkink
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(b) Extreme Drought - SPEI-1-Makkink
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(c) Exceptional Drought - SPEI-1-Makkink
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(d) Moderate Drought - SPEI-3-Makkink
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(e) Extreme Drought - SPEI-3-Makkink
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(f) Exceptional Drought - SPEI-3-Makkink
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(g) Moderate Drought - SPEI-3-Hargreaves
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(h) Extreme Drought - SPEI-3-Hargreaves
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(i) Exceptional Drought - SPEI-3-Hargreaves
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(j) Moderate Drought - SPEI-3-Oudin

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
0.00

0.05

0.10

0.15

0.20

Av
g.

 sh
ar

e 
of

 y
ea

rs
 w

ith
 S

PE
I-3

-O
ud

in
 <

 -2

(k) Extreme Drought - SPEI-3-Oudin
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(l) Exceptional Drought - SPEI-3-Oudin

Statistical Value Ref. Period 80% Range
Reference Period Median

RCP26 80% Range
End of Century RCP26 Median

RCP45 80% Range
End of Century RCP45 Median

RCP85 80% Range
End of Century RCP85 Median

Fig. 5 SPEI-1 (top row) and SPEI-3 (second row) using the Makkink PET method as well as SPEI-
3 using the Hargreaves (third row) and the Oudin method (bottom row) during the reference period
and for three scenarios at the end of the century. Note the different y-axis for each drought intensity.

takes multiple atmospheric variables into account, resulting in a smaller increase in389

PET as compared to the purely temperature-based methods such as Hargreaves and390

Oudin, see Table A1. There, PET-Oudin is on average increasing by 17.6 % for the391

RCP8.5 scenario whereas Makkink only increases by 5.1 % and Hargreaves by 8.8 %.392

While it is difficult to claim which PET is most accurate, Vremec et al. (2024) mentions393

that Makkink might be underestimating high PET values. Further, Makkink might394
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be underestimating the increase in PET as the EURO-CORDEX models are under-395

estimating the increase in incoming radiation compared to CMIP5 (Boé et al. 2020).396

Further, Prudhomme and Williamson (2013) found that Makkink underestimates PET397

increases in future summer projections over Great Britain compared to the recom-398

mended FAO56 version of the Penman–Monteith equations, while Oudin seems to align399

better. On the other hand, Shaw and Riha (2011) found temperature-based methods400

to likely overestimate PET in the future. Allan et al. (1998) only recommends Harg-401

reaves as a temperature-based method. In general, it is recommended to use multiple402

PET methods (Vremec et al. 2024; Seiller and Anctil 2016), as this helps comparison403

with other studies and for highlighting the differences in future PET estimates.404

We tested the robustness of all results by removing single RCMs or driving GCMs405

as well as bootstrapping the results. We came to the conclusion that even the excep-406

tional drought levels, which are the least robust, were robust enough to be included407

in our analysis. A sample of the robustness tests can be found in Appendix B, Fig. B1408

and B2.409

Past research on a Danish catchment found the same signal of increased winter410

precipitation, with an even stronger PET increase (Karlsson et al. 2015, 2016; Seaby411

et al. 2013). The choice to show only the results for the end-of-century period was done412

based on Seaby et al. (2013) as this period showed the strongest climate change signal.413

They found a similar increase in PET in one Danish catchment to this study, with414

precipitation increasing overall, but decreasing in late summer. On the other hand,415

research focusing on 12-month accumulated SPI and SPEI indices found a decrease416

in drought frequency towards the end of the century (Spinoni et al. 2015, 2020).417

While these findings seemingly contradict our results, we show in Sect. 4.1 that the418

differences stem from the chosen accumulation periods. Therefore, we see our study as419

adding seasonal information to those studies. Our increasing meteorological drought420

intensities are similar to the findings in Ukkola et al. (2020), which found stronger but421

shorter droughts using CMIP6 global climate model data for the northern mid- and422

high-latitude regions. An important component of summer droughts is atmospheric423

blocking, associated for example with the 2018 drought (Wilcke et al. 2020). While424

they are imperative for drought research, they are underestimated in climate models,425

especially over Europe (Bjerke et al. 2025; Davini et al. 2021). This might indicate even426

stronger meteorological droughts in the future than reported in the current models.427

3.2 Hydrological drought428

The hydrological results will be inspected in order of infiltration. Starting with the429

soil moisture (ESSMI), then streamflow (SDI), shallow groundwater (SGDIshallow) and430

lastly the deep groundwater (SGDIdeep).431

3.2.1 Hydrological drought results432

Before analysing the future scenarios for hydrological drought indices in Fig. 6, we433

must first examine the reference period data. For the reference period, the data fits the434

normal distribution (statistical value from the multi-threshold method) worse than the435

meteorological indices did. Especially for ESSMI in Fig. 6 (a–c), the models show fewer436
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droughts than we would expect with a more accurate fit. For the SDI and SGDIshallow437

in Fig. 6 (d–i), the reference values fit well during winter, worsening towards autumn.438

This has to be kept in mind when discussing the future projections.439

ESSMI drought frequency is projected to increase during summer for both RCP440

scenarios. Both the moderate and extreme drought frequencies in Fig. 6 (a–b) spike441

during April only to decrease shortly during May and then reaching their maximum in442

September. This signal is present in both the irrigated and non-irrigated cells (results443

not shown here). Further, the ESSMI shows a large increase in exceptional soil moisture444

drought frequency, especially in RCP8.5. Next, we investigate whether the deficit in soil445

moisture influences streamflow and shallow groundwater, since reduced soil moisture446

limits the amount of water available for infiltration.447

Comparing SDI and the SGDIshallow, similar patterns appear for both indices.448

Both project a roughly 50 % decrease in drought frequency during winter and spring,449

increasing during summer until reaching reference period levels at the end of autumn.450

The two scenarios RCP4.5 and RCP8.5 show little difference. Only the SGDIshallow451

shows a small increase in exceptional droughts in Fig. 6 (c), but these droughts are452

the least frequent and robust in their signal.453

Continuing with the SGDIdeep, a reduction in drought frequency for both moder-454

ate and extreme intensities can be seen in Fig. 6 (j–k). The highest frequency of future455

moderate groundwater droughts is projected during the winter, but the frequency is456

still lower than during the reference period. A notable exception is exceptional ground-457

water droughts during the summer months (JJA), which spike in both the irrigated458

and non-irrigated areas. However, the peak is more pronounced in the irrigated areas,459

reaching values of 0.04 compared to 0.01 in non-irrigated areas (not shown here). This460

indicates an important loss of information when spatially averaging the hydrological461

data over Denmark.462

When averaging the results over Denmark we lost information about possible spa-463

tial heterogeneity. Therefore, in Fig. 7, we present maps of the RCP8.5 scenario for464

each index, intensity, and season, using the model mean at each grid point. SDI is465

not shown, as this is only point-based. We only show the moderate drought levels, as466

these data are the most robust. The RCP4.5 scenarios are not shown, as they display467

similar patterns, but are less robust with only five simulations available. SPEI-3-Har468

is the SPEI using PET-Hargreaves over a 3-month accumulation period. The maps of469

SGDIshallow indicate that while moderate shallow groundwater droughts decrease on470

average, some regions may still experience an increase. For example, southern Jutland471

(south-west DK) and the islands of Zealand and Lolland (south-east DK) show region-472

ally increasing drought frequencies. SGDIdeep exhibits even stronger heterogeneity for473

moderate deep groundwater droughts, with some areas along the southern east coast474

of Jutland showing increased deep groundwater drought frequency across all seasons475

towards the end of the century.476

3.2.2 Hydrological drought discussion477

The reference period ensemble median of the hydrological indices shows a visibly478

worse match to the expected value compared to the meteorological indices. There are479

multiple possible reasons for this. First, the DK-model uses fewer climate models (22)480
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(b) Extreme Drought - ESSMI
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(c) Exceptional Drought - ESSMI
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(d) Moderate Drought - SDI
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(e) Extreme Drought - SDI
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(f) Exceptional Drought - SDI
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(g) Moderate Drought - SGDIshallow
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(h) Extreme Drought - SGDIshallow
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(i) Exceptional Drought - SGDIshallow
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(j) Moderate Drought - SGDIdeep
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(k) Extreme Drought - SGDIdeep
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(l) Exceptional Drought - SGDIdeep

statistical value Hist. 80% model range
Historical Period Median

RCP45 80% model range
End-of-Century RCP45 Median

RCP85 80% model range
End-of-Century RCP85 Median

Fig. 6 The results from all the hydrological indices. Note the different y-axis for each drought
intensity.

compared to the Klimaatlas (121), which can lead to poorer median performance.481

Second, while the meteorological drought indices fit specific distributions to the data,482

the SDI, SGDIshallow and SGDIdeep as implemented in this study assume that the data483

is already normal distributed. This leads to a worse fit for certain months. Third, the484

ESSMI has the additional problem of more restrictive boundaries where the soil can485

be either be at the saturation water content or the wilting point. The ESSMI values486
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Fig. 7 Changes in moderate drought frequency for multiple drought indices 2071–2100 (RCP8.5)
compared to the reference period. SPI-3 shows changes in precipitation, SPEI-3 adds potential evap-
otranspiration, ESSMI shows soil moisture drought while SGDIshallow and SGDIdeep indicate shallow
and deep groundwater respectively.

for the reference period could be improved by replacing the parametric fit with a non-487

parametric probability density function. However, this approach cannot extrapolate488

beyond the observed range, which would lead to poorer performance under climate489

change scenarios.490

The SDI and SGDIshallow show very similar patterns in Fig. 6. This is mainly due491

to high connectivity of the groundwater and surface water, as the baseflow of the492

streams in Denmark stem from shallow groundwater (Karlsson et al. 2016) rather than493

glacier or snowmelt as in other Nordic countries. Therefore, it makes sense that both494

indices follow a similar pattern. SGDIshallow drought frequency increases mostly during495

summer, as this compartment is quickly affected by soil moisture deficits. The spatial496

pattern in Fig. 7 is linked to the subsurface geology and hydrogeological properties of497

the areas. More information on this can be found in the analysis by Schneider et al.498

(2026b). Compared to previous studies, the SDI signal agrees well with a historical499

shortening of summer streamflow droughts (Hisdal et al. 2006). In contrast, Parry500
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et al. (2024) showed an increase of streamflow droughts in the UK, while at the same501

time a decrease or stable levels of groundwater droughts. This stands in contrast to502

our finding of stable streamflow drought levels.503

Future moderate deep groundwater drought frequencies decrease in all seasons, but504

least during late autumn and early winter. This could be due to the propagation time505

of deep groundwater recharge, occurring mostly during the generally wetter winters.506

Effects of increasingly dry summer conditions then accumulate over summer, and are507

most pronounced towards the end of the season (Schneider et al. 2026a). SGDIdeep508

seems to be more vulnerable in Southern Zealand and Lolland/Falster. While we509

cannot definitively answer why, it might be that increased precipitation in winter510

might fall short to compensate for the increased PET during summer. We can exclude511

irrigation as a possible reason, as the model has no irrigation in this region.512

Irrigated areas had a four-fold higher frequency of future exceptional SGDIdeep513

droughts compared to non-irrigated areas. This value might actually be underesti-514

mating the influence of irrigation, as the affected aquifers can extend beyond cells515

with irrigation. This impact of irrigation on the groundwater was also found in Chan516

et al. (2021). Surprisingly, we found that irrigation had limited effects on mitigating517

soil moisture droughts (ESSMI) during summer. This can be due to multiple reasons.518

First, the irrigation might simply counteract otherwise even worse droughts in the519

future. This could be studied with dedicated simulations without irrigation. Second,520

irrigated areas often have sandy soils, which are most sensitive to impacts from mete-521

orological droughts due to fast infiltration leading to lower soil moisture values during522

droughts. Third, the irrigation amounts in the DK-model are restricted by abstrac-523

tion limits due to irrigation permits and modelled irrigation wells falling dry. During524

dry summers, these limits may in some cases partially already be reached. Thus, irri-525

gation might be insufficient to compensate for future even drier summers with the526

current permits and irrigation infrastructure. Conversely, Chan et al. (2021) found a527

small mitigating effect of irrigation up to a certain degree in one Danish catchment.528

4 Discussion529

Using the proposed methodology, we found an increase in meteorological drought530

frequency during future summers. Their intensities depend strongly on the formulation531

of PET used. During winter, the models project more precipitation and fewer droughts532

in the future. When looking at the hydrological model output, we can see that the533

increased meteorological summer droughts lead to increased soil moisture droughts.534

Groundwater and streamflow droughts generally become less frequent due to a buffer535

from the increased winter precipitation, however, with regional exceptions.536

The link between the meteorological and hydrological data is modelled in the537

form of the meteorological input variables used in the DK-model. Therefore, the two538

datasets can best be compared using the SPEI from Klimaatlas and the soil moisture539

in the DK-model. We can see a good match between the signal of the increase in540

ESSMI drought frequency in the DK-model (using the Oudin PET method) in Fig. 6,541

(a–c) and the SPEI-3-Oudin in Fig. 5 (j–l) rather well. Both show increasing moderate542

drought frequency from around April until November. The smaller absolute increase543
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in the ESSMI can be explained by the underestimated frequency during the reference544

period. The main difference between both indices is the visible dip in drought frequency545

in the ESSMI around May and June. While we cannot fully explain this, the dip in546

ESSMI drought frequency shows up consistently in the model and even in historical547

data (Schneider et al. 2026b).548

4.1 Comparison to literature549

In the introduction, we claimed the methodology in Spinoni et al. (2020) and Vicente-550

Serrano et al. (2020) has limitations in seasonally variable regions such as Northen551

Europe. To justify that claim, we applied two analyses similar to their methodology552

to our dataset. In Fig. 8 (a), we calculated the SPI-12 and compared the drought553

frequency per 10 years in the period 2071-2100 to the reference period. To match their554

drought definition, we define a drought as starting with two consecutive months below555

-1 and ending when positive SPI-12 values were reached. This drought definition is556

only used for this example. Comparable to Spinoni et al. (2020), we get a reduction557

of around 1 event per 10 years. In Fig. 8 (b), we show the change in mean SPI-1 from558

the reference period to 2071-2100. Comparable to in Vicente-Serrano et al. (2020), we559

see an increase in mean SPI-1.560

Applying a very similar methodology as Spinoni et al. (2020) and Vicente-Serrano561

et al. (2020) to our data, we can see lower drought frequency in the future. The main562

differences between their global analysis and our national-scale analysis therefore stems563

from the differing methodology and not the data source. This justifies our claims in the564

introduction, calling for an improved methodology for drought research in Northern565

Europe.566

Fig. 8 SPI-12 drought frequency in Denmark decreases (left) and mean SPI-1 for all months increases
(right) towards the end of the century in the RCP8.5 scenario. While these results agree with global
studies, they are not meaningful for drought projections in Northern Europe and should be discarded.

Previous research on Danish climate signals agree with our findings of increased567

winter precipitation and summer evapotranspiration (Seidenfaden et al. 2022; Hen-568

riksen et al. 2022). The lag we found from the meteorological signal to a change in569

hydrological drought frequency is similar to the propagation time described in Schnei-570

der et al. (2026a). Chan et al. (2021) investigated future drought in a Danish catchment571
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based on 12 EURO-CORDEX models and found an increase in soil moisture and572

groundwater 99 % dry extremes. This is in line with the increase in exceptional soil573

moisture and groundwater drought levels, compare Fig. 6 (c) and (l). On a global scale,574

Wanders and Van Lanen (2015) also found decreasing hydrological drought frequency575

in cold climates with increasing precipitation, such as Denmark.576

4.2 Limitations and strengths of this study577

There were some caveats to our conclusions that we need to discuss. First, the multi-578

threshold method needs carefully standardised indices, which are more difficult to579

create for the hydrological compartments compared to the SPI and SPEI. Second, the580

reference periods only overlap for 20 years, as they are shifted by 10 years. We expect581

this to have negligible qualitative impact on the climate change signal. Third, while582

both datasets start from EURO-CORDEX models, different bias adjustment were nec-583

essary to be able to use the data in hydrological modelling (Fowler et al. 2007). We584

checked the input precipitation and PET values for the DK-model and found similar585

drought signals for SPI and SPEI compared to Fig. 4 and Fig. 5. Therefore, the change586

in bias-adjustment seems to have little influence on the climate change signal. Fourth,587

four out of 17 RCP8.5 EURO-CORDEX scenarios used as input for the DK-model588

were from an earlier version. This version underestimated end-of-century warming by589

around 0.5 degrees Celsius compared to the EURO-CORDEX version used in Klimaat-590

las. Therefore, this study might slightly underestimate future hydrological drought591

frequency. In upcoming versions of the DK-model, the plan is to use Klimaatlas data592

as input, removing this limitation. Still, the two datasets are already closely related593

to allow for improved future drought research in Denmark. Fifth, the DK-model is594

both affected by the climate model uncertainty in the input and then the hydrologi-595

cal model uncertainty. This can lead to higher uncertainty in the hydrological model.596

Lastly, the two datasets use different PET methods, which can have a large effect on597

the water balance. To counteract this, the PET in the DK-model (Oudin method)598

was bias adjusted to historical Makkink values from DMI. This mostly adjusted the599

seasonal shift, as Oudin can be delayed compared to Makkink (Pasten-Zapata et al.600

2019b). Given these limitations, we should also note the strengths of this study.601

In spite of the restrictions listed above we believe that the linkage of meteorologi-602

cal and hydrological drought projections in the present study is a significant strength.603

We managed to analyse and compare drought indices for a wide range of different604

hydrological compartments using one coherent method. This leads to an easy compar-605

ison between the results. The comparison of multiple indices across compartments was606

recommended in Henriksen et al. (2022) and Zhu et al. (2016). The multi-threshold607

method was effective in showing changes in the distribution of drought frequencies.608

Furthermore, with showing the values for the reference period, the method is more609

transparent about limitations compared to methods simply comparing future period610

frequency to reference period values.611

We find that the benefits of the multi-threshold method outweigh the limitations612

described in Sect. 2.4. We were able to show that the mismatch between local and613

global studies concerning future drought levels is mainly due to differing methodology614
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rather than the data used. Lastly, due to the authors’ knowledge of the Danish cli-615

mate, we could specifically select SPI and SPEI accumulation periods that reflect the616

seasonality of the future projections, lacking in global studies.617

4.3 Implications for future climate and water management618

The biggest influence on agriculture in Denmark comes from the earlier onset of619

droughts. While the SPI drought frequency increase affects mostly late summer and620

early autumn, SPEI has an earlier start of the increase, already in May (Makkink)621

or April (Oudin). May to July is the worst period for droughts to occur for agricul-622

tural purposes in Denmark (De Toro et al. 2015; Häberli et al. 2026). Late summer623

dry periods on the other hand can even help farmers with a dry harvest. This shows624

the importance of also taking PET and not only precipitation into account. The SPEI625

paints a much more problematic picture of future farming conditions compared to only626

studying precipitation. According to Balting et al. (2021) and Ukkola et al. (2020),627

the CMIP6 simulations show higher drought levels compared to CMIP5 used for the628

current version of EURO-CORDEX. Therefore, the drought projections might become629

even worse once the newest EURO-CORDEX becomes available.630

According to our study, Denmark has to prepare for a future that is in general631

wetter, but still experiences a higher frequency and intensity of meteorological summer632

droughts. Therefore, water resource managers need to prepare for an increase in both633

wet and dry extremes with climate change. The drought of 2018 showed that one of634

the major problems for agriculture was the abrupt change from winter conditions to635

a warm and dry spring (Henriksen et al. 2022), these warm and dry spring conditions636

look even more likely in the future according to Fig. 5.637

In Denmark, a large part of the agricultural sector depends on rainfall for growing638

crops, with limited irrigation outside of Jutland. This limitation coupled with used up639

irrigation permits and insufficient irrigation infrastructure in Jutland led to widespread640

crop-loss in 2018 (Toreti et al. 2024; Eurostat 2021). Droughts of this exceptional641

intensity will likely become more frequent in the future. Similar to 2018, this does not642

mean that the groundwater is projected to be affected as much nation-wide (Henriksen643

et al. 2022). Rather, groundwater drought require more local analysis, as changes644

between increasing and decreasing future groundwater droughts can occur within a645

couple of kilometres from each other depending on the aquifers and geology of the646

region. While the DK-model assumes no societal changes, a lot of the influence on647

groundwater can be mitigated by improved and more robust water management in the648

future. Our study further highlights the importance of increased focus on human water649

usage in the future, as irrigation is the main reason for the most intense groundwater650

droughts in Jutland.651

4.4 Further research652

To improve the drought projections for Denmark, the cohesion between the datasets653

could be strengthened by running the DK-model with input variables from Klimaatlas.654

Additionally, both the DK-model and Klimaatlas should be enhanced with the next655

version of EURO-CORDEX models once they are released. On a technical note, the656

22



hydrological standardised indices could benefit from improved methods to assure they657

are better standardised while still being possible to extrapolate. This study alludes658

to the importance of modelling drought propagation itself, which should be studied659

further to better explain more of the signals we found.660

Further research could expand this study into the whole Northern Europe region, or661

similar climates in other parts of the world. Denmark is a small country located in the662

transition zone of the drying mainland Europe and Scandinavia. Therefore, it would663

be important for the wider region to inspect if their projected drought frequencies664

using our methodology are similar.665

5 Conclusion666

This study first discussed differences between global and local, more detailed drought667

projections. We demonstrated that the differences stem from methodological differ-668

ences rather than the data used. This revealed methodological limitations in global669

drought projections for Northern Europe. We then introduced six points to consider670

when analysing future changes in drought conditions. These are especially valuable671

in regions such as Northern Europe, where the annual precipitation is projected to672

increase. We demonstrated how these six points can be effectively used together with673

the drought multi-threshold method for future drought analysis. This enabled a sim-674

plified and direct comparison across standardised indices and revealed deficiencies in675

hydrological drought index calculations.676

We found a strong seasonal influence on future drought projections in Denmark,677

largely absent in previous global-scale research. Under continued anthropogenic cli-678

mate change, we expect more frequent summer droughts with drier soils, without679

necessarily leading to more frequent groundwater droughts. Groundwater drought680

responses to climate change are very heterogeneous, depending on the geology of681

the region. Groundwater droughts need careful analysis together with meteorolog-682

ical drought, especially as the varied geology of Denmark cannot be captured in683

coarse-resolution models.684

Our methodology should serve drought researchers in Northern Europe and beyond685

as a blueprint of drought analysis under climate change, taking into account season-686

ality, intensity and all hydrological compartments. This can reveal drought patterns687

previously overlooked in regions such as Alaska, Canada–Greenland–Iceland, North-688

ern Asia and Southeast Asia; all these regions were projected to face decreasing689

drought levels with the methodology presented in Spinoni et al. (2020). We there-690

fore recommend repeating the drought analysis in those regions with the methodology691

presented here. These findings have direct implications for agricultural planning and692

water resource management in Denmark, to prepare for a future with more meteoro-693

logical summer droughts. By providing the first coherent seasonal and spatial drought694

analysis across the full hydrological cycle in Denmark, this study demonstrates that695

a wetter future does not guarantee fewer droughts, a finding with implications well696

beyond Denmark’s borders.697
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Appendix A Seasonal changes in precipitation and739

PET740

Table A1 shows seasonal changes in precipitation and PET according to the data from741

Klimaatlas.742

Table A1 Seasonal averages for precipitation and PET. The absolute values reflect the mean of the
ensemble-median for the period 1981-2010 (Ref.) and 2071-2100 (RCP scenarios) the absolute values for the
end-of-century scenarios were supplemented with the relative change in percentages. Data from Klimaatlas.

Scenario: Ref. RCP2.6 RCP4.5 RCP8.5
Abs. [mm] Abs. [mm] Change Abs. [mm] Change Abs. [mm] Change

Season Variable

DJF Precipitation 181 184 1.4 % 198 9.4 % 219 20.6 %
PET Makkink 24 23 -2.2 % 24 -1.4 % 24 0.3 %
PET Hargreaves 24 24 1.0 % 25 6.7 % 27 14.5 %
PET Oudin 17 18 8.4 % 21 24.6 % 24 45.5 %

MAM Precipitation 127 132 3.4 % 142 11.4 % 152 19.3 %
PET Makkink 190 193 1.8 % 194 2.4 % 198 4.7 %
PET Hargreaves 185 192 3.6 % 197 6.3 % 204 10.2 %
PET Oudin 138 149 7.7 % 159 15.0 % 172 24.5 %

JJA Precipitation 210 210 -0.3 % 218 3.8 % 201 -4.4 %
PET Makkink 296 304 2.7 % 305 2.9 % 312 5.1 %
PET Hargreaves 325 338 4.1 % 341 5.0 % 353 8.8 %
PET Oudin 287 305 6.2 % 316 10.1 % 338 17.6 %

SON Precipitation 225 225 0.2 % 238 5.8 % 248 10.6 %
PET Makkink 84 86 2.7 % 88 4.8 % 91 8.3 %
PET Hargreaves 87 91 4.3 % 93 7.2 % 97 11.0 %
PET Oudin 82 88 6.9 % 93 13.3 % 101 22.7 %

Appendix B Robustness of results743

To check the robustness of the data presented in Fig. 4, 5 and 6, we investigate both the744

influence of single driving GCMs and RCMs on the main results and a bootstrapping745

method.746

In Fig. B1, we show that no driving GCM has an outsized influence on the results747

of SPEI-3-Makkink. All indices were tested, none showed a problematic influence of a748

single GCM. While there are some GCMs that show a very strong increase in drought,749

e.g. CCCma-CanESM2, the second row in Fig. B1 shows that it has little impact on the750
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ensemble median presented in the main body of this article. Identically to the GCMs,751

all indices were tested for the influence of a single RCM on the ensemble median.752

This also showed that while there are some models with a larger projected increase in753

drought, they do not significantly influence the ensemble median. Therefore, we can754

conclude that no GCM or RCM is the sole reason for the increase in meteorological755

drought frequency during summer, supporting the robustness of our analysis.756

In Fig. B2, we show that the results of the SPEI-3-Makkink monthly signals are757

robust using the bootstrap method (Efron 1982). All indices were tested and were758

deemed robust, even for the exceptional droughts below index values of −3. The only759

exception is deep groundwater (SGDIdeep) in the RCP45 scenario. This is due to the760

limited number of simulations for that scenario (5). While in the article we show the761

ensemble median, here we had to use the mean for the bootstrapping to work. For the762

bootstrapping, we selected (with replacement) as many models for each scenario as763

there were initially. We repeated this 100’000 times and calculated the mean each time764

to get a distribution of the signals shown in Fig. B2. If the original mean presented765

in the results (vertical line) were due to an outlier, there would not be a proper766

distribution around it. This gives us additional confidence in the results presented in767

this study, even for the least robust exceptional droughts.768
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Fig. B1 We check if one GCM has an outsized influence on the results by comparing the full ensemble
results (top row) to the results with all simulations driven by one GCM removed in the rows below.
The name of the removed GCM and the number of simulations driven by it are written on the left.
Here, only the results for SPEI-3-Makkink are shown. The other indices showed similar results, with
no GCM being the main reason for an in-/decrease in drought levels.
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