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Summary 

Climate change will alter the hydrological cycle, potentially changing dynamic groundwater 
storage and increasing groundwater drought risk. Climate influences groundwater storage 
directly via changes in groundwater recharge, but groundwater drought responsiveness further 
depends on groundwater system characteristics. The aim of this thesis is to increase our 
understanding of how climate variability and groundwater system characteristics influence 
groundwater storage, in mid- and high latitude countries. 

To address this aim, groundwater, precipitation and temperature data from Sweden and Finland 
between 1980 and 2010 was evaluated. Different hydroclimate regimes were compared to 
seasonal and inter-annual groundwater level fluctuations. Furthermore, the influence of 
groundwater system characteristics on groundwater drought responsiveness was assessed by 
analysing precipitation and groundwater level anomalies from Sweden, Finland and the Lower 
Fraser Valley (Canada). Correlation analysis between groundwater drought responsiveness and 
selected environmental properties was applied on Swedish data. 

The main findings of this thesis are, first, that between 1980 and 2010, groundwater recharge 
became decreasingly driven by snowmelt in spring. Instead, recharge became increasingly 
influenced by winter rain and high evapotranspiration rates in spring. As a result, dynamic 
groundwater storage significantly decreased across the region, particularly in Finland. Second, 
inter-annual groundwater level trends, covering the same period, did not correspond to trends 
of increasing winter snowmelt and rainfall. Groundwater level trends instead showed stronger 
similarity to trends in wet days, i.e. frequency of days with precipitation. Furthermore, 
groundwater trends corresponded better to trends in the frost-free season, compared to trends 
found in the frost season. Third, variability in groundwater drought responsiveness could be 
partly explained by environmental properties, such as sediment type (sand, silt and till), 
groundwater level depth, climate and atmospheric teleconnections. 

These findings suggest that within this century, annual groundwater recharge will decrease in 
the study areas, due to the projected increase in temperature and precipitation. However, this 
also depends on the effect of decreased ground frost on winter infiltration, and the balance 
between precipitation and evapotranspiration. Finally, the need for a holistic approach in 
groundwater drought characterisation is made apparent by the influence of climate and 
atmospheric teleconnections on groundwater drought responsiveness. 

Keywords: climate change; time series analysis; groundwater statistics; Sweden; drought; cold 
region hydrogeology; groundwater memory 
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Sammanfattning 
Global uppvärmning kommer leda till en förändrad hydrologisk cykel, vilket kan komma att 
påverka dynamisk grundvattenmagasinering och öka risken för grundvattentorka. Klimatet 
påverkar grundvattenmagasinering via grundvattenbildning, medan grundvattnets respons 
under torrperioder beror på grundvattensystemens egenskaper. Syftet med denna avhandling är 
att öka vår förståelse för hur klimatvariationer och grundvattensystemens egenskaper påverkar 
grundvattenmagasinering, i länder på mellan och höga breddgrader. 

Grundvatten-, nederbörd- och temperaturdata från Sverige och Finland för 1980-2010 
analyserades för att utvärdera klimatvariationernas påverkan på grundvattenmagasinering. 
Olika hydroklimat jämfördes mot säsongsmässiga och årliga fluktuationer i grundvattennivåer. 
Utöver detta utvärderades även den potentiella inverkan av grundvattensystemets egenskaper 
på grundvattnets respons under torrperioder, genom att analysera avvikelser i nederbörd och 
grundvattennivåer i Sverige, Finland och Lower Fraser Valley (Kanada). 

De huvudsakliga upptäckterna i denna avhandling är, för det första, att grundvattenbildning 
1980-2010 uppkom allt mindre till följd av snösmältning under våren. Istället påverkades 
grundvattenbildning alltmer av regn under vintersäsongen, och evapotranspiration på våren. 
Till följd av detta minskade grundvattenmagasinering i hela den studerade regionen, särskilt i 
Finland. För det andra motsvarades inte trender för årsvärden av grundvattenmagasinering, för 
samma period, av trender av ökad snösmältning och regn under vintersäsongen. Trender i 
grundvatten visade starkare likhet mellan trender för wet days, d.v.s. frekvensen av dagar med 
nederbörd. Dessutom motsvarades trenderna för grundvatten bättre av trender för hydroklimat 
under den frostfria delen av året, jämfört med trender som sammanföll med frostperioder. 
Avslutningsvis kunde grundvattnets respons under torrperioder delvis förklaras av 
grundvattensystemegenskaper, såsom sedimenttyp (sand, silt och morän), djupet på 
grundvattennivån, klimatet och atmosfärisk fjärrpåverkan. 

Dessa upptäckter tyder på att grundvattenbildning i studieområdena årligen kan komma att 
minska inom detta århundrade, till följd av potentiella ökningar i lufttemperatur och nederbörd. 
Grundvattenbildningen påverkas dock även av effekten av minskad tjäle på vinterinfiltration, 
och balansen mellan nederbörd och evapotranspiration. Slutligen betonas behovet av ett 
holistiskt tillvägagångssätt för karakterisering av grundvattentorka till följd av relationen 
mellan grundvattnets respons under torka och klimat, samt fjärrpåverkan.

iv



iv 

 

Summary 

Climate change will alter the hydrological cycle, potentially changing dynamic groundwater 
storage and increasing groundwater drought risk. Climate influences groundwater storage 
directly via changes in groundwater recharge, but groundwater drought responsiveness further 
depends on groundwater system characteristics. The aim of this thesis is to increase our 
understanding of how climate variability and groundwater system characteristics influence 
groundwater storage, in mid- and high latitude countries. 

To address this aim, groundwater, precipitation and temperature data from Sweden and Finland 
between 1980 and 2010 was evaluated. Different hydroclimate regimes were compared to 
seasonal and inter-annual groundwater level fluctuations. Furthermore, the influence of 
groundwater system characteristics on groundwater drought responsiveness was assessed by 
analysing precipitation and groundwater level anomalies from Sweden, Finland and the Lower 
Fraser Valley (Canada). Correlation analysis between groundwater drought responsiveness and 
selected environmental properties was applied on Swedish data. 

The main findings of this thesis are, first, that between 1980 and 2010, groundwater recharge 
became decreasingly driven by snowmelt in spring. Instead, recharge became increasingly 
influenced by winter rain and high evapotranspiration rates in spring. As a result, dynamic 
groundwater storage significantly decreased across the region, particularly in Finland. Second, 
inter-annual groundwater level trends, covering the same period, did not correspond to trends 
of increasing winter snowmelt and rainfall. Groundwater level trends instead showed stronger 
similarity to trends in wet days, i.e. frequency of days with precipitation. Furthermore, 
groundwater trends corresponded better to trends in the frost-free season, compared to trends 
found in the frost season. Third, variability in groundwater drought responsiveness could be 
partly explained by environmental properties, such as sediment type (sand, silt and till), 
groundwater level depth, climate and atmospheric teleconnections. 

These findings suggest that within this century, annual groundwater recharge will decrease in 
the study areas, due to the projected increase in temperature and precipitation. However, this 
also depends on the effect of decreased ground frost on winter infiltration, and the balance 
between precipitation and evapotranspiration. Finally, the need for a holistic approach in 
groundwater drought characterisation is made apparent by the influence of climate and 
atmospheric teleconnections on groundwater drought responsiveness. 

Keywords: climate change; time series analysis; groundwater statistics; Sweden; drought; cold 
region hydrogeology; groundwater memory 

v 

 

Sammanfattning 
Global uppvärmning kommer leda till en förändrad hydrologisk cykel, vilket kan komma att 
påverka dynamisk grundvattenmagasinering och öka risken för grundvattentorka. Klimatet 
påverkar grundvattenmagasinering via grundvattenbildning, medan grundvattnets respons 
under torrperioder beror på grundvattensystemens egenskaper. Syftet med denna avhandling är 
att öka vår förståelse för hur klimatvariationer och grundvattensystemens egenskaper påverkar 
grundvattenmagasinering, i länder på mellan och höga breddgrader. 

Grundvatten-, nederbörd- och temperaturdata från Sverige och Finland för 1980-2010 
analyserades för att utvärdera klimatvariationernas påverkan på grundvattenmagasinering. 
Olika hydroklimat jämfördes mot säsongsmässiga och årliga fluktuationer i grundvattennivåer. 
Utöver detta utvärderades även den potentiella inverkan av grundvattensystemets egenskaper 
på grundvattnets respons under torrperioder, genom att analysera avvikelser i nederbörd och 
grundvattennivåer i Sverige, Finland och Lower Fraser Valley (Kanada). 

De huvudsakliga upptäckterna i denna avhandling är, för det första, att grundvattenbildning 
1980-2010 uppkom allt mindre till följd av snösmältning under våren. Istället påverkades 
grundvattenbildning alltmer av regn under vintersäsongen, och evapotranspiration på våren. 
Till följd av detta minskade grundvattenmagasinering i hela den studerade regionen, särskilt i 
Finland. För det andra motsvarades inte trender för årsvärden av grundvattenmagasinering, för 
samma period, av trender av ökad snösmältning och regn under vintersäsongen. Trender i 
grundvatten visade starkare likhet mellan trender för wet days, d.v.s. frekvensen av dagar med 
nederbörd. Dessutom motsvarades trenderna för grundvatten bättre av trender för hydroklimat 
under den frostfria delen av året, jämfört med trender som sammanföll med frostperioder. 
Avslutningsvis kunde grundvattnets respons under torrperioder delvis förklaras av 
grundvattensystemegenskaper, såsom sedimenttyp (sand, silt och morän), djupet på 
grundvattennivån, klimatet och atmosfärisk fjärrpåverkan. 

Dessa upptäckter tyder på att grundvattenbildning i studieområdena årligen kan komma att 
minska inom detta århundrade, till följd av potentiella ökningar i lufttemperatur och nederbörd. 
Grundvattenbildningen påverkas dock även av effekten av minskad tjäle på vinterinfiltration, 
och balansen mellan nederbörd och evapotranspiration. Slutligen betonas behovet av ett 
holistiskt tillvägagångssätt för karakterisering av grundvattentorka till följd av relationen 
mellan grundvattnets respons under torka och klimat, samt fjärrpåverkan.



vi 

 

Acknowledgements 
Tack | Thank you | Gracias | Grazie | Bedankt | Danke | Xiéxié | Shukriyā | Kiitos 

The work presented in this thesis would not have been possible without the constant support 
and encouragement from my supervisors, colleagues, friends and family. 

First, thank you to my main supervisor Roland Barthel, for giving me the opportunity and for 
helping me finish the work. To Markus Giese, for all the discussions about research ideas, the 
impromptu meetings, and you forcing me outside my comfort zone. To Ezra Haaf, whom I 
shared an office with for nearly three years, thank you for feedback on my texts and sharing 
your code. To Mark Johnson, for feedback on this thesis. To Erik Sturkell, my examiner, for 
always being cheerful and for helping me get all my credits in order. To Tinghai Ou – without 
your help I probably would not have had any meteorological data to analyse. Thank you also 
to Bjørn Kløve and Pekka Rossi for sharing groundwater data from Finland with Ezra and I. 

To all of my great, current and former, colleagues at GVC. Thank you for sharing all the 
vicissitudes of life in academia, for table tennis, and the many discussions during lunch and 
fika. Thank you to Lina Rasmusson, Julia Kukulies and April Shannon for always answering 
the phone, the ‘writing retreats’ and believing in me. To Nils Wallenberg for being among the 
most reliable fika friends and for helping me with the Swedish translation of the summary. To 
Salar Karam, for forcing me take breaks these past weeks. To Aifang Chen, for being the best 
impromptu roommate at the EGU conference in Vienna. To Lorenzo Minola, for the actual 
writing retreat. To Mats Björkman, Ruud Scharn, Cole Brachmann, Aurora Patchett, Pramod 
Surendran, Lily Zeng, Andreas Johnsson, Anna-Karin Björsne, Philipp Schleusner, and many 
more. Thank you for all the interesting conversations and for creating a great community. 

I also want to thank Diana Allen and Aspen Anderson who welcomed me to Burnaby, BC, and 
gave me all the help I needed for my research visit at the Simon Fraser University. To Brynje, 
Adam, Omar, Elilan, Lucian, Lizzie, and all the friends I met there, for after work skiing, 
weekend climbing trips, trail running, and all the discussions in the hydrolab about scientific 
terminology, hydrogeological theory and haircare.  

The warmest thanks goes also to my friends outside academia. Tack Nattis, för alla middagar 
och att du lyssnar när jag behöver ventilera. To Jane, for always discussing statistics with me 
and for help on the summary of this thesis. Tack Emrik, för alla dagar på klätterväggen. To 
Izzy, for fun reunions in Sweden, England and Italy. Tack Aaron, för spontana möten när ditt 
skepp går i hamn. Till mina barndomsvänner Jossan och Mattias, tack för allt.  

Till mamma, min klippa och livscoach. Tack för att du alltid finns vid min sida. Pappa och 
Niclas, tack för att ni stöttar, uppmuntrar och hejar på mig när jag behöver det. Tack Lucas, för 
att du är du. Tack Tika och familjen Råsbrant, för mysiga middagar och inspiration. Tack 
mormor, som inte fick se slutet på denna resa men som påminde mig om vad som är viktigt. 
Tack till mina fyrbenta familjemedlemmar: Bonnie, Chloe, Puh, Idun och Bilbo, för att det 
aldrig blir en händelselös minut med er.  

Eva, my best friend and partner. Thank you for always being interested in my research, helping 
me with small and big details, and take breaks when I need to. I could not have managed my 
work-life balance as well as I have without you.  

Finally, the work of this thesis was possible thanks to funding from the Swedish Research 
Council FORMAS, awarded to Roland (project number 2016-00513). 

x 

 

List of articles 
This list of articles constitute the detailed work of this thesis: 

I. Nygren M, Giese M, Kløve B, Haaf E, Rossi PM, Barthel R (2020) Climate effects 
on intra-annual groundwater level fluctuations in a cold-temperate climate transition 
zone, Journal of Hydrology: X. 

II. Nygren M, Giese M, Barthel R (2021) Recent trends in hydroclimate and 
groundwater levels in a region with seasonal frost cover, Journal of Hydrology SI: 
Hydroclimatic Extremes and Impacts in a Changing Environment: Observations, 
Mechanisms and Projections. 

III. Nygren M, Barthel R, Allen D, Giese M (under review) Exploring aquifer drought 
responsiveness in typical lowland post-glacial environments, submitted to 
Hydrogeology Journal. 

IV. Nygren M, Barthel R, Haaf E, Giese M (manuscript) Relations between groundwater 
drought memory and selected environmental properties in Sweden. 

Table 1: Co-author contributions to the articles. MN = Nygren M, MG = Giese M, RB = Barthel R, EH = Haaf E, BK = Kløve 
B, PMR = Rossi PM, DA = Allen D. 

Contribution articles 

 I II III IV 

Conceptualisation MN, MG MN, MG MN, MG, RB MN, MG 

Methodology MN, MG MN MN, MG MN 

Software MN, EH MN MN MN, EH 

Analysis MN MN MN MN 

Data curation MN, PMR, BK MN MN, DA MN 

Visualisation MN MN MN MN 

Writing original draft MN MN MN MN 

Writing, review and editing all all all all 

Published articles not included in this thesis: 

Barthel R, Haaf E, Nygren M, Giese M (2022) Systematic visual analysis of groundwater 
hydrographs: potential benefits and challenges, Hydrogeology Journal, 
https://doi.org/10.1007/s10040-021-02433-w. 

Barthel R, Haaf E, Giese M, Nygren M, Heudorfer B, Stahl K (2021) Similarity-based 
approaches in hydrogeology: proposal of a new concept for data-scarce groundwater 
resource characterization and prediction, Hydrogeology Journal, 
https://doi.org/0.1007/s10040-021-02358-4. 

Barthel R, Stangefelt M, Giese M, Nygren M, Seftigen K, Chen D (2021) Current 
understanding of groundwater recharge and groundwater drought in Sweden compared 
to countries with similar geology and climate, Geografiska Annaler Series A Physical 
Geography, https://doi.org/10.1080/04353676.2021.1969130. 

vi



vi 

 

Acknowledgements 
Tack | Thank you | Gracias | Grazie | Bedankt | Danke | Xiéxié | Shukriyā | Kiitos 

The work presented in this thesis would not have been possible without the constant support 
and encouragement from my supervisors, colleagues, friends and family. 

First, thank you to my main supervisor Roland Barthel, for giving me the opportunity and for 
helping me finish the work. To Markus Giese, for all the discussions about research ideas, the 
impromptu meetings, and you forcing me outside my comfort zone. To Ezra Haaf, whom I 
shared an office with for nearly three years, thank you for feedback on my texts and sharing 
your code. To Mark Johnson, for feedback on this thesis. To Erik Sturkell, my examiner, for 
always being cheerful and for helping me get all my credits in order. To Tinghai Ou – without 
your help I probably would not have had any meteorological data to analyse. Thank you also 
to Bjørn Kløve and Pekka Rossi for sharing groundwater data from Finland with Ezra and I. 

To all of my great, current and former, colleagues at GVC. Thank you for sharing all the 
vicissitudes of life in academia, for table tennis, and the many discussions during lunch and 
fika. Thank you to Lina Rasmusson, Julia Kukulies and April Shannon for always answering 
the phone, the ‘writing retreats’ and believing in me. To Nils Wallenberg for being among the 
most reliable fika friends and for helping me with the Swedish translation of the summary. To 
Salar Karam, for forcing me take breaks these past weeks. To Aifang Chen, for being the best 
impromptu roommate at the EGU conference in Vienna. To Lorenzo Minola, for the actual 
writing retreat. To Mats Björkman, Ruud Scharn, Cole Brachmann, Aurora Patchett, Pramod 
Surendran, Lily Zeng, Andreas Johnsson, Anna-Karin Björsne, Philipp Schleusner, and many 
more. Thank you for all the interesting conversations and for creating a great community. 

I also want to thank Diana Allen and Aspen Anderson who welcomed me to Burnaby, BC, and 
gave me all the help I needed for my research visit at the Simon Fraser University. To Brynje, 
Adam, Omar, Elilan, Lucian, Lizzie, and all the friends I met there, for after work skiing, 
weekend climbing trips, trail running, and all the discussions in the hydrolab about scientific 
terminology, hydrogeological theory and haircare.  

The warmest thanks goes also to my friends outside academia. Tack Nattis, för alla middagar 
och att du lyssnar när jag behöver ventilera. To Jane, for always discussing statistics with me 
and for help on the summary of this thesis. Tack Emrik, för alla dagar på klätterväggen. To 
Izzy, for fun reunions in Sweden, England and Italy. Tack Aaron, för spontana möten när ditt 
skepp går i hamn. Till mina barndomsvänner Jossan och Mattias, tack för allt.  

Till mamma, min klippa och livscoach. Tack för att du alltid finns vid min sida. Pappa och 
Niclas, tack för att ni stöttar, uppmuntrar och hejar på mig när jag behöver det. Tack Lucas, för 
att du är du. Tack Tika och familjen Råsbrant, för mysiga middagar och inspiration. Tack 
mormor, som inte fick se slutet på denna resa men som påminde mig om vad som är viktigt. 
Tack till mina fyrbenta familjemedlemmar: Bonnie, Chloe, Puh, Idun och Bilbo, för att det 
aldrig blir en händelselös minut med er.  

Eva, my best friend and partner. Thank you for always being interested in my research, helping 
me with small and big details, and take breaks when I need to. I could not have managed my 
work-life balance as well as I have without you.  

Finally, the work of this thesis was possible thanks to funding from the Swedish Research 
Council FORMAS, awarded to Roland (project number 2016-00513). 

x 

 

List of articles 
This list of articles constitute the detailed work of this thesis: 

I. Nygren M, Giese M, Kløve B, Haaf E, Rossi PM, Barthel R (2020) Climate effects 
on intra-annual groundwater level fluctuations in a cold-temperate climate transition 
zone, Journal of Hydrology: X. 

II. Nygren M, Giese M, Barthel R (2021) Recent trends in hydroclimate and 
groundwater levels in a region with seasonal frost cover, Journal of Hydrology SI: 
Hydroclimatic Extremes and Impacts in a Changing Environment: Observations, 
Mechanisms and Projections. 

III. Nygren M, Barthel R, Allen D, Giese M (under review) Exploring aquifer drought 
responsiveness in typical lowland post-glacial environments, submitted to 
Hydrogeology Journal. 

IV. Nygren M, Barthel R, Haaf E, Giese M (manuscript) Relations between groundwater 
drought memory and selected environmental properties in Sweden. 

Table 1: Co-author contributions to the articles. MN = Nygren M, MG = Giese M, RB = Barthel R, EH = Haaf E, BK = Kløve 
B, PMR = Rossi PM, DA = Allen D. 

Contribution articles 

 I II III IV 

Conceptualisation MN, MG MN, MG MN, MG, RB MN, MG 

Methodology MN, MG MN MN, MG MN 

Software MN, EH MN MN MN, EH 

Analysis MN MN MN MN 

Data curation MN, PMR, BK MN MN, DA MN 

Visualisation MN MN MN MN 

Writing original draft MN MN MN MN 

Writing, review and editing all all all all 

Published articles not included in this thesis: 

Barthel R, Haaf E, Nygren M, Giese M (2022) Systematic visual analysis of groundwater 
hydrographs: potential benefits and challenges, Hydrogeology Journal, 
https://doi.org/10.1007/s10040-021-02433-w. 

Barthel R, Haaf E, Giese M, Nygren M, Heudorfer B, Stahl K (2021) Similarity-based 
approaches in hydrogeology: proposal of a new concept for data-scarce groundwater 
resource characterization and prediction, Hydrogeology Journal, 
https://doi.org/0.1007/s10040-021-02358-4. 

Barthel R, Stangefelt M, Giese M, Nygren M, Seftigen K, Chen D (2021) Current 
understanding of groundwater recharge and groundwater drought in Sweden compared 
to countries with similar geology and climate, Geografiska Annaler Series A Physical 
Geography, https://doi.org/10.1080/04353676.2021.1969130. 



xi 

 

Table of Contents 
Summary iv 

Sammanfattning v 

Acknowledgements vi 
List of articles x 

1. Introduction 1 

1.1. Background 1 

1.1.1. ‘Normal’ dynamic groundwater storage in relation to climate variability in mid- to 
high latitudes 1 

1.1.2. Deficit in dynamic groundwater storage in relation to spatial heterogeneity 3 

1.1.3. Background summary 5 

1.2. Scope 6 

1.3. Thesis outline (organisation) 6 

2. Study area description 7 

2.1. Climate 7 

2.2. Hydrogeology 8 

3. Data and methods 9 

3.1. Data 9 

3.2. Pre-processing of groundwater level hydrographs 9 

3.3. Methods 10 

3.3.1. The water balance 10 

3.3.2. Impact on dynamic groundwater storage 11 

3.3.3. Drought 11 

3.3.4. Groundwater drought responsiveness 12 

4. Overview of the articles 13 

4.1. Changes in seasonality of groundwater level fluctuations in a temperate-cold climate 
transition zone (article I) 13 

4.2. Recent trends in hydroclimate and groundwater level in a region with seasonal frost 
cover (article II) 15 

4.3. Exploring aquifer drought responsiveness in lowland glacial aquifers (article III) 16 

4.4. Relations between groundwater drought memory and selected environmental 
properties in Sweden (article IV) 17 

5. Results and discussion 19 

5.1. Changes to the groundwater recharge regime 19 

5.2. Impacts of climate variability on dynamic groundwater storage 19 

5.3. Groundwater drought responsiveness 20 

5.4. Impacts of climate change on dynamic groundwater 21 

xii 

 

5.5. Limitations 22 

6. Conclusions 23 

6.2. Future work 24 

References 26 

xi



xi 

 

Table of Contents 
Summary iv 

Sammanfattning v 

Acknowledgements vi 
List of articles x 

1. Introduction 1 

1.1. Background 1 

1.1.1. ‘Normal’ dynamic groundwater storage in relation to climate variability in mid- to 
high latitudes 1 

1.1.2. Deficit in dynamic groundwater storage in relation to spatial heterogeneity 3 

1.1.3. Background summary 5 

1.2. Scope 6 

1.3. Thesis outline (organisation) 6 

2. Study area description 7 

2.1. Climate 7 

2.2. Hydrogeology 8 

3. Data and methods 9 

3.1. Data 9 

3.2. Pre-processing of groundwater level hydrographs 9 

3.3. Methods 10 

3.3.1. The water balance 10 

3.3.2. Impact on dynamic groundwater storage 11 

3.3.3. Drought 11 

3.3.4. Groundwater drought responsiveness 12 

4. Overview of the articles 13 

4.1. Changes in seasonality of groundwater level fluctuations in a temperate-cold climate 
transition zone (article I) 13 

4.2. Recent trends in hydroclimate and groundwater level in a region with seasonal frost 
cover (article II) 15 

4.3. Exploring aquifer drought responsiveness in lowland glacial aquifers (article III) 16 

4.4. Relations between groundwater drought memory and selected environmental 
properties in Sweden (article IV) 17 

5. Results and discussion 19 

5.1. Changes to the groundwater recharge regime 19 

5.2. Impacts of climate variability on dynamic groundwater storage 19 

5.3. Groundwater drought responsiveness 20 

5.4. Impacts of climate change on dynamic groundwater 21 

xii 

 

5.5. Limitations 22 

6. Conclusions 23 

6.2. Future work 24 

References 26 



1 

 

1. Introduction 
1.1. Background 
Understanding the impact of climate variability and system characteristics on dynamic (active) 
groundwater storage is a cornerstone for groundwater resource assessment. It is essential in 
order to increase the reliability of modelled impacts on groundwater resources from climate 
change projections, and for the planning of drought mitigation strategies.  

Groundwater is a vital resource and 
generally consist of high-quality 
freshwater (Taylor et al., 2013). It 
composes over 60 % of the drinking water 
supply in the Nordic countries, excluding 
Norway (Kløve et al., 2014; Barthel et al., 
2021). Additionally, groundwater 
constitutes an ecosystem service (Kløve et 
al., 2011) and provides water for 
industries and farming (Seibert et al., 
2011; Taylor et al., 2013; Barthel et al., 
2021). Groundwater discharges as 
baseflow to streams and rivers, even in 
periods with little to no precipitation (Van 
Loon, 2015). Groundwater can also 
regulate soil moisture (Martinéz-de la 
Torre and Miguez-Macho 2019; Condon 
et al., 2020), which is a strong indicator 
for wildfire risk (Bakke et al., 2021). In 
humid climates, it can contribute directly 
to evapotranspiration through shallow 
groundwater levels or a thick capillary 
fringe (Condon et al., 2020).  

1.1.1. ‘Normal’ dynamic groundwater storage in relation to climate variability in mid- to high 
latitudes 

Climate change is projected to alter climate zones in mid-latitudes, but most dramatically in 
high latitudes, shifting cold climate zones to warmer, temperate climate within this century 
(Beck et al., 2018). This will impact the hydrological cycle (e.g. Clilverd et al., 2011; Jasechko 
et al., 2017), changing the ‘normal’ (average) conditions. Therefore, there must be increased 
understanding of how dynamic groundwater storage is influenced by changes to the ‘normal’ 
conditions. 

Groundwater storage and climate have a dynamic relationship (Cuthbert et al., 2019). Climate 
variability directly influences groundwater storage through recharge (Figures 1 and Figure 2), 
and indirectly through changes in water demand (Taylor et al., 2013). The impact on 
groundwater recharge and dynamic storage depends on the annual balance between water 
(precipitation) and energy (evapotranspiration), of which the seasonal distribution of 
precipitation and precipitation characteristics, such as phase (Jasechko et al., 2017) and 
intensity, are vital (Fu et al., 2019).  
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Aquifer is a term for a geological unit that
is water saturated. A‘good’ aquifer stores
sufficient amounts of water for it to be
economically valuable for groundwater
pumping. This includes aquifers in different
kinds of consolidated rock formations, such
as limestone and sandstone, and
unconsolidated deposits of sand and gravel
in river valleys and extensive glaciofluvial
deposits (Knutsson, 2008).

A groundwater system includes the aquifer,
but also the surrounding environment.
Depending on the scale of interest, this can
include surface water that is hydraulically
connected to the aquifer and soil moisture.
At larger scales, it can further include
vegetation, and long-term climate
conditions.

AQUIFER
vs.

GROUNDWATER SYSTEM

Box 1.1.
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Due to the multiple processes affecting hydrological fluxes, which vary both spatially and 
temporally, there is large uncertainty regarding the impact of projected climate change on 
groundwater recharge and storage (Green et al., 2011; Stoll et al., 2011; Surfleet et al., 2012; 
Kurylyk and MacQuarrie, 2013; Barthel et al., 2021).  

In cold, humid climate, hydroclimatic processes in winter and spring strongly determine annual 
groundwater recharge (Figure 2a and b), since precipitation fall primarily as snow in winter, 
and ground frost hinders water infiltration into soil (e.g. Lundberg et al., 2016). Snowfall 
accumulation then leads to major snowmelt events in spring as the snowpack thaws, when 
vegetation is still dormant, or in the early stages of the growing season (e.g. Clilverd et al., 
2011; Luoma and Okkonen, 2014; Jasechko et al., 2017; Kløve et al., 2017). Aquifers in 
temperate climates are instead recharged in winter, when evapotranspiration rates are low and 
infiltrated water can percolate (with conditions similar to in Figure 2d) (e.g. Jasechko et al., 
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2014). Excluding separate and unpredictable events like summer storms (Singh et al., 2018; Fu 
et al., 2019), the growing season (Figure 2c) is a period of little to no groundwater recharge in 
temperate climate, due to high rates of evapotranspiration creating water-limited conditions 
(Lee et al., 2013; Jasechko et al., 2014). Some aquifers in humid climates are particularly 
vulnerable, as shallow groundwater levels or a thick capillary fringe can enable a hydraulic 
connection between groundwater and the root zone (capillary rise in Figure 1) (Martinéz-de la 
Torre and Miguez-Macho 2019). In such conditions, groundwater can directly contribute to 
transpiration, leading to groundwater depletion until the connection is lost (Kløve et al., 2014; 
Condon et al., 2020).  

A shift from cold to temperate climate, and warming in general, thus lead to generally increased 
evapotranspiration rates and reduced influence from snow processes. Modelling studies greatly 
help in understanding these processes, and modelling results give a wide variety of suggestions 
for climate change impact on groundwater recharge and storage. However, different models 
can yield different results, despite the similarity in climate and change in winter processes (e.g. 
Scibek et al., 2007; Clilverd et al., 2011; Okkonen and Kløve, 2011; Luoma and Okkonen, 
2014; Meixner et al., 2016). For example, Jyrkama and Sykes (2007) found that groundwater 
recharge will increase overall in a river basin near Toronto, Canada, using the hydrologic model 
HELP3. On the contrary, Sultana and Coulibaly (2011) found that there will be a slight overall 
decrease in groundwater recharge, in a different river basin near Toronto. They used results 
from downscaling of global climate model scenarios applied to a distributed hydrologic model 
(Sultana and Coulibaly, 2011). Notwithstanding the different approaches, the different results 
could relate to factors such as river basin characteristics. Regardless, models clearly need to 
improve, and these two studies emphasise the many uncertainties involved. 

Studies of observed groundwater storage change in cold climate are fewer, but notably report 
a similarly wide range, from positive (Dudley and Hodgkins, 2013; Boumaiza et al., 2022), to 
negative (Lee et al., 2013; Shanley et al., 2016), ambiguous (Allen et al., 2014), multiple 
different (Rivard et al., 2009), or insignificant trends (Levison et al., 2016). It is reasonable that 
different locations should experience different impacts. However, this complicates the 
extrapolation of impacts, and emphasises the need to validate groundwater storage trends 
across climate zones and diverse regions. 

1.1.2. Deficit in dynamic groundwater storage in relation to spatial heterogeneity 

Groundwater storage is naturally dynamic due to temporal variations in the input and output 
fluxes (Figure 1). However, climate variability on the sub-seasonal to multi-annual scale can 

induce periods of storage deficit, which 
can lead to groundwater drought.  

Drought affects human activity in all 
climate zones, and both physical drought 
conditions and its impacts can persist for 
years (Kim et al., 2019). It follows that 
consecutive droughts, although they may 
be short or not severe, can have a 
cumulative impact (Bachmair et al., 2016; 
van Lanen et al., 2017). This is due to 
positive feedbacks in the hydrological 
cycle, which can result in the combination 
of multiple small and short droughts, i.e. 
pooling. Pooling can then culminate in 
large and sustained soil moisture 
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Figure 1: Some variables of a groundwater budget that compose the groundwater system, the input at the surface, land
cover, percolation that produce recharge upon reaching the water table, including capillary rise, which through capillary
forces can enable a thick capillary fringe to form. This, in turn, can enable a hydraulic connection between the water table
and vegetation. The variability in storage is influenced by the variability in recharge, groundwater inflow and outflow (discharge).
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Figure 2: Cold climate seasonality of a groundwater budget in relation to hydroclimate seasonality, modified from Kløve et al.
(2017). The variables precipitation, evapotranspiration and groundwater recharge are identical to those presented in Figure 1.
(a) Precipitation as rain occurs rarely, and infiltration capacity islimited. Depending on the extent of ground frost, some rain may
infiltrate and produce variable recharge. (b) Vegetation is dormant or in the early stages of the growing season, and groundwater
recharge occurs primarily in response to major snowmelt events. (c) Evapotranspiration rates are high, leading to low or nil
recharge. (d) Evapotranspiration decreases, and rain may produce groundwater recharge.
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can lead to groundwater drought.  

Drought affects human activity in all 
climate zones, and both physical drought 
conditions and its impacts can persist for 
years (Kim et al., 2019). It follows that 
consecutive droughts, although they may 
be short or not severe, can have a 
cumulative impact (Bachmair et al., 2016; 
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positive feedbacks in the hydrological 
cycle, which can result in the combination 
of multiple small and short droughts, i.e. 
pooling. Pooling can then culminate in 
large and sustained soil moisture 

DROUGHT

Box 1.2.

Temporary climate variability can cause
natural hazard. Drought is such a hazard,
and is a prolonged state of water deficit.
Drought should not be confused with water
scarcity, which is the unsustainable use of
water resources and relates to societal
impacts (van Loon and van Lanen, 2013).
Commonly, droughts are separated into
different categories, such as meteorological
drought, agricultural (soil moisture) drought
and hydrological (streamflow and
groundwater) drought (see Box 1.3.).
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(Pendergrass et al., 2020) or hydrological drought (Lloyd-Hughes, 2013; Van Lanen et al., 
2013; Van Loon, 2015). 

In northern Europe, drought affects society primarily through increased wildfires, and losses 
to the agricultural sector and forestry (Stahl et al., 2016). This can amount to a loss of several 
billion SEK and force emergency slaughter of livestock (Jordbruksverket, 2019). For example, 
the heatwave in 2018 caused region-wide water deficit in soil moisture, streams and lakes 
(Bakke et al., 2020). In Sweden, this led to abnormally large wildfires with regard to burned 
area (Björheden and Johanesson, 2019; MSB, 2020), and crop yield losses over 40 % 
(Alexandersson, 2019), costing the agricultural sector an estimated 6-10 billion SEK 
(Jordbruksverket, 2019). 

Irrigation is one approach to artificially mitigate effects from soil moisture drought 
(Jordbruksverket, 2019), and approximately 30 % of water used for irrigation in Sweden is 
extracted from groundwater (Seibert et al., 2010). Groundwater extraction in periods of drought 
is however limited by dynamic groundwater storage (Björnfors, 2018). In the summer of 2018, 
groundwater levels in ‘small’ aquifers were reported to be extremely low by the Geological 
Survey of Sweden (SGU). Meanwhile, groundwater levels in ‘large’ aquifers were reportedly 
below normal, with more potential for short-term drought mitigation via increased irrigation 
(Björnfors, 2018).  

The distinction between ‘small’ (crystalline bedrock and till) and ‘large’ (sand and gravel, or 
sedimentary bedrock) aquifers (Knutsson and Fagerlind, 1977; Eveborn et al., 2017) is made 
by SGU to estimate groundwater storage. The distinction between small and large is attributed 
to porosity, which is a measure of the volume of void space in a material where water can be 
stored, i.e. the potential volume of stored (ground) water. In this way, the aquifers are 
characterised as ‘quickly’ or ‘slowly’ responding, respectively (e.g. Knutsson and Fagerlind, 
1977; Eveborn et al., 2017). However, relative terms, like ‘quickly’ and ‘slowly’ responding, 
give little indication for quantitative information, making it difficult for drought mitigation 
planning. The large and slowly responding aquifers may have sufficient storage in the initial 
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short term, but for cumulative multi-year 
droughts, they can take years to recover. 
Therefore, there is a need to increase the 
understanding of drought propagation to 
groundwater (response) and of 
groundwater drought duration (memory).  

The terms ‘quickly’ and ‘slowly’ 
responding refers to the hydrological 
drought characteristics lag, pooling, 
lengthening and attenuation, in relation to 
meteorological drought (Figure 3) (van 
Loon et al., 2012). A common way to deal 
with this when characterising drought 
propagation is to calculate the cumulative 
meteorological drought using pre-defined 
periods, such as three months for soil 
moisture droughts or six months for 
hydrological drought (e.g. Bakke et al., 
2020, EDO). This is essentially a moving 
average of the meteorological condition of 
the previous three to six months. 

Another way to approach the lag, pooling, 
lengthening and attenuation effects is to calculate the meteorological anomaly for different 
accumulation periods. The accumulation period that best corresponds to droughts in the 
relevant system (here: the aquifer) can then be identified using the cross-correlation between 
meteorological and groundwater drought indices. Due to heterogeneity in hydraulic properties, 
e.g. porosity and permeability, this approach can result in widely varying best-fit accumulation 
periods.  

The main critique of this method is that it requires long time series from groundwater 
observation wells (groundwater hydrographs), which are scarcely distributed (Kumar et al., 
2016). Further, because of the heterogeneity, it is difficult to interpolate and extrapolate from 
the results of sparsely distributed wells (Kumar et al., 2016). Hence, while meteorological 
drought induces groundwater drought, groundwater system characteristics (Figure 1) influence 
the severity, intensity and duration of the response. Therefore, there is a need to understand if 
and how groundwater drought response and memory are connected to groundwater system 
characteristics.  

1.1.3. Background summary 

Dynamic groundwater storage is largely a product of characteristics that are assumed to be 
temporally stationary, such as topography and aquifer properties (Rinderer et al., 2019, Giese 
et al., 2020), and climate and meteorology that are changing spatiotemporally. Therefore, it is 
important to evaluate past impact of climate variability on dynamic groundwater storage from 
observations. It contributes to increased understanding of the atmosphere-groundwater 
connection (Green et al., 2011, Kløve et al., 2014), provides context for climate change 
projections, informs modelling studies (Stoll et al., 2011) and aids drought mitigation planning.  

The aim of this thesis has been to increase the understanding of how climate variability and 
groundwater system characteristics influence dynamic groundwater storage, using a data-
driven approach. The scope was to assess groundwater influences on the regional scale.  
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Figure 3: The concept of drought propagation through the
different stores, with hypothetical anomalies. Modified from
Changnon Jr (1987)

Drought propagation is generally
considered a sequence from
meteorological drought to soil
moisture drought, hydrological
drought and finally groundwater
drought (Figure 3) (Wilhite and
Glantz, 1985; Bachmair et al., 2016).
However, water fluxes do not simply
propagate linearly: capillary forces
transport water upward in the soil
profile (Martinéz-de la Torre and
Miguez-Macho, 2019), and streams
can both discharge and recharge
groundwater (Riedel and Weber,
2020). Therefore, groundwater
drought can influence soil moisture
and stream baseflow, and thereby has
the potential for prolonging drought,
intensifying its effects, or mitigating
them.
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moisture droughts or six months for 
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2020, EDO). This is essentially a moving 
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the previous three to six months. 

Another way to approach the lag, pooling, 
lengthening and attenuation effects is to calculate the meteorological anomaly for different 
accumulation periods. The accumulation period that best corresponds to droughts in the 
relevant system (here: the aquifer) can then be identified using the cross-correlation between 
meteorological and groundwater drought indices. Due to heterogeneity in hydraulic properties, 
e.g. porosity and permeability, this approach can result in widely varying best-fit accumulation 
periods.  

The main critique of this method is that it requires long time series from groundwater 
observation wells (groundwater hydrographs), which are scarcely distributed (Kumar et al., 
2016). Further, because of the heterogeneity, it is difficult to interpolate and extrapolate from 
the results of sparsely distributed wells (Kumar et al., 2016). Hence, while meteorological 
drought induces groundwater drought, groundwater system characteristics (Figure 1) influence 
the severity, intensity and duration of the response. Therefore, there is a need to understand if 
and how groundwater drought response and memory are connected to groundwater system 
characteristics.  

1.1.3. Background summary 

Dynamic groundwater storage is largely a product of characteristics that are assumed to be 
temporally stationary, such as topography and aquifer properties (Rinderer et al., 2019, Giese 
et al., 2020), and climate and meteorology that are changing spatiotemporally. Therefore, it is 
important to evaluate past impact of climate variability on dynamic groundwater storage from 
observations. It contributes to increased understanding of the atmosphere-groundwater 
connection (Green et al., 2011, Kløve et al., 2014), provides context for climate change 
projections, informs modelling studies (Stoll et al., 2011) and aids drought mitigation planning.  

The aim of this thesis has been to increase the understanding of how climate variability and 
groundwater system characteristics influence dynamic groundwater storage, using a data-
driven approach. The scope was to assess groundwater influences on the regional scale.  

GROUNDWATER DROUGHT
RESPONSIVENESS

Box 1.4.

In the thesis, groundwater drought
responsiveness encompasses the concepts
of groundwater drought memory and
groundwater drought response time.
Groundwater drought memory is a concept
wherein groundwater is considered to
‘remember’ recent wetness in its
surroundings. Wetness in the surroundings
is simply moisture or water stored in
vegetation, soils, lakes, streams and nearby
aquifers, which is a reflection of the
antecedent cumulative weather condition.
Groundwater response time refers to the
propagation of the meteorological drought
signal to the groundwater level (Box 1.3.).
Drought propagation can vary significantly,
due to groundwater system heterogeneity
(e.g. Kumar et al., 2016), this is also true for
responsiveness).
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1.2. Scope 
The research project had three objectives focussed on data observations in mid- to high latitude 
countries, specifically with humid-cold and humid-temperate climate zones, defined according 
to the Köppen-Geiger climate classification (Kottek et al., 2006): 

[1] To evaluate the seasonality of, and possible change to, groundwater recharge regimes.  

[2] To assess the impact of climate variability on dynamic groundwater storage.  

[3] To explain groundwater drought responsiveness and its variability based on 
      environmental properties.  

These objectives were addressed in the articles and manuscripts, described in Figure 4. The 
main objectives were divided into research questions for each paper and manuscript (see 
appended articles for details). 

 

1.3. Thesis outline (organisation) 
This thesis is presented in the compilation (article) style, where the work is summarised and 
each article is appended as the main result at the end of the thesis. Each article contains an 
abstract, introduction with a review of relevant scientific literature, methods, results, 
discussion, conclusions, and references. The text of original articles was not edited, and the 
format is the same as in the published version.  

 Chapter 2 provides an overview of the study area, climate and general hydrogeology.  

 Chapter 3 provides an overview of the data, pre-processing and methods used in this 
thesis, to avoid repetition.  

 Chapter 4 provides an overview of each article, including motivation, objectives, 
methods results and conclusions.  

 Chapter 5 has a discussion of the results from all articles. 

 Chapter 6 has the conclusion of the thesis based on the four articles, addressing the 
objectives in section 1.2 and Figure 4, followed by the outlook and future research. 
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 The references listed after chapter 6 are only for the introductory chapters of the 
thesis. 

 Finally, each article is presented in order. 

2. Study area description 
2.1. Climate 
Sweden and Finland are located in northern Europe (Figure 5a). The climate, as defined by the 
Köppen-Geiger climate classification, ranges from temperate humid in the south to cold humid 
in the north, with a transition to snowy/cold humid climate around 60 °N (Figure 5b). 
According to the classification, humid climate lacks a dry season. Cold climate has monthly 
average temperatures above 10 °C in summer but below -3 °C in winter. Temperate climate 
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Article II:
Hydroclimate and groundwater
level trends in a region with
seasonal frost cover

Article III:
Exploring aquifer drought
responsiveness in typical
lowland post-glacial
environments

Article IV:
Relations between groundwater drought memory and
selected environmental properties in Sweden

Article I:
Changes in seasonality of groundwater level fluctuations in
a cold-temperate climate transition zone

Objective 3
Explain groundwater drought
responsiveness, and its variability

Objective 1
Evaluate possible change to
groundwater recharge seasonality

Objective 2
Assess impacts of climate variability
on dynamic groundwater storage

Figure 4: The four articles in relation to the three main objectives of the thesis.
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[2] To assess the impact of climate variability on dynamic groundwater storage.  

[3] To explain groundwater drought responsiveness and its variability based on 
      environmental properties.  

These objectives were addressed in the articles and manuscripts, described in Figure 4. The 
main objectives were divided into research questions for each paper and manuscript (see 
appended articles for details). 

 

1.3. Thesis outline (organisation) 
This thesis is presented in the compilation (article) style, where the work is summarised and 
each article is appended as the main result at the end of the thesis. Each article contains an 
abstract, introduction with a review of relevant scientific literature, methods, results, 
discussion, conclusions, and references. The text of original articles was not edited, and the 
format is the same as in the published version.  

 Chapter 2 provides an overview of the study area, climate and general hydrogeology.  

 Chapter 3 provides an overview of the data, pre-processing and methods used in this 
thesis, to avoid repetition.  

 Chapter 4 provides an overview of each article, including motivation, objectives, 
methods results and conclusions.  

 Chapter 5 has a discussion of the results from all articles. 

 Chapter 6 has the conclusion of the thesis based on the four articles, addressing the 
objectives in section 1.2 and Figure 4, followed by the outlook and future research. 
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 The references listed after chapter 6 are only for the introductory chapters of the 
thesis. 

 Finally, each article is presented in order. 

2. Study area description 
2.1. Climate 
Sweden and Finland are located in northern Europe (Figure 5a). The climate, as defined by the 
Köppen-Geiger climate classification, ranges from temperate humid in the south to cold humid 
in the north, with a transition to snowy/cold humid climate around 60 °N (Figure 5b). 
According to the classification, humid climate lacks a dry season. Cold climate has monthly 
average temperatures above 10 °C in summer but below -3 °C in winter. Temperate climate 
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Figure 5: Northern hemisphere extent of: (a) the Last Glacial Maxima (LGM) (Ehlers et al., 2010) and the location of the study
areas in articles I, II, III, IV; (b) humid cold (Df) and humid temperate (Cf) climate zones, see Kottek et al. (2006) for definitions;
(c) elevations (Ehlers et al., 2010); and (d) local and shallow aquifers of the WHYMAP (Richts et al., 2011). Recharge values
in the legend are general estimates of annual ground water recharge rates for the ‘local and shallow aquifers’ type. See Richts et
al. (2011) for details. The projection is Lambert's Conic projection for the North Pole.
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also has summer temperatures exceeding 10 °C, but between -3 °C and 18 °C in winter (Peel 
et al., 2017; Beck et al., 2018). Note that all of Finland is in the cold humid climate zone (Kottek 
et al., 2006).  

The Lower Fraser Valley, included in article III, is located in southern British Columbia, 
Canada (Figure 5a), and has temperate humid climate (Kottek et al., 2006). However, the valley 
is surrounded by mountain ranges exceeding 3000 masl, so the hydroclimate is more complex 
compared to in Sweden and Finland (Moore et al., 2010). 

2.2. Hydrogeology 
The hydrogeology of northern Europe and British Columbia is similar in many ways, but very 
dissimilar in others. The similarities are due to the shared influence from Pleistocene 
glaciations (Figure 5a) and the climate zone classification (Figure 5b). The dissimilarities are 
in the deep valley formations in British Columbia, whereas Sweden and Finland have low 
relief, as indicated by the differences in elevation (Figure 5c).  

In Sweden and Finland, the bedrock is important to mention primarily because of its generally 
low permeability on the regional scale. The bedrock is part of a geologically distinct region of 
the European Craton. It is mainly crystalline, with few and small areas of limestone and 
sandstone (Fredén, 2009), which are excluded from the studies.  

Therefore, excluding the sedimentary bedrock formations, the main groundwater resources in 
Sweden and Finland are in the unconsolidated surficial deposits – a simplification of 
hydrogeologically distinct features in Sweden is presented in Figure 6. The unconsolidated 
deposits have an average thickness of less than 10 m (Kleman et al., 2008; Ebert et al. 2015), 
and consist mainly of till with typically low hydraulic conductivity (Ojala et al., 2007). Fracture 
valleys, and especially eskers and end-moraines composed of sand and gravel, are exceptions, 
as they can be thicker than 100 m (Fredén, 2009; Stroeven et al., 2016). Eskers and end 
moraines can further be over 100’s km long with variable elevation and width. Since they often 
disappear and reappear, these landforms are not necessarily hydraulically connected. 
Nevertheless, they are among the most socioeconomically important aquifers, as sand and 
gravel deposits are highly permeable (Knutsson and Fagerlind, 1977; Katko et al., 2006; Ojala 
et al,. 2007).  

Quaternary deposits of the Lower Fraser valley consist of alternating glacial and non-glacial 
sediments, which amount to approximately 300 m of sediment deposits (Clague, 1994). The 
hydrogeology is therefore composed of, inter alia, glaciofluvial sand and gravel and supra-
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glacial till, interbedded with glaciolacustrine and glaciomarine silt and clay, forming a complex 
system of unconfined and confined aquifers.  

3. Data and methods 
3.1. Data 
Time series data that was used for the analyses are summarised in Table 2 and described below. 
Groundwater level observation data, confinement status, and information about aquifer 
material for Sweden was provided by SGU. The Finnish Environment Agency (SYKE) 
provided groundwater data for Finland, and the British Columbia Ministry of Environment and 
Climate Change Strategy (BC ECCS), provided groundwater data for the Lower Fraser Valley. 

Meteorological data consists of the regional reanalysis ensembles daily gridded dataset for 
precipitation, temperature and sea level pressure in Europe (E-OBS) version 2.0 at 0.1° scale, 
between 2000 and 2015. The authors acknowledge the E-OBS dataset from the EU-FP6 project 
UERRA (http://www.uerra.eu) and the Copernicus Climate Change Service, and the data 
providers in the ECA&D project (Cornes et al., 2018). The Finnish Meteorological Institute 
(FMI) provide data of daily sums of precipitation and average temperatures for Finland. The 
dataset is part of FMI ClimGrid, a 100 km2 daily regional reanalysis climate grid covering the 
period 1961–2014 (Aalto et al., 2016). Precipitation data were provided as the monthly sum 
[mm] on a 0.5° grid by the University of East Anglia Climatic Research Unit (version TS 4.04) 
(Harris et al. 2020). 

In addition to time series, purely geographical data, such as geology, elevation, land cover and 
soil depth, was applied in some of the analyses for conceptual understanding. This data was 
primarily provided by SGU, SYKE and BC ECCS, but datasets from other sources were also 
included. In article IV geographical data was also used in the analysis itself. See the appended 
articles for details. 
Table 2: Datasets of time series used in the analyses of the appended articles. 

data country article links 

Groundwater hydrographs 

Sweden all https://www.sgu.se  

Finland I, II, III NA, from SYKE via researchers at the University of 
Oulu. 

Canada III https://aqrt.nrs.gov.bc.ca/Data 

Gridded regional re-analysis climate data 
(P, T) 

Sweden I, II, IV https://www.ecad.eu 

Finland I, II https://www.fairdata.fi/avaa/ 

Gridded global re-analysis climate data 
(P, T, wet days, PET) all II, III https://catalogue.ceda.ac.uk/uuid 

3.2. Pre-processing of groundwater level hydrographs 
Table 3 contains a summary of the data quantity of groundwater time series for each article. 
For the analysis of seasonality and trends, only groundwater hydrographs with a minimum 
biweekly resolution and a maximum of four months consecutive missing data were included. 
For article I, quality was checked specifically for the decades 1980-1989 and 2001-2010, 
whereas the entire period between 1980 and 2010 was assessed for article II. Observation wells 
were mainly in unconsolidated, surficial sediment usually consisting of till or glaciofluvial 
sediment.  
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is surrounded by mountain ranges exceeding 3000 masl, so the hydroclimate is more complex 
compared to in Sweden and Finland (Moore et al., 2010). 

2.2. Hydrogeology 
The hydrogeology of northern Europe and British Columbia is similar in many ways, but very 
dissimilar in others. The similarities are due to the shared influence from Pleistocene 
glaciations (Figure 5a) and the climate zone classification (Figure 5b). The dissimilarities are 
in the deep valley formations in British Columbia, whereas Sweden and Finland have low 
relief, as indicated by the differences in elevation (Figure 5c).  

In Sweden and Finland, the bedrock is important to mention primarily because of its generally 
low permeability on the regional scale. The bedrock is part of a geologically distinct region of 
the European Craton. It is mainly crystalline, with few and small areas of limestone and 
sandstone (Fredén, 2009), which are excluded from the studies.  

Therefore, excluding the sedimentary bedrock formations, the main groundwater resources in 
Sweden and Finland are in the unconsolidated surficial deposits – a simplification of 
hydrogeologically distinct features in Sweden is presented in Figure 6. The unconsolidated 
deposits have an average thickness of less than 10 m (Kleman et al., 2008; Ebert et al. 2015), 
and consist mainly of till with typically low hydraulic conductivity (Ojala et al., 2007). Fracture 
valleys, and especially eskers and end-moraines composed of sand and gravel, are exceptions, 
as they can be thicker than 100 m (Fredén, 2009; Stroeven et al., 2016). Eskers and end 
moraines can further be over 100’s km long with variable elevation and width. Since they often 
disappear and reappear, these landforms are not necessarily hydraulically connected. 
Nevertheless, they are among the most socioeconomically important aquifers, as sand and 
gravel deposits are highly permeable (Knutsson and Fagerlind, 1977; Katko et al., 2006; Ojala 
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Quaternary deposits of the Lower Fraser valley consist of alternating glacial and non-glacial 
sediments, which amount to approximately 300 m of sediment deposits (Clague, 1994). The 
hydrogeology is therefore composed of, inter alia, glaciofluvial sand and gravel and supra-
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glacial till, interbedded with glaciolacustrine and glaciomarine silt and clay, forming a complex 
system of unconfined and confined aquifers.  

3. Data and methods 
3.1. Data 
Time series data that was used for the analyses are summarised in Table 2 and described below. 
Groundwater level observation data, confinement status, and information about aquifer 
material for Sweden was provided by SGU. The Finnish Environment Agency (SYKE) 
provided groundwater data for Finland, and the British Columbia Ministry of Environment and 
Climate Change Strategy (BC ECCS), provided groundwater data for the Lower Fraser Valley. 

Meteorological data consists of the regional reanalysis ensembles daily gridded dataset for 
precipitation, temperature and sea level pressure in Europe (E-OBS) version 2.0 at 0.1° scale, 
between 2000 and 2015. The authors acknowledge the E-OBS dataset from the EU-FP6 project 
UERRA (http://www.uerra.eu) and the Copernicus Climate Change Service, and the data 
providers in the ECA&D project (Cornes et al., 2018). The Finnish Meteorological Institute 
(FMI) provide data of daily sums of precipitation and average temperatures for Finland. The 
dataset is part of FMI ClimGrid, a 100 km2 daily regional reanalysis climate grid covering the 
period 1961–2014 (Aalto et al., 2016). Precipitation data were provided as the monthly sum 
[mm] on a 0.5° grid by the University of East Anglia Climatic Research Unit (version TS 4.04) 
(Harris et al. 2020). 

In addition to time series, purely geographical data, such as geology, elevation, land cover and 
soil depth, was applied in some of the analyses for conceptual understanding. This data was 
primarily provided by SGU, SYKE and BC ECCS, but datasets from other sources were also 
included. In article IV geographical data was also used in the analysis itself. See the appended 
articles for details. 
Table 2: Datasets of time series used in the analyses of the appended articles. 

data country article links 

Groundwater hydrographs 

Sweden all https://www.sgu.se  

Finland I, II, III NA, from SYKE via researchers at the University of 
Oulu. 

Canada III https://aqrt.nrs.gov.bc.ca/Data 

Gridded regional re-analysis climate data 
(P, T) 
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Finland I, II https://www.fairdata.fi/avaa/ 

Gridded global re-analysis climate data 
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3.2. Pre-processing of groundwater level hydrographs 
Table 3 contains a summary of the data quantity of groundwater time series for each article. 
For the analysis of seasonality and trends, only groundwater hydrographs with a minimum 
biweekly resolution and a maximum of four months consecutive missing data were included. 
For article I, quality was checked specifically for the decades 1980-1989 and 2001-2010, 
whereas the entire period between 1980 and 2010 was assessed for article II. Observation wells 
were mainly in unconsolidated, surficial sediment usually consisting of till or glaciofluvial 
sediment.  
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For the drought analyses, groundwater hydrographs with 15 years consecutive monthly data 
were included. The period of study was limited by the record length of groundwater time series 
in Canada, since similar record lengths is desirable to ensure consistency in the approach.  
Table 3: Number of individual groundwater hydrograph locations used in each article, the record length analysed and the 
countries included.  

article hydrographs length countries 

 n years  

I 265 30 Sweden, Finland 

II 256 30 Sweden, Finland 

III 81 15 Sweden, Finland, Canada 

IV 175 15 Sweden 

3.3. Methods 
3.3.1. The water balance 

The approach to address the first and second research objectives about groundwater recharge 
and climate variability, builds on a conceptual model of a simplified water balance (see Figure 
1 for an overview, though not all variables were represented). This water balance is constrained 
by the grid cell of the gridded regional re-analysis climate data. The water balance can be 
written as: 

𝑃𝑃 = 𝐸𝐸𝐸𝐸 + 𝑄𝑄 +  ∆𝑆𝑆       (1) 

where P [mm] is precipitation, ET [mm] is evapotranspiration, Q [mm] is stream discharge, 
and ΔS [mm] is the change in dynamic groundwater storage. ET is not possible to measure, but 
potential ET (PET) can be estimated from observed data of temperature, where higher 
temperatures in general indicate higher potential evapotranspiration. With increasing function 
complexity, additional variables, like vapour pressure deficit/heat fluxes, are included.  

Groundwater discharge, i.e. the groundwater fraction of Q, was considered constant to simplify 
the analysis. This was because the focus of the analyses were on ΔS driven by wetness of the 
grid cell, i.e. effective precipitation (P – ET), and since aquifers and streams were assumed to 
have a regionally low hydraulic connection.  

Effective precipitation is a term that determines the theoretical water and energy limits of the 
grid cell. If P exceeds, PET, PET equals ET and conditions are energy-limited. If PET exceeds 
P, P equals ET and conditions are water-limited. Effective precipitation thus reflects water 
availability for infiltration into, and percolation through soil, while ΔS is the corresponding 
change in groundwater storage. In temperate climate, a surplus in effective precipitation is 
typically represented by heavy rainfall and/or low evapotranspiration rates, and a deficit by 
little or no rainfall and/or high evapotranspiration rates. In cold climates, P is further subdivided 
into rain or snowfall, where snowfall is essentially a deficit in effective precipitation despite 
low evapotranspiration rates, due to two main reasons. The obvious one is that snow is stored 
above the ground surface, and the second one is due to ground frost, which greatly debilitate 
water infiltration. Effective precipitation surplus is then represented by snowmelt in spring, 
following a long period of snowfall and the thawing of ground frost, and rain in summer. 
Conditions of water surplus and deficit are summarised in Table 4, and based on conceptual 
understanding as in Figure 2.  
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Table 4: Hydrometeorological types used to represent surplus or deficit in surface water available for ground infiltration in the 
climate zones, in articles I, II and IV. 

Water availability Climate zone Type 

Surplus Cold and temperate Energy-limited (rain > potential evapotranspiration) 

Surplus Cold Snowmelt 

Deficit Cold and temperate Water-limited (rain < potential evapotranspiration) 

Deficit Cold Snowfall and ground frost 

The water balance can be re-written considering the water balance from the perspective of ΔS 
and the relevant climate zones, as: 

∆𝑆𝑆 = 𝑅𝑅 + 𝑀𝑀 − 𝐸𝐸𝐸𝐸       (2) 

similarly to the groundwater recharge budget of the Water Table Fluctuation Method (see 
Healy and Cook, 2002), where R [mm] is rain and M [mm] is snowmelt. Rain and snowfall vs. 
snowmelt were estimated from daily observations of precipitation and temperature, using the 
HBV snow routine developed by Bergström (1976). It is based on a temperature threshold 
approach, where a common temperature threshold of 1.0 °C was applied based on findings of 
Feiccabrino and Lundberg (2008). This means that precipitation on days with temperatures 
above 1.0 °C were classified as rain days, while precipitation coinciding with a temperature 
below 1.0 °C was estimated to be snow. Snowmelt is calculated from the accumulated snow 
component of the routine, using a factor that indicates the capacity of the snowpack to melt per 
day, which further depends on the temperature. 

Many different characteristics of precipitation and evapotranspiration are relevant for 
groundwater recharge, but most were outside the scope considering the context of the research 
project. However, for article II, a comparison of trends between groundwater levels and wet-
day frequency was performed, in addition to the comparison to trends in effective precipitation. 

3.3.2. Impact on dynamic groundwater storage 

The approach to address the first and second objectives considers changes in dynamic 
groundwater as a function of effective precipitation. Since data on hydraulic properties and 
stream discharge is lacking, dynamic groundwater storage, or change in storage, could not be 
quantified. However, ΔS is reflected by relative changes in groundwater level, which can be 
analysed qualitatively based on the equation:  

∆𝑆𝑆 =  𝑆𝑆𝑖𝑖𝑖𝑖 − 𝑆𝑆𝑜𝑜𝑜𝑜𝑜𝑜        (3) 

where 𝑆𝑆𝑖𝑖𝑖𝑖 [mm] is groundwater recharge and 𝑆𝑆𝑜𝑜𝑜𝑜𝑜𝑜 [mm] is groundwater discharge, the 
groundwater fraction of Q (stream baseflow). Thus, when groundwater levels are rising, 𝑆𝑆𝑖𝑖𝑖𝑖 
exceeds 𝑆𝑆𝑜𝑜𝑜𝑜𝑜𝑜, and when groundwater levels are declining, 𝑆𝑆𝑜𝑜𝑜𝑜𝑜𝑜 exceeds 𝑆𝑆𝑖𝑖𝑖𝑖. Changes in 
seasonality and annual groundwater storage were normalised with this approach, so that 
relative, but not absolute, change could be assessed. 

Note that for representative values from annual, monthly or biweekly observations, the mean 
and median were used depending on the type of data. Median values were primarily used for 
groundwater level data, and mean values for climate data including precipitation, as an 
overrepresentation of zeroes skews the results. The term average or mean may be used in this 
thesis, but see the appended articles for a full description of the approach. 

3.3.3. Drought 

To address the third objective about groundwater drought responsiveness, drought conditions 
for precipitation and groundwater storage were defined following the frequently applied 
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For the drought analyses, groundwater hydrographs with 15 years consecutive monthly data 
were included. The period of study was limited by the record length of groundwater time series 
in Canada, since similar record lengths is desirable to ensure consistency in the approach.  
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1 for an overview, though not all variables were represented). This water balance is constrained 
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and ΔS [mm] is the change in dynamic groundwater storage. ET is not possible to measure, but 
potential ET (PET) can be estimated from observed data of temperature, where higher 
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Groundwater discharge, i.e. the groundwater fraction of Q, was considered constant to simplify 
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grid cell, i.e. effective precipitation (P – ET), and since aquifers and streams were assumed to 
have a regionally low hydraulic connection.  

Effective precipitation is a term that determines the theoretical water and energy limits of the 
grid cell. If P exceeds, PET, PET equals ET and conditions are energy-limited. If PET exceeds 
P, P equals ET and conditions are water-limited. Effective precipitation thus reflects water 
availability for infiltration into, and percolation through soil, while ΔS is the corresponding 
change in groundwater storage. In temperate climate, a surplus in effective precipitation is 
typically represented by heavy rainfall and/or low evapotranspiration rates, and a deficit by 
little or no rainfall and/or high evapotranspiration rates. In cold climates, P is further subdivided 
into rain or snowfall, where snowfall is essentially a deficit in effective precipitation despite 
low evapotranspiration rates, due to two main reasons. The obvious one is that snow is stored 
above the ground surface, and the second one is due to ground frost, which greatly debilitate 
water infiltration. Effective precipitation surplus is then represented by snowmelt in spring, 
following a long period of snowfall and the thawing of ground frost, and rain in summer. 
Conditions of water surplus and deficit are summarised in Table 4, and based on conceptual 
understanding as in Figure 2.  
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methods of McKee et al. (1993) for precipitation and Bloomfield and Marchant (2013) for 
groundwater levels. Accordingly, the sum of precipitation and the mean groundwater level 
(example in Figure 7a) were ranked for each calendar month. This way, the divergence from 
‘normal’, i.e. very wet to very dry, conditions could be identified (examples in Figure 7d-h).  

 
The ranking of precipitation resulted in time series of the standardised precipitation index 
(SPI). Different accumulations periods represent the cumulative condition of precipitation for 
the specified time interval, going back one, two, three, to n months, indicated as SPI-n. The 
ranking of groundwater levels resulted in time series of the standardised groundwater level 
index (SGI). 

3.3.4. Groundwater drought responsiveness 

The storage component of a groundwater system means that it ‘remembers’ recent weather 
conditions. The length of this ‘memory’ depends on groundwater system properties (i.e. aquifer 
properties and environmental characteristics). The memory length can be estimated using 
groundwater hydrographs, for example using the autocorrelation function.  

The autocorrelation function is a measure of the self-correlation of a time series, i.e. how well 
it correlates to itself for different lag times. At lag 0 months, the correlation is one. If the 
memory is short, the correlation decreases quickly, but if the memory is long, the correlation 
decreases slowly. From the autocorrelation output, different measures of the groundwater 
memory can be estimated, depending on the objective of the analysis.  
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To analyse groundwater drought responsiveness, the autocorrelation function was applied to 
the SGI time series. The autocorrelation function then indicates the self-correlation, i.e. 
memory, of the groundwater drought index (Figure 7b).  

Cross-correlation analysis between precipitation and groundwater levels is an approach to 
analyse the speed of the propagating precipitation signal to groundwater. Similarly to 
autocorrelation, the cross-correlation between SPI for different accumulation periods from one 
to n months, and SGI reflects the similarity between drought in the different systems (Figure 
7c). 

The influence of groundwater system properties on groundwater drought memory was 
evaluated using correlation analysis, including different factors that affect groundwater 
recharge processes. For further details, see article IV. 

4. Overview of the articles 
This chapter contains a summary of each article appended to the thesis, including the 
motivation, objectives and conclusions. The overview is to link the papers together and provide 
context to the overarching objectives.  

4.1. Changes in seasonality of groundwater level fluctuations in a temperate-cold 
climate transition zone (article I) 
Cold climate zones are expected to shift to temperate within the century (Beck et al., 2018). 
Since annual precipitation is expected to increase (e.g. Chen et al., 2020), the final impact on 
groundwater storage is difficult to predict. Understanding how climate variability has affected 
groundwater storage in the past can provide important insights on how climate change may 
affect storage in the future. 

The objective was to increase the understanding of how changing hydroclimate seasonality, 
specific to temperate and cold climate, influence groundwater level seasonality. Further, it was 
to assess the spatial distribution of the aforementioned change and possible impact on the 
annual groundwater budget. 

Altogether 265 groundwater hydrographs and corresponding time series of precipitation and 
temperature from Sweden and Finland were included in the study. Average hydrometeorologic 
conditions were defined based on four different hydrometeorological types, described in Table 
4. These were spatiotemporally associated to rising vs declining patterns of the annual average 
groundwater level fluctuations, calculated for two 10-year periods (1980-1989 and 2001-2010, 
see Figure 8). The statistically significant differences in measures of the groundwater levels 
(seasonal median, standard deviation, minimum and maximum) were evaluated and compared 
between the two periods. 
The results showed that spatiotemporal associations between rising groundwater levels to 
hydroclimate seasonality corresponded well with the Köppen-Geiger climate zone boundaries. 
Furthermore, between the first and the second period, there was a spatial shift in seasonality 
(Figure 9), which coincided with annual differences in precipitation and temperature that are 
projected to continue with climate change. Differences in groundwater levels suggest that the 
shift had a regionally negative impact on groundwater levels, leading to lower groundwater 
levels (Table 5). These differences were more pronounced in the regions around the climate 
zone shift.  
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methods of McKee et al. (1993) for precipitation and Bloomfield and Marchant (2013) for 
groundwater levels. Accordingly, the sum of precipitation and the mean groundwater level 
(example in Figure 7a) were ranked for each calendar month. This way, the divergence from 
‘normal’, i.e. very wet to very dry, conditions could be identified (examples in Figure 7d-h).  

 
The ranking of precipitation resulted in time series of the standardised precipitation index 
(SPI). Different accumulations periods represent the cumulative condition of precipitation for 
the specified time interval, going back one, two, three, to n months, indicated as SPI-n. The 
ranking of groundwater levels resulted in time series of the standardised groundwater level 
index (SGI). 
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it correlates to itself for different lag times. At lag 0 months, the correlation is one. If the 
memory is short, the correlation decreases quickly, but if the memory is long, the correlation 
decreases slowly. From the autocorrelation output, different measures of the groundwater 
memory can be estimated, depending on the objective of the analysis.  
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The results imply that continued warming of cold climate regions may alter the main recharge 
period from being snowmelt-dominated to rain-dominated in Sweden and Finland. Based on 
the results, this will lead to decreased dynamic groundwater storage.  

 
 
Table 5: Median percent difference of measures (standard deviation, median, minimum and maximum) for depth below surface 
to groundwater level. Calculated for 1980-1989 and 2001-2010. No star = p-value >= 0.05 (not significant). * = p-value < 
0.05. ** = p-value < 0.01. *** = p-value < 0.001. Note that positive values indicate decreasing groundwater levels, and negative 
values increasing groundwater levels. 

Season Latitude median  sd  min  max  

  % 

Dec-Feb 

-59° 

3 * 3  1  2 *** 

Mar-May 7 ** 1  4  3 ** 

Jun-Aug 5 * 1  -25  2  

Sep-Nov 7 *** 1  -19  2 ** 

Dec-Feb 

59°-63° 

4 *** 10 *** 4  6 *** 

Mar-May 4 * 3  9 ** 5 *** 

Jun-Aug 5 *** 1  8 *** 4 *** 

Sep-Nov 10 *** 1 * 8 *** 4 *** 

Dec-Feb 

63°- 

3 *** 23 *** 1  5 *** 

Mar-May -1  0  7 *** 4 *** 

Jun-Aug 6 *** 5 * 1 * 6 *** 

Sep-Nov 9 *** 20 *** 5 *** 7 *** 

15 

 

 
4.2. Recent trends in hydroclimate and groundwater level in a region with seasonal frost 
cover (article II) 
Snow storage and ground frost influence effective precipitation in cold climate regions, so that 
groundwater recharge is near nil or nil in winter (Lundberg et al., 2016). However, very little 
is known about how ground frost influences groundwater recharge on the regional scale (Ala-
aho et al., 2021). Therefore, the objective was to compare annual groundwater level trends to 
hydroclimate trends between 1980 and 2010 from a frost (as a proxy to ground frost) season 
perspective. The approach compared annual groundwater level trends from 256 groundwater 
hydrographs, to annual, frost season and frost-free season trends in temperature, precipitation, 
effective precipitation, and wet day frequency.  

The middle and southern regions of Finland had homogenous trends of significant and strong 
decreasing groundwater levels (Figure 10a). Northern Finland has minor variations, but 
insignificant groundwater level trends overall, which is also true for the northern and central 
region of Sweden. Groundwater level trends in southern Sweden were more ambiguous, with 
some positive trends in the southwest, but mainly negative trends in the southern end, and 
southeast regions, of Sweden. 
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In Finland, wet day frequency trends in the frost-free season matched regional groundwater 
level trends better (Figure 10f), compared to annual (Figure 10e) and frost season trends (Figure 
10g). Trends in effective precipitation were, however, generally insignificant, though trends in 
the frost-free season indicated regional drying (Figure 10c). The simultaneous trend of 
increasing precipitation, occurring primarily in the frost season (Figure 10d), thus had little 
importance for annual groundwater recharge and storage between 1980 and 2010 in Finland. 

In Sweden, there were no regionally significant annual, frost season nor frost-free season 
hydroclimate trends. Hence, the variability in significant vs. insignificant, and increasing vs. 
decreasing trends in groundwater levels could not be explained. This may be because of the 
presumed underestimation of PET for the calculation of effective precipitation. Regardless, the 
hydroclimate trends analysed are not driving groundwater level trends there. 

 
4.3. Exploring aquifer drought responsiveness in lowland glacial aquifers (article III) 
Spatial variability in aquifer properties lead to large differences in groundwater drought 
response and duration, even for nearby locations (Kumar et al., 2016). The objective was 
therefore to increase the understanding of the temporal dynamics of groundwater drought 
response and memory, and to connect this to hydrogeological settings in cold and temperate 
climate zones.  

Since much of humid cold climate regions have been affected by Pleistocene glaciations 
(Figure 5a) and have low relief (Figure 5c), the focus was on typical hydrogeological settings 
in lowland post-glacial aquifers, as proxies for aquifer properties. These included both 
unconfined and confined sand and gravel deposits, silt and till. 
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The approach was to calculate the standardised groundwater level index (SGI) (Bloomfield and 
Marchant, 2013) from 81 hydrographs, and the standardised precipitation index (SPI) from the 
corresponding grid cell, for n months accumulation (McKee, 1993). The autocorrelation 
function of SGI was used to quantify groundwater drought memory, and cross-correlation of 
SGI and SPI-1 to SPI-60, to quantify the drought response time. The maximum cross-
correlation to SGI is commonly taken as the drought response time (e.g. Bloomfield and 
Marchant, 2013; Kumar et al., 2016). This approach was compared to an alternative approach 
based on the cross-correlation slope, which was developed for the study. 

The results showed that of the 81 hydrographs analysed, the sediment type alone could not 
explain all variability in groundwater response time in memory (Figure 11). However, some 
patterns emerged. Tills and unconfined sand aquifers had the lowest median drought memory 
and response times (Figure 11g-h and c-
d), followed by silt (Figure 11e-f) and last 
by confined sand (Figure 11a-b). 
However, the groundwater drought 
memory and response time could vary 
years for sand and gravel deposits, being 
up to four years in confined settings and 
up to two years in unconfined settings. 
Therefore, additional factors strongly 
influence groundwater drought 
responsiveness in sand. In comparison, 
silt and till had groundwater drought 
memories and response times of 
maximum one year, which is likely due to 
dynamic groundwater storage being 
comparably low.  

Furthermore, the analysis of the 
autocorrelation and the cross-correlation 
revealed that for some locations, 
atmospheric teleconnections, such as the 
North Atlantic Oscillation, could have as 
high of an impact on drought memory and 
response, as concurrent climate forcing. 
Therefore, such teleconnections need to 
be monitored, using e.g. indices of 
atmosphere oscillations, to warn of 
superimposed climatic forcing (shaded 
areas in Figure 11). 

4.4. Relations between groundwater drought memory and selected environmental 
properties in Sweden (article IV) 
Natural groundwater drought development is a function of the local water storage capacity (e.g. 
Tallaksen and Van Lanen, 2004). However, it is difficult to assess and quantify its spatial 
variability. Therefore, in this study, groundwater drought memory was considered to be of the 
groundwater system, defined as the intermediate-scale hydrological cycle from climate to 
groundwater. The objective was to quantify the groundwater drought memory and connect it 
to groundwater system properties that are more easily observed.  
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In Finland, wet day frequency trends in the frost-free season matched regional groundwater 
level trends better (Figure 10f), compared to annual (Figure 10e) and frost season trends (Figure 
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The approach was to quantify different aspects of 
the SGI autocorrelation from 175 groundwater 
hydrographs across Sweden. Four memory 
measures were extracted from the autocorrelation: 
the initial correlation, the memory effect, the initial 
decrease rate, and the secondary decrease rate 
(Figure 12). Three of them were correlated to 
selected environmental properties. The fourth 
(secondary decrease rate) was not used for the 
correlation test, since it had an unclear relationship 
to memory, and was a poor representation of long-
term autocorrelation coefficients.  

The environmental properties included variables 
such as regional estimations of saturated hydraulic 
conductivity in soil (KS) and bedrock (KR), soil 
thickness (soil depth), median groundwater depth, 
drainage density, climate variables and land cover. 
The area percentage of two land cover types, fields 
(mainly land used for agriculture) and forest, were 

estimated for each location to approximate evapotranspiration, in addition to temperature. 
However, land cover also influences infiltration through the development of preferential flow 
pathways along roots, and interception in canopies (Jost et al., 2012). Hence, these results need 
to be interpreted carefully.  

The correlation indicated that some groundwater system characteristics had significant 
influence on groundwater drought memory (Figure 13). The following groundwater system 
properties stood out as predominantly affecting groundwater system drought memory: median 
groundwater depth, soil thickness, drainage density, area with forest and fields, annual 
precipitation and average temperature. However, the analysis was greatly limited by the spatial 
resolution of hydraulic conductivity maps. Additionally, studies that look at the processes on 
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the local scale are needed to verify causation for these relationships, and the processes behind 
the correlation. 

5. Results and discussion 
The aim of this thesis was to increase the understanding of how climate variability and 
groundwater system characteristics affect dynamic groundwater storage, in mid- to high 
latitude countries of the northern hemisphere. This discussion focuses on answering the 
objectives in Figure 4.  

5.1. Changes to the groundwater recharge regime 
The thesis builds on the assumption that the seasonality of groundwater levels in Sweden and 
Finland are driven by seasonality of groundwater recharge, as a product of effective 
precipitation. The results of article I support this claim, based on conceptual understanding of 
effective precipitation in cold and temperate humid climates (Jasechko et al., 2014; Jasechko 
et al., 2017). Article I shows that annual groundwater recharge in humid cold climates is 
primarily driven by snowfall and snowmelt, and less so by evapotranspiration and rainfall. 
These results are in line with many previous studies (e.g. Luoma and Okkonen, 2014; Okkonen 
and Kløve, 2011; Jesechko et al., 2014; Jasechko et al., 2017). In contrast, groundwater 
recharge in humid temperate climate is primarily driven by winter rainfall and summer 
evapotranspiration. Snow-processes may also produce recharge in temperate climate zones, but 
to a much smaller degree, and are therefore less important for annual groundwater recharge. 

The average seasonality from two decades, 1980-1989 and 2001-2010, was compared as they 
represent two periods that are climatically different, where the second decade is wetter and 
warmer than the first. The analysis clearly showed the spatial difference in the groundwater-
recharge regime. In particular, some groundwater level hydroclimate associations typical for 
temperate climate occurred further north in the early 2000’s compared to the 1980’s. These 
included rising groundwater levels (recharge) associated with rain, and declining groundwater 
levels (low or nil recharge) associated with increased evapotranspiration. These changes were 
pronounced along the climate transition zone. In general, declining groundwater levels 
occurred more frequently with high evapotranspiration rates, while they were less frequently 
associated to snowfall, in 2001-2010. 

In summary, the duration of periods of high evapotranspiration rates increased between 1980-
1989 and 2001-2010 in the entire study area, suggesting that the growing season became 
longer. This was associated with declining groundwater levels, implying groundwater recharge 
was low. Snowmelt-related groundwater level rise, and groundwater level decline during 
snowfall periods, also got less frequent. 

5.2. Impacts of climate variability on dynamic groundwater storage 
The effect of varying climate on dynamic groundwater storage was the focus in articles I, II 
and IV. In article I, the effect of changing seasonality between 1980-1989 and 2001-2010 was 
assessed using a statistical test. The results suggest that groundwater recharge was generally 
lower in the early 2000’s, which led to generally reduced groundwater levels for the entire 
region. The consistently increasing standard deviations in winter suggest that there was also a 
much higher inter-annual variability. This implies that the annual groundwater budget had a 
significantly increased variability, which could increase the mobilisation of pollutants at 
contaminated locations (Jarsö et al., 20120 Lindgren, 2022).  

Article II estimated hydroclimate and groundwater level trends, taking the frost season into 
account. The results showed that groundwater level trends, and thus trends in groundwater 
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The approach was to quantify different aspects of 
the SGI autocorrelation from 175 groundwater 
hydrographs across Sweden. Four memory 
measures were extracted from the autocorrelation: 
the initial correlation, the memory effect, the initial 
decrease rate, and the secondary decrease rate 
(Figure 12). Three of them were correlated to 
selected environmental properties. The fourth 
(secondary decrease rate) was not used for the 
correlation test, since it had an unclear relationship 
to memory, and was a poor representation of long-
term autocorrelation coefficients.  

The environmental properties included variables 
such as regional estimations of saturated hydraulic 
conductivity in soil (KS) and bedrock (KR), soil 
thickness (soil depth), median groundwater depth, 
drainage density, climate variables and land cover. 
The area percentage of two land cover types, fields 
(mainly land used for agriculture) and forest, were 

estimated for each location to approximate evapotranspiration, in addition to temperature. 
However, land cover also influences infiltration through the development of preferential flow 
pathways along roots, and interception in canopies (Jost et al., 2012). Hence, these results need 
to be interpreted carefully.  

The correlation indicated that some groundwater system characteristics had significant 
influence on groundwater drought memory (Figure 13). The following groundwater system 
properties stood out as predominantly affecting groundwater system drought memory: median 
groundwater depth, soil thickness, drainage density, area with forest and fields, annual 
precipitation and average temperature. However, the analysis was greatly limited by the spatial 
resolution of hydraulic conductivity maps. Additionally, studies that look at the processes on 
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the local scale are needed to verify causation for these relationships, and the processes behind 
the correlation. 

5. Results and discussion 
The aim of this thesis was to increase the understanding of how climate variability and 
groundwater system characteristics affect dynamic groundwater storage, in mid- to high 
latitude countries of the northern hemisphere. This discussion focuses on answering the 
objectives in Figure 4.  

5.1. Changes to the groundwater recharge regime 
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Finland are driven by seasonality of groundwater recharge, as a product of effective 
precipitation. The results of article I support this claim, based on conceptual understanding of 
effective precipitation in cold and temperate humid climates (Jasechko et al., 2014; Jasechko 
et al., 2017). Article I shows that annual groundwater recharge in humid cold climates is 
primarily driven by snowfall and snowmelt, and less so by evapotranspiration and rainfall. 
These results are in line with many previous studies (e.g. Luoma and Okkonen, 2014; Okkonen 
and Kløve, 2011; Jesechko et al., 2014; Jasechko et al., 2017). In contrast, groundwater 
recharge in humid temperate climate is primarily driven by winter rainfall and summer 
evapotranspiration. Snow-processes may also produce recharge in temperate climate zones, but 
to a much smaller degree, and are therefore less important for annual groundwater recharge. 

The average seasonality from two decades, 1980-1989 and 2001-2010, was compared as they 
represent two periods that are climatically different, where the second decade is wetter and 
warmer than the first. The analysis clearly showed the spatial difference in the groundwater-
recharge regime. In particular, some groundwater level hydroclimate associations typical for 
temperate climate occurred further north in the early 2000’s compared to the 1980’s. These 
included rising groundwater levels (recharge) associated with rain, and declining groundwater 
levels (low or nil recharge) associated with increased evapotranspiration. These changes were 
pronounced along the climate transition zone. In general, declining groundwater levels 
occurred more frequently with high evapotranspiration rates, while they were less frequently 
associated to snowfall, in 2001-2010. 

In summary, the duration of periods of high evapotranspiration rates increased between 1980-
1989 and 2001-2010 in the entire study area, suggesting that the growing season became 
longer. This was associated with declining groundwater levels, implying groundwater recharge 
was low. Snowmelt-related groundwater level rise, and groundwater level decline during 
snowfall periods, also got less frequent. 

5.2. Impacts of climate variability on dynamic groundwater storage 
The effect of varying climate on dynamic groundwater storage was the focus in articles I, II 
and IV. In article I, the effect of changing seasonality between 1980-1989 and 2001-2010 was 
assessed using a statistical test. The results suggest that groundwater recharge was generally 
lower in the early 2000’s, which led to generally reduced groundwater levels for the entire 
region. The consistently increasing standard deviations in winter suggest that there was also a 
much higher inter-annual variability. This implies that the annual groundwater budget had a 
significantly increased variability, which could increase the mobilisation of pollutants at 
contaminated locations (Jarsö et al., 20120 Lindgren, 2022).  

Article II estimated hydroclimate and groundwater level trends, taking the frost season into 
account. The results showed that groundwater level trends, and thus trends in groundwater 
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storage, were generally negative, particularly in Finland. There, the trends of increasing 
effective precipitation (rain and melt) in the frost season (winter) had no correlation to 
groundwater trends, but were more correlated to frost-free season (summer) trends in effective 
precipitation, or wet day frequency trends overall.  

These results may suggest that spring snowmelt is more effective at producing recharge than 
winter rain. However, the nature of trends vary between seasons, where precipitation is 
increasing primarily in winter and decreasing in summer (Figure 10c and d). The decrease in 
groundwater storage is thus more likely to be a result of the distribution of precipitation trends 
in relation to precipitation characteristics and evapotranspiration rates, and/or the extent of 
ground frost in winter that hinders winter infiltration.  

In the future, ground frost occurrence will decrease, and finally disappear, facilitating winter 
infiltration in Finland. However, similar processes may be observed in regions with permafrost 
today, which will transition to seasonally frozen ground within the century (Ala-aho et al., 
2021).  

For Sweden, the trend results in article II are more ambiguous. Thus, the impact of 
hydroclimate trends on dynamic groundwater storage was difficult to deduce based on the 
hydroclimate trends that were analysed in the study. Therefore, more research focusing on 
evapotranspiration and other precipitation characteristics is necessary to understand the 
significant groundwater level trends in southern Sweden. Perhaps an analysis of longer records 
of groundwater levels (there are a few) in relation to climate reconstruction and projection, 
such as that of Chen et al. (2020), would provide better insight on recent trends. Further studies 
should also consider effects of groundwater extraction, particularly in southern Sweden. 

Article IV does not assess trends in the sense of temporal variability, but rather spatial 
variability in climate and the relation to groundwater drought memory in Sweden. See the 
following paragraph 5.3. for an overview of these results. There is a strong negative correlation 
between groundwater drought memory and the climate variables annual precipitation rates and 
average temperatures for the corresponding grid cell. This suggests that the groundwater 
system recovers quickly to drought in warmer and wetter regions of Sweden.  

The relation between memory and response time further suggests that if the system recovers 
quickly from drought, then the system also responds quickly to drought. Since precipitation 
and temperature were positively correlated to each other in the study, it is unclear whether both 
or one of these parameters are driving the decrease in drought memory. However, considering 
that the correlation to precipitation was higher, and that the cold climate areas with high annual 
precipitation rates lack groundwater observations, it is likely that relative wetness, rather than 
relative heat, is causing the decrease in memory. Since increasing humidity and soil moisture 
improves the atmosphere-groundwater connection (Cuthbert et al., 2019; Martinéz-de la Torre 
and Miguez-Macho 2019), it is likely that the correlation of short drought memory and 
increased annual precipitation is causational.  

5.3. Groundwater drought responsiveness 
In this thesis project, groundwater drought responsiveness was understood as both drought 
response time and drought memory. The groundwater response time was considered as the time 
of propagation from meteorological drought to groundwater drought, and was assessed in 
article III. Groundwater memory was considered as the inertia and persistence of drought in 
the groundwater system, and was assessed in articles III and IV. Though they reflect different 
processes, response time and memory are positively correlated and tend to be similar (e.g. 
Bloomfield and Marchant, 2013). Whereas the analysis of article III focused on drought 
response time and memory of aquifers, the analysis of article IV focused only on drought 
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memory, considering it as being the memory of the groundwater system. For consistency, 
‘aquifer’ response time or memory, and ‘groundwater system’ memory, is herein referred to as 
‘groundwater’ response time or memory. 

Both articles show that in the study areas, groundwater drought responsiveness varied from 
zero months to nearly four years with a median around one year. The variability in drought 
responsiveness roughly related to the aquifer material, which mainly consisted of glaciofluvial 
sand and gravel, silt and till (e.g. Figure 11). However, locations with sand and gravel had a 
particularly high range in response, though all sediment types had outliers.  

The analysis of article IV shows that groundwater drought memory was significantly correlated 
to groundwater system properties such as groundwater level depth, drainage density and 
climate. While the cause-and-effect could not be verified by the approach, many of these 
properties have previously been connected to groundwater recharge processes (e.g. Fu et al., 
2019; Dubois et al., 2021), or groundwater flow (Bloomfield and Marchant, 2013; Hellwig et 
al., 2020; Luijendijk, 2022).  

Furthermore, the time series analysis of article III shows that for many locations, there were 
multiple (primarily two) distinct peaks in the auto- and cross-correlations. Secondary peaks 
occurred at lag times around two to four years (Figure 11), which is the same periodicity of 
atmospheric teleconnections that influence precipitation and streamflow in the study areas (e.g. 
Perez-Valdivia et al., 2012; Irannezhad et al., 2017; Rust et al., 2018; Uvo et al., 2021). These 
findings suggest that groundwater drought is influenced by teleconnections, further supporting 
evidence from the United Kingdom that indicate that teleconnections can explain up to 40 % 
of inter-annual groundwater storage variability (Rust et al., 2019). Hence, groundwater drought 
can be similarly, or even more, susceptible to atmospheric teleconnection patterns than 
concurrent climate forcing. 

Previous studies have identified common characteristics of groundwater drought 
responsiveness, which are the lag, pooling, attenuation and lengthening of groundwater drought 
in comparison to meteorological drought (Figure 3) (Changnon Jr, 1987; Peters et al., 2003). 
These characteristics are evident and well described by the accumulation of SPI, and its 
correlation to SGI (Bloomfield and Marchant, 2013). The smoothing (lengthening, attenuation, 
pooling) and delay (lag) of the meteorologic signal is represented by the lag time of the 
groundwater drought response time and the memory (Figure 3 and 4b). The memory measures 
estimated in article IV are based on the autocorrelation, and thus represent some parts of the 
drought propagation. However, some detailed observations coupled with modelling is 
necessary to properly understand the relationship between groundwater level memory and 
response time to precipitation vs. the SGI memory and response time to meteorological 
anomalies. 

5.4. Impacts of climate change on dynamic groundwater 
Climate change is a change in the mean or variability of climatic properties that typically 
persists over decades or longer, and is natural and/or human-induced (IPCC, 1995 p. 21). 
However, since the climate has natural short-term variability (see e.g. Ghil and Lucarini, 2020 
for an overview), it is difficult to attribute variability to climate change without very long (~100 
year) time series.  

Instead, impact from climate change can be evaluated based on assumptions of stationarity 
regarding climate and groundwater interactions, including climate efficacy in producing 
groundwater recharge. Hydrogeology characterised by local aquifers in post-glacial settings is 
useful for evaluating the impact of climate variability, because the low storage capacity mean 
aquifers respond within years to short-term differences in climate (Cuthbert et al., 2019).  
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useful for evaluating the impact of climate variability, because the low storage capacity mean 
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The results from articles I and II are representative of recent climate variability and its impact 
on dynamic groundwater storage, since the 1980-2010 period represent a period of change to 
wetter and warmer conditions. Furthermore, differences in precipitation (mm / year) and 
temperature (°C / year) between 1980 and 2010 were similar to current climate change 
projections for this century (SMHI, Ruosteenoja et al., 2016).  

Additionally, the correlation to spatially changing properties in Sweden (article IV, gives) give 
some indication of the impact on groundwater drought responsiveness from changing climate 
over time. That is, in areas where wetness is increasing more than evapotranspiration, 
groundwater drought memory will likely decrease, while it will likely increase in areas that 
become drier.  

However, the issue with assuming stationarity regarding effective precipitation is that many of 
the processes that have influenced groundwater recharge in the past decades will change. The 
relation between climate and groundwater, and especially seasonality, will therefore also 
change. Particularly those processes related to snow and frost, which were and are prevalent in 
Sweden, Finland and in the Fraser Valley, and are projected to cease by the year of 2100. 
Therefore, we cannot assume the changes observed between 1980 and 2010 in groundwater 
were similar before 1980, nor that they will continue to change in the same way.  

5.5. Limitations 
As with any numerical or conceptual model, this thesis was based on many assumptions. This 
leads to many limitations, some of which have been mentioned already. The appended articles 
each contain non-exhaustive descriptions of these limitations; this is merely a short summary. 
Yet it is meant to provide some considerations to reflect on, regarding the results presented in 
this thesis. 

[1] Firstly, groundwater discharge was considered constant and hence excluded. The 
analyses seemed to suggest that groundwater level fluctuations overall coincided with 
increases and decreases to effective precipitation. However, inter-annual trends were 
probably also influenced by changes to discharge.  

[2] The estimation of effective precipitation was a simplification, itself based on 
simplifications of rain, snowmelt and evapotranspiration processes. 

[3] The estimations of snowmelt and rain were based on a temperature index and mean 
temperature per day, while actual precipitation phase discrimination is affected by 
additional factors. These include variables such as within-day temperature variability and 
humidity.  

[4] PET, which was frequently used to represent evapotranspiration, was also calculated 
from mean temperatures. Yet, it is additionally dependent on variables such as land cover 
and vegetation characteristics, wind speed and humidity.  

[5] Land cover and temperature, not PET, was used to approximate evapotranspiration in 
article IV. However, this adds different complications to the interpretation of the results, 
since land cover also influences other processes, for example interception through 
canopies, and ground infiltration capacity via root systems.  

[6] Care was taken to avoid groundwater observations clearly affected by anthropogenic 
influence. However, seasonal patterns in pumping, such as increased groundwater 
extraction by tourists and farmers in the summer, are more difficult to identify, which 
relate to point 1 above.  
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[7] Statistical methods, including trend analyses, standardisation and correlation of time 
series, are all sensitive to the record length and frequency of the observations. The results 
are expected to differ with climate variability regardless, but even slightly different 
record lengths, for example including the 1970’s drought in the first two articles, or the 
1990’s groundwater drought in Sweden (Stahl et al., 2016) for the last two, could alter 
the output greatly.  

[8] Hydraulic properties describe aquifer characteristics. Yet, data is often lacking, which 
was one motivation for article IV. Nevertheless, improved extrapolation of hydraulic 
properties, work that is ongoing, would greatly enhance the understanding of 
groundwater drought responsiveness in areas with few, none or low quality observations.  

[9] A major limitation to article III and IV is that it is unclear exactly what processes are 
represented by the auto- and cross-correlation functions. In hydrology, such time-series 
analysis is primarily represented in studies of karst springs, where the time series 
represent the output of the system. However, in non-karstic settings it is often unknown 
what part of the system groundwater observations represent. Further, there are very few 
studies applying the autocorrelation approach on time series from unconsolidated 
surficial sediment. Note also that the approach applied the autocorrelation to time series 
of groundwater level anomalies. Therefore, the results do not reflect groundwater 
recharge nor other processes in ways that may otherwise be expected based on previous 
non-karstic studies.  

[10] Lastly, the presented results indicate the general impact, without investigating 
outliers such as groundwater trends in southern Sweden, and extremes in the groundwater 
drought memory. This is implicit in the approach, which was data-driven rather than 
process-based. 

6. Conclusions 
The overall aim of the thesis was to increase the understanding of how climate variability and 
groundwater system characteristics affect dynamic groundwater storage in mid- to high latitude 
countries. As these commonly have cold and temperate climates, the research focussed on these 
climate zones. The specific contributions of the research to address the objectives in section 
1.2. and Figure 4 are summarised as: 

[1] Between 1980 and 2010, the groundwater recharge seasonality along the cold and 
temperate climate transition zone in Fennoscandia changed from being driven by 
snowfall and snowmelt, becoming increasingly driven by rain and evapotranspiration. 
The impact on dynamic groundwater storage was generally negative, leading to 
decreasing groundwater levels primarily in Finland. 

[2] Increasing snowmelt and rain trends during the frost season do not influence 
groundwater storage trends in Fennoscandia. Trends in groundwater storage were instead 
better correlated to hydroclimate trends in summer. This explains the decrease in 
groundwater recharge between 1980 and 2010, which resulted in the impact of decreased 
groundwater storage. 

[3] Groundwater drought responsiveness in lowland post-glacial groundwater systems 
range between zero months to about four years, but is primarily less than one year. 
Further, drought responsiveness varies in relation to atmospheric teleconnections. 

[4] Groundwater drought responsiveness is roughly related to aquifer material 
(glaciofluvial sand and gravel, glaciolacustrine silt, and till), but is also affected by 
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Further, drought responsiveness varies in relation to atmospheric teleconnections. 

[4] Groundwater drought responsiveness is roughly related to aquifer material 
(glaciofluvial sand and gravel, glaciolacustrine silt, and till), but is also affected by 
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groundwater system properties such as groundwater level depth, soil thickness, land 
cover, drainage density and climate. Specifically, wetness had a strong negative 
correlation to drought memory.  

These results emphasise the uncertainty of groundwater resources in the next few decades as 
the cold climate regions are projected to transition to temperate, with varying influence from 
snow and frost on the hydrological cycle. The results suggest that during the transition phase, 
frost may debilitate winter infiltration. As spring snowmelt events decrease in magnitude and 
occur earlier in the season, there is risk for an overall decrease in annual groundwater recharge. 
In temperate regions on the other hand, climate-groundwater interactions are more diffuse, with 
significant groundwater level trends in southern Sweden, declining in the east and a few 
locations with rising levels in the west. This suggests there is a discrepancy in the impact of 
warming. However, more research is necessary to deduce driving factors in general, and in 
Sweden in particular.  

Additionally, the need for a holistic approach for characterisation of groundwater drought 
responsiveness was emphasised by the apparent influence from atmospheric teleconnections. 
The correlation between vegetation and climate variables furthermore imply that groundwater 
drought responsiveness may change in the future. 

6.2. Future work  
The processes involved in groundwater recharge and storage are complex. Many are time-
dependent and vary according to physical factors that are themselves changing 
spatiotemporally. More studies in these climate zones and in diverse study areas are necessary 
to understand the diversity of groundwater systems. Otherwise it will not be possible to 
estimate how groundwater storage will change during and after climate transitions, and in 
response to changes in land use (e.g. irrigation, crop rotations, logging), land cover 
(urbanisation, deforestation, ditching), and local water storage in rivers, lakes and reservoirs. 

Some suggestions for how to approach the problem of our limited understanding of 
groundwater storage and its variability are given in the following sections. Note that many of 
these approaches are already being applied in many fields of hydrology research. Yet, studies 
of dynamic groundwater storage in mid- and high latitude countries are relatively uncommon, 
particularly in lowland post-glacial settings. These methods are either not currently applied 
there, or too scarce for reliable extrapolation.  

[1] One key point is to combine modelling experiments with studies using local 
observations to understand hydrological fluxes and processes in better detail. Parameters 
and aspects to consider are groundwater recharge, discharge, and flow processes at 
different temporal and spatial scales. Seasonal variability should be included for both the 
analysis of recharge and the propagation of anomalies. 

[2] Further, to assess all parts of the regional water balance, groundwater discharge must 
be included in some way. One way to do this is to combine different methods (Jie et al., 
2011), or (if possible) identify streamflow gauges that are near groundwater level 
observation wells and evaluate their hydraulic connection. Then the water balance can 
be completed, and recharge vs. discharge quantified.  

[3] Improved extrapolation of hydraulic properties, work that is ongoing, would greatly 
enhance the understanding of groundwater drought responsiveness. Studies quantifying 
these properties in post-glacial settings would aid this way of characterisation 
groundwater systems and aquifers.  
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[4] The impact of socioeconomic factors is expected to have a large variation. In southern 
Sweden, groundwater resources have increasing importance for drinking water supply 
and irrigation. Efforts should be taken to approximate pumping rates from different 
regions, to quantify their effects. 

[5] Better estimations of evapotranspiration, for example using remote sensing products 
such as the Normalised Difference Vegetation Index, has potential to improve 
estimations of effective precipitation, leading to improved water balance calculations. 

[6] Lastly, machine learning has a lot of potential in identifying complex relationships 
between groundwater storage and environmental properties, at multiple spatial scales 
(e.g. Martinsen et al., 2022). Efforts to solve hydrological problems should therefore 
consider the application of machine learning approaches. 

With improved understanding of the groundwater system and processes driving effective 
precipitation, impact assessments of climate variability and climate change on dynamic 
groundwater storage will become more reliable. This work is thus necessary to adequately 
inform drought mitigation plans and policies on groundwater resources and extraction. 
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