
B  tnemnorivnE tliu

D tnadnubA retaW ni thguor
F  dnalni

D  tnemeganaM thguorD rof slooT dna ata

L  otlepohA irua

D  LAROTCO
T  SESEH



A  seires noitacilbup ytisrevinU otla
D SESEHT LAROTCO  34/2  420

D  dnalniF tnadnubA retaW ni thguor

D  tnemeganaM thguorD rof slooT dna ata

L  otlepohA irua

A ecneicS fo rotcoD fo eerged eht rof detelpmoc siseht larotcod  
( otlaA eht fo noissimrep eht htiw ,dednefed eb ot )ygolonhceT  
U eht ta dleh noitanimaxe cilbup a ta ,gnireenignE fo loohcS ytisrevin  
l  .00:21 ta 4202 hcraM 8 no loohcs eht fo E llah erutce

A  ytisrevinU otla
S  gnireenignE fo loohc
B  tnemnorivnE tliu
W  puorG hcraeseR tnempoleveD dna reta



Printed matter
4041-0619

N
O

R
DIC

 SWAN ECOLAB
E

L

Printed matter
1234 5678

S  rosseforp gnisivrepu
P  dnalniF ,ytisrevinU otlaA ,nenikseK okraM rossefor
 
T  srosivda siseh
D  dnalniF ,etutitsnI tnemnorivnE hsinniF ,nenialajieV arooN .r
P  dnalniF ,ytisrevinU otlaA ,siraV illO rossefor
 
P  srenimaxe yranimiler
D  )CRJ( ertneC hcraeseR tnioJ ,noissimmoC naeporuE ,iteroT aerdnA .r
P  -aksarbeN fo ytisrevinU ,retneC noitagitiM thguorD lanoitaN ,adobovS kraM rossefor
L  nlocni
 
O  stnenopp
P  -aksarbeN fo ytisrevinU ,retneC noitagitiM thguorD lanoitaN ,adobovS kraM rossefor
L  nlocni

A  seires noitacilbup ytisrevinU otla
D SESEHT LAROTCO  34/2  420
 
© 2 420  L  otlepohA irua
 
I  NBS 9 5-5761-46-259-87   )detnirp(
I  NBS 9 2-6761-46-259-87   )fdp(
I  NSS 1 4394-997   )detnirp(
I  NSS 1 2494-997   )fdp(
h :NBSI:NRU/if.nru//:ptt 9  2-6761-46-259-87
 
I segam : C  IA yb detareneg revo
 
U  yO aifargin
H  iknisle 2  420
 
F  dnalni
 



A  tcartsb
A   otlaA 67000-IF ,00011 xoB .O.P ,ytisrevinU otla w  if.otlaa.ww

A  rohtu
L  otlepohA irua
N  siseht larotcod eht fo ema
D  tnemeganaM thguorD rof slooT dna ataD :dnalniF tnadnubA retaW ni thguor

P  rehsilbu S  gnireenignE fo loohc

U  tin B  tnemnorivnE tliu

S  seire A seires noitacilbup ytisrevinU otla  D SESEHT LAROTCO  34/2  420

F  hcraeser fo dlei W  gnireenignE latnemnorivnE dna reta

M  dettimbus tpircsuna 2  3202 rebmetpeS 5 D  ecnefed eht fo eta 8  4202 hcraM 

P  )etad( detnarg ecnefed cilbup rof noissimre 1  3202 rebmevoN 0 L  egaugna E  hsilgn

M  hpargono A  siseht elcitr E  siseht yass

A  tcartsb
D egnahc etamilC .secruoser retaw tnadnuba htiw esoht neve ,seiteicos lla ot ksir a esop sthguor  
w ,ksir thguord wol a sah dnalniF hguohT .ylgnidrocca tpada dluohs seiteicos dna ,ksir siht tceffa lli  
r osla tub ,ylppus retaw dna erutlucirga no yllaicepse ,tcapmi raelc a dah evah sthguord tnece  
f era ytiruces retaw dna ecnanrevog retaw s'dnalniF elihW .smetsysoce dna ,rewopordyh ,yrtsero  
g thguord evitarepo dna noitnetta elttil deniag raf os sah thguord ,level doog a ta yllarene  
m  .tnesba era seigetarts dna snalp tnemegana

T ot woh no snoit-adnemmocer sedivorp dna dnalniF ni sksir thguord seiduts noitatressid sih  
i eerht fo noitanibmoc a sa dootsrednu eb yllareneg nac ksir thguorD .tnemeganam thguord evorpm  
f atad rehtaew dna ,sledom ,secidni thguord lareveS .dra-zah dna ,erusopxe ,ytilibarenluv :srotca  
g yfitnauq ot dna drazah thguord dnatsrednu retteb ot noitatressid eht ni desu era noitarene  
d noitatressid ehT .dnalniF ni stneve thguord fo scitsiretcarahc rehto dna ,ytireves ,ycneuqerf thguor  
a dessucsid era stluser ehT .egnahc etamilc ot eud egnahc thgim drazah thguord woh sredisnoc osl  
i  .dnalniF ni txetnoc ecnanrevog retaw redaorb eht nihtiw dna srotces tnereffid ot noitaler n

T thguord no noitamrofni deliated edivorp sesylana xedni thguord eht morf stluser eh  
c tnereffid rof secidni thguord tseb eht gnisoohc taht wohs sgnidnfi ehT .dnalniF ni scitsiretcarah  
c esac nisab ikojuppriS eht roF .secidni lareves esu ot deen eht gnizisahpme ,tlucfifid si stxetno  
s erew secidni thguord dezidradnats tnereffid o2 ,)dnalniF nretsewhtuos ni nisab revir a( ydut  
c nI .9602–0402 sraey eht rof sa llew sa 8102 dna 3002–2002 fo stneve thguord owt rof detalucla  
a  .nisab eht rof detset saw gniledom lacigolordyh htiw delpuoc noitareneg atad rehtaew ,noitidd

T ,egnahc etamilc ot eud esaercni ylekil lliw sksir thguord taht slaever noitatressid sih  
p tnedneped-noitaripsnart-opave no desaB .dnalniF tsewhtuos dna htuos eht ni yltnanimoder  
i si sihT .nosaes gniworg eht gnirud yllaic-epse esaercni ot detciderp era stneve thguord ,secidn  
p noitagirri evah sdlefi fo tnecrep wef a ylno ecnis ,rotces larutlucirga eht rof gniyrrow ylralucitra  
s erom rof deen eht gnizisahpme ,noitairav egral a evah soiranecs etamilc eht ,revewoH .smetsy  
r  .noitatpada egnahc etamilc elbixefl sa llew sa hcraese

T stcapmi thguord tsniaga serusaem noitatpada ,dnalniF ni ksir thguord gniworg eht sserdda o  
a ,snalp tnemeganam thguord pu-mot-tob htiw rehtegot ,ygetarts thguord lanoitan A .detseggus er  
w citametsys a htiw deinapmocca eb dluohs esehT .sksir thguord gnisaercni eht etagitim dluo  
d  .metsys gninraw ylrae na htiw ssecorp tnemeganam thguor

K  sdrowye w ,secidni thguord ,noitatpada etamilc ,ecnanrevog retaw ,tnemeganam secruoser reta  
d  dnalniF ,tnemeganam thguor

I  )detnirp( NBS 9  5-5761-46-259-87 I  )fdp( NBS 9  2-6761-46-259-87

I  )detnirp( NSS 1  4394-997 I  )fdp( NSS 1  2494-997

L  rehsilbup fo noitaco H  iknisle L  gnitnirp fo noitaco H  iknisle Y  rae 2  420

P  sega 1  07 u  nr h :NBSI:NRU/fi.nru//:ptt 9  2-6761-46-259-87





T  ämletsivii
A   otlaA 67000 ,00011 LP ,otsipoily-otla w  if.otlaa.ww

T  äjike
L  otlepohA irua
V  imin najriksötiä
K  naatnillah neduuviuk ajulaköyt aj aataD :assemouS ässesitevsasnur suuviu

J  ajisiaklu I  uluokaekrok nedieteitiröönisn

Y  ökkisk R  sotial nötsiräpmy nutenneka

S  ajra A seires noitacilbup ytisrevinU otla  D SESEHT LAROTCO  34/2  420

T  alasumiktu V  akkiinketötsiräpmy aj -ise

K  mvp neskutiojrikisä 2  3202.90.5 V  äviäpsötiä 0  4202.30.8

V  äviäpsimätnöym navulylettiä 1  3202.11.0 K  ilei E  itnalgn

M  aifargono A  ajriksötiävilekkitr E  ajriksötiäveess

T  ämletsivii
K .taravisev taasnur no allioj ,elliin söym ,elliam ellikiak äjeksir tavattuehia teduakaviu  
I akkiaV .neeskotuum autuepos iskis isilut neitnuksiethy aj niiksir nähät aattukiav sotuumnotsaml  
S teskutukiav tävättikrem tullo no allisuakaviuk allisiakiaemiiv ,ineip no iksir neduuviuk assemou  
e aj naamiovisev ,neetuolatästem söym attum ,nootlouhisev aj neetuolataam itsesiytir  
e neatto itsesiely tavo suusillavrutisev aj atnillah nejoravisev assemouS akkiaV .nihiemeetsysok  
h aisiviitarepo äkie atoimouh nimmevys yttetinniik iskesiatsiot elo ie neetuuviuk ,allosat ällävy  
k  .assamelo elo atioigetarts- iat aimletinnuusatnillah neduuviu

T aiskutis-ous aaojrat aj assemouS äjeksir aimattuehia neduuviuk iiktut ajriksötiäv ämä  
k näjiket nemlok ääträmmy itsesiely naadiov iksir neduuviuK .iskesimatnarap nannillah neduuviu  
y .)isuakaviuk nenianisrav ile( äjiketaraav aj nenimutsitla ,suuvuttiovaah :änämletsidh  
V näämääsil aitnioreneg natadääs aj atsunnillam ,äjeskednisuuviuk atiesu näätetyäk assajriksötiä  
y atium aj attuuvakav ,attuuvutsiot neduuviuk naamaattim aj atsaraavsuuviuk ätsyrrämm  
k tavattaas teduakaviuk netim ,söym eeletsakrat ajriksötiäV .aiskuusianimo äisieksek neisuakaviu  
m en aj atsamlukökän nedierotkes ire näälletisäk aiskoluT .ätöym neskotuumnotsamli auttuu  
l   .assemouS niitsketnok nannillah nejoravisev naapmejaal näätetii

K neisuak-aviuk aoteit atsiathoksiytisky tävelettise teskolut neisyylanaiskednisuuviu  
o niskednisuuviuk navipos netiahrap ellieula ire ätte ,tavattioso teskoluT .assemouS atsiskuusianim  
v -amulav neojuppriS .attevrat nötyäk neiskedni nediesu aatsorok ämäT .aaekiav no nenimestila
a autiodradnats atsialire 02 niitteksal )ötsisevsumiktutsuapat avestiajis assemouS-sianuoL( elleeul  
k .9602–0402 ellisouv äkes 8102 aj 3002–2002 atlisouv elleduakaviuk elledhak äiskednisuuviu  
L  .assnak nillam nesigolordyh ässedhy atsimioreneg natadääs niittatset alleeula-amulav iskäsi

V ,ätöym neskotuum-notsamli tavavsak itsesiökännedot tiksir neduuviuk ätte ,aattioso ajriksötiä  
e alleetsurep neiskedni neivutsurep naatnudhiaH .assisosianuol aj -älete nemouS itsesiytir  
k aavattutselouh nesiytire no ämäT .alleduakuvsak niknete nävytnääsil tavattukiav teduakaviu  
m .äimletsejräjuletsak no alliollep alliovrah niav ällis ,ellirotkessuolataa  
I elleskumiktutäsil attevrat neatsorok ,aulethiav atruus niknetiuk no assioiraanekssotuumnotsaml  
s  ellesimutuepos neeskotuumnotsamli ellavatsuoj äke

K .neduuviuk aimiotsimutuepos naatetodhe assajriksötiäv iskesimestillah niksirsuuviuk navavsa  
v neivattidaal allosat allesillakiap ässedhy aigetartssuuviuk nenillasnaK .ellarav neiskutukia  
k ellannir nediäN .äjeksirsuuviuk aivavsak isistillih assnak neimletinnuusatnillah neiksirsuuviu  
t ämletsejräjsutioravokkanne äkes issesorp nannillah neiksirsuuviuk nenittaametsys söym naativra  
k  .ellisuakaviu

A  tanasniav v ,atnillah neiksirsuuviuk ,tirottaakidnisuuviuk ,nenimutuepos ,atnillah nejoravise  
S  imou

I  )utteniap( NBS 9  5-5761-46-259-87 I  )fdp( NBS 9  2-6761-46-259-87

I  )utteniap( NSS 1  4394-997 I  )fdp( NSS 1  2494-997

J  akkiapusiaklu H  iknisle P  akkiaponia H  iknisle V  isou 2  420

S  äräämuvi 1  07 u  nr h :NBSI:NRU/fi.nru//:ptt 9  2-6761-46-259-87





1 

Acknowledgments 

Reaching the point of writing acknowledgments for your doctoral thesis is not 

trivial, and getting here has required lots of help and support. I am filled with 

gratitude for numerous individuals and institutions that have been pillars of 

support and inspiration throughout this journey. 

First and foremost, I extend my deepest appreciation to my supervisor, Pro-

fessor Marko Keskinen. Your guidance has been invaluable, providing direction, 

knowledge, understanding and inspiration. Professor Olli Varis, my supervisor 

before switching places with Professor Keskinen, thank you for sharing your 

knowledge, wise words, and inspiration. Dr. Noora Veijalainen, your insights 

and expertise have been instrumental in this thesis. 

I am grateful to Professor Mark Svoboda and Dr. Andrea Toreti for the pre-

examination of the thesis and their valuable feedback, which enhanced the qual-

ity of my work and gave me confidence about my research. Thank you to Profes-

sor Svoboda for agreeing to act as the official opponent of my defense. 

A special thank-you goes to my wonderful Majakka colleagues, Dr. Maija Taka, 

Dr. Matias Heino, Dr. Pekka Kinnunen, Dr. Marko Kallio, Dr. Amy Fallon, and 

Dr. Venla Niva. Thank you for the laughs, long coffee breaks, discussions, and 

beer-support. Without you, this journey would have been a very dull and differ-

ent experience. With me as the last person to defend my thesis, Majakka is fi-

nally complete, shining light and hopefully providing guidance to future doc-

toral candidates. Special thanks to Amy for proofreading this synthesis. 

I am also grateful to esteemed experts Dr. Suvi Sojamo, Dr. Mika Marttunen, 

Professor Antti Belinskij, Professor Niko Soininen and Dr. Joseph Guillaume. It 

was both a privilege and an educational experience to work with you. Thank you 

also to Dr. Veit Blauhut for reaching out for the pan-European study. It was a 

shame that Covid prevented my research visit to Freiburg. 

I am grateful to everyone at the Water and Development Research Group 

(WDRG), especially the “rookies” Johannes Piipponen, Vili Virkki and Thomas 

Banafa. Thank you, everybody whom I worked with in the Finnish Environment 

Institute and in the Winland project. The working and research environment at 

the WDRG is something very special, largely due to the wonderful people work-

ing there. Thank you also to Roope Kouki for helping me with MATLAB. Thank 

you also to the awesome support staff of the Water building. 

My research would not have been possible without the financial support from 

Maa- ja vesitekniikan tuki ry. Thank you also to Sven Hallinin tukisäätiö. I am 



2 

profoundly thankful for the funding of this thesis. Having funding as long-last-

ing as the Majakka project provided is special and much appreciated. I hope our 

experiences and workshops will help many future doctoral candidates.  

Lastly, but most importantly, thank you to my family. Mom and Dad, your 

unwavering encouragement and belief in me have been very important. My wife 

Suvi, thank you for being in my life and thank you for all the comments and 

support. Thank you also to my beautiful daughters, Aino and Vuokko, for bring-

ing endless joy into my life. 

 

 

Helsinki, March 2024 

Lauri Ahopelto 

 



3 

Contents 

Acknowledgments ....................................................................................... 1 

List of Abbreviations ................................................................................... 5 

List of Publications ...................................................................................... 6 

Author’s Contribution ................................................................................. 7 

1. Introduction and objectives ............................................................ 9 

1.1 Introduction ................................................................................. 9 

1.2 Drought and drought management in Finland ........................ 10 

1.3 Research Objectives .......................................................................... 11 

2. Research background .................................................................... 15 

2.1 Drought ....................................................................................... 15 

2.2 Integrated Drought Management ............................................. 16 

2.3 Drought risk................................................................................ 19 

2.4 Drought indicators and indices ................................................. 21 

2.5 Water security ............................................................................ 22 

3. Research Design ............................................................................. 25 

3.1 Research context ........................................................................ 25 

3.2 Methods ...................................................................................... 26 

3.3 Data ............................................................................................. 27 

4. Results ............................................................................................ 29 

4.1 Drought risk analysis for Finland ............................................. 29 

4.2 Agriculture affected most by drought in Finland ..................... 31 

4.3 Understanding drought risk to improve drought management33 

5. Discussion ...................................................................................... 35 

5.1 Methodologies for drought management ................................. 35 

5.2 Understanding drought and drought risk ................................ 36 

5.3 Management implications of drought ...................................... 38 

6. Conclusions .................................................................................... 41 

References .................................................................................................. 43 

 



4 

 



 

5 

List of Abbreviations 

DMP Drought Management Plan 

EDO European Drought Observatory 

EU European Union 

GWP Global Water Partnership 

IDM Integrated Drought Management 

IDMP Integrated Drought Management Programme 

IPCC International Panel for Climate Change 

ISIMIP Inter-Sectoral Impact Model Intercomparison Project 

NDMC National Drought Mitigation Center 

OECD Organisation for Economic Co-operation and Development 

PET Potential evapotranspiration 

P Precipitation 

Q Discharge 

RH Relative Humidity 

RCP Representative Concentration Pathway 

RQ Research Question 

SM Soil moisture 

SMA Soil Moisture Anomaly 

SPI Standardized Precipitation Index 

SPEI Standardized Precipitation and Evapotranspiration Index 

SRI Standardized Runoff Index 

SSI Standardized Streamflow Index 

T Temperature 

UNDRR United Nations Office for Disaster Risk Reduction 

UK United Kingdom 

UN United Nations 

WFD Water Framework Directive 

W Water Level 

WSFS Watershed Simulation and Forecasting System 

WMO World Meteorological Organization 

 
 



 

6 

List of Publications 

This doctoral dissertation consists of a summary and the following open access 

publications, which are referred to in the text by their numerals (e.g., Paper I), 

 

1. Ahopelto, L., Veijalainen, N., Guillaume, J.H.A., Keskinen, M., Marttunen, 

M. and Varis, O. Can There be Water Scarcity with Abundance of Water? 

Analyzing Water Stress during a Severe Drought in Finland. Sustainabil-

ity, 2019, 11, 1548. https://doi.org/10.3390/su11061548 

2. Veijalainen, N., Ahopelto, L., Marttunen, M., Jääskeläinen, J., Britschgi, R., 

Orvomaa, M., Belinskij, A. and Keskinen, M. Severe Drought in Finland: 

Modeling Effects on Water Resources and Assessing Climate Change Im-

pacts. Sustainability, 2019, 11, 2450. https://doi.org/10.3390/su11082450 

3. Ahopelto, L., Kallio, M., Veijalainen, N., Kouki, R. and Keskinen, M. 

Drought hazard and annual precipitation predicted to increase in the Sirp-

pujoki basin, Finland. Climate Services, 2023, 31, 100400, 

https://doi.org/10.1016/j.cliser.2023.100400  

4. Ahopelto L., Sojamo S., Belinskij A., Soininen N. and Keskinen M. Water 

governance for water security: analysing institutional strengths and chal-

lenges in Finland, International Journal of Water Resources Development, 

https://doi.org/10.1080/07900627.2023.2266733  

5. Blauhut, V., Stoelzle, M., Ahopelto, L., Brunner, M. I., Teutschbein, C., 

Wendt, D. E., Akstinas, V., Bakke, S. J., Barker, L. J., Bartošová, L., Briede, 

A., Cammalleri, C., Kalin, K. C., De Stefano, L., Fendeková, M., Finger, D. C., 

Huysmans, M., Ivanov, M., Jaagus, J., Jakubínský, J., Krakovska, S., Laaha, 

G., Lakatos, M., Manevski, K., Neumann Andersen, M., Nikolova, N., Osuch, 

M., van Oel, P., Radeva, K., Romanowicz, R. J., Toth, E., Trnka, M., Urošev, 

M., Urquijo Reguera, J., Sauquet, E., Stevkov, A., Tallaksen, L. M., Tro-

fimova, I., Van Loon, A. F., van Vliet, M. T. H., Vidal, J.-P., Wanders, N., 

Werner, M., Willems, P., and Živković, N.: Lessons from the 2018–2019 Eu-

ropean droughts: a collective need for unifying drought risk management, 

Nat. Hazards Earth Syst. Sci., 22, 2201–2217, 

https://doi.org/10.5194/nhess-22-2201-2022 , 2022.  

 

 

 

https://doi.org/10.3390/su11061548
https://doi.org/10.3390/su11082450
https://doi.org/10.1016/j.cliser.2023.100400
https://doi.org/10.1080/07900627.2023.2266733
https://doi.org/10.5194/nhess-22-2201-2022


 

7 

Author’s Contribution 

The authors have contributed to the articles accordingly: 

1. Conceptualization, L.A. and N.V.; methodology, L.A., N.V., and J.H.A.G. 

(global models); software, L.A., N.V., and J.H.A.G. (global models); formal 

analysis, L.A., N.V., and J.H.A.G. (global models); investigation, L.A.; re-

sources, L.A., N.V., and J.H.A.G.; data curation, L.A., N.V., and J.H.A.G.; 

writing—original draft preparation, L.A.; writing—review and editing, all; 

visualization, L.A. and J.H.A.G.; supervision, M.K., M.M., and O.V.; project 

administration, L.A. and M.M.; funding acquisition, M.M., M.K., and O.V. 

2. Conceptualization: N.V., L.A. and. M.M., Methodology: N.V. and L.A., Hy-

drological modeling: N.V., Analysis of results: N.V., L.A., M.M., R.B., M.O., 

J.J. and M.K., Writing–Original draft preparation: N.V. and L.A., Writing—

specific sections: All, Writing—review and editing: All. 

3. Conceptualization: L.A., Methodology: L.A., M.Ka. and N.V., Hydrological 

modeling N.V., climate scenarios: N.V. and L.A., coding: L.A. and M.Ka. 

Data generation: L.A. and R.K. Analysis of results: L.A., visualization: L.A. 

and M.Ka, Writing–Original draft preparation: L.A., Writing—review and 

editing: L.A., M.Ka. N.V. and M.Ke. 

4. L.A. and S.S.  had an equal contribution to the article. Conceptualization: 

S.S., A.B. and L.A., Formal analysis: all, Methodology and Investigation: 

L.A., S.S. and A.B., Data curation, Project administration, Validation and 

Visualization: L.A. and S.S., Funding acquisition and supervision: A.B. and 

M.K. Writing – original draft: all, Writing – review & editing: all 

5. Conceptualization: V.B., Formal analysis and original draft: V.B., M.S., L.A., 

M.I.B., C.T. and D.E.W.; National survey and related analysis for Finland: 

L.A. Writing – review & editing: all. Visualizations: M.S. 





 

9 

1. Introduction and objectives 

1.1 Introduction 

Droughts cause major negative impacts to societies and affect nation’s water se-

curity, food security and energy security (Cook and Bakker, 2012; Jääskeläinen 

et al., 2018; UNDRR, 2021). It is also one of the most expensive natural hazards, 

with estimates of average annual losses of 9 billion euros in the EU and UK alone 

(Cammalleri et al., 2020; Smith, 2020). For example, the 2022 drought in Eu-

rope was the most severe in decades and caused massive impacts across the re-

gion (Toreti et al., 2022). Other examples of recent severe drought events in-

clude the 2012–2016 drought in California (Lund et al., 2018) and the 2017 day-

zero event in Cape Town (LaVanchy et al., 2019). 

A functional society should try to manage drought impacts. In the past, 

droughts were primarily handled in a reactive manner; in the last decade, how-

ever, focus has generally shifted from reactive to proactive drought management 

(UNDRR, 2021, 2015). Proactive drought management (i.e., managing the risk 

in advance) is cheaper in the long term than reactive drought crisis management 

(Cammalleri et al., 2020; Howarth, 2018). It also alleviates the societal impacts 

of drought more effectively (Cammalleri et al., 2020; Wilhite and Pulwarty, 

2017).  

To promote proactive drought management, the International Drought Man-

agement Programme (IDMP) was launched in 2013 by the World Meteorologi-

cal Organization (WMO) and the Global Water Partnership (GWP). The objec-

tive of the IDMP was to provide policy and management guidance, as well as to 

share scientific information and best practices for Integrated Drought Manage-

ment (IDM). The IDM framework can be considered as the main approach for 

proactive drought management and the related risk-based national drought 

management policy.  

Drought risk is defined generally in the IDM as a combination of exposure to 

a drought hazard and vulnerability (WMO and GWP, 2014). This definition is 

well in line with the risk framework used by the Intergovernmental Panel on 

Climate Change (IPCC, 2014); the IPCC risk framework views risk as a combi-

nation of three main components: hazard (e.g., drought), exposure (e.g., field 

hectares) and vulnerability (e.g., how vulnerable the crop is to drought).  Ac-

knowledging and assessing these three distinct but interrelated components is 

needed to ensure an analytical understanding of drought risk, making it easier 

to develop targeted mitigation measures and build resilience in the areas that 

are most susceptible to drought. In this dissertation, this process of assessing 
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and mitigating drought risk is called ‘drought risk management’. This forms a 

part of general drought management, which also incorporates other aspects 

such as monitoring, early warning systems, preparedness, and response. 

Climate change is expected to exacerbate drought risk globally, with potential 

negative impacts on, for example, agriculture and forestry sectors. Although an-

nual precipitation is predicted to increase in Finland (Ruosteenoja and Jylhä, 

2021), changing precipitation patterns, higher evapotranspiration, and more in-

tense drought events are expected to increase drought risk, particularly in the 

growing season (Ruosteenoja et al., 2018). Adaptation to climate change is thus 

an essential element of proactive drought management. 

While the IDM framework provides a general structure for drought manage-

ment, it still needs to be implemented to be effective. Local or regional Drought 

Management Plans (DMP) can be an effective tool for implementing proactive 

drought management, where DMP can be generally described as a preparedness 

and mitigation plan (GWP CEE, 2015). One important element of comprehen-

sive DMPs is an early warning system. Drought indices are a key element of early 

warning systems, though DMPs can also utilize them when assessing current 

and future drought risk and estimating the start, severity, duration, and extent 

of a drought event (UNDRR, 2021; WMO and GWP, 2014). 

Droughts are long lasting and affect large areas; as such, the direct and indi-

rect impacts of drought on water security are extensive and difficult to quantify. 

Drought impacts also extend beyond water security – for example, by impacting 

food security and agriculture in particular, which is heavily reliant on water. En-

ergy security is also affected, due to constraints of hydropower generation and 

cooling water availability. 

Various parts of Europe have been affected by several severe, large-scale 

drought events, with ten events between 2003 and 2022 alone (Blauhut et al., 

2022; Boergens et al., 2020; García-Herrera et al., 2019; Ionita et al., 2017; 

Laaha et al., 2017; Toreti et al., 2022). The European Commission has therefore 

established the European Drought Observatory (EDO), drafted guidelines, and 

conducted studies to support drought management in its Member States (van 

Lanen and Tallaksen, 2008; Vogt et al., 2018, 2011). Drought management is a 

topical theme in other parts of the world as well. The United States, for example, 

has a National Drought Mitigation Center (NDMC), which has actively devel-

oped tools, products, and services around drought monitoring and early warn-

ing, risk and vulnerability assessments, as well as mitigation, policy and plan-

ning activities across the globe (Svoboda, 2020). 

1.2 Drought and drought management in Finland 

Finland is a Northern European country with abundant water resources (FAO, 

2020). It would therefore be easy to assume that Finland cannot suffer from 

drought, but this is not the case. Despite its abundance of water resources, the 

drought event of 2002–03 had clear impacts in Finland, and was estimated to 

cost 100 million euros in direct costs (Silander and Järvinen, 2004). The 

drought was meteorologically and hydrologically more severe than the 2018 
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drought event, which was estimated to cost 400 million euros just for the agri-

cultural sector (YLE, 2018). These differing impacts are mainly due to the tim-

ing of the droughts; the 2002–2003 event started after the summer of 2002 and 

ended before the next summer, whereas the 2018–2019 drought was not as se-

vere but started in spring 2018, which was a critical time for crop development 

(see figure 5 in the Results section). 

In both events, several water supply companies had to restrict water use. After 

the 2002–2003 event, several companies built emergency connections to neigh-

boring water supply companies, which were mostly compensated by the govern-

ment. In 2018, the Government of Finland issued 86.5 million euros in compen-

sation to the agriculture sector as a reactive relief measure (YLE, 2018). 

Due to the low drought risk and thousands of lakes, Finland has practically no 

systematic national drought management policies in place. However, in the lat-

est Water Framework Directive’s (WFD) feedback, the European Commission 

recommended that Finland consider DMPs, since the country did not have any 

in place (European Commission, 2012). Hence, a DMP was tested in 2020 for 

the Sirppujoki basin in southwestern Finland, which has been identified as one 

of the most drought-prone areas in Finland (Ahopelto et al., 2019). This test was 

part of a larger project funded by the Ministry of Agriculture and Forestry (the 

ministry responsible for water resources management) and intended to study 

drought related climate resilience in southwestern Finland (Ahopelto and 

Veijalainen, 2020). The project also included the development of drought maps, 

as well as an early warning system and guide to draft local DMPs in Finland. A 

draft version of this DMP was finished, but it has not yet been implemented 

(implementation is planned to start in 2023). 

Despite having no operational DMPs or a national drought strategy, Finland 

tries to mitigate drought impacts within some sectors. For example, some water 

supply companies have special action plans for drought, and some have built 

emergency connections to neighboring water supply companies. Water regula-

tion dams and operations can reserve water in dry periods. Finland has a rather 

inconsistent climate and predominantly rain-fed agriculture, so farmers are 

used to dealing with alternating weather conditions every year.  

A certain level of drought impact mitigation is an integral part of agriculture. 

However, the impact of drought to the society, economy, and ecology of Finland 

is evident. Drought risks and past drought events in Finland should therefore 

be studied further to advance the drought resilience of Finland, along with 

drought related climate change effects. 

 

1.3 Research Objectives 

The overarching aim of this dissertation is to understand drought risks in Fin-

land and provide recommendations on how to improve the country’s drought 

management, while providing insights into drought assessment and manage-

ment more broadly. The suggestions on how to improve drought management 

in Finland are presented in the Results and Discussion chapters, based on the 
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dissertation findings and the presented tools and frameworks. The present syn-

thesis of the dissertation will function as a general introduction to the topic and 

to the appended articles. The synthesis will present highlights from the ap-

pended articles and draw conclusions from the perspective of the Research 

Questions (RQs) presented below. In addition to the synthesis, more detailed 

findings, methods, and discussion can be found within the appended articles. 

The dissertation studies three RQs. RQ1 and RQ2 are based on the appended 

articles and are prerequisites for answering RQ3, which provides the broader 

theme of the dissertation. 

RQ1: What kind of data and methods are needed to analyze 
drought risk in Finland?  

RQ2: How is Finland affected by drought, and how will climate 
change affect this drought risk? 

RQ3: How can drought management be improved in Finland? 

 

The results are discussed from three perspectives: 1) a methodological per-

spective; 2) a practical and managerial perspective; and 3) a governance and 

water security perspective. All three perspectives are needed for functional and 

successful drought management. The connections between the RQs and re-

search articles are illustrated in Figure 1. 
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Figure 1. Research Questions (RQs) and appended research articles (I-V). 

  

This dissertation applies a novel combination of various data and tools to un-

derstand and assess drought hazard and risk in Finland. Methodologically, the 

weather data generation presented in paper III is a novel method in this con-

text. All other drought analyses carried out for Finland (papers I, II, III and 

V) have not been completed before in as high detail. Furthermore, the Pan-Eu-

ropean survey in paper V of drought perceptions was the first of its kind. Pa-

per IV presents a new application of the OECD water governance framework, 

linking it with the concept of water security. The scientific novelty of the present 

work is further discussed and reflected in relation to scientific literature in the 

Results and Discussion sections. 
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2. Research background 

This chapter summarizes the theoretical background and key concepts used in 

this dissertation: 2.1) drought in general and how climate change affects 

drought; (2.2) drought management frameworks and management; 2.3) the 

concept of drought risk; 2.4) drought indicators and indices; and finally 2.5) 

water security. 

2.1 Drought 

Drought is one of the costliest natural hazards. These losses encompass a wide range 

of factors, including direct impacts, such as crop losses, and indirect impacts, such as higher food 

prices, economic instability, migration, and health effects. The annual cost of droughts 

globally can be significant but varies greatly from year to year depending on the 

severity and location of the droughts. The costs are therefore difficult to assess, 

since indirect costs are often not reported (Gerber and Mirzabaev, 2017). 

Due to the complex nature of drought, it does not have one clear, approved 

definition (Van Loon et al., 2016). Though the term "drought" means different 

things to different people, many good definitions do exist. The Intergovernmen-

tal Panel on Climate Change (IPCC) defines drought as “a period of abnormally 

dry weather long enough to cause a serious hydrological imbalance” (IPCC, 

2012). While the IPCC definition is valid, it is purely physical and lacks a social 

component covering the society a given drought is affecting – i.e., the impact of 

the drought. Schwalm et al. (2017) define drought more comprehensively as “re-

curring slow-onset hazards that can potentially have major direct and indirect 

impacts on human and natural systems, including terrestrial and freshwater 

ecosystems, agricultural systems, public health, water supply, water quality, 

food security, energy, or economies”. This definition fits the scope of this re-

search well and is therefore used in this dissertation. 

As a water abundant country (FAO, 2020), it would be easy to assume that 

Finland cannot be impacted by drought, and to a certain extent this is correct. 

The general narrative of Finland and its nature is “the land of a thousand lakes”  

(Vuoristo, 2002), which of course does not underscore drought-related issues 

and may be partly the reason for the low level of drought management in Fin-

land. Nonetheless, Finland has had significant economic and ecological impacts 

from lack of sufficient water in the past (Silander and Järvinen, 2004; YLE, 
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2018): Finland’s society and nature are accustomed to certain levels of water, 

and a deficit from the average has an impact.  

Droughts can be divided into five basic types: meteorological, hydrological, 

agricultural, socioeconomic,  and ecological (Crausbay et al., 2017; Wilhite and 

Glantz, 1985). Each type refers to the object of the drought (i.e., where the im-

pact is felt). Meteorological drought is always the first impacted, and in essence 

means clearly lower precipitation than normal. This, in time, leads to hydrolog-

ical drought (lower discharge, groundwater, and runoff) and agricultural 

drought (low soil moisture). Socioeconomic drought (i.e., supply and demand 

of various commodities are affected) and ecological drought (i.e., natural eco-

systems are affected) are more complex to determine. All these drought types 

can, and often do, co-exist in one drought event. Every drought event is unique 

and affects sectors differently. For example, the 2002–2003 in Finland – which 

started in the autumn of 2002 and ended in spring 2003 – barely affected agri-

culture but had a strong impact on water supply companies, with 15% of water 

supply companies having problems with water availability (Silander and Jä-

rvinen, 2004). 

Globally, climate change is projected to increase the frequency and severity of 

droughts in the coming decades (Arias et al., 2021; Cammalleri et al., 2020). 

Though the degree of change to be experienced is heavily dependent on human-

ity’s level of success in limiting greenhouse gas emissions in near future, there 

will nevertheless be negative impacts across society, the economy, and nature 

(Cook et al., 2018; Dai, 2013; Lesk et al., 2016; Seidl et al., 2017). 

The changes of frequency and severity of drought vary greatly all over the 

globe (Arias et al., 2021; Cook et al., 2018). Previously, ‘dry-areas-getting-drier 

and wet-areas-getting-wetter’ was often stated as a general principle for the 

global implications of climate change, but this has been seen as too simplistic 

(Polson and Hegerl, 2017; Trnka et al., 2018; Xiong et al., 2022). Finland is a 

wet country, and climate change has been estimated to increase annual precip-

itation in the region (Tuomenvirta et al., 2018). For Finland, previous studies 

about future changes in drought risk provide varying results with decreases 

(Spinoni, 2018), and no significant change in southern Finland (Roudier et al., 

2016). The varying results originate from different methods and models. The 

projected rise in precipitation levels may lead to reduced drought risk; however, 

a longer summer season with elevated evapotranspiration could potentially in-

crease drought risk, particularly in southern and central Finland (Dai, 2013; 

Forzieri et al., 2014). 

 

2.2 Integrated Drought Management 

Structured approaches are essential for deconstructing the complexity of 

drought into manageable units and systematic processes.  For example. the 

United Nations Office for Disaster Risk Reduction (UNDRR) has conducted ex-

tensive work on drought management, as seen in their latest global assessment 

and special report on drought, which provides a comprehensive collection on 
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the current understanding of drought management and drought risk assess-

ment (UNDRR, 2021) and presents several approaches to drought manage-

ment.  

A well-known framework is the Sendai framework for Disaster Risk Reduction 

2015-2030 (UNDRR, 2015). However, in this dissertation, the key approach 

used for drought management is therefore the Integrated Drought Management 

(IDM) framework, complemented by the IPCC’s risk framework (presented in 

Chapter 2.3). The IDM forms an integral part of the WMO’s and GWP’s Inte-

grated Drought Management Programme (IDMP), which presents a ten-step 

process for developing a national drought management policy (Figure 2). 

 

 
 

Figure 2. The 10 steps in the development of a National Drought Management Policy (adapted 
from WMO and GWP, 2014) 

Step 1: appoint a national drought 
management policy commission.

Step 2: state or define the goals and 
objectives of a risk-based national 

drought management policy.

Step 3: seek stakeholder participation; 
define and resolve conflicts between 

key water use sectors, considering also 
transboundary implications.

Step 4: inventory data and financial 
resources available and identify groups 

at risk.

Step 5: prepare/write the key tenets of a national drought management policy and 
preparedness plans, which would include the following elements: monitoring, early 

warning and prediction; vulnerability and impact assessment; and mitigation and 
response.

Step 6: identify research needs and fill 
institutional gaps.

Step 7: integrate science and policy 
aspects of drought management.

Step 8: publicize the national drought 
management policy and preparedness 
plans and build public awareness and 

consensus.

Step 9: develop educational programs 
for all age and stakeholder groups.

Step 10: evaluate and revise national 
drought management policy and 
supporting preparedness plans.
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The ten-step process was originally presented by Wilhite (1991) and later 

evolved (Wilhite et al., 2000). It was then adapted by the IDMP into  three pil-

lars of IDM as a practical approach to drought management (Wilhite, 2019; 

WMO and GWP, 2014): I) Monitoring and Early Warning; II) Vulnerability and 

Impact Assessment (i.e., risk assessment); and III) Drought Risk Mitigation, 

Preparedness and Response (i.e., drought management plans). Figure 3 illus-

trates how these three pillars of the IDM link with the key components of risk, 

central drought management tools, and background themes. All pillars are es-

sential and interconnected. Below are brief descriptions of each pillar. 

Pillar I: Monitoring and early warning 

Monitoring and early warning systems are essential for understanding the 

current drought situation in relation to risk analysis, answering questions such 

as: How severe is the drought and when are early warnings given? Climate 

scenarios and drought frequency and severity estimations (i.e., drought hazard) 

are included in this pillar. 

 

Pillar II: Vulnerability and impact assessment 

Vulnerability and impact assessments are conducted to gain a better under-

standing of the drought risks, which is fundamental for drought mitigation. Typ-

ical assessments include historical, current, and future impacts (impact assess-

ment) and the cause(s) of these impacts (vulnerability assessment). 

Pillar III: Drought risk mitigation, preparedness, and response 

Drought risk mitigation, preparedness and response consists of all actions to 

mitigate identified current and future risks. This can be done by mitigating im-

pacts or vulnerability, or by increasing resilience – or optimally, all three. One 

systematic way to do this is with drought management plans (as presented in 

Chapter 2.6).  

 

 
Figure 3. Frameworks and tools associated with drought management and how they are 
connected. 
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The IDM framework need to be properly applied in practice in order to be ef-

fective. A Drought Management Plan (DMP) can be an effective tool for proac-

tive drought management, and usually includes climate change analyses and 

adaptation measures (Estrela and Vargas, 2012; GWP CEE, 2015; Wilhite and 

Knutson, 2008). In the IDM framework, the DMPs contain elements from all 

the three pillars, although they fall mostly under Pillar III: Risk mitigation and 

preparedness. 

DMPs are a key institution in proactive drought management. According to 

UNDRR (2019), adding drought management to legislation is a fundamental 

part of functional drought management. A central challenge of DMPs is getting 

the right stakeholders involved from the beginning (Tsakiris, 2017).  

 Local DMPs usually include a drought risk assessment, engagement with key 

actors, and some mitigation measures for the planning area. There are several 

guides for drafting drought management plans (Bokal et al., 2014; GWP CEE, 

2015; Vogt et al., 2018). Local DMPs are often linked with national drought 

management strategies and national early warning systems. Drought indices are 

a key element of functional DMPs, since they are often used in assessing the 

current and future drought risk, early-warning systems and estimation of the 

start, severity, duration, and extent of the drought (UNDRR, 2021). They are 

also used to trigger emergency drought mitigation measures. 

2.3 Drought risk 

Risk can generally be understood as the potential of an adverse outcome, while 

risk management is then the process of lowering the potential and mitigating 

the adverse outcomes. Unmanaged risks are more expensive and cause more 

humanitarian distress; proactive drought management is, on the other hand, 

proven to be cheaper than reactive drought crisis management, and also miti-

gates longer-term societal impacts (Cammalleri et al., 2020; Howarth, 2018; 

Wilhite and Pulwarty, 2017). 

A thorough drought risk assessment can be a part of DMPs program of 

measures, or it can be done before the DMP drafting process. The most promi-

nent risk assessment framework with natural hazard and climate change related 

assessments is currently the IPCC risk framework, which was presented in 2014 

(IPCC, 2014; UNDRR, 2019, 2021), and is used in this dissertation. This frame-

work was designed to help analyze climate-related risk, which deconstructs the 

risk to three components: Hazard, exposure, and vulnerability (figure 3). For 

the purposes of this dissertation, the three key components of the IPCC risk 

framework (IPCC, 2014) are defined as follows, also making use of the related 

definitions related to IDM (WMO and GWP, 2014):   

Hazard is the frequency and severity of drought. However, the hazard analysis 

should also include seasonal and climate change predictions. Drought hazard is 

often calculated with drought indices related to different drought types (see 

Chapter 2.1 for definitions of five drought types). 

Exposure is defined as the elements (e.g., factories, people, crop fields) located 

in areas that could be adversely affected by the drought (IPCC, 2014). Droughts 
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often affect large areas over a long period of time and far from rivers, and thus 

drought exposure can be high over large distances (in contrast to flood risk ex-

posure, which is typically concentrated around rivers and floodplains). 

Vulnerability can be understood as the susceptibility to drought (e.g.., 

drought-prone crop), but also as the resilience to cope with or mitigate drought 

impacts should be analyzed (e.g., irrigation system). The UN defines vulnerabil-

ity as the conditions determined by physical, social, economic, and environmen-

tal factors or processes that increase the susceptibility of an individual, a com-

munity, assets, or systems to the impacts of hazards. Vulnerability is often dif-

ficult to quantify due to complex nature of drought and its impact chains. Local 

knowledge is essential when assessing vulnerability on a local scale. One way to 

pin-point where the drought risk has materialized into impacts is to look back-

wards; past impacts indicate which places are most vulnerable to drought. There 

is currently no drought impact database in Finland, but an impact assessment 

was done for the drought of 2002–2003 (Silander and Järvinen, 2004). For 

other droughts (e.g., 2018–2019), no similar studies have been conducted. 

Drought risk is the function of all three components (hazard, vulnerability and 

exposure). Mitigate one, and the overall drought risk is mitigated as well. On a 

local level, the drought hazard component of risk cannot be altered, but expo-

sure and vulnerability components can. Nevertheless, drought risk remains the-

oretical until it transforms into actual drought impacts during a drought event. 

In this thesis two essential tools are presented, which help to understand and 

manage drought risk:  

(1) DMPs, which help to manage and mitigate drought risk in a systematic and 

collaborative way, and  

(2) drought indicators and indices (presented in Chapter 2.4), which make it 

possible to understand the drought better and in a quantitative format.  

The second pillar of the IDM, vulnerability and impact assessment, is essen-

tially about risk assessment. If a certain level of water deficit is reached, certain 

impacts will follow, and the drought frequency and severity can be calculated. 

In other words, risk is the possibility of an adverse effect in the future. In this 

context, drought can be defined as a phenomenon that creates a water deficit 

(meteorological, hydrological or any other deficit) which has an impact on soci-

ety or nature. 

Understanding and addressing drought risks is getting an increasing attention 

both globally and in Europe. Recently for example Rossi et al., (2023)1 con-

ducted a comprehensive analysis of Europe’s drought risks in their European 

Drought Risk Atlas. The atlas and the related European drought impact data-

base (European Commission, 2023) combine conceptual and quantitative 

methods to advance impact-based assessments and aid in the development of 

effective drought management. 

 
1 Published after the pre-examination of this thesis. 
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2.4 Drought indicators and indices 

Drought indicators and indices constitute an essential component of operative 

drought management, drought management planning, and early warning sys-

tems. They can be used to analyze drought characteristics, such as drought se-

verity and duration, as well as to assess drought frequency.  

Indicators refer to specific variables (e.g., precipitation, runoff, groundwater 

and soil moisture) that depict drought situations. Indices, on the other hand, 

are numerical calculations that represent the severity of drought, based on cli-

matic or hydrometeorological data, including the aforementioned indicators. 

They are designed to quantify the nature of drought over a certain duration. 

Note, however, that indices can also be considered as indicators (WMO and 

GWP, 2016). 

There is a plethora of drought indicators and indices to choose from, which is 

telling about the complex nature of the phenomenon (Mishra and Singh, 2010; 

Ward et al., 2020; WMO and GWP, 2016). To accurately detect and portray a 

drought for all affected sectors is difficult. Generally, all drought types have their 

own drought indicators or indices. For example, agricultural drought usually 

relies on soil moisture–based indices. Compound indices are also common, 

whereby several indices are combined – for example, the European Drought 

Observatory’s Combined Drought Index (Cammalleri et al., 2021).  

The drought indices used in the appended articles are so called standardized 

indices: the Standardized Precipitation Index (SPI), Standardized Precipitation 

and Evapotranspiration Index (SPEI), Soil Moisture Anomaly (SMA), Standard-

ized Runoff Index (SRI), and Standardized Streamflow Index (SSI) (McKee et 

al., 1993; Modarres, 2007; Sepulcre-Canto et al., 2012; Shukla and Wood, 2008; 

Vicente-Serrano et al., 2010). Standardized indices were used because they are 

common and intuitive to interpret in an operative setting and easy to compare 

against each other. Similar indices are also planned for Finland’s national 

drought early warning system (Ahopelto and Veijalainen, 2020). The indices 

give monthly  negative values for droughts from -1 (mild drought) to -3 and over 

(extreme drought), while positive values indicate wetter months than average. 

One example index is presented in Figure 4 for 18 months. 

The Run theory can be used to analyze drought events in detail (Yevjevich, 

1967). In the Run Theory, continuous drought events are identified as runs and 

characterized by using concepts of duration, intensity, and severity (See Figure 

4). Analyzing drought events with the Run Theory, instead of only analyzing 

monthly index values, provides more insight to drought as a phenomenon. 
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Figure 4. Explanations of how the drought events and their duration, intensity and severity are 
calculated with the Run Theory. 

 

Another index used in the appended articles is the Water Depletion Index 

(WDI) developed by Brauman et al. (2016), which is used to analyze water scar-

city, as well as seasonal and dry-year water stress. This index compares con-

sumptive water use against available water resources.  

 

2.5 Water security 

Drought can also negatively affect national water security. Water security has 

many definitions  (Cook and Bakker, 2012; Octavianti and Staddon, 2021; 

Zeitoun et al., 2016), but the UN-Water's (2013, page 10) comprehensive defi-

nition was used for this dissertation:  

“The capacity of a population to safeguard sustainable access to adequate 

quantities of and acceptable quality water for sustaining livelihoods, human 

well-being, and socio-economic development, for ensuring protection 

against water-borne pollution and water-related disasters, and for preserv-

ing ecosystems in a climate of peace and political stability”.  

In this dissertation, water governance is seen to consist of actors or organiza-

tions and institutional frameworks, which facilitate and regulate their interac-

tions towards desired outcomes (OECD, 2015; Pahl-Wostl, 2017) and water se-

curity is seen as the aim of water governance. As per its above definition, water 

security can be seen to entail two parallel objectives: first, enabling sustainable 

use and management of water for human and ecosystem’s well-being, liveli-

hoods and development; and second, protecting societies, economies and eco-

systems from water-related hazards at all levels and scales, including droughts 

(Sadoff et al., 2020). Hence, nations need to address droughts to improve their 

water security. Droughts also affect other securities, such as food security via 

the highly water-dependent agriculture sector, and energy security via hydro-

power and cooling water. 
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Water security sets the aim for water policy and water resources management 

(including drought management). Water security endorses sustainability and 

adaptiveness of water resource management, while also emphasizing the im-

portance of integrated approaches across sectors and scales. It also focuses on 

increasing economic welfare, enhancing social equity, long-term sustainability 

and reducing water related risks (Hoekstra et al., 2018). A high level of water 

security requires functional institutions and infrastructure supported with 

proper information (Sadoff et al., 2020). 

In Finland, water security is at high level, but problems have been noted 

(Marttunen et al., 2019). Water security is often linked with water governance, 

and especially in a way that water security promotes good water governance and 

good water resources management (Cook and Bakker, 2012). 

The impacts of drought extend beyond the immediate consequences on local 

communities and ecosystems. In fact, they have far-reaching effects that can 

significantly impact a nation's water security. Recognizing the urgency and im-

portance of addressing droughts is therefore crucial for improving overall water 

security. 
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3. Research Design 

3.1 Research context 

The five appended articles provide a complementary view on the key themes of 

the dissertation. Together, they help to answer the overall aim (RQ3:  How can 

drought management be improved in Finland?) and to discuss the theme more 

broadly. The linkages are, however, not straight forward, and this chapter de-

scribes how the papers originated and how they are interlinked. 

Papers I and II were designed together as a pair and support each other. 

They both use the same “reference drought”, which is the worst drought experi-

enced in the last century in Finland (the drought of 1939–42). Paper I focused 

on water use and Paper II on climate change and drought impacts. The re-

search was done as a part of three-year research project called ‘From Failand to 

Winland’ (hereafter referred to as ‘Winland’), funded by the Strategic Research 

Council of Finland. This project investigated water, food, and energy security in 

Finland and their interconnections. Drought fitted the project’s theme perfectly, 

as droughts in Finland had not been adequately studied previously. Papers I 

and II were instrumental for the design of Paper III, and the case area was 

chosen based on the results of Paper I. Paper III supported the drafting of the 

first ever DMP in Finland, which was carried out as a part of the LOSSI-project 

(Southwest Finland prepares for an increasing drought in a changing climate) 

(Ahopelto and Veijalainen, 2020). Continued implementation of the DMP is 

planned for 2023 and 2024.  

A reoccurring theme in the appended articles (excluding Paper V) is Water 

Security, which was a central theme in the Winland project and offers the arti-

cles a broader perspective. Hence, Paper IV and a related article by Marttunen 

et al. (2019) were conducted to understand and improve the water security of 

Finland. Though most of the appended articles did not use workshops or stake-

holder collaboration as methods (except Paper IV), there were several work-

shops related to the Winland project, some focusing on water security and 

drought, including the first ever drought-oriented preparedness exercise, which 

provided background and context to the appended articles. In addition to the 

Winland project, several other projects and tasks in the Finnish Environment 

Institute (SYKE) and the Ministry of Agriculture and Forestry (where the author 

has worked during this research process) gave additional in-depth information 

and tacit knowledge of the Finnish policy context. 

The invitation to collaborate as a national representative and to conduct the 

Finnish survey for Paper V came from the lead-author of Paper V after the 
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lead-author found Papers I and II online. The resultant pan-European study 

broadens the drought analysis and discussion from Finnish, basin-level (Paper 

III) and national-scale studies (Papers I, II & IV), to continental, EU-scale 

(Paper V). 

 

3.2 Methods 

The appended research articles utilize multiple methodologies for their respec-

tive analyses. Each paper applies at least two different methods, encompassing 

both qualitative and quantitative approaches. Drought, being a multifaceted is-

sue, ranges from the quantitative aspects of meteorology and hydrology to the 

qualitative factors associated with society and governance. Table 1 displays the 

primary methods applied in each paper, while more detailed descriptions are 

available within the appended articles. 

Index analysis plays a pivotal role in this dissertation (Papers I, III and V). 

Indices serve as a means of converting vast and intricate data into a comprehen-

sive and usable format for operational and decision-making purposes. These in-

dices are also used in climate scenario evaluations. 

In Paper III, data generation was used to complement insufficient data se-

ries, thereby creating an extensive data series for drought indices. This was also 

done for the climate scenario assessment. 

For a deeper understanding of societal and governance issues associated with 

water security, Paper IV utilized semi-structured interviews and document 

analysis. Paper V used a survey to map the perceptions of the 2018 and 2019 

drought in 28 European states. 

 

 
Table 1. Summary of methods used in the appended articles. 

 
Paper  

I 
Paper  

II 
Paper 

 III 
Paper 

IV 
Paper  

V 

Quantitative methods 

Index analysis X  X  X 

Climate scenario 
analysis 

 X X   

Hydrological 
modeling 

X X X   

Data generation   X   

Qualitative methods 

Document 
analysis 

   X  

Survey     X 

Interviews    X  
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3.3 Data 

Various datasets and other data sources were used in the appended research 

articles. The data source used depended on the unit of analysis and stretch from 

national to sub-basin level. All qualitative data was produced for the articles, 

except the documents in the document analysis. For quantitative analyses, the 

Finnish Environment Institute’s hydrological model called Watershed Simula-

tion and Forecasting System (WSFS) (Vehviläinen and Huttunen, 2001) was 

used to produce detailed data for Papers I–III. In addition, climate scenarios 

and global hydrological models were used from the Inter-Sectoral Impact Model 

Intercomparison Project (ISIMIP) (Gosling et al., 2017). Water use data was col-

lected from several national databases and for comparison from the global mod-

els. The data sources are summarised in Table 2 and in more detail in the ap-

pended research articles. 

 
Table 2. Main data sources used in the appended articles. 

Main data 
sources 

Paper 
I 

Paper 
II 

Paper 
III 

Paper    
IV 

Paper 
V 

Study area and 
related scale 

Finland / 
National 

Finland / 
National 

Sirppujoki  / 
Basin 

Finland / 
National 

Europe / 
Continental 

Level of 
analysis 

Sub-basin Sub-basin Basin National National/ 
Continental 

National water 
consumption 
data 

Veeti and Vahti 
databases 2015 

and VEMALA for 
irrigation 

  
  

ISIMIP data 
(water use and 
availability) 

PCR-GLOBWB, 
H08, and 

WaterGAP2 for 
1971–2010 

  
  

Observation 
data 

 P, T, RH, 
wind speed 
for 1981–

2010 
W, Q for 

1939–1942 

P, T (1981–
2020) 

  

Climate 
scenario data 

 
28 climate 

scenarios for 
RCP2.6, 4.5 
and 8.5 for 
2040-2069 

EC-E-K & Had-
S models for 
RCP 4.5 and 
8.5 for 2040-

2069 

  

Hydrological 
modeling data 
with WSFS 

Q and W for 
severe drought of 

1939–42 

 Q and W for 
severe 

drought of 
1939–42 

Q, R, PET and 
SM  for 1981–

2010 and 
2040-2069 

  

Interview data    Own 
interviews, 
metadata 
stored in 

Aalto data 
repository 

 

Index data     European 
Drought 
Observatory 

Key 
documents 

   Legislative 
and 
governance 
documents 

 

Survey data     Country 
surveys 
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4. Results 

This chapter presents the key results from the appended research articles in re-

lation to the RQ1 “What kind of data and methods are needed to analyze drought 

risks in Finland?” and RQ2 “How is Finland affected by drought and how will 

climate change affect drought risk?”. The present results are highlights of the 

appended articles, and further details can be found in the articles themselves. 

Results related to the RQ3: “How can drought management be improved in Fin-

land?”, are presented in Chapter 4.3 and discussed further in Chapter 5. 

4.1 Drought risk analysis for Finland 

The results suggest that to quantify the drought risk properly, several datasets, 

indices, and methods must be used. This is due to the complexity of the drought 

phenomenon. The appended articles give a few examples with a limited assort-

ment of possible data sources and methodologies that can be used in drought 

management, and some common elements can be drawn from them. Good qual-

ity data and long datasets are essential for functional drought indices, but often 

they can be unavailable as in Papers I–III. Modeling and data generation can 

help to obtain longer datasets, but uncertainties grow in the process, as found 

in Paper III. A crucial step before obtaining detailed local datasets is to identify 

vulnerable areas with national analysis, (i.e., where to focus further efforts), as 

was done in Papers I and II. 

Possibly vulnerable areas to drought were identified by utilizing national sta-

tistics and detailed hydrological modeling (Papers I & II) and comparing wa-

ter consumption from the year 2015 on a sub-basin level against water resources 

during a severe drought (as in 1939–1942), with the Water Depletion Index. The 

most severe drought of the past century in Finland, 1939–1942, was modelled 

in Paper II with the hydrological model WSFS, since proper observations were 

not available. An actual drought event was seen as a more realistic comparison 

point for stakeholders to accept, than an artificially simulated drought. Water 

consumption data was collected from several data sources. The return water and 

irrigation data had a high level of uncertainty, since there was no data available 

for them. A short analysis of national drought impacts for Finland from a severe 

drought was analyzed in Paper II, which concluded that a severe drought, as 

the drought of 1939–1942, would have a significant impact on society. This was 

the first of such an analysis conducted specifically for Finland.   
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Paper I highlighted the Sirppujoki basin as a potentially vulnerable basin, 

which was further analyzed in Paper III. The different types of droughts were 

tested with 20 drought indices to understand how they perform and vary against 

each other. As expected, drought onset, duration and severity varied, depending 

on the index used. Thus, several indices should always be used to get a compre-

hensive understanding of a drought hazard. However, in an operative setting, 

too many indices can be disorienting. With a correlation analysis, the number 

of necessary indices can be lowered (Paper III). 

Two of the most recent severe droughts in Finland (2002–2003 and 2018–

2019) were analyzed in depth in the Sirppujoki basin, using several drought in-

dices (see Paper III, Figure 5). These two drought events were very different in 

nature – the former being worst in winter, and the latter worst in summer. In 

Finland, droughts are sporadic and the timeseries are often too short for proper 

analysis (only two severe droughts occurred during 1990–2020). Thus, 990 

years of weather data were generated for Paper III. The data generation was 

done by taking a short observation timeseries (30 years) in the Sirppujoki basin, 

which was complemented with 990 years of generated precipitation and tem-

perature data. This generated weather data, which were then used as inputs to 

the WSFS hydrological model to simulate 990 years of evapotranspiration, dis-

charge, soil moisture and surface runoff data in a static climate. These data were 

used to gain a better understanding of the drought characteristics, index behav-

ior and frequencies from hundreds of simulated drought events in the basin, as 

opposed to using only the few drought events that actually occurred in the ob-

served timeseries. However, using data generation and models increases uncer-

tainties (Paper III); while data generation accompanied with hydrological 

models seemed a promising and novel way to acquire additional data for the 

drought analysis, the related increasing uncertainties need to be communicated 

to end-users and decision-makers.  

 

 

Figure 5. Droughts of 2002–2003 and 2018–2019 with some selected indices. The lower bol-
ded line presents the drought initiation threshold (-1.5). 
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4.2 Agriculture affected most by drought in Finland 

This chapter presents the key results to the RQ2: How is Finland affected by 

drought and how will climate change affect the drought risk? The results from 

the appended articles are synthesized into two parts: “Vulnerable areas and sec-

tors” and “How climate change affects drought risk” 

The results highlight potentially vulnerable areas in Finland. The findings 

show that the south and southwest regions of Finland would have problems with 

water availability during a severe drought (Paper I, Figure 6). Furthermore, a 

long-lasting severe drought caused the discharges to decrease at most by 80% 

compared to the average annual minimum discharges (Paper II). This type of 

long-lasting severe drought would affect all water-related activities, including 

agriculture, industries, water supply, hydropower, recreation, and navigation. 

For example, the reference drought was estimated to decrease hydropower gen-

eration by approximately 42% in Finland (Paper II). Drought impacts would 

not be limited to these sectors and areas; however, many water-intensive indus-

tries seem to be located in low-risk areas next to large water bodies (Paper I).  

 

 

 
Figure 6. Maximum monthly WDI values during the reference drought period and locations for 
largest water-withdrawing industries. 
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To understand the magnitude of drought risk, better knowledge of drought 

hazard (i.e., the frequency and severity of drought events) under a changing cli-

mate is needed. Globally, climate change is estimated to increase drought haz-

ards. However, drought hazard has not been extensively analyzed in detail in 

Finland. For Finland and the Sirppujoki basin, the results show an increase in 

drought hazard for 2040–2069 due to changing climate (Papers II & III).  The 

results also indicate a decrease in minimum monthly river discharges for most 

rivers and lakes in southern and central Finland during the reference drought 

for all calculated climate scenarios. The results also show that climate change 

increases drought hazard in south and southwest Finland (Paper II), which are 

already vulnerable to drought (Paper I). These increases in drought hazard are 

largely due to the predicted longer growing season, earlier and smaller spring 

runoff, increased evapotranspiration (especially during late spring) and pro-

jected precipitation increase occurring more during winter season than during 

summer. However, there is uncertainty within the scenarios in terms of how 

much the increase in annual precipitation will occur during the winter period; 

if the increase of annual precipitation happens more in summertime, the 

drought hazard will not grow. 

For the Sirppujoki basin, the analysis used four climate scenarios for 2040–

2069 (Paper III, Figure 7). Despite the projected increase in annual precipita-

tion in Finland, the number of drought events increases within all scenarios us-

ing the most studied indices with three-month accumulation. Solely precipita-

tion-based (SPI) indices were found to behave differently to indices with evap-

otranspiration included (e.g., SPEI) (Figure 7), highlighting the importance of 

evapotranspiration. 

The findings show that future drought events and severe drought events in-

crease significantly according to SPEI and SMA indices (Paper III). This indi-

cates that the frequency of drought events would increase especially with evap-

otranspiration-dependent indices and during the growing season, which would 

especially affect the agricultural sector. More climate scenarios and analysis of 

several basins or the whole nation would be needed to gain a better understand-

ing of future drought hazard. 

 

 

Figure 7. Number of generated (a) drought events and (b) severe drought events (severity<-12) 
with all scenarios and three-month accumulation. The current climate represents an average 
value of the two reference periods (1990–2019) and the data generated from observations. The 
error bar presents both model simulations in the reference period (EC-E-K and Had-S). The cli-
mate scenarios represent the period 2040–2069. 
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In answer to RQ2, the results suggest that the south and southwest of Finland 

would be most affected by drought and have potential problems with water 

availability during severe droughts. All water-related activities, including agri-

culture and industry, would be affected. Additionally, climate change is ex-

pected to increase the frequency and severity of drought events, at least in the 

Sirppujoki basin. The impact is particularly severe with evapotranspiration-de-

pendent indices during the growing season, which would have a clear impact on 

the agricultural sector. The findings challenge the often-used climate change 

paradigm, that wet regions will become wetter and dry regions will become 

drier, which was originally presented by Held and Soden (2006). The paradigm 

has been recently questioned as too simplistic at local level (e.g., Polson and 

Hegerl, 2017; Xiong et al., 2022). 

4.3 Understanding drought risk to improve drought management 

This chapter presents key findings related to RQ3: “How can drought manage-

ment be improved in Finland?”. This chapter presents selected findings from 

the appended articles, while suggestions and discussion of how to improve 

drought management are presented in Chapter 5. 

Analyzing past and future droughts is important, but a process is needed to 

establish how a nation or region systematically mitigates drought risks. In coun-

tries where drought is a common problem (e.g., Spain), such processes already 

exist. In countries like Finland, where drought risk is smaller, there is no process 

in place. The perception of the 2018–2019 drought and the current status of 

drought management in Europe, including Finland (Ahopelto, 2022), was sur-

veyed in Paper V. Such a survey was the first of its kind in Finland, as well as 

Europe. In many countries, DMPs were missing, and drought management was 

reactive rather than proactive. The actual state of drought management was not 

seen to be good in most countries (Paper V, Figure 8). The findings concluded 

that drought management is not in a good status in Europe and is therefore in 

need of improvement. A drought directive from the EU could improve drought 

management in Europe significantly (Paper V). 

 

 
Figure 8. National representatives' joint opinion on (a) the actual state of drought management 
in their country, (b) the existence of a country-wide drought management plan, (c) the existence 
of national recommendations for actions to minimise drought risk, and (d) the benefit of an EU 
drought directive for their country, ordered by score (very good = 3; not good = 0). Finland is high-
lighted. 

Good water governance, a high level of water security, and preparedness can 

all decrease the vulnerability and exposure components of the IPCC risk frame-

work. Water governance, water security and resilience are all in relatively good 
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condition in Finland, although challenges exist (Paper IV). Finland’s National 

Climate Change Adaptation Plan 2030 presents a target (no. 13) that “Drought 

risk management will have developed from the 2022 situation by 2030”, in-

cluding operational early-warning systems, DMPs to risk areas and a permanent 

process to manage drought risks (Finnish Government, 2023). However, this 

process will not exist in a vacuum and will be built upon existing water govern-

ance systems of Finland. 

Stakeholder involvement with adequate public resourcing is pivotal to suc-

cessful water governance and high-level water security (Paper IV). This must 

be kept in mind also when drafting the drought management policies in Finland 

and elsewhere. Even though non-public stakeholders must have central roles in 

governance institutions such as drought management plans, the results suggest 

the need for a well-resourced public administrator to achieve this (Paper IV). 

This is also important for the implementation of the pilot DMP for the Sirppu-

joki basin. 
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5. Discussion 

This chapter focuses on the overarching aim of the dissertation: to understand 

drought risks in Finland and provide recommendations on how to improve 

drought management. The discussion builds upon the results and background 

presented in previous chapters, and is structured in three parts: first, a method-

ological discussion (Chapter 5.1), and then a discussion about the possible im-

plications via a practical and managerial perspective (Chapter 5.2), followed by 

a governance and water security perspective (Chapter 5.3).  

 

5.1 Methodologies for drought management 

Operational drought management often requires data intensive analysis and 

practical implementation of mitigation measures. This dissertation emphasizes 

the complex nature of droughts and the importance of holistic knowledge, as 

has been noted also by earlier studies (e.g., Hagenlocher et al., 2019; Van Loon 

et al., 2016). To highlight the aforementioned aspects, three methodological as-

pects are presented: uncertainties (of models, scenarios and indices), weather 

data generation, and future methods.  

Firstly, it is crucial for researchers to effectively communicate the uncertain-

ties embedded in models, data simulations, and climate scenarios (Sayers et al., 

2017). While decision-makers ultimately hold the responsibility for their deci-

sions, they may not be aware of all potential uncertainties. A duty therefore lies 

with the researcher to present this information in an easily digestible manner. 

A delicate balance must be struck in providing the right amount of information 

about uncertainties; too much information on uncertainty may lead to inaction, 

while too little may result in unnecessary risks or wasted resources. 

In Paper III, significant differences in results were observed between the two 

climate models used. In contrast, Paper II employed seven scenarios to sup-

port decision-making, demonstrating the benefits of using multiple models and 

scenarios. To better inform decision making and operational drought manage-

ment, it is recommended to use a variety of drought indices, scenarios, and mod-

els. This finding has been shared by many (e.g. GWP and WMO, 2016; Hao and 

AghaKouchak, 2013; Rajsekhar et al., 2015). 

Secondly, data generation, which is not a novel method in hydrology but ac-

companied with hydrological modeling and climate change analysis, it can pro-

vide interesting and new research possibilities in drought research, where this 

method has not yet been fully utilized. The insufficiency of time-series data 
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needed for making robust estimates for drought events is a well-known prob-

lem. This has been addressed recently from stochastic hydrology and climate 

change perspectives – for example, by Nazemi and Wheater (2015) – and the 

consideration of droughts by Borgomeo et al. (2015) and Herman et al. (2016). 

Brunner et al. (2021) listed stochastic data generation as an option to increase 

sample size in hydrology. Multiple studies (e.g. Chen and Zhang, 2021; Ilich, 

2014) have, however, highlighted obstacles associated with this approach, indi-

cating the need for more research to determine if this method is truly useful. 

Generating weather data and modeling hydrological parameters from the gen-

erated data can offer solutions in data-scarce regions (Paper III). Hundreds of 

years’ worth of generated data can help to understand uncertainties, but stack-

ing data generation with modeling and climate chance scenarios increases un-

certainties.  

Lastly, there are many new methods and technologies in development that will 

progress drought management in near future. For example, global hydrological 

models are getting more accurate and better support local analyses (Paper I). 

Remotely sensed data offers a valuable solution to data-scarce regions, enhanc-

ing and supplementing observations with its broad coverage and accessibility. 

Weather forecasting and remote sensing technologies are also taking huge leaps 

and becoming cheaper and better (Alahacoon and Edirisinghe, 2022; Dorigo et 

al., 2017). Furthermore, many new Artificial Intelligence methods are under re-

search, such as machine learning and neural networks, which may help in build-

ing better early warning systems and producing better drought indices (Kikon 

and Deka, 2022). These methods often require lots of data, and weather gener-

ators accompanied with hydrological modeling can help to create more data. At 

the same time, there is a danger of hiding the uncertainty in combined indices, 

though many myths, such as ‘black box calculations’, are often unwarranted 

(Maier et al., 2023). Nevertheless, these methods are likely to provide major 

improvements and possibilities for drought management in near future. 

5.2 Understanding drought and drought risk 

This chapter discusses three aspects from a practical drought management per-

spective: drought risk assessment, drought indices, and climate change impli-

cations. The overarching message is that it is impossible to manage drought 

without first understanding it. 

Firstly, drought risk assessment related findings of the dissertation shed light 

on how large the current drought risk in Finland is and more specifically at the 

Sirppujoki river basin, and how drought risk might change due to climate 

change (Papers I–III). Assessments such as these have not been conducted in 

Finland previously and provide valuable information about the drought risk in 

Finland now and in the near future. However, evaluating the potential risk of 

drought is challenging due to its multifaceted nature. Also, each drought event 

varies and has distinct features. The impacts are often also indirect and can have 

a long chain of events, with surprising impacts. Thus, systematic ways to miti-

gate drought risks are vital. The frameworks presented in this dissertation – the 
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IDM, IPCC risk framework, and water security – can together provide a system-

atic and structured approach to study drought and drought risk. Such an ap-

proach is currently largely missing in drought management, as stated by Ha-

genlocher et al. (2019). Research, guidance, and knowledge building is neces-

sary to facilitate the use of these frameworks.  

In Finland, a drought impact database is needed, whereby past and future 

drought impact data could be stored and analyzed. Impact databases such as the  

Drought Impact Reporter in United States (Wilhite et al., 2007) could convince 

decision makers of the need for drought management and help with drought 

risk assessment. 

Secondly, drought indices, which are used for example in drought early warn-

ing systems and DMPs, are not usually straightforward to put into operative use. 

Due to the creeping nature of drought, it can be difficult to determine when to 

commence measures for impact mitigation. Further, one index cannot satisfy 

the many differing needs for drought management (e.g., Zang et al., 2020).  Ide-

ally, every sector and basin would need localized and tailored indices. The most 

suitable indices should be chosen with local stakeholders in parallel with the 

drought management planning process (Tsakiris, 2017), and the indices chosen 

for operative use should strike a balance between complexity and simplicity. Lo-

cal officials and stakeholders require support for understanding and fully utiliz-

ing drought indices and all they can offer in local drought management. In ad-

dition to DMPs and early warning systems, drought indices are useful when do-

ing climate change analyses, as Paper III shows. By analyzing the characteris-

tics of drought events, a better understanding of climate change scenarios can 

be gained and visualized better than by only analyzing, for example, changes in 

precipitation. However, solely precipitation-based (e.g., SPI) indices were found 

to behave poorly in climate change analyses, compared to indices that included 

evapotranspiration (e.g., SPEI). This finding was also noted by Vicente-Serrano 

et al. (2010).  

Lastly, estimating how climate change increases the likelihood of severe 

drought in Finland is complex because the processes that lead to prolonged pe-

riods of low precipitation are complex themselves, and are not adequately cap-

tured by existing climate models (Ault, 2020; Mikkonen et al., 2015). Some 

studies have had mixed results regarding how climate change will affect 

droughts in Finland. Some reported decreasing drought hazards (Spinoni et al., 

2017; Stagge et al., 2017), while others reported no significant change (Roudier 

et al., 2016), and some even reported increases (Grillakis, 2019; Ruosteenoja et 

al., 2018). The results depend mostly on the methods used, scope, and scale of 

the study. Spinoni et al. (2020) simulated the global change in meteorological 

drought frequency (events per decade) from the recent past to 2100. Less than 

two thirds of the simulations agreed on the change to be experienced throughout 

most of Finland. In papers II and III a limited set of climate scenarios with a 

more simplistic delta change method was used. In future studies, the full poten-

tial of climate model simulations should be utilised. 
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All the above depict the difficulty of making good estimations about future 

droughts. The novel results presented in this thesis are amongst the most de-

tailed and localized analysis on drought hazard available for Finland, and the 

results predict an increase in drought hazard in the coming decades in at least 

south and southwestern Finland (Papers II & III). However, these results also 

have uncertainties.  

From a water security perspective, a society should be prepared for the ‘worst 

case scenario’. However, recent research has stated that Representative Concen-

tration Pathway (RCP) 8.5 is highly unlikely due to recent climate pledges 

(Hausfather and Peters, 2020).  Hence, end-users should mainly focus on the 

RCP4.5 scenario, as it is more plausible. In Paper III, the 2040-2069 period 

was analysed; however, end-users could benefit from more recent periods, of-

fering more immediate and actionable data that can be integrated into near-

term planning strategies (without overlooking the importance of longer-term 

forecasts). 

The longer growing season and warmer summer could mean larger agricul-

tural output in Finland, but this growth may be constrained by an increasing 

drought risk if no drought management measures are taken (Peltonen-Sainio et 

al., 2021). Other sectors will also suffer from increasing drought risk, though to 

a lesser extent than the agricultural sector. With effective drought management 

– including early warning systems, DMPs with effective mitigation measures, 

and drought indices – it is possible to counter the increasing drought risk in 

Finland, and even reduce it. 

5.3 Management implications of drought 

The methods and risk analyses presented in this dissertation are mainly quan-

titative. Though numbers are important tools, they are meaningless without a 

societal and environmental context – i.e., humans and nature. How drought 

management is implemented within existing governance systems is crucial for 

determining their level of success. The dissertation therefore emphasizes the 

need for both local and national level actions. This is discussed further below, 

with four main points in drought related governance and water security: DMPs, 

stakeholder involvement, water security, and the role of the EU. 

First, DMPs are key institutions to manage drought risks in a systematic and 

intersectoral manner. The EU does not require member states to draft DMPs, 

but does suggest them (European Commission, 2012). Even though water gov-

ernance and water security are at a high level in Finland (Paper IV), the same 

cannot be said about drought management. DMPs can be local or regional, but 

too large a planning area may lead to too abstract plans. Determining the ap-

propriate scale of planning and action is therefore imperative for successful 

DMPs. 

Finland’s first DMP process was started for the Sirppujoki basin in 2019 

through the LOSSI-project (Ahopelto and Veijalainen, 2020). In the LOSSI-pro-

ject, stakeholders were not actively involved in drafting the DMP. However, lo-

cal stakeholders are the key to successful implementation of plans in the future. 
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Local stakeholders are therefore planning to continue with implementation in 

2023. In addition to Sirppujoki, there are no DMPs nor national drought strat-

egies in place (Papers III & V), but national drought management guidelines 

are being drafted, and the Finnish government has set a target to improve 

drought management by 2030 (Finnish Government, 2023). The lack of 

drought management in Finland is not surprising, since drought risks are not 

as great as in many other countries and the image of Finland as the land of “end-

less” water resources does not promote a drought management agenda. 

Drought management plans can be quite laborious to draft and implement, so 

they should not be required in areas where drought risks are small. There are 

also other ways to mitigate drought risks – for example, by adding drought-re-

lated emergency measures to sectoral safety protocols and adding drought risk 

management aspects to existing strategies or plans (e.g., climate adaptation 

plans). This technique can provide more cost-effective ways for drought risk 

mitigation. Effective drought management might often necessitate the integra-

tion of drought risk mitigation into existing frameworks when independent im-

plementation is not feasible. However, sectoral approaches without a holistic, 

cross-sectoral and basin-wide view can lead to sub-optimal intra-sectoral solu-

tions. The decision of the best way to mitigate drought risk is context specific 

and depends on the needs and capacity of local stakeholders. 

Secondly, stakeholder involvement in drought management should not be ex-

ecuted only in a top-down format – the implementation of DMPs requires a 

functional process. Crucial for the successful implementation of DMPs is the 

inclusion of the right organizations and stakeholders, as has been noted by Tsa-

kiris (2017). The will to mitigate drought risks needs to come from local stake-

holders who see drought as a problem. Hence, drought management plans 

should only be drafted in places where local stakeholders want them (i.e., bot-

tom-up, demand-driven, local DMPs). Effective national and regional drought 

strategies should not only disseminate information and increase awareness 

among local stakeholders, but also establish a support system and organiza-

tional framework that includes public administrators to assist communities if 

they choose to initiate a DMP process. Even though a more detailed DMP should 

be voluntary, some level of drought risk assessment could be mandatory, and 

national risk analyses could aid in this task. To sum up, both bottom-up and 

top-down formats are needed for drought management planning. 

Thirdly, water security can support drought management in two ways: (1) wa-

ter security can act as a conveyor bringing water into other sectors and actors’ 

processes and policies (Varis et al., 2014), since water security is cross-sectoral 

by design and linkages to other securities are easy to detect (Marttunen et al., 

2019); and (2) when drafting drought management plans or national drought 

policies, water security may provide clarity and be a cost-efficient tool to use 

(Taka et al., 2021). When working with cross-sectoral, collaborative governance 

processes with many stakeholders, proper coordination is essential. To guaran-

tee equal and functional stakeholder participation, a properly funded public ad-

ministrator is needed (Paper IV).  
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Lastly, drought management is not mandated by the EU (Hervás-Gámez and 

Delgado-Ramos, 2019), though some member states do stand out with drought 

risks properly governed, such as Spain (Estrela and Vargas, 2012). There is a 

large difference in how well drought risks are managed and perceived between 

different member states in Europe, as the novel survey showed in Paper V. This 

heterogeneity within EU is easy to understand, since there is no binding di-

rective, and hydrogeographic characteristics and drought risks vary greatly 

amongst the member states. Furthermore, climate change will alter drought 

risks differently in different regions of Europe; in the north, more annual pre-

cipitation is generally predicted, while in the south, the already water-stressed 

situation is estimated to worsen (Cammalleri et al., 2020). 

 An EU drought directive or regulation requiring member states to draft 

drought management plans and national drought policies would undoubtedly 

mitigate drought risks across Europe. However, such a strong policy might be 

inefficient and bureaucratic. In countries with good drought management sys-

tems in place, it may not improve the situation much, and in countries with 

lower drought risk like Finland, more flexible systems than EU directives and 

regulations would probably be more cost-effective. Other “softer” means of im-

proving drought management across Europe should be explored more before 

binding directive or regulations are considered.
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6. Conclusions 

This dissertation provides insights into drought risk assessment, identifying 

vulnerable areas and ways to manage drought in Finland. Despite Finland's rel-

atively low drought risk, recent drought events have underscored the need for 

proactive measures in sectors such as agriculture and water supply. The disser-

tation explores selected methodologies to assess drought risk and provides in-

formation about the potential impact of climate change to drought frequency 

and severity.  

The dissertation applied a novel combination of various data and tools to un-

derstand and assess drought hazard and risk in Finland through five scientific 

articles. Methodologically, the weather data generation is a novel method in this 

context. The drought index analyses extended and improved the existing 

knowledge of drought hazards in Finland. The pan-European survey of drought 

perceptions was the first of its kind, and a new application of OECD water gov-

ernance framework was used. 

The dissertation examined what kind of data and methods are needed to ana-

lyze drought risks in Finland (RQ1). The results confirm that several datasets, 

indices, and methods need to be used to comprehensively assess drought risk. 

Good quality observations and long datasets are essential, but often unavailable. 

Based on the results, alternative data sources such as modeling and data gener-

ation can help, but uncertainties increase in the process, which need to be com-

municated to end-users. 

The findings depict how Finland is affected by drought and how climate 

change will affect the drought risk (RQ2). The results portray south and south-

western parts of Finland as the most vulnerable areas to drought. These areas 

would benefit the most from the suggested drought mitigation measures. The 

results also indicate that climate change is likely to increase drought risks across 

most of Finland. However, more scenarios and models would be beneficial to 

better understand related uncertainties. Despite of such uncertainties, climate 

change adaptation measures are a necessity, particularly for sectors that are 

most impacted, such as agriculture. The findings indicate that the often used 

wet-getting-wetter and dry getting-dryer -paradigm related to climate change 

impacts is too simplistic. 

Drought is a complex phenomenon and as such, systematic ways to address it 

are needed. Water security is a holistic concept with a clear aim, which can help 

water governance and drought management practices to be more efficient and 

structured. Water security is by design also linked to other securities such as 
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food and energy security, which are also essential dimensions in drought man-

agement. Water security can therefore offer a valuable perspective and frame-

work for drought management efforts. Other frameworks, such as the IPCC cli-

mate risk framework and the Integrated Drought Management framework, are 

also useful, as they support a more coordinated and holistic approach to drought 

management. 

Several steps need to be taken to improve drought management in Finland 

(RQ3) and to mitigate drought risks effectively. As the most important steps, 

this dissertation recommends the establishment of voluntary local DMPs and a 

national drought strategy, supported by drought early warning systems and a 

drought impact database. Such measures may help Finland lower its drought 

risk and strengthen its resilience against future drought events, safeguard its 

water resources, and ensure the long-term sustainability of its various sectors 

affected by drought. 
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