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Abstract: Severe droughts cause substantial damage to different socio-economic sectors, and even
Finland, which has abundant water resources, is not immune to their impacts. To assess the
implications of a severe drought in Finland, we carried out a national scale drought impact analysis.
Firstly, we simulated water levels and discharges during the severe drought of 1939–1942 (the reference
drought) in present-day Finland with a hydrological model. Secondly, we estimated how climate
change would alter droughts. Thirdly, we assessed the impact of drought on key water use sectors,
with a focus on hydropower and water supply. The results indicate that the long-lasting reference
drought caused the discharges to decrease at most by 80% compared to the average annual minimum
discharges. The water levels generally fell to the lowest levels in the largest lakes in Central and
South-Eastern Finland. Climate change scenarios project on average a small decrease in the lowest
water levels during droughts. Severe drought would have a significant impact on water-related
sectors, reducing water supply and hydropower production. In this way drought is a risk multiplier
for the water–energy–food security nexus. We suggest that the resilience to droughts could be
improved with region-specific drought management plans and by including droughts in existing
regional preparedness exercises.

Keywords: drought; hydrological modeling; water security; climate change; groundwater;
water–energy–food security nexus; preparedness; Finland

1. Introduction

Drought is one of the most costly natural hazards, causing diverse and cascading impacts on
different economic sectors [1]. Europe has been hit by several large droughts during the last hundred
years [2,3], with the average cost of drought in EU countries estimated to have been 6.2 billion euros
per year in 1990–2006 [4]. Drought costs are, however, difficult to assess comprehensively due to their
complex nature, and particularly the fact that indirect costs are seldom properly captured [5]. The lack
of data and multitude of methods used in cost assessment make it difficult to compare the results
and to estimate the cost and benefit of action against droughts [5]. Studies of drought severity and
impact have used a variety of methods, including the use of different drought indices [6,7], and the
estimation of the economic impacts of recent droughts [4,8]. The sectors affected directly by drought
include energy (particularly hydropower), transportation (water transport affected by low water levels),
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agriculture (crop yields and livestock), forestry, buildings (e.g., the subsidence of clay soils and the
consequent damage to buildings), water supply, industry, tourism, and recreation [8,9].

Water security in Finland is regarded as being at a very high level due to favorable natural
conditions, including abundant water resources, as well as good governance and long-term water
conservation efforts [10]. Water security can be defined in many ways [11]. We use the definition
by UN Water, which states that “water security is the capacity of a population to safeguard
sustainable access to adequate quantities of 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 preserving ecosystems in a climate of peace and
political stability” [12].

Droughts in Finland are infrequent, and rainless periods are relatively short. Severe drought would
impact different parts of Finland differently, as water resources and water use are not equally distributed.
The northern and eastern parts are more water-rich than the coastal areas that have a denser population
and more intensive water use. Therefore some areas are potentially more vulnerable to droughts,
and severe drought could cause serious damage and problems to several sectors [8]. While drought
would directly impact water security, its negative effects on hydropower and agriculture mean that it
also has the potential to affect both energy security and food security [13].

Despite this, no comprehensive, national or even regional scale analysis on the impacts that
a severe drought would have on Finland has been carried out. The economic impact of drought on the
whole of Finland has been estimated only for the drought of 2002–2003, which was estimated to have
cost 102 million euros in direct damage [8]. The largest damage was caused to hydropower, building
foundations, agriculture, and water supply for industry. Although severe and intense, the 2002–2003
drought was not particularly long-lasting and occurred mainly during wintertime, which limited
the effects on agriculture. After the drought of 2002–2003, it was suggested that one way to prepare
for future droughts could be to simulate the impact on water resources of last century’s most severe
drought, which occurred in 1939–1942 [8], but until now this evaluation has not been carried out.
During the drought of 1939–1942, the precipitation was well below average for three and a half years
and the observed water levels in major lakes and rivers were at record lows.

Legislation sets the foundation for future drought preparedness and management as well as
related responsibilities. Climate change adaptation aspects are already included in Finnish and
EU law, including the Finnish Water Act (587/2011) and Water Services Act (119/2001), as well as
the EU Floods Directive (2007/60/EC). However, neither Finnish nor EU legislation requires specific
drought management plans. In Finland, only the Water Act includes actual provisions on drought
preparation and management. According to the Water Act, drought justifies the review of water
permits and the restriction of water abstraction to avoid significant harm or damage (Ch. 3, Sec. 21;
Ch. 4, Sec. 10). The Water Act also mandates a state authority to prepare a report on the measures
needed to minimize the harmful impact of droughts (Ch. 18, Sec. 3), and thus directs the authority
toward drought management planning. At the European level, the Common Implementation Strategy
of the Water Framework Directive (2000/60/EC) [14] guides the Member States to consider drought
preparation in the context of river basin management planning, which can be seen as a wide enough
spatial scale for drought risk management.

Climate change has increased the interest in drought and its possible impact. The hydrological
regimes in Finland will be affected by climate change, as changes are expected particularly in seasonal
variability due to warmer winters [15]. Precipitation is expected to increase and the length of dry
periods to decrease in winter, while changes in summer dry periods are more uncertain [16,17].
While meteorological drought periods are estimated to remain relatively unchanged in length due
to climate change [18], climate change can still cause hydrological drought to become more severe
in some regions. Warmer temperatures increase evaporation and cause earlier and smaller spring
floods, which result in lower discharges during late summer and early autumn [19]. To date, there have
been few strong observed changes in drought trends in the Nordic countries [20,21]. Climate change
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projections made with large-scale models predict decreases in drought severity for either the entire
Finland [22] or Northern Finland, with no significant changes in Southern Finland [23].

The aim of this study was to develop and test a methodology for a national-scale drought analysis
in Finland, and in this way to improve the understanding of droughts and their impacts on key
water-related sectors. This paper was written as part of the same research project as the paper by
Ahopelto et al. [24], which estimates water availability and water stress in Finland during a severe
drought. Ahopelto et al. [24] used monthly discharges (without climate change) as input for their water
stress analysis, whereas this study estimated the daily discharges and water levels during a severe
drought and the consequent impacts on water resources, water supply and hydropower production in
Finland, while taking into consideration spatial variance within the country. In addition, the impact of
climate change on droughts was estimated. Based on these results, we discuss the ways that long-term
drought should be taken into account in a water-rich country like Finland.

2. Materials and Methods

2.1. Finland’s Water Resources and Climate

Finland’s water resources amount to approximately 20,000 m3 per inhabitant, making Finland
the second most ‘water-rich’ country in the EU [25]. On average, only 3.5% of the renewable water
resources are abstracted, but variation between regions and seasons is high [26,27]. Water resources
are also important, as water-intensive industries, such as the paper and pulp industry, are rather
extensively practiced in Finland. Approximately 10–20% of electricity is produced by hydropower [28],
which is also important in balancing energy production [29].

The Finnish climate is cold with no dry season [30], moderate precipitation amounts, and moderate
evaporation. The observed average annual precipitation sum for 1981–2010 varied from 450 mm in
Northern Lapland to around 750 mm in Southern and Eastern Finland [31]. The normally prevailing
westerly winds bring moist air to Finland and long-term meteorological droughts are rare [18]. Periods
of no or very little precipitation are relatively short. The maximum length of a period with less than
10 mm precipitation with a return period of 20 years is 50–65 days, and is slightly longer in winter than
in summer [17].

Climate and hydrology in Finland are characterized by seasonal variation, with snow accumulation
in winter and snowmelt during spring. A high percentage of the land area is forests (75%),
with agricultural land accounting for 8%. Finland can be divided into three main hydrological
regions: the lake district in the east and center, small coastal rivers in the south and west, and the
northern area with large rivers. The lake district in particular includes many lakes (Finland has
a total of 187,887 lakes), which decreases flow variability. The northern area has large rivers and
a short summer with relatively small evapotranspiration amounts and therefore has a relatively small
drought risk. The coastal area of Finland has fewer lakes, smaller rivers and more variable discharges,
and groundwater recharge is somewhat hindered in areas with thick clay soils partially or totally
covering aquifers. At the same time, water use is intensive due to the larger population and active
industrial and agricultural activities.

Finnish watersheds generally have two periods of low discharge: late winter or early spring
before the beginning of runoff from snowmelt, and late summer, when evapotranspiration, which in
summer is greater than precipitation, has decreased the runoff. In Southern Finland, the annual lowest
discharge most commonly occurs during summer, while in Northern Finland the winter discharges are
the lowest [32].

2.2. Study Area

The study area includes the whole of Finland. Transboundary watersheds in Russia, Sweden,
and Norway were also simulated when they affected discharges and water levels in Finland, but results
beyond the borders of Finland are not presented. Figure 1 shows the major rivers and lakes in Finland.
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The five largest lakes in Finland, namely Lake Saimaa (greater Saimaa), Lake Inari, Lake Päijänne,
Lake Pielinen, and Lake Oulujärvi are shown with different colors in Figure 1. In addition, the locations
of the discharge observation sites in the largest rivers in Finland used for comparison with 1939–1942
(Section 3.1) are shown (Figure 1).

The groundwater level was modeled for 18 groundwater stations where good quality water level
data was available, and the groundwater model functioned relatively well. Three of these stations
were selected for closer study, namely Perniö (South-Western Finland), Akonjoki (Central Finland)
and Sodankylä (Northern Finland) (Figure 1). These were selected to represent different parts of the
country and different types of groundwater areas to produce an overview of the impact of drought on
groundwater tables in smaller aquifers where the hydrological cycle is shorter. Akonjoki is situated
in a small moraine formation with finer and mixed grain soil, and Sodankylä is located in a small
glaciofluvial formation of coarse-grained soil. Both the Akonjoki and Sodankylä stations provide
an outlook on groundwater availability in areas with scarce groundwater reservoirs. Many private
wells in rural areas are situated in these types of conditions. Perniö station is located in a smaller esker
with coarse and mixed gravel and with better groundwater recharge and reservoir conditions that
represent the conditions in areas where many smaller water companies extract water.
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2.3. Study Methodology

The drought impact analysis used in this study included three main phases. The study methodology
can be seen in Figure 2. The first study phase included the hydrological modeling of the water levels
and discharges during the reference drought in 1939–1942 (Section 2.6) and the control period
1981–2100, using the observed meteorological input variables (Section 2.4) and the hydrological
Watershed Simulation and Forecasting System (WSFS) model (Section 2.5). The second phase includes
an estimation of the impact of climate change on drought during the reference drought and during the
control period using the delta change approach and seven climate scenarios (Section 2.7). In the third
phase, the impact of drought on hydropower and the water supply from groundwater were analyzed
(Section 2.8) and the policy implications discussed.
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To simulate the impact of a severe drought on water resources, the worst drought in recent history
(since reliable observation has been available) as the reference. This drought occurred in 1939–1942
(Section 2.5). This drought was selected because it was severe and long-lasting in most of Finland,
and its impacts have not been previously estimated. For most of Finland it was the worst drought for
which meteorological observations are available. A real drought event is more realistic and easier to
justify for stakeholders than an artificial drought generated using a hydrological model.
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2.4. Observations and Materials Used

Observations of the daily precipitation, temperature, relative humidity and wind speed that were
used as input into the hydrological model were obtained from the records of the Finnish Meteorological
Institute (FMI). The meteorological observations from 1938–1942 were used to simulate the reference
drought from the period 1939–1942 and meteorological observations from the period 1980–2010 for the
simulation of the control period 1981–2010.

For the simulation of the reference drought of 1939–1942, we used data from 35 precipitation
stations (four of these did not contain all years), 32 temperature stations, 33 cloudiness observations,
six stations for relative humidity, and six for windspeed. Observations were available only for Finland,
and therefore the simulation of cross-boundary watersheds was more uncertain. For the simulation of
the control period 1981–2010, we used data from approximately 240 temperature measurement stations,
470 precipitation measurement stations, 140 cloudiness observations, 180 wind speed observations
and 220 relative humidity observations from the FMI. However, the observation network varied
during this period and different numbers of stations were used during different years (the most recent
number was from the year 2000). Additionally, observations from approximately 11 temperature and
16 precipitation observation stations in Norway, Sweden, and Russia were used. As can be seen from
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the number of observation stations, the observation network was considerably sparser in 1939–1942
than 1981–2010.

All precipitation observations contain gauging errors and the catch error for snow are especially
significant and need to be corrected [33]. The observations for 1981–2010 were corrected with
aerodynamic, evaporation, and wetting corrections based on air temperature and wind speed
observations [34]. However, in 1939–1942 the precipitation measurement devices differed from
the current devices used, with a Wild wind shield in use in the 1930s and 1940s. The Wild windshield
had poor aerodynamic properties and therefore the catch error for snow was large [35]. For 1939–1942
the observed precipitation was corrected using a simpler method than that used for 1981–2010, since the
aerodynamic, evaporation, and wetting correction factors were not available for the Wild windshield,
and since there were too few wind observations to be used for the correction. For the 1939–1942 period,
constant corrections for snow and rain were used. The estimates for these corrections for the Wild type
wind shield were based on the literature, and the factors were 1.43 for snow and 1.05 for rain [35].

In addition to meteorological observations, water level and discharge observations were used to
evaluate the results for 1939–1942. Since we used present-day land use and lake regulation practices in
the hydrological model simulations, the daily simulated results for the 1939–1942 weather may differ
from those observed in 1939–1942. However, over a period of one year or longer the impact of regulation
decreases (since water is mainly stored seasonally and inter-annual storage is small) and the average
observed discharges can be compared with the corresponding simulated discharges (Section 3.1).

2.5. First Analysis Phase: Hydrological Model

In the first phase of the study, hydrological modeling of the reference drought and the control
period (used for comparison) was carried out using the Finnish Environment Institute’s Watershed
Simulation and Forecasting System (WSFS) hydrological model [36,37]. The same model was also
used to estimate the changes projected by climate scenarios (Section 2.6). WSFS is used as the national
hydrological forecasting and flood warning system in Finland, and also for regulation planning and
research purposes, such as climate change impact assessment [15,38,39]. The rainfall–runoff model in
the WSFS is based on the HBV model developed by the Swedish Meteorological and Hydrological
Institute (SMHI) [40].

The input data for the model were the observed daily temperature, precipitation, wind speed,
humidity, air pressure and cloudiness (Section 2.4). From the point measurements of the observation
stations, an areal value for each sub-basin was calculated based on the three closest stations with
observations for each day. These areal values were then used in the water-balance simulations for
each sub-basin. The outputs from the WSFS model included the daily snow amount, soil evaporation,
and runoff for each sub-basin, the discharge for sub-basin outflows and water levels, lake evaporation,
and outflows and inflows for each modeled lake.

The water-balance simulations in the WSFS hydrological model were conducted at the sub-basin
scale, with over 6000 sub-basins of varying size (approximately 20–500 km2) [36]. From each sub-basin
the water was then routed to the following sub-basin based on the river and lake network. Present day
lake regulation rules and water structures were used. The WSFS includes all lakes in Finland with
an area over 1 km2 (approximately 2600 lakes).

For the hydrological simulations, a new and more physically-based version of the WSFS
hydrological model was applied (Figure 3). This version includes an energy-balance-based snow model,
a rainfall–runoff model with a two-layer soil moisture model and lower groundwater storage and
evapotranspiration and lake evaporation models. Other sub-models in the WSFS include a precipitation
model and models for lake and river routing (Figure 3).
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The snow model is based on the energy balance of the snowpack (RTOT, Equation (1)),
which determines the snowmelt. It has been described in detail by Vehviläinen [37].

RTOT = RSN + RLN + RLAT + RSEN + RP + RG − CO (1)

where

RSN = net shortwave radiation
RLN = net longwave radiation
RLAT = latent heat flux
RSEN = sensible heat flux
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RP = heat content of liquid precipitation
RG = heat exchange of the soil surface
CO = heat deficit of the snowpack (cold content)

In the evapotranspiration model, the evapotranspiration of a reference crop is calculated based on
the Penman–Monteith formula for each land use class [41,42]. The total evaporation of a sub-basin is
calculated as a weighted average of the evaporation of different land use classes in the sub-basin.

The soil moisture model that has been described in more detail by Jakkila et al. [43] was applied.
The soil moisture model is divided into two layers, a surface layer and a sub-surface layer. These layers
produce runoff to the rivers and lakes, and the sub-surface layer produces percolation to groundwater
storage. The soil properties used by the soil moisture model include soil porosity, field capacity, wilting
point, and hydraulic conductivity [43].

These more physically-based sub-models improve the reliability of the model, especially during
drought (when evapotranspiration is more important than in normal situations), as well as during
climate change simulations. When using the Penman–Monteith formula, changes in potential
evaporation depend not only on changes in temperature and precipitation, as was the case in previous
studies [39], but also on changes in wind speed, relative humidity, and radiation or cloudiness. Simple
estimation methods for potential evaporation can overestimate the increase in evapotranspiration due
to climate change [44], while more physically-based methods offer more reliable results.

Groundwater was modeled for the whole of Finland using the simple groundwater model of the
WSFS, which calculates groundwater storage. For groundwater stations, the groundwater levels are
simulated based on the effective porosity calibrated against observed groundwater levels [45].

The WSFS model parameters were calibrated against observations of the snow water equivalent,
the extent of the snow-covered area, snow depth, lake water level, and discharge. The period used for
model parameter calibration was 1980–2016. The automatic calibration procedure used a modification
of the direct search Hooke–Jeeves optimization algorithm [46] to find an optimal set of parameters.
The same model parameters were used in all the simulations.

2.6. The Drought of 1939–1942 as a Reference Drought

The reference drought of 1939–1942 was used to estimate the drought impact. The observed
uncorrected annual precipitation sum was the lowest recorded in 1941 (precipitation observations
start from 1844 and the observation network became comprehensive in the 1910s). The precipitation
level in 1941 for Finland was on average 394 mm, which is 40% lower than average of 1981–2010 and
corresponds to a return period of approximately 100–150 years [47,48]. In addition, 1939 and 1940
were among the twenty driest years of the 20th century. Tree ring data (dendrochronology) [49,50]
and estimates of inflows [51] show that 1939–1941 was a dry period in the entire Nordic region. The first
half of 1942 was also drier than average, while during the second half precipitation was above average.
The years 1940–1942 were colder than average and during the winters of 1940–1941 and 1941–1942 the
amount of snow was large. In South-Eastern Finland, tree ring data from the 9th century onwards
indicate that the early summer periods of 1940 and 1942 were among the ten driest in the data and
clearly the driest in the 20th century [50].

The area influenced by this drought covered most of Finland; only Northern Finland had
precipitation levels close to average. The observed water levels and discharges were in many locations
the lowest recorded. Kuusisto [48] estimated that in 1941 the average discharge from the rivers in the
Finnish territory to the sea or neighboring countries was the lowest of the 20th century, at approximately
half of the average value. In Lake Saimaa, where there have been water level observations from 1847
onwards, the lowest observed water level was in 1942, and the second lowest in 1941. The return
period of the water levels and discharges during the drought was different in different parts of the
country, in the most severe locations in Central Finland the estimated return period was greater than
150 years [47].
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The drought in 1939–1942 had a large impact on food production. The hay harvest was only half
the normal size and the cereal harvest was only two thirds of the usual size [47]. However, the impact
of the drought is difficult to distinguish from the impact of the Second World War, which hindered
adaptation, took resources (e.g., manpower and horses from agriculture) and reduced the possibility to
import materials such as fertilizers.

2.7. Climate Scenarios

The second phase of the analysis looked at how climate change would alter the simulated minimum
discharges and water levels during the control period and during a severe drought with different
climate scenarios. Climate change will alter the hydrological regime in Finland and also the seasonal
distribution of water. The implications of climate change for droughts and low water levels in the period
2040–2069 were assessed using the delta change method [52] and seven climate scenarios (Table 1).
In the delta change method, monthly changes in precipitation, wind speed, relative humidity and
solar radiation are multiplied by observed variables from the control period or the reference drought
period (see Equation (2), which is similar to the equation for calculating precipitation). To obtain
the temperature, the temperature change was added to the observed temperature, and a seasonal
temperature-dependent component was also included to account for different changes in different
parts of the temperature distribution (Equation (3)) [53].

Pmod = Pobs * ∆P (2)

Tmod = Tobs + ∆T = Tobs + sm(asTobs + bs) (3)

where

Pmod/Tmod = the modified daily precipitation/air temperature
Pobs/Tobs = the observed daily precipitation/air temperature
∆P/∆T = the precipitation/temperature change
sm = the monthly scaling factor
as, bs = the coefficients of the seasonal linear transfer functions

Table 1. Climate scenarios used in the study.

Abbreviation RCP GCM T Change 2040–2069 P Change 2040–2069

Average RCP2.6 2.6 average of 28 GCMs 1.9 ◦C 5.8%
Average RCP4.5 4.5 average of 28 GCMs 2.5 ◦C 7.4%
Average RCP8.5 8.5 average of 28 GCMs 3.4 ◦C 10.6%
Warm and wet 1 4.5 MIROC-ESM-CHEM 4.1 ◦C 14.2%
Warm and dry 1 4.5 HadGEM2-CC 2.9 ◦C 7.0%
Cold and wet 1 4.5 CESM1-BGC 2.1 ◦C 7.4%
Cold and dry 1 4.5 CESM1-BGC 1.5 ◦C 0.8%

1 Selected from an ensemble of 28 scenarios.

The climate scenarios used were based on the Global Climate Models (GCM) used in the IPCC Fifth
Assessment Report [54], which used the representative concentration pathways (RCPs) for scenarios of
future greenhouse gas concentrations [55]. Three RCPs, namely 2.6, 4.5, and 8.5 were selected for use.
The scenarios included an average scenario, calculated as the average in the 2.5 degree (lat/long) grid
over Finland used by FMI, and based on the results of 28 GCMs for the three RCPs [16]. Additional
results from four individual GCMs for RCP 4.5 were selected from an ensemble of 28 climate scenarios
to represent the extremes of changes. These scenarios represent warm and wet, warm and dry, cold and
wet, and cold and dry conditions for RCP 4.5, where greenhouse gas concentrations by the end of the
century are moderate (Table 1). From the gridded values of the GCMs the changes were interpolated
for each sub-basin based on the four closest grid points.
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2.8. Analysis of Drought Impact on Key Water-Use Sectors

The third phase of the analysis aimed at understanding the potential societal and economic impact
of drought, focusing on water supply and hydropower as key water-related sectors. A brief analysis
to assess the impact of drought on hydropower and water supply at the national scale was carried
out. The economic impact on other key water-related sectors (e.g., agriculture, forestry, navigation,
recreation), as well as the potentially substantial environmental and societal impact are beyond the
scope of this analysis and were therefore not assessed (but will be briefly discussed).

Water supply is considered a critical infrastructure, as both societal well-being and resilience is
fundamentally built on its reliability. Groundwater is essential for water supply in many parts of
Finland. Of the municipal water supply, 63% is dependent on groundwater, in addition Finland has
approximately 600,000 private wells [56]. Water supply companies using surface water are usually less
prone to drought since they usually use water from large waterbodies. Industry would also experience
some difficulties with water supply during a drought, although most of the water-intensive industries
(i.e., the paper and pulp industry) have been built close to large lakes and rivers with ample supply.
Mines (39 operating mines in Finland in 2016) are located next to the ore deposits, which can be next
to head water and smaller water bodies. Water demand and availability during the same reference
drought is assessed in more detail by Ahopelto et al. [24].

The impact of drought on discharges and hydropower production was simulated with the
WSFS hydrological model using current hydropower capacity and daily discharges simulated for
the location of the 57 largest hydropower plants in Finland (all plants with a capacity of 10 MW or
more). The simulated discharges, capacities and maximum outflow capacities were used to estimate
weekly average hydropower production during the reference drought using the weather in the period
1939–1942. The same results have been analyzed by [13] in regard to the impact on energy sector
power adequacy during the peak demand period (i.e., a cold period with high demand for electricity)
in January.

3. Results

3.1. Hydrological Results: Impact on Surface Water and Groundwater

3.1.1. Surface Water

Comparisons of the observed discharges of 1939–1942 and the simulated discharges for the
reference drought of 1939–1942 were carried out in five large rivers for which observations were
available (Table 2, for locations see Figure 1). All these watersheds have undergone land use changes
and changes in the regulation of lakes since the 1940s, and the daily observations were therefore not
comparable to the simulated values. The regulation of previously natural state lakes has begun in
several places, and in Lapland new reservoirs have been built. The comparison of long-term averages
showed that the difference between the simulated and observed values varied from –8 to +10% (Table 2).
Taking into consideration the changes in watershed land use since the 1940s and the uncertainties
in the simulated discharge, the results can be considered to be in relatively good agreement with
the observations. The uncertainties included possible errors in the observation of discharge and
meteorological variables (including considerably sparser observation networks especially influencing
uncertainties in estimating the areal precipitation, and older types of precipitation gauges), and
limitations in the hydrological model simulation. These uncertainties had no effect on the achievement
of the study’s objectives, because our purpose was not to exactly replicate the drought in 1939–1942,
but to assess the impact of a similar reference drought in present-day and future conditions for current
water resources.
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Table 2. Comparison of the simulated discharge for the reference drought and the observed average
discharge in 1939–1942 in the five largest rivers in Finland (for locations see Figure 1).

River, Observation Point Observed Discharge (m3/s) Simulated Discharge (m3/s) Difference (%)

Kemijoki (Isohaara) 404 413 2.2
Oulujoki (Pyhäkoski) 151 141 −6.6

Kokemäenjoki (Harjavalta) 107 111 3.7
Kymijoki (Anjala) 136 150 10
Vuoksi (Imatra) 361 331 −8.3

A comparison of the simulated discharges and water levels using the weather from the reference
drought period and current regulations and watershed arrangements and the simulated values for the
period 1981–2010 are shown in Figure 4. The minimum discharges during the modeled drought were
smallest in South-Eastern, Western, and Central Finland (Figure 4a) when compared to the average
annual minimum discharge of the control period. In these areas, the minimum discharges were only
20–50% of the average annual minimum values, which are extremely low discharges for Finland.
In Northern Lapland, the discharges were close to the average minimum values, and the drought was
not particularly severe. Thus, the severity and the return period of the simulated drought depended
on the location.
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The timing of the lowest water levels differed in different locations. In the largest lakes (with an area
approximately above 100 km2), the lowest water levels occurred only during the last year of the
reference drought (corresponding to 1942), while in the small and medium-sized lakes the lowest
water levels were in most cases at the end of the summer in the second or third year. In the largest
lakes, the inflow remained low for an extended period, and even occasional periods with greater
precipitation were not enough to significantly increase the inflow, while the smaller lakes responded
much faster to precipitation in the smaller catchment areas. In many of the strongly regulated lakes,
the lowest water levels usually occur during the winter and are more strongly affected by regulation
rules used than by drought.

The water levels fell to the lowest, compared to the average annual low water levels, in the
largest lakes with limited regulation. The lowest water levels were 50–90 cm below the average low
water levels and occurred in Lake Saimaa (including lakes in the same lake complex with almost
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the same water level) in South-Eastern Finland, Lake Pielinen in Eastern Finland and Lake Päijänne
in South-Central Finland (Figure 4b, for locations see Figure 1). In most of Finland, the water level
difference compared to the average annual lowest water level was modest at only 10–30 cm, since many
lakes have a natural lower water level bound below which the outflow becomes very small. In Lakes
Saimaa, Päijänne, and Pielinen the outflow remains relatively large even with low water levels, and the
length of the drought meant the water levels had time to fall very low. These lakes are all regulated,
but the possibilities to decrease discharge are limited. For example, in Lake Saimaa (South-Eastern
Finland) the outflow must be at least 300 m3/s or related to the natural rating curve as stipulated by the
agreement with Russia, where the Vuoksi river (outflow river of Lake Saimaa) flows [57]. On some
other large lakes, such as Oulujärvi, the water level remained near normal levels due to more efficient
regulation possibilities, but the outflow was 50–70% smaller than the average annual minimum values.

3.1.2. Groundwater

Groundwater tables were simulated for three selected groundwater stations in different parts of
Finland (Figure 5). The groundwater tables also decreased to very low levels during the reference
drought period. The lowest water levels occurred mostly during the two last years of the reference
drought period, but in small groundwater formations the water tables already dropped to very low
levels during the autumn of the first year of drought. The minimum levels for many stations were
lower than during the shorter drought period of 2002–2003, but the differences were relatively small.
The simulated drought period affected the station situated in Central Finland (Figure 5b) more than
that in South-Western Finland. This result implies that Central Finland may be especially vulnerable to
severe drought periods than earlier studies [56,58] have predicted. This phenomenon was also seen
during the drought of 2018, when the all-time lowest groundwater table levels were measured in
Central Finland in small and shallow aquifers [59].
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3.2. Climate Change Impact on Discharge and Water Levels

In Finland, climate change is predicted to increase the average precipitation, leading to mostly
larger average discharges [16,39]. Generally, the increase in average discharge will be larger in Northern
Finland, where the increase in precipitation was also larger and the lake percentage was smaller.
Besides the precipitation, the evapotranspiration will also increase, and therefore the increase in
discharge will be smaller than the increase in precipitation [15,39]. Lake evaporation in particular,
which is not limited by the availability of water, will increase with rising temperatures.

The climate change impacts were first assessed for a more common drought event, namely the
minimum discharges and water levels for the control period 1981–2010 modified with climate scenarios
for 2040–2069. The return period of the minimum discharges and water levels of the control period
was approximately 20–40 years. The results show that climate change affects the minimum discharges
differently than the average discharges. The minimum monthly average discharges (Table 3) and
minimum daily discharges (Figure 6) in 2040–2069 mainly decreased compared to the control period.
The average discharges increased (Table 3), except in the driest climate scenarios. The decrease in
minimum discharges was due to the changes in the timing of the discharges. With warmer temperatures
there will be less snow accumulation during winter and earlier spring floods caused by snowmelt.
During summer, evaporation combined with evapotranspiration is generally higher than precipitation
and the discharge and storage commonly decrease. This was also the case for the future scenarios, since
the projected increase in precipitation was smaller in summer than during winter, and the evaporation
increased with warmer temperatures. With an earlier spring and longer summer, as well as a longer
growth period and more evapotranspiration, the minimum discharge during late summer and early
autumn (typically August or September) will be lower in 2040–2069 than during the control period.
In Southern and Central Finland, all the modeled climate scenarios projected decreases in the minimum
discharges, while in Northern Finland five scenarios projected decreases, but one scenario, with the
largest precipitation increase, projected a notable increase.

Table 3. Average annual and minimum monthly discharge in the control period and with different
climate scenarios in 2040–2069 and during the reference drought.

Time Period Average Annual
Discharge (m3/s)

Change of
Average Annual

Discharge (%)

Minimum
Monthly

Discharge (m3/s)

Change of
Minimum Monthly

Discharge (%)

Southern and
Central Finland *

Control period 1981–2010 1810 592

Climate
scenarios for

the period
2040–2069 with
control period

Average RCP2.6 1820 0.3 491 −17
Average RCP4.5 1830 1.4 487 −18
Average RCP8.5 1870 3.2 476 −20
Warm and wet 1980 9.5 465 −21
Warm and dry 1800 −0.5 449 −24
Cold and wet 1820 0.4 489 −17
Cold and dry 1690 −6.7 462 −22

Reference
drought 1939–1942 946 533

Climate
scenarios for

the period
2040–2069 with

reference
drought

Average RCP2.6 964 1.9 491 −7.8
Average RCP4.5 980 3.6 487 −8.6
Average RCP8.5 1010 6.9 476 −11
Warm and wet 1110 17 465 −13
Warm and dry 941 −0.5 449 −16
Cold and wet 923 −2.4 489 −8.2
Cold and dry 895 −5.4 462 −13
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Table 3. Cont.

Time Period Average Annual
Discharge (m3/s)

Change of
Average Annual

Discharge (%)

Minimum
Monthly

Discharge (m3/s)

Change of
Minimum Monthly

Discharge (%)

Northern
Finland *

Control period 1981–2010 1810 592

Climate
scenarios for

the period
2040–2069 with

the control
period

Average RCP2.6 2270 4.8 803 0.5
Average RCP4.5 2290 6.0 775 −3.0
Average RCP8.5 2390 10 688 −14
Warm and wet 2370 9.7 726 −9.2
Warm and dry 2210 2.3 676 −15
Cold and wet 2380 10 841 5.2
Cold and dry 2000 −7.5 628 −21

Reference
drought 1939–1942 1510 815

Climate
scenarios for

the period
2040–2069 with

the reference
drought

Average RCP2.6 1590 5.0 803 −1.4
Average RCP4.5 1600 6.1 775 −4.8
Average RCP8.5 1680 11 688 −16
Warm and wet 1680 11 726 −11
Warm and dry 1510 −0.2 676 −17
Cold and wet 1700 12 841 3.2
Cold and dry 1380 −8.5 628 −23

* Southern and Central Finland approximately south of the city of Oulu (latitude 65 ◦N), Northern Finland north of
Oulu (including River Oulujoki).
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Figure 6. Climate change impact on droughts during the control period (1981–2010). Changes in
minimum (a) discharges, and (b) water levels when climate change scenarios for 2040–2069 (average
representative concentration pathways (RCP) 4.5 scenario) are compared to the period 1981–2010.

The minimum discharges during the reference drought also mainly decreased with the climate
scenarios for 2040–2069 (Table 3, Figure 7a). On average in Southern and Central Finland, the projected
range of decreases in the minimum discharge was between 8 and 16%, while in Northern Finland
the changes range from a 3% increase to a 17% decrease (Table 3). For different rivers and lake
outlets, the decreases were mostly between 5 and 40% with the average RCP 4.5 scenario (Figure 7a).
In addition, the water levels mainly decreased, with modest 5–20 cm decreases on most lakes and
rivers (Figure 7b). In places where climate change increased the discharge and water levels, the timing
of the minimum discharge and water level was mostly during winter, due to either the northerly
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location or lake regulation. The increase is caused by the increased melting of snow during winter due
to increased temperatures.
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Figure 7. Climate change impacts on the reference drought period conditions. Changes in minimum
(a) discharges, and (b) water levels when the climate change signal for 2040–2069 (average RCP 4.5
scenario) was added to the weather during the reference drought.

The range of changes under the different climate scenarios remains large, which demonstrates
the large uncertainties involved in future climate change (Table 3). The differences between the
scenarios, and especially between the different RCPs, will become even larger by the end of the century.
For Southern and Central Finland, however, the climate signal is robust, producing decreases in all the
simulated scenarios.

Figure 8 shows the modeled development of the total lake storage (for lakes over 1 km2) and soil
and groundwater storage for Finland during the reference drought (conditions of 1939–1942) compared
to the period 1981–2010. For one and a half years, the storage levels of the reference drought were lower
than the minimum values for the summer of the third year of drought in 1981–2010 (corresponding
summer 1941). Climate change (the average RCP 4.5 scenario) will further decrease the storage levels
during the latter part of the reference drought.
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3.3. Impact of Severe Drought on Selected Water-Related Sectors

3.3.1. Hydropower

The reference drought period would result in a severe decrease in hydropower generation of
approximately 42% in Finland. The average discharges and annual hydropower production during
normal years and during the analyzed drought period are presented in Table 4. Jääskeläinen et al. [13]
carried out an analysis of the impact of severe drought on energy security in Finland under different
scenarios, and concluded that a severe drought affecting only Finland would not cause large problems
for power adequacy during the peak demand period in January. However, if the drought were
large-scale and simultaneously affected Norway and Sweden, as was the case in 1939–1942 and
2002–2003 [8], the impact on Finnish energy security could be much larger due to the decreased
availability of electricity imports.
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Table 4. Simulated hydropower production in Finland for the control period 1981–2001 and for the
reference drought and climate change impact for 2040–2069 (with the average RCP 4.5 scenario).

Period Average Discharge (m3/s) of
Major Hydropower Plants 1,2

Annual Production (TW) of
Major Hydropower Plants 1

Simulated control period
1981–2010 202 12.0

Simulated reference
drought—third year

(1941 weather)
112 6.8

Simulated reference
drought—fourth year

(1942 weather)
106 6.5

Climate change 2040–2069 217 12.9
Simulated climate change with

control period 217 12.9

Simulated reference
drought—third year

(1941 weather)
113 6.8

Simulated reference
drought—fourth year

(1942 weather)
107 6.6

1. All hydropower plants in Finland with a capacity over 10 MW, ~92% of total capacity. 2 Without spillage.

A severe drought will have several noteworthy socio-economic impacts on the energy sector.
First, a drought will evidently decrease the production volumes of hydropower plants, as depicted in
Table 4. Due to the inelastic nature of electricity demand in the Nordic countries, a reduction in the
supply of low marginal priced power production will increase the average electricity wholesale price.
The spot price has the potential to increase nearly a hundredfold compared to the current price level
before the price cap, as the system approaches generation inadequacy. Moreover, the abundant and
flexible hydropower capacity in the Nordic countries decreases electricity price volatility, as hydropower
is well suited for balancing the market. Therefore, a drought would most likely increase consumer
electricity prices and result in economic losses for industry and households [60]. Estimations of the
value of the lost load in the case of generation inadequacy range between 5000–20,000 euros per MWh,
i.e., much higher than the price cap in the wholesale market [61].

With regard to the supply-side, the issue is more ambiguous. Power producers typically set their
supply bids according to the short-term marginal costs of production in a liberalized energy market
such as that in the Nordic countries. However, the marginal costs of hydropower production are
practically non-existent, and hydropower can be easily stored in many cases. Hydro reservoirs are
especially significant in Norway and Sweden, with storage capacities of approximately 85 TWh and
34 TWh, respectively [62]. Hydropower producers hence aim to maximize the value of their hydro
reservoirs by selling the electricity when it yields the highest revenues. Despite losing up to half of the
production volume during a severe drought compared to a good hydrological year, the revenue might
not decrease. Summer 2018 was a good example of electricity prices soaring in the Nordic countries
during a dry summer, and the average spot prices almost doubled compared to the previous years.
It should be noted, however, that in addition to the drought, there were also other factors affecting
the price, such as the high emissions allowance prices. Nevertheless, as droughts that are much
less severe than our reference drought already increase the electricity wholesale price significantly,
a prolonged severe drought could have far more drastic implications. The economic implications for
a hydropower plant owner are very case specific and are affected by issues such as whether the plant is
run-of-river or dammed, and how the drought affects the discharges in the river in question. Overall,
the majority of the cost of the drought would hence likely fall on energy consumers, rather than on
hydropower generators.
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3.3.2. Groundwater and Water Supply

Declining groundwater tables cause problems during droughts for many municipalities and
households that are dependent on groundwater. Water availability issues affect private shallow dug
wells and water supply plants using small glaciofluvial formations first, but prolonged severe drought
would also decrease water tables below normal levels in larger aquifers and drilled wells using water
from the bedrock.

We can use information from recent, less severe droughts to help estimate the possible impact of
drought on the water supply. During the drought of 2018, some water supply companies set voluntary
water use limitations, and some private wells were reported to have dried up in the most-affected
areas. During the drought of 2002–2003 the situation was more severe, and approximately 15% of
water supply companies had problems with water availability. In some areas, groundwater tables were
up to five meters below the long-term annual average. The situation was especially alarming in North
Karelia and in the western parts of Finland, and the estimated direct costs caused by the drought for
water supply were approximately 5–10 million euro [8,63]

Since our reference drought period was significantly longer than the drought in 2002–2003,
it would likely cause more problems, and greater damage and economic losses. More water transfers
would be needed, and water availability even in large groundwater formations would decline. At the
same time, however, Finnish society has taken some practical steps since 2002–2003 to increase drought
resilience. Urbanization and larger agricultural units have decreased the number of households and
livestock not connected to a municipal water supply, and connections between separate municipal
supply systems have been added. Both of these measures enhance the possibilities for more coordinated
adaptation measures. However, an important measure that should be implemented to save water in
most of Finland’s pipelines is renewing aged pipelines as leakage rates grow. Overall, large water
supply companies are typically well-prepared for different disturbances and have both preparedness
plans and climate change adaptation plans [63]. Despite this, Finland also has many small water
supply companies with very limited resources for preparedness, adaptation and even maintenance,
making them particularly prone to the impact of drought [64]. Small water supply companies that rely
on groundwater have relatively short observation records, and are not prepared for a severe drought
similar to our reference drought.

Ahopelto et al. [24] assessed water availability during a severe drought using the Water Depletion
Index (WDI), concluding that water stress would be particularly likely in South-Western Finland.
This is an area with few lakes and small catchments, but a relatively dense population and large
withdrawals due to industry and agriculture. Some individual catchment areas in Southern and
Western Finland would also be likely to suffer from water stress during such a drought [24]. These are
the areas in which more studies and adaptation are needed.

Water quality would also be likely to suffer as a result of the drought. The most common quality
problems are caused by decreased oxygen content, which leads to a reducing environment and the
dissolution of iron and manganese into groundwater. The drought could impact groundwater flows
and change water flow directions, as a result, for example, pollutants in contaminated land areas may
start flowing towards to water intake areas [63]. In rural areas, approximately 10,000 households and
1400 farms suffered from both quantity and quality problems during the drought of 2002–2003 [65].

3.3.3. Other Impacts of a Severe Drought

Besides the impact on water supply and hydropower, a severe drought would also have many
other impacts on society and the economy, as well as on nature. Such impacts are, however, difficult to
assess and their detailed analysis is thus beyond the scope of this paper. In the following, we therefore
merely discuss some general examples of the impact of a severe drought on other water-related sectors.

Navigation in inland waters and the recreational use of lakes and rivers would most likely be
significantly affected during a severe drought; particularly large lakes where water levels fall the
most. This would cause damage to logistics and tourism especially. The potential degradation of
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water quality would further hinder recreational use and water supply. Toxic blue-green algae blooms
are common in Finland, and they could become more frequent during dry summers, especially if
the temperatures are also high (as is often case in summer if a high pressure area is located over
Finland). The oxygen content of water would also be likely to diminish, potentially causing fish deaths.
The summer of 2018 saw uncommonly large algal blooms and the death of some fish and mussels [66].
Other environmental impacts could also be significant.

Agriculture and forestry would potentially suffer significant drought damage due to the varied
impact of limited water availability. Recent droughts provide some guidance on possible impacts.
For example, the drought of 2018 caused a large impact on agriculture, with 14–57% lower yields
for most cereals [67]. Forestry is an important sector in Finland and would suffer from an increased
number of wildfires, forest pest insects, and diseases. Suffering caused to saplings and decreased tree
growth has an economic impact [68]. These complex impacts on agriculture and forestry merit their
own in-depth studies.

4. Discussion

4.1. Methodological and Climate Change-Related Findings

We analyzed the impact of drought in Finland using a past, real drought period as a reference
drought. The main advantage of this approach is that it is relatively easy to model and it can also be
perceived as a more realistic option by stakeholders than an artificially simulated drought. However,
there are also disadvantages of using an observed drought, related mainly to the fact that the modeled
drought is not of similar severity throughout the country. The simulated reference drought of 1939–1942,
for example, was not severe in Northern Finland. However, in this case this did not cause a large
problem, as Northern Finland is not particularly vulnerable to droughts. Every drought period is
different, and the period of 1939–1942 is only one example of a drought event. Modeling several
different types of drought could provide insights to different types of responses and the climate change
impact of different droughts in different regions.

In terms of climate change analysis, comparing our results with previous studies carried out
with continental scale models [22,23,69] shows both similarities and differences. Our studies showed
a decrease in minimum discharges by 2040–2069, for all the climate scenarios in Southern and Central
Finland and most of the scenarios in Northern Finland. According to Forzieri et al. [22] the drought
risk will decrease in the whole of Finland, while our results show an increase at least in Southern and
Central Finland. The study by Roudier et al. [23], in turn, showed a decrease in drought frequency in
Northern Finland and mainly no change in Southern Finland. The study by Lehner et al. [69] indicated
that 100-year-droughts have become less frequent in most of Northern Europe, but some areas in
Finland show more frequent droughts. The different findings of these studies can be explained by
the different climate scenarios and the different assessment and modeling methods used, as well as
differences in the variables in question (deficit volume, minimum discharge, daily/monthly values).
Large scale models often do not include all the available local information used in national scale
models, such as lake regulation schemes or lake evaporation. For example, Forzieri et al. [22] indicated
that snow amounts will increase due to increased precipitation, while our results as well as those from
several other studies [39,70–72] predict decreased snow amounts and an earlier spring due to warmer
temperatures in many parts of the Nordic countries. Smaller snow amounts and earlier spring floods
have also been observed in recent years [21,73,74]. Earlier and smaller spring snowmelt volumes affect
the minimum discharges substantially, especially in the more southern parts of the Nordic region.

It is also important to note that the climate of Finland has already changed from our reference
drought period. The reference period 1939–1942 was colder and snowier than the last 30 years, as the
climate of Finland has already become warmer due to climate change. The estimated increase from the
1940s to 2010s was over one degree Celsius [75], and winters as cold and snowy as those in the 1940s
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have thus become rarer. For this reason, the simulation using weather from 1939–1942, but adding the
climate scenarios of 2010–2039 (from 1981–2010), were actually closer to today’s climate.

We estimated the impact of climate change using data from only one severe drought event for the
years 1981–2010 using the delta change method. However, it would also be important to know how the
likelihood of severe droughts will change due to climate change. According to the delta change method,
average monthly changes are used to modify the reference period climate, and possible changes in
variability between years is not included. These changes in variability are of course very relevant to
changes in the likelihood of severe droughts. However, the evaluation of changes in the likelihood of
severe drought is not simple, as the processes leading to prolonged periods with little precipitation are
complicated and not well represented by current climate models [76,77]. Changes in dry spells have
been evaluated [17], but these studies concentrate on time periods considerably shorter than those that
are critical in large watersheds. Changes in average droughts and the timing of minimum discharge
can provide some ideas for change in a severe drought, but extremes may change differently than
averages. The changes in extremes should be taken into account in future studies on the impacts of
climate change on severe droughts in Finland.

Modeling water resources during a drought, as was carried out in this study, involves several
uncertainties. The meteorological observations during the modeled drought are sparse and the
hydrological model structure and parameterization cause uncertainty. Evapotranspiration and snow
models in WSFS are still under development. In addition, assessing the possible impact of drought
contains many uncertainties. Drought also has several direct and indirect societal and environmental
impacts that are difficult to evaluate, and more studies are therefore needed to fully understand the
diversity of impacts that drought has on different sectors.

4.2. Policy Implications

Our analysis examined the impact that severe drought could have on Finland’s water resources
and, consequently, on key water-related sectors. While our analysis focused on hydropower and
(ground) water supply, Ahopelto et al. [24] studied other water-related sectors, such water availability
for industry. While Finland, in general, has natural resilience towards drought thanks to its abundant
water resources, a severe drought similar to our reference drought would have significant impacts on
energy production (particularly if the drought also affected Sweden and Norway) [13], as well as on
food security.

Despite this, the current water management strategies in Finland focus on floods, with very limited
consideration of drought. The National Climate Change Adaptation Plan for Finland [78] also includes
only few remarks on droughts, while the European Union has carried out a more comprehensive
review related to European drought policies [79]. Knowledge of droughts and their consequences is
a prerequisite of establishing appropriate drought management plans [19], and preparing in advance is
the best way to mitigate the impact of drought. This study together with the results of Ahopelto et al. [24]
provide information on the most vulnerable areas, impacts on different sectors, and future changes
necessary for planning more detailed studies and adaptation measures. Ways to prepare and adapt to
droughts include institutional development, livelihood and economic diversification, insurance and
other market tools, monitoring and data collection, as well as early warning and alert systems [5].
The good news is that many such measures seem compatible with general climate change adaptation
and preparedness measures, providing potential for synergies. At the same time, due to its specific
nature, drought also requires some specific measures and ways of working, and these could and should
be looked at in more detail together with the key actors.

One practical way forward would be to include drought in selected regional preparedness
exercises, which are regularly organized in different parts of Finland, in order to enhance cooperation
and increase knowledge related to different risks and threats [80,81]. The first such exercise focusing on
droughts is to be held in South-Western Finland in April 2019, and it aims to highlight vulnerabilities
related to drought, thus improving the preparedness and resilience of society. Other concrete measures
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include drought management plans, e.g., included in the River Basin Management Plans (RBMP),
for the areas most vulnerable to drought. In the first and second round of RBMPs, Finland did not
prepare any drought management plans. In their recommendations for the second RBMPs, the EU
Commission urged Finland to reconsider preparing drought management plans on the grounds of the
prevalence of local and sub-basin drought spells [82]. These plans should include estimations of the
costs of drought, the impact of climate change and adaptation possibilities.

Drought should be taken into account when water, food and energy security are assessed. There are
practical ways to improve drought resilience in key water-related sectors. In the energy sector this
could mean, for example, maintaining and creating viable alternatives to hydropower. Establishing
more connections between different power grids is another way to cope with the possible reduced
availability of hydropower generation. In the water supply sector, resilience could be improved
by building more connection pipelines between water supply utilities and having more alternative
aquifers for water supply [63]. In areas where groundwater reservoirs are naturally scarce, looking
into alternative methods, such as the artificial recharge of groundwater or the use of surface water as
backup water should be assessed [56]. The condition of water supply pipelines should be improved,
and the leakage percentage should be reduced. At the individual household level, shallow wells can
be deepened or replaced by drilled wells. It would also be valuable to study Finnish and EU law from
the viewpoint of drought preparation and management in more detail.

5. Conclusions

Our results showed that a severe drought would have a significant impact on water resources
and cause damage to the water supply in Finland. Drought would also have negative implications for
hydropower production and agriculture, which emphasises the importance of looking at drought not
only as a risk to water security, but also to energy security and food security. As such, drought can be
seen as one risk multiplier for the emerging water–energy–food security nexus approach (e.g., [83–85])

Water resources and water withdrawals are not equally distributed throughout the entire country,
making some regions much more prone to seasonal drought risks [24]. However, the national
averages used in most water availability studies hide this spatial and temporal variability, and local
scale assessments with local knowledge are therefore needed to complement this overall picture.
The simulated discharges during the reference drought were the smallest in Southern and Central
Finland. For the water levels, the impact of a drought would be most severe in Central and South-Eastern
Finland, with the lowest water levels in the largest lakes with no regulation or only limited regulation
possibilities. In addition, the impact on navigation, recreational use and tourism would be considerable.

We also analyzed how climate change would affect droughts and minimum discharges in
Finland. Climate change is projected to increase precipitation in Finland, but according to our results,
the minimum discharges still decreased, especially in Southern and Central Finland. Due to an increase
in temperature and longer summers, the likelihood of a drought during summer and early autumn
will, according to our results, increase, but this depends on the climate scenario, weather patterns and
changes in evapotranspiration. According to the current climate model results, severe drought will
still remain a rare occurrence in Finland, but in the areas already most vulnerable to droughts, climate
change may worsen the situation.

Finland is a highly developed society with a long traditions of water resource management
and preparedness. However, drought resilience could be further improved with actions at different
scales. On a practical level, more water transmission connections can be built, and possibilities for
alternative water sources developed for both water supply and agriculture. At the policy level, regional
drought management plans should be prepared. To ensure policy coherence and the wise allocation of
resources, such plans should link to existing policies, including the EU’s River Basin Management
Plans and Finland’s advanced flood management and climate change adaptation plans. For the
same reason, the drought management plans should focus only on the regions that are most prone
to drought. These regions should also be the focus areas for regional drought-related preparedness
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exercises. In terms of increased information and knowledge, the risk of drought can be decreased by
estimating the impact of drought in advance to identify the most critical sectors and areas, and then
to prepare the necessary, cost-effective adaptive actions. Overall, our study showed that drought
can negatively affect water security, as well as the related fields of energy security and food security,
even in a water-abundant country such as Finland.
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