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Abstract: Severe droughts can affect water security even in countries with ample water resources.
In addition, droughts are estimated to become more frequent in several regions due to changing
climate. Drought affects many socio-economic sectors (e.g., agriculture, water supply, and industry),
as it did in 2018 in Finland. Understanding the basin-wide picture is crucial in drought management
planning. To identify vulnerable and water stressed areas in Finland, a water use-to-availability
analysis was executed with a reference drought. Water stress was analyzed with the Water Depletion
Index WDI. The analysis was executed using national water permits and databases. To represent
a severe but realistic drought event, we modelled discharges and runoffs from the worst drought
of the last century in Finland (1939–1942). The potential for performing similar analyses in data
scarce contexts was also tested using estimates from global models as a screening tool. The results
show that the South and Southwest of Finland would have problems with water availability
during a severe drought. The most vulnerable areas would benefit from drought mitigation
measures and management plans. These measures could be incorporated into the EU River Basin
Management Plans.

Keywords: water depletion index; global water models; consumptive water use; water stress; water
security; water scarcity; Finland

1. Introduction

We investigate whether water availability would be limited for agriculture, industry, and water
supply during a severe drought in Finland, which is famous for its ample water resources. Possible
drought impacts, policy, and mitigation measures for water security, food security, society, and the
environment (including water quality) are discussed. The analysis contributes to the discussion about
water scarcity. Water scarcity is a man-made problem resulting from insufficient water availability to
meet the demands of water users. Physical water scarcity is typically distinguished from economic
scarcity, where the former counts water availability in terms of every drop available within a region,
whereas the latter explicitly assesses whether the socio-economic system is able to mobilize that
water for use. Physical water scarcity is itself a multi-facetted issue, including water shortage
(population-driven scarcity, i.e., low water availability per person) and water stress (demand-driven
scarcity, i.e., high water use divided by water availability) [1]. Drought, on the other, is a natural
phenomenon, which reduces available water resources for months or years. Our analysis focuses on
water stress during a severe prolonged drought.
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Drought affects local and national water security. Water security is an emerging and increasingly
dominant concept in both research and policy-making [2–5]. While its definitions are numerous,
the key is that water security emphasizes the importance of water simultaneously for local and
national security and sustainability, including the societal resilience to environmental impacts and
water-borne diseases [6]. For this analysis we use the definition by UN-water [6], which notes the
importance of water-related disasters, e.g., droughts. The linkages between water, food, and energy
security have recently been the subject of intensive research, both globally as well as in Finland, most
prominently under the so-called nexus paradigm [7–10]. Additionally, Sustainable Development Goal
6 (SDG6) is very much linked to water security. Thus, by increasing water security, one promotes the
SDG6 targets also. However, there are some gaps and limitations raised related to the indices and
implementation of SDG6 [11,12].

Many nations globally and in Europe strive to assess and mitigate drought risks [13]. In contrast to
many other European countries, Finland does not have national or local drought mitigation plans [14].
Finland, with 187,888 lakes, is a country with plentiful fresh water resources. This is probably why
drought in Finland has gained less attention. However, drought can affect the water security of
the country via many sectors directly and indirectly. While severe inter-annual droughts can cause
significant damage in Finland [15,16], drought risk mitigation has gained little attention thus far.
In addition, climate change might increase the frequency and severity of droughts in some parts of
Scandinavia, especially during summer [17], yet water use during drought has not been analyzed
comprehensively on a basin level in Finland. The only recent larger drought study was carried out
in 2004 [15], focusing on the impacts of the drought in 2002–2003. The impacts during the drought
in 2018 were even greater [18] and the government agreed on an €86.5 million aid package for the
agriculture sector, though without a comprehensive study of the impacts. Water supply companies
and large water intensive industries have individual risk plans that usually include water shortages,
but a basin wide, multi-sectoral view of drought impacts and water usage during drought is missing.
However, a basin level analysis is crucial for the comprehension of drought related water security risks
and implementation of mitigation measures [19].

Several different water availability and water stress indices exist [20–22]. Most indices use
global estimations for consumptive water use (withdrawals subtracted with returned waters) or just
withdrawals with annual or monthly time-steps [23]. Water use-to-resource threshold ratios have
also been used, though the correct levels are debatable and case specific [20,22,24,25]. Despite some
challenges with these indices, they tend to be useful in indicating possible problem areas that might
require more detailed studies [26].

To indicate possible problem areas in Finland, we developed a method for the diagnosis of water
stress to key water use sectors at the basin and sub-basin scale. The method involves comparing
consumptive water use to water availability during a reference drought with the Water Depletion
Index (WDI) [24]. The method also identifies basins and sectors that use large amounts of water,
and reflects on how the results affect water security nationwide. In addition, a comparison between
local statistical data and open-source globally modeled data is conducted and the differences are
scrutinized to evaluate the potential for applying the method in data scarce contexts.

2. Materials and Methods

We assess drought vulnerability and water availability in Finland during a severe drought with
the Water Depletion Index (WDI) [24]. Severe drought is used as a reference drought during which
consumptive water use is compared against water availability at the sub-basin level. The index was
calculated with statistical national water use data and compared with estimates from several global
models from the Inter-Sectoral Impact Model Intercomparison Project (ISI-MIP) [27]. The steps of the
analysis are briefly presented in Figure 1. This section introduces the study area followed by methods
and data. Lastly, the comparison between local datasets and globally modelled data is explained.



Sustainability 2019, 11, 1548 3 of 18
Sustainability 2019, 11, x FOR PEER REVIEW  3 of 19 

  
Figure 1. Steps of the analysis for (a) WDI (Water Depletion Index) analysis with national statistics 
and (b) WDI analysis with global models. 
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Finland has ample water resources. Due to its northerly location next to the Baltic Sea, the climate 
is cold and humid, with moderate precipitation (450–700 mm annually) and evaporation (200–450 
mm annually) (see Figure 2). The country has four distinct seasons, but no dry season. Large amounts 
of lakes and forest areas decrease the hydrological variability [28]. Long-term meteorological 
droughts are rare, due to the prevailing moist westerly winds. In addition, periods of no precipitation 
are relatively short. Thus, a drought in Finland does not mean that there is no precipitation; it just 
rains noticeably less than average.  

The majority of the lakes are situated in the inner parts of the country, whereas the population 
is concentrated in the coastal areas in the south and southwest, where the basins and rivers are 
smaller. Most small basins have only a few lakes, making them hydrologically more variable than the 
large basins with large lakes, thus increasing the vulnerability to droughts. The amount of lakes and 
lake-percentage (ratio of lake area to total basin area) varies substantially between basins (from 0.03% 
to 20%). Finland’s lakes are numerous but shallow by character, with an average depth of less than 7 
meters. One third of the lake area (more than 330 lakes) and most of the large lakes are regulated with 
dams at the outlet [29]. The main purposes of regulation are hydropower production and flood 
protection. Droughts are not usually explicitly considered in the regulation permits, but dams could 
provide help to drought management by regulating water levels and minimum flows. Finland’s 
groundwaters are local and shallow due to glacial erosion in the last ice age, thus increasing the 
vulnerability to drought [30]. Soils and fields in South and Southwest of Finland are former clayish 
seafloor, and particularly vulnerable to drought [31]. 

Finland is geographically a large country (338,424 km²) with a population of 5.5 million. Industry 
is the largest water user (66%) followed by domestic water use (22%). Irrigation accounts roughly 
only for 1–3% of the total water use. Of the total freshwater use, 41% is surface water, 42% is 
groundwater, and 17% is artificial groundwater [32]. Population is concentrated in South and 

Figure 1. Steps of the analysis for (a) WDI (Water Depletion Index) analysis with national statistics and
(b) WDI analysis with global models.

2.1. Study Area: Finland

Finland has ample water resources. Due to its northerly location next to the Baltic Sea, the climate
is cold and humid, with moderate precipitation (450–700 mm annually) and evaporation (200–450 mm
annually) (see Figure 2). The country has four distinct seasons, but no dry season. Large amounts of
lakes and forest areas decrease the hydrological variability [28]. Long-term meteorological droughts
are rare, due to the prevailing moist westerly winds. In addition, periods of no precipitation are
relatively short. Thus, a drought in Finland does not mean that there is no precipitation; it just rains
noticeably less than average.

The majority of the lakes are situated in the inner parts of the country, whereas the population
is concentrated in the coastal areas in the south and southwest, where the basins and rivers are
smaller. Most small basins have only a few lakes, making them hydrologically more variable than
the large basins with large lakes, thus increasing the vulnerability to droughts. The amount of lakes
and lake-percentage (ratio of lake area to total basin area) varies substantially between basins (from
0.03% to 20%). Finland’s lakes are numerous but shallow by character, with an average depth of
less than 7 meters. One third of the lake area (more than 330 lakes) and most of the large lakes are
regulated with dams at the outlet [29]. The main purposes of regulation are hydropower production
and flood protection. Droughts are not usually explicitly considered in the regulation permits, but
dams could provide help to drought management by regulating water levels and minimum flows.
Finland’s groundwaters are local and shallow due to glacial erosion in the last ice age, thus increasing
the vulnerability to drought [30]. Soils and fields in South and Southwest of Finland are former clayish
seafloor, and particularly vulnerable to drought [31].

Finland is geographically a large country (338,424 km2) with a population of 5.5 million. Industry
is the largest water user (66%) followed by domestic water use (22%). Irrigation accounts roughly only
for 1–3% of the total water use. Of the total freshwater use, 41% is surface water, 42% is groundwater,
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and 17% is artificial groundwater [32]. Population is concentrated in South and Southwest Finland,
and thus land and water use are more intensive in these areas due to more water utilities, agriculture,
and industry. The drainage of fields, forests, wetlands, and peatlands has also intensified the drought
effect by decreasing the water retention capability, and has worsened the water quality of lakes
and rivers.
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Figure 2. (a) Average annual evaporation sum in 1951–1980 (mm) (adapted from [33]), (b) average
annual uncorrected precipitation sum in 1981–2010 [34], and (c) urban-rural areas [35] of Finland.

2.2. Water Depletion Index

Most water use-to-resource indices were designed for long-term water scarcity analyses on a
national or basin scale (i.e., to find structural water overuse issues). The Water Depletion Index (WDI)
developed by Brauman et al. in 2015 [24] was chosen for this study because it is one of the newest
indices, created to assess also seasonal and dry-year water depletion at the sub-basin scale. The formula
for WDI is as follows:

WDI = consumptive water use/(inflows + runoff generated within the sub-basin)

In this study, WDI was calculated at monthly temporal resolution for consumptive water
use [22,23,36] on a sub-basin level. Basin and sub-basin scales are relevant for mitigation plans
if they are incorporated in the River Basin Management Plans (RMBPs), as mandated by EU [19].
WDI uses consumptive water use instead of withdrawals, since Perry [37] suggested that using only
withdrawals would overstate shortages.

Inflows and runoff were modelled using The Finnish Watershed Simulation and Forecasting
System (WSFS) [38,39] developed by the Finnish Environment Institute. Groundwater recharges
were taken into account in the modelled values (see Section 2.4). Desalination and non-renewable
groundwater use are minuscule in Finland, and thus not accounted for in this analysis.

It is important to notice that water scarcity is complex and partly a socially constructed
phenomenon. As has been noted by many scholars [40–43], water scarcity can be analyzed from
different perspectives, ranging from hydrological assessments focusing on water quantities to economic,
social, and political analyses considering institutional arrangements, interests, and politics related
to the scarcity. This also means that technical understandings of water scarcity can hide the real
causes of scarcity, leading to inefficient or even incorrect actions [40]. Thus, in some situations water
scarcity can be used as a means to justify certain agendas, interests, or discourses [42,44,45]. In Finland,
“the land of a thousand lakes” [46], the dominant narratives related to water typically evolve around
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the abundance of water, making the promotion of measures related to drought and water stress in
Finland more challenging.

Thresholds for water scarcity indices are a constant debate [25,26]. For screening purposes,
this study adopts the same thresholds as Brauman et al. [24]. This is sufficient to identify possible
water-stressed areas or other vulnerable areas for deeper analyses. Brauman et al. [24] used a 75%
threshold to define a “depleted” sub-basin. Other often-used thresholds for scarcity are 20% for
moderate scarcity and 40% for severe water scarcity [26].

These water scarcity thresholds implicitly include a provision for environmental flows, but are
not tailored to local circumstances. Drought causes stress to ecosystems and deteriorates water quality.
Estimating environmental flows can, therefore, be useful when estimating the drought impact to the
environment. Finnish rivers have generally stable flows, due to the large number of lakes and steady
precipitation (no dry seasons or monsoons), but snow accumulation and melting brings considerable
fluctuation to the rivers’ flow regime. Many rivers are in a relatively natural condition, although
only a few are completely undammed, unregulated, or undredged. These characteristics lead to
higher environmental flow requirements than average [26,47,48]. Nature can normally adapt to short
droughts, but longer drought episodes can be damaging [49,50]—especially in Finland, where no
annual dry-season occurs, and the nature is not accustomed to drought. Humans may worsen the
impact by not cutting down water use to adapt to drought conditions, regardless of the needs of the
environment. Therefore, this analysis should not be taken to provide a comprehensive analysis of
drought impacts on the environment.

Similarly, the thresholds can be assumed to implicitly include a provision for the need to dilute
pollutants or salts to acceptable levels (as considered by “grey” water footprints [51]). Finland has
many industries that have large water withdrawal but relatively low water consumption, including
the paper and pulp industry, mining industry, and aquaculture. Thus, they might affect water quality
during drought more than quantity. Heat waves during dry summer also create algal blooms that
affect recreational use, and sometimes water withdrawal. Water quality is usually the reason a water
user needs a permit in Finland, and the permitting and governance systems have been designed more
from a quality than quantity perspective. Mining, aquaculture, and industries generally withdraw
substantial amounts of water but consume only a little. They might have considerable effects on the
ecological status of the water bodies into which they discharge the process waters. During drought,
water bodies are in a more fragile state than usual. In addition, water quality in aquifers and lakes
deteriorate [52,53]. On the other hand, nutrient washout from agriculture is usually smaller due to less
precipitation and erosion. While water quality is important for water users, these phenomena are not
explicitly investigated here.

This analysis focuses on blue water (i.e., lakes, rivers, and aquifers). For agriculture, only impacts
on irrigation are therefore considered, and not impacts on rainfed agriculture (relying on green water).
While potentially significant, these impacts are outside the scope of this analysis. Irrigation is of special
interest as it provides protection from drought, but a severe drought would drain some smaller water
sources that irrigators would use, potentially accentuating the impacts experienced.

2.3. Data: Water Use

Finland’s water use and hydrology differs from the global averages, most notably due to the
country’s northern location and (usually) snowy winters. Thus, global estimations do not necessarily
give the best result in Finland [36]. Water management and related monitoring is generally of
high standard and quality, providing actual data on intensive water users via water use permits.
Nevertheless, even with good data sources, a study of sub-national scale includes assumptions
and generalizations.

Selecting an appropriate unit of analysis is important, as it can have a major effect on the
results [54]. The unit of analysis in this study is a river basin. The larger river basins (area over
1000 km2) were further divided into sub-basins based on the Finnish catchment division system [55].
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We analyzed all 74 main basins and 949 sub-basin areas (avg. area 351 km2) of the country. The
water use data is generally available at annual timescale resolution. However, looking at water
availability annually gives an insufficient picture [26,56]. Finland has four distinct seasons with
specific hydrological features. The growing season is short and irrigation is used mostly in June and
July. Temporal downscaling of each sector is outlined below.

The water use data was mostly available at municipal resolution. There are 295 municipalities in
mainland Finland. They vary greatly in size (6 km2 to 17,334 km2) and population (734 to 642,000).
After estimating water use for every municipality, it was aggregated to the 949 sub-basins and the
main basins. The water use was divided into sub-basins on the areal extent ratio that the municipality
had on each catchment with GIS software. However, to make the aggregation more accurate, irrigation
(see next chapter) and all water permits that exceeded 1Mm3 withdrawals from freshwater annually
were analyzed in more detail and the exact sub-basin of water use was used instead of adding it to the
municipal value. The criterion was met with 91 water permits out of 565. The 91 permits account for
88% of all industrial freshwater withdrawal volumes that have water permits. The consumptive water
uses for the sub-basin are available as Supplementary Materials.

2.3.1. Agriculture

Agricultural water use in this study includes two categories: livestock and irrigation. The water
use estimates of livestock were based on the reported headcounts of livestock by the Natural Resources
Institute Finland (LUKE) [57,58]. Only a small percentage of the fields are irrigated regularly in
Finland (1–2% or ~8000 ha) [59], since it is not generally profitable. Despite the small percentage,
the irrigated fields and greenhouses generate approximately half of the market value of the whole plant
production [31]. However, the true value of irrigation might become visible only during droughts.
For example, in England and Wales, the net economic benefit of irrigation in a dry year was estimated
at £665 million [60]. Irrigation has been in decline in Finland since 1995 after Finland joined the EU.
The EU agricultural subsidies focus on area instead of crop yield, making irrigation less profitable.
This has, in part, led to the decline of irrigation schemes in Finland, making the agricultural sector less
resilient to drought.

No reliable records are available on water abstractions for irrigation in Finland. As there was no
data, we estimated the irrigation with an unpublished model that was built on an existing VEMALA
model [61] developed by the Finnish Environment Institute. The irrigation water use was modelled
with hydrology similar to the dry year of 1941, but with today’s land use and crops. The irrigation
model uses soil moisture to assess the need for irrigation. When soil moisture decreases below
a threshold, a specific amount of water is irrigated. Both the threshold of soil moisture and the
amount of water irrigated is a crop specific parameter estimated based on irrigation guidelines [31,62].
We assumed that during a severe drought, all farmers with irrigation equipment (101,900 ha in
2013 [59]) would irrigate. For the purpose of the depletion index, we estimated potential water use
rather than actual use. Hence, irrigation was not limited by water availability. The annual irrigation
amount was divided to months as follows: May 15%, June 35%, July 35%, and August 15%.

2.3.2. Industry

We used water permits from the national VAHTI-database to estimate industrial water use,
dividing it into cooling water use, paper and pulp industry, aquaculture, and other industrial water
use. A permit is needed in Finland if groundwater abstraction is larger than 250 m3 per day. In addition,
water supply utilities and large-scale facilities need a permit for surface and groundwater abstraction.
Water abstractions have to be reported annually (Water act 2011, 3§3). The amount of water use without
water permits (abstracting less than 250 m3 per day) is not recorded, but some estimates have been
made for the total water use per sector [32]. Water use was divided equally across months, in absence
of evidence otherwise.
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2.3.3. Public Water Supply

Water use of the public water supply was based on municipality populations. Water use per capita
has been estimated at 204 liters per day per person. The estimate is based on information provided
by the water supply companies (VEETI-database). Of the 204 liters, inhabitants use approximately
130 liters, and the remaining 74 liters derive from network leakages and water use by companies and
industry, who buy water from the water supply companies. Approximately 90% of the population
get their water from water supply companies and the remaining 10% have their own wells. There
are roughly 0.5 million wells in Finland providing water to permanent residents (50%), but also to
hundreds of thousands of summer cottages (50%). Many wells would run dry during a severe drought,
so we estimated potential water use, similarly to irrigation, assuming that water use was not limited
by the drought.

The two largest water transfer schemes were also taken into account. The Päijänne tunnel brings
water to the Helsinki region (100 Mm3 annually) and Virttaankangas aquifer recharge project brings
water to the Turku region (23 Mm3 annually). There are also other smaller water transfers, like
emergency water transfer pipes between water supply companies, but we excluded them due to
lack of data. Water use for public water supply and water transfer schemes was also divided equally
across months.

2.3.4. Returned Water

As WDI analysis is based on consumptive water use, the returned water (i.e., the proportion
of water returned back to the ecosystems) has to be accounted for. However, the returned water in
Finland is not reported in any way and there are no studies on the matter either, so estimated values
have to be used. The analysis used the following return flow percentages, which were derived from
the WaterGAP model [57] and USGS (United States Geological Survey) reports [63,64]: domestic 83%,
industry 78%, and cooling water 97% (thermoelectric cooling in Finland is once-through cooling).
Livestock return water percentage was estimated to be 78% [57,58]. Irrigation was modelled with
theoretical optimal irrigation water need, creating no return flows. Domestic and industrial water
users close to the sea return their waters straight to the sea, thus municipalities with coastline had no
returned waters from domestic and industry sectors. The largest inland fish-farming facilities are all
“run-through” facilities in Finland and have only a small consumptive effect. Thus, the 15 facilities
with annual water withdrawal over 1 Mm3 were estimated to have a 97% return rate. Hydropower
was assumed not to consume or withdraw water.

2.4. Data: Reference Drought

This study uses the most severe drought period of the last century in Finland, the drought of
1939–1942, as a reference drought. The actual drought lasted for 3.5 years, starting in May 1939 and
ending in November 1942, yet to understand seasonal variation, we extend the analysis to the full
calendar years 1939–1942. The return period of this hydrological drought was estimated to be once in
100–150 years for most of Finland [65], and it is modelled and described in more detail by Veijalainen et
al. [66]. The observed temperature and precipitation were used to simulate the runoff and discharges
of 1939–1942 using the WSFS model, but with the current regulation rules and dams in the catchments.
This enables the estimation of impacts during a severe but realistic drought situation.

During the period of 1939–1942, winters were cold and snow amounts were reasonably large,
despite the drought. Since climate change has already increased the temperatures in Finland
over 2 degrees [67], these kinds of cold winters have become rarer. According to the results of
Veijalainen et al. [66], however, climate change would not significantly change the 1939–1942 drought
severity. Winters would become somewhat wetter and summers drier, but the general water availability
would change only modestly. Snow amounts were, therefore, not altered.
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Inflows and runoff values for sub-basins were modelled with the Finnish Environment Institute’s
WSFS model [38,39]. WSFS is a hydrological model used in Finland for national operational
hydrological and flood forecasting and for research purposes [68]. The reference drought water
resources were simulated for the full 4 years period of 1939–1942. The model calculates daily values
from which mean monthly discharge and runoff for every sub-basin is calculated. The WSFS includes
a conceptual three-layer soil model, where the lowest storage represents groundwater storage and
the middle storage soil water and the variations in these storages are calculated. The surface water
storages (i.e., lakes and rivers) are taken into account in the model. However, only lakes with area
larger than 1 km2 are included (see Supplementary Materials for a diagram of the model modules).

2.5. WDI Analysis with Global Models

Many water use-to-availability analyses use globally modelled data (e.g., Brauman et al. [24] and
Kummu et al. [1]). For comparison with the national statistical water stress analysis, the authors did
a similar analysis with global datasets. This was carried out to test whether the global data produce
similar results than the more detailed national water permit-based data, and to assess if global data
with 0.5 degree resolution (approximately 25 × 50 km or 1250 km2 in Finland) could be used for
sub-national water availability analyses, at least as a screening tool.

To test the above-mentioned questions, the WDI was calculated with data extracted from
the Inter-Sectoral Impact Model Intercomparison Project (ISIMIP2a [69]). ISIMIP2a is a historical
validation experiment, in which historical climate and socio-economic datasets are used to evaluate
the performance of the models from 1971 to2010. While this does not cover the reference drought years
1939–1942, it provides the most reliable benchmark for the purpose of comparison. The climate datasets
are based on reanalysis of observations, and therefore, in principle, are more reliable than using a
climate model. ISIMIP2a includes four climate datasets. We used Princeton, GSWP3, and WFDEI,
leaving out WATCH as it only covers the period 1971–2001.

The three global water models used were PCR-GLOBWB, H08, and WaterGAP2. These are the
only three models currently available that estimate domestic and industrial water use in addition
to irrigation. PCR-GLOBWB and WaterGAP2 additionally estimate livestock water use. Estimates
of irrigation water use are typically obtained using climate forcing, land use data, and crop models.
Estimates of other water uses are typically obtained by downscaling country-scale statistics. A variety
of assumptions are used, often including water use intensities, technological changes over time,
and local data, e.g., population, GDP, and livestock populations. Most of the data was obtained at
the monthly scale as separate variables from the ISIMIP website. WaterGAP2 water use data was
downloaded as a single file containing the sum of industrial, domestic, manufacturing, electricity,
and livestock water use. Industrial water use for PCR-GLOBWB was obtained directly from IIASA
(International Institute for Applied Systems Analysis), and the livestock water use for H08 model runs
was taken from PCR-GLOBWB. The full list of files used is available in the Supplementary Materials.

Inflows and runoffs were calculated similarly to the analysis based on national statistics as the
sum of monthly inflows and local runoff. Inflows and runoffs, however, were calculated on 30 arcmin
grid cells, which is the smallest spatial unit provided in ISIMIPa. Large water transfer schemes are
not incorporated. Routing between cells is included within the models using the DDM30 Drainage
Direction Map [70], and some large dams are accounted for. Water consumption estimates were taken
from the year 2010. For each cell and each combination of climate dataset and water model (i.e.,
9 estimates), we extracted the maximum WDI values over time in order to capture the most severe
conditions within 1971–2010.
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3. Results

3.1. WDI Results with National Statistics

The core of the analysis consists of the Water Depletion Index (WDI) results. Figure 3 presents
the percentage of the Finnish population living in water-stressed areas during a severe drought with
three different WDI-thresholds (see below). The WDI is calculated with monthly water consumption
from the year 2015 during the reference drought. As can be seen from Figure 3, the population living
in sub-basins experiencing drought has a clear seasonal variation. The scarcest month is during the
seventh month of the third year, when 11 sub-basins, or 5% (~275,000 people) of population, are above
WDI-75%. According to Brauman [24], these basins would be depleted, meaning that usable water
is limited in these months. A further 41 sub-basins, or 10% of the population, are above WDI-20%,
indicating that another 275,000 people might experience water stress. WDI-20% should be chosen
as a threshold when some difficulties start to appear in accessing water (including potential water
management, water quality, or environmental impacts [1]). WDI-40% should be chosen as a threshold
when some difficulties can be expected and WDI-75% when the sub-basin can be seen as depleted.
However, as discussed earlier, the thresholds are exemplary, and should not be treated as absolutes.
In 9 sub-basins, the WDI goes occasionally above 100%. While data errors cannot be ruled out (e.g., in
consumption, return flows), this can also occur due to unaccounted water storages and water transfers,
which shift water availability, and therefore stress, across time and space. More importantly, it includes
areas where potential irrigation water use and groundwater extractions may exceed available water,
and would therefore need to be curtailed. Therefore, these are important sub-basins for further work
to focus on.
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The majority of basins exhibiting potential water stress problems are located in the South and
Southwest of Finland (Figure 4). These basins are mostly small and have few lakes, but also have
relatively large amounts of population, farmland, irrigation, and industry. On the other hand, the most
water intensive industry is mostly located outside these areas along the large basins, where water is
available even during a severe drought. It is notable that the Helsinki region shows relatively low WDI
values: this is due to the Päijänne tunnel water transfer. In addition, while many small coastal basins
show high WDI values, their public water supply may, in reality, be sourced from neighboring larger
basins. In addition, some sub-basins on large lakes, like Päijänne and Saimaa, show elevated WDI
values, but when investigating the lakes as whole, water availability is sufficient to avoid water stress.
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water withdrawing industries.

Figure 4 also shows where the largest industrial and fish-farming units are located. One hundred
units that abstract the most freshwater are shown in the figure. The largest units are mostly located in
the large basins and near large water bodies or rivers, as expected. The largest water abstractors are
the paper and pulp industry, energy production, aquaculture, and the chemical industry. The largest
water withdrawals are usually cooling water, with most of the water returning.

Figure 5 shows how the modelled total storage capacity of lakes and reservoirs decreases during
the reference drought. The model includes lakes larger than 1 km2. The storage was at a normal
level at the beginning of the drought. The figure shows that the spring floods did not fill the lakes
to the previous year’s level. The storage is lowest in March of the fourth year. When comparing
this to the March of the first year, a difference of over 9000 Mm3 can be observed. This is almost
ten-fold the annual water consumption. Diminished water storage means that there are less options to
mitigate drought impacts with regulation and irrigation. The figure does not include groundwater
storage, but typically, groundwater storage follows the surface water storage with a short delay. Lower
groundwater levels lead to more difficulties, with water users relying on groundwater.
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3.2. WDI Results with Global Models

Results using estimates from global models should be seen as a screening tool to identify areas
that are potentially depleted rather than being directly comparable to national data. The 30 arc minute
resolution is quite coarse, and there is substantial uncertainty across model estimates. Using 3 climate
datasets for period 1971–2010 and 3 models, the analysis yields 9 different estimates. The number of
estimates with WDI values above 20% is shown in Figure 6. Similarly to Figure 2, the global estimates
also highlight southern coastal regions. Some cells are outside the land borders—they should be
interpreted as coastal areas, as this is due to the limitations of the coarse raster representation. Water
depletion is, however, also suggested in inland areas, especially in the north. This turns out to only
be due to a single model (PCR-GLOBWB, see Supplement). The utility of global models is further
discussed in Section 4.2.
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4. Discussion

The findings of this study have been divided into three parts: context-specific, methodological,
and policy-relevant findings. A fourth part then presents the limitations and ways forward.

4.1. Context-Specific Findings: South and Southwest Finland Most Vulnerable to Drought

In this study, drought vulnerability was analyzed by estimating consumptive water use during a
severe drought in Finland. The main impacts from severe drought in Finland would come in two ways:
through combined impacts from reduced water availability for food security, and through specific
impacts for selected water-intensive water users, such as industries and water supply companies.
While the analysis indicates that most areas in Finland would have enough water, areas in South and
Southwest Finland would have difficulty securing sufficient water availability for all sectors, such that
prioritization of sectors would be needed to minimize impacts.

In terms of economic implications, the drought impacts for pulp and paper industry would
be particularly critical, as they use remarkable amounts of water and are important for the Finnish
economy. However, the pulp and paper factories are generally well protected against drought due to
their efficient water use and locations next to large water bodies (partly due to the fact that the timber
was historically transported via lakes and rivers). Also, thermo-electric facilities are adjacent to large
water bodies, protecting them relatively well from drought.

Drought would have implications also for water supply. After the 2002–2003 drought, some
emergency water transfer pipes have been built between supply companies, increasing their resilience
and providing alternative options for raw water. This is likely to mitigate some of the water stress
predicted in this analysis. Potentially the largest impact for water supply would be through private
wells, as many of them would run dry, similarly to the droughts in 2002–2003 [15] and 2018 [71].
Deteriorated water quality would also become a problem for water supply. These issues could be
further investigated in the sub-basins identified in this study.

4.2. Methodological Findings: WDI Useful for Drought Analysis, Global Analysis has Limitations

This study indicates that the Water Depletion Index (WDI) is a useful indicator for analyzing the
drought vulnerability for the following two reasons. First, WDI clearly states the biophysical fraction
of water use from human activities. It is simple, yet precise. Secondly, it can be used with different
time-steps and resolutions for drought analyses or water scarcity analyses. It is a good screening tool
for sustainable water governance and water resource management.

The WDI also has some limitations that need to be addressed when using WDI and communicating
its results. As WDI value does not explicitly account for environmental flows or thresholds and the
sustainability of water use is not directly visible from WDI values, some additional information is
always needed. For example, definitive identification of impacts would require case-specific rather than
generic thresholds. In addition, with a relatively short time scale (a month), the water consumption
can exceed the availability during drought, resulting in sub-basins with WDI values over 100%. Such
sub-basins are prime candidates for further investigation, as this can occur for a variety of reasons,
including if discharge is close to zero (dams are closed), runoff is low (as often happens during
drought), or water demand cannot be met and would need to be limited by de facto or regulatory
restrictions in consumption.

Interesting context-specific and methodological findings emerge also when comparing the study
results with global model analysis. The global analysis seems to highlight the same areas as the local
analysis, thus providing corroboration. Such global analysis is useful for providing a general overview
and it can highlight areas that are likely to have water stress. Due to its coarse scale, however, it should
not be used to rule areas out. At the same time, our studies also indicated some key challenges in
the global model results. The considerable differences between the climate models highlight the
importance of using multiple global models for screening analyses. Further investigation would be
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needed to understand why the PCR-GLOBWB model’s estimates differ from the others. If we consider
only regions where 4 or more (out of 9) estimates agree, there are in fact fewer regions that appear
depleted than reported by the local analysis. While model inaccuracies are likely at play, this is also
expected for two other reasons. Firstly, the cell size is larger than the sub-basin size in many coastal
basins. This means that water availability is aggregated over larger areas, resulting in lower WDI
values. Secondly, the climate datasets used here only start in 1971. The worst-case water availability is,
therefore, not as extreme as in 1939–1942.

It should also be noted that global analysis doesn’t consider water transfer schemes. This can be
seen in the Helsinki region, which is highlighted in the global model analysis, but not as clearly as in
the local statistical analysis. The reason for the difference is the Päijänne tunnel water transfer scheme,
which provides all the raw water to the Helsinki metropolitan area from lake Päijänne via a 120 km
tunnel. Water transfer schemes are globally common and an important part of water supply, especially
during drought. Hence, they should be better incorporated in both global and local water availability
analyses. Obtaining data on actual water access and water supply networks is a common problem in
global analyses, which has led to issues related to the modifiable areal unit problem [54]. In general,
this is dealt with by careful selection of the unit of analysis, e.g., Food Production Unit [72], but this
study demonstrates that the ability to adequately capture small basins and associated water transfers
is crucial in otherwise water abundant settings.

4.3. Policy-Relevant Findings: Establishing Drought Management Plans

Finland has relatively well-established policies and plans related to water management and
climate change adaptation [73], and Finland’s water security is globally at a high level [74]. However,
as drought has not conventionally been considered a significant threat in Finland, both climate change
adaptation actions and preparedness exercises have focused on floods. There are currently no specific
Drought Management Plans (DMPs) in place. The findings of this study suggest that such plans would
be useful to improve water security, at least in the most vulnerable areas in South and Southwest
Finland. These plans should include, for example, guidance on communications and responsibilities,
water use limitations guidelines, co-operative irrigation schemes, preparedness exercises, and other
mitigation measures. Good drought mitigation practices can minimize the damage to societies and the
environment considerably, e.g., by sustaining minimum flows and water levels with regulation dams.
Currently, regulation permits in Finland do not mention droughts and there is usually no guidance for
drought-related dam regulation.

The long-term drought mitigation measures would be logical and efficient to implement in the
EU Water Framework Directive’s River Basin Management Plans (RBMPs) [13,19]. In RBMPs, the
water quality aspects of drought should also be taken into account. The DMPs could be drafted
only to areas vulnerable to drought, as was done with Finland’s flood risk management plans [75].
The areas highlighted in this study provide the first step forward when choosing the areas for the
DMPs. Short-term mitigation measures, i.e., preparedness plans and water use limitations, could
be implemented at the municipal level, where needed. With the RBMPs and the EU’s drought
management plan guidance, it would possibly make multinational co-operative drought management
easier between EU countries.

4.4. Limitations and Ways Forward

Water scarcity and water stress are multifaceted concepts, and therefore they can be looked at from
a variety of viewpoints and analyzed with a number of different approaches [40,41]. This article has
focused on a quantitative drought analysis, meaning that we did not look at much broader economic,
social, or political aspects related to water scarcity. However, the mitigation measures responding to
the drought are equally multifaceted, and would thus require also addressing key economic, social,
and political aspects and interests.

A basin level drought analysis can serve practitioners and river basin managers in improving
water security and drought resilience, yet more local knowledge and research is required before actions
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can be taken. For example, interviews and detailed local studies should be made to learn more about
the local vulnerabilities and water use practices, as well as their linkages and trends. Additionally,
multinational drought management would require more research.

The uncertainties of this water use-to-resource analysis are multiple. For larger global comparison
and analysis, the thresholds are understandable, but for smaller cases like Finland, relative thresholds
could make more sense when trying to find possible vulnerable areas. In addition, returned waters
bear substantial uncertainties, because there are no records of them even in Finland. The WaterGAP3
values were mostly used in this study, but stricter values might be justified for the small time-step
(month) and small spatial extent (sub-basin), as Schrerer et al. [36] suggested.

The ability of the hydrological model to simulate the discharges during extreme drought is also
uncertain. The observation data from 1939–1942 is rather sparse and may contain biases. Lakes
and reservoirs were taken into account in the model calculations, but their role in an actual drought
situation may be underestimated. In addition, groundwater storages are included in the model as
aggregated average values for the sub-basin. In many places, groundwater storages are crucial in
carrying both nature and societies over the drought period [26,76] and efforts to enhance resilience
would benefit from better knowledge of them. Some uncertainty also arises from the irrigation model,
which is new and needs further validation.

5. Conclusions

Finland, despite being among the countries with the most abundant freshwater resources, has
areas that are vulnerable to drought. The most vulnerable areas are in the South and Southwest parts
of the country. Drought management and drought resilience are, therefore, important when assessing
national and regional water security and its linkages (for example to food security).

The Water Depletion Index (WDI) provides useful and easily interpretable information for
decision-makers. It can provide knowledge for private entities, such as industry and farmers,
but foremost it is useful to public entities and river basin managers to plan their water resource
management actions. The WDI should, however, be used only as a screening tool, given that
stress thresholds used are generic, environmental flow requirements and water quality impacts are
only implicitly considered, and results are dependent on accurate estimates of water consumption,
availability, storage, and transfer. Areas identified as water-depleted are prime candidates for further,
more detailed investigation. To complement our national water stress analysis, we carried out similar
analysis with global datasets. The current status of global models means that they provide an even
coarser screening tool for drought analysis, and their actual value is likely to depend on local conditions.
They have been effectively used at the scale of countries or large river basins, but are of limited use for
sub-national drought analysis, especially for small basins.

Finland has an advanced water resource management system, and it has created flood risk
management plans for every significant flood risk area. The first step in the process was to choose the
significant flood risk areas. Our findings indicate that a similar process should be carried out with
drought, and this analysis provides a good starting point for identifying the areas requiring Drought
Management Plans (DMPs) to enhance their water security. A good place to implement such plans
could be the River Basin Management Plans (RBMPs) within the EU Water Framework Directive.
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