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In cold (i.e. boreal, subarctic, snowy) climate zones, dynamic groundwater storage is greatly affected by the
timing and amount of snowmelt. With global warming, cold climates in the northern hemisphere will transition
to temperate. As temperatures rise, the dominant type of precipitation will change from snow to rain in winter.
Further, the growing season is prolonged. This has a direct impact on the aquifer recharge pattern. However,
little is known about the effect of changing annual recharge regimes on groundwater storage.

The present work deduces the impact of shifting climate zones on groundwater storage by evaluating the
effect of climate seasonality on intra-annual hydraulic head fluctuations. The work compares intra-annual hy-
draulic head fluctuations in a temperate-cold climate transition zone (Fennoscandia) from two different periods
(1980-1989, 2001-2010). This is done by associating rising vs. declining hydraulic heads with hydro-
meteorology.

Due to the northwards migration of the temperate climate zone, there is a shift in seasonality between the two
periods. This has a negative impact on groundwater levels, which are significantly lower in 2001-2010, parti-
cularly near the climate transition zone. The results demonstrate that increasing temperatures in cold climate
regions may change the seasonality of groundwater recharge, by altering the main recharge period from being
snowmelt-dominated (spring) to rain-dominated (winter). Additionally, this is connected to the duration of the
growing season, which impedes groundwater recharge. The coupled effect of this on groundwater in the study
area has led to a significant decrease in groundwater storage.
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1. Introduction

Climate change impact studies on groundwater resources generally
use the output of global climate models (GCMs) as input to hydrological
models (e.g.: Scibek and Allen, 2006; Jyrkama and Sykes, 2007; Scibek
et al., 2007; Clilverd et al., 2011; Surfleet et al., 2012; Kurylyk and
MacQuarrie, 2013; Surfleet and Tullos, 2013; Meixner et al., 2016).
This approach is partly justified since the study of significant trends
require long time series (Stoll et al., 2011). Most groundwater ob-
servations do not fit this requirement, which also does not allow for
cross-validation against model results. As a consequence, results in-
dicate wildly varying possibilities for future change ranging from de-
creasing (e.g. Sultana and Coulibaly, 2011; Luoma and Okkonen, 2014;
Jang et al., 2015) over stable (e.g. Scibek and Allen, 2006; Scibek et al.,
2007; Meixner et al., 2016) to increasing (e.g. Jyrkama and Sykes,
2007; Kovalevskii, 2007; Clilverd et al., 2011) groundwater storage or
recharge. This variability is highly connected to uncertainty with regard
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to initialisation and parameterisation of processes known to heavily
affect future groundwater recharge estimates. These uncertainties are
associated with [1] global precipitation patterns, climate change sce-
narios and discrepancies between GCMs (Surfleet et al., 2012; Surfleet
and Tullos, 2013); [2] the dependency on the type of downscaling
method used (Chen et al., 2006; Baba et al., 2011; Kurylyk and
MacQuarrie, 2013); and [3] insufficient understanding of atmosphere-
groundwater interactions (Green et al., 2011; Klgve et al., 2014). In
addition, output in the form of annual or longer-term averages of
groundwater recharge, common for climate change impact studies,
portray neither extremes nor seasonal variations of recharge/storage.
Seasonal variability of groundwater recharge/storage may develop
into groundwater-related hazards, such as floods, water scarcity and
drought (Taylor et al., 2012). Any of these effects results in increased
pressure on important groundwater-dependent ecosystems (Taylor
et al., 2012; Jyvisjarvi et al., 2015), communities and industry. Their
ability to adjust to future changes in water availability is reliant on the
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Fig. 1. A) Koppen-Geiger climate classes in the Swedish and Finnish parts of Fennoscandia based on Kottek et al (2006) and Rubel et al (2017). Circles represent
piezometers. Cfb — temperate humid warm summers; Cfc — temperate humid cold summers; Dfb — cold humid warm summers; Dfc — cold humid cold summers; ET —
Arctic tundra climate. Annotated piezometer groups (numbers) are used as examples to highlight results from the classification. B) Aquifer lithology based on the

European geological map of Asch (2003).

rate of change and, more importantly, their ability to adapt (Kirkinen
et al., 2005; Kjellstrom et al., 2014; Klgve et al., 2017). Consequently,
changes in intra-annual groundwater fluctuations can have a severe
impact on both environment and society.

Natural groundwater fluctuations are a result of hydrometeorologic
factors that are changing spatiotemporally, and topographic and hy-
drogeologic characteristics that are assumed to be temporally constant
(e.g. Rinderer et al., 2019; Giese et al., 2020). The dominant hydro-
meteorologic characteristic of cold humid (i.e. boreal, subarctic, snowy)
climate zones are large quantities of winter precipitation, stored as
snowpack in the cold months, and released as meltwater in spring
(Clilverd et al., 2011; Jasechko et al., 2017). This seasonal snow cover
highly affects the regional hydrology, e.g. discharge of rivers
(Staudinger and Seibert, 2014; Jenicek et al., 2016; Dierauer et al.,

2018) or groundwater recharge (Klgve et al., 2017). Results from iso-
tope analyses in central Canada indicate that snowmelt is the main
source of annual groundwater recharge (Jasechko et al., 2017), which
also explains why in Fennoscandia groundwater recharge generally
reaches annual maxima during or after snow melting events (Klgve
et al., 2017).

According to the climate scenario RCP8.5, cold humid climate zones
are expected to go through a major shift northwards within this century
(Rubel et al., 2017; Beck et al., 2018). The shift from cold to warmer,
temperate climate is thus expected to influence the annual water budget
in these regions (Clilverd et al., 2011; Jasechko et al., 2017). Whether
the net effect on groundwater storage is positive or negative is unclear.
A few studies already observe long-term consequences of seasonality
changes and climate variability on groundwater levels. The general
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trend is negative, coinciding with increased temperatures and pre-
cipitation, but overall results are highly variable (i.e. Allen et al., 2014).
Two studies modelled the effect of rising temperatures on groundwater
storage (Okkonen and Klgve, 2011) and recharge (Jyrkama and Sykes,
2007) in cold climate. Both studies state an increase of groundwater
recharge in winter, as the change in dominating processes facilitate
water infiltration and percolation through soil. This change in processes
include (Jyrkama and Sykes, 2007; Okkonen and Klgve, 2011): [1]
increased winter rain opposed to snowfall during a period with low to
nil evapotranspiration, [2] decreased snow storage, which lead to re-
duced snowmelt magnitudes and a lower spring snowmelt peak, and [3]
the reduction of soil frost that hinder percolation. Another modelling
study by Sultana and Coulibaly (2011) claims that decreased snow
storage (1 and 2) also leads to decreased annual groundwater recharge,
although total annual precipitation increases. This could be related to
changes in duration and intensity of precipitation events, as infiltration
capacity varies with rainfall intensity (Fu et al., 2019). Nevertheless, it
implies snow accumulation and melt processes facilitate recharge in
general.

Lee et al. (2013) and Jang et al. (2015) studied the impact of climate
on groundwater levels in a region with temperate and cold climate and
a distinct wet season. They attribute the negative trend in groundwater
levels to limited infiltration capacity. Therefore, increased precipitation
in the wet season cannot contribute to increased recharge. Other studies
predict that increasing precipitation will boost effective rainfall and
groundwater recharge, overriding the increasing annual evapo-
transpiration rates with rising temperatures (Jyrkama and Sykes, 2007;
Kovalevskii, 2007; Meixner et al., 2016).

However, shallow aquifers and aquifers with a thick capillary fringe
are vulnerable as the hydraulic connection between root zone and
aquifer enables vegetation to transpire and deplete groundwater (Klgve
et al., 2014; Bloomfield et al., 2019; Condon et al., 2020). Unless ba-
lanced by sufficient rainfall, this would extend the duration of
groundwater level recession and systematically reduce storage (Hamlet
et al., 2007) such as presented in a catchment-scale modelling study for
southern Finland by Luoma and Okkonen (2014). Other studies in cold
humid (Scibek and Allen, 2006; Scibek et al., 2007) and also in cold to
hot arid (Meixner et al., 2016) climate zones conclude that the effect of
warming and increased precipitation on storage could be negligible.
Thus, there remains a discrepancy in the interpretation of climate and
seasonality effects on groundwater.

The overall objective of this study is therefore to improve the un-
derstanding of the connection between intra-annual fluctuations in
hydraulic heads and hydrometeorological seasons specific to temperate
and cold climate. Thus, the aim is to: [1] classify spatiotemporal dif-
ferences in hydraulic head fluctuations, and compare to known climate
zones; [2] elucidate spatial change in seasonality between two clima-
tically different periods, and [3] quantify the effect of spatiotemporal
change on hydraulic heads.

2. Study area and data
2.1. Climate

Sweden and Finland are located in northern Europe, between
55°-70° N and 10°-62° E. In this region, the climate zones range from
temperate humid to cold humid with warm or cold summers (Fig. 1a).
Based on the Koppen-Geiger climate classification (Kottek et al., 2006)
cold climate is defined as having monthly average temperatures of more
than 10 °C in summer but below —3 °C in winter. Temperate climate is
defined as having monthly average temperatures also exceeding 10 °C
in summer and between —3 °C and 18 °C in winter. Humid is defined as
the climate lacking a dry season (Peel et al., 2007; Beck et al., 2018).

According to Chen and Chen (2013) climate zone classifications in
Fennoscandia are highly unstable on inter-annual timescales. In
northern Sweden and in Finland, the climate zones stabilise for decadal
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to 30-year timescales. This is probably linked to the strong dependency
to the Arctic Oscillation, North Atlantic Oscillation and Scandinavia
teleconnections in winter, and to the East Atlantic/Western Russia
teleconnections in spring and summer (Engstrom and Uvo, 2016;
Irannezhad et al., 2019).

Regardless of climate zone classification, projections of average
annual change according to the scenario RCP8.5 for the period
2011-2099, predict annual average differences in Sweden and Finland
to be an increase in temperatures of ~ 0.06 °C, and in precipitation of ~
0.25% (SMHI, no date; Ruosteenoja et al., 2016).

2.2. Hydrogeological context

The hydrogeological context is important to reduce misconceptions
and misinterpretations of the results, even though it is not the focus of
the study. Nordic hydrogeology is different in terms of typical me-
chanisms and processes that prevail in central or southern Europe. In
general, aquifers in sedimentary formations are limited in depth and
spatial extent, resulting in local aquifers (Asch, 2003). These small
aquifers often lack a connection to rivers and streams, as low-perme-
ability bedrock isolate sedimentary deposits. Thus, the mechanisms of
groundwater-surface water interactions often differ from those in other
parts of the world. The geology and landscape is strongly influenced by
peneplanation and recent glacial history, and thus very different from
regions that have not undergone these processes. For example, the
vadose zone is generally thin, so the mostly unconfined shallow
groundwater systems are well-connected to the atmosphere (Richts
et al., 2011; Fan et al., 2013).

The bedrock in Sweden and Finland is part of the Fennoscandian
Shield, a geologically distinct area of the European Craton. The bedrock
is mainly composed of granites and gneisses from the Archaean and
Proterozoic eons with relatively few and small elements of (mostly)
Palaeozoic lime- and sandstone (Fig. 1b) (Adrielsson et al., 2006;
Fredén, 2009). Due to long-term peneplanation, the bedrock surface
and surface topography is mostly flat or gently undulating (Lidmar-
Bergstrom et al., 2013). Bedrock and superficial sedimentary deposits
are separated by an unconformity, shaped by Quaternary glacial ero-
sion. This together with earlier peneplanation and glacial deposition
has created a knock-and-lochan landscape (shield terrain), with surfi-
cial layers mainly consisting of till (Kleman et al., 2008; Ebert et al.,
2015). The diagenesis and permeability of the glacial deposits is af-
fected by different stages of the Baltic Sea, which is delimited by the
elevation of the highest shoreline (Aberg, 2013; SGU, 2015). The
highest shoreline elevation varies between 10 and 289 m.a.s.l. and
20-109 m.a.s.l. in Sweden and Finland respectively. Below the highest
shoreline, sediments have a subaquatic origin and are therefore more
well-sorted and have extensive silt and clay lenses. Above the highest
shoreline sediments have a supra-aquatic origin. These layers are hence
heterogenous and unsorted. Supra-aquatic till is often clayey resulting
in a low hydraulic conductivity (Englund et al., 1986). Regionally,
depth to bedrock is commonly < 10 m (Kleman et al., 2008). Excep-
tions are fracture valleys, eskers and end-moraine formations (see
Fig. 1b, coarse sediments) where thicknesses of more than 100 m can be
reached (Fredén, 2009; Stroeven et al., 2016; Ymparisto, 2019). The
piezometers used in this study are all located in superficial glacial de-
posits of subaquatic or supra-aquatic origin.

2.3. Data

2.3.1. Climate data

The Finnish Meteorological Institute (FMI) provide data of daily
sums of precipitation and average temperatures for Finland. The dataset
is part of FMI ClimGrid, a 100 km? daily regional reanalysis climate grid
covering the period 1961-2014 (Aalto et al., 2016). The Swedish Me-
teorological and Hydrological Institute (SMHI) provide data of daily
sums of precipitation and average temperatures for Sweden. The



M. Nygren, et al.

dataset is part of the regional reanalysis for Europe, a Copernicus Cli-
mate Change Service (Undén, 2017). It is a 121 km? daily regional re-
analysis climate grid covering the period 1961-2015.

2.3.2. Groundwater data

Groundwater hydrographs are provided by the Swedish Geological
Survey (SGU) and the Finnish Environment Agency (SYKE). The time
series contain at least 31 years of biweekly observations (1980-2010),
with a maximum of 4 months missing data. Missing data is imputed by
the mean of the previous and following measurement. Piezometers with
data classified as having bad quality by SGU or SYKE, and time series
visually affected by unnatural disturbances, are excluded. Groups
where piezometer hydrographs have highly variable fluctuation are
excluded from further analysis, as this is likely due to anthropogenic
influence.

After pre-processing, 264 piezometers (74 geographically distinct
groups), out of ~1500 piezometers (197 groups) remained, with bi-
weekly (on average 1.8 measurements/month) observation intervals.
The distribution of piezometers per geographically distinct group
(1-11, median of 5) is detailed in Table A.1. The piezometers used in
this study are all in glacial sediment at a surface elevation lower than
500 m.a.s.l.,, with a median depth below surface ranging between 0 to
18 m (Fig. 2).

3. Methods
3.1. Classification of hydrometeorology

The classification of hydrometeorology is based on a simplified
water budget for each climate grid cell:

P=ET+ Q + AS (€9)

where P [mm)] is precipitation, ET [mm] is evapotranspiration, Q [mm]
is stream discharge, and AS [mm] is dynamic groundwater storage (the
net effect of groundwater recharge and discharge).

Since ET is unknown, potential evapotranspiration (PET) is used as
an approximation. Mean monthly PET [mm] is calculated using the
SPEI package in R Studio (Begueria and Vicente-Serrano, 2017) based
on Thornthwaite (1948) as

10T, )"

PET, = 1.6Nm(
2

Tm 1.514
=2 (?) 3

100-
»
Qg
()
% 50-
N
(0]
3
0.
0 5 10 15 20
depth [m]

Fig. 2. Histogram of median depth to groundwater, for the 264 piezometers
used in the study and the years 1980-2010.
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where m is the month, N [ —] is a factor based on latitude and month
that accounts for daylight hours. Latitudes above 50° N have the same
correction factor (i.e. all piezometers in the study). T [°C] is the mean
monthly temperature and I [-] is the heat index.

The relationship between mean monthly temperatures and PET is
highly complex. The complexity increases in warmer climates and de-
creases in colder climates. The approach does not account for freezing
temperatures and differences in land cover, which affect PET.
Thornthwaite (1948) acknowledges that the relationship differs based
on location, and PET tends to be overestimated, especially in tropical or
warm climates. However, the method is preferable due to the small data
requirements and the expected small errors in the cold and temperate
climate zones of Fennoscandia. Variations in evapotranspiration due to
varying plant properties and land use change are not considered, as no
vegetation data is included in the approach.

Since the study is focussed on AS as a function of water availability,
i.e. P-ET, and due to the generally low hydraulic connection between
rivers and aquifers, the groundwater component of Q is considered
constant as a simplification. Effective precipitation (P-ET) determines
surface water availability for infiltration and percolation, and AS in-
dicates the effect on groundwater. Surface water surpluses or deficits, as
determined by effective precipitation, are represented by two hydro-
meteorology types (“rain” and “high PET” respectively).

For every hydrometeorological type and the assumption that base-
flow is constant, drivers of dynamic groundwater storage can be written
as

AS =RS — ET ()

where RS [mm)] is the rainfall and snowmelt output from the snowmelt
model. In temperate and cold climate, a surface water surplus facil-
itating infiltration mainly occurs when rainfall or snowmelt production
exceeds PET, these types will hereafter be referred to as ‘rain’ or
‘snowmelt’. Surface water deficits, or weakening of infiltration, occurs
when PET exceeds rainfall, this is referred to as ‘high PET’ in the
classification (Jasechko et al., 2014), or when precipitation accumu-
lates as snow at the surface, hereafter referred to as ‘snowfall’ (Clilverd
et al., 2011; Jasechko et al., 2017). If there is snowfall, effective pre-
cipitation (RS-ET) is 0 mm. The classification according to Eq. (5) is
applied to each re-analysis climate grid cell, and is based on daily
average values of RS, PET, and melt production (M, Eq. (8)) for two
different periods (see Section 4.1 Climate context for a description of
the two periods chosen for analysis).

For the classification of hydrometeorology as ‘snowmelt’, evapo-
transpiration and rain are excluded to emphasise the effect of snowmelt
on hydraulic head dynamics. The hydrometeorology is given the
‘snowmelt’ classification when snowmelt production exceeds 0.5 mm
(Table 1). This is due to the computation of 10-year means producing
low values of daily snowmelt, meaning a threshold of 0 mm snowmelt
greatly exaggerates average snowmelt days. Rain-on-snow episodes are
not represented. Each condition is specified in Table 1.

3.1.1. Precipitation phase
To calculate the sums of daily snow water equivalent and snowmelt,
a single temperature index-based model is used. The method is based on

Table 1

Condition for each hydrometeorology type classification.
Hydrometeorology type condition
high PET PET > RS
snowfall RS = 0 = PET
rain PET < RS
snowmelt M > 0.5 mm
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the snow routine of the HBV model, using five coefficients describing
empirical relationships between water freezing, melting and snowpack
runoff (Bergstrom, 1976). The approach may be simplified as

P=P;when T<1C (6)

P=P whenT>1°C @

where Ps [mm] is solid precipitation i.e. snow water equivalent and P,
[mm] is liquid precipitation i.e. rain. Snowmelt production (M) is si-
mulated according to a degree-day factor (how much snow may melt
per degree per day) regardless of precipitation, as

M = min(4, Cy * (T — TT)) ®

where A [mm] is snowfall accumulation of the previous day, Cy
[2.74 mm/°C/day] is the degree-day factor, T [°C] is the air tempera-
ture and TT [°C] is the air temperature threshold. A detailed account of
the different steps are described in appendix B. Literature parameter
values optimised for Sweden are used for the entire study area (Seibert,
2005; Seibert and Vis, 2012). A temperature threshold of 1 °C is used for
the study based on findings from Feiccabrino and Lundberg (2008).

3.2. Classification of groundwater hydrographs

This study aims to elucidate the relationship between dynamic
groundwater storage and varying groundwater recharge. The approach
considers fluctuating hydraulic heads and recharge as a product of in-
filtration and percolation of effective precipitation (Eq. (5)).

Because discharge (as a product of runoff, subsurface flow and
groundwater drainage), and hydrogeological properties of the piezo-
meter locations are unknown, dynamic storage (AS) cannot be directly
quantified. However, temporal variation of AS is represented in relative
terms by fluctuations in hydraulic heads. This fluctuation represents a
relationship that, based on a simplified aquifer water budget, can be
written as

AS = Gy — GQ (C))

where Gg [mm] is groundwater recharge, and Go [mm] is groundwater
discharge. For natural hydrogeological systems undisturbed by human
influence, rising hydraulic heads (RH) corresponds to AS > O i.e.
Gr > Gg, and declining hydraulic heads (DH) corresponds to AS < 0
i.e. G < Gg. Identifying RH and DH patterns enables the analysis of
piezometric hydrographs for the qualitative determination of timing
and duration of fluctuating patterns in hydraulic heads. By connecting
RH and DH to hydrometeorology types, inferences on the impact of
different hydrometeorology on dynamic groundwater storage in cold
and temperate climate can be made.

A statistical approach is applied to quantify differences in hydraulic
heads for all piezometers, using measures of depth to groundwater.
Depth to groundwater is estimated by subtracting the surface elevation
by hydraulic heads and dividing the result by the record median head.
Thereby, values are made dimensionless and spatially comparable. For
each period and piezometer, this value is used to calculate measures of
the seasonal standard deviation of, median, minimum and maximum
depth(s) to groundwater. The standard deviation indicates inter-annual
differences. The median indicates median groundwater depth per
season (winter: DJF; spring: MAM; summer: JJA; autumn: SON) and
period. Minimum and maximum values indicate lowest and highest
depth to groundwater attained per season and period. The percent
difference between the two periods, for every measure and piezometer,
is calculated. The result is presented as the median of the percent dif-
ference for each latitude group, defined based on the climate zones in
Fig. 1a, together with the significance. The significance is tested using
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the paired nonparametric (two-tailed) Wilcoxon Signed-Rank test
(Bauer, 1972). A paired test is used since the measures are affected by
the fluctuation amplitude of hydraulic heads, which are spatially het-
erogeneous and specific to hydrogeological characteristics.

Measure results per piezometers are plotted and analysed one
period against another to visualise differences. This enables the relative
quantification of local changes, presumably caused by differences in
climate.

3.3. Linking hydraulic head fluctuations to hydrometeorology

To simplify the spatial component of the analysis, piezometers are
grouped by proximity. Piezometers are grouped according to their lo-
cation in the climate grid cell (100 km? for Finland, 121 km? for
Sweden). Most piezometers within the same group (i.e. climate grid
cell) portray similar seasonality. Some piezometers are apparently dif-
ferent in dynamics within the group (e.g. slope, amplitude). This can be
due to strong local differences in hydrogeology or even the location in
different aquifer systems. However, since the analyses on groups focus
on differences in timing of fluctuations (initiation/duration of RH or
DH), it is not considered detrimental to the study that groups may have
piezometer hydrographs with different shape such as slope, recession
curve, and amplitude in fluctuation (see appendix C for all median
hydraulic heads of individual piezometers in all groups).

For the analysis of groups, the hydraulic heads of each piezometer
are first normalised by subtracting the surface elevation and median
period hydraulic head. To get the normalised head per group, the
median of heads within each group is calculated for each biweekly time
step. Hydraulic head fluctuations at smaller temporal resolution are not
retained. However, for the comparison to hydrometeorology, fluctua-
tion patterns are interpolated between observations to a daily resolu-
tion.

Hydraulic head and hydrometeorology classifications are linked as
follows. The day-of-year with a specific hydrometeorology is associated
to the same day-of-year hydraulic head class (rising or declining heads).
Each piezometer class-hydrometeorology pair is presented per period
and season. Days with a specific pair are summarised per season, and
the duration for such a relationship, e.g. rising heads associated with
rain, are presented as a fraction of that season, e.g. Sep-Nov.

4. Results
4.1. Climate context

To put the study in a climate change context, annual, decadal and
15-year means of temperature and precipitation are calculated for the
three climate zones (Fig. 1) between 1980 and 2010. This indicates
generally increasing temperatures between 1980 and 2010 (Fig. 3).
Annual sums of precipitation is mainly increasing for the temperate and
cold climate zone and decreasing for the cold climate subcategory of
‘warm summers’, referred to as the climate transition zone (Fig. 1,
~59°—63° N). The 1990’s show opposing trends in precipitation for the
temperate and the cold (latitudes above 63° N) climate zones, compared
to the general trend between 1980 and 2010.

Projected changes for Sweden and Finland are based on model en-
semble results for the scenario RCP8.5, covering the period 2000-2099
and 2000-2084, respectively. The average annual increase for the
projected changes and their corresponding period is 0.05-0.07 °C per
year for temperature and 0.2-0.3% per year for precipitation. For a 20-
year period, which correspond to differences between the middle of the
1980’s and 2000’s, the increase is 1.0-1.4 °C and 4.3-6.4% (SMHI, no
date; Ruosteenoja et al., 2016). This is similar to differences between
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Fig. la.

the 1980’s and the 2000’s, with a mean annual temperature and pre-
cipitation difference of 0.9-1.2 °C and —4-1.8%, respectively (Fig. 3).
Therefore, to match general precipitation trends and maximise the
difference in average temperature between the two periods, the data is
divided and analysed using two 10-year periods: 1980-1989 (P1) and
2001-2010 (P2).

4.2. Seasonality of the hydrologic cycle

In general, seasonality in groundwater fluctuation follow a distinct
pattern in Fennoscandia as presented by four piezometers in Fig. 4. In
cold climate (piezometer 23 and 1204p10), heads rise quickly as tem-
peratures increase above the freezing point in spring. Thereafter, heads
either remain high during summer (1204p10), or decrease if tempera-
tures are warm (23). If heads decline during warm conditions, they rise
again as temperatures decrease in autumn. As temperatures drop below
the freezing point in winter, hydraulic heads continuously decline until
temperatures rise again in spring. This general trend occurs regardless
of the amount of precipitation, except in summer during sustained
precipitation over more than a few days.

In temperate climate (piezometer 9 and 3, Fig. 4), temperatures
usually are not below the freezing point for long. Thus, in winter, hy-
draulic heads rise. Summers are warmer, and hydraulic heads decline.
The declining trend usually continues until temperatures decrease in
autumn.

4.3. Classification of hydrometeorology and groundwater hydrographs

The results from the hydrometeorology and hydrograph classifica-
tions for 8 groups are shown as examples from P1 and P2 in Fig. 5 (the
annotated groups in Fig. 1a). There is a clear geographical distinction,
with group 1 being northernmost and 8 the southernmost group
(Fig. 1a). The northern groups (1-4) have a distinct snowfall period
with DH and spring snowmelt peaks, with some (2-4) also having a
summer recession during high PET. The southern groups (5-8) have a
long summer recession, but generally RH in autumn and winter during
rainfall. Group 5-7 also have a short winter recession followed by an
increase with spring snowmelt (similar to groups 1-4).

Between P1 and P2 the groundwater fluctuations are different either
in timing, duration and/or amplitude (Fig. 5). For example, group 2 has
a change in timing and amplitude of groundwater fluctuations, with a
slightly longer autumn recession. Another example is group 4, which
has a shorter winter recession and a longer summer recession, and also
a different amplitude in fluctuations. Simultaneously, the snowfall
period has a shorter duration in P2 than in P1, intermixed with days of
snowmelt, rain and high PET (groups 2-5). There is an increase in high
PET (groups 1-5), and in rain duration (3-5).

4.4. Quantitative difference in hydraulic heads

The comparison of hydraulic heads indicate that changes to
groundwater storage have occurred between P1 and P2. Fig. 6 shows
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values for 1980-1989 (P1) and 2001-2010 (P2) are identical.

Table 2

Percent difference between 1980-1989 (P1) and 2001-2010 (P2) for each la-
titude group (corresponding to the climate zones, Fig. 1a), based on Fig. 7.
Measures stand for the standard deviation of (sd.), median, minimum (min.)
and maximum (max.) depth to groundwater. A positive percent difference in-

dicates an increase in depth to groundwater, i.e. decreased groundwater storage

in P2 vs. P1, and vice versa. No star p-value not significant. * = p-

value < 0.05. ** = p-value < 0.01. *** = p-value < 0.001.
Season Latitude median sd. min. max.

%

Dec-Feb 3 3 1 Qs
Mar-May | 7 1 4 3wk
Jun-Aug —59 5 1 —25 2
Sep-Nov VA 1 -19 2%%
Dec-Feb G 10%* 4 G
Mar—May 4% 3 Qg Sk
Jun-Aug 59°-63° Gk 1 g frwx
Sep-Nov 10%** 1% gk Y
Dec—Feb sk PR 1 Gk
Mar—May 5 -1 0 VA Qe
Jun-Aug 63"~ [k 5% 1% 6Fx*
Sep-Nov Qg 0% Gk Tk

the hydraulic head changes expressed as depth to groundwater for each
piezometer and period, and in Table 2 the difference is summarised by
the median percent difference for each latitude group/climate zone.

Most piezometers have increased depths to groundwater in P2
compared to P1 (Fig. 6), and this is clearly mirrored by the percent
difference (Table 2). The magnitude of the difference varies by season,
both for individual piezometers (Fig. 6) and collectively for the three
latitude groups/climate zones (Table 2).

The minimum depth to groundwater represents high-level condi-
tions in the piezometers. Based on the hydrologic seasonality (Fig. 4),
piezometers in cold (temperate) climate normally have high-level
conditions in spring (winter). However, for the latitudes 59°-63° N and
north of 63° N, the spring minimum depth has increased more than in
any other season in P2. The minimum depth is higher in summer and
autumn as well, with no significant change in winter. There is no sig-
nificant change in minima south of 59° N (Table 2).

Changes in autumn and winter, seasons which represent the end and
the beginning of the hydrologic year, indicate accumulated differences
in storage throughout the year. For the latitudes 59°-63° N and north of
63° N, the autumn or winter change in median and maximum depth is
the largest between the seasons, and is significantly deeper in P2 than in
P1 (Table 2). Furthermore, the standard deviation, indicating changes
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between P1 and P2 of the inter-annual variability within the two dec-
ades, is significantly higher at 10% and 23% difference in winter at
59°-63° N and north of 63° N, respectively. This implies that there is an
increased variability in storage at the beginning of the hydrologic year
in P2. The standard deviation south of 59° N has not changed sig-
nificantly, but autumn median depths have the highest significant
percent difference (a 7% increase in depth) from any of the measures
and seasons. Thus, piezometers at all latitudes have, generally,

significantly decreased groundwater storage in P2 (Table 2). However,
it should be noted that there is also large variability between piezo-
meters, and some have decreased depths to groundwater, i.e. increased
storage, in P2 compared to P1 (Fig. 6).

4.5. Link between hydraulic head fluctuations and hydrometeorology

Seasonality in groundwater is mainly characterised by RH in spring

10
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and autumn, and DH in winter and summer. There is a spatial boundary
around 60° N (Fig. 7). In winter, DH dominates north of 60° N (Finland
and northern Sweden), and is associated with snowfall. South of 60° N
(southern Sweden) RH is predominant in winter and is associated with
snowmelt and rain. Spring is characterised by snowmelt and RH
throughout Fennoscandia (Fig. 7). Although southern Sweden is af-
fected by DH associated to high PET in spring as well. Days classified as
rain occur throughout the year, but are most frequent in autumn and
spring in association with RH, particularly southward. In summer, high
PET conditions dominate in association with DH. Thus, spatial differ-
ences in hydrometeorology type association to hydraulic head pattern is
most apparent in winter and spring.

Between the two periods, there is a spatiotemporal change in
groundwater-hydrometeorology links. In winter, RH associated with
rain has migrated north in P2, occurring south of ~62° N (Fig. 7). In
spring, the same groups have a shorter RH duration. High PET-asso-
ciated DH has increased in occurrence and duration in the entire study
area. This increase is most pronounced during spring in southern
Sweden and Finland. The duration of snowfall-associated DH at lati-
tudes south of ~65° N have shortened or ceased. There appears to be
fewer days with a RH pattern in autumn (P2) overall, but in northern
Sweden in particular.

5. Discussion
5.1. Spatiotemporal differences in hydraulic head fluctuations

The approach of associating rising or declining hydraulic heads with
hydrometeorology indicates the spatial and temporal differences in the
two climate zones (cold and temperate, Figs. 1a and 8). In accordance
with studies on groundwater recharge in temperate climate (Lee et al.,
2013; Jasechko et al., 2014; Jang et al., 2015), southern Sweden has a
long duration of rising hydraulic heads associated with rain in winter,
and declining hydraulic heads associated with high evapotranspiration
in spring (Fig. 8). Northern Sweden and Finland have a long duration of
declining hydraulic heads associated with snowfall in winter, and rising
hydraulic heads associated with snowmelt in spring. This is consistent
with findings from other studies in cold climate regions, regarding the
effect of these hydrometeorological conditions on groundwater re-
charge and, consequently, storage (Jyrkama and Sykes, 2007; Clilverd
et al.,, 2011; Okkonen and Klgve, 2011; Luoma and Okkonen, 2014;
Jasechko et al., 2014, 2017).

In summer and autumn the spatial differences are less pronounced.
Generally in the study area, declining hydraulic heads associated with
high evapotranspiration occur in summer, while rising heads associated
with rain occur in autumn (Fig. 7). Consequently, rain and evapo-
transpiration affects hydraulic heads in both climates.

5.2. Spatial changes in seasonality between P1 and P2

In addition to spatial and seasonal differences, there is a notable
difference in the spatial extent of different seasonal characteristics be-
tween the two periods P1 (1980-1989) and P2 (2001-2010), particu-
larly above the temperate-cold climate zone boundary (~59° N,
Fig. 1a). Differences are most apparent in winter and spring (Fig. 7,
conceptualised in Fig. 8). Temperate zone conditions have shifted north
in P2. The duration of rising hydraulic heads, associated with rain in
winter, have migrated northeast, and snowfall associated with declining
heads have retracted. In spring, the duration of rising heads associated
with snowmelt has decreased and retracted similarly to the snowfall
pattern in winter. High evapotranspiration associated with declining
heads occurs in Sweden south of 60° N, and in Finland south of 64° N
(Fig. 7). The spatial difference between P1 and P2 is not as clear in
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Sweden as in Finland. However, data quality requirements lead to a low
number of piezometers in Sweden at these latitudes. Thus, the absence
of a visible change is not conclusive. Nevertheless, GCM results for
1901-2100, based on an ensemble of IPCC scenarios, indicate that the
climate zone shift in Sweden is delayed compared to same-latitude
shifts in Finland (Rubel and Kottek, 2010). This may explain the lack of
visible spatial change between P1 and P2 in Sweden.

5.3. Impact on hydraulic heads

A cold-to-temperate climate shift would make groundwater in-
creasingly affected by rain and evapotranspiration and less by snow
processes, as temperatures increase and land cover evolves (Sultana and
Coulibaly, 2011; Scheliga et al., 2018; Wang et al., 2018). Most studies
agree that this leads to increased winter infiltration and summer eva-
potranspiration (e.g. Jasechko et al., 2014). Therefore, the seasonality
of precipitation is considered a key feature of annual groundwater re-
charge (Clilverd et al., 2011; Okkonen and Klgve, 2011; Jasechko et al.,
2014). The changing seasonality of hydrometeorology may here be
defined as [1] the transition from snowfall-dominated to rainy winters,
and [2] high evapotranspiration in spring, previously dominated by
snowmelt.

The percent difference in depth to groundwater (Table 2) clearly
show that depths are significantly deeper in P2 compared to P1, in all
seasons. This suggests that recharge in P2 cannot maintain the
groundwater storage of P1. Therefore, in contrast to modelling studies
which found [1] and [2] leading to increased groundwater recharge in
the future (e.g. Jyrkama and Sykes, 2007; Kovalevskii, 2007; Clilverd
et al., 2011), the here presented results suggest the opposite. This, de-
spite the general trend of increasing precipitation in most of the region
(Fig. 3). Piezometers north of 59° N show a larger variability from the
group median (Fig. 6), indicating the change is largest in the location of
most seasonal change. This could be related to changes in precipitation
patterns, as not only total amounts but also the intensity of precipita-
tion affects infiltration and percolation processes (Clilverd et al., 2011).
Furthermore, some studies argue that, depending on the growing
season, effective recharge from rainfall could decrease in relation to
snowmelt (Clilverd et al., 2011; Hamlet et al., 2007; Hinzman et al.,
2005).

Significantly deeper autumn and winter depths, including the in-
crease in standard deviation, indicate that increasing groundwater
depths are inherited by successive years (Table 2). Consequently,
groundwater storage decreases continuously on an inter-annual per-
spective, despite increased duration of rising hydraulic heads in winter.
Although less self-evident, this implies antecedent conditions are in-
deed hugely important for the water balance, as found by Okkonen and
Klgve (2011), Van Loon (2015), Dierauer et al. (2018) and Cuthbert
et al. (2019).

Some piezometers have decreased depths, i.e. increased storage, in
P2 compared to P1 (Fig. 6). Scibek and Allen (2006), Allen et al. (2014)
and Meixner et al. (2016) report divergence from large scale trends or
ambiguity in results, which they attribute to hydrogeological limita-
tions or complexity. Additionally, differing forest canopy cover has
been modelled to greatly alter recharge (Ala-aho et al., 2015). Thus,
land cover and land use change, in addition to hydrogeology, has the
capacity to greatly affect groundwater recharge and influence the net
effect of a climate shift. It is not possible to derive the cause of varia-
bility in the change of depth to groundwater in this study. However, it is
likely that heterogeneity of hydrogeology and differences in land cover
is causing variance in the response to changing climate pressures.
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5.4. Implications of shifting cold climate zones for changing groundwater
seasonality on the global scale

Compared to studies on groundwater resources in a global context,
where focus is on regional aquifers in extensive sedimentary deposits,
hydrogeology in Sweden and Finland is dominated by small aquifers
with relatively low hydraulic connectivity. Groundwater resources in
much of the northern hemisphere, north of 50° N, has been similarly
classified (Richts et al., 2011; Fan et al., 2013). Additionally, the un-
saturated zone is commonly very thin (< 2 m), and water tables are
well-connected to the atmosphere. This results in little capacity of the
groundwater system to buffer climate change over more than a few
years (Cuthbert et al., 2019). Considering that temperature and pre-
cipitation differences are within the same magnitudes as future pro-
jections for RCP8.5 (Fig. 3), future climate change may be represented
by differences between P1 and P2 (for a shorter timescale). Results
presented here suggest a shift from cold to temperate climate could
change spring snowmelt from being the main recharge source. Instead,
spring could be a period with less or no recharge. Due to warmer
temperatures, the main recharge period could instead be in winter, as
snow is increasingly replaced by rain, and reduced soil frost increases
the infiltration capacity of the soil. The statistical test implies that an-
nual groundwater recharge is reduced (increased end-of-year maximum
and median depths, Table 2) as a result of this shift (Figs. 7 and 8). If
these changes are representative of similar processes occurring over
longer timescales, groundwater storage could generally be expected to
decrease in Fennoscandia within the century. It is likely that similar
effects may be seen in comparable hydrogeological and climatological
settings, i.e. in areas with mainly local aquifers and cold (humid) cli-
mate zones. In addition to Fennoscandia, such settings can be found in
large parts of northern Asia and east of the Rocky Mountains in North
America (Richts et al., 2011; Fan et al., 2013; Beck et al., 2018).

5.5. Approach limitations

The approach used here to associate hydraulic head class to hy-
drometeorology type has three main limitations. [1] The hydro-
meteorology classification is based on two simple models (estimating
rain/snowmelt and PET) which may not always be representing the
actual hydrometeorology state, and evapotranspiration is considered
equal to PET. Factors affecting rain/snow and evapotranspiration
magnitudes include, but are not limited to, land cover characteristics,
wind and humidity (Healy and Cook, 2002; Taylor et al., 2012;
Jasechko et al., 2014), and limitations caused by spatiotemporal re-
solution. [2] The approach is not designed to consider lag in ground-
water-hydrometeorology responses, or responses at a less than biweekly
temporal resolution. However, the plots showing hydraulic head fluc-
tuations with the hydrometeorology classes (Fig. 5 and appendix D)
indicate that even where lag occurs there exists at least partial overlap.
Further, fast responses (< biweekly) are not expected to affect the re-
sults, since values are based on the median hydraulic head of 264
piezometers, over two 10-year periods. [3] The term ‘effective pre-
cipitation’ (Eq. (5)), does not describe actual groundwater recharge
which would be measured in the field. Water may instead constitute
runoff of different variations and surface or vadose zone storage. Va-
dose zone storage particularly may introduce an error for piezometers
in Finland, as soil has an increasing water holding capacity north of 63°
N, as compared to southern Finland (Hiederer, 2013a,b). The effect of
runoff, surface storage and the connection of aquifer systems to rivers,
varies spatially with hydrogeology and topography. Additionally, any
recharge produced from effective precipitation may be insufficient to
change the hydraulic head pattern (RH vs. DH), as it also depends on
relative groundwater discharge.
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The use of a group of piezometers to represent one grid cell of cli-
mate effects on groundwater may introduce further error. Piezometers
in a group are not necessarily connected to the same aquifer as they are
mostly small and disconnected in Fennoscandia. Piezometers therefore
reflect local hydrogeological differences, independent of climate. Also,
the seasonality of some piezometer hydrographs in a group are too
dissimilar to include in the study, probably due to anthropogenic im-
pacts. This suggest that in groups where only one piezometer is used
(20 out of 74 groups, of which 17 are in Sweden, appendix A), such
effects may be undiscovered.

6. Conclusions

The study analyses the effect of climate differences on the season-
ality of groundwater fluctuations. The aim is to identify spatiotemporal
differences in groundwater fluctuations and potential changes between
two climatically different periods (1980-1989 and 2001-2010).
Additionally, the aim is to quantify the effect on hydraulic heads. The
approach consists of a qualitative assessment, associating hydraulic
head fluctuations to hydrometeorology types, plus a quantitative as-
sessment of differences in heads, expressed as depth to groundwater,
between the selected periods. Thus, for the first time, annual ground-
water recharge patterns are put in the context of shifting climate zones.
The results indicate that:

1. Intra-annual groundwater fluctuations in Fennoscandia are closely
related to the 1986-2010 Koppen-Geiger climate zones as defined
by Beck et al. (2018):

a. In temperate climate, intra-annual fluctuations in hydraulic
heads are driven by rainy autumns and winters, and high eva-
potranspiration in spring and summer.

b. In cold climate, intra-annual fluctuations in hydraulic heads are
driven by winter snowfall, snowmelt in spring, varyingly by rain
and high evapotranspiration rates in summer, and rain in au-
tumn.

2. For the period 2001-2010, compared to 1980-1989, the duration of
rain-associated rising hydraulic heads in winter is longer, as is the
duration of declining hydraulic heads associated with high evapo-
transpiration in spring. Thus, the main recharge mechanism is
shifting from spring snowmelt to winter rain.

3. Depth to groundwater and the standard deviation has increased
significantly for the period 2001-2010 compared to 1980-1989.
This has implications for groundwater storage, indicating a de-
creasing trend over time. The link between rising vs. declining hy-
draulic heads and hydrometeorology types suggests this is a result of
shorter snowmelt periods and longer high evapotranspiration rate
duration. That is, higher temperatures have driven the change, ir-
respective of precipitation changes.

4. Differences in groundwater seasonality and depth, between the
periods 1980-1989 and 2001-2010, are pronounced along the cli-
mate transition zone (temperate to cold climate). This indicates that
groundwater in Fennoscandia is highly influenced by, and vulner-
able to short-term changes to, the climate regime.

5. The time scales used here (10 years) are too short to draw solid
conclusions on the impact of climate change on groundwater re-
sources in Fennoscandia. However, the difference in hydro-
meteorology between 1980 and 1989 and 2001-2010 is in ac-
cordance with future projections for climate change in Sweden and
Finland. Therefore, assuming these results may represent the impact
on groundwater resources also over longer timescales, it is suggested
that groundwater storage will mainly decrease in Fennoscandia.

Future work should focus on quantifying groundwater recharge and
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storage by analysing hydraulic heads and stream discharge together.
Note that a completely new selection of piezometers is necessary for
such a study in Fennoscandia, as sites need to be chosen with careful
consideration given to hydrogeological setting due to the generally poor
hydraulic connection to streams. Additionally, a statistical analysis of
driving climatology for the region could further clarify climate-
groundwater interactions.
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Distribution of piezometers per group (id) used in this study, including the median depth to groundwater. n corresponds to the

number of piezometers in a group.

id country n median depth below surface [m]
f 1352 5 0.81
f 385 9 1.17
f 2043 4 1.57
f 1854 1 4.03
f 1855 9 1.4
f1274 7 0.96
f 3697 4 1.92
f 866 3 1.21
f 329 4 1.76
f 1526 5 1.31
f 2383 1 7.45
f2113 4 0.54
f2112 3 0.85
f1312 5 3.3
f 1305 9 2.47
f 3453 Finland 3 4.38
f 491 4 6.25
f131 5 1.4
f1162 7 3.18
f 2401 11 6.23
f783 1 4.77
f784 2 5.20
f 830 2 5.71
f 2168 6 2.64
f 2167 6 4.25
£ 3003 5 1.47
f742 4 0.79
f 2360 10 1.81
f 3212 8 1.67
f 2465 5 1.47
f471 8 1.05
s 1 1 3.76
5.2 1 4.27
s.3 1 7.69
s 21 1 1.37
522 1 0.32
529 3 1.23
532 6 7.79
s_40 5 7.47
545 Sweden 1 3.23
s_46 3 11.91
s.53 3 1.07
s_.56 4 1.63
s 4 3 3.03
s_61 1 6.65
5.62 2 1.34
565 3 4.67
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Table A1l (continued)

id country n median depth below surface [m]
568 1 1.28
569 2 1.28
s 71 3 2.04
s 74 5 1.66
s.79 1 3.91
s9 5 1.86
s 81 4 1.18
s 85 2 2.49
s 87 2 3.21
s 89 3 0.84
592 1 1.06
593 1 2.56
s 94 4 1.55
598 2 —-0.45
5115 3 0.63
s 117 5 1.09
5123 2 1.79
s_126 1 15.14
s 131 6 2.68
s 137 2 7.73
5139 1 1.52
5150 2 0.8
5152 3 3.71
5155 1 0.91
s_156 1 1.04
s 157 1 2.76
5158 1 1.48

Appendix B. Snowmelt model

Using two parameters, air temperature T [°C] and precipitation P [mm], the model calculates five variables; snow accumulation (measured in
snow water equivalents, SWE) A [mm], liquid water in the snowpack Sl [mm], snowmelt production in the snowpack M [mm], liquid water escaping
the snowpack and liquid precipitation Qpw [mm], and re/freezing of precipitation and liquid water in the snowpack R [mm]. t indicates the time step
in days. Q was also calculated to represent only snowmelt escape. This was done by following the same procedure, but precipitation was excluded in
Eq. (B.6).

In the model, precipitation is classified as snow and refreezing, SWE accumulation and snowpack liquid are calculated if temperatures are lower
than the temperature threshold as

min(Sl,_y, Ceg * Cyy * (TT — T;)) = R, (B.1)
A1+ B # Scp+ R = Ay (B.2)
Sli_y — R, =S (B.3)

with Cpr being the refreezing coefficient [0.05], Cy; is the degree-day factor [2.74 mm/°C/day], TT is the air temperature threshold [1 °C] and Scr is
the snowfall correction factor [0.7].

If the temperatures are higher than the temperature threshold, precipitation is classified as rain and any accumulated SWE is re-classified as melt
according to

min(A;—1, Cy * (I — TT)) = M; (B.4)
A — M =A (B.5)
Sl_1+ B + MISl,_, + M, = SI, (B.6)

If the liquid water in the snowpack exceeds the snow storage capacity multiplied by the snow accumulation (Sl; > Cyy * A,), liquid water
escaping the snowpack (Qrw) is calculated as

Sl — Cwn * A; = Quwe (B.7)
Cwn * A + M; = SI; (B.8)

with Cyy being the water holding capacity of a snowpack [0.1]. If there was no simulated snowpack, SI; and hence Qy, is equal to P;.
Appendix C. Raw data of piezometer groups

Median hydraulic head of each group plotted with individual piezometer and year hydraulic heads. Colours are to differentiate different pie-
zometers and years. See Figs. C.1 and C.2.
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normalised hydraulic head [m]
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Fig. C1. The normalised hydraulic head in each group of piezometers for the period 1980-1989 (P1) in black, together with normalised heads for each piezometer
and full year of data within that period which the median was calculated from. Colours indicate different piezometers, line pattern indicate different years.
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normalised hydraulic head [m]
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Fig. C2. The normalised hydraulic head in each group of piezometers for the period 2001-2010 (P2) in black, together with normalised heads for each piezometer
and full year of data within that period which the median was calculated from. Colours indicate different piezometers, line pattern indicate different years.
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Appendix D. Hydrometeorology types and hydraulic heads from P1 and P2
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Fig. D1. Daily hydrometeorology and groundwater classifications plotted with the normalised hydraulic head fluctuations for all groups of piezometers. The hy-
draulic head classification is shown as columns per day at the top of the plots (RH vs. DH), and the hydrometeorology types at the bottom. P1 = 1980-1989,
P2 = 2001-2010. RH = rising hydraulic heads, DH = declining hydraulic heads. Month ticks marks the beginning of each month.

Appendix E. All hydrometeorology-groundwater associations

The data analysis used to make Fig. E.1 is exactly the same as for Fig. 7. However, for Fig. 7, all counter-intuitive groundwater-hydrometeorology
associations are removed. Fig. E.1 therefore presents all results from Fig. 7, and the additional links which, using our approach of a simple water
budget equation (Eq. (5)), are not easily explained. These results cannot be explained in this study due to a combination of limitations, including the
daily resolution of the groundwater-hydrometeorology associations, there being no data on soil frost, land cover and hydrogeological characteristics,
and since no quantitative water budget calculations are made. There are possible explanations for why certain counter-intuitive links exist (which
can be seen in Figs. 5 and D1). For example, groundwater could have the DH classification associated with rain, since effective rainfall (enough to
produce recharge) is dependent on the infiltration capacity of the soil. Thus, for rainfall to be effective, not only do the conditions need to be energy-
instead of water-limited (Eq. (5)), but it has been found that the magnitude of rainfall need to exceed a certain threshold for a certain number of days
for recharge to be produced (e.g. Clilverd et al., 2011; Fu et al., 2019). However, since such conclusions cannot be made based on the approach used
here, this figure (Fig. E.1) is not included in the main body of text.
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Rising hydraulic heads
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Fig. E1. All results realised from the groundwater-hydrometeorology associations. Each circle corresponds to one group of piezometers. Their size define the fraction
per season (duration) with a specific groundwater-hydrometeorology association. The colour of the circle specifies the hydrometeorology type. Country borders are
based on EuroGraphics and UN-FAO, @EuroGraphics.
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