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a b s t r a c t

Climate change can directly influence groundwater systems through modification of recharge. Affecting
not only groundwater levels and flow dynamics, climate change can also modify the fragmentation and
hierarchy of groundwater flow systems. In this study, the influence of climate change – impacted
recharge on groundwater levels and on inter-connected groundwater flow patterns is evaluated.
Special emphasis is placed on how flow system hierarchy may change, to examine possible consequences
on groundwater-related shallow surface water bodies and on groundwater – surface water interaction. As
a test site with no significant anthropogenic impacts, the Tihany Peninsula in Hungary was an ideal area
for the study. We address the following issues: i) How might a groundwater system, including
groundwater-surface water interaction, be modified by predicted climate change?, ii) Given the variable
groundwater levels and flow patterns, how will the water levels and fluxes be impacted around surface
water bodies?, and iii) How sensitive are groundwater-related wetlands to these changes, and will they
be maintained or will they eventually disappear? In order to answer these questions, two-dimensional
transient numerical simulations were performed based on site-specific measurements and climatic pre-
diction at the Tihany Peninsula. Results show that future climate trends can cause dynamic evolution and
dissipation of transient groundwater flow systems, and the characteristic flow system hierarchy can
change from nested flow systems to a set of single flow cells. Preservation of associated groundwater-
dependent ecosystems would be challenging under these conditions since long-term climate change
could potentially have serious consequences, including wetland disappearance. Understanding these
transient processes in two-dimensions can also help to set-up three-dimensional site-specific models.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Hydrological observations over the past several decades have
provided ample evidence that water resources can be strongly
affected by climate change, with widespread consequences for
society and ecosystems (Bates et al., 2008). Despite the develop-
ment of advanced climate forecasting methods, the degree of cli-
mate change is largely uncertain because of variability of global
circulation models (GCMs) and greenhouse gas emission scenarios,
and because of numerous complex feedback processes. Moreover,
hydrological studies of climate change mainly focus on surface
water, while groundwater usually receives less attention. Our pre-
sent understanding of how regional climate predictions impact
subsurface water resources and flow systems, and our knowledge
about the dynamic relationship between groundwater and climate
is therefore somewhat limited (Taylor et al., 2013). This insight is
also confounded by the relatively long residence time of ground-
water, which is likely to delay, attenuate and disperse the effects
of climate change (Chen et al., 2004; Gurdak, 2008). Nevertheless,
scientific interest regarding the effects of future hydrologic condi-
tions on groundwater has grown rapidly over the last decade.

Predictions based on the Intergovernmental Panel on Climate
Change (IPCC) show significant global warming and changes in fre-
quency and amount of precipitation from the beginning of the 21st

century. Sandström (1995) showed that a 15% reduction in precip-
itation, with no change in temperature, could result in a 40–50%
reduction in recharge. However, higher air temperatures are likely
to increase evapotranspiration, which may also result in a reduc-
tion of water that can reach the saturated zone. Therefore, as Ng
et al. (2010) highlighted, the predicted changes in recharge may
be greater than changes in precipitation, and the combined effects
due to
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of simultaneous changes in these hydrologic drivers can signifi-
cantly modify groundwater replenishment.

Climate change and variability will likely have diverse effects on
groundwater recharge rates and mechanisms (Kundzewicz et al.,
2008; Aguilera and Murillo, 2009). While many studies have pre-
dicted reduced future recharge (e.g. Brouyère et al., 2004;
Herrera-Pantoja and Hiscock, 2008; Neumann et al., 2017), others
found climate change will likely result in increased recharge rates
(e.g. Jyrkama and Sykes, 2007; Kovalevskii, 2007). Both changes
would have significant effects not only on groundwater levels,
but could also modify the fragmentation and hierarchy of ground-
water flow systems, including their dimensions, relative positions,
and divisions between local, intermediate and regional flow.
Although several regional-scale studies have been published
(Green et al., 2011; Taylor et al., 2013; Döll and Fiedler, 2007)
and site-specific investigations have been completed dealing with
the impacts of climate change on groundwater (e.g. Serrat-
Capdevila et al., 2007; Ng et al., 2010; Hanson et al., 2012), studies
which focus on the modification of groundwater system hierarchy
are under-represented in the literature.

Surface-water bodies are integral parts of groundwater flow
systems and their water and nutrient budgets are thus strongly
influenced by groundwater. Changes in flow system hierarchy
could modify this interaction between groundwater and surface
water. Local flow systems are affected the most by climate change
(Kurylyk et al., 2014), and are thus the most vulnerable to these
changes, not only with respect to fluxes and water balance, but also
with respect to water quality. Many groundwater resources feed-
ing groundwater-dependent ecosystems are also non-renewable
on meaningful time scales (Kløve et al., 2011a,b), therefore climate
change can also induce significant stress on these communities
(Earman and Dettinger, 2011; Candela et al., 2012; Tujchneider
et al., 2012; Barron et al., 2012; Kløve et al., 2014).

While field observations are essential to explore and document
these surface and subsurface changes, numerical groundwater
models are often the only feasible means of interpreting data and
producing insight into the future response of groundwater systems
to climate change (Green et al., 2011) or any other anthropogenic
effects (Singh, 2014).

Using 2D groundwater flow simulations, the main goals of this
project were to evaluate the influence of climate-change altered
recharge on groundwater levels and coupled effects on the con-
nected groundwater flow patterns, with special emphasis on
changes to flow system hierarchy. We also aim to examine the pos-
sible consequences on groundwater-connected shallow surface
water and groundwater – surface water interaction.

The wetlands of Tihany Peninsula (Hungary), which can be
characterized by a sub-Mediterranean climate, are in hydraulic
communication with groundwater since they are almost exclu-
sively maintained by local groundwater flow systems (Tóth et al.,
2016). These shallow surface water bodies can be identified by
their unique groundwater-dependent ecosystems which depend
on their relative hydraulic position. Since no significant anthro-
pogenic impacts have affected the groundwater system of this
European Natura 2000 site (European Commission), it is an ideal
area for examining the impact of climate change on groundwater
levels and flow systems. Moreover, although beyond the scope of
the study, preservation of the wetland environment and biodiver-
sity of this natural conservation area is of critical importance. Cli-
mate change would have an unfavorable impact on these
ecosystems by decreasing or even eliminating surface water, which
has not yet been studied in this environment.

At the Tihany Peninsula study site, the main questions of the
study are: i) How might the groundwater system, including
groundwater-surface water interaction, be modified by predicted
climate change?, ii) Given the variable groundwater levels and flow
Please cite this article in press as: Havril, T., et al. Impacts of predicted clima
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patterns, how will the water levels and fluxes be impacted around
surface water bodies?, and iii) How sensitive are the groundwater-
related wetlands to these changes, and will they be maintained or
will they eventually disappear?

Addressing these questions could help to identify the potential
effects of climate change on groundwater flow patterns, and its
consequences on groundwater-related shallow surface water bod-
ies and ecosystems. This insight could also help to prepare for the
effects of climate change and to protect and develop the local
water resources. Additionally, the understanding of the basic ques-
tions can help to set-up site-specific 3D models.
2. Study site and predicted climate change

2.1. Location and hydrogeologic setting

The Tihany Peninsula, which lies within Lake Balaton, Hungary,
and separates the basin into two sub-basins, is part of the Bakony-
Balaton Highland Volcanic Field in the western part of the country
(Fig. 1.). The maximum length of the peninsula is 5 km (in the NW-
SE direction), its maximum width is 3.5 km (in the SW-NE direc-
tion), and is connected to the mainland by a 1.5 m wide ness.
The highest point of the site (235 m asl) is 131 m above the average
water level of Lake Balaton (104 m als). Two perennial lakes are
found on the peninsula: Outer Lake and Inner Lake. Outer Lake is
a palustrine wetland which lies at 114.6 m asl surface elevation,
representing the deepest area of the peninsula; Inner Lake, which
is a lacustrine wetland, can be found at 124.4 m asl. A third lacus-
trine wetland, which is a seasonal lake (Rátai-csáva), is located at
126 m asl and forms a temporary water body, appearing only after
wet years and snowmelt (Fig. 1a).

The geologic structure is quite complex in this area (Fig.1b). The
bedrock is Silurian shale, functioning as an aquiclude (Gondár-
S}oregi and Gondár, 1988) which is overlain by Permian sandstone
(Haas et al., 1999). Mesozoic and Miocene carbonate formations
(limestone and dolomite) are superimposed on Paleozoic
sequences in several layers of 10–100 m thickness (Haas et al.,
1999). Miocene clay marl, silt, and sand sequences alternate over
the carbonate units. Mio–Pliocene volcanics and maar structure
formations cut through the siliciclastic beddings (Sacchi et al.,
1999; Horváth et al., 2010). A thin (maximum 10 m) discontinuous
Pleistocene–Holocene fine-grained cover is the youngest formation
(Fig. 1b).

The wetlands are located in paleo-maar structures, which form
closed basins, and are not fed by any streams, therefore they were
formerly assumed to be independent of each other, and recharged
exclusively from precipitation. According to anecdotal baseline
estimates (which are based on historical data and on observations
of the water conditions of the peninsula), the water level of Inner
Lake started to decrease immediately following the construction
of a canal which was built at the beginning of the 19th century to
drain water from Outer Lake. This phenomenon indirectly reflected
the subsurface connection between Inner and Outer Lake.

The peninsula-scale flow systems, including the hydraulic con-
nection between these wetlands and Lake Balaton, as well as the
impact of hydrostratigraphic units on the local flow patterns, were
revealed by Tóth et al. (2016) using 3D groundwater flow simula-
tions. They also showed that wetlands are maintained almost
exclusively by local groundwater flow systems and water levels
within these shallow surface water bodies are thus an extension
of the groundwater level. Complex hierarchical flow patterns with
high Darcy fluxes were inferred only near-surface, above the
uppermost approx. 30 m thick aquitard unit (a Mio-Pliocene clay
marl layer), i.e. primarily within the upper 100 m of the hydrogeo-
logical system. Only a small fraction of recharge enters the deeper
te change on groundwater flow systems: Can wetlands disappear due to
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Fig. 1. Topographic and geologic characteristics of the Tihany study area, Hungary, Europe, showing: (a) Location of the wetlands on the Tihany Peninsula, (b) Simplified
geology, conceptual peninsula-scale groundwater flow pattern and related natural surface manifestations (Tóth et al., 2016).
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formations where the flow pattern is simpler, the flow rates are
lower, and water flows below Lake Balaton.

Monthly water-level measurements from shallow potentiome-
ters at the shoreline and in the vicinity of the wetlands, and results
of seasonal water chemistry analyses (major ions, pH, electric con-
ductivity and temperature) were available from successive very
dry and rainy years (Havril, 2012). Havril et al. (2012) showed that
a seasonal lacustrine wetland – which is the highest elevated
depression on the peninsula – is the most sensitive to changes in
precipitation. Measured water level fluctuations between the dry
and wet periods were >2.5 m, and its water contains low total dis-
solved solids (TDS �960 mg l�1), therefore it can be characterized
as a recharge-type lake. Outer Lake, being the deepest area of the
peninsula, is a discharge-type lake, which is less sensitive to fluc-
tuations in precipitation due to the buffering effect of continuous
subsurface inflow. Its water level decrease was only 0.6–0.7 m
during the dry period, with the lake water containing higher
TDS (1700 mg l�1). Inner Lake is a through-flow type lake with
Please cite this article in press as: Havril, T., et al. Impacts of predicted clima
recharge reduction? J. Hydrol. (2017), http://dx.doi.org/10.1016/j.jhydrol.2017
intermediate water level fluctuations (�0.8 m) and TDS values
(1200 mg l�1). Therefore, the hydraulic behavior and major ion
content of these wetlands depend strongly on the position of the
lakes within the groundwater system of the peninsula. Results
show strong similarities with the findings of Cheng and Anderson
(1994) who revealed, in the case of three through-flow lakes at dif-
ferent elevations, groundwater fluxes into and out of the lowest-
elevation lake were higher and more stable.

2.2. Potential effects of predicted climate change on recharge

The Tihany Peninsula is characterised by a sub-Mediterranean
climate with approx. 600 mm annual precipitation and a 10 �C
average annual air temperature. Based on regional climate change
modelling predictions for Hungary, the annual precipitation is
likely to decrease by about 20% by the end of the century
(Pieczka et al., 2011). Significant increases in winter precipitation
(10–30%) and significant decreases in summer precipitation
te change on groundwater flow systems: Can wetlands disappear due to
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(15–40%) are also predicted. Since the expected increase in annual
temperature is 4–5.4 �C, the probability of drought occurrence is
also expected to increase (Bartholy et al., 2014).

To predict the effects of a specific climate change model on the
Tihany Peninsula groundwater system, we focused on the most
sensitive hydrologic parameters during the calculation of local
recharge, as determined from our preliminary study (Havril et al.,
2012; Tóth et al., 2016). Due to the recent climatic conditions of
the area with moderate precipitation, overland flow was consid-
ered negligible, as the rainfall rate rarely exceeds infiltration
capacity and most of the rainwater can infiltrate and is assumed
to reach the saturated zone. Through-flow was therefore also
neglected. Since no streams or rivers are found in the study site,
the wetlands are thus situated in closed basins, i.e. streamflow is
zero. Groundwater recharge was thus estimated as the precipita-
tion less evapotranspiration, while surface runoff was neglected.
Moreover, runoff would also decrease in time due to decreasing
precipitation. We assume that uncertainties generated by this
site-specific simplification are not significant compared to the
uncertainties inherent in the climate change predictions. Further-
more, the current study focuses on the response of a groundwater
flow system to climate change influenced recharge and its
related consequences rather than predicting exact site-specific
wetland water levels. However, in other areas where surface
runoff is important, runoff should be included in the recharge
calculation.

Evapotranspiration was calculated based on the Turc formula
(Turc, 1961), which requires only limited data, and which is given
as

E ¼ Pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:9þ P2

K2

q ð1Þ

where E is evapotranspiration (mm yr�1), P is annual precipi-
tation (mm yr�1), K ¼ 300þ 25T þ 0:05T 3 and T is the mean
annual air temperature (�C). Assuming P = 600 mm yr�1 and
T = 10 �C which are characteristic for the peninsula, the current
evapotranspiration rate (E) is 435 mm yr�1. Subtracting E
from precipitation (P), the current groundwater recharge is
165 mm yr�1. Therefore, under current conditions, only approx.
27% of precipitation can reach the saturated zone and recharge
the groundwater system.

Taking into account a 20% decrease in precipitation and a 4 �C
increase in temperature as predicted by climate models (Pieczka
et al., 2011, Bartholy et al., 2014), a 67% decrease in recharge is
expected for the area by the end of the century (2100), which is
a significant change. Assuming the same degree of precipitation
decrease and temperature increase at the beginning of the next
century, the estimated change in groundwater recharge was
extended by a period of 20 years (to 2120). The predicted changes
in precipitation, temperature, evapotranspiration and groundwater
recharge over the next 100 years are summarized in Fig. 2.

3. Numerical simulation approach

In the current study, future changes in groundwater levels and
flow system characteristics due to climate change were simulated
using the transient numerical flow module within the Heatflow-
Smoker code (Molson and Frind, 2015) along a 2D vertical plane.
Heatflow-Smoker is a finite element code which couples density-
dependent groundwater flow and heat transport.

The model solves the continuity equation for flow (Bear, 1972)
which can be expressed as

@

@xi
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@xj
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where xij are the 3D spatial coordinates (m), Kij(T) is the
temperature-dependent hydraulic conductivity tensor (m s�1), w
is the equivalent freshwater head (m), qr(T) is the temperature-
dependent relative density of water (–), Ss is the specific storage
(m�1), and t is time (s).

Based on the findings of Tóth et al. (2016) regarding the vertical
extent of active groundwater flow at the study site, the current
analysis also focuses on the processes acting in the upper approx.
100 m, where the most significant changes in the flow field are
expected. Since the simulated flow domain is very shallow
(<130 m), and the maximum temperature increase with depth is
low (<5 �C), the effect of advective heat transfer could therefore
be neglected (An et al., 2015) and only isothermal groundwater
flow was simulated, assuming a uniform temperature of 10 �C.
3.1. Theoretical considerations

Since our interest in this study was to highlight the possible
influence of climate change on groundwater flow systems includ-
ing consequences on groundwater-related shallow surface water,
some simplifications were included in the simulation approach.
Although the model is based on a real site, the impact of these sim-
plifications was not expected to be significant since the intent was
not to present results as site-specific absolute predictions.

One issue was the assumption of a two-dimensional vertical-
plane model. While an accurate representation of model dimen-
sionality is important, in this study a 2D simplified system was
designed in order to focus on key parameters in parallel (recharge,
hydraulic head), neglecting other factors including surface runoff
and transverse flow. The two-dimensional model assumes that
all groundwater flows in the vertical plane, and that the wetlands
thus extend far in the transverse direction. In the real case, as
recharge decreases, transverse flow toward this section would tend
to maintain surface water levels longer than in the simulated case.
The real site would thus also tend to tolerate higher evaporation
rates. Moreover, if a wetland is recharging the aquifer, we assume
all groundwater remains in this 2D section whereas some could
flow out transversely. Consequently, we would overestimate the
water flux reaching the downstream lake and thus underestimate
its dewatering rate. In both cases, the 2D model would be some-
what overestimating the effects of climate change. Since our focus
has been directed toward understanding dynamically changing
flow regimes and looking for general trends and characteristics of
these modified flow fields, the 2D model is considered a reasonable
approach for providing the needed insight.

The study area is almost entirely surrounded by Lake Balaton,
which represents a regional hydraulic potential minimum (Tóth
et al., 2016). Lake water elevations were therefore chosen as
first-type (fixed head) flow boundary conditions at the right
boundary of the 2D model. Since the drainage basin of Lake Balaton
covers about 20% of Hungary (approx. 600 km2) (G-Tóth et al.,
2011), its response to predicted climate change is difficult to pre-
dict and beyond the scope of this study. As Bartholy et al. (1995)
highlighted, climate can indeed induce changes in the lake level
because it is exceptionally shallow (�3–4 m deep), however its
sensitivity to future changes in hydrologic conditions has not yet
been studied. In this study, possible future water level decreases
in Lake Balaton were estimated based on past water level fluctua-
tions. At present, the mean depth of Lake Balaton is 3.25 m, its
mean water level elevation is 104.4 m asl, and its maximum water
level is controlled by a canal. During four consecutive years of
drought in 2000–2003, the water level of the lake decreased by
28%, i.e. by approx. 0.9 m (G-Tóth et al., 2011). Therefore, in this
current study, a 1 m water level decrease (until 2120) was
assumed. A sensitivity analysis on the effects of greater water level
te change on groundwater flow systems: Can wetlands disappear due to
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Fig. 2. Current and predicted values of precipitation (based on Pieczka et al., 2011), temperature (based on Bartholy et al., 2014), evapotranspiration (calculated based on
Turc, 1961) and groundwater recharge (subtracting evapotranspiration from precipitation) for the Tihany Peninsula.
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reductions on the flow field showed no significant effects on the
general conclusions.

Another issue was the prediction of the wetlands’ future state –
will they be maintained or will they eventually disappear? To
address this issue, comparisons of the simulated transient ground-
water levels with local lakebed bottom elevations were used to fol-
low the changes in water levels of the wetlands during the
transient simulations. Although this simulation approach neglects
direct precipitation and evaporation at the water surface of the
lakes and neglects flow within the unsaturated zone, it does take
into account the most significant influence on the lake levels,
which is the local groundwater level. This simplification is consid-
ered acceptable since these shallow wetlands are situated in closed
basins, and are not affected by recharging or discharging stream
water.
3.2. Simulated cases

Changes in groundwater levels and flow patterns were followed
along the 2D vertical section across the peninsula, through Outer
and Inner Lakes, as shown in Fig. 3. The 5000 m long and 130 m
deep model domain was subdivided into a regular network of
500 � 30 elements in the x and z directions, with each rectangular
prism element measuring 10 m � 4.3 m respectively (with 1 ele-
ment in the transverse dimension).

As a first step, a steady-state simulation was run based on site-
specific measurements (Havril, 2012), and representing the current
groundwater flow system and average water level conditions.

Climate models predict an increasing probability of annual
hydrological extreme events (Bartholy et al., 2014), in which
shorter-term changes will be superimposed on the longer time-
scale climatic variability. In order to estimate potential effects of
these short-term events on groundwater, flow conditions for the
two years with the most extreme hydrological conditions were
examined prior to running the transient simulation. Over the past
decade, 2010 was an extreme wet year, when the amount of pre-
cipitation exceeded the annual 600 mm average by 50%
(900 mm), therefore this case could be considered as a high water
level condition. In contrast, 2011 was an extreme dry year with
33% less precipitation (400 mm), representing a low water level
Please cite this article in press as: Havril, T., et al. Impacts of predicted clima
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condition. Based on monthly measured water levels from poten-
tiometers near the lakes (Havril et al., 2012), and on the calculated
recharge values accounting for reduced precipitation, two steady-
state numerical simulations of groundwater flow were run. How-
ever, it should be noted that an extreme dry year following a year
with normal or dry conditions could have more significant effects
on surface- and groundwater levels, than in this case where it fol-
lowed a year with an exceptionally high amount of precipitation.

The full transient simulation was run over a period of 100 years,
with a time step of 1 yr. Over the first 80 years, changes to the
hydrologic parameters were based on referenced climate change
predictions. Over the subsequent 20 years (at the beginning of
the next century, beyond the range of the climate models), the
same rate of precipitation decrease and temperature increase
was assumed This 20-year extension to the transient simulation
was aimed at following the possible additional changes to the
hydraulic potential distribution and flow field along the section.
Simulated hydraulic head distributions and flow paths were plot-
ted every 20 years.
3.3. Input parameters, initial and boundary conditions of the model

Horizontal and vertical hydraulic conductivity (Kh and Kv) and
porosity (n) values of the formations were estimated based on inte-
grating site-specific lithostratigraphic and hydrostratigraphic
information by Tóth et al. (2016) (Fig. 3). Some hydrostratigraphic
data were obtained from electromagnetic surveys. The same
hydraulic parameters and hydrostratigraphy were used during
both the steady-state and transient simulations.

This shallow system was handled as an unconfined but deep
aquifer. During the transient simulation, a uniform specific storage
of Ss = 0.09 m�1 was applied, which represents a combination of
relatively high storativity in shallow sediments (governed by
porosity) and relatively low storativity in the deeper fractured
rock.

The lower flow boundary condition was defined based on the
hydrostratigraphic section of the area (Fig. 3b), where a regional
aquitard underlies a layer of clastic deposits which have a
3-orders of magnitude higher K. The bottom of the system was
therefore represented as a no-flow boundary in agreement with
te change on groundwater flow systems: Can wetlands disappear due to
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Fig. 3. (a) Location of the cross-section through the Tihany Peninsula, and b) hydrostratigraphic units along the cross-section AB with horizontal hydraulic conductivity and
porosity values.
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previous numerical studies which showed that most groundwater
flow takes place above this aquitard (Tóth et al., 2016).

Across the upper flow model boundary, outside of the local lake
areas with constant head, a specific recharge was defined,
calculated from hydrologic parameters based on years with high,
average and low water level conditions for the steady-state simu-
lations, and based on climatic predictions (Fig. 2) in the transient
simulation. During the steady-state simulations, the water levels
of Inner and Outer Lakes were defined as fixed heads based on
measured data (Table 1).

Since the climate-change induced water level variations were
the focus of interest in the transient simulation, the fixed heads
assigned to represent the steady-state lake levels were eliminated
(Table 2). In addition, the water table configuration obtained from
the steady-state simulation representing the average water level
condition was used as the initial condition for the transient flow
model. Thus the watertable elevation change below and between
the lakes was calculated by the model based on the predicted
decrease of recharge across the top boundary over each time step.

Based on historical observations and theoretical considerations
(see Section 3.1), an annual 0.025 m decrease in the water level
of Lake Balaton was assumed in the future. Along the two lateral
(vertical) boundaries, a water discharge flux of 16 mm yr�1
Table 1
Boundary conditions for the steady-state model.

Position Flow
condition

Value of high water level
condition

Bottom 0–5000 m No-flow 0 m s�1

Left 0–130 m Fluid flux –16 mm yr�1 (outflow)
Right 0–130 m Fluid flux –16 mm yr�1 (outflow)
Top 0–100 m (neck of the

peninsula)
Fixed head 106.4 m

100–1300 m Fluid flux 394 mm yr�1

1300–2100 m (Outer Lake) Fixed head 116.0 m*

2100–3000 m Fluid flux 394 mm yr�1

3000–3400 m (Inner Lake) Fixed head 127.4 m*

3400–4800 m Fluid flux 394 mm yr�1

4800–5000 m (Lake Balaton) Fixed head 104.4 m

* Hydraulic head value based on site-specific measurement.

Please cite this article in press as: Havril, T., et al. Impacts of predicted clima
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(5 � 10�10 m s�1) was assigned (Table 1) to reflect groundwater
discharge to Lake Balaton, as estimated by previous studies
(Havril et al., 2012; Tóth et al., 2016), and to represent flow
towards the low-elevation neck of the peninsula.

4. Results

4.1. Steady-state simulation

The main characteristic feature of the current flow conditions
(which can be considered as representing yearly average water
level conditions), is the nested groundwater flow system with local
and intermediate systems. Inner Lake represents the main recharge
area along the studied section due to its relatively high elevation
and therefore high hydraulic potential. Moreover, Inner Lake can
be considered as a groundwater divide which separates the flow
system of the peninsula into two main parts: i) A flow system
where groundwater recharge from Inner Lake flows through the
saturated zone to the lower hydraulic potential area of Outer Lake
(by local flow system ‘‘L2”; Fig. 4.b), and toward the neck of the
peninsula (by intermediate flow system ‘‘I”), as well as ii) A flow
system from Inner Lake toward Lake Balaton (by local flow system
‘‘L3”; Fig. 4.b).
Value of average water level
condition

Value of low water level
condition

165 mm yr�1 55 mm yr�1

115.6 m* 115.3 m*

165 mm yr�1 55 mm yr�1

126.9 m* 126.5 m*

165 mm yr�1 55 mm yr�1
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Fig. 4. Results of the steady-state groundwater flow simulation for a) high water level conditions, b) average current water level conditions, and c) low water level conditions.
Hydraulic head values are colour-shaded; dark blue lines and numbers represent the lake water levels (m asl); groundwater flow directions are indicated by black arrows.
Dashed lines show the boundary of different flow systems. L1, L2, L3 are local, I is intermediate flow system. Distances between streamlines are not proportional to water flux.
For boundary conditions see Table 1. Cross-section has 7� vertical exaggeration.

Table 2
Boundary conditions for the transient model. For change of values over time, see Fig. 2. Negative fluxes represent discharge, either across vertical boundaries, or across surface
water (ex. Outer Lake which retains surface water).

Position Flow condition Current value Predicted value after 80 yr Extrapolated value after 100 yr

Bottom 0–5000 m No-flow 0 m s�1 0 m s�1 0 m s�1

Left 0–130 m Fluid flux –16 mm yr�1 (outflow)
Right 0–130 m Fluid flux –16 mm yr�1 (outflow)
Top 0–100 m (neck of the peninsula) Fixed head 106.4 m 105.4 m 104.9 m

100–1300 m Fluid flux 165 mm yr�1 54 mm yr�1 37 mm yr�1

1300–2100 m (Outer Lake) Fluid flux –3 mm yr�1 –2 mm yr�1 –2 mm yr�1

2100–4800 m Fluid flux 165 mm yr�1 54 mm yr�1 37 mm yr�1

4800–5000 m (Lake Balaton) Fixed head 104.4 m 103.4 m 102.9 m
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In order to examine the effect of shorter-scale climatic
variability on groundwater levels and flow conditions, two hydro-
logical extreme years were also tested using the steady-state
model, i.e. high water level conditions (Fig. 4.a, based on water
level measurements in the wet year 2010) and low water level
conditions (Fig. 4.c, based on water level measurements in the
dry year 2011).

Results of the steady-state simulations suggested that a single
extreme dry year does not cause any significant changes in the
potential distribution compared to average water level conditions,
and has only minor effects on groundwater levels (with a ground-
water level decrease of <0.5 m) and on flow velocities. The main
characteristics of the flow system, namely the three local systems
(‘‘L1”, ‘‘L2” and ‘‘L3”) and the intermediate system (‘‘I”) remain the
same (Fig. 4.c).
Please cite this article in press as: Havril, T., et al. Impacts of predicted clima
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On the other hand, extreme wet conditions (Fig. 4.a) lead to the
development of a groundwater mound between Outer Lake and the
neck of the peninsula, approximately 1100 m from the left bound-
ary, which modified the flow directions compared to the same area
under lower groundwater level conditions (Fig. 4.b and c). This
groundwater mound functions as a water divide, therefore flow
of groundwater from the main recharge area (i.e. from the basin
of Inner Lake) toward the neck of the peninsula (via intermediate
flow system ‘‘I”) is inhibited. The result is a fragmented flow field
due to the development of a new, temporary local flow system
(flow system ‘‘LT”), and consequently, groundwater discharges
along the entire base of Outer Lake (Fig. 5). Moreover, with the sup-
pression of the former intermediate flow system ‘‘I”, the flow sys-
tem hierarchy changed from a nested flow system to a set of single
local flow cells.
te change on groundwater flow systems: Can wetlands disappear due to
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Fig. 5. Variations of vertical Darcy flux along the lakebed of Outer Lake during high,
average and low water level conditions. Positive vertical Darcy fluxes represent
upward flow, reflecting groundwater discharge into Outer Lake in the upgradient
(right) part of the lake. Negative vertical Darcy fluxes indicate downward flow, as
groundwater is recharged from Outer Lake at the downgradient end. Horizontal
distances from Fig. 4.
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4.2. Transient simulation

Starting from the steady-state model of average water level
conditions (Fig. 4.b), a transient simulation was run using longer-
scale climate change, which induced transient water table
fluctuations.

Prior to running the long-term transient flow simulation, a sen-
sitivity analysis was performed regarding the effects of a future
decrease in water levels of Lake Balaton, and its potential effects
on the flow field. Taking into account that the lake is shallow (an
approx. 4 m water level decrease would almost completely drain
the lake) and considering historical water level changes of the lake,
realistic decreases of 1 m and 4 m were tested. Results of the sen-
sitivity analysis did not show significant differences in groundwa-
ter levels and in the general flow patterns between the tested
cases. Therefore an estimated 1 m drop in water level of Lake Bala-
ton was applied over the coming century.

The results show that during the simulated 100 yr time period,
the groundwater flow field along the cross-section changed signif-
icantly. The most substantial change was the gradual degradation
of local flow system ‘‘L2” between Inner Lake and Outer Lake. Cur-
rently, a significant fraction of the water that recharges through
Inner Lake is transmitted toward Outer Lake through this local L2
flow system with a maximum penetration depth of approx. 70 m
(i.e. the deepest flowline along which water is transmitted to Outer
Lake; Fig. 6.a). This penetration depth gradually decreases over
time (from approx. 70 m to 50 m after 20 yr, and to 10 m after
80 yr). By the end of the century, the predicted flow field suggests
that most water from Inner Lake will flow directly toward the neck
of the peninsula under Outer Lake via intermediate flow system ‘‘I”,
with only limited flow-through via Outer Lake and the shallow
local flow system ‘‘L2” (Fig. 6.d).

After approx. 80 years, only a minor part of the flow system
(44%) discharges directly into the lakebed of Outer Lake (Fig. 7)
due to the flattening of the water table across the entire peninsula,
which causes a migration and relocation of the discharge area.
As a consequence, inter-lake flow-through almost completely
Please cite this article in press as: Havril, T., et al. Impacts of predicted clima
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disappears by 80 yr, which decreases the fragmentation of the
groundwater flow field and simplifies its flow pattern. While over
the first 80 years (Fig. 6.a-d), the simulation results showed signif-
icant changes in flow directions and a strongly attenuated flow sys-
tem hierarchy, in the last 20 years, the main characteristics of the
flow field remain essentially unchanged, in which the most domi-
nant change can be observed in groundwater levels.

Another clear result of the transient simulation was the contin-
uous decrease in groundwater level below Inner Lake, which
dropped below the bottom of the lakebed (below 124.4 m asl) after
approx. 30–35 years. These conditions could thus lead to the grad-
ual shrinkage and eventual drying of the lake (Fig. 6.b and c).

In the case of Outer Lake, changes caused by the reduced
recharge had a less significant impact on groundwater levels by
the end of the century (Fig. 6.d). However, the simulation results
suggest that Outer Lake receives subsurface recharge from Inner
Lake through a gradually smaller part of its lakebed, and in parallel,
Outer Lake transmits the water toward the neck of the peninsula
through a gradually larger part of its lakebed. While Outer Lake
discharges groundwater along 88% of its lakebed after 20 years
(between 1400–2100 m, Fig. 7), at the end of the century this per-
centage decreases to 44%.

A more significant decrease in groundwater level beneath Inner
Lake compared to Outer Lake led to a decrease in the hydraulic gra-
dient between these two lakes and to a decrease of the flow rates,
which can be followed by the vertical Darcy flux distribution along
the cross-section (Fig. 8). Within the simulated 100 yr time inter-
val, the local groundwater level remains above the deepest point
of Outer Lake’s lakebed (where the lakebed elevation is 114.6 m
asl), which reflects a lower sensitivity of Outer Lake to decreasing
recharge (Fig. 6.e) compared to Inner Lake.
5. Interpretation and discussion

The 2D transient groundwater flow simulation study carried out
for the Tihany Peninsula study site focused on understanding the
effects of decreasing recharge due to climate change. The results
showed a high probability of significant future changes to the
groundwater flow field, water levels and fluxes due to climatic
influence.

The most important change during the transient simulation was
related to modification of the flow system hierarchy along the stud-
ied section, in which the current local flow system between Inner
and Outer Lakes gradually degrades over time, rendering the
groundwater flow field less fragmented and more uniform. As
groundwater levels decrease, horizontal flow becomes dominant,
and the character of groundwater discharge into Outer Lake, i.e.
the groundwater – surface water interaction, is modified (Fig. 6).

Effects of shorter-scale climatic variability (i.e. extreme wet and
dry periods) can cause dynamic growth and dissipation of transient
local groundwater flow systems, as simulated at the study site dur-
ing high water level conditions. In particular, a groundwater
mound develops downgradient from Outer Lake, which functions
as a local water divide, restricting the transmission of groundwater
from the main divide and recharge area (Inner Lake) toward the
neck of the peninsula. As a consequence, a fragmented flow field
develops which modifies the groundwater – surface water interac-
tion, allowing groundwater discharge along the whole basin of
Outer Lake (Fig. 5). With suppression of the former intermediate
flow system, the flow system hierarchy changes from a nested flow
system to a set of single local flow cells (Fig. 4.a).

These findings are in agreement with the results of Liang et al.
(2013), who showed that as groundwater recharge gradually
decreases, the flow pattern changes from (i) a fragmented flow
field with separated local cells, to (ii) a less fragmented flow field
te change on groundwater flow systems: Can wetlands disappear due to
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Fig. 6. Snapshots of the transient flow simulation. a) Current situation, b) after 20 years, c) after 40 years, d) after 80 years, e) after 100 years. Hydraulic head values are
colour-shaded; groundwater flow directions are indicated by black arrows; dashed lines show the boundaries of different flow systems. L1, L2, L3 are local, I is intermediate
flow system. Dark blue lines and numbers represent the lake water levels (m asl) which are characteristic of each simulation time. Grey lines represent areas where the
hydraulic head is beneath the lakebed elevation, i.e. when the lakebed is assumed to be dry. ‘‘R” represents actual recharge at the corresponding time. The ’current situation’
(Fig. 6a) is based on measured data; for boundary conditions see Table 2. Distances between streamlines are not proportional to water flux. Cross-section has 7� vertical
exaggeration.
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with nested flow systems (including local, intermediate and regio-
nal cells) and to (iii) a single regional flow cell. However, in the cur-
rent study, regional flow cells do not develop due to the limited
spatial dimensions of the study site.

Another question addressed by the current study related to the
effects of modified flow patterns on surface water bodies and
potential consequences on groundwater-dependent ecosystems.
Based on the transient simulation results, the groundwater level
Please cite this article in press as: Havril, T., et al. Impacts of predicted clima
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is predicted to decrease below the bottom of Inner Lake in approx.
30–35 years, by which time the lakebed is assumed to become dry,
and the lake will disappear (Fig. 6). Nevertheless, due to flow-
focusing and surface runoff, the groundwater mound below the
lake bottom will likely remain, and thus its function as a recharge
area should not significantly change over the next 100 years.

Outer Lake appears less sensitive to decreasing precipitation
due to the buffering effect of continuous (but decreasing) subsur-
te change on groundwater flow systems: Can wetlands disappear due to
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Fig. 7. Variations of vertical Darcy flux along the lakebed of Outer Lake during the
transient simulation. Positive vertical Darcy fluxes represent upward flow, reflect-
ing groundwater discharge into Outer Lake. Negative vertical Darcy fluxes indicate
downward flow, as groundwater is recharged from Outer Lake.
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face inflow from higher elevations. The transient simulations show
that its water level does not drop significantly by the end of the
century (Fig. 6), primarily because it receives subsurface inflow
from Inner Lake, albeit through a gradually smaller part of its
lakebed which at the end of the century has dropped to approx.
44% (Fig. 7), and in parallel horizontal flow becomes dominant
(Figs. 6, 8).

The different behavior of Inner and Outer Lake is consistent
with the findings of Zhao et al. (2016) who examined transient
behavior of nested flow systems and found that water table fluctu-
ations are greatest near the flow divides and are less variable in the
main discharge areas.
Fig. 8. Changes of vertical Darcy flux along the studied cross-section during the transie
shows the magnitude of the vertical Darcy flux in m s�1. Black arrows show the direction
and Outer Lake at the corresponding times. Lake and boundary elevations in metres (as
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Although beyond the scope of this study, a further question can
arise as to how long it would take for a given groundwater flow
system to respond to modified climatic conditions if the variation
of recharge is not continuous (as assumed in this study) but inter-
mittent? As Gong et al. (2015) highlighted, response time is not
uniform within the system, because the critical parameters con-
trolling the response-time behavior of the groundwater system
(i.e. recharge) differ from those controlling the response-time
behavior of the lake (i.e. leakage though the lakebed etc.). More-
over, distal parts of the groundwater system respond more slowly
than areas midway between the lake and basin boundary.

The time lag is governed by features of the groundwater system,
expressed by Domenico and Schwartz (1998) as SsL2/K, where Ss is
specific storage, L is some characteristic length, and K is hydraulic
conductivity. Therefore care must be taken when defining specific
storage, since it could have important effects on transient pro-
cesses (e.g. alteration of groundwater flow systems due to chang-
ing recharge rates).

As can be inferred from the current simulations, changes in the
groundwater flow system would have implications in water and
nutrient budgets of dependent wetlands. Over long time scales,
the flow rates are reduced and lower hydraulic gradients between
Inner and Outer Lakes (Fig. 8) generated less groundwater recharge
into Outer Lake from Inner Lake (Fig. 7). These changes could also
have a substantial effect on water chemistry and on groundwater-
dependent ecosystems. Green et al. (2011) provide an overview
and synthesis of the key aspects of subsurface hydrology related
to global climate variability, which has implications for both water
quantity and quality.

Climate change may affect the quality of surface- and ground-
water in several ways, from changes in the subsurface thermal
regime (Aureli and Taniguchi 2006, Kurylyk et al. (2014), through
various altered biogeochemical reactions due to modified nutrient
fluxes (e.g. nitrogen and phosphorus) (Destouni and Darracq,
2009), to eutrophication of surface water which will enhance the
loss of biodiversity and ecosystem services (Green et al., 2017;
Neumann et al., 2017).

In the Tihany study area, the penetration depth of the current
local flow system between Inner and Outer lakes gradually
nt simulation, showing a) Current situation, and b) after 100 years. Colour shading
of groundwater flow.Dh represents the hydraulic head difference (m) between Inner
l).
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decreases over time (Figs. 5, 6), the flow system becomes shal-
lower, and groundwater fluxes decrease (Fig. 8). The temperature
of the groundwater discharging to Outer Lake would therefore
gradually become warmer, as observed elsewhere due to warming
air temperatures measured over the last century (e.g. Figura et al.,
2011, Menberg et al., 2014). Increases in groundwater tempera-
tures could impact biogeochemical processes, and therefore
groundwater quality, which could also harm groundwater-
dependent ecosystems (Green et al., 2011, Sharma et al., 2012,
Kurylyk et al., 2014). Additionally, as Johnson et al. (2005) high-
lighted, productive wetlands may become only marginally produc-
tive in a warmer, drier future climate.
6. Conclusions and summary

Interest has grown rapidly over the last decade regarding the
effects of future hydrologic conditions on groundwater. However,
studies that focus on the modification of subsurface flow hierarchy,
i.e. changes in flow system dimension and relationships between
local, intermediate and regional flow systems, are currently under-
represented in the scientific literature. As known from previous
studies, local flow systems are affected the most by climate change,
compared to intermediate or regional systems. The most important
consequence is that modification of local flow systems can influ-
ence groundwater – surface water interaction, which can signifi-
cantly increase stress to ecological wetland communities and to
other groundwater-dependent ecosystems.

Therefore, the current study aimed to examine the influence of
changing recharge due to climate trends on groundwater levels. In
addition, coupled effects were interpreted based on the inter-
connected groundwater flow systems with special emphasis on
the development of flow system hierarchy. Possible consequences
on groundwater-related shallow surface water bodies and ground-
water – surface water interaction were also investigated.

The results showed that effects of climatic recharge variability
can cause dynamic growth and dissipation of transient local
groundwater flow systems, and the characteristics of flow system
hierarchy could change from nested flow systems to a set of single
flow cells. These changes could have significant effects on ground-
water – surface water interaction, since a decrease in groundwater
level could change the character of groundwater discharge into a
surface water body, as occurred in the case of Outer Lake. By the
end of the simulated period, hydraulic head differences along the
water table had decreased and horizontal flow became dominant.

Hydraulic behavior and response of surface water bodies –
located at distinct surface elevations – to recharge variations in
successive years, can be explained by fluctuations in the water
table which are greatest at the groundwater divides, while the
water table is more stable in the main discharge area.

The study also suggests that a reduction in groundwater levels
under climate-driven recharge change could strongly affect
ecologically-significant flow regimes. Moreover, since water and
nutrient budgets of groundwater-related surface waters are
strongly influenced by groundwater, wetland water quality could
also change in the future.

At the Tihany Peninsula, preservation of associated
groundwater-dependent ecosystems would be challenging since
long-term climate change could potentially have serious conse-
quences, including wetland disappearance. Although no substan-
tial anthropogenic drivers have affected the groundwater system
at the Tihany site, at other sites where groundwater extraction is
occurring, the effects of climate change could be even more
significant.

Predictions regarding future subsurface processes are highly
uncertain because of the unpredictable degree of climate change
Please cite this article in press as: Havril, T., et al. Impacts of predicted clima
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and numerous possible feedback processes. Understanding the
effects of climate change on flow patterns and recharge-
discharge relationships with surface water bodies can nevertheless
help to better mitigate or prepare for the consequences, e.g. with
improved water management plans and policies in order to protect
these vulnerable water resources or to develop them in a sustain-
able manner.
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