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Abstract

There is strong evidence that climate is changing anca¥fdtt the water resources.

A major questionarising from the galuation ofclimate changeQC) impacts on
groundwater resources is to whattent groundwater recharge wilhange Given

that for Switzerland, climate models predict more frequent hot andudnmersn

the futurewhile precipitationwill tend to increase in winter, a special attention was
given to possible changes in the seasonal distribution of recharge. However, to
provide robust predictionsincertainty has to be considered in all simatet. Three
uncertaintysources can baistinguished: the latter can originate frafimate models
uncertainty the unknown evolution of land use and society in general, and the
hydrological models themselves. The role of these three types of uncertamty h
received a major attention in tretudy Threestudies were carried out to evaluate the
effect of CC on the hydrological systenTwo of these studieserededicated to the
topic of groundwater rechargehereas the thiredvas focused othe CC responsef o

an aquifersystem

The first recharge related study deals with the question of how uncertainty due to
climate models interacts with uncertainty associated with different hydrological
models. Although different modeisere usedo simulate groundwaterecharge in
numerousclimate impactstudies, it is notyet clear whether models of different
complexity give similar recharge predictions for a given climate scenario. Therefore,
five different commonly usedapproaches to simulate groundwater recharge were
compared under CC.

In this analysisnodels with different complexityere appliedover a time span of
several yars andpredictive model bias occurs. Using CC data with more extreme
weather conditions increases the resulting bias. The potential for mpetkttive

error increases with the difference between the climatic forcing funagted in the

CC predictionsand theclimatic forcing function usedn calibration period.The
difference between the reference recharge and simulated recharge from physical
basedbut homogenousmodel as well as semmechanistic model are smallest
whereas the differencescrease with the simple models. The differences aectd
structural model deficitsuch as the limitation of reproducing prefererflialv. Thus
resultsof CC impact studies usinthe soil water balancapproach to estimate
recharge need to be interpreted with caution, although the majority of CC impact
assessment studies are udimg approachComparison of both uncertainties. CC

and model simplitation, indicate that the highest uncertainty is related to CQ3 but
model simplification can also introduce a significant predictive error.

The second recharge related study explores how different crops and crop rotations
influence CC effects on groundier recharge. The predicted temperature increase
will doubtlessly lead to an increase in evagimn and can be intensified bthe
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presence ofrops. To address this question, we relied on lysimeter data to ensure that
the models represerreviously measred crop specific effects on groundwater
recharge appropriately before attempting to simulate future trends. In addition to
effects of crop types, effects of soils types were considdiedtudy the effect of

soil types on rechargeas possiblghanks tothe presence of three Swiss dominant
soil types in thdysimeter facility. This study attempts to explore the combined effect
of CC and changes in land use on groundwater rechafgeaddress these questions

by combining numerical modeling techniquegh high quality lysimeter datarhe
simulated esultsof the1D numerical model indicate that for most crops a decreasing
trend occurs (betwees® to -60%) due to higher evapotranspiration ratel®wever,

for catch cropqfastgrowing crop that is grown between successive plantings of a
main crop)such as Phacelia adcemporary grasslan@n increasingechargerend
canalso be observedqup to 15%) Using thesecatchcrops in a crop sequencan
buffer the decreasing trend in future recharge rates, bubuffer capacitydepend
strongly on the growing season

It is very likely that crop parameters such as leaf area index (LAI) and root depth
(RD) will change in future due to increasing water st{gesduced water content in

the lysimeter) Therefore, an analysis of the sensitivity of LAl and RD on recharge
was carried out. It was found that simulated recharge is inversely related to LAl and
RD where recharge is more sensitive to a decrease in LAlItth&D. Therefore,
recharge estimatelsased onliterature LAl and RD values probably represent an
upper boundary on rechargete changes for the fututdowever, in all simulations a
high predictive uncertainty in results is given dueah®variability originating from
general circulation model (GCM) and regional climate model (RCM) combinations
and stochastic realisations of the future climatic conditions.

The final study explored how changes in groundwater recharge might influence
groundwater levels foa small aquifer used for water suppBhe soil-unsaturated
zonegroundwater systemwvas considerec&s a whole using thehysically based
model Hydro@aoSphere (HGS)The model wakased on a wide range of field data.
The main objective of this part was évaluate if seasonal shifts of groundwater
recharge can lead to lower groundwater levels in late summer and a potential water
shortage. Such effects are mainly expected for highly transmissive systems with a
low storage capacity that are expected to reaptdly to seasonal variations in
recharge. Therefore, a small aquifer consisting of highly permeable -fjiaged
depositsand used for water supply for a small towas selected.

The physicallypased model HydroGeoSphere (HGS) was used to simulatges

in recharge rates and groundwater levedsed on 10GCM (Global Circulation
Model) - RCM (Regional Climate Model) combinatiorfer the A1B emission
scenario.Future recharge rates were compared to rates observiud) dustorical
drought periods. fie recharge drought frequency was quantified using a threshold
approachThe flow simulationgndicatethat the strongest effect of C&h recharge
occurs in autumn and not in summer, when the temperature changes are the highest.
For the winter seasprechage rates increase for almost all climate model chains and
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periods. In summer and autuptemporal water stressvhich is defined as reduced

drinking water supplycan occur but the intensity depends on the chosen climate

model chain.The uncertaintywhich comesfrom the variability among different

model chains is largalthoud all climate model chains shotive same trend in the
rechargeseasonalityAnes t i mati on of drougbaséoegouenatri (
indicates an increase in frequency and isitgnunder predicted CC. For the water

supply in Wohlenschwilwater shortage will most likely more frequby occur in

summer and autummhereas no water stress is predidtadall other seasons

All studies demonstrated that the uncertainty surroungiagected recharge rates
and groundwater levels are relatively large. Some model chains indicate decreasing
recharge and groundwater levalstil the end of centurywhile other show increasing
trends. For instance for the Wohlenschwil aquifer a changanmual recharge
between-16% and 12% was simulated, while the mean of all climate model chains
indicate no changes. Therefore, it is quite difficult to state on the magnitude of the
change with high confidence. However, not the mean is important, bt s
seasonalityAlmost all climate model chains le&aol a change in seasonality but with

a different magnituddn addition, the uncertainty linked to the interannual variability
of the climate is highly uncertain and can lead to strongly differentltseand
conclusions depending on analyzed equiprobable stochastic realisations. However,
the main uncertainty is linked to GGRICM combinations. This uncertainty is
followed by the uncertainty originated by natural variability of the climate and model
simplification. The calibration of the hydrological model is a further uncertainty, but
could be reduced by improving the model calibration, if needed.

Although uncertainty in all predictions makedlifficult to state on the magnitude of

the change with hig confidenceit becomes obviously that a proper consideration of
possible effects of CC agroundwateare neededResults indicate that groundwater

is only slightly effected in northern Switzerland on an annual basis but temporal
changes can lead to peds with low recharge rates and groundwater tables and
therefore to limit water supply.
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Chapter 1

Chapter 1

1.1 Introduction

As highlighted inthe Fourth Assessment Report of the Intergovernmental Panel on
Climate change (IPCC2007) therecently measured increa in global average air

and ocean temperatures, the widespread melting of ice and the global average sea
level rise are many factors that point towsaolimate warming. Numerous studies
argue that these changes are mostly related to human activitiesylpdyt to the
emission of greenhouse gases and aerosols into the atmosfhenecrease in
temperature is predicted for most areas in the world. On a global sedlelimates

are becoming wetter and dry climates are becoming drier. Not only the fmeatec

is expected to change but also extremes such as strong precipitation events and dry
spells.

However, these future climate predictions are associated with a large spatial and
temporal variation as well as uncertainties. Local climate systems, waicheact
differently to external forces compared to global systems, are difficult to predict.
These climate predictions are affected by several sources of uncertainties. These
uncertainties can be due to sHgecific reactions caused by topographyeeample,

or the difficulty to predict anthropogenic factors such as greenhouse gas emission
trends and land use changes. In addition, the climate system is very intricate as it
contains many nonlinear feedback mechanisms such as atmeepblare or
atmosplericcdynamic vegetation feedbacks. Some of these relationships are well
understood whereas many other are still doubtful. For instance, manyssaiell
processes such as cloud formation are too small to be represented on the
computational grid. However t&heng2002)shows how clouds can strongly affect
climate changeQC) predictions. This complexity of the climate system makes it
very difficult to predict the effect of greenhouse gases and aerosols on the future
climate.

Furthermore, when comparinglimmate model data to observed values, often
systematic errors can be found in variables such as precipitation and temperature,
making it necessary to scale and apply correction methods on the data. This bias
correction is needed to use the data for hydjickl impact studies. In addition to

bias correction, there is also a need to downscale results from general climate models
(GCM) to regional climate models (RCM) for the investigated catchments to archive
the necessary spatial resolution.

However, apartfrom uncertainties in the predictions and downscaling, observed
changes and simulations provide evidence that water resources are potentially
affected by CC (IPCC, 2008). CC can modify water availability and water demand.

19



Chapter 1

The combination of decreasing waiavailability and increasing demand can lead to
water shortage. These changes can have consequences for societal, political,
economic and ecologic conditions. Theited Nations Environment Program about
groundwater (UNEP- Morris et al., 2003) mentionethat the contribution from
groundwater is vital for water supply. Around two billion people depend directly on
aquifersusedfor drinking watersupply In addition, groundwater is largely used for
food production and drinking water supply for almost thaf tof the largest
megacities in the worldn this context of CC, groundwater will likely become more
important due to increasing water shortage. This key water source is already under
pressure in many regions of the world with a high conflict potentitithe conflict
potential will certainly still increase due to CC.

Therefore, evaluating the effect of CC on groundwater resources is crucial. Impact
studies can indicate how hydrological systems react under CC and are therefore
needed and important. A go system understanding and uncertainty projection of
CC is always required to make prediction with a high degree of confidence. Only
then, policymakers and water managers can develop a sustainable water management
strategy.

1.2 Aim and objectives

The poject was carried ounh the framework of the Swiss national research program
on sustainable water management (NRP 61).

The general aim of this PhD study is to increase the understanding of how and to
what extent CC affest groundwater systems in Switzanld and influences
groundwater availability for water supply. The project focuses on aquifers that are
mainly renewed by direct recharge i.e. by infiltration of precipitation through the soil
zone. Tkese groundwater systemgprovide around 40%of drinking water in
Switzerland while another 40% originates from aquifers in interaction with ri@€rs.
effects on alluvial aquifers were investigated in a companion project.

Evaluating CC impacts on groundwater resouregsesthe question to what extent
groundvater recharge wilthange Therefore, a major part of this PhD thesis focuses
on this topic. Given that for Switzerland, climate models predict more frequent hot
and dry summers, while precipitation tends to increase in winter, a special attention
was given to possible changes in the seasonal distribution of recharge. The studies
mainly considers conditions typically for the Swiss plateau, where most of the
population, industrial and agricultural activities are located. In this region,
precipitation in formof snow plays only a minor role. Hence, the question of how
snowmelt water influences groundwater recharge is not considered in detail in this
PhD.

In addition to groundwater recharge, the effect of CC on groundwater levels was
explored based on a caseidy. The main objective of this part was to evaluate if
seasonal shifts of groundwater recharge can lead to lower groundwater levels in late

20



Chapter 1

summer and a potential water shortage. Such effects are mainly expected for highly
transmissive systems with aW storage capacity that are expected to react rapidly to
seasonal variations in recharge. Therefore, a small aquifer consisting of highly
permeable glacifluvial deposits was selected that is used for water supply for a
small town.

When evalating CC #ects on any systejruncertainty is a major challengee to

the strong impact on all predictiaris CC impact studies in hydrology, mainly three
sources of uncertainty can be distinguished, uncertainty due to the uncertainty of
climate models, the undainty due to unknown evolution of land use and society in
general, and the uncertainty related to the hydrological models themselves. In this
PhD, the role of these three types of uncertainty has received a major attention.

Before outlining the resedrapproach in more detail, methods that have previously
beenused to simulate CC effects on groundwater resources will be reviewed. First,
common approaches to simulate future climate conditions will be briefly summarized
and downscaling methods (from tglbal to the local scale), which are relevant for
groundwater models, are discussed (Chapter 2.1). Then, a brief overview of expected
climate change trends for Switzerland will be given (Chapter 2.2.). A major part of
the review (Chapter 2.3) will be dedted to the analysis of modeling approaches
used in previous studies to predict future groundwater recharge and impacts on
aquifers. Finally, the role of different types of uncertainties in CC impact studies will
be discussed (Chapter 2.4).
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Chapte 2

2.1 General circulation model

GCMs are tools to simulate the climate response to an increase in both greenhouse
gas and aerosol concentrations (McGuffie and HendeSelters, 1997). These 3D
numerical mathematical models are based on the N&wkes equation. GCMs can

cover processes and interplay between the atmosphere, ocean, land surface, snow and
ice (Le Treut et al., 2007).

Although GCMs provide geographically distributed and physically consistent
predictiors of CC, the mesh resolution iseffuently around 10800 km and
therefore too coarse for many impact studies. The regional feedback mechanisms are
poorly represented for catchment impact studies (Stoll et al., 2Db®nscaling of

the GCMs to local/regional scale is therefore required.

Although the GCMs are sophisticated tools for CC studies, any physical process that
occurs on scales smaller than the grid of a GCM such as radiation, turbulence or
cloud formation must be represented using effective parameters. Distinct parts of the
model which describe for instance clouds, cumulus convection, turbulence and
surface albedo must be represented with sampirical mathematical expressions
(McGuffie and HenderseBellers, 1997). However, this parameterisation contributes

to the model uncertaiy (IPCGTGICA, 2007). Feedback processes such as cloud
formation, radiation and snow albedo are another type of uncertainty in the
simulations of future climate. For these reasons, GCMs can give different responses
to the same forcing depending on howtam processes and feedback are represented
(IPCGTGICA, 2007). Another type of uncertainty originates from the socio
economic scenario. These scenarios are based on a large number of assumptions
about global demographics and societal development, emengand, technologic

and economic trends, and corresponding decisions and choices that our world is
taking now and may take in the future (IPCC, 2000). In total four storylines, also
referred to as pathways, are created to describe the future anthropgrgenicouse

gas emissions (Al, B1, A2 and B2).

In this PhD thesis, only the scenario A1B, whichmederate in terms of GO
emission increaseompared to other scenarjas used. Only one scenario, the A1B

was chosen to lower the computational demandshlitrepresenting a reasonable
future developing within both extremes, strong increase as wetloastant to
decrease of greenhouse gas emisgiNakicenovic 200Q) The A1B emission
scenario is characterized by a balance across technological emphasienbfssil
intensive and no fossil energy sources, where balanced is defined as the point where
one does not rely too heavily on one particular energy sources. Balance is defined as
the point where one does not rely too heavily on one particular eneungyesdt is
assumed that similar improvement rates of all energy supply andusend
technologies arise. The A1B scenario belongs to the Al scenario family describing a
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future world of very rapid economic growth, global population that peaks in
mid-centuryand declines thereafter, and the rapid introduction of new and more
efficient technologies (CH2011, 2011).

A temperature increase of 2.1 to 4.5°C with a mean of 3.1 °C is predicted for
Switzerland compared to the reference periods L98® due to the imease in
emissions of both gas and aerosol, (Figure 2.1). For comparison, the A2 scenario is
described as a Ahigho radiative forcing
3.8°C. High radiative forcing scenarios enclose a very heterogeneous waele, avh
continuous population growth is assumed and technological changes are more
fragmented and slower than other storylines. All these assumptions lead to the largest
increase in greenhouse gas concentrations of all possible pathways.
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Figure 2.1: The three pathways of anthropogenic greenhouse gas emissions, along
with projected annual mean warming for Switzerland for theye&dr average
centered at 2085 (aggregated from the four seasons and three representative regions).
These pathways are based on assumptions about global demographics and societal
development, energy demand, technologic and economic trends, and corresponding
decisions and choices that our world is taking now and may take in the future. The
unit «<CQeq» isa reference unit by which other greenhouse gases (e4).dahl be
expressed in units of GO(Figure taken from CH2011 (2011)).

The intermodel spread between the three pathways of anthropogenic greenhouse gas
emissions (Figure 2.1, left panel) as well the variability in the predictions
originated by different climate models (right panel; 10 GEBEM combinations) in

the predicted temperature ranges is shown. All scenarios follow a similar trend
between 2012020, whereas they deviate increasingly freach other later on. As
mentioned earlier, GCMs model runs are time consuming. GCMs are therefore often
not run over a complete time series in transient mode but for certain time intervals
denoted as time slices or periods.
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2.2 Spatial downscaling

Downgcaling results from GCHMlis needed to obtain the spatial resolution for the
investigated catchment scale on a more regional scale. Two downscaling methods are
available. (1) statisticed mpi r i c al met hods such as APref e
establish relationships between synop8cale predictors and local weather
conditions, based on observed evidence and transfer relations into the future. (2)
AMOSO ( Model OQut put Statics) al so known
applies transfer functions to ad¢ simulations to observations. It involves stochastic
modeling of (mostly daily) local weather sequences. The advantages of these
methods are their cheapness and their efficie(8toll et al., 2011) The
disadvantages lie in the assumption of a statiostate and in the lack of account for
feedback mechanisms. Dynamical downscaling, which implies the use of regional
climate models (RCMs), is frequently performed. This methodology implies that a
RCM is nested at a higher resolution into a coarse résol@CM. This is very
attractive due to the physically consistent responses. However, limited spatial
resolution is given by the RCM, and simulations are computationally expensive.

In this process, timgarying largescale atmospheric fields like wind, tparature

and moisture are supplied as lateral boundary conditions. These boundary conditions
provide consistent solutions compared to the GCM, but on asditscale with a

more detailed physical description of the orography and land use (CH2011). This
process gives the opportunity to generate different G&8M combinations based

on different GCM or RCM model parameterisation or structure (CH2011). RCMs can
simulate changes in a finer mesh resolution and can take complex topography
features, lakes and lancbver differences into account. These physically based
simulations can improve in respect to GCM output predictions on regional scales
(Wang et al. 2004)This is important because land surface feature regulates the
regional distribution of climate varifgs in many regions. However, RCMs are still
computationally time expensive and therefordy data for specific scenario periods

are available.More comprehensive information about the different approaches and
methods can be found in many reviews aneéaesh papers (e.§Vilby and Wigley

1997, Nakicenovic 2000, Fowler et al. 2007, Buser, Kuensch et al. 2009, Buser et al.
2010, Buser, Kuensch et al. 2010, Bosshard et al. 2011, Fischer et al. 2012)

Different model chains were used in this study (staFsdgare 2.2) The chosen GCM

and RCM combinations represent a wide range of model structures and assumptions
in the model parameterisation. These most reliable model chains are given by the
ENSEMBLE project, a project supported by the European commissidevelop an
ensemble prediction for CC.
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Figure 2.2: Schematic illustration of the utilized model chains of the ENSEMBLE
project, all using the A1B emission scenario. Short and long @M represent
simulations that covethe periods 1952050 and 19512100, respectively. All
model chains marked by stars (***) have been used in this PhD. (Figure taken from
CH2011 (2011)).

The spatial resolution of the RCMs is, however, still too coarse for the CC impact
studies carried ut in this PhD thesis. Therefore, additional downscaled data were
required, which were provided by the Center for Climate Systems Modeling (C2SM;
http://www.c2sm.ethz.ch/In this study the following two methodolieg were used:

(1) The secalled delta change approagtay et al. 2000, Xu et al. 2005) was used
This methodshifts an observed time series by a climate change induced(itayet

al. 2000. Future weatér periods are thus a function of the past climate conditions
with added (temperature) or multiplied (precipitation) delta change values (factors).
These delta change values are provided for many weather stations in Switzerland for
mean temperatures and epipitations (C2SM). Observed time series of both
parameters are scaled on a daily basis according to the climate change signal derived
from individual GCM-RCM chains. Thdaily time series of delta change factors for
precipitation and temperature covensee periods (2035, 2060 and 2085) relative to
the reference period 198D09. Details of the methodology are described in
Bosshard et al2011) This method, however, assumes that the model bias remains
constant through time. Furthermore, future intaecad variability is not taken into
account. The length and numbers of dry or wet spells hence remains unchanged.

(2) In addition to the delta change approach, a stochastic weather generator was used
(LARS-WG, Racsko et al. 1991, Semenov and Barrow 1$8#menov et al. 1998)

which generates long, synthetic, daily time series of climatic forcing functions. These
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simulations are highly related to properties of the observed weather ré@ditog

and Wigley 1997) Relationships between daily weather generpmameters and
climatic averages for the present period combined with CC signals were established
to generate future time series

A combination of the delta change approach with the stochastic weather generator is
describedn thefollowing. The model chas (GCM-RCM combinations, Figure 2.2)
provide a daily time series of delta change factors for precipitation and temperature
for three periods (2035, 2060 and 2085) relative to the reference perio20@80

In this PhD, these values were combiith the st ochastic O0Od6weat he
approach to generate transient climate change scenbi@ar interpolation was

carried out between the three periods with delta change values in order to obtain a
continuous time series for each day and each year éet2@11 and 2085. These
continuous time series of delta change values were subsequently used in a stochastic
weather generator (LARB/G, Racsko et al. 1991, Semenov and Barrow 1997,
Semenov et al. 19980 create possible different realisations of futurecppitation

and mean temperature values for each of the model chains used for the CC impact
studies in this PhD. The different realisations were needed to cover in the most
realistic way future possible weather pattefdsing thisstochastic approagtit is
possibleto simulate climate variabilityAnother advantage of thieansient climate

change scenarias that it is possible to analyze in detail the occurrence of expected
change. Whereas for the delta change method a recharge increase or decrease can
only be predicted for stationary time periods.

The conceptual approach is shown as an example in figure 2.3 for the climate model
chain AETHZ_HadCM3QO0O0. The Iinear interpol
2060 and 2085 for temperature and precitafor each year from 2011 to 2085 and

day during the year is presented.
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Figure 2.3: Linear delta change factor interpolation between the year 2011 and the
three time periods 2035, 2060 and 2085 (red lines) for a.) temperand b.)
precipitation for each year from 2011 to 2085 and each day is shown. Red and blue
colors indicate increase and decrease trends, respectively.

2.3 Projected climate change for Switzerland

There isstrong evidence that climate is changing, asnteg in the CH2011 report.

The projected increase in temperature for Switzerland follows a similar trend as the
trend predicted for Europe (CH2011, 2011). Generally, for southern Europe, a
stronger warming is predicted compared to the northern parth&avinhter period, a
decrease in snow cover is expected for many regions, which intensifies the warming
due to lower albedo. In Europeet climates are becoming wetter and dry climates are
becoming drier, which is consistent with the global treftle climdae models
indicate that summer temperatures increase more strongly than winter temperatures,
and that the warming is slightly more pronounced south of the Alps than in the north.
For precipitation amounts, no clear trend between north and south can b show
Especially for the alpine region, precipitation could either increase or decrease. In
this region, predictions of precipitation are quite difficult due to a broad range of
mechanisms and microclimatd3ue to the fact thagtudied areas this projectare
located in the northern part of Switzerland, changes in precipitation and temperature
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of this region will be described in more detail and only a brief description about the
changes in the southern part will be given.

Observed and predicted temperats and precipitations for summer and winter
seasons for northern Switzerland show an increasing trend (Figure 2.4) with the three
different emission scenarios and selected time periods. For the A1B scenario, the
seasonal mean temperature will increase2iy4.1°C until 2100 compared to the
reference periods (1982009) while the increase is slightly higher ¢3.8°C) for the

A2 scenario. For the three scenario periods of A1B, an increase in temperature of
0.9/1.4°C by 2035, 2i®.9°C by 2060, and 2i4.1°C by 2085 is expected (Fischer

et al., 2011). Regional and seasonal differences in temperature are relatively small for
the first two scenario periods but become more important towards the end of the time
series (2100, scenario period 2085). Also, thesehaemission scenario has a weak
impact on the predicted changes for the scenario period 2035. However, with
increasing time, differences between the emission scenarios in predicted temperature
rise.

Trends for precipitation show differences betwdbe summer and the winter.
Projected summer precipitation will decrease by2486 for the A1B scenario,
whereas a 228% decrease is predicted for the Al scenario. Winter precipitation will
probably increase, especially in southern Switzerland. Howeese thredictions are
highly uncertain compared to projected changes in temperature. Simulations indicate
that an increase in the northern part of Europe is very likely, whereas a decrease in
the southern part is predicted. Switzerland is, however, lociisd © the sealled
Atransition zoneo bet ween these two regi
uncertainties on the sign of future precipitation changes are large.

No clear trend is seen for all emission scenarios for 2035, but for the subsequent
scenam periods, summer precipitation decreases. For the A1B scenario, a decrease in
mean precipitation of 2Q7% by 2060 and 184% by 2085 is predictefFischer,
Weigel et al. 2012)For the winter period, a small increase is very likely. The
decrease in summeprecipitation and increase in winter precipitation partly
compensate each other with a net decrease of only 10% or less. For southern
Switzerland, a bigger change is predicted (an increase of 20% in winter), but the net
effect is likely to be more negaé compared to the northern part.
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Figure 2.4: Past and future changes in seasonal temperature (°C) and precipitation
(%) over northern Switzerland. The changes are relative to the reference period
1980 2009. The thin coled bars display the yetr-year differences with respect to

the average of observations over the reference period; the heavy black lines are the
corresponding smoothed -3@ar averages. The grey shading indicates the range of
yearto-year differences asrgected by climate models for the A1B scenario9%
percentile range for the available model set). The thick colored bars show best
estimates of the future projections, and the associated uncertainty ranges, for selected
30-year timeperiods and for theegreenhouse gas emission scenarios. (Figure taken
from CH2011 (2011)).

Together with changes in precipitation and mean temperature, extreme events are
also likely to be affected by CC. More frequent and longer warm spells and heat
waves are expected. Thength of dry spells will also probably increase (BUWAL
2004). During the last decades, the frequency and duration of heat waves have
already substantially increased over central Europe including Switz€HRenH et al.

2002, DellaMarta et al. 200,7/Anagnostopoulou and Tolika 2012, Fernandiéantes

and Rodrigo 2012, Kostopoulou et al. 2012, Long et al. 2012, Buishand et al. 2013,
Nemec et al. 2013)Schar et al(2004) point out that by the end of 2100, every
second summer could be as warm as the wédh@eledged European summer
heatwave of 2003Stott et al. 2004, Orsolini and Nikulin 2006, Olita et al. 2007,
Schiaparelli et al. 2007, Wegner et al. 2008, Trigo et al. 2009, Munari.2@ahy

other studies confirm this finding (eBeniston 2007, Benisn 2007, Beniston and
Goyette 2007, Beniston et al. 2007, Beniston 2009, Beniston, Fidcher et al.

2007, Vidale et al. 2003, Lenderink et al. 2007)

The prediction of frequency and intensity of heavy precipitation events is quite
difficult and highly uncertain. However, in the past, an increase in heavy
precipitation eventsvasobserved in Switzerlan(Beniston 2006, Hohenegger et al.
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2008 Jaun et al. 2008)0nce again it is very likely that the frequency, duration and
intensity of both wet and dry gemes changes under CC.

A conceptual scheme, which tries to merge the aforementioned findings for extreme
events for the past, together with the actual weather and future predictions is
illustrated in figure 2.5. Potential changes in frequency and ityeoistemperature

and precipitation extremes in a changing climate are shown (dashed lines are used to
present the future distribution). Changes in the distribution of temperature and
precipitation (mean, variability and shape) might lead to changesifrequency

and intensity of hot, cold, wet and dry extremes.
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Figure 2.5: lllustration of potential changes in frequency and intensity of temperature
and precipitation extremes in a changing climate. Current and poteutiak f
distributions are depicted with full and dashed lines, respectively. Changes in the
distribution of temperature and precipitation (mean, variability and shape) potentially
lead to changes in the frequency and intensity of hot, cold, wet and drynestre
(Figure modified from CCSP 2008).

2.4 Climate Change andydrology

The aim of this section is not to provide a complete picture about CC and hydrology
but rather to summarise the main aspects of this wide research field.

It is indisputable that thevaluation of the effect of climate change on water
resources is essential for a successful water management under future climate
conditions. Changes in precipitation patterns and amounts as well as increases in
mean temperatures can have a significant onhpan all components of the
hydrological cycle. Changes in

91 river discharge Eckhardt and Ulbrich 2003cibek 2007, Serratapdevila
and Valdes et al., 2007, van Roosmalen et al., 2007, Woldeamlak et al., 2007,
Goderniaux et al., 2009, Mileham et al.,020 van Roosmalen et al., 2009,
Kingston and Taylor 2010, van Roosmalen et al., 2010, Gosling et al., 2011,
Kingston et al., 2011, Veldzquez et al., 2013, Barthel 2011, Barthel 2011,
Barthel et al., 2011, Barthel et al., 2011, Todd et al., 2011, van Rimrseta
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al., 2011, Barthel et al., 2012, Gosling et al., 2012, Sonnenborg et al., 2012,
Thompson et al., 2013),

91 surface runoffWoldeamlak et al.. 2007, Mileham et al., 2008, Mileham et al.,
2009, Gosling et al., 2011, Barthel et al., 2012, Gosling e2@L2, Bush et
al., 2010, Gosling 201%eidel and Martinec 200&urher et al,. 2013, Alaoui
et al., 2013, Chiew et al., 1995

1 groundwater rechargeHplman 2006, Holman 2006, Scibek 2006, Serrat
Capdevila et al., 2007, van Roosmalen et al., 2007, Woldé&ash al., 2007,
Barthel et al., 2008, Mileham et al., 2008, Goderniaux et al., 2009, van
Roosmalen et al., 2009, Barthel et al., 2010, Kingston and Taylor 2010, van
Roosmalen et al., 2010, Barthel 2011, Barthel 2011, Barthel et al., 2011,
Barthel et al.2011, Stoll et al., 2011, van Roosmalen et al., 2011, Barthel et
al., 2012, McCallum et al., 2010, Crosbie et al., 2011, Crosbie et al., 2012,
Thampi and Raneesh 2012, Crosbie et al., 2013)

1 snowpack (Graham et al., 2007, Seidel and Martinec 2004, Assinéat al.,
2004, Wilby et al., 2008, Benistion 1997, Benistion et al., 2003, Furher et al.,
2013, Alaoui et al., 2013),

1 and soil moisture content (Asiedu et al., 2013, Rodrigtuebe 2000, Laio et
al., 2001, Chiew et al., 1995, Seneviratne et al., 2010, Fischer et al., 2007)

can occurAn excellent review can be found@reen et al. (20119nd a summary of
recommendations on how to deal with CC and groundwater is preseiitethian et

al. (2012).

The majority of CC impact studies focus on surface water. Although groundwater has
received more attention in the past years (Green et al., 2011), there is still little
known about the sensitivity of groundwater to CC compared taciwater. The
often slow response of groundwaterdbanges in the climatic forcing functions due

to CCcompared to surface watean be an explanation. The significance of impact
studies dealing with CC and groundwater is perhaps less noticed.

A major requirement in CC impact studies is a good knowledge about groundwater
recharge. Quantification is needed because for any rolmegtel prediction,
groundwater recharge is one of the main drivers of the hydrological sy§tem.
applies not only to groundweat studies but also to surface water as baseflow directly
depends on the renewal of groundwater resources.

Further trends in groundwater recharge are directly related to the predicted changes in
temperature and precipitation due to an increase in gresalgas concentrations.
However, it is unlikely to assume that societal, political and economic conditions will
remain unchanged in the future and that only climate change will be the driving force
for changes in recharge rqtéolman et al., 2012) and u® will likely change which

has a direcimpact on the water balance (eldolman 2006 Keese et al., 2005,
Eitzinger et al., 2003

For prediction®of CC impacts on water resources, mathematical models are essential.
These models provide insight into tesponse of groundwater systems to CC (Green
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et al.,, 2011). In past studies, a wide range of models evaluating the effect of climate
change on recharge and groundwater were used. The degree of complekiy
subsurface and surface system influencedntloeel choice to a major extent. The
scale and data required for driving or validate the model can also restrict the
application of certain type of models. Green et al. (2011) point out that the
assessment of the advantages and disadvantages of these aopooaches for
climate impact modeling require further investigation.

2.5 Groundwater and Recharge Modeling

The following studiesdealing with groundwater and recharge modelang sorted
according to four categories of model complexity for recharimason (Table 2.1).

Some studies have used simple empirical relationships between precipitation and
recharge (category 1). A more common approach is to use soil water balances to
calculate recharge. A soil water balance is calculated with a dedicatedoadegory

2) and sometimes the output is then sequentially used as input for a groundwater flow
model. Alternatively, a soil water balance may be calculated in the framework of an
integrated hydrological model (e.g. MIKE SHEefsgaard and Storm 1995)vhich

makes it possible to calibrate the soil water model to some extent (category 3).
Finally fully coupled physicabased models are increasingly used that usually model
soil wate behavior based on the Richarelquation (category 4).

Only a few studie have used empirical relationships between precipitation and
rechargg(Category 1) SerratCapdevilla et al. (2007) used an empirical relationship
between recharge and precipitation to estimate recharge in Arizona. It was assumed
that soil moisture changeare small over a long period and precipitation minus
evapotranspiration lead to the available water for recharge. In this approach
evapotranspiration was expressed as factors estimated from experiments under
historical climatic conditions. This empiricalelationship is therefore highly
uncertain because it is unknown if the applied factors stay constant in time under
changing climatic conditions due to CC. Nevertheless, the calculated recharge was
used subsequently ia 3D MODFLOW model to estimate the @ impact on
groundwater. Results suggest that recharge will decrease, which affects the dynamics
of the investigated riparian area, for instance baseflow dynamics in the long term.

The most common approach to quantify groundwater recharge is the us¢eof wa

balance model§Category 2) This approach is particularly appealing for large scale

models as only a small number of parameters is required. Water balances can be
applied at different scales. Usually a water balance is made for the soil zone only to

cal cul ate the fAexcesso water that is avail
such an approach. Yusoff et al. (2002) generated recharge with a more conventional

soil water balance method and used the satedl recharge as input for the
MODFLOW (Haibaugh 2005)For the Chalk aquifer in eastern England a decrease

in recharge, especially during autumn is predicted. Longer and drier summers are
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expected. In the study of Brouyere et(@004)recharge fluxes were computed by a

soil model, which is ap@d at the top of the groundwater model as prescribed fluxes
in a relatively small watershed in Belgium. They found that future climate changes
could result in a decrease in groundwater levels, whereas the seasonal variation did
not change. Effects of CC weesimulated with a seWater balance model for a study

site in UganddMileham et al., 2008, Mileham et al., 2009he authors of this study
point out that spatial interactions between the interpolated rainfall and model
parameter distributions had sifjcant effects on the average model outcomes.
However, an increase in recharge of 53% and runoff 137% is simulated by
additionally transforming the rainfall distribution to account for changes in rainfall
intensity. In the study alyrkama et al(2007),groundwater recharge was simulated
based on a water balance approach. An increase due to CC for the studied catchment
in Ontario was found. A strong spatial variation in groundwater recharge which
strongly depended on landscape characteristics such agpssiland land use could

be shown. Woldeamlak et a{2007) analyzed the sensitivity of water balance
components to CC for a sandy aquifer in Belgium using a water balance module to
compute seasonal and annual recharge, evapotranspiration and rurteHd state
groundwater model (MODFLOWwas used to predict the effect of CC. An increase

in surface runoff and groundwater recharge was found for all seasons, expect for the
summer recharge. Spatial distribution of groundwater recharge wete simulated

with the model WetSpagBatelaan and De Smedt, 2001).

Other studies have used larger scale water balances to quantify recharge e.g. by
relating stream flow to groundwater recharge. Loaiciga ef2800) calculated the
recharge from a water balance ot tetreamflow and used in a twdimensional

mod el (AGWSI M) to evaluate the effect o f
shortage is predicted even if water abstraction does not incleagee studies of

Allen et al.(2004) Scibek and Allen (2006a),ctbek et al. (2007)the effect of CC

on the unconfined alluvial aquifer, which is influenced by river stages, was simulated
in the framework of a combined modeling approach. Simulated gehvatues was

based in the HELPnodel (Saroeder et al., 1994), vereas gundwate flow was
simulated with a 3D DFLOW groundwater model (Hhaugh 2005). In addition,

the BRANCHmodel (Schaffranek et al., 1981) is used in this framework to simulate
the river stages. Both, increase and decrease in recharge compdristbtical
recharge was simulated depending on time period and model chain.

Fully integrated hydrological model@Category 3)are increasingly used in CC
impact studies likeMIKE SHE (Refsgaard and Storm 1999%urface water and
groundwater flows are swutaneously modeled with water exchanges between both
domains. However, a relatively simple water balance method to compute water flows
in the partially saturated zone is applied to estimate recharge. While this kind of
simplification could be used in aeavhere the influence of the partially saturated
zone is limited (for instance arid regions) and recharge occur mainly due to the
interaction with rivers, it creates serious limitation in humid regions where direct
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recharge mainly occur. Even though thesedels have limitations they still can

simulate the entire hydrologic cycleor instance, van Roosmalen et(2007, 2009)

devel oped a coupled model based on AMIKE S
groundwater flows simultaneously for a CC impactdgtin Denmark. Simulated

annual recharge increased significantly which results in increasing groundwater

levels and discharge ratds. the work of Stoll et al(2011),t he i nt egr ated il
SHEO model w a salpinescatchmentarr Swigzerlpnd. Aleffect of CC

was investigated through the application of eight GEGMS combinations used

with three different downscaling methods. No further groundwater stress was found

for this region, but an increase in the piezometric head was found between 0.3 to

1.1m depending on the downscaling method. An increase in mean annual recharge of

5 to 165mm for the period 20721100 is simulated. In this study it was found that the
weaknesses and differences of three downscaling methods influenced highly the
predictiors of all hydrological fluxes.

In the past years, a range of fully coupled, physically based models such as
PARFLOW (Ashby and Falgout, 19963HM (Vanderkwaak and Loague, 200d)d
HydroGeoSphereHGS) (Therrien et al., 2007) have been develof@dtegoy 4).

These types of models simulate simultaneously processes between the surface and
subsurface for each node and time step. These models are the most powerful tools for
simulating hydrological processes at the moment. Although the model methodology
is very attractive for CC impact studies due to the fact therconnected flow
processes, such as groundwater recharge, are physical based representedethey
only been applied in a few CC impact studies so faulis et al. (2012) studied the
effect ofdifferences in the downscaling approach for a study area in Canada with the
model CATCHY, a coupled, physically based, spatially distributed model for
surfacé subsurface simulations. The results indicate that river discharge, groundwater
recharge and soimoisture respond differently to downscaling anomalies in the
climate outpuwith greater variability for annual discharge compared to recharge and
soil moisture storag&oderniaux et al. (2009) simulate the recharge process from the
surface to the subdace domain between each node at each time step. This fully
coupled approach was carried out with the HGS code for a catchment of 465km
Belgium. They found a decrease in groundwater levels by up to 8m. In addition, a
decrease in surface water flow r&t@m 9 to 33 % until 2080 was predicted.
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Table 2.1: Summary of the different modeling approaches to estimate groundwater
recharge in CC impact studies.

Modeling approach to estimate rechal References
rates

Empirical relationship between alearge

o SerratCapdevilla et al., 2007
and precipitation

Loaiciga et al., 2000
Yusoff et al., 2002
Brouyeére et al., 2004
Mileham et al., 2008
Mileham et al., 2009
Jyrkama et al., 2007
Woldeamlak et al., 2007
Allen et al., 2004
Scibek and Allen 2006
Scibek et al., 2007

Water balance

van Roosmalen et al., 2007
Integrated hydrological model van Roosmalen et al., 2009
Stoll et al., 2011

Integrated fully coupled physically basi Goderniaux et al., 2009
model Sulis et al., 2012

Most of the referred studies in the literature review investigated the effect of CC with
simple recharge estimation methods. However, models like h#3She advantage

that the interconnected flow processes, such as groundwater recharge, are
represented physatly based and all flow equations are simultaneously solved in all
domains. These types of models are powerful to predict effects of CC on recharge
rates and patterns in the most realistic way currently avail@b&holistic modeling
approach using integted fully coupled physically based models allowed studying
recharge and groundwater droughts at the same time and to identify the key processes
leading to water shortage.

2.6 Uncertainty in hydrological impact studies

Uncertainty in hydrological CC inget studies has different sources. Schematically, it

can be described as a cascade of uncertainties involving the chosen emission scenario
with different greenhouse gas and aerosol concentrations, the choice of GCMs,
GCMs imperfection, natural variabilityhe downscaling method, the model structure

and the parameterisation of the hydrological model (Figure 2.6). In addition,
differences in predictions under CC can differ due to multiple GRGOM
combinations. Furthermore, natural variability is often comipiar to the trend

36



Chapter 2

caused by CC. Therefore, even if models agree on a trend, it may take several
decades for the CC trend to be detectable.

>
=
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=
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Figure 2.6: Cascade of uncertainty for CC impact studies in hydrology. Uncertainty
is a function of the chosen emission scenario, the choice of GCM, GCMs
imperfection and natural variability, the downscaling method, the transfer or bias
correction method, the model structure and parameterisation of the hydrological
model.

In the following, a brief summary of uncertainties is given. A more comprehensive
discussion of uncertainties in CC projections can be foun@lelaldi and Knutti
2007, Mueller 2010iPCC 2007, Green et al., 2011.

The uncertainty regarding future greenhouse gas emssgi@mnameterisation of the
GCMs, semiempirical mathematical expressions, missing feedback process such as
clouds, and issues with boundary conditions for GCMs and RCMs are already
discussed in Chapter 1.1, 2.1.1 and 2.1.2. Here, the focus is in hydablogidels

and how the mentioned different types of uncertainties interact.

One type of uncertainty was reported by e.g. Stoll et al. (2011). They showed in a
multi-model CC approach including different downscaling methods that downscaling
is an importansource of uncertainty, which is often not taken into account. However,
new statistical methods have been recently developed enabling a better quantification
of uncertainties in climate projections (eBuser et al., 2009, Buser et al., 2010,
Fischer et al 2012)and an improved downscaling of climate variables to specific
sites (Bosshard et al., 20L1Another type of uncertainty is theombination of
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multiple GCMs and RCMs, which shows a high variability in future predictions.
Predictions based on thensa scenario but with different climate model chains can
give large differences. For instance, Jackson €R@l1) predicted, a change in
groundwater recharge betwe&t to 31% for a Chalk aquifer in the UK based on 13
GCMs.

Hydrological model parameteaton as well as model simplification is another type

of uncertainty. Some studies (elloore and Doherty 2006, Hunt et al., 2007,
Doherty et al., 200)1show how model simplification can introduce predictive bias,
diverging of the simulation output due ¢boosing simpler model structures. Model
parameters from simpler models must take a compensatory role during the calibration
process to achieve satisfactory results but may introduce bias for future predictions
(Doherty et al., 2011)Additionally, structiral noise, or the imperfect nature of
models or model parameters to reproduce reality, is often the dominant contributor to
modetto-measurement misfit and can increase the uncertainty in predictions
(Doherty et al., 2010)These model structural erroreat are often the main source of
predictive uncertainty and bias are typically ignof@dfsgaard et al., 2006, Rojas et

al., 2008) especially for climate change studies. Cuthbert and Tindimu@0)

show that different groundwater recharge models @giveailar longterm historic
recharge rates but still respond very differently to changes in precipitation intensity.
The different model structures with different sensitivity to changes in the
precipitation intensity leads to the diverging resuligng ¢ al. (2007) observed
differences in predicated recharge ratesng 6 different water balance models
although historical recharge rates were reproduced well with all models. Velazques et
al. (2013) show that the chosen hydrological model can affect timeaté change
response of different hydrological performance indicators, especially for low flow
periods for surface water. HoweveCrosbie et al.(2011) pointed out that the
uncertainty originating from GCMs and downscaling is larger than the uncertainty
from different model structures thanks to the use of three different hydrological
models.

2.7 Research approach

A series of three studieis carried out two of them dedicated to the topic of
groundwater recharge, and a third one to the CC response ahalete aquifer.

These studies are complemented by new methodological developments documented
in the annex. In the following, the specific objectives and research approach of
different parts of the PhD are outlined.

The first echarge related study (Chap 3 deals with the questiomn how
uncertainty due to climate models interacts with uncertainty associated with different
hydrological models. The need to consider uncertainty in climate models in CC
impact studies has already been highlighted by numsestudies (see chapter 2.6).
However, although different models to simulate groundwater recharge have been
used before (see chapter 2.5), it is not clear yet whether models of different
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complexity give similar recharge predictions for aggiwclimate sceario. Therefore,

five different approaches to simulate groundwater recharge were compared. To
consider uncertainty in climate models, future climate patterns were simulated using
10 model chains for each recharge model. In the climate models, threeastation
future periods were considered, 2035, 2060 and 2085, using a fairly classical delta
change approach. We were particularly interested to see if the direction and
magnitude of change in recharge was the same for all models or whether some
models predicta decrease and other an increase in recharge due to differences in
model structure. When simulating recharge, a major challenge is that recharge cannot
directly be measured. Therefore, it is often not even clear if the chosen models can
correctly simulatethe past recharge, which raises doubts about the reliability of
predictions. To reduce this uncertainty, we made use of data from a lysimeter facility
in Switzerland to evaluate if the models relate meteorological data to recharge in a
realistic way. Thezby, we assumed that lysimeter outflow is a good indicator for
groundwater recharge.

The secondstudy (Chapter ¥ explores how different crops and crop rotations
influence CC effects on groundwater recharge. The predicted temperature increase
will doubtlessly lead to an increase in evapotranspiration. It is well known that
evapotranspiration can strongly vary among crops. Accordingly, CC effects on
recharge might be crop dependant. To address this question, we again relied on
lysimeter data from the sanfecility to ensure that the models represent crop specific
effects on groundwater recharge appropriately in the past before attempting to
simulate future trends. In addition to effects of crop types, effects of soils types were
considered as in the lysineetfacility the three dominant soil types of Switzerland are
represented. For simulating future climate conditions, a more sophisticated approach
was used which consists of a transient simulation of climate trends using time
varying delta change factorsdha stochastic weather generator (see chapter 4).

The final study (Chapter 5) explored how changes in groundwater recharge might
influence groundwater levels for a small aquifer used for water supply. The study was
carried out by considering the saihsdurated zonggroundwater system as a whole
using the physicalfpased model Hydrogeosphere (HGS). The moldgler
distributionand model parametecalibratedwasbased on a large range of field data
including extensive geophysical data, piezometers iredallvith the direct Push
technology, information from drill logs, pumping tests as well as tracer tests in both,
the saturated and unsaturated zoAeprocedure to couple HGS to BE was
developed (Annex) including thalot point calibrationapproach. Inifst step, model
outputs for groundwater recharge were analysed. In contrast to the lysinspiezd
recharge studies above, here recharge reflected the effect of the entire unsaturated
zone, which reached to up 10m at some locations. Future rechaegewaete
compared to rates observed during historical drought periods and the recharge
drought frequency was quantified using a threshold approach. Finally, the effect on
groundwater levels was explored.
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3. Predictive uncertainty of groundwater recharge rates caused
by climate model chain variability and model sirfipition’

3.1 Abstract

Accurate knowledge of groundwater recharge is essential for sustainable water
resources management, especially under expected climate change (CC). However, to
guantify the influence of CC, models with different levels of complexitg
commonly used, which can lead to inconsistent results. These inconsistencies are
related to the varying degree of process simplification between physically based and
lumped models. Another source of uncertainty is the variability among different
combhnations of general circulation models (GCM) and regional climate models
(RCM). The relative importance of both uncertainties was so far not systematically
investigated. Therefore, we evaluate how models with various degrees of complexity
influence the preadtion of groundwater recharge and secondly how this uncertainty
compares to the uncertainty originating from the variability among different GCM
RCM combinations. Model complexity is subdivided into structural complexity (i.e.
physically based and Ilumpediodels) and model discretization (i.e. spatial
heterogeneous or homogenous model parameter discretization). We used a highly
heterogeneous, physically based 2D synthetic reference model to generate daily
reference recharge data for actual and predicteatefweather conditions, based on
climate prediction from 10 GCNRCM combinations. Models of simpler conceptual
structure were calibrated against groundwater recharge outputs of the complex
reference model. Different calibration periods were used to abeesgynificance of
different inputs for the calibration. Forward runs with bestbrated parameters were
carried out and corresponding results for each model and climate model chain were
compared based on model scenario ratios to the reference mqgoaiso@ood fits

based on performance criteria are achieved through model calibration against the
reference recharge period. However, predictive bias occurs by running these models
over a time span of several years. Using CC data with more extreme weather
conditions increases the resulting bias. The potential for model predictive error
increases with the difference between the climatic forcing function used in the CC
predictions and the climatic forcing function used in calibration period. The
difference beween the reference recharge and simulated recharge from physical

1 C.Moeck (1), P.Brunner (1) and D. Hunkeler (1)
(1) Centre fur Hydrogeology and Gethermics (CHYN), University of Neuchéatel,
Switzerland
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basedbut homogenousmodel as well as seminechanistic model are smallest
whereas thelifferences increase with the simple models. The differences are due to
structural model deficits such #ge limitation of reproducing preferentitiw. Due

to thesestructural model deficits also a seasonal tienecharge difference between

the reference and simplified modelan be observed, whereby summer recharge is
underestimated and winter overasdted.

Thus results of CC impact studies using differapproach to estimate recharge, in
particular simple model structures need to be interpreted with caution if extremer
weather conditions in future are likely and seasonal distribution of rechargearate

in particular interest. Comparison of both uncertainties, CC and model simplification,
indicate, that the highest uncertainty is related to CC, but model simplification can
also introduce a significant predictive error.

3.2 Introduction

Evaluating the effect of CC on water resources is essential for their successful
management under future climate conditions. Observed changes and simulations

provide evidence that water resources are vulnerable and potentially affected by CC

(IPCC, 2008). Thereforemany climate impact studies have been carried out to

provide insight into the relationship between CC and water resofiifosan, 2006;

Holman et al., 2012; Scibek and Allen, 2006a; Scibek and Allen, 2006b; Scibek et al.,

2007; Sonnenborg et al., 2012plbtet al., 2011; Taylor et al., 2009; Taylor et al.,

2013; van Roosmalen et al., 2009; van Roosmalen et al., 2011; Woldeamlak et al.,

2007) An excellent review can be found in Green e{z011)

A major requirement in CC impact studies is a profouncwkadge about

groundwater recharge. It is one of the main drivers of the hydrological system

(Bakker et al., 2013) and the quantification is needed for any robust model prediction.

Different approaches and models exist to embed recharge simulation intop@c

studies. SerraCapdevilla et al. (2007) used a thheté me nsi on al A MODFLO
model to estimate the CC impact on groundwater in Arizona. To simulate recharge,

an empirical relationship between recharge and precipitation was applied. In Loaiciga

et al.(2000)recharge was calculated by utilizing a water balance of the streamflow.

This calculated value was used inat#vdo me nsi onal model (AGWSI M
the effect of CC for a karst aquifer. Yusoff et al. (2002) followed a quite similar
approach,bu r echarge input for the AMODFLOWO m
conventional soil water balance method. Effects of CC were simulated, also with a
soil-water balance model, for a study site in UgaMéeham et al., 2008, Mileham

et al., 2009)In the stdies of Allen et al(2004) Scibek and Allen (2006a), Scibek et

al. (2007) the effect of CC on the unconfined alluvial aquifer, which is influenced by

river stages, was simulated in the framework of a combined modeling approach.
Recharge values are basedh t he AHELPO model (Schroeder
groundwater flow was simulated with a thhete mensi on al AMODFLO
groundwater model (Harbaugh, 2005). For a CC impact study in Denmark, Van
Roosmalen et al2007, 2009)developed a coupled model basedioM| KE SHEO
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that simulates surface water and groundwater flows simultaneously. Although, this
model already integrates different components of the water balance, still a relatively
simple water balance method is used to simulate water flow within the ratsdtu
zone. In the work of Stoll et 82011)t he i nt egr ated AMI KE SHEO
for a pertalpine catchment in Switzerland. Goderniaux et al. (2009) simulate
recharge from the surface to the subsurface domain between each node at each time
step. Tis integrated, fully coupled approach was carried out with the
HydroGeoSphere code for a catchment in Belgium. Sulis et al. (2012) study the effect
of differences in the downscaling approach for a study area in Canada with the model
"CATCHY", which is a capled, physically based, spatially distributed model for
surface to subsurface simulations. In contrast to former mentioned catchment
simulation, longterm average groundwater recharge on the global scale was
estimated for the past (DOl and Fiedler 2088) future period under climate change
(Doll 2009) with the lumped mod&/aterGAP Global Hydrology Model (Ddll et al.,
2003). The model was tuned against observed averagddongiver discharge to
obtain unknown model parameters.

All these mentioned miaématical models are used to quantify the relationship
between CC and recharge rates. These models can be simple water balance
calculations, lumped modeling approaches or physically based models relying on the
Richards equation. Jones et &006) claim that complex, physically based and
simplified models should play a different role in impact studies. Simplified models
can be used to rapidly estimate the impact of possible changes in the water balance
caused by CC. On the other hand, physically based Imogj@esent flow processes

and landuse in a physical interconnected model domain in which all equations are
simultaneously solved. Due to this coupled flow and dasel process the effect of

CC can be evaluated in more detail.

Even though hydrologicalrpcesses can be reproduced with a high level of detail in
complex physical based modelsgterogeneity in the subsurface is often not well
characterized and leads to uncertainty in the model parameter distribution and
therefore to uncertain predictionddeterogeneous versus homogenous model
parameter discretization represent ofteissing knowledge in parameters
distribution. In addition, reproducing processes in full physical detail leads to long
run times and carries the risk of numerical instabilitycdntrast, simplified models

are very attractive due to the short run times and numerical stability. Fitting of
historical observations can be realized by using just a few model parameters.
Compared to physically based models, the calibration of simplifiedels is easier

due to the reduced number of calibration parameters and because the model
parameters often show linear relationships to model outputs. However, the simplified
model structures are limited in reproducing the complexity of hydrological gsese

This simplification can also be a major source of uncertainty.

Some studie¢Cooley and Christensen, 2006; Doherty and Christensen, 20b®)

how model simplification can introduce predictive bias. Model parameters from
simpler models must take armpensatory role during the calibration process to
achieve satisfactory results but may introduce bias for predictibokerty and
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Christensen, 2011)Structural noise, the imperfect nature of models or model
parameters to reproduce reality, is often tlemiohant contributor to modao-
measurement misfit and can increase the uncertainty in predi¢imigerty and
Welter, 2010) This model structural error, that is often the main source of predictive
uncertainty and bias is typically ignoré@efsgaard eal., 2012; Rojas et al., 2009)

For instance, Cuthbert and Tindimugaf2010) show that different groundwater
recharge models give similar logrm historic recharge rates but still respond very
different to intensity changes of precipitation. Similarules for reproducing
historical recharge observations by calibration were achieved by using 6 different
water balance mode(giang et al., 2007 Differences in recharge appear between the
models when CC is applied. Velazques et al. (2013) show that hbsert
hydrological model can affect the CC response of different hydrological performance
indicators, especially for low flow periods.

Although, the effects of model simplification and model structure is known (e.g. Dol
et al., 2008), a consistency in natel use for climate impact studies can be found in
the literature.We speculate that the reason for this is cause by the absence of studies,
which systematically evaluate thelative importance of both uncertainties, CC and
model simplification Droogerset al. (2008) point out that a commohypothesis is,

that model errors are reflected in the reference situation as well as in the CC situation
so that relative accuracy (difference between reference and scenario) is higher than
absolute accuracy of the ohel. However, it is still unclear to whiabxtent model
complexity influences the prediction of recharge and lead to uncertainty.

Another type of uncertainty in climate impact studies is ¢dhmate signal itself.
Multiple GCM and RCM combinations showhagh variability in possible future
climatic conditions. Prediction based on the same scenario but with different climate
model chains can give large differences. For instance, Jackson(20Hl) predict

for a Chalk aquifer in the UK a change in groumatky recharge betweed6 to 31%

based on 13 GCMs.

In this study we systematically evaluate how models with various degrees of
complexity influence the prediction of recharge. This approach follows the
recommendation of Holman et #2012) They propose@ proper consideration of

the hydrogeological model structural error and model uncertainty in climate impact
studies. Based on the different model types reported in the literature, we subdivided
complexity into structural complexity (i.e. physically bassd lumped models) and
model discretization (i.e. spatial heterogeneous vs. homogenous model parameter
discretization). The used different model complexity is applied to investigate how
uncertainty in model predictions due to variable model complexitypeoes to
uncertainty originating from variability among climate model chains. More
specifically, the following questions are addressed in this study:

I.  Will all chosen groundwater recharge models predict the same absolute and

relative change in groundwateecharge under the different climate model
chains?
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II. Is variability among the different GCIRCM combinations or model
simplification the driving force for predictive uncertainty?

lll.  Can predictive uncertainty be reduced by choosing a certain model
complexityor different calibration approaches?

To avoid additional uncertainty related to boundary condition issues or measurement
errors, a synthetic modeling approach was chosen, which however closely follows
observations taken from a lysimeter facility. THeservations from the lysimeter
include soil water content behaviour and recharge pattern. A 2D heterogeneous
reference model was created and simulated recharge was taken as a calibration data
set for four simplified models.

We first present the descriptioof the synthetic references model, followed by a
description of the simplified models, in which complexity is subdivided into
structural complexity and model discretization. Next, we introduce the used past and
future climate data applied as inputs foe tmodels. The CC data, defined by delta
change factors for three time periods of the A1B emission scenario are explained.
The A1B emission scenario describes a storyline with a balance across technological
emphasis between fodsitiensive and no fossilnergy sources. This scenario was
chosen because it lies between the extremes and represents a not too pessimistic but
also a not too optimistic assumption of the future world.

Then dfferent indicators were used to evaluate the effect of model simpitircand

the effect of different model calibration approaches on predictions undeft@Se
modelscenarieequations are used to express model inaccuracies in CC impact
assessment studie8. comparison is carried out for the model calibration of the
simple models against the references recharge to validate the goodness of
reproducing the references recharge for the calibration and validation period.
Subsequently, the besstimated model parameters are used to systematically
evaluate the model performanaader past and future conditions. Then, drivers for
model bias are identified based on the madelnario equations, which may lower

the model performance. Finally the effect of different calibration approaches for the
model performance are evaluated,daling by the summary and conclusion.

3.3 Methods

In this section a description of the 2D heterogeneous references model is given. After
this the description of the four simpler models, which were calibrated against
monthly groundwater recharge outputstioé complex 2D heterogeneous reference
model is descripted. A schematic summary of all used simplified model structures is
shown in the supporting information (Figure A3.3; supporting information). Then the
used climate data and climate change scenari@xkined. Finally, thaifferent
indicators (Model scenario equations) are described, which were used to evaluate the
effect of model simplification and the effect of different model calibration approaches
on predictions under CC.
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3.3.1 Reference Model

The reference model was constructed using the fully coupled physically based model
HydroGeoSphere (HGS) (Therrien et al. 2010). This integrated model simulates fully

coupled 3D variably saturated groundwater flow in porous or fractured aquifers and

2D oveland flow as well as solute transport in (sub)surface domains. A control
volume finite el ement approach is wused to
variably-saturated subsurface flow. The Mualeimvan Genuchten model for

unsaturated soil hydrauliecgperties (van Genuchten, 1980) is used.

Pl P AW AEICO (1)

3 p AICO T (2)

EO3A p p 3A wherez p - (3)

where § is the water saturation][ , U invesse df the aientry pressure head

[m-1 , b i-sze dislkrileutiopinde=X,;i s t he residual water sa

the pressure head [th Scis an effective saturation, given by=5(Sy - Su)/(1 - Sw)

, Ipis the poreconnectivity paramter and & is the the residual water saturation.
Precipitation is partitioned into evapotranspiration, runoff and infiltration. Based on
the work of Kristensen and Jensen (1975) actual transpiration and evaporation are a
function of potential evapotrapsation, soil moisture, evaporation depth, root depth,
and o6Leaf Area I ndexdé (LAI). Precipitation
storage is infiltratedA more detailed description of the model and all its components
can be found ifTherrien etl. (2010).

Based on this model, a vertical 2D synthetic heterogeneous reference model was
created with 150 cm depth, 100 cm in thdipection and 5 cm discretization (Figure

3.1). The model structure is highly influenced by observations from the Zrich
Reckenholz lysimeter facility (Prashun et al., 2009). The lysimeter setup is
transferred to our synthetic references model. Soil samples from different depths are
used to create the needed variogram for the stochastic field generator to emulate the
hydraulc conductivity field. Soil moisture observations are used to compare moisture
dynamic from the lysimeter with the synthetic references model to be certain that a
realistic soil column is represented. A specified flux boundary is used on the top of
the colmn of the references model and a constant head boundary at the bottom. A
fixed head boundary is used to allow upward fluxes from the water table during dry
periods(CarreraHernandez et al., 2011)o flow boundary conditions are applied to

the remainingborders of the soil column. Hydraulic conductivity was distributed
within the model domain with the program Fieldgen (Doherty, 2010), aitwo
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dimensional stochastic field generator. Field generation is undertaken using the
Gaussian sequential simulationnmipal. Using the generated hydraulic conductivity
van Genuchten par @weeetcalaulated lfor dvery eldmentfbasedn d
on relationships from Carsel and Parr{8888) Reported variances around the used
relationships for each van Genuchfmrameter are added. That was done to include

a more natural soil description with variance in all soil parameters (Figure A3.1;
supporting information).
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Figure 3.5: Soil structure for the heterogeneous synthetic 2D redererodel with
saturated hydraulic conductivity distribution from 8.5%16 1.0*10°[m d]

In addition, porosity is distributed and adapted from standard normal Gaussian
distribution for the whole soil column and ranged from 0.33 to 0.38, similar to
archived values from the soil samples of the lysimeter. Model parameters, such as
root zone and LAI are added to the model to simulate the presence of a constant
vegetation cover. Altogether 3014 parameters describe the 2D heterogeneous model
domain. In orderto represent spatial heterogeneity in a more robust way, 130
stochastic realizations of the soil parameters are carried out.

However, we found only small differences in recharge amount and pattern between
different stochastic realizations of the soil woh (Figure A3.2; supporting
information). Also the calibration of the simpler models against the 130 stochastic
realizations of the references model shows only small differences. Due to these small
differences and long running times for each CC scenariedch realization we just

used one single references model out of these 130 stochastic realizations for the
further analysis to reduce the computation time.
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3.3.2 Homogenous 1D model

The first simpler model (1d1l) is also a HGS model but with a homagenmwdel
parameter discretization. The model is simplified to 1D with 1 layer of a homogenous
soil while maintaining the same underlying physical processes described for the
reference model.

3.3.3 Lumped parameter bucket model

The second model is the Ipme d par ameter Abucket o mod el
(Doherty, 2003).

The model provides a basic representation of major aspects of the unsaturated zone
including rainfall, evapotranspiration, runoff, matrix and macropore recharge. Matrix

and macropore recharge aivated after specified delay times. Lumprem calculates

the actual evapotranspiration taking into account soil moisture storage and plant
parameters according to:

% Ad—— )

where E [m d] is the water les through evapotranspiration, Ehe potential
evapotranspiration [m¥Y , f I s ajiscthre vgumé @ wateo in the spil
column andgis a parameter determining the shape of the evaporation rate vs. stored
water relationship. Water is lost fro the container (Figure A3.3; supporting
information) as a continuous unsaturated vertical flow. The recharge rate depends on
the moisture volume in the container. This moisture volume controls the hydraulic
conductivity. Decreasing moisture volume leadlsi¢creasing hydraulic conductivity

and increasing saturation leads to an increase in hydraulic conductivity. The rate of
water loss is defined as:

2 + 2 p p 2z (5)

where R is the rate of drainage, | is tortuosity, iK the saturated hydraulic
conductivity and m determines the shape of relationship between the drainage rate vs.
stored water.

3.3.4 Finch soil waterddanced model

This soil water balance model includes, in contrast to many other soil water balance
models, interception and root water uptake (Finch, 1998)ak shown that the
maximum available water and the root depth have a major impact on estohates
direct groundwater rechargeinch, 1998) Even though this model represents a more
complex soil water balance model the relationships between model parameters as
well as simulated recharge is predominantly lindairect recharge is calculated
using adaily water balance equation:
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0 % ) 2 " 33 (6)

whereP; is precipitation [mm]E,iis evaporation [mm]l;is canopy interception loss

[mMm], Riis runoff [mm],Bii s f |l ow bypassing theSisoil wat
change in soil water [mm]. No upward movement of water from groundwater to the

soil layer can occur.

In this study the root zone for the Finch model is divided into four layers (Figure

A3.3; supporting information). That follows the proposed pragmatidien of Finch

(1998), where a reasonable representation of physical conditions is still achieved

whilst unnecessary complexity is avoided. Plant roots take up water at the given rate

as long as there is no water stress.

L [ (7)
% %3# (8)
3 ——— wheref [ 9)
3 mxEAPA]J (10)
3 pxEAPAJ (11)

whereAis the fractional maximum available soil water conteptH,;the actual root

water uptake [mm]E, the potential total root water uptake [mnZ; the layer

thickness [mm]C; the fractional proportion of roots][ , d t hractionalisoir e nt f
water content-] , fradtional soil water content at field capacity [ a ¥ ds thd

fractional soil water content at wilting point].] For a more comprehensive
description of model details see for instance Fi{i&938)

3.3.5 SWB sil water balanced model

The fourth simple model (SWB), also a soil water balance model, depends in contrast
to the Finch model only on one soil storage parameter. Recharge can only occur if the
threshold of this soil storage is reached and the excess isaransferred to daily
recharge. Changes in storage depend on subtraction of potential evapotranspiration
from precipitation as well as storage changes from the previous day. A soil function,
which depends on the chosen soil storage parameter (Rimhterillich, 1975)
reduces the potential to a real water loss [mm].
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3.4 Model Calibration

The simulated recharge from the reference model was used for the calibration.
Calibration was carried out using thatomatic parameter estimation softwREST
(Doherty, 2010) for soil and vegetation parameters for each recharge model (Table
A3.1; supporting information). Monthly recharge sums from the reference model
were used to minimize the objective function, which calculates the differences
between referencand simulated recharge for each recharge model. It is assumed that
monthly recharge values could be deduced frequently from streamflow measurements
and are a proper alternative for normally unknown recharge rates or dynahmes.
different calibration priods, containing an average year (2010), a wet/dry year
(2002/2003) and a monthly time series (2QD09), are used to evaluate if simpler
models show less predictive model bias for actual and future periods if extreme
condition and longer time seriesaifservation are included in the calibration.

3.5 Climate data and Climate Change Scenarios

The used past and future climate data as well as the methodology to create daily
climate data for future periods as inputs for all models are presented below. To
simulate future weather conditions a total of 10 model chains for the A1B emission
scenario, which is moderate in terms of &ission increase, are used.

Model chains consist of combinations of GCMs and RCMs (Table A3.2; supporting
information). The regioal scenarios are derived directly from the output of
individual GCMRCM model chains by means of the statistically downscaling
technique to the MeteoSwiss monitoring network with an inverse distance weighting
interpolation(Bosshard et al., 2011These mdel chains provide a daily time series

of delta change factors for precipitation and temperature relative to the reference
period 19862009 for three time periods: 2035 (262050), 2060 (2042074) and

2085 (20762099). The delta change method shiftsoaserved time series by a CC
induced valugHay et al. 200D Future weather periods are therefore a function of
the past climate conditions, with added (temperature) or multiplied (precipitation)
delta chang values. Daily time series of actual precipitation were used over a period
from 01.01.1982 to 31.12.2011. The time series were measured at the MeteoSwiss
weather station ZuriecReckenholz, Switzerland directly located at the lysimeter
facility. This weaher station was chosen because our references soil model
parameters are based on the observation taken from the lysimeter facility. Potential
evapotranspiration was calculated using the Penman Montheith equation after Allen
et al. (1994).

A general increge in temperature for all time periods compared to the reference
period can be observed in figure 3.2 (temperature column). Values larger than zero
are constantly added to the past temperature. The strongest increase occurs in
summer with a maximum in Augti whereas the smallest between February and
March. The delta change values for precipitation shows both, increasing and
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decreasing trends. Temporal distributions for precipitation show an increase between
autumn to winter and a decrease in summer urgilbgginning of autumn (Figure

3.2, precipitation column). However, temperature and precipitation distributions
depend strongly on the chosen model chain. A total of 31 time series were created
comprising 10 model chains for 3 CC periods and 1 time senid¢hd actual weather
condition. However, it should be noted that this data set is not taking future changes
in inter-annual variability into account.
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Figure 3.6: Daily climatic change factors (delta&Change approach) fomeh climate
model chain for the scenario A1B. Left column show changes in daily precipitation
and right column in daily mean temperature for Meteoswiss weather station in
Zurich-Reckenholz.
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3.6 Model Scenario Equations

Different indicators were used &valuate the effect of model simplification and the
effect of different model calibration approaches on predictions under CC. Model
ScenarieEquations are used to express model inaccuracy in CC impact assessment
studies. Three different model scenario d¢mgus are chosen because interpretation of
the results can be challenging due to the fact that model scenario equations can
emphasize with different sensitivity on observed and simulated values. It is therefore,
recommended to apply different Model sceaaquations to limit any weakness of

the metric (Bennet et al., 2013).

Here, we introduce the applied model scenario equatitescalculated a modified
ModelScenario Ratio (MSR(Droogers et al., 2008yhich indicates to what extent

the impact of a semrio contributes to the final findings compared to model
simplification.

Sly o = (RetModelChaini RefCurrenf)/ RetCurrent (13)
SSlmpIet (SimpleModelChaini SimpleCurren{)/ SimpleCurrent (14)
MSR= 1- abs( Sker, i SISimple,a (15)
whereS | _.is the scenario index for the reference model, he calculated

scenario index for the simplified models, b d el Ch a i n the future

al

rate for t he chonsefnorcltihneat2eD mo&tieel r ecnhtaeit me d

annual current recharge rate for the 2D

calcul gt m%theebthpet ofShle simple model instead of the reference model is

r e

used. The model scenario index (M3Rs arange from1t® wher e 1 1 ndi ca

that the model simplification does not play a role and results are just a function of the
scenario only. Values smaller than 0 indicate that model inaccuracy is the dominant
factor for changes in recharge ratethea than the climate scenario.

Another chosen approach to evaluate the effect of model simplification for
groundwater recharge predictions under CC is the-kvellvn Nash Sutcliffe model
efficiency (NSE) coefficientNash and Sutcliffe, 1970).

3%p o (16)

where2 A £A OfninAjA is the annual reference recharge at time step t [y],

3 Ei D1 EvARAIA the recharge from one of the gilified models at time step t

[y] and2 A EA OT1iddtheAnfean calculated reference recharge. Like the MSR, the
NSE provides also values between 20, wher e 1 i ndicates a
effect on prediction caused by model simplifications.
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The percent of bias was calculated after Gupta et al. (1999) but in a modified version
for this CC and simplification impact study.

B

0" ) Ip3 (17)

PBIAS provide a mease of over or underestimation for each scenario. An optimal
value would be 0% while a positive value indicates an underestimation and a
negative value an overestimation of yearly recharge.

3.7 Results and Discussion

In the following section, results ohé model calibration of the simpler models

against the reference recharge are given (3.6.1). Thee&wsiated model parameters

are used to systematically evaluate the model performance under past and future
conditions (3.6.2). Then, drivers for model $iare identified (3.6.3) which may

lower the model performance. Subsequently, a comparison between three calibration
periods are carried out, in order to evaluate if simpler models show a better model
performance i f mor e Next seeemef@bsarvatiordaret i on s
included (3.6.4).

63



Chapter 3

3.7.1 Calibration and Validation

For the calibration period 2010 the simpler recharge models reproduce the reference
recharge surprisingly well, even though the model complexity is differEme.
annual rechare agrees well between reference and simplified models (Figure 3.3).

1000

il | Finch
1di1L --- SWB
Lumprem

800
|
~

600
1

Calibration period N Validation period
A :

Cumulative recharge (mm/d)
400
1
%
L

200
|

g
L

I t 1
Jan. 2010 Jan 2011 Jan. 2012

Figure 3.7: 2D simulated cumulative reference recharge (red dashed line) and fitted
recharge for 1d1l (orange line), Lumprem (blue line), Finch model r{diee) and

SWB (purple line). The 2D references recharge from year 2010 was used for the
calibration of the simplified models. The recharge values from year 2011 were used
for the validation (without data calibration).

However, differences in the annyadttern can be observed. Sharp rises of recharge
after strong precipitation events appear for the SWB and Finch model while the
recharge pattern is more smoothed for the other models. This effect is related to the
model structure of the soil water balanoedel. Once the storage capacity is filled

up, excess water contributes directly to recharge without a typical infiltration front
for the SWB and Finch models. Therefore, the model results cannot be compared to
the more complex models for small time stikes daily calculations. Only weekly or
monthly values gave a good fit throughout the calibration. In this study monthly
values were chosen for the calibration for all simplified models. Even though the
input time step for the calibration is large, the ateage is that monthly recharge
values could be deduced frequently from streamflow measurements and are a proper
alternative for normally unknown recharge rates or dynamics. A comparison of
stream flow measurements and seepage rates from lysimetersherastatly show

quite similar monthly dynamics and discharge val(f#=sneviratne et al., 2012) and
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validate our approach-urthermore, for CC impact studies, which typically cover a
long time period, it is commonly sufficient if a model can correctly repred
monthly values even though daily processes are not correctly simulated.

For the validation period 2011, which corresponds to a more extreme year with a
long dry spell, an increase in recharge amount for all simpler models can be
observed, especiallyf the SWB and Finch model. The Finch model overestimated
recharge during the dry period because small precipitation events led directly to
recharge.

However, all recharge models with the calibrated model parameter sets perform well
for the past climateanditions.Simulating a 30 years period to estimate past recharge
rates based on the besdtimated parameter sets shows variability among the
different models. The simulation creates a model bias due to structural model
differences (Figure 3.4). The SWBorhel underestimateslQ %), whereas the Finch
model overestimates (+7.5 %) the total recharge rate. Also, the physically based 1D
and Lumprem model overand underestimate the true value from the references
model but by less than 2%. These percentagessmond to an error between 5 and

17 mm per year over a 30 years period. Generally speaking, model bias is small for a
performance over 30 years.
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Figure 3.8: 2D simulated cumulative reference recharge (red dashed linejtiaod f
recharge for 1d1l (orange line), Lumprem (blue line), Finch model (green line) and
SWB (purple line). The 2D references recharge from year 2010 was used for the
calibration of the simplified models. The recharge values from year 2011 were used
for the validation (without data calibration).
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3.7.2 Model performance for future conditions

Simulating with all models the time series generated from our baseline with
additional delta change values shows a spreading in the results (Figure 3.5). For
2035, themean groundwater recharge increases by 4.2% (+22.8 mm) for the 2D
reference model considering all 10 climate model chains relative to the reference
period 19822011.
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Figure 3. 5: Boxplot of 30 year past recharge and for 10 climate model chains for the
period 2035 based on delta change factors. Filled boxes show the upper and lower
quartile with mean value as black line within the boxes. The whisker, the vertically
lines elongating the box indicate values outside the upper and lower quartile.

However, dudo the variability among the different climate model chains a range of
mean groundwater recharge betwedr8% ¢23.3 mm) to +14.4% (+78.1 mm) is
simulated. Similar ranges can be observed for all other groundwater recharge models
as well (Table 3.1). Howey, it is interesting to note that increasing simplification of

the models tends to clearly underestimate mean and minimum change in recharge
compared to the reference 2D model (Table 3.1). Predicted groundwater recharge
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changes depend strongly on the @egof model simplification. Evapotranspiration
processes are operating differently in all models. For instance, the SWB model is
highly influenced by increasing evapotranspiration (ET) due to the simple
relationship between potential and actual water lvsiepends only on a uniform
homogenous soil storage compartment where no additional limitations for the
evaporation or transpiration depth exist. In contrast, due to the heterogeneous model
structure of the 2D model, infiltration is not uniform and watan infiltrate into
deeper parts of soil faster, where the effect of ET is less present. Ponded water at the
surface is not available for the 2D model and reduces the actual ET whereas the
model structure of the SWB model does not considered these macasklitional
limitations of ET fluxes are given by vegetation and root depth for the 2D model,
where water under the root zone is not affected by ET processes.

Table 3. 1. Percentage changes for the scenario period 2035-Z@5QJL in
groundwater rechge rates due to variability among the different climate model
chains and through different groundwater recharge models

% Change in groundwater recharge rates

Model Median Mean Min Max
2D 4.2 4.2 -4.3 144
1d1l 3.1 3.4 -5.6 14.0

Lumprem 1.1 1.6 -6.3 116

Finch -1.7 -0.9 1.7 8.0

SWB 0.9 1.4 -9.6 135

Even though differences in the range (min, max and mean) in simulated groundwater
recharge for the period 2035 exist between the different recharge models, the trend
for each climate model chain indicatsimilarities (Figure 3.5). For climate model
chains with the largest change, all simplified models show similar groundwater
recharge rates. In figure 3.6, for instance, all models indicate a decrease of recharge
for the climate model chain 1.
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Figure 3.6: Deviations between mean annual recharge from the baseline (past mean
recharge) and for the period 2035 for 10 model chains.

A consistent order between all simplified models for each climate model chain can be
observed. The smallest differences and dftge best model performance can be
observed for model 1d1l which shows recharge values close to our reference 2D
model. This model has exactly the same trend as the reference model in recharge
changes under CC. The Finch and SWB model perform differepirticularly the

Finch model. Based on the Finch model, more climate model chains would predict a
decrease in recharge, whereas the reference model indicates an increase. Similar
results can be found by using the lower and upper quartile as an inadite¢charge

trends (Figure A3.6; supporting information).

3.8.3Drivers for model bias

Calculations of MSR for each year are carried out to identify the drivers for model
bias. It can be shown that for most years the MSR values are larger than 0.9 for each
recharge model, meaning that model simplification does not play a role and changes
in recharge for future climate conditions are only a function of the scenario (Figure
3.7). However, for each model some outliers appear. These outliers correspond to
weatler conditions with distinct different precipitation amounts and distribution, as
well as temperature values, such as observed e.g. for the hot dry year 2003
(Seneviratne et al., 201Z)he corresponding values for the outliers ranged between
0.85 (1d1l), 65 (Lumprem), 0.4 (Finch) to O (SWB). This order shows the
sensitivity of the models to extreme years. Simple models such as SWB and Finch
give similar results like the physical models for years with normal temperature and
precipitation distribution. Howeer, for extremes such as observed in the year 2003
and 2011 (validation period in the calibration) they simulated different recharge rates.
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Results already drift apart for some model types, for the chosen delta change
approach. This model sensitivity t&teeme years can become increasingly important
due to a higher probability, frequency and duration of extremes periods in future
periods (Schar et al., 2005).
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Figure 3.7: Model scenario ratio (Equation-18 for simplified groundwater
recharge model®r each climate model chain.

Calculating the NSE and PBIAS for each climate model chain, a model performance
order among the different simplified models can be observed, similar to the order of
model sensitivity to extreme years (Table 3.2). The NSE shiow the scenarios
values between 0.89 to 0.99 for the 1d1l and 0.89 to 0.97 for the Lumprem model.
For the former overestimation of the reference recharge rates based on PBIAS lies
only between 2.3 to 0.89 whereas the latter underestimate this vallie¥3kp 4.17.
Values for the Finch and SWB model show a NSE for the former between 0.49 and
0.93 and for the latter between 0.35 and 0.87. Values of PBIAS indicate a range of
7.52t0 7.88 and 7.21 to 12.35.
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Table 3.2: Variation of NS oefficient and PBAS to different groundwater
recharge models and climate model chains.

Period 2035
1d1l  Lumprem Finch SWB
Scenario Equation

Past 0.99 0.97 0.87 0.87
ETH 0.93 0.9 06 0.23
HC 0.92 0.88 0.61 0.35
SMHI_Had 0.97 0.9 0.84 0.56

SMHI_EC 0.98 0.93 093 0.7
MPI NSE 0.98 0.95 0.92 0.67
KNMI 0.98 0.96 0.93 0.75
ICTP 0.99 0.94 0.93 0.71
DMR 0.98 0.93 0.92 0.62
CNMR 0.89 0.86 0.49 0.35
SMHI_B 0.99 0.95 0.92 0.72
Past -2.3 1.03 -7.52 7.21
ETH -2.12 3.62 6.71 11.75
HC -0.89 3.1 6.64 12.35

SMHI_Had -2.03 3.42 -153 7.9

SMHI_EC -1.24 3.87 -1.26 89
MPI PBIAS (%) -1.62 3.22 25 979
KNMI -1.73 2.75 -2.58 8.37
ICTP -1.33 3.65 -1.83 9.35
DMR -1.27 4.17 -0.8 10.97
CNMR -1.87 3.18 7.88 9.99
SMHI_B -1.59 3.77 -1.98 8.15

Smallest values for NSE and highest values of PBIAS can be found for climate model
chains with the strongest increase in temperature and decrease in precipitation (Table
3.2 for the ETHZ_HadCM3QO_CLM climate model chain). Using future time
periods (Period 2D and 2085) where the increase in temperature and change in
precipitation distribution are stronger than in period 2035 the observed effect for
some models increases (Figure 3.8). Over the complete time series (periods 2035
2085) for the climate model cilaETHZ _HadCM3QO0_CLM, the 1d1l model shows
only a small change in model performance. NSE values are still close to 1 whereas
for all other recharge models a decrease through the different climate model periods
is observed. However, the decline in NSE fekoagain the degree of simplification
where the SWB model shows the largest decrease up to a val2esofSimilar
observations can be made using the PBIAS. The 1d1l and Lumprem model drift only
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slightly, whereas FincHpllowed by SWB, shows a drasticaige. The decrease of
efficiency results from sensitivity of models to stronger changing climate conditions.
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Figure 3. 8: Variations of NSEoefficient and PBIAS for different groundwater
recharge models. ETHZ_HadCM3QO0_CLM climate model chain is usedhéor
periods 2035, 2060 and 2085.

Monthly residuals between reference 2D model and simplified models indicate that a
underestimation of reference recharge occur in the summer and spring whereas an
small overestimation can be observed during winter anghautFigure 3.9). This
seasonal trend in oveand underestimation is stable over each time period for each
simplified model. An underestimation of the reference recharge during the summer
indicate that the effect of rapid infiltration (preferential regledrdue to commonly
strong summer precipitation events of the reference model cannot be simulated by the
simplified models. In contrast, the overestimation during the winter shows that the
simplified models simulate more recharge than the reference miusl.indicate

that the model parameters from the simplified models try to compensate the misfit
during the summer in the calibration process. Thus this compensation leads to model
parameter sets which maintain to higher recharge in the winter period. Still
satisfactory results can be archived for annual recharge but the error between
reference and simplified recharge on seasonal distribution are larger.
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Figure 3.9: Residuals between simulated monthly Recharge from the reference 2D
model and the Lumpreffupper panel) as well as the Finch Model (lower panel) for
the four simulated time slices.

3.8.4 Calibration of extreme years

To evaluate if simpler models show less predictive model bias if more extreme
conditions are included in the calibration, threalibration periods, year 2010
(normal year), years 2002/2003 (wet/dry year) and time series (year2R00) are
chosen.

In figure 3.9, a comparison between the archived MSR under the calibration periods
are shown. Under the calibration period 2002/2003iraprovement of the Finch
model, especially for the outliers can be observed. This is especially caused by a
better fit of the extreme years, such as 2003. The model parameter set estimated
under the calibration period 2002/2003 still does not fit pdyfeitie reference
recharge but simulate at least similar patterns for the extreme years (figure A3.7,
supporting information). Consequently predictive bias for actual recharge as well as

72



Chapter 3

under future time periods is smaller. Only small changes for theabadflLumprem
model can be observed whereas the SWB model with the inflexible model structure
shows no change. Similar improvements can be found when the calibration period
20042009 is used. A longer time series in the calibration period increase the model
performance for all models, only the SWB model shows no improvement. The
difference between the calibration period 2002/2003 and-2009 is marginal, but

a bit better under period 20@2009. To note is however, that the calibration process
with the time series 20042009 was almost three times longer than under the
calibration period 2002/2003.
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Figure 3. 10: Comparison between the archived MSR for each simplified model
under the calibration period 2010 (brown color), 2002/2003 ¢l color) and
20042009(green color) are shown for three model chains.

Calculation of the MSR (mean), NSE and PBIAS values under the calibration period
2002/2003 and 2010 indicate an improvement for the Finch model by using the year
2002/2003 in the calibration (Table 3.3jor instance, for the CNMR the NSE
increases from 0.49 to 0.71 and PBIAS change from an overestimation of 7.88% to
an underestimation of3.83%. A strong improvement cannot be observed for 1d1l
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model. Only under the climate model chain CNMR a change iliA®Ran be
observed. This may be explained by the delta change values for this climate model
chain. This model chain shows the longest and strongest decrease for precipitation
from summer until autumn. Using the delta change values from this model chain on
the past climatic conditions intensified existing extreme periods such as the drought
summer period 2003. However, the recharge behavior can still be represented by
model parameter sets obtained under the calibration period 2002/2003, whereas the
calibraton under period 2010 failed to a certain amount in reproducing realistic
recharge rates. However, for the climate model chains ETH and HC no improvement
due to different calibration periods is simulated. Results of NSE and PBIAS for the
Lumprem model do at give a clear trend in model improvement. NSE and PBIAS
indicate an improvement for the ETH climate model chain, whereas for the actual
climate condition a small decrease is observed. In addition, a decrease in NSE but an
increase in PBIAS for the Lumpre model performance under the climate model
chain CNMR can be observed. That is probably due the different sensitivity of the
modelscenario equations on simulated and observed recharge behavior. For instance,
the NSE is very sensitive to high rechargeesatwhereas the applied equation
performs better during smaller recharge rates. Similar results are found in a
comparison of different efficiency criteria for hydrological model assessment study
for peak and flow conditions (Krause et al., 200bhat indcates clearly that
decisions should not be based only on one model performance criteria; rather a
comparison of different impact calculations should be involved. Results are not
improved for the SWB model due the simple and not flexible model structordyof

1 soil parameter.
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Table 3. 3: Variation of NSE oefficient and PBIAS to different groundwater
recharge models and climate model chains for calibration period 2010, 2002/2003
and 20042009.

Period 2035
Scenario 1d1l Lumprem
calibrationperiod calibrationperiod
2010 2002 /03 20042009 2010 2002/03 20042009
ETH 096 0.97 0.97 093 0.94 0.94
HC (mja?n) 095 0.97 0.98 091 0.93 0.95
CNMR 095 0.96 0.96 092 0.93 0.93
Past 0.99 0.99 0.99 0.97 0.96 0.97
ETH 0.93 0.9 0.92 0.9 0.91 0.93
HC NSE 092 0.91 0.92 0.88 0.86 0.88
CNMR 0.89 0.84 0.86 086 0.75 0.91
Past -2.3 -2.26 -2.28 1.03 -2.84 -1.05
ETH 212 -2.31 -2.26 3.62 0.08 0.05
HC PBIAS -0.89 -0.89 -0.85 3.1 -0.47 -0.35
CNMR -1.87 0.01 -0.05 3.18 141 1.39
Finch SWB
calibrationperiod calibrationperiod
2010 2002 /03 20042009 2010 2002/03 20042009
ETH 0.89 0.91 0.92 085 0.85 0.85
HC (m(?:n) 0.87 0.89 0.92 0.82 0.82 0.82
CNMR 0.87 0.89 0.91 084 0.84 0.84
Past 0.87 0.91 0.92 0.87 0.87 0.87
ETH 0.6 0.79 0.82 0.23 0.23 0.23
HC NSE 0.61 0.78 0.79 035 0.35 0.35
CNMR 049 0.71 0.84 035 0.35 0.35
Past -71.52 422 3.59 7.21 7.21 7.21
ETH 6.71 -3.5 -3.6 11.75 11.75 11.75
HC PBIAS 6.64 -3.74 -3.64 1235 12.35 12.35
CNMR 7.88 -3.83 -3.56 9.99 9.99 9.99
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3.9 Summary and Conclusions

In this numerical experiment a heterogeneous 2D reference model was used to
simulate past and future groundwater recharge rates based on future climatic forcing
functions. Simpler models were calibrated against reference outputs and predictions
of both, reference and simpler models were compared to evaluate the effect of model
simplification for CC impact studies.

The most important conclusions are listed below:

All groundwater recharge models performance well for years with normal
temperature ranges and precipitation amounts. However, considering small time steps
the correct recharge pattern over the complete year cannot be simulated for the soill
water balance modelshik highlights the structural difference between the physical
reference model and the soil water balance modatéy weekly or monthly input

data of precipitation were useful to obtain a good model fit.

Simulations of 30 years for the past recharge ardeufuture climate conditions
using the calibrated model parameter sets for each model create a model bias, which
is smaller compared to the uncertainty originated from variability among the 10
different climate model chains.

Increasing simplification ofhe models tend to clearly underestimate mean and
minimum change in recharge compared to the reference 2D model. Predicted
groundwater recharge changes depend strongly on the degree of model
simplification.

Even though differences in the range (min, maxmedn) in simulated groundwater
recharge exist between the different recharge models, the trend for each climate
model chain is similar. For climate model chains with the largest change, increase or
decrease is similar for all simplified models in grountbvaecharge rates. Also a
persistent order between all simplified models for each climate model chain can be
observed.

Analysis based on MSR, NSEoefficient and PBIAS show similar trends. MSR
values are generally not smaller than 0.8, which shows thdelnsamplification is

not the controlling factor for recharge differences under future climatic forcing
functions. Recharge changes for future periods are mainly a function of the scenario
only. However, weather condition with hot dry years and distinéterént
precipitation amounts lead to model bias and outliers in the model scenario indexes
are observed. Simple models such as SWB and Finch give reliable results for years
with fAnormal 0 temperature and precipitati
observed in the year 2003 and 2011 with additionally delta change values they failed
to reproduce the reference recharge rates. This is important due to the fact that these
extremes are probably more frequent in future.

Analyzing monthly residuals betweerference2D model and simplified models
indicate that a underestimation of reference recharge occur in the summer and spring
months whereas an small overestimation can be observed during the winter period.
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The missing capability of the simplified modetsdimulate in a sufficient way rapid
infiltration (preferential recharge) of the reference model leads to an underestimation
during the summer. Due to this structural deficit of the simplified model some model
parameters have aompensatory role during thealibration process to achieve
satisfactory results but leads to an small overestimation during the winter.period

The aforementioned effects of extreme years on recharge and seasonal misfits can be
reduced by including extreme years or a longer timessser the calibration process.

The model bias can be reduced, especially for soil water balance models whereas the
1d and Lumprem model does not show a strong improvement.

The 1D physically based model reproduce best the reference recharge, followed by
sani-mechanistic Lumprem model, with only small differences between reference
and simulated recharge from the simpler models. However, this conclusion is based
on the assumption that the physical reference model reflect the best approximation of
real recharg processes for past and future conditions. Under this assumption the soil
water balance models perform different compared to physical based and lumped
model. This is quite important because many large scale impact studies use different
kinds of soil watebalance model approaches to simulate future recharge rates under
CC. Thus CC impact results from these studies need to be interpreted with caution.

In addition, it should be mentioned that our 3 applied model scenario equations are
slightly divergent irthe results. That is due to tfect that criteria can emphasize on
different types of simulatedbserved behaviour with different sensitivifyherefore,

we recommend that conclusions should not be based only on one single equation to
evaluate uncertaintyriginated from model simplification and from variability among
different climate model chains. Instead comparison of different impact calculations
should be involved. Limitations in this study are the assumption of a constant
vegetation cover and soilrgtture. Increasing temperature in the future will certainly
change growing periods of plants. Also, it is very likely that soils can dry out over
some future periods and macropores are created due to the soil water deficit. These
effects could additionatlinfluence predictions of recharge.
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Table A3. 1: Calibrated model parameter for each recharge model with initial and
lower as well as upper bound valdeseach calibrated model parameter.

Model Parameter Initial value lower bound upper bound
1dil Ksat 1 0.01 20
Porosity 0.4 0.3 0.6
vanGenuchten alph: 5 2 16
vanGenuchten bete 1.8 1.01 2.6
Qr 0.04 0.01 0.069
Wilting point 0.01 0.01 0.09
Field capacity 0.204 0.091 0.29
Oxic limit 0.495 0.3 0.65
Anoxic limit 1 0.66 1
Root depth 1 0.01 15
Evaporation depth 1 0.01 15
LAI 1 0.01 5
Finch Field capacity 0.26 0.25 0.32
Wilting point 0.1 0.01 0.24
Water saturation 0.34 0.05 0.4
Bypassflow 15 0.00001 20
Bypass portian 0.02 0.00001 0.5
Steam portion 0.017 0.00001 0.06
Steam strorage 0.016 0.005 0.05
Canopy 1.1 0.5 15
Canopy Fraction 0.5 0.2 1
Canopy capacity 1.1 0.5 15
Root portion 2 1 5
Root depth 2 0.00001 3
Lumprem Crop factorl 0.25 0.01 5
Crop factor2 0.25 0.01 5
Gammal 2 0.01 10
GammaZ2 2 0.01 10
Ksat 0.01 0.01 1
vanGenuchten m 0.2 0.01 2
Matrix flow 0.2 0.01 1
Macropore delay 2 0.01 10
Matrix delay 0.4 0.01 10
SWB Soil storage 75 50 250
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Table A3. 2: Climate change scenarios with associated GCMs and RCMs.

Institution GCM RCM UsedAcrony
m

SMHI BCM RCA SMHI_B
standardsensitvity

ETHZ (HadCM3Q0) CCLM ETH
standardsesitvity

HC HadCM3 (HadCM3QO0) HadRM3QO0 HC
lowsensitivity

SMHI (HadCM3Q3) RCA SMHI_Had

MPI REMO MPI

DMI HIRHAM DMI

KNMI ECHAMS5 RACMO KNMI

SMHI RCA SMHI_ECH

ICTP REGCM3 ICTP

CNRM ARPEGE ALADIN CNRM
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Chapter 4

4. Evaluating the effect of climate change on groundwater
recharge under different crdps

4.1 Abstract

Numerous studies have already been conducted to investigate the effect of climate
change (CC) on recharge ratdhe conclusions drawn based on obtained results
from most studies are limited in their explanatory power. Most studies have
diffi culties to reproduce the detailed effects of different crops on recharge rates due to
the simulated large scale of the catchment and associated simplification in the model.
In addition,studies often deal with sparse soil observations and data descridjrsg ¢

and growths, such as temporal leaf area indexes. Consequently, prediction for
different soil types and vegetation are highly uncertain.

This paper attempts to systematically explore the combined effect of CC and changes
in land use on groundwater rerge. We address these questions by combining
numerical modeling techniques with a significant amount of high quality lysimeter
data. These data comprised information on the effect of land use, crops and soils on
recharge rates. Results based on 1D nuwakmodel simulations indicate that for
most crops a decreasing trend in recharge occurs (betveerr60%) during their
specific vegetation periotHowever, for catch crops such as PhaceliaBermdporary
grasslandan increasing trend can be observedntshese crops in a crop sequence
buffer the decreasing trend in future recharge rates, but the amplitude depends
strongly on the growing season where catch crops are Tkedefore, usingctual

crop sequences from the lysimeter facility representétivenost agriculture areas in
Switzerland indicatesnly a decrease in recharge of 7 to 11%

Crop parameters such as leaf area index (LAl) and root depth (RD) a controlling
strongly the recharge rates but they will probably change in future due to ingreasi
water stress. Therefore, an analysis of the sensitivity of LAl and RD on future
recharge rates was carried out. It was found that simulated recharge is inversely
related to LAl and RD, where recharge is more sensitive to a decrease in LAl than to
RD. Therefore,final recharge estimates under original literature LAl and RD values
probably represent an upper boundary on recharge rate changes for thelruture.
addition, all simulations indicate a high predictive uncertainty in recharge due to

i Christian MoecK1), Volker Prasuh(2), Philip Brunner(1), Daniel Hunkelef1)

‘Centre doHydr og®ol ogi e et de G®ot her mi e

Neuchatel, Switzerland
’Agroscope ReckenholEanikon ART, Zurich, Switzerland
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variability originated among general circulation model (GCM) and regional climate
model (RCM) combinations and stochastic realisations of the future climatic
conditions.We can conclude that crops can have an effects on recharge rates similar
as changedue to CC.

4.2 Introduction

The spatial and temporal distribution of groundwater recharge is controlled by soil
type, vegetation and meteorological conditions. Predicted changes in meteorological
conditions due to CC will alter future groundwater recharge rates asdnffwence

the water balancéGoderniaux et al., 2009, Scibek, 2006, 2007, Scibek and Allen,
2006, SerraCapdevila et al., 2007, Stoll et al., 2011, Woldeamlak et al., 2007)
However, it is unlikely to assume that societal, political and economic comsliill

remain unchanged into future, and that CC alone is the driving force for changes in
recharge rate@Holman et al., 2012)In this context of CC and the other mentioned
multiple forces, changes in land use can occur, which directly also impagatée
balance(Eitzinger et al., 2003, Holman, 2006, Holman et al., 2012, Scanlon et al.,
2005, Scanlon et al., 2007)

Numerous studies have already been conducted to investigate the effect of CC on
recharge rates. For instanae,significant decrease igroundwater levels and in
surface water flow rates by the end of the century has been predicted by Godernniaux
et al. (2009) using numerical simulations for a catchment in Belgium. These
simulations contained four land use types to cover the model domtenand use

was not varied for the simulated time period. Stoll et al. (2011), used a hydrological
model with two fixed defined land use types where land use model parameters were
specified according to literature values. They found a small increasehizwrge for a
pre-alpine region in northern Switzerlanth the study of van Roosmalg2009)

land use was taken into account by using six different land use types based on
literature values. Increasing recharge in Denmark was predicted due to the intrease
winter precipitation.

The conclusions drawn based on obtained results from most studies are limited in
their explanatory power when different crop types controls recharge rates and pattern.
It is of course challenging in large scale studies to reptesmall scale processes
such as the detail description of crop parameters and growth. Therefore, model
simplification has to be included. In additiooften these catchment CC impact
studies deal with sparse soil observations and data describing casegdently,
prediction for different soil types and vegetation are highly uncefiaikhardt et al.,

2003)

To prevent neglecting local effects and still have reasonable computation times, high
quality lysimeter data could be used. Lysimeters are frelyueised in several
inverse modeling studies solving the Richards equafMertens et al., 2009,
Mertens et al., 2006, Stumpp and Hendry, 2012, Stumpp and Maloszewski, 2010,
Stumpp et al., 2012, Stumpp et al., 2009, Vrugt et al., 2003, Vrugt et al.,,2001a
Vrugt et al., 2001b, Wohling and Vrugt, 201Eully aware that only local processes
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are described andpscaling to the catchment is still challengifMgreecken et al.,
2010, Zhao et al., 2013kome studies indicate that lysimeter measurements are
representative for larger regions (Seneviratne et al., 2012).

Only a limited number of studies in both catchment and local scale focuses on the
combined effect of future climatic conditions and land use for groundwater recharge
rates.The vegetation parametease typically held constant and land use changes are
seldom taken into accounthis indicates that a systematic analysis of CC under
different crops is still missing, although knowledge of the extent of recharge changes
induced by CC under different c@pmight crucial for a sustainable water
management.

This paper attempts to explore the combined effect of CC and changes in land use on
groundwater recharge. More specifically, this study aims at addressing the following
research questions:

- What is the cmbined influence of different soil types, different crops and CC
for future groundwater recharge rates?

- Will and how CC affect the recharge rates and temporal patterns?

- Which land use strategy is most efficient to buffer changes in recharge rates
originated from the CC signal?

- How large is the corresponding uncertainty originating from the variability
among the different climate model chains for groundwater recharge rates
compared to changes in interannual variability expressed in a stochastic
modelling famework?

We address these questions by numerical modeling techniques based on a significant
amount of high quality lysimeter data. These data comprised information on the
effect of land use, crops and soils on recharge rates. Precise observationagd seep
water, soil moisture and actual evapotranspiration)(&&re used in the calibration
processThe use of all observations in a simulated coupled flow process enables us to
validate the correctness of all components of the water balance.

In this framework five 1D homogenous numerical soil models were created to
simulate past and future recharge for five crop sequences. In this crop sequences the
three dominant soil types of Switzerland are represefednges irfuture recharge

rates are simulated fogach crop type in the crop sequences for the three soils
consideredAll simulations of future recharge rates were carried out by combining
the use ofdelta change values from different GERCM combinations with a
stochastic weather generator. This stotibaapproach enables to simulate climatic
variability more realistically compared to the simple delta change downscaling
approach(Goderniaux et al., 2011)n addition, uncertainty linked to the chosen
climate model chains and natural variability in thienatic forcing functions can be
determined. The possible range of variation for projected recharge has been evaluated
using seven different GCMCM combinations and 10 stochastic realisations to
represenhatural variability of the climatic conditions.
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Results of relative changes in daily recharge rates for the lysimeter with the
associated crops and soils until 2085 are simulated. This time period was chosen
based on the temporal data availability of G&RE@Ms. A temporal analysis of
recharge was carrienlt to identify the effect of different growing seasons and crop
parameters under future weather conditions. In addition to changes in recharge rates
induced only by CC, a sensitivity analyses for the crop model parameters root depth
(RD) and leaf area ik (LAI) was carried out. This sensitivity analysis is based on
the fact thatwater stress will likely become more frequent and can affect the crop
parameters As transpiration can decrease significantly under dry conditions
(Eitzinger et al., 2003}he cucial effect of changing crop parameters was evaluated

4.3 Reckenholz Lysimeter

The lysimeter facility in ZuriciReckenholz, northern Switzerland (444m a.s.l),
contains 72 cultivated lysimeters where 12 are weighable. The lysimeters have a
surface of I’ and depth of 1.5m. The steel cylinders are filled with undisturbed
material from three dominant soil types for Switzerland (Prasuhn et al., 2009). The
soils were removed intact as monoliths using a special milling technology. The
Grafenried soil, a candol from the Bernese region comprises 18% clay, 27% silt
and 55% sand. The Pseudleyed cambisol directly taken from Zuriéteckenholz
comprises 25% clay, 55% silt and 20% sand whereas the luvisol from Schafisheim,
Aargau Region has 25% clay, 24% sildafil% sand. The average bulk density is
1.6, 1.4 and 1.5g/cinrespectively for the entire soil columns. The lysimeter facility
surface and basement as well as the present soils are shown in figure 4.1.
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c.) Grafenried soil

e 3 2 v

Figure 4.3: Lysimeer facility surface (a.) and basement (b.) as well as the three
present soil types {e).

The lysimeters are cultivated by different crop sequences representative for most
agriculture areas in Switzerland. Each crop sequence is planted in triplicatae and
conducted in parallel on the three different soils in order to determine the influence of
the soil. In this study, five lysimeters which cover the available three soil types and
represent the most occurring crop sequences in Switzerland were chbsen. T
covered time periods between 01.04.2009 and 12.07.2012 (based on the data
availability) as well as the crop sequences investigated in this study are listed in table
4.1.
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Table 4. 1 Crop sequences for the five different lysimeters represent tHferedt

soil types. The sowing and harvesting time is given for each crop.

Lysimeter Soil type Crop Sowing date Harvest date
Winter barley  01.10.2009 09.07.2010
3 Cambisol Phacelia 02.09.2010 21.03.2011
Sugar beets 22.03.2011 04.10.2011
Feed what 25.10.2011 12.07.2012
Winter wheat 01.11.2009 19.07.2010
. Colza 03.09.2010 27.06.2011
9 Cambisol
Temporary
grassland 17.08.2011 23.04.2012
Spelt 01.11.2009 19.07.2010
Temporary
10 Cambisol grassland 03.09.2010 14.03.2011
Field peas 15.03.241 05.07.2011
Colza 30.08.2011 04.07.2012
Maize 22.05.2009 22.10.2009
Pseude  \yinter wheat  31.10.2009 19.07.2010
5 gleyed  ppacelia 02.09.2010 14.03.2011
cambisol  Figld peas 15.03.2011 05.07.2011
Colza 31.08.2011 04.07.2012
Maize 22.05.2009 22.10.2009
Winter wheat  31.10.2009 19.07.2010
6 Luvisol Phacelia 02.09.2010 14.03.2011
Field peas 15.03.2011 05.07.2011
Colza 31.08.2011 04.07.2012

The amount of seepage water at the bottom of the soil columns is measured in 100 ml
steps witha tipping bucket. The drainage occurs only by gravitation. A filter layer
(gravel and sand) installed between 1.35 and 1.5m depth is used to avoid
irregularities of water fluxes and pressure atititerrupted lysimeter bottonTwelve

of the 72 lysimeterdave highly precise scales with a resolution of 10 g. Due to
weighing of these soil columns, quantitative measurements of actual
evapotranspiration (EJ can be calculated with:

ET.=PiQ N xS (1)
where P is precipitation [mm], Q is the amoohseepage water [mm] (representing
recharge in this study), and @S is the

from the change in lysimeter mass.
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The precise estimation of ETdepends on the surface and depth of the lysimeter
(Young et al., 296, Rana and Katerji, 2000). Only a sufficent surface and depth
helps to minimize boundary effects which limits the realiability of ET estimations.
The lysimeter surface and depth from this facility allowed making accurate
measurements of EEomparabled ET, estimated fluxes by flux stations or satellite
imagery. The lysimeter also contains various measuring probestgisgerature
sensors, tensiometers for measuring the surface tension of water, FDR sensors for
measuring soil water content, suction sdpr water removal) at four different soill
depths (0.1, 0.3, 0.6 and 0.9m) with two repetitions where data acquisition takes
place every five minutes. Precipitation was recorded at the official MeteoSwiss
meteorological station located close to the lysere(at 10m distance). The amount

of seepage water for the total time period corresponds 1863% of the total
precipitation amount. Comparing grass reference (Eadlculated with the Penman
Monteith equation) with measured EWe can observe that EiB 10 to 35 % higher,
depending on the crops.

A lysimeter data set, comprising amount and pattern of seepage and precipitation,

mean calculated soil water content (SMC) and calculateg da§ed on weight

changes in the lysimeter column is shown as an phkaifFigure 4.2). It can be

observed that smaller precipitation events lead not always to seepage if the water
content is |l ower than a0.3 Vol %in201d addi t i
can be observed where only seepage occur during the aatwhwinter period.
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Figure 4.2: Lysimeter data with recharge (mm/h), precipitation (mm/h), mean soil
moisture content (SMC in Vol%) and calculated, &fim/h) for lysimeter 3 with the
soil type Cambisol.

4.4 Historical Effects of Crops

In order to highight the effect of land use on recharge in terms of different crop types
and sequences an example from the measured historical data is given. Water content
in four different depths from three different lysimeter is displayed (Figure 4.3) as
well as daily sepage pattern and cumulative rates for the entire time series and
smaller time slot (Figure 4.4). The lysimeters contains the same soil type but are
operated with different crop types. The variations in among the lysimeters are
generally small (Figure 4)3 However, in spring/summer 2011 considerable
differences in water content occur due to different crop types and the associated
different water demand. The effect for seepage rates is, however, small due to the
already mentioned long dry period in 201 hfbrtunately during this period the most
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significant difference in water content occur but the explanation power for recharge is
limited.
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Figure 4.3: Soil moisture content (SMC) for lysimeter 3 in 4 different depths for the
entire time series (left pat) and a chosen time slot where differences in SMC occur
(right panel).

Considering just the time slot from 2011 (spring/summer) shows that plants with
larger root depth and LAl lead to reduced water content and partly seepage. For
instance, colza (Figar4.3 and 4.4, red colour) with deep roots and large LAI induce
reduced water content up to a depth of 90 cm. In contrast, using peas (Figure 4.3 and
4.4, green colour) instead of colza leads to delayed decrease in water content and a
dumped reduction. Fanstance, in 90 cm depth only a minor reduction in water
content can be observed.
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Figure 4.4: Hourlyleft panel) anccumulative seepage (righainel) for lysimeter 3
for the entire time series (top row) and a chosen time slot (bottom row).

4.5 Climae input data

In this section, the used past and future climatic data for the 1D models are described.
The applied methodology, which combines delta change values from seven different
GCM-RCM combinations with a stochastic weather generator, is presehted.
estimate theuncertainty linked to differences in GCMs and RCMs, a nmtidel
ensemble approach is used, whereas the uncertainty linked to theninted
variability of the climate is evaluated by using different stochastic realizations of the
possble climatic conditionsThe combined method was applied to generate daily
transient climatic input data to identify temporal change in recharge rates for each
crop under the specific vegetation period.

4.5.1 Past climatic data

Measured data from the@&feoSwiss weather station ZuriBeckenholz, Switzerland

were used to calculate grass references potential evapotranspiration using the Penman
Montheith equation (Allen et al., 2005). This grass reference evapotranspiration was
adjusted by crop coefficien{Allen et al., 2005) for the each respective crop.

ETc=ETo* K¢ (2)
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where Et is the crop evapotranspiration [mm/day], (EE the reference crop
evapotranspiration [mm/day] and. i6 the dimensionless crop factor for the specific
crop type.

4.5.2 Future climatic data

A total of seven model chains for the A1B emission scenario are used for the
simulation under future climate conditions (Supporting information, table A4.2).
These model chains consist of a GCM driving a RCM. Regional scenaidsrared
directly from the output of individual GCNMRCM model chains by means of the
statically downscaling technique to the MeteoSwiss monitoring network with an
inverse distance weighting interpolati(Bosshard et al., 201Bnd areprovided by

the Ceter for Climate Systems Modeling (C2SMttp://www.c2sm.ethz.ch/ The
applied model chains provide a daily time series of delta change factors for
precipitation and temperature for three periods (2035, 2060 ark) g8tive to the
reference period 198P009 (Figure 4.5).
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a.) Precipitation
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Figure 4. 5 Daily climatic change factors (Delahange Approach) for each climate
model chain for the scenario A1B. a.) Daily precipitation and b.) Daily mean
temperature from Meteoswiss wieeat station in ZurictReckenholz.

Subsequently, a technique, which combines the delta change factor and stochastic
weather generator approach, is used to generate transient CC scenages.
interpolation was carried out between the three periods deitfa change values in

order to obtain a continuous time series for each day and each year between 2011 and
2085. This continuous time series of delta change values are then used in a stochastic
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weather generator (LARB/G, Racsko et al. 1991, Semenov andridw 1997,
Semenov et al. 19980 create 10 different realisations of future precipitation and
temperature values for each of the seven model chains. The 10 different realisations
are required to represent possible future weather patterns. This stepgsbach
enables to simulate climatic variability more realistically compared to the simple
delta change downscaling approag¢oderniaux et al.,, 2011)Using that
methodology, we are able to analyze the timing of an expected change in recharge
rates, wiereas the delta change method predicts increase or decrease of recharge only
for the three stationary time periods. The conceptual approach is shown as an
example in figure 4.6 for the climate mode
interpolation betweerthe years 2011, 2035, 2060 and 2085 for temperature and
precipitation for each year from 2011 to 2085 and each day during the year is
demonstrated.
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Figure 4. 6 Linear delta change factor interpolation between the year 2011 and the
threetime period 20352060 and 2085 (red lines) for a.) Temperature and b.)
Precipitation for each year from 2011 to 2085 and each day is shown. Red and blue
colors indicate an increase and decrease trend, respectively.

Only 10 different realisations for each climate modehio and each year were
carried out in order to reduce the simulation time. More realisations of the weather
pattern would certainly cover the CC effect in a still more realistic way. However,
already 5320 simulations for each crop type and scenario vegreect out and
reached therefore a certain limit of computation time (76 years (yearZ0&E)
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multiplied by 7 GCMRCMs and 10 stochastic realisations of temperature and
precipitation give 5320 simulations. This value must be further multiplied with 16
different crops for 4 lysimeters used in the ongoing study and 2 different crops with
each 4 scenarios in the sensitivity analysis). In total 127680 simulations were carried
out

4.6 Model and modeling strategy

In this section, the mathematical modelingrieawork is presented. Subsequently, the
conceptual numerical model structure is introduced. Then the calibration strategy and
chosen model validation criteria are presentéd the last part, the scenario
simulation approach will be explained.

4.6.1 Matheratical model framework

In this study the numerical finite element model HydroGeoSphere (HGS) was used
(Therrien et al., 2007). In HGS, a control volume finite element approach is used to
simultaneously sol ve Ri chaiaussd sebsudaaet i on de
flow.

nn t3 v — =Y 3)

whereS, is the water saturation][ Gex is the volumetric fluid exchange rate’L®

T between the subsurface domain and all other domains used in the model, Q is the
fluid exchange rate fromdundary conditions [tL™ T*] andd; is the saturated water
content f]. The fluid fluxq [L T™] is subsequently given as

n oonr @ (4)

wherey is the pressure head']Lk. the relative permeability-] of the mediumK
the saturad hydraulic conductivity [L F] andzthe elevation head [L].

The unsaturated hydraulic conductivity is defined using the Mualeam Genuchten
model(vanGenuchten, 198@)r unsaturated soil hydraulic properties.

N 30 p p 3A where £ p - (5)

where U is the inverse of the aentry pressure head fI, b is the presize
distribution index,d; is the residual water conterd,[Seis an effective saturation,
given by 3= (i d)/(17 d) andlis the poreconnectivity parameter. Precipitation

is partitioned automatically in the model into evapotranspiration, runoff and
infiltration (Goderniaux et al., 2009bAccording to the work of Kristensen and
Jensen (1975), actual transpiratidi) (@nd evaporationg) is a function of potential
evapotranspiration Eyo) [L T, soil moisture {], evaporation depth [L], root
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distribution function over a given deptRIDF) [L], and Leaf Area IndexLAl). Tyis
given as

Y Qi6Q—YO® © (6)

whereEcan is the tree canopy evaporation [['T The linear relationship betwedn
andLAl give the vegetation functiory)

MMOOdOawamiQd 60060 (7)
whereC1landC2 are fitting parameters]|

TheRDFis given by
YO O——- (8)

wherelL, is the effective root length [L] anzlthe depth beneath the soil surface [L].
The root extraction function is given y( z[B*)T™]. The moisture content function
() relatesT, to the moisture state and has the form as:

T L
vAE ] I
N | ()
ofE /|
LTt | ]
where Q p —— (20)
Q p — (11)

C3is a fitting parameter-], di. is the moisture content at field capacitl, is the
moisture content at the wilting poirt is the moisture content at the oxic limit and

dan is the moisture content at the anoxic linlelow the wiltingpoint moisture
content, transpiration igero; transpiration then increases with moisture content to a
maximum at the fiele&capacity moisture content. This maximum is maintained up to
the oxic moisture content beyond which the transpiration decreases to zero at the
anoxic moisture content. Whehe available moisture content exceeds the anoxic
moisture content, the roots become inactive due to a lack of aeration.

In HGS, evaporation from the surface and-sulface soil layers is a function of
nodal water content and an evaporation distribuimction EDF) over a prescribed
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extinction depth. The model assumes that evaporation occurs together with
transpiration, this resulting from energy that penetrates the vegetation cover. It is
expressed as:

O |0 O YO (12)

The wetness factdl is given by:

— 0t — —
Z P Q¢+ — (13)
Tt Q¢+~ —

wherede; is the moisture content at the erfdfte energy limiting stage (above which

full evaporation can occur) and, is the limiting moisture content below which
evaporation is zero.

An EDF is an evaporation density function defined by the user. It is assumed that the
amount of available enerdgr evaporation decreases with increasing depth. Here, we
have chosen a linear function to describe the rate of decrease between the soil surface
and the extinction depthe (L).

The rate of transpiration for a given nodd X can be estimated by sultsting d in

equation (11) with the nodal water contefit The total transpiration rate is then
calculated using:

Y B Y (14)

wheregi s t he number of nodes that.THerae wi t hi n
of evaporation for node i can then be estimated by substituting the nodal water
content i and nodal evaporation distribution function EB# equations (6)11).

4.6.2 Numerical model and calibration

The D models were created with 135cm deptid é&cm vertical discretization.
Specific flux boundary was used on the top of the column (potential ET and
precipitation), while a seepage boundary at the bottom was applied. Several studies
shows that the water dynamics could be reasonably describedhssiagsumption of
homogenous soil conditions even for strongly differing text(Beselle et al., 2012)
However, based on soil samples and moisture measurements throughout the depths of
the Reckenholz lysimeter, only small differences in texture wergeroed, a
homogenous model structure was chosen. Runoff was completely neglected due to
the lysimeter steel cylinder edge (higher than the surfaces), which prevented runoff
during precipitation events.

The calibration of the 1D model was carried out ustiST (Doherty, 2010). The

time between cropping and harvesting for each crop type was subdivided into two

104



Chapter 4

parts. The first half was used for the calibration and the second for the validation.
Daily values of cumulative seepage water amount (referred alsgraundwater
recharge), water content averaged over the deptf#)@&h, and ET were used as
observed data for the calibration. Mertens et (aD06) demonstrate that using
average moisture content in the calibration enables to identify reliable retantion
hydraulic conductivity curves, although local fluctuations in different depths are
neglected. In addition, Brunner et £012)show for a 1D modeling study that the

use of ET, data in the calibration can help increasing the model parameter
identification capacity and reduce predictive uncertainties, but the efficient of the
calibration with ET, depends on the depth to the water table. Due to the shallow
boundary in 1.35m for the lysimeters used in this study, it is expected that the
information contat of ET,is considerable for the model calibratiGiurthermore, the
simulated coupled flow process enable to validate all components of the water
balance against the observations. The bias induced by the calibration is easier to
detect than using only sanoisture content observations to calibrate the model.

The used weight for each observationgroup f | ect s 1/ G, where
error. A measurement error of 0.1kg precision for the collection of drainage water
(0.1mm of water column on the lysimeter) and 0.05 Vol% of the water content was
used due to the reported accuracy of the used sersor ET, 0.01lmm was used
based on the 0.01kg weighting precision for the lysimeter mass. The weighting of the
mass are used in equation 1 as a storage chgngdt(should be mentioned that the
measurement uncertainty of Edan be higher due the inpdaly of precipitation and
seepage water amount measurement errors.

Initial values for the calibration of the soil model parameters sudh,as @ndd; b

were estimated using the program Ros¢8ahaap et al., 2001pn pedetransfer

model which predictsoil hydraulic parameters from soil textures. These parameters
were calibrated subsequently for each soil type. The estimated soil model parameters
for the first crop type walbration bfithesesl as
parameters in a range df0 to 10% for each new appearing crop was carried out to
account for possible changes in soil structure due to different crops and root growth.
Although a maximum change e10 to 10% was permitted, the archived retention
curves based on the van Genuchterapeeters differ only slightly (not shown).
Vegetation model parameters such as LAl and RD were taken from the literature
(Table 4.1; supporting information) (Breuer et al., 2003, Yunusa et al., 1993, Garcia
et al., 19880ORNL 2001,Jamieson et al., 1995pp et al., 1998) and only parameters
Clto C3were calibrated in a range of 0 to 1 for each crop type.

4.6.3Model validation

Four model performance criteria were used to characterize the model results from the
five different lysimeters under differentopr sequences (section 5.These model
scenario equations were chosen because the results interpretation can be challenging
due to the fact that model scenario equations can emphasize on different types of
simulatedobserved behaviors with different seigiy. For instance, R is
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oversensitive to high extreme values and unaffected by proportional differences
between predictions and observations.

Nevertheless, the coefficient of determinatiohvis first used to verify whether a
linear relationship (R=1) existed between the simulated and measured values.
Secondly, the Nash Sutcliffe model efficiency (NSE), which is a normalized value
that determines the relative magnitude of the residual variance compared to the
measured data varianfash and Sutdfie, 1970) was applied.

B

0 YO p =

(15)

where9 is the observed value9, is the simulated value9 is the mean

calculated value from all obsation and n is the number of observations. NSE
provides values between 16, wher e 1 indicates a perfect
The percent of bias (PBIAS) was calculated according to the method given by Gupta

et al. (1999).

0" )1 3 i (16)

PIBAS provides a measure of over underestimation for each observation group.
An optimal value is 0% while a positive value indicates an underestimation and a
negative value an overestinati

The last method used to validate the calibration is the Kliogta efficiency € ' %
Developed by Gupta et al. (2009) and revised subsequently by Kling (04R)
this method ensures that bias and variability ratios arecnogscorrelated ad
provide a diagnostically decomposition of the NaShtcliffe efficiency into
correlation, bias term and variability term.

+'% 1T p T p T p (17)
[ (18)
r — — (19)

where+ ' %s the modified KGEstatistic (dimensionless); is the correlation
coefficient between simulated and observed values (dimensiomless)the bias
ratio (dmensionless), is the variability ratio (dimensionless),is the mean value
used in the analysiCV is the coefficient of variation (dimensionles$),is the

standard deviatioof used values in the analysis, and the indeasd o represent
simulated andbserved values.
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4.6.4 Simulations

Simulations were carried out for four lysimeters involving the soil typecambisol
(Lysimeter 3, 9 and 10) and pseudaleyed cambisol (Lysimeter 5) with the
associated crops.Since lysimeters 5 and 6 have simitasoil textures and crop
sequence, gave comparable field data and similar results in the calibration, lysimeter
6 was omitted to reduce computational time. The simulated crop sequence is same to
the crop sequence in the lysimeter experiment (Table 4.1).

Each crop type was simulated between the sowing and harvesting times. For crop
sequence where after the harvesting a time lag occur until the next crop was planted a
fallow land use was implemented. Throughout all simulations, a warphase for

the first crop type in each crop sequence of six months was chosen to minimize
effects related to the initial conditions. Except for the first crop type in each
sequence, the last moisture content distribution of the previous simulation was taken
as initial conditon for the following appearing crop. Daily values of potential ET and
precipitation were used as input for the model. Simulatadrgroundwater recharge

for 76 years (time series without the delta change factors, past recharge/seepage)
were carried out irder to provide a baseline, whidan be compared to future
groundwater recharge rates. All subsequently simulated future recharge rates

are based on predicted CC established by delta change values for each year and
day for the A1B scenario until 2085 ad 10 stochastic realisation.

In addition to these simulations a scenario modeling approach was carried out to
evaluate the sensitivity of recharge rates on LAl and RD values. A change in LAl and
RD values is assumed, as water stress (considerable redatexdcontent in the
lysimeter) will likely become more frequent. Water stress frequently leads to a
reduction in yield and LAI as observed in field studi€saasen and Shaw 1970).
Water stress during vegetative growth reduced LAI values due to a resizeeof

the leaves. Water stress causes early loss of lower leaves and decreases dry matter
weight and grain yield as a result of reduced intercepted radiation (Cakir 2004).
Therefore, under drought conditions, transpiration decreases signifi¢Ei#inger

et al., 2003)and it is thus crucial to evaluate the effect of changing crop parameters
such as LAl and RDThe chosen scenario modeling approach of this sensitivity
analysis is subdivided in two different parts. In scenario 1, changes in recharge
compared to the baseline are a function of the climatic conditions and adjusted LAI
values. he LAI values were reduced by 5, 10 and 20% followed by an increase of
20%.In scenario 2, the RD systematically changed b$0, - 25 and-50% followed

by an increae of 50%. Thesensitivity analyses were conducted for lysimeter 3
because it represents a range of different crops typically used in agriculture for
Switzerland.
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4.7 Results and Discussion

In this section, the calibration results are given to evaltheegoodness of the fit
based on the model performance criteria. The simulated relative change for each crop
type until 2085 based on the bestimated model parameters obtained by the
calibration is presented. Based on the obtained results, some cspecgs were

taken to study the temporal differences in recharge rates during the applied transient
CC simulation in more detail. The effect ®dwing and harvesting time and plants
parameter is analysed as well. The results of a sensitivity analystseardiscussed

to demonstrate the importance of changes in model crop parameters.

4.7.1 Calibration

A comparison between simulated and observed moisture content, cumulative seepage
and cumulative EJ is given based on graphical interpretation ambdel
pefformance criterido validate the goodness of the calibration. A good fit of average
soil moisture content, cumulative seepage water amount (recharge) and cumulative
ET, (Figure 4.7)for lysimeter 3 under all four crops was observed. Small
discrepancies @ur between simulated and observed, EF all crops, whereas the
moisture content and the amount of seepage water are well reproduced.

Winter barley
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Figure 4. 7:Fit between measured (grey) and simulated (blue) soil moisture content
(SMC) (top row), cumulative seage (middle row) and cumulative E{bottom row)

for Winter barley, Phacelia, Sugar beets and Feed wheat for lysimeter 3. The vertical
gray line distinguish between calibration and validation period.
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The performance criteria listed in table 4.2 summatisegalibration results for each

crop and soil type. They are in good agreement with the graphical interpretation. Low
performance criteria values are obtained for the crop Phaelmaporary grassland

and Field peas. This is due to small variations mistare content, seepage water
amount and EJrates. These observations are stable in time (only minor variations),
which | ower the information content to
the calibration process. The relatively short calibratiome for Field peas also
lowered the calibration results. The largest differences between simulated and
observed values appear for Edhich shows the highest measurement uncertainty
and inaccuracy in Ktaken from FAO literature guidelines (Allen et a005).
However, the performance criteria for most crops indicate an accurate fit between all
simulated and observed components ofwheer balance.

It should still be mentioned that the applied model scenario criteria show diverging
results due to diffient sensitivity on the simulated and observed values. The
lysimeter 10, which contains Field peas, for instance, shows a perfect fit between the
observed and the simulated F®r the criteria R and only a smallinderestimation

in PBIAS whereas the NSEnd KGE indicate a less good fit. To validate the
calibration, we gave finally more weight on NSE and KGE. For instance, KGE was
assumed to be the better criteria thanbBcause iensures that bias and variability
ratios are natrosscorrelated and prage a diagnostically decomposition of the
NashSutcliffe efficiencyinto correlation, bias term and variability term. We assumed
that the decomposition helps to provide a more robust validation of the calibration.
However, a detail discussion of strengtnrsd weaknesses of model performance
criteria is not the aim of this work but we indicate that the evaluation of the model
performance should not be based only on one model performance criterion, but rather
a comparison of different criteria should be ineml. A good review about the pros

and cons of different model performance criteria can be fouBdmmet et al. (2013).
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4.7.2 Changes in recharge rates

In this section, the relative (%) and absolute cumulative (mm) change in recharge rate
until 2085 compared to the baseline (past recharge)obf @@p used in this study is
shown. The maximal simulated change under different @&BM combinations in a
stochastic framework is analysed and uncertainties in the predictions are given
(Figure 4.8).

Most crops show a percental decrease in rechargeuraie2085, but in a wide range

of different amplitudes depending on the GEREM combinations and stochastic
realisations. The strongest decrease is simulated for Grain maize, which grows from
May until October when the strongest increase in temperatude dacrease in
precipitation is predicted, followed by Field peas, which grows also during summer.
Only Phacelia and the twbemporary grasslandadicate for some model chains an
increase in recharge. For the crop Phacelia, a mean increase of 6.9%i)asesinut

in a range of 1.4 to 15.1% depending on the chosen climate model chains. The two
Temporary grasslandsnder different soil types indicate a mean increase of 8.5%
(Lysimeter 10) and a mean decrease006% (Lysimeter 9) under all climate model
chains. The differences in recharge between lysimeter 9 and 10 with temporary
grassland can be linked to different soil types, where already in the historical recharge
data a difference between the soil types from these lysimeter of 5 to 10% can be
obsened.
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Figure 4. 8 Boxplot summary of all simulations for each crop type and lysimeter as
well as climate model chain and 10 stochastic realisations for 2085 is shown (Period
from 2011 to 2085). The percentile change compared to the baseline (hasgegds
displayed. A positive value indicates a recharge increase and a negative a decrease
compared to the baseline. The different colours of each boxplot represent the seven
different GCMRCM combinations.

In order to understand underlying processesecharge changes associated with
growing period and crop parameters such as LAl and RD the absolute change for
chosen soils and associated crop types are shown in figure 4.9 (LAI) and 4.10 (RD).
The vertical arrows show the combined uncertainty origindtech GCM-RCM
combinations and stochastic realisation of the interannual variability in precipitation
and temperature. The size of the rectangle shows the model parameter value for the
related crop, whereas the position indicate the mean simulated changé the
different from GCMRCM combinations and stochastic realisation. The horizontal
arrows show the growing period. For instance for Lysimeter 9 (figure 4.9; bottomleft
panel), we can observed that with increasing LAI value the absolute change érom th
reference period in recharge increase. Winter wheat with a large LAI shows the
highest difference between past and future recharge rates, whereas for temporary
grassland changes are negligible.
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Figure 4. 9 Absolute change in recharge rate from thierence period for each
chosen lysimeter and associated crop types. The vertical arrows show the combined
uncertainty originated from GCMCM combinations and stochastic realisation of the
interannual variability in precipitation and temperature. The siz¢he rectangle
shows the model parameter value Leaf area index (LAI) for the related crop, whereas
the position indicate the mean simulated change out of the different from FR3TN
combinations and stochastic realisation. The horizontal arrows showrdineng

period.

Recharge changes depends strongly on the value for LAI, rather than on RD (Figure
4.9 and 4.10) Using again the aforementioned example from lysimeter 9 for the

model parameter RD (figure 4.10; bottomleft panel), we can observed thaatsamul

with a small RD for Winter wheat still gives large differences between future and past

recharge. That indicate already that recharge is more sensitive to LAI rather than to
RD.
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Figure 4. 10 Absolute change in recharge rate from the referencedgéor each
chosen lysimeter and associated crop types. The vertical arrows show the combined
uncertainty originated from GCRCM combinations and stochastic realisation of the
interannual variability in precipitation and temperature. The size of thengieta
shows the model parameter value root depth (RD) for the related crop, whereas the
position indicate the mean simulated change out of the different from-BCM
combinations and stochastic realisation. The horizontal arrows show the growing
period.

For the different crop sequences (see table 4.1 for the crop sequence for each
lysimeter), a decrease in recharge of 7 to 11% is simulated. Single crops indicate
recharge decrease, but in the crop sequences, the catch (intermediatefastops (
growing crop that is grown between successive plantings of a main cug) as
Temporary grasslanand Phacelia, where increasing recharge is predicted buffer to a
certain amount the decreasing recharge rates.

Assuming a change in agriculture practice from the historical used crops to
Temporary grasslangvould mostly create an increase in recharge. However, the
timing in the seasonality when the changes to Temporary grassland occur influences
the amplitude of chages in recharge rates. In table 4.3, the differences for lysimeter 3
from the historical used crops Temporary grasslandre presented. This lysimeter

was chosen as an example because it covered common used crops in Switzerland and
has different growingperiods with the longest time series of historical data. This
change from crops used agriculture to Temporay grassland is in particular interesting
due to the topic of intensivation of agriculture and vice versa. Especially by high
Nitrate concentration inaquifers used for drinking water supply a change in
agriculture practice is common, often related to a change to grassland (e.g. Fischer et
al., 2010).
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Only small differences in future recharge rates can be observed when Winter barley is
replaced byTemporary grasslandwhereas the alteration is higher when Sugar beets
are replaced. This indicates again the seasonal effect of crops growing period for
recharge rates. Sugar beets grow from spring to autumn, while the strongest increase
in temperature and deease in precipitation is predicted in summer and autumn. A
crop change to Temporary grassland, with smaller RD and LAl values than Sugar
beets reduce ETand more recharge can occur. Winter barley, in contrast, grows
during winter and spring where watgeficits are uncommon and recharge rates are
less affected by different crops. Therefore, a change to catch crops would be most
efficient during late spring until autumn. However, considering also yield and cost for
agriculture will restrict or complicatezkrtainly a land use strategy as mentioned.

Table 4. 3Percentage differences in future recharge rates for original crops and with
an assumed change from agriculture crop sequenicemporary grasslanor the

period 20132085. The absolute valuagslicate the change compared to the baseline
(past recharge).

Change in recharge from baseline

Previous Mean absolute value Switch to Mean absolute value
crop change (%) (mm/a) change (%) (mm/a)
Feed 10 39 Temporary 5 23
wheat grassland

Winter 8 5 Temporary D 6
barley grassland

Sugar 15 38 Temporary 5 13

beets grassland

4.7.3 Transient climate change simulation

In this section, a temporal analysis for the entire time series of future and baseline
(past) recharge rates is givassing this aproach, we are able to analyze the timing

of an expected change in recharge raldse temporal trend of recharge rates for
Temporary grasslandolza and Feed wheat is provided in figure 4.8 for their specific
vegetation period. These crops were choserarasexample because they have
distinctly different temporal trends of changes between baseline and future
groundwater recharge rates. Furthermore, they have nearly the same sowing and
harvesting time and can be therefore used to identify the effect efaiitfcrops for

future recharge trends. For the remaining crops the temporal recharge trends can be
found in the supporting information (figure A4.1 and A4.2).

For Temporary grasslanduture recharge rates show both an increase and a decrease
compared tothe baseline, depending on the chosen model chain and stochastic
realisation (Figure 4.11a). In contrast, Colza shows a recharge trend comparable with
Temporary grasslanantil the year 2035, followed by a decreasing trend compared to
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the baseline (Figuré.11b) until 2085. However, still three out of 70 (4%) realizations
show a small increase until the end of the century. For Feed wheat, a similar trend as
reported for the other two crops until the year 2035 can be observed, whereas the
decrease in rechge rates for all climate model chains is strongest (Figure 4.11c).
While Temporary grasslandnd Colza still show an increase in recharge for some
equiprobable stochastic realisations until 206&ngporary grasslan@ % and Colza 4

%), the predictions foFeed wheat do not indicate that. This observed temporal trend
in recharge rates for Feed wheat is transferable to most crops (Figure A4.1 and A4.2,
supporting information). The temporal differences between recharge rates from the
used crops in this exampiiepend on the crop parameters. A maximum LAl value of

1 and RD of 35cm for Phacelia has a less negative effect on recharge than Colza (LAI
3.1, RD 135cm) or Feed wheat (LAl 3.3, RD 135cm). Effects of the different soil
types can be excluded because itegivonly minor (less than 10 %) differences in
recharge rates and patterns.
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Figure 4. 11 Cumulative seepage water amount between 2011 and 2085 of the
transient CC simulation for allemporary grassland.) Colza and c.) Feed wheat
during their speciti vegetation period is shown. The dashed black line represents the
baseline (past recharge) whereas the coloured solid lines displayed the seven different
GCM-RCM combinations with the associated equiprobable stochastic realisations.
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4.7.4 Sensitivity aalysis

In order to evaluate the possible effects on recharge rates due to changes in LAl and
RD a sensitivity analysis was carried out. A change in LAl values and RD is assumed
to be required as water stress become more frequent. Water stress can eanggess ch

in RD and LAI. The crops, Sugar beets and Feed wheat from lysimeter three were
chosen as an example because they covered different growing periods. Sugar beets are
sawed in spring and harvested in autumn, where the temperature increase and
precipitaion decrease are highest (Figure 4.2 and 4.3). In contrast, the Feed wheat is
sawed in autumn and harvested in the following summer. An increase in precipitation
is predicted especially over late winter and early spring.

Simulations with changing LAI andD values for Feed wheat indicate a variability of
recharge rates (Figure 4.10). Simulated recharge is inversely related to LAl and RD
(Figure 4.10 and table 4.4). Decreasing of LAl and RD leads to an increase in
recharge whersimulatedrecharge is moreessitive to a decrease in LAl than to RD,
which is consistent with the findings of Kesse et (@005) A reduced LAI value of

20% for Feed wheat leads to a simulated increase of recharge of 7.9% while an
increase of 20% leads to a decrease of 9.2%. @hdtrunder a 20% decrease in LAI

is interesting because simulated recharge is subsequently close to the baseline
recharge (past recharge, red dashed line).

119



Chapter 4

Figure 4.14: Sensitivity of recharge rates on the Feed wheat al)an8l b.) RD. In
references scenario (Aoriginal o
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RD already reaches the bottom depth of the lysimeter.

A RD decrease of 50 % leads to a recharge increase of 2% for Feed wheat (Table 4.4).
A RD increase for Feed wheat could not be simulated because the actual RD already

reaches the bottom depthtbk lysimeter. It is very likely that the LAl and RD values

will change in for future time periods and used actual literature values lead to an over

estimation of the impact of CQherefore, recharge estimates under original LAl and
RD values may represean upper boundary of recharge rate changes for the future.

120

(0]



Chapter 4

Table 4. 4 Sensitivity of recharge rates to variations in Leaf area index (LAI) and
root depth (RD) for lysimeter 3 and two crops.

Parameter LAl RD
Reduced Increased Reduced Increased
5% 10% 20% 20% 10% 25% 50% 50%
Sugar beets 1.52 3.13 9.59 -5.98 0.18 0.42 0.83 -0.65
Feed wheat 2.04 245 7.90 -9.20 0.82 126 189 -

4.8 Conclusions and Recommendation

In this study 1D unsaturated zone models were used to simulate future recharge rate
for different crops and three considered soils. The numerical modeling technique was
combined with a significant amount of high quality lysimeter data to ensure a reliable
representing of historical and future recharge rate under different crop types. Th
lysimeter data comprised information on the effect of land use, crops and soils on
recharge rates.

Several conclusions can be drawn from the investigation of the combined effect of CC
and crops on groundwater recharge. Climate, vegetation and soilsdmra on the
recharge rates. Using the available three soil types, differences in recharge rates of
around 10% could be identified. These differences between the soils are observed in
the field data for the time periods where the crops are identicallynethe simulated

future recharge values. But this is the least significant factor compared to climate and
vegetation in this study.

Simulations indicate that for most crops a decreasing trend occurs compared to past
recharge during their specific vegiba period. The differences here are functions of
crop parameters, vegetation period with the associated change in precipitation and ET
due to CC and uncertainty linked to variability between GR®M combinations as

well as the interannual variability ¢fie climate. In contrast to most other crops, for
catch crops such as Phacelia dr@mporary grasslandn increasing trend can be
observed. Small RD and LAI values lead to lesg &1d consequently to increasing
recharge. Simulations with used crop segesricom the lysimeter facility indicates

only a decrease in recharge of 7 to 11% (mean annual recharge is around 330 mm).
Using the catch crops in a crop sequence a buffering of the decreasing trend in future
recharge rates can be realised, but the buffgracity depends strongly on the
growing season where catch crops are used.

Simulated recharge is inversely related to LAl and RD, where simulated recharge is
more sensitive to a decrease in LAl than to RD. It is very likely that LAl and RD will
change inthe future due to water stress induced by CC. Therefora, recharge
estimates under original LAl and RD values probably represent an upper boundary on
recharge rate changes for the future.

Considering the uncertainty of simulated future recharge, ameconclude that the
highest uncertainty is linked first due to the GE&REM combinations and then to the
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interannual variability expressed by the stochastic weather realisations. Uncertainty
due to the model calibration seems to be smaller than the farneartainties,
expected crops where only low information content of the observations are available.
It should be note the used methodology which create transient CC climatic input data
and give the possibilitio detailed analysis when an expected chamgecharge rates
occur. This is in contrast to the delta change method where an increase or a decrease
of recharge can be predicted only for the three stationary time periods. Therefore, if
the temporal change in recharge is in particular interestedatmgidnt CC scenario is

the proposed method to use.

Although a physical based model with an uncommon calibration dataset, including
precise ET ,seepage and water content values covering all component of the water
balance was used in this study, someno@sues to evaluate the effect of CC on
recharge are out of scope of this study. That is why recommendations are drawn for
future studiesAlready the simple sensitivity analysis indicates the strong dependency
of recharge rates on changes in crop parareetuch as LAl and RD. From this
analysiswe can conclude thaine of the most fundamental conceptual aspects is the
vegetation dynamics. Growing periods will probably adapt to changing weather
distribution, which is not taken into account here. Theadlyecoupling between
vegetation and soil moisture content for the different scenarios should be extended to
include changes in growing periods of the plants and provide consequently an
increasing physical description of the system. In addition, this stepgkesents a
simplified approach to estimate recharge using a homogenous 1D model. More
complex representations of the soil structure (if needed) will probably change the
results. For instance macropores, which can occur more frequently in the futuoe due t
more drought periods and dryhogit cracks, can have a strong influence on recharge
rates.
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4.9 Supporting information

Table A4. 1 Vegetation model parameters such as maximum root depth (cm) and
maximum leaf area index (LAI) drtranspiration limiting saturation parameters. The
calibrated transpiration fitting paranses C1 to C3 are shown as well.

Max
Root  Max
Crops depth LAl  Transpiration limiting saturations Transpiration fitting parametel
Wiliting Field Oxic Anoxic
(cm) O] point capacity limit limit C1 c2 C3
Spelt 130 3.7 0.10 0.30 0.40 0.99 1.0605 1.9E01 5.4E01

Temporay
grassland 35 1 0.10 0.30 0.40 0.99 1.0601 1.0803 3.6E01

Field peas 90 2.5 0.10 0.30 040 0.99 3.1E01 23E01 4.7E01

Colza 135 3.2 0.10 0.30 040 0.99 1.0E05 2.9E01 1.0E+00
Winter
wheat 135 3.8 0.10 0.30 040 0.99 6.3502 1.3E01 1.0E+00

Grain maize 120 3.8 0.10 0.30 0.40 0.99 14601 4.6E02 1.0E03

Phacelia 30 1 0.10 0.30 040 0.99 1.0E05 1.0E03 3.6E01

Field peas 90 2.5 0.10 0.30 040 0.99 79E02 1.7E01 3.7E01

Raps 135 3.2 0.10 0.30 0.40 0.99 1.0605 1.0E03 1.0E+00

Table A4. 2: Climate change scenarios with associated GCMs and RCMs.

Institution GCM RCM UsedAcronym

ETHZ standardsensitvity (HadCM3Q( CCLM ETH

HC HadCM3 standardsensitvity (HadCM3QC HadRM3QO0 HC

SMHI lowsensitivity (HadCM3Q3) RCA SMHI_Had

MPI REMO MPI

KNMI RACMO KNMI
ECHAMS5

SMHI RCA SMHI_ECH

ICTP REGCM3 ICTP
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Figure A4. 1 Cumulative seepage water amount between 2011 and 2085 of the
transient CC simulation for crops on lysimeter 3 and 5 during their specific vegetation
period is shown. The dashed black line represents the baseline (past recharge)
whereas the coloured solid lines displayed the seven different -BCM
combinations with thassociated equiprobable stochastic realisations.
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Figure A4. 2 Cumulative seepage water amount between 2011 and 2085 of the
transient CC simulation for crops on lysimeter 9 and 10 during their specific
vegetation period is shown. The dashed black liepresents the baseline (past
recharge) whereas the coloured solid lines displayed the seven differerRGOM
combinations with the associated equiprobable stochastic realisations.
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5. Hydrogeological modeling of climate change impacts on a
smallscale aquifet

5.1 Abstract

This study exploreshow changes in groundwater recharge might influence
groundwater levels for a small gladiovial aquifer in northern Switzerland.
Seasonal shifts of groundwater recharge can lead to water shathgaghannual
changes in recharge or groundwater levels can be insignificant

The physicallypased model HydroGeoSphere (HGS) was used to simulate chianges
recharge rates and groundwater levels based @aCld (Global Circulation Model)

X RCM (Regional @mate Model) combinationgor the A1B emission scenario.
Future recharge rates were compared to rates observed during historical drought
periods and the recharge drought frequency was quantified using a threshold
approach.

Temporalanalysis of future rd@rge ratedllustrates that the strongest effect of CC
occurs in autumn and not in summer, when the temperature changes are the highest.
For the winter season recharge rates increase for almost all climate model chains and
periods.

Similar to recharge tas, thesimulated groundwater levels show uncertainty for all
time periods related to the climate model chain variability. The mean calculated
groundwater levels, based on the 10 model chdiasirate however, quite a similar
performance as that sinaséd for the past. For the seasonal variation in groundwater
levels quite similar changes as observed for recharge are predicted, although the
variations in groundwater levels are sméall.summer and autumn temporal water
stress can occur but the integsttepends on the chosen climate model chéire
uncertainty, which originated from variability among different model chains, is large,
although all climate model chains shows the same trend for the changes in the
seasonality of recharge and groundwateele Estimation of drought frequency for a
Awo-cased scenario indicates an increase

3 C. Moeck(1), A. Baillieux (1,3), P. Brunne1), M.Schirmeir(1,2), D. Hunkeler(1)

[1] Centre of Hydrogeology and Geothermics (CHYN), University of Neuchatel,
Switzerland

[2] Eawag, Swiss Federal Institute of Aquaidence and Technology, Diibendorf,
Switzerland

[3] INRA, Université d'Avignon, France
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CC. For the water supply in Wohlenschwil water shortage will most likely more
frequently occur in summer and autumn, whefeasll other seasons no water stress
is predicted.

5.2. Introduction

There is strong evidence that changing climate will alter groundwater recharge rates
and levels(Green et al., 2011F5easonal shifts of groundwater recharge can lead to
water shortag€Scibek and Allen 2006aAnnual changes in recharge or groundwater
levels can be insignificant, but present strongly different seasonal signals when
compared with past conditions. These changes in the seasonality are already
mentioned in a few studiesoFinstance, Yusoff et al. (2002) predict for the Chalk
aquifer in eastern England a decrease in recharge, especially during autumn. For this
study area longer and drier summers are expected. Woldeamlak2€X0al) simulate

an increase in groundwater hacge and surface runoff for all seasons, expect for the
summer for a sandy aquifer in Belgium. In contrary Brouyere ¢2@04)found that

future climate changes could result in a decrease in groundwater levels, whereas the
seasonal variation did not @hge in a relatively small watershed in Belgium. These
studies show that simulations of recharge can give different responses to CC due to
different study locations and groundwater systems.

While recharge and groundwater level predictions are still ¢igiflg, mathematical
models can help to simulate recharge rate and groundwater level changes resulting
from climate change (CC) and consequent effects on groundwater flow systems
(Green et al., 2011A common approach in CC impact studies is to use sdirwa
balances to calculate recharge (Woldeamlak et2@07, Brouyére et al.,2004,
Mileham et al., 2008, Mileham et al., 2009) soil water balance is calculated with a
dedicated code and the output is then sequentially used as input for a groundwater
flow model. This approach is particularly appealing for large scale models as only a
small number of parameters are required. Other studies have used larger scale water
balances to quantify recharge e.g. by relating stream flow to groundwater recharge
(Loaiciga et al.,2000, Allen et al. (2004) Scibek and Allen 2006a, Scibek et al.
2007).

Fully integrated hydrological models are increasingly used in CC impact studies
(Roosmalen et al2007, 2009,Stoll et al.,2011) like MIKE SHE (Refsgaard and
Storm 1995) Surface water and groundwater flows are simultaneously modeled with
water exchanges between both domains. However, a relatively simple water balance
method to compute water flows in the partially saturated zone is applied to estimate
recharge. While thikind of simplification could be used in areas where the influence

of the partially saturated zone is limited (for instance arid regions) and recharge occur
mainly due to thenteraction with rivers, it creates serious limitation in humid regions
where diret recharge mainly occur.

In the past years, a range of fully coupled, physically based models such as
PARFLOW (Ashby and Falgout, 19963WHM (Vanderkwaak and Loague, 200dnd
HydroGeoSphere (HGS) (Therrien et al., 2007) have been developed. Thesef types

132



Chapter 5

models simulate simultaneously processes between the surface and subsurface for
each node and time step. In contrast to the integrated models like MIKE SHE, in e.g.
HGS also recharge is physically based estimated. These models are the most powerful
tods for simulating hydrological processes at the moment, assuming that the
necessary historical observation are available. Although the model methodology is
very attractive for CC impact studies due to the fact th&grconnected flow
processes, such asogndwater recharge, are physical based representedhdkey

only been applied in a few CC impact studies so far (8uis et al., 2012,
Goderniaux et al., 2009).

The objective within the presented studis to evaluate if seasonal shifts of
groundwate recharge can lead to lower groundwater levels and a potential water
shortage. Such effects are mainly expected for highly transmissive systems with a low
storage capacity that are expected to react rapidly to seasonal variations in recharge.
Therefore, asmall aquifer in Switzerland consisting of highly permeable glacio
fluvial deposits was selected. In Switzerland seasonal changes are in particular
interest because accorditggclimate models, temperatures are expected to increase in
the coming decade® iSwitzerland, particularly large in summer (CH2011), which
will raise the evapotranspiration rates. Trends for precipitation show instead
differences between the summer and the winter. Projected summer precipitation will
decrease, whereas winter precipaa will increase. Therefore, it is crucial to
evaluateseasonal shifts of groundwater recharge to identify water shortage.

The physicallybased model HGS was used to simulate the effect of CC on recharge
rates and consequently on groundwater levels. mbdel integratesaturated and
partially saturated zones, with a simultaneous solution of the flow equations in both
domain using finite elements. The build 3D HGS model is based on a wide range of
data, including extensive geophysical data, informatiomfdrill logs, pumping tests

as well as tracer tests in both the saturated and unsaturatedCadibeation was
carried out using PEST applying a combination of pilot points method and
mathematical regularization to obtain model parameter Gktgigesn recharge rates

and groundwater levels were simulated based on 10 model chains-R&0M
combinations) for the A1B emission scenario. The A1B scenario belongs to a scenario
family describing a future world of very rapid economic growth and is characterized
by a balance across technological emphasis betweenirftessive and no fossil
energy sourceds:or the applied scenario 10 different climate model chains were used
in order to estimate the predictive uncertainty coming from different GXTNI
combinatims. Furthermore, future recharge rates were compared to rates observed
during historical drought periods and the recharge drought frequency was quantified
using a threshold approachh#&hges indrought frequencies were considered due to
the fact thanot anly the mean climate is expected to change, but also extremes such
as dry spells. Finally, the effect on groundwater levels was expldi@d. study
provide robust projections of seasonal changes in northern Switzerland, drought
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frequency and consequenaw the water supply system on site based on the most
sophisticated model currently available for CC impact studies.

5.3. Conceptual Model Wohlenschwil aquifer

The Wohlenschwil aquifer is located in northern Switzerland, southwest of the city of
Zurich. The aquifer has an approximate extension of BKfhe geology consists of
guaternary deposits of the Wiurm glacial period (Figure 5.1 and 5.2a). Three different
hydrological units were observed based on 10 drilling logs of 20m depth and an
intensive geophysa survey, which produced 24 electrical resistivity profiles
(Supporting information; figure A5.1). Old lake deposits made of stratifiealait
material and moraine consisting of loam with a small sand content act an aquitard.
The sanegravel aquifer haia variable thickness between 3m near the northern border
of the catchment and approximate 30m near the pumping station. Silty gravel can be
found in the upper part of the aquifer (between 1 and 5m of the total thickness
depending on the location in thatchment area) whereas the deeper zones are silt
free. Hydraulic conductivity was estimated using pumping tests and ranged from
2*10%to 1*10° m day". The latter value corresponded to the weHl59@igure 5.1)
where high loam content is present locaflyrelative small channel in the eastern part

of the aquifer, which has likely a high hydraulic conductivity, was found by the
electrical resistivity profiles. This acts probably as a preferential flow patb.
unsaturated zone in the plain can be dbsdias sandy loam mix (variable in
thickness but with a maximum of 12m), whereas the first 2m from surface comprise
mainly loam.
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Figure 5.11: Schematic simplified geological plane view and cresstions of the
Wohlenschwil atchment (modified from geological map).

The Wohlenschwil aquifer is used for local drinking water supply with a mean water
abstraction rate of 395Hday. It represents a volume of around 15% of the mean
annual precipitation of . Be dakndispldcement h e
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method was used to estimate groundwater recharge based on a tracer test. This
commonly applied metho@Cook et al., 1994, Scanlon et al., 2007, Healy, 2010) uses
profiles of tracer concentrations and water contents obtained atedifféimes.
Vertical tracer velocity was calculated by dividing the change in penetration depth by
the length of time between two sampling campaigns. Drainage rate (recharge) was
calculated for the Wohlenschwil aquifer by multiplying the vertical tracéwcitg
(supporting information, A5.3) with measured average water content (supporting
information, A. 5.5).

A groundwater budget calculation indicates additional groundwater losses through the
southeastern boundary near the pumping station, where theeratfuidkness is
largest. This water is most likely discharging to the river Reuss, a few kilometers
downstream. The main existing vegetation cover is grassland, whereas forest only
exists near the western model borders and is neglected.

5.4. Modeling

In this section the modeling approashdescribed. It includes model geometry and
specified fluxes, followed by the calibration and scenario modeling strategy.

5.4.1 Mathematical model framework

The fully coupled hydrological model HG@herrien et al., 20Q7was used to

construct a 3D model of the Wohlenschwil study ahe#lGS a control volume finite

el ement approach is employed to simultaneo
3D variablysaturated subsurface flow. The fluid flgfL T™] is given &

n 0Q 1 a 1)

where y being t ke therelatisepermeability]pftite mediuin,,

K is the saturated hydraulic conductivity [[Jrand z is the elevation head [L].

The unsaturated hydraulic conductivity is definby using the Mualeni van
Genuchten moddlvanGenuchten, 1980Based on the work of Kristensen and Jensen
(1975) actual transpiration and evaporation is simulated as a function of potential
evapotranspiration, soil moisture, evaporation depth, the disttibution function

over a given depth and the Leaf Area Index (Figure 5Pla@ model assumes that
evaporation occurs together with transpiration. This results from the energy that
penetrates the vegetation cover. For a more detailed descriptiontettested reader

is referred to Therrien et al. (2007), Brunner et al. (2012) and Goderniaux et al. (2009)

5.4.2 Model Geometry and Specified fluxes

The model geometry was based on a wide range of data, including extensive
geophysical data, piezometerastalled with the direct Push technology and
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information from drill logs. Pumping tests data and tracer test results in both, the
saturated and unsaturated zones were further used to validate model parameterization
and conceptual model structure (see sujmp information).

The topography within the model domain was represented with a digital elevation
model using a spatial resolution of 2m. The model domain was discretized into grid
cells of approximately 30m. In the eastern part near the pumping satioutlet was
simulated with a constant head boundary, perpendicular to a groundwater flow line.
This boundary was assumed to be constant in time. Fully aware of possible unrealistic
inflow from the constant head boundary into the model domain and camlqu
influence on the water balance, a modified boundary condition was used. Once the
head at the boundary switched from outflow conditions to inflow, the flowrate was set
to zero, which, however, occurred only twice for a short period during the scenario
period 2060. Although the conceptual assumption of e.g. water loss (discharging
water) is uncertain, it is the most realistic conceptual modeling approach based on the
available geological information.

The model domain was divided into 21 model -fajers vertically. A vertical
variable modehodal distancés applied. The vertical discretization is variable where
nodal distance (distance between the 21 modelasdrs) is less than 5cm near the
surface and approximately 2m at the bottom of the model idorhe small layer
thickness near the surface was chosen to avoid- awerunderestimation of
infiltration and evaporation fluxes, which can occur by nodal distances larger than
5cm (van Dam and Feddes, 200Dhe first geological unit can be descriptesiloam

and reach a maximum depth of 2m (Figure 5.2a). The second geological unit is
referred as sand to a loamy sand nikiydraulic parameters of the unsaturated zone
were estimatedising the program Roset{&chaap et al.,, 2001pa pedetransfer
model, which predicts soil hydraulic parameters from soil textures. Information about
the soil texture up to a depth of 20m was obtained from grain size analysis at three
locations in the catchment. For the remaining geological unit parameters are
distributed refered to gravel sand mix whenreydraulic conductivity values and
distributions were calibrated with a pilot point calibration approaAchan Genuchten
parameterisation was applied and the depth of the unsaturated zone is controlled by
the groundwater tabliself. Three types of specified hydrological fluxes were used.
These fluxes are daily precipitation and daily potential evapotranspiration as well as
weekly groundwater abstraction rates at the pumping well taken as inputs to the
model.

5.4.3 Calibrabn, Model parameters and Modeling strategy

Calibration of the distributed hydraulic conductivity of the saturated zone (bottom

layer, sanebravel geological unit) of the 3D model was carried out using PEST

(Doherty, 2010) (Figure 5.2b). Daily values fromaih 2009 to May 2011 from

groundwater levels (Figure 5.1) were used as observations for the calibration. The

weight of the observation correspondedt6 G, where G was the meas
0.02 m. Initial values for the aquifer material were based on pumping test results.
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Hydraulic conductivities were calibrated subsequently with a pilot points approach
(Doherty, 2003) using 14 pilot point locatian Calibration of a model using pilot
points involves the following steps. Pilot points were distributed over the model flow
domain, the mesh network emulating the study $ite. model hydraulic conductivity
parameters were associated with each pilottp@ince the pilot points were defined,
PEST interpolates the values between the pilot points. The model was then run with
the given parameter field, and an objective function was calculated by comparing
measured and simulated observations.

In the subseque calibration, pilot point values were varied and the corresponding
objective function was calculated. PEST modifies the pilot point values to minimize
the objective function. This procedure was repeated until PEST aborts the calibration
process followinghe predefined convergence criteria. Additionally in this calibration
exercise, mathematical regularisation, Tikhonov regularization and Singular value
decomposition (SVD) was applied. Prior information (pumping test values for the
hydraulic conductivity)was used to include expert knowledge in the calibration
process. Mathematical regularisation avoids further -Gtterg and numerical
instability caused by the generated heterogeneity of the model hydraulic conductivity.
All remaining model parameters veenot calibrated and were based on literature
values or field test data. Table 5.1 present the used model parameters.

Table 5. 1Van Genuchten parameters, residual water saturation, total porosity,
specific storage and saturated hydraulic conductiVitye. hydraulic conductivity
range for the gravedand aquifer is obtained by the calibration.

Van Genuchten Residual hydraulic

parameters water conductivity
saturation
U[1/m] b[-] Swr [-] K [m/sec]
Upper soil 3.6 1.6 0.078 2.9E°
lower soil 14.5 2.7 0.045 8.3E>
Gravelsand aquife 14.5 2.7 0.045 7.4E°-9.2E°
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a.) Model geometry with geological units

Precipitation Actual ET = f(8, LEAF, Root
TR Depth, Evaporation Depth,
T ! PET)

b.) Calibrated hydraulic
Geological units  conductivity distribution for
the sand-gravel aquifer based
on a pilot point calibration
approach
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Figure 5.12. a.) Model geometry with finite element model mesh and geological
units b.) Calibrated hydraulic conductivity {&m/day) distribution ér the sand
gravel aquifer based on the pilot point calibration approach.

The modelling strategy includes simulations for the 3D model for the past time series
(19832012) as well as for the three future time perio2i336 (20212050), 2060
(20452074) and2085 (20762099))in order to compare changes in recharge rates,
groundwater levels and drought frequency under CC. Recharge rates were estimated
as the vertical fluid flux reaching the water table. Initial head conditions for each time
period were obtaied by running a steaestate model with mean climatic input data

of the chosen time scenario.

5.5. Climate change scenarios

In this section, the past and future climatic data are presented. They are used as daily
inputs for the numerical model. The pastather conditions are used to simulate past
conditions. Those can be compared against the simulated recharge rates and
groundwater levels changes of future time periods.

5.5.1 Past climatic data

Meteorological data from 01.01.1983 to 31.12.2012 was osed daily time step.

The time series was measured at the MeteoSwiss weather station in Buchs,
Switzerland 10 km away. Following the FAO guidelingdlen et al., 2005)the
potential evapotranspiration was calculated using the Penman Montheith equation.
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55.2 Future climatic data

To simulate future weather conditions, a total of 10 model chains for the Al1B
emission scenario, which are moderate in terms of €fission increases, are used
(Nakicenovic et al., 2000). Model chains consist of combinationsdagtvgeneral
circulation models (GCM) and regional climate models (RCM) (Table 5.2).

Table 5. 2: Climate change scenamath associated GCMs and RCMs.

Institution GCMs RCMs Used Acronym

SMHI BCM RCA SMHI_B
Standard_sensitvity

ETHZ (HadCM3QO0) CCLM ETH
Standard_sensitvity

HC HadCM3 1 adcm30o) HadRM3Q0 HC
Low_sensitivity

SMHI (HadCM3Q3) RCA SMHI_Had

MPI REMO MPI

DMI HIRHAM DMI

KNMI ECHAMb5 RACMO KNMI

SMHI RCA SMHI_ECH

ICTP REGCM3 ICTP

CNRM ARPEGE ALADIN CNRM

For regionalscenarios delta change values provide by MeteoSwiss for selected
stations were used. These daily time series of delta change factors for precipitation
and mean temperature relative to the reference period of 288D are provide for

three scenario perigd These scenario periods are 2035 (20230), 2060 (2045

2074) and 2085 (2072099).

An increase in temperature for all periods compared to the reference period can be
observed (Figure 5.3; temperature column). The strongest increase occurs in summer
with a maximum in August whereas the smallest change in temperature was predicted
between February and March. Temporal distributions for precipitation show an
increase between autumn and winter as well as a decrease in summer until autumn
(Figure 5.3, precipation column). The GCMCM combinations create an
uncertainty range for precipitation and temperature, which shows that predictions
depend strongly on the chosen model chain. In this climate data set, the dry or wet
spell duration will not change undeuatfire time periods and indicate clearly the
restriction of the delta change approach.
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Figure 5.13: Ensemble means (red dashed line) and uncertainty ranges (gray shaded
area) of daily climatic change factors for 10 GER€M combinations of the A1B
scenario. Left column show changes in daily precipitation and right column in daily
mean temperature for the time period 2035, 2060 and 2085 for the Meteoswiss
weather station Buchs.

5.6 Results and discussion

At first, some resultsare presented that illustrated how well the model fit
observations. Then the simulated recharge rates for past and future periods are
introduced. Simulated annual past and future recharge rates are shown, followed by a
discussion about the seasonal effettCC on recharge rates, to identify possible

future water stress. After a detailed analysis of simulated recharge rate, the change in
groundwater levels is presented to consider both recharge and groundwater level
fluctuation under CC. Finally,thechaaag i n Adrought o6 frequency i
on a threshold approach.
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5.6.1 Calibration

A comparison between simulated and observed transient groundwater levels is given
for six selected piezometers in the study area between March 2009 and May 2011.
Continuous and manual measurements were used, Whé#ref the time series were
used for the calibration and the second for the validation. The besbbserved for

well 961 where most observations are available (Figure B.4lifferent weighting
straegy might increase the calibration for some wells but this is not the scope of this
study. However, for the whole time series, simulated groundwater levels reproduce
the observed variations in historical data quite satisfactory with a mean absolute error
of 0.10m for all observationsThere aretwo sharp increases in the simulated
groundwater levels for all wells between June of 2009 and September of 2010. The
assumption of horizontal uniform soil hydraulic parameter distribution presents a
conceptual modeadimplification. This can lead to local misinterpretation of recharge
fluxes and groundwater level fluctuations. However, the simulated first peak in the
groundwater levels for piezometer 965 is also observed in the historical groundwater
levels. Another,quite important limitation is the unknown model border where
groundwater igdischarging to the river ReusEhis boundary condition may not be
verified locally. The groundwater loss, for instance, might be variable along this
border but was simulated toVea uniform loss. Also, the low time resolution of
pumping data (only weekly information was available) implies a limitation for the
calibration. This fact can lead to a nagreement of simulated and observed daily
groundwater levels.
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Figure 5.14: Transient calibration of groundwater levels for six piezometers from
March 2009 to May 2011.

5.6.2 Projected annual change in recharge

Using the calibrated model and 10 climate model chains for each time period,
simulations wererun to project the CC impact on groundwater recharge at the
Wohlenschwil catchment and project the predictive uncertainty originating from
climate model chain variability. In Figure 5.5, the change between the past to future
annual recharge is presentaat the three time periods. The mean simulated past
recharge is 352mm. A similar recharge rate (370 to 390 mm) was also obtained with
salt tracer tests in the catchment at two locations with the peak displacement method.
Furthermore, comparing past with ¢ mean recharge rates indicates both,
increasing and decreasing trends in recharge rates depending on the chosen
climate model chain. Variations in predicted recharge rates can be observed to
originate from the variability among the different GCMRCM conbinations for all
periods.
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Figure 5.15: Boxplot of annual recharge (mm/a) evaluation for 10 model chains for
time periods a) 2035, b.) 2060 and c.) 2085.

Although predicted recharge rates show variability, a mean decrieasky €0.2% for

the period 2035 is obtained (Table 5.3). This value, however, lies between a
maximum increase of 15.6% (55mm) and decrease of 13.1% (46mm) (Table 5.3 and
figure 5.5). Under the period 2065 similar results for recharge are obtained (Figure
5.5b). A mean decrease €1.6% is simulated but again with a wide recharge rate
spreading originated by variability among the different GRMM combinationsFor

the period 2065, each model chain predicated a change in the same direction as in
2035. For the period 2085, a small increase in mean recharge of all model chains
(2.6%; 9mm) can be observed compared to the past recharge but with an uncertainty
range of-16.2% to 12.8%. For a few climate model chains the trend changes from a
decreasing to an ineasing annual recharge (Table 5.3), which is mainly due to a
recharge increase during winter (see next section; projected seasonal change).
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The values on the lower whisker for the past annual recharge rate correspond to more
extreme years such as that etved in 2003, a well acknowledged European summer
heatwave (Seneviratne et al. 2012, Schaer and Jendritzky 2004). In this year,
documented water shortages occurred at the Wohlenschwil site. The pumping rates
had to be reduced and the community was reduomeswitch to an alternative source

of water.Because of this water shortage in 2003 in Wohlenschwil, the most extreme
climate model chains are particularly interestiipe model chains ETH, HC and
CNMR project the highest temperature increase and piatym decrease. It is
interesting to note that values on the lower whisker for the past annual recharge rates
are no | onger fdAextremeso for the ETH, HC
model chains, a large part of the 50% range (box) of the hfutuee recharge rates

is shifted down. The predicted values are now partly congruent with the lower
whisker under the past recharge conditions. The whisker is the vertically line
prolonging from the box (lower and upper quartile). It shows values amabiidy

outside the upper and lower quartile. In contrast, using the model chains DMI,
SMHI_Had and KNMI as inputs for the hydrological model, the highest increase in
recharge rates are simulated due to less extreme climatic conditions for the entire
year.

Table 5. 3Percentage change in mean annual recharge for each climate model chain
and statistics for each time period.

Percental (%) change in mean annual recharge

Period 2035 2060 2085
ETH -13.1 -14.5 -16.2
HC -11.6 -11.1 -7.1
SMHI_Had 6.5 111 12.5
SMHI_ECH 54 3.4 9.1
MPI 0.3 -1.7 3.7
KNMI 1.7 2.8 11.9
ICTP -0.3 -3.1 5.4
DMI 15.6 14.5 12.8
CNMR -7.4 -16.5 -15.1
SMHI_B 1.1 8.8 8.8
Min -13.1 -16.5 -16.2
Max 15.6 14.5 12.8
Mean -0.2 -0.6 2.6
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5.6.3 Projected seasonal change in regdha

The predicted changes in seasonality were investigated. The mean recharge rate for
each month is calculated for a 30 years period of each time period. It is shown that
seasonal recharge under future climate conditions has a distinctly differentaémpor
distribution compared to the past condition (Figure 5.6). For January and February,
calculated monthly mean recharge rates increase for all climate model chains and time
periods compared to past conditions. Although a temperature increase is préuicted,
precipitation amount will also increase during these months, especially for the 2085
period. The strong precipitation increase during these months is therefore the
controlling factor for increasing recharge. For March and April, a recharge increase
canbe observed for the 2085 period due to higher precipitations, whereas for the 2035
and 2060 periods a decrease is predicted (Figure 5.3) as precipitation changes little
while temperatures increase. Interestingly, the strongest effect of climate change
occurs in late summer and autumn for all periods (September, October and
November) and not in midummer, when the temperature changes are the highest.
One reason ishat summer evapotranspiration exceeds precipitation and hence an
increase in the evapotraation rates in this period does not have much effect on
recharge. Another reasondaee | ongati on of t he fswhichmer 0
is induced in the first place by a change in the climatic forcing functions due to CC
(delta change signals)h&higher temperature and less precipitation in autumn can be
considered as an elongation of the summer peAadther effect is the soil moisture
memory.A stronger drying out of the soil during hotter and drier summers leads to
less recharge. As a resufttbe depleted unsaturated zone with less soil moisture (see
figure A5.5; supporting information), a larger amount of precipitation is required in
autumn until considerable recharge occurs compared to the past conditions.
Interestingly, some shifts in thhecharge regime, such as those observed for January
February as well as Septemigactober, are obvious under all periods and climate
model chains. Although the climate model chains show a large predictive uncertainty
for annual recharge rates they haweikir changes in the seasonality.
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Figure 5.16: Monthly mean recharge rates for the three time periods over 30 years
simulation and past conditions (black line). Seasonal decomposition was done for all
model chairb.7.4 Projeted change in groundwater level

The temporal evolution of the groundwater levels at the observation wlf&@630

years for each time period (Past, 2035, 2060 and 2085) is given in figure 5.7. This
observation well was chosen because welll3&preserst the dynamics of the whole
aquifer quite well. In figure 5.7, an increasing as well as decreasing trend (grey area)
can be observed compared to the baseline groundwater level (black line) according to
the considered model chain. The simulated groundwkgeels show a large
uncertainty for all time periods originated from variability among the climate model
chains (grey shaded areas). Comparatively, however, the mean calculated
groundwater level (green line), based on the 10 model chains, show quitdaa simi
behavior as that simulated for the past.
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Figure 5.17: Evolution of the groundwater levels (Water table) at welll9%6r a.)

Period 2035 (20212050),b.) Period2060 (20452074)and c.) Period 2088207G

2099) The greyshaded line shows the uncertainty range originated from variability
among the 10 climate model chains. The black line shows the references period,
whereas the green line displays the mean calculated groundwater level based on the
simulations under the 10fférent climate model chains.

Only small differences exist between all the periods (Table 5.4), where a small
decrease is predicted in mean groundwater levels for the period 2035 and®060 (
and-0.03m) and an increase for period 2085 (0.02m). Hewelie uncertainty range
(min/max) is clearly higher, but generally speaking, the changes in groundwater levels
are still small.
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Table 5. 4 Changes in groundwater levets () for 2035 (20212050), 2060 (2045
2074) and 2085 (2072099) for 10 model chias compared to the reference period.

Period 2035 Period 2060 Period 2085
min  max mean min max mean min max mean

& h -0.45 0.69 -0.03|-0.61 0.45 -0.05|-0.23 0.67 0.02

5.6.5 Projected seasonal change in groundwater level

Change in seasonality fgroundwater levels at well 96 is investigated in a similar
manner like done for recharge. Only small variations in groundwater levels are
observed (Figure 5.8), contrastingly to the recharge rates where a marked change in
the seasonality is present (ssection 5.3). The changes in the seasonality for
groundwater levels are, however, consistent with the simulated changes in recharge
seasonality. Only the groundwater levels are more smoothed. Lower groundwater
levels are predicted for autumn (mainly Sepber and October) compared to the past
condition. The already observed shift in the lowest values from summer into autumn
from recharge occurs again for groundwater levels, which is induced by the change in
recharge inputs. In March and April a small irase is present such as observed also
for recharge.

It can be speculated why the simulated and also observed variations in groundwater
level seasonality are smaller than the simulated recharge. On one hand inflow from
southern and western borders are gmeswhere the hydraulic conductivity is lower

than in the model plain (see Figure 5.2b), where all groundwater observations are
present. The lower hydraulic conductivity inhibits a rapid flow into the plain.
Therefore, inflow from the border dischargeoirthe model plain with a delay and
leads to smooth groundwater levels. On the other hand, low hydraulic conductivity
are also present close to the boundary, wherter is most likely discharging to the
river. Again a rapid outflow is inhibited and leatsitt water in the plain are enclose

by low hydraulic conductivity. Strong fluctuations in the groundwater levels cannot
occur, because water is only slow discharging. In any case, the simulated seasonal
fluctuation and magnitude of groundwater levels arensistent with field
observations.
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Figure 5.18: Monthly mean groundwater levels for the three time periods for the past
and future periods.

5.6.6 Drought frequency

Up to now, mean changes in annual and monthly rechargeoondwater levels are
discussed, but how drought frequencies altered under CC has not been considered.
The changes in drought frequency, however, are crucial for an efficient water
management, and not changes in mean conditi®eisir et al(2004)pointed out that

by the end of 2100 every second summer could be as warm as the summer of 2003, a
well-acknowledged European summer heatw@g. Stott et al. 2004, Orsolini and
Nikulin 2006) In addition, as suggested by the recharge calculations, lessgecha
such as the one that occurred in the years 2003 and 2011 (are referred as a recharge

Adrought 0) are expected to occur more fregqg

section 5.2). The ETH model chain was chosen because this model chain shows the
highest potential that recharge droughts such as that observed for 2003 are shifted
from values of the | ower whisker te nor
caseodo scenario.

In this study droughts are defined by a threshold level appi@stkrset al., 2005)

where values smaller than the threshold are considered as droughts. The calculation is
based on recharge or groundwater levels difference, where first the mean monthly
values from the entire past period were calculated and used as a badsdimehe
monthly mean values for each period (Past, 2035, 2060 and 2085) were calculated and
subtracted by the former calculated values from the entire past period. This
calculation was carried out to remove normal seasonality effects. To obtain treshol
values, which correspond to the heat wave in 2003 recharge differences between the
year 2003 and the mean monthly values from the entire past period were calculated.
The chosen threshold values from this calculation correspond to the months June and
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Sepember from the summer heat waves 2003, two distinct periods of exceptional heat
developing(Fischer et al., 2007)

In Figure 5.9, recharge differences for each time period are shown, where higher
recharge values than the mean monthly recharge from pasticnsa are displayed in

red colors and lower values in white. The light red lines correspond to the threshold
values (June (upper) and September (lower line) from the summer heat waves 2003.
For all periods most values are located over the threshold baesvith increasing

time period the already dry periods with less recharge are intensified and reaching the
threshold values. As expected from the climatic input data, the already wet climate
conditions and seasons like spring are intensified and rexhates increase, whereas
dryer period become dryer. However, using the delta change approach, as was done in
this study, only the frequency and intensity of droughts can be investigated. Changes
in duration cannot be considered. This is due to the lfiattthe weather statistic not
changed for future periods. By using the delta change approach historical measured
climatic conditions were repeated with the associated shift caused by the delta values
for precipitation and temperature.
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Figure 5.19: Monthly recharge differences (mm/month) from mean monthly recharge
values from the reference period (198312, 360 months) for the a.) Past (1983
2012), b.) Period 2035, c.) Period 2060 and d.) Period 2085. Red lines correspond to
the threshold values from the summer heatwave 2003.

The mean of the recharge differences distribution does not change under all future
periods (Figure 5.10a). Incontrary the skewedness of the distribution is variable
under CC. A shift in the distributio of recharge rates towards a recharge deficit
(values smaller than 0) can be observed. Due to this change calculated recharge
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difference exceeding the threshold more frequently. The amount of months lying
under the chosen threshold increase with incrgasme period and a few simulated
recharge differences in future can be considered as droughts such as that observed for
2003 or stronger. For the past period only eighth months are simulated under the
smaller threshold value. For the 2035 period 15 ewamder the smaller threshold are
found with additionally six events stronger than the heat wave of 2003 (larger
threshold value). When comparing period 2035 and 2060, only small differences in
drought frequency are observed, whereas Period 2060 has anlgvients more but

still a similar amount of stronger drought events. For the period 2085 39 recharge
differences values are found under the threshold. In addition, 17 events are stronger
than the extreme heat wave of 2003. A comparison of drought frequeder past
conditions and 2085 period indicate an increase in drought frequency from 2.2 (past
condition) to 10.8% (2085 period).

Also the drought potential increase for groundwater levels with increasing time
period. Under the 2035 and the 2060 periaal,increasing potential of droughts is
shown. For period 2035, 6% of the simulated months can be considered as drought
but not stronger than 2003. In contrast, for period 2060 additionally 3% of all months
over the simulation time can be considered asighits stronger than 2003. For the
period 2085, more than 50% of data can be determine as droughts, which seems to be
very high and is probably influence directly by the estimated initial conditions from
the steady state model run (see section 3.4). Asiomext already, the initial heads

for each time period were obtained by running a stetale model with mean
climatic input data of the chosen time scenario. The already low simulated initial
heads are close to the threshold values and simulated rechsegefor the future
periods are not able to increase groundwat
is investigated here and is mapresentativéor all climate model chainddowever,

the threshold can be considered as a very extreme case amdnomic in past events.

Due to this chosen extreme threshold, simulated increase in drought frequency in the
future described probably only the upper bound of drought frequency increase. In this
context unsevere droughts are not investigated. Neverthelessst fiext r eme ¢ a
already shows clearly an increasing potential in frequency.
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a.) Kernel density estimation of recharge rate differences (mm/month)
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Figure 5.20: a.) Probability density function (Kernel density estimates) of recharge
differences (mm/month) for past period (grey area)ioBe2035 (blue dashed line),
Period 2060 (red dashed line) and Period 2085 (green dashed line). The red vertical
lines correspond to the threshold values from the summer heatwave 2003. b.) Kernel
density estimates of groundwater level differences (m).Kidrael density estimation

is a nonparametric way to estimate the probability density function.
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5.7 Summary and Conclusion

A physically based flow model is used to evaluate the impact of CC for a small scale
aquifer in Northern Switzerlandhe study vas carried out by considering the soill
unsaturated zongroundwater system as a whole using the physitalsed model
HGS.The model was calibrated using@mbination of pilot points and mathematical
regularization to obtain hydraulic conductivity valuésr the applied scenarios, 10
different climate model chains were used in order to estimate the predictive
uncertainty originated from variability among different GENCM combination for

three future time periods.

Simulated mearpast recharge is 352 mmnhich lies in the same range as that
obtained with a peak displacement methideéan annual recharge rates altered only

to a small percentage for the Period 2035 and 2060 under all model chains, but
increase for the period 2085.

Changes in recharge rateasonalityshows that the strongest effect of CC occurs in
autumn and not in midummer. One reason ihat summer evapotranspiration
exceeds precipitation and hence an increase in the evapotranspiration rates in this
period does not have much effect onhr@ge. Another reasonas elongation of the
Asummer 0 per iwhidh isindiced by aidhangernn the climatic forcing
functions due to CC (delta change signals). The high temperature values from the
summer period are still present in autumn. €hae, he higher temperature and less
precipitation in autumn can be considered as an elongation of the summer period.
Another effect is the soil moisture memory, which is effecthoyter and drier
summers. A stronger drying out of the soil leads to tesbarge. As a result of the
depleted unsaturated zone with less soil moisture, a larger amount of precipitation is
required in autumn until considerable recharge occurs compared to the past
conditions. However, although the climate model chains showge lpredictive
uncertainty for annual recharge rates, they have similar changes in the seasonality.
Apart from the uncertainty in the absolute values the trend in the seasonality is equal
and indicate that the potential for water shortage will increasentpin summer but

also in autumn.

Similar to recharge rates, tlsgmulated groundwater levels show uncertainty for all
time periods related to the climate model chain variability. Increasing as well as
decreasing trends can be observed within small ®uwfda few centimeters.
However, the mean calculated groundwater levels, based on the 10 model chains,
show quite a similar performance as that simulated for the past. For the seasonal
variation quite similar changes are predicted as observed for rechdhgeigh the
variations in groundwater levels are small. The seasonal change in groundwater levels
is consistent with the recharge. Strong variations in groundwater levels are most likely
buffered by a delayed inflow from the borders due to low hydrawdinductivity.

Also possible is inhibiting discharge of the aquifer to the river, which lead to the
smooth groundwater levels. Although, these are only assumptions to explain the small
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seasonal variation and magnitude of groundwater levels, the smalloregiate also

observed in the field data.

Estimation of droughdsdad eggauemaryi d oirn dai chianoer
frequency and intensity under CC. Until the end of the century the drought frequency
increases by a factor of five for rechargee based on the applied threshold approach.

Also for future groundwater levels, an increasing drought frequency and intensity are
observed. However, with the chosen threshold level, an extreme case, only the upper

bound of drought frequency increase Bsrtsi der ed. The potenti al
drought is clearly higher. Therefore, water shortage will most likely more frequently

occur, especially in summer and autumn, whereas for all other seasons no water stress

is predicted. Howeveithe uncertainty in alsimulations carried out in this study is

large originated from variability among different model chains. Large differences in

the downscaled output of the 10 climate model chains are observed, especially for
precipitation, and lead to high predictive urtaaty.
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5.9 Supporting information
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Figure A5.6: 24 electrical resistivity profiles in the study area, whikenek red colors
relates to sandravel and blue colors to loam to loamy sand material In the upper
panel the location of the 2D sections in the catchment are indicated.
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Figure A5.9: Calculated hydraulic conductivity over depth for three locations in the
catchment based on Rosetta, a pedosfer model, which used the obtained grain
size data.
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least lumped models where model parameters and relationship emulate physical
processes of infiltration and evapotranspiration should be used.

How different crops and crop rotations influence CC effect on groundwater recharge
was exploredvith a numerical exercise using data from lysimetirs well known

that evapotranspiration can strongly vary among crops and therefore CC effect on
recharge might be crop dependent (see Chapter 4).

The obtained results indicate differences in rechaatges around 10% between the
available three soils. This is the least significant factor compared to climate and
vegetation in this studyComparing, the effect of CC on recharge rates under different
crops indicate that for most crops a decreasing trecdrs (between5 to -60%)

during their specific vegetation period. Differences in crop parameters such as leaf
area index and root depth between the different crops leads to diverse recharge rates.
Recharge rates and changes are also strongly dependlititge ovegetation period.
Recharge rates for crops which growth during summer lead to strong decreasing
recharge, while recharge rates under crops in winter show just small changes. For
catch crops such as Phacelia ahemporary grassland (small LAl and RRh
increasing recharge trend can be observed. Using these crops in a crop sequence
buffered to a certain amount the decreasing trend on recharge rates under CC, but the
amplitude depends also in the growing season where catch crops are used. Assuming
a change in agriculture practice from the associated crops to a singld engporary
grasslandvould mostly create an increase in recharge for the entire year. An analysis
of the sensitivity of LAl and RD on recharge which was carried out indicates that
simulated recharge is inversely related to LAl and RD, where recharge is more
sensitive to a decrease in LAl than to RD. We can conclude that land use changes are
guite important in CC impact studies and should be always also considered. Using
different crops o crop sequences can have a influence on recharge rates like CC.
However, in all simulations a high predictive uncertainty in results is given due to
variability originated among GCM and RCM combinations and stochastic realisations
of the future climatic enditions. This indicates that always a mulimatemodel
approach should be the preferred method under CC impact studies simulation changes
in the hydrological systems. Only with a considerable amount of climate model chains
a robust estimation of predive uncertainty due to the variability among the climate
model chains can be realised.

How changes in groundwater recharge rates and seasonality influence groundwater
levels was explored for a small aquifer used for water supply (see Chapter 5). The
study was carried out by considering the amisaturated zorgroundwater system as

a whole using the physicallyased model HGS.

Simulations of future recharge rates indicated that the seasonality is changing under
CC. Anel ongation of tihteauténsncambeeobserveg which is d
induced in the first place by a change in the climatic forcing functions due to CC
(delta change signals)h& higher temperature and less precipitation in autumn can be
considered as an elongation of the summer peAadther effect is the soil moisture
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memory.A stronger drying out of the soil during hotter and drier summers leads to
less recharge. As a result of the depleted soil moisture, in autumn a larger amount of
precipitation is required until considerable reafe occurs compared to the past
conditions. For the winter season recharge rates increase for almost all climate model
chains and periodsThe strong precipitation increase during these months is the
controlling factor for increasing recharge, especiédlythe period 2085However,
although the climate model chains show a large predictive uncertainty for annual
recharge rates, they lead to almost same changes in the seasonality. In summer and
autumn temporal water stress can occur but the intensityndepaen the chosen
climate model chairEstimation of recharge and groundwater drought frequency for a
Awo-cateo scenario based on a threshol
frequency and intensity with increasing time periods. The mean of rechggerdie
(monthly future recharge rates minus monthly mean past), however, does not change
under the future time periods but the skewedness of the distribution does. Most
recharge droughts in summer become extremer due to increasing temperature
originated by CC. Also for future groundwater levels, an increasing drought
frequency and intensity are observeSimilar to recharge rates, th&mulated
groundwater levels show uncertainty for all time periods related to the climate model
chain variability. Increang as well as decreasing trends can be observed within small
bounds of a few centimeters. For the seasonal variation quite similar changes are
predicted as observed for recharge, although the variations in groundwater levels are
small. The seasonal change groundwater levels is consistent with the recharge.
Although the aquifer system is relatively small with a high transmissivity the
groundwater table reacts not rapidly to seasonal variations in recharge. Strong
variations in groundwater levels are miistly buffered by a delayed inflow from the
borders due to low hydraulic conductivity. Also possible is inhibiting discharge of the
aquifer to the river, which lead to the smooth groundwater levels. Although, these are
only assumptions to explain the dma&easonal variation and magnitude of
groundwater levels, the small variations are also observed in the field data.

Although different types of models are used in this PhD, the majority of simulations
are carried out with HydroGeoSphere. That is whthanfollowing a summary about

the attractiveness of choosing HydroGeoSphere (or any other fully coupled physically
based model) is given. This summary attempts to illustrate again the advantage of
these types of models for climate impact studies.

U The inerconnected flow processes, such as groundwater recharge, are physical
based represented.

Ui Compared to other models recharge is better characterized because all flow
eguations are simultaneously solved in all domains (surface, unsaturated and
saturated zag). Changes in the water table during the simulation controls the
unsaturated zone thickness and directly the adjoined the moisture content in
the unsaturated zone. Therefore, groundwater recharge is also directly
influenced. This illustrates the coupleehaviour of the model.
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U Different types of plants can be described based on different plzaes
parameters, which can be used to investigate land use changes.

U Due to the possibility to simulate coupled flow process a wide range of
observations can be e to calibrate the model. Compared to just
groundwater models, the implementation of e.g. actual ET or surface
observations in the calibration enables to check the correctness of all
components of the water balance. Therefore, bias induced by the aaiilisat
easier to detect than using only groundwater levels to calibrate a model.

6.2 Uncertainty evaluation

The quantification of uncertainty is a major challenge and requirement within climate
change impact studies. Strategies to evaluated the diffieneettainties in this PhD
are listed below:

The uncertainty linked to variability among the GCM and RCM combinations
was evaluated by using a muitiodel ensemble approach (up to ten different
GCM-RCM combinations; see Chapteb)

The uncertainty linkd to the interannual variability of the climate was
evaluated by using differeequiprobable stochastic realisatiaighe climate
conditions used as climatic forcing inputs for the hydrological models (see
Chapter 4).

The uncertainty linked to theod/nscaling approach was not studied.

The uncertainty linked to the hydrological model structure was evaluated by
using different types of recharge models (see Chapter 3).

The uncertainty linked to the calibration of the simplified models was evaluated
by calibrating the chosen simplified models against recharge outputs from 100
stochastic 2D references models (see Chapter 3). In this stochastic framework,
hundred different realizations of hydraulic parameters of the references model
were created.

The wcertainty linked to the calibration of the lysimeter soil models was
evaluated by comparing all simulated components of the water balance against
the observation. The simulated coupled flow process enables to validate the
correctness of all components tbe water balance and to detect model bias
induced by the calibration (see Chapter 4).

All studies demonstrated that the uncertainty surrounding projected recharge rates and
groundwater levels are relatively large. Some model chains indicate decreasing
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recharge and groundwater levels, while other show increasing trends. For instance for
the Wohlenschwil aquifer a change in annual recharge betvi®86 and 12% was
simulated, while the mean of all climate model chains indicate no changes. Therefore,
it is quite difficult to state on the magnitude of the change with high confidence.
However, not the mean is important, but rather the seasonality. Almost all climate
model chaindeadto almost same changes in the seasonality, although the magnitude
is different In addition, the uncertainty linked to the interannual variability of the
climate is highly uncertain and can lead to strongly different results and conclusions
depending on analyzedquiprobable stochastic realisationdowever, the main
uncertainty idinked to GCMRCM combinations. This uncertainty is followed by the
uncertainty originated by natural variability of the climate and model simplification.
The calibration of the hydrological model is a further uncertainty, but could be
reduced by improvinghe model calibration, if needed. A good strategy in the context
of CC would be to test if different calibration leads to same conclusion, although the
absolute values of e.g. recharge changed a bit.

6.3 Perspectives

Growing periods of plants will probty adapt to changing weather distribution.
Changes in plants parameter due to changing soil water availability are possible. In
this PhD (see Chapter 4) already a modeling strategy was applied to represent the
plantssoil water interaction. However, stilhis approach has some limitation. It is
assumed that the growing period will be constant in time also under CC. However,
one of the most fundamental conceptual aspects is the vegetation dynamic.
Representing crops growth with increasing accuratenessisangl methodologies to
couple vegetation and soil moisture content more strongly will provide more robust
future recharge rates estimations.

Also a more complex representation of the soil structure can lead probably to changes
in the result. Although thenodeling strategy for the soils exceed common approach
for CC impact studies (see Chapter 2.5) and the models are already spatial distributed
and fully coupled physically based, the modeled soil structure is still simplified in this
PhD. For instance maguores, which likely occur increasingly in the future due to
more drought periods with dryirgut cracks can have a significant influence on
recharge rates. In this PhD, the direct (preferential) recharge rates play under actual
weather conditions only a mor role, but can become increasingly important in future
which is not taken into account.

This mentioned twavay coupling could also transferred to a high number of other

variables (e.g. snow and ice), which should interact between hydrological model and
climate. Although it is already done or in process in models like HGS there is still a
lot of physical processes, which are not adequate (in a fully physical way) described.
However, the interaction can contribute to a better understanding of the linkages
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between all variables and will create possibly more precise results in CC impact
studies.

Another quite important source of uncertainty aside of using different ®@CM
combinations is downscaling. Using the transient climate change scenario (see
Chapte 4 and published also in Goderniaux et al., 2011) is a greattavayeate
possible different realisations of future precipitation distribution and temperature
values for each of the GGIRCM combinations. This approach is more realistic at
simulating climatic variability compared to the simple delta change downscaling
approach. Furthermore, the possibilityanalysis in detail when an expected change

in recharge rates occur can help to developed sustainably water resource management.
However, restriction®f this approach are still the highly uncertain probability of
extremes in the future. The prediction of frequency, duration and intensity of, for
instance, heavy precipitation events and dry spells is still quite difficult although
climate models beconmaore reliable.

It was already shown that using models of varying complexity can lead to different
recharge predictions. These differences in the predictions can lead to a completely
different water resource management strategy. It would be interestexgetad this
research and using different models on a catchment scale, which also include, for
instance, surface water, surface runoff and snow melt processes.

Another quite important point, which was not covered in this study are-socio
economic scenario€hanges in water supply, such as increase pumping rates due to
increasing populations can induce comparable changes in the water balance than CC.
A scenario modeling approach, integrating both, CC and smtinomic changes
would probably help to prediéh a more efficient way changes in e.g. groundwater
levels.

For the aquifer system Wohlenschwil a 3D integrated modeling approach was chosen
(see Chapter 5). Thehysicatbased representation of flow processes teagktreme

long computing times, espeltliafor CC impact studies which require applying long
time series of climatic forcing functions. This, however, prevents different
applications, like an extensive uncertainty analysis (e.g. Monte Carlo approach to
estimate model p @pac@mep reajse cwiiton ) i NuNlelver t he
research is currently performed in the field of integrated modeling, and future new
developments may help reducing these large computation times. Especially, the
already powerful existing parallel version of HGS or PEBeoPEST) indicates
necessary increasing code efficiency in terms of computational power. This is a
reasonable approach to reduce computation effort for CC impact studies or any other
numerical exercise.
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In the calibration process, initial log transferred hydraulic conductivity of L #E

sec! are assigning to all pilot points as well as the lower and upper bounds df 1.0E
and 1.0B°m sec'. This large parameter range was chosen to demonstrate how well
PEST estimates realistic parameter values using mathematical regularization. Log
transferred hydraulic conductivity was chosen because it has the advantage that
variability is expressd in terms of factors and not in absolute values. Equal weights
are applied to all observations and singular value decomposition (SVD) as well as
Tikhonov regularization is applied in the calibration process. Because of no random
noise in the referenceshd observations the target objective function is set to 0.0.

Results and Conclusions

Model Calibration

A perfect fit was obtained between model output heads and head observations from
the synthetic reference model through 6 iteration steps in the tialibpaocess
(Figure Appl.4).
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Figure Appl.11: Simulated versus observed heads. Residuals of all observation wells
are displayed in the small rectangle.

Comparing the hydraulic conductivity fields between reference ariurai@id model
shows large differences in its structure (Figure Appl.5), even though a perfect fit has
been obtained between calculated and observed hydraulic heads.
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Figure App1.12: (a) Reference and (b) calibrated hydrasnductivity [m day]
field within the model domain.

The calibrated hydraulic conductivity field shows only a fraction of the real
heterogeneity of the reference model. Note that PEST has the capability to quantify
data worth of observations, and toetetine the additional observation types as well

as their measurement location to reduce the parametric uncertainty in the most
efficient way (see next chapter and see for instance exampl&altzHgher and
Doherty (2007)andBrunner et al. (2012)

CrossValidation and Linear Uncertainty analysis

Using CV to calculate the influence of observations on predictions show that the head
observations close to the southern border (well 9 to 12) contain the highest
information content in all observations (Figure App left panel). In this particular

area the head change (gradient) is highest compared to all other model areas.
Especially if the information content from observation well 9 is omitting, a good
reproducing of the piezometric head field during the caflibn is difficult. Omitting

an observation in the northern part of the model domain (see for instance piezometric
head in figure Appl.2) has none or only a small effect for the predictions. The
horizontal head differences are small between the obserwaélts in that line (e.g.

the 4 wells close to the northern border) and can be reproduce also just with 3
observations if one is omitted. Similar results can be obtained with the linear
uncertainty analysis (Figure Appl.6, right panel), although the sebativeen CV

and uncertainty variance can not be compared in terms of absolute values. Omitting
observation well 9 and to a smaller part observation well 10 in the calibration would

i ncrease t he predictive uncertaieby vari
piezometric head field. Omitting any other observations has only a small effect for the
predictions based on the LUA. Although both methods indicate similarity in the
results, the computation time is different. For CV &abbration is needed for each
omitted parameter whereas for the LW&tual parameter or observation values are
not needed. Only parameter and observation sensitivities are involved. Therefore, this
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analysis can be already applied albeit the model is not yet calibirddeeever, it
shauld be note that CV shows in contrast to linear uncertainty analysis the actual
effect of omitted observations for the calibration.

Cross-Validation linear uncertainty
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Figure App1.13: Left panel: Influence of observations on predictions (equation 2, see
tutorial) by CV. On the »axis the omitted observation is shown. The predictions,
which takes subsequently place are the simulated head produced with parameter
values estimated when the chosen observation is omitted. Right panel: The increase of
predictive unertainty variance for each head due to the loss of observation is shown
(equation 1, see tutorial).

The influence of each omitted observation for the pilot point hydraulic conductivity

values obtained by CV are shown in figure Appl.7 (Equation 21, sesaltuté&or

most omitted observations only a small change in the parameter values can be
observed (white to light yellow colours). Only for the omitted observation well 9 and
observation group down, which includes observation well 9, the biggest change in

pilot point values can be observed (dark yellow to red colours). This is of particular

i nterest because it i's known that observe
calibrated hydraulic conductivity field can result in considerable uncertainties of
predctions, as demonstrated Moore and Doherty (2006, 200683ing an example of

contaminate transport.
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Figure Appl.14: Parameter influence statistics (Equation 1, see tutorial) from the CV
experiment. Omitted parametersealabels as observation 1 to 12 as well as
observation group top (the 4 observations close to the northern border), down (the 4
observations close to the southern border) and middle (the 4 observations between
down and top). All 130 pilot points used irethalibration are displayed at theaxis.

The statistic shows the differences between a calibration with all observation and the
re-calibration with omitted observation(s) for the pilot point hydraulic conductivity
values.

We can conclude that observatioell 9 contains the highest information content for
the calibration of the hydraulic conductivity field. Calculating the parameter
identifability (figure App2.9 given in the tutorial) based on the available observations,
show not values larger than 0.8 each pilot point hydraulic conductivity. That
indicates that the data worth of the hydraulic heads are insufficient to constrain the
hydraulic conductivity field. To increase the parameter identifability different types of
observations, such as grourater plume concentration measured at the observation
wells, must be used additionally. However, methodologies to explore this predictive
uncertainty have been developed in last recent yearsMeae and Doherty, 2006,
2005 Christensen and Doherty, 2Q0Bausman et al., 2010 onkin et al., 2007;
Herckenrath et al., 2011; Doherty and Christensen, ;2@hllagher and Doherty,
2007). These approaches are readily applicable to models calibrated through pilot
point methods. For instance, the contributiontlod parameter null space can be
investigated by using pilot poinfdHunt et al., 2007)and/or in combination with
stochastic field generation to apply a Monte Carlo analfBmkin and Doherty,
2009) A more detailed investigation and description of mtace uncertainty can be
found in theaforementionegapers.

Summary

A workflow to combine pilot point calibration using the program PEST in
combination with the physically based finite element model HGS is presented. We
provided two executables thaearequired to use PEST with HGS, and illustrated the

wor kfl ow with a comprehensive tutori al
available as supplement) transfers mesh coordinates and makes the information
readable for further steps using the PEST progrding.mapping of the undertaken
interpolation from pilot points to elements of the HGS mesh is done by the program
AK2HGSO0O (source code available as suppl eme
can be easily applied to any other numerical models bytadjuke two executables
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