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1 EXECUTIVE SUMMARY

Pilot name Gort Lowlands

Country Ireland

EU-region Western Ireland

Area (km?) 480km?

Sedimentary.
Aquifer geology and | Porous and

type classification karstified Aquifer
System

Primary water usage | Drinking Water

Main climate change

. Increased risk of flooding
issues

Models and methods Earth Observation and Hydrological Modelling

used
Key stakeholders Local Authorities, Office of Public Works (Ireland)
Contact person Ted McCormack (Ted.McCormack@gsi.ie)

This pilot describes the novel approach developed to produce historic and predictive
groundwater flood maps for Ireland in line with the 2" implementation cycle of the EU Floods
Directive. A monitoring network of over 50 sites was established during the winter of 2016/2017
to improve our understanding of groundwater flood regimes and provide baseline model
calibration data. A methodology for delineating flood extents and water elevations from multi-
temporal Synthetic Aperture Radar (SAR) imagery was developed to provide flood data from the
2015/2016 extreme flood event at gauged and ungauged sites. Maximum flood extents derived
from SAR imagery from this event were combined with limited field observations to produce
historic groundwater flood maps.

Identifying and mapping areas vulnerable to flooding is a key step in the management of flood
risks. However, the nature of groundwater flooding on the lowland karst limestone plains of
Ireland pose significant technical challenges in this respect. These areas are susceptible to
groundwater flooding due to the combination of low soil and aquifer storage, high diffusivity
and limited surface drainage. Unprecedented groundwater flooding in Ireland during winter
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2015/2016 reinforced the need for a greater understanding of groundwater flooding as a
geohazard and improve our ability to quantify the location and likelihood of flood occurrence.

Hydrological models capable of reproducing groundwater flooding time series from antecedent
rainfall and soil moisture conditions were developed. Models for viable groundwater flooding
locations were calibrated on a combination of observed and SAR hydrographs. Using long-term
observational and stochastic meteorological series as input, the models have been used to
construct long-term hydrological series suitable for extreme value analysis and the generation
of predictive groundwater flood extents and maps.

Predictions of the future groundwater flood conditions are not clear in terms of the direction
change. The impacts to groundwater flooding differ depending on the TACTIC scenario being
applied. The dry scenarios indicate minor mean annual change in water levels and minor change
in peak flood levels but with an increase in dry conditions during summer. The wet scenarios
indicate an increase in mean water levels, an increase in peak levels and a reduction in dry
conditions during the summer.
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2 INTRODUCTION

Climate change (CC) already have widespread and significant impacts in Europe, which is
expected to increase in the future. Groundwater plays a vital role for the land phase of the
freshwater cycle and have the capability of buffering or enhancing the impact from extreme
climate events causing droughts or floods, depending on the subsurface properties and the
status of the system (dry/wet) prior to the climate event. Understanding and taking the
hydrogeology into account is therefore essential in the assessment of climate change impacts.
Providing harmonised results and products across Europe is further vital for supporting
stakeholders, decision makers and EU policies makers.

The Geological Survey Organisations (GSOs) in Europe compile the necessary data and
knowledge of the groundwater systems across Europe. In order to enhance the utilisation of
these data and knowledge of the subsurface system in CC impact assessments the GSOs, in the
framework of GeoERA, has established the project “Tools for Assessment of ClimaTe change
ImpacT on Groundwater and Adaptation Strategies — TACTIC”. By collaboration among the
involved partners, TACTIC aims to enhance and harmonise CC impact assessments and
identification and analyses of potential adaptation strategies.

TACTIC is centred around 40 pilot studies covering a variety of CC challenges as well as different
hydrogeological settings and different management systems found in Europe. Knowledge and
experiences from the pilots will be synthesised and provide a basis for the development of an
infra structure on CC impact assessments and adaptation strategies. The final projects results
will be made available through the common GeoERA Information Platform (http://www.europe-
geology.eu).

The Gort Lowlands pilot represents a local scale study where the impacts of Climate Change on
groundwater flooding is assessed. The winter of 2015/2016 saw unprecedented levels of rainfall
across the Republic of Ireland. Over 600mm of rainfall fell across the island of Ireland between
December and February, representing 190% of the long-term average and making it the wettest
winter on record in a rainfall time series stretching back to 1850 (McCarthy et al., 2016; Noone
et al., 2016). The sustained heavy rainfall caused exceptional and widespread flooding, with
rivers across the country bursting their banks and registering some of the highest levels on
record. The winter also saw the most extensive groundwater flooding ever witnessed on the
karstic limestone plains in the west of Ireland (Naughton et al., 2017b). Here homes were
flooded or cut off, roads submerged, and agriculture disrupted, with some affected areas
remaining inundated for months after flooding had subsided elsewhere.

Groundwater flooding in Ireland is primarily associated with the lowland limestone areas of
western Ireland. The prevalence of groundwater flooding in this region is fundamentally linked
to bedrock geology. Groundwater flow systems in these areas are characterised by high spatial
heterogeneity, low storage, high diffusivity, and extensive interactions between ground and
surface waters, which leaves them susceptible to groundwater flooding (Naughton et al., 2017a).
During intense or prolonged rainfall, the solutionally-enlarged flow paths are unable to drain
recharge and available sub-surface storage rapidly reaches capacity. Consequently, surface
flooding occurs in low-lying topographic depressions known as turloughs, which represent the
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principal form of extensive, recurrent groundwater flooding in Ireland (Mott MacDonald, 2010;
Naughton et al., 2012). There are over 400 recorded examples of turloughs across the country,
with the majority located in the limestone lowlands in counties Roscommon, Galway, Mayo and
Clare.

Unlike fluvial flooding (or fluvially derived groundwater flooding due to seepage through
permeable deposit riverbanks), where the flood is typically caused by high intensity rainfall,
groundwater flooding in karst regions is primarily driven by cumulative rainfall over a prolonged
period. It is this accumulation of water over a period of weeks or months that determines flood
severity and duration.

In response to serious flooding during winter 2015, Geological Survey Ireland, in collaboration
with Trinity College Dublin and Institute of Technology Carlow have developed a monitoring,
mapping and modelling programme to address the knowledge gap regarding groundwater
flooding in karst systems. The study is providing the requisite data to address the gap in
groundwater hydrometric data by establishing a permanent telemetric network, as well as
developing modelling tools to help address issues surrounding groundwater flood mapping and
flood frequency estimation. A key output from this project is to devise and implement a novel
approach to produce historic and predictive groundwater flood maps for Ireland in line with the
2" implementation cycle of the EU Floods Directive.

The EU Floods Directive (Directive 2007/60/EC) requires all Member States including Ireland to
reduce and manage the risks that all forms of flooding pose through the mapping of probabilistic
flood extents and the establishment of flood risk management plans. For flooding from
groundwater sources, the Floods Directive stipulates that Member States may decide that the
preparation of flood hazard maps shall be limited to the scenario floods with a low probability,
or extreme event scenarios. This was the approach taken for groundwater flood mapping during
the first implementation phase of the Floods Directive, where an evidence-based method was
used to map areas vulnerable to groundwater flooding (Mott Mc Donald, 2010). After the
extensive flooding of the winter of 2015/2016 there was a requirement to incorporate this new
information into updated historic groundwater flood maps. Furthermore, considering the
increased frequency of groundwater flooding in recent decades, methodologies for the
estimation of flood frequency would also provide a valuable tool for groundwater flood
management.

It is in this context that Geological Survey Ireland has developed a groundwater flood mapping

methodology for gauged and ungauged sites, which includes the first approach to groundwater
flood frequency estimation undertaken in the State.
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3 PILOT AREA

The Gort Lowlands is an extensively karstified lowland limestone catchment located in Co.
Galway, on the western coast of Ireland. The hydrogeomorphological history of the Gort
Lowlands is complex; recurrent karstification and glaciation of the Carboniferous limestone
formations has created an extensive conduit and cave system that dominates groundwater flow.
Variations in the lithology, stratigraphy, fracturing and faulting of the limestone bedrock have
all played a role in shaping this subterranean system. So too has the nature of catchment
recharge, with just over half of annual recharge supplied by rivers from adjacent non-carbonate
mountains. Surface flow in the lowlands is intermittent and drainage is via the karst network
which discharges at a series of intertidal and submarine springs along the coast.

3.1 Site description and data

Figure 1: Location of Pilot Area

The Gort Lowlands is a 480 km2 catchment located in County Galway in the west of Ireland. The
eastern portion of the catchment is dominated by the mountains underlain by Devonian Old Red
Sandstone. The western portion of the catchment is mostly flat and underlain by pure
carboniferous limestone. Similar to the majority of karstic regions found within Ireland, the
catchment is primarily lowland (rarely rising above 30 m), and, as such, the region is subject to
considerable interaction between ground and surface waters.

Average annual rainfall (1981-2010) across the region area ranges from more than 1500mm on
the high ground, to approximately 1100mm in low-lying areas (Walsh 2012). The lowest monthly
average rainfall generally occurs in April (60 to 80mm), followed by a gradual rise in average
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rainfall to the highest values between October and January (110 to 150mm). Recharge can be
divided into those sources which originate within the karst body (autogenic) and those that
originate from outside the karst aquifer (allogenic). Recent studies estimate that the discharge
from the catchment is split approximately 55% allogenic to 45% autogenic in origin (McCormack
et al. 2014).

The presence of ephemeral lakes known as turloughs is a key characteristic of Irish lowland karst
regions. These lakes are described as topographic depressions in karst, which are intermittently
flooded on an annual cycle via groundwater sources and have substrate and/or ecological
communities characteristic of wetlands (Environmental Protection Agency, 2004). These
seasonal lakes provide storage for excess recharge in the Gort Lowlands that cannot be accom-
modated by the groundwater system.

3.2 Climate change challenge

Regionally downscaled climate models indicate that future climate conditions in the pilot area
will consist of reduced summer precipitation and increased winter precipitation (Nolan, 2015).
These changes will result in an amplification of the seasonal flooding pattern already occurring
within the catchment. This change in seasonal precipitation patterns, as well as the predicted
increased frequency of storm events, will likely cause an increased risk of river, coastal and
groundwater flooding.

Arctic

Temperature rise much larger than global average

Decrease in Arctic sea ice coverage

Decrease in Greenland ice sheet

Decrease in permafrost areas

Increasing risk of biodiversity loss

Intensified shipping and exploitation of oil and gas resources

Northern Europe

Temperature rise much larger than global average
Decrease in snow, lake and river ice cover
Increase in river flows

Northward movement of species

Increase in crop yields .

Decrease in energy demand for heating

Increase in hydropower potential

Increasing damage risk from winter storms
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Sea-level rise
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Increasing risk for fish stocks

Temperature rise larger than European average
Decrease in glacier extent and volume
Decrease in mountain permafrost areas
Upward shift of plant and animal species

High risk of species extinction in Alpine regions
Increasing risk of soil erosion

Decrease in ski tourism
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Increase in winter precipitation
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> . Central and eastern Europe
Increasing risk of river and coastal flooding

Increase in warm temperature extremes
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Increase in water temperature
Increasing risk of forest fire

Decrease in economic value of forests

Mediterranean region

Temperature rise larger than European average
Decrease in annual precipitation
Decrease in annual river flow

Increasing risk of biodiversity loss
Increasing risk of desertification
Increasing water demand for agriculture
Decrease in crop yields

Increasing risk of forest fire

Increase in mortality from heat waves
Expansion of habitats for southern
disease vectors

Decrease in hydropower potential \
Decrease in summer tourism and N s
potential increase in other seasons

’
v
. 4

Figure 2: Observed and projected climate change and impacts for the main biogeographical regions in
Europe (European Environmental Agency).
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4 METHODOLOGY

Hydrological models capable of reproducing groundwater flooding time series from antecedent
rainfall and soil moisture conditions were developed. Models for viable groundwater flooding
locations were calibrated on a combination of observed and SAR hydrographs. Using long-term
observational and stochastic meteorological series as input, the models have been used to
construct long-term hydrological series suitable for extreme value analysis and the generation
of predictive groundwater flood extents and maps. The modelling technique consists of two
broad steps:

e Generation of hydrometric data using earth observation techniques.

e Hydrogeological modelling of flood sites based on

4.1 Climate data

Hydrogeological models require daily rainfall and evapotranspiration data from nearby weather
stations. This data is obtained from the Irish National weather agency, Met Eireann.

The present study relies on the TACTIC standard climate change dataset to reflect future climate
conditions, which include a “wet” and a “dry” climate for a +1 and +3 degree global warming
scenario. The study has further used an ensemble of climate change scenarios based on the
Euro-CORDEX dataset.

4.1.1 TACTIC standard Climate Change scenarios

The TACTIC standard scenarios are developed based on the ISIMIP (Inter Sectoral Impact Model
Intercomparison Project, see www.isimip.org) datasets. The resolution of the data is 0.5°x0.5°C
global grid and at daily time steps. As part of ISIMIP, much effort has been made to standardise
the climate data (a.o. bias correction). Data selection and preparation included the following
steps:

1. Fifteen combinations of RCPs and GCMs from the ISIMIP data set where selected. RCPs
are the Representative Concentration Pathways determining the development in
greenhouse gas concentrations, while GCMs are the Global Circulation Models used to
simulate the future climate at the global scale. Three RCPs (RCP4.5, RCP6.0, RCP8.5)
were combined with five GCMs (noresmi1-m, miroc-esm-chem, ipsl-cm5a-Ir, hadgem?2-
es, gfdl-esm2m).

2. Areference period was selected as 1981 — 2010 and an annual mean temperature was
calculated for the reference period.

3. For each combination of RCP-GCM, 30-years moving average of the annual mean
temperature where calculated and two time slices identified in which the global annual
mean temperature had increased by +1 and +3 degree compared to the reference
period, respectively. Hence, the selection of the future periods was made to honour a
specific temperature increase instead of using a fixed time-slice. This means that the
temperature changes are the same for all scenarios, while the period in which this occur
varies between the scenarios.

4. To represent conditions of low/high precipitation, the RCP-GCM combinations with the
second lowest and second highest precipitation were selected among the 15
combinations for the +1 and +3 degree scenario. This selection was made on a pilot-by-
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pilot basis to accommodate that the different scenarios have different impact in the
various parts of Europe. The scenarios showing the lowest/highest precipitation were
avoided, as these endmembers often reflects outliers.

5. Delta change values were calculated on a monthly basis for the four selected scenarios,
based on the climate data from the reference period and the selected future period. The
delta change values express the changes between the current and future climates,
either as a relative factor (precipitation and evapotranspiration) or by an additive factor
(temperature).

6. Delta change factors were applied to local climate data by which the local particularities
are reflected also for future conditions.

For the analysis in the present pilot the following RCP-GCM combinations were employed:

Table 4.4.1-1. Combinations of RCPs-GCMs used to assess future climate

RCP GCM
“Dry” | 4.5 noresml-m
1-d
egree “Wet” | 6.0 miroc-esm-chem
“Dry” | 6.0 hadgem2-es
3-d
egree “Wet” | 8.5 miroc-esm-chem

4.2 Hydrological Modelling based on Earth Observation data
4.2.1 Generation of hydrometric data using earth observation techniques

While traditional monitoring is an effective tool for hydrometric data collection at priority sites,
the distributed nature of groundwater flooding in karst lowlands hampers any systematic
mapping efforts. Groundwater flooding occurs in isolated basins across the landscape. The large
number and wide distribution of these basins makes them impractical to monitor using field
instrumentation. Earth Observation and Geographical Information System (GIS) approaches
offer significant advantages in this respect. The ability to describe and map how floods develop
and recede accurately and at a large spatial scale is a prerequisite for effective flood risk
management

Active systems, such as synthetic aperture radar (SAR), are particularly useful for flood mapping
as they have a day-and-night capability and are not impacted by cloud cover. SAR systems emit
radar pulses and record the return signal at the satellite. Flat surfaces such as water operate as
specular reflectors for the radar pulses resulting in minimal backscatter signal returning to the
satellite thus providing a contrast between dry and flooded areas. While interpretation of SAR
images involves a degree of ambiguity due to factors such as speckle effects and dielectric
properties, overall SAR systems offer a powerful tool for water delineation (see Figure 3).

The information gained from SAR imagery can be further enhanced by adding contextual
information from high-resolution topographic mapping. The flood boundary can be cross-
referenced against the topographic data to calculate the elevation of the land-water interface
and thus the depth of water in the turlough. This methodology benefits from the fact that
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turlough flooding typically occurs in enclosed, isolated basins. As a result, and unlike river
flooding scenarios, the water surface can be assumed to have a uniform elevation value.

An additional benefit of Sentinel-1 is the frequency of image capture; the satellites have been
collecting imagery over Ireland at a 1 to 3 day revisit time since late 2014. While this revisit time
may be inadequate for observing flash floods, which appear and dissipate within hours, it is
suitable for monitoring groundwater flooding which occurs at a much slower rate (weeks to
months). The considerable catalogue of Sentinel-1 imagery available has allowed us to track
groundwater flood development through time. For sites with suitable size and topography
characteristics the depth calculation process can be repeated for every satellite orbit enabling
the generation of dynamic flood mapping and hydrographs.

s u};}c 3 Gl

(A): Orthoptography (B): SAR imagery, ch 2017

(B): Flood delineation, March
2017

Figure 3: Imagery of Castleplunket turlough showing (A) orthophotography of it empty, (B) pre-
processed SAR flood image and (C) flood delineation overlaid on LiDAR data

Image processing techniques have been developed by the GSI in-house optimise detection of
groundwater flood extents from SAR data. By combining satellite derived flood extents with
high resolution topographic mapping, it is possible to extract water level information from each
satellite image. This methodology enhances the accuracy of once-off flood extent maps as well
as enabling the generation of historic flood hydrographs for previously unmonitored sites. The
flood monitoring methodology consists of five broad stages (for more information, see
McCormack et al. (2020)):

1. Data acquisition and pre-processing

2. Flood delineation using an automated, repeatable image thresholding algorithm

3. Image filtering & correction

4. Application of topography to establish the most probable land-flood interface elevation

value.
5. Map and hydrograph generation

Page 13 of 23



TACTIC

GRQUNDWATER

Hydrographs were generated for the 12 sites shown in Figure 4. Once complete, the hydrographs
were then used as inputs to the hydrological models.

Caranvoodaun

Ballyboy (Ardrahan)
Owenbristy South

Blackrock/Peterswell
Cahermore) ydacan (North)

Caherglassaun

Turloughmore

Termon South
Lough Bunny

Lough Aleenaun

Figure 4: Locations of sites chosen for hydrograph generation and climate change modelling

4.2.2 Hydrological Modelling

Geological Survey Ireland developed a hydrological modelling methodology to quantify the
relationship between rainfall and turlough flooding to reconstruct the requisite long-term
hydrological series from observed and stochastic rainfall data.

There are two fundamental approaches to the mathematical modelling of karst hydrogeological
systems; distributive models and global models. Given the limited data availability in Irish karst
groundwater flow systems, and the required broad application of the methodology, a global
modelling approach was deemed the most appropriate approach. Global (or lumped parameter)
models concentrate on mathematically deriving a relationship between input and output; they
consider the karst aquifer as a transfer function, transforming the rainfall input signal into the
output hydrograph signal. The transfer function is taken to represent the overall (or global)
hydrogeological response of the karst aquifer to recharge events (Kovacs and Sauter, 2007).

The primary objective of the global modelling approach was to develop predictive relationships
between antecedent rainfall and flooding within individual turlough basins. Once established,
this would allow the reconstruction of hydrological series sufficiently long for flood frequency
analysis to be carried out and predictive flood levels to be estimated.
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A version of the Antecedent Precipitation Index (API) (Kohler and Linsley, 1951; Smakhtin and
Masse, 2000) was used to model flood behavior. The APl assumes the effect of antecedent
precipitation can be represented by catchment or site-specific recession coefficient (Beschta,
1998). A modified version of the API, the Current Precipitation Index (CPI) (Smakhtin and Masse,
2000), has been used to model turlough flood volumes and is given by:
=1
CPI = Z Rkt
t=—1
Where i is the number of antecedent days, k is a decay constant and R; is recharge on day t. The
coefficient k represents the percentage water that remains after a specified time interval; a large
k leads to a slow recession after the cessation of rainfall while a small k indicates a quick
recession (Lee and Huang, 2013). To ensure convergence and remove the influence of initial
conditions on analysis, effective rainfall series beginning at least one year before the
corresponding hydrological series were used in the calculation of the CPI. CPl series using a range
of k values were generated, with the k value showing the highest correlation with observed
volume selected. The model then took the form of a simple linear regression between the CPI
(predictor) and flood volume (response) where:
V=S+ Cx*CPI
where S is the intercept C is the slope. Conceptually the intercept S represents a groundwater
storage term, or the volume of water required to have built up in the karst groundwater flow
system before flooding occurs. The slope term C represents a notional contributing area,
defining the minimum zone of contribution required to supply the recorded water volume.

A soil moisture deficit (SMD) model was used to estimate recharge based on the SMD model
developed for Irish grasslands by Schulte et al. (2005). The soil and unsaturated zone were
represented as a single reservoir with the flux in the reservoir dependent on the inputs and
outputs, namely rainfall (R) as input and actual evapotranspiration (ETa) and recharge (Re) as
output.

4.2.3 Calibration

Accuracy for both remote sensing data generation and hydrological modelling was calibrated
and validated a network of water level monitoring stations installed at flood hazard areas
throughout the Gort Lowlands. Goodness of fit for the SAR hydrograph process was assessed
using Nash-Sutcliffe Efficiency (NSE) for flood volume (volume is preferred to stage as it
prioritises model efficiency at high flood conditions).

Observed water level data were compared to SAR derived hydrographs at a subset of sites and
the hydrograph generation variables were tweaked to achieve maximum efficiencies. Nash
Sutcliffe efficiency coefficients of between 0.95 and 0.7 were achieved at the test sites. See
Figures 5-7 for examples.

* Xk
* *
* *
* B

Page 15 of 23 *ox X



TACTIC

GRQUNDWATER

32.5 e Low usuable pixel cou.nt 77777777777777777777777777777777777777777777777777777777777777777777777 —— SAR Hydrograph
i i —— Smoothened SAR
30.0 : L | _ = Min total area threshold
27.5 ) mmm Datalogger
250
E
S 22.5
o
©
& 20.0
17.5
15.0
125
RN s%e “ %"e J‘%e os"e %, e, osfe Yo, T, %“e %’e Y
%s Oy % e T %y %y G 9 o Gy TG, T %y e

Date

Figure 5: SAR Derived hydrograph for Blackrock Turlough.
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Figure 6: SAR Derived hydrograph for Cahermore Turlough
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Figure 7: SAR Derived hydrograph for Termon South

Models were calibrated using a combination of observed and SAR hydrographic data see Figure
8 and Figure 9 for examples). Goodness of fit was assessed using the NSE, percentage bias
(PBIAS), and annual maxima error (AmaxE) criteria for volume. The average NSE value for all
accepted models was 0.80.
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Figure 8: Observed (red) and modelled (black) hydrograph. Blackrock Turlough, Co. Galway.
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Figure 9: Observed (red) and modelled (black) hydrograph. Termon South, Co. Clare.
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5 RESULTS AND CONCLUSIONS

5.1 Hydrological Modelling based on Earth Observation data

Once calibrated, the models were run for the reference period as well as for the TACTIC standard
scenarios. Modelling the TACTIC scenarios consisted of applying the delta change factors to
precipitation and reference evapotranspiration (the models to not require temperature). In the
Gort Lowlands, the delta change factors for precipitation varied between 1.3 and 0.77 (see
Figure 10) whilst evapotranspiration only varied between 1.07 and 0.993.

1.4
13
12
11

1

0.9

Delta Change Factor

0.8 = = =1d__min_rcp4.5_noresml1-m_(dry) Tt~ ~
= = = 3d_min_rcp8.5_ noresm1-m_(dry)

1d__max_rcpd.5_ gfdl-esm2m_(wet)
3d_max_rcp4.5_ miroc-esm-chem_({wet)

0.7

0.6

Jan Jan Mar Apr May Jun Jul Aug Sep Oct Nov

Figure 10: Delta Change Factors for precipitation in the Gort Lowlands. Factors for 1 and 3
degree change are shown in blue and red respectively. “Wet” scenarios are
shown as unbroken lines and “Dry” scenarios are shown as solid lines.

Outputs from the 12 models was produced in the format of daily timeseries of water levels over
the specified time period. For the purposes of consistency and comparison with other TACTIC
pilot studies, the model results are presented here as mean water levels over the analysis period
and changes to mean water levels due to climate change. The mean water levels for the
reference period and for the TACTIC scenarios are presented in Table 5.1-1 and the relative
changes in mean levels are shown in Table 5.1-2.

Page 19 of 23 *ox X



TACTIC

GRQUNDWATER

Table 5.1-1: Mean Water levels for individual sites over the reference period and TACTIC

scenarios

Site Name Reference  1d min (dry) 1d max (wet) 3d min (dry) 3d max (wet)

Period rcp4.5 rcp4.5 rcp8.5 rcp4.5

noresml-m gfdl-esm2m noresml-m miroc-esm-chem

Termon South 21.15 21.07 21.29 21.12 21.41
Lough Aleenaun 72.70 72.65 72.78 72.66 72.82
Blackrock 14.57 14.53 14.98 14.82 15.43
Coole Lough 5.35 5.19 5.56 5.25 5.80
Caherglassaun 4.74 4.64 493 4.72 5.13
Caranavoodaun 23.52 23.48 23.58 23.49 23.63
Turloughmore 27.60 27.57 27.67 27.57 27.69
Lough Bunny 16.91 16.89 16.94 16.89 16.97
Cahermore 5.47 5.47 5.62 5.61 5.83
Ballyboy 29.90 29.89 29.96 29.95 30.04
Owenbristy 18.04 18.03 18.09 18.06 18.14
Lydican 13.92 13.89 13.99 13.92 14.06

Table 5.1-2 Relative changes in mean water levels between the reference period and TACTIC

scenarios
Site Name 1d min (dry) 1d max (wet) 3d min (dry) 3d max (wet)
rcp4.5 rcp4.5 rcp8.5 rcp4.5
noresml-m gfdl-esm2m noresml-m miroc-esm-chem
Termon South -0.07 0.14 -0.02 0.27
Lough Aleenaun -0.05 0.08 -0.04 0.12
Blackrock -0.05 0.41 0.25 0.86
Coole Lough -0.16 0.22 -0.10 0.45
Caherglassaun -0.10 0.19 -0.02 0.39
Caranavoodaun -0.04 0.06 -0.02 0.11
Turloughmore -0.03 0.07 -0.03 0.09
Lough Bunny -0.02 0.03 -0.02 0.05
Cahermore 0.00 0.15 0.14 0.36
Ballyboy -0.01 0.07 0.05 0.14
Owenbristy -0.01 0.05 0.02 0.10
Lydican -0.03 0.07 0.00 0.14
Average -0.05 0.13 0.02 0.26
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Further summary statistics are presented in Table 5.1-3 and Table 5.1-4 which show the change
in maximum water levels and number of dry days (i.e. the number of days the turlough is empty,
typically in summer) respectively.

Table 5.1-3: Relative changes in maximum water levels between the reference period and

TACTIC scenarios
Site Name 1d min (dry) 1d max (wet) 3d min (dry) 3d max (wet)
rcp4.5 rcp4.5 rcp8.5 rcp4.5
noresml-m gfdl-esm2m noresml-m miroc-esm-chem
Termon South -0.01 0.31 0.27 0.54
Lough Aleenaun -0.15 -0.01 -0.08 0.31
Blackrock -0.09 -0.01 -0.22 0.50
Coole Lough -0.12 0.06 0.17 0.43
Caherglassaun -0.15 0.02 0.26 0.52
Caranavoodaun -0.06 0.03 0.08 0.20
Turloughmore -0.06 -0.03 -0.04 0.11
Lough Bunny -0.03 0.00 0.05 0.12
Cahermore -0.01 0.33 0.59 0.99
Ballyboy -0.03 -0.01 -0.07 0.13
Owenbristy -0.06 0.01 0.09 0.21
Lydican -0.09 0.14 0.18 0.33
Average -0.07 0.07 0.11 0.37

Table 5.1-4: Relative changes in number of annual dry days (i.e. the turlough is empty)
between the reference period and TACTIC scenarios

Site Name 1d min (dry) 1d max (wet) 3d min (dry) 3d max (wet)
rcp4.5 rcp4.5 rcp8.5 rcp4.5
noresml-m gfdl-esm2m noresm1l-m miroc-esm-chem
Termon South 7.21 -8.28 5.89 -12.80
Lough Aleenaun 6.51 -1.04 8.91 -0.64
Blackrock 1.83 -3.14 0.77 -6.24
Coole Lough 4.66 -2.23 5.74 -4.42
Caherglassaun 3.92 -2.91 5.05 -4.96
Caranavoodaun 6.02 -3.65 7.72 -3.47
Turloughmore 4.58 -5.93 5.67 -3.53
Lough Bunny 5.18 -3.03 8.27 -1.67
Cahermore 0.65 -2.42 -1.22 -5.87
Ballyboy 0.75 -2.60 -0.77 -5.59
Owenbristy 3.31 -3.11 2.79 -6.73
Lydican 0.03 -0.03 0.03 -0.07
Average 3.72 -3.20 4.07 -4.66
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From Table 5.1-2 it can be seen that average water levels in the turloughs show consistent
reductions under the 1 degree dry scenario and mixed impacts under the 3 degree dry scenario.
However, the impacts of these dry scenarios are relatively minor with most sites presenting
changes of less than 5cm. For the wet scenarios the impacts are more significant. The average
change in the 1 degree wet scenario is a 0.13m increase while the 3 degree wet scenario shows
a 0.26m increase (with one site, Blackrock, increasing by 0.86m).

The seasonal effects of the TACTIC delta change factors are presents in Table 5.1-3 and Table
5.1-4. From these tables it can be seen that the dry scenarios show mixed changes in peak water
levels (7cm drop for 1 degree and 11cm rise for 3 degree) but a consistent increase in dry days
per year (+3.7% and +4.1%). This indicates that the winter levels are not dramatically changed
but the summer is significantly dryer resulting in longer periods of without groundwater
flooding. These findings broadly follow the dry scenario delta change factors as shows in Figure
10 which show mixed winter impacts but consistent dryer summer months. In contrast, the wet
scenarios show consistent impacts from increased rainfall throughout the year. The maximum
flood level is increased and the number of dry days is reduced.

5.1.1 Conclusions

Predictions of the future groundwater flood conditions are not clear in terms of the direction
change. The impacts to groundwater flooding differ depending on the TACTIC scenario being
applied. The dry scenarios indicate minor mean annual change in water levels and minor change
in peak flood levels but with an increase in dry conditions during summer. The wet scenarios
indicate an increase in mean water levels, an increase in peak levels and a reduction in dry
conditions during the summer.

Page 22 of 23



TACTIC

GRQUNDWATER

6 REFERENCES

Beschta, R.L., 1998. Forest hydrology in the Pacific Northwest: additional research needs. JAWRA
Journal of the American Water Resources Association, 34(4): 729-741.

Kohler, M.A. and Linsley, R.K., 1951. Predicting the runoff from storm rainfall, 30. US Department
of Commerce, Weather Bureau.

Kovacs, A. and Sauter, M., 2007. Modelling karst hydrodynamics. In: N. Goldscheider and D.
Drew (Editors), Methods in karst hydrogeology. IAH international contributions to
hydrogeology 26. Taylor & Francis, pp. 201-222.

Lee, K.T. and Huang, J.-K., 2013. Runoff simulation considering time-varying partial contributing
area based on current precipitation index. Journal of Hydrology, 486: 443-454.
McCarthy, M., Spillane, S., Walsh, S. and Kendon, M., 2016. The meteorology of the exceptional

winter of 2015/2016 across the UK and Ireland. Weather, 71(12): 305-313.

McCormack, T., Naughton, O., Bradford, R., Campanya, J., Morrissey, P., Gill, L. and Lee, M.,
2020. GWFlood: Monitoring, Modelling and Mapping Karst Groundwater Flooding in
Ireland, Geological Survey Ireland, Dublin.

Mott MacDonald, 2010. Preliminary Flood Risk Assessments: Groundwater Flooding, Dublin.

Mott Mc Donald, 2010. Preliminary Flood Risk Assessments - Groundwater Flooding. Prepared
for the Office of Public Works, Dublin.

Naughton, O., Johnston, P.M. and Gill, LW., 2012. Groundwater flooding in Irish karst: The
hydrological characterisation of ephemeral lakes (turloughs). Journal of Hydrology, 470—
471(0): 82-97.

Naughton, O., Johnston, P.M., McCormack, T. and Gill, L.W., 2017a. Groundwater flood risk
mapping and management: examples from a lowland karst catchment in Ireland. Journal
of Flood Risk Management, 10(1): 53-64.

Naughton, O., McCormack, T., Gill, L. and Johnston, P., 2017b. Groundwater flood hazards and
mechanisms in lowland karst terrains. Geological Society, London, Special Publications,
466: SP466. 9.

Noone, S., Murphy, C., Coll, J., Matthews, T., Mullan, D., Wilby, R.L. and Walsh, S., 2016.
Homogenization and analysis of an expanded long-term monthly rainfall network for the
Island of Ireland (1850-2010). International Journal of Climatology, 36(8): 2837-2853.

Schulte, R.P.O., Diamond, J., Finkele, K., Holden, N.M. and Brereton, A., 2005. Predicting the soil
moisture conditions of Irish grasslands. Irish Journal of Agricultural and Food Research,
44:95-110.

Smakhtin, V.Y. and Masse, B., 2000. Continuous daily hydrograph simulation using duration
curves of a precipitation index.

* Xk
* *
* *
* B

Page 23 of 23 *ox X



	List of abbreviations & acronyms
	1 Executive Summary
	2 Introduction
	3 Pilot area
	3.1 Site description and data
	3.2 Climate change challenge

	4 Methodology
	4.1 Climate data
	4.1.1 TACTIC standard Climate Change scenarios

	4.2 Hydrological Modelling based on Earth Observation data
	4.2.1 Generation of hydrometric data using earth observation techniques
	4.2.2 Hydrological Modelling
	4.2.3 Calibration


	5 Results and Conclusions
	5.1 Hydrological Modelling based on Earth Observation data
	5.1.1 Conclusions


	6 References

