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Abstract

Controls on the spatiotemporal extent of groundwater flooding are poorly understood, despite the
long duration of groundwater flood events and distinct social and economic impacts. We developed
a novel approach using statistical analysis of groundwater level hydrographs and impulse response
functions (IRFs) and applied it to the 2013/14 Chalk groundwater flooding in the English Lowlands. We
proposed a standardised index of groundwater flooding which we calculated for monthly groundwater
levels for 26 boreholes in the Chalk. We grouped these standardised series using k-means cluster
analysis and cross-correlated the cluster centroids with the Standardised Precipitation Index (SPI)
accumulated over time intervals between 1 and 60 months. This analysis reveals two spatially
coherent groups of standardised hydrographs which responded to precipitation over different
timescales. We estimated IRF models of the groundwater level response to effective precipitation for
three boreholes in each group. The IRF models corroborate the SPI analysis showing different
response functions between the groups. We applied identical effective precipitation inputs to each
of the IRF models and observed differences between the hydrographs from each group. It is suggested
this is due to the hydrogeological properties of the Chalk and of overlying relatively low permeability
superficial deposits (recent unconsolidated sediments overlying the bedrock, such as clays and tills),
which are extensive over one of the groups. The overarching controls on groundwater flood response
are concluded to be a complex combination of antecedent conditions, rainfall and catchment
hydrogeological properties. These controls should be taken into consideration when anticipating and
managing future groundwater flood events. The approach presented is generic and parsimonious and

can be easily applied where sufficient groundwater level and rainfall data are available.
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1 Introduction

Flooding is estimated to affect more people globally than any other natural hazard, with an average
of 250 million people affected annually (United Nations Office for Disaster Risk Reduction, 2013). In
comparison to fluvial and pluvial flooding, flooding from groundwater has only recently been given
adequate consideration following groundwater floods in Northern and Central Europe in the past two
decades (Robinson et al., 2001; Pinault et al., 2005; Kreibich et al., 2009; Macdonald et al., 2012).
Groundwater flooding is the emergence of groundwater at the ground surface away from perennial
river channels or the rising of groundwater into man-made ground, under conditions where the
‘normal’ ranges of groundwater level and groundwater flow are exceeded (Finch et al., 2004,
Macdonald et al., 2008). Whilst groundwater flooding in some limestone terranes can be shortlived
(Bonacci et al., 2006), a more common characteristic feature of groundwater flooding events is the
relatively long duration compared with fluvial flooding (Cobby et al., 2009; Hughes et al., 2011). As a
result, it can cause social disruption and economic impact that is distinct from fluvial floods. In
England, preliminary work has suggested that groundwater flooding may cause economic losses of
£530m per year, approximately 30% of total losses associated with flooding from all sources (ESI,

2016).

Due to the relatively recent recognition of flooding from groundwater, and the difficulty in separating
it from other forms of flooding, there has been limited reporting of the impact of large scale
groundwater flooding (Finch et al., 2004). Globally there has been some reporting of approaches to
assess groundwater flood risk (e.g. Chebanov and Zadniprovska (2011); Gotkowitz et al. (2014); First

et al. (2015); Naughton et al. (2015)) but the majority of the studies of this hazard have been in the
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United Kingdom. Regional groundwater flooding in the south of the UK in the winter of 2000/1, and
further major flooding in 2003 and 2007 that also included a significant groundwater component, led
to legislation to assess and devise measures to address groundwater flood risk nationally. Work has
been undertaken to develop national scale groundwater emergence and susceptibility maps (Morris
et al., 2007; McKenzie et al., 2010) which has led to the development of groundwater flood risk maps
(ESI, 2016; JBA, 2016). These flood risk maps address the two main settings for groundwater flooding:
shallow permeable superficial deposits (recent unconsolidated sediments overlying the bedrock)
associated with large rivers; and unconfined bedrock aquifers. Groundwater flooding on the outcrop
of the Chalk aquifer in the southern and eastern UK, that is within the latter category, has been the
primary focus for research. Catchment scale understanding of groundwater flood risk here has been
gained through specific case studies (Adams et al., 2010; Upton and Jackson, 2011; Morris et al., 2015).
Detailed site-scale investigations into recharge processes within this fractured dual porosity-dual
permeability carbonate aquifer have also given insight into the processes controlling groundwater
flooding associated with water table rises (Butler et al. (2012) and references therein). In contrast to
recharge by diffuse matrix flow, rapid groundwater level changes following specific rainfall events
have been attributed to flow within saturated or partially saturated fractures (Lee et al., 2006; Ireson
and Butler, 2011). Changes in groundwater levels have been shown to be highly non-linear and
controlled by rainfall event intensity, duration and antecedent soil moisture conditions. At the
regional scale, however, limited work has been undertaken to understand the controls on
groundwater flooding. The role of both catchment properties and climate in controlling regional scale
impacts of drought has been established (Peters et al., 2003; Van Lanen et al., 2013), with the first
guantitative analyses of the relative importance of these factors recently undertaken (Van Loon and
Laaha, 2015; Tijdeman et al., 2016). In contrast, the controls on the spatiotemporal distribution of
groundwater flooding are poorly understood (Hughes et al., 2011). Climate change has potential to
cause higher frequency and more severe rainfall events (Fowler and Ekstrém, 2009), and recent work

has suggested that groundwater flooding in the UK may be 4 times more frequent in 2040 — 2069



99

100

101

102

103

104

105

106

107

108

109

110

111
112

113
114

115

116

117

118

119

120

121

122

123

(Jimenez-Martinez et al., 2016). Consequently, it is critical that the controls on the spatiotemporal

extent of groundwater flooding are better understood.

In this paper we present a methodology to improve the process understanding of groundwater
flooding at the regional scale. Applied to the Chalk outcrop in the English Lowlands (Folland et al.,
2015), we use a novel combination of statistical analysis of groundwater level hydrographs and
groundwater modelling using impulse response functions to assess the hydrometeorogical and
hydrogeological controls on groundwater flooding. The application uses multi-decadal groundwater
level time series from the Chalk aquifer in combination with data from a specific flood event in the
winter of 2013/14. The methodology presented is generic and can be applied elsewhere to develop

conceptual models of groundwater flooding and improve groundwater flood management.

2 Materials and Methods

The study area used was the outcrop of the Chalk aquifer in the south east of England. The study area
is shown in Figure 1 in addition to the names and locations of the principal regions within the southern
Chalk (Wessex, South Downs, Chilterns and the North Downs (Allen et al., 1997)). The Chalk is a soft
microporous limestone which underlies large areas of north-west France, Belgium and the south and
east of the UK. At outcrop it is overlain by a series of younger unconsolidated superficial deposits,
including Clay-with-Flints and glacial tills. The Clay-with-Flints is a reddish stiff sandy clay of relatively
low permeability (Kmedian = 0.27 m/day, standard deviation = 0.74, based on grain size distribution
analysis by Bricker and Bloomfield (2014)), ranging in thickness from 0.5 to 10 m (Klinck et al., 1988).

Glacial tills in the study area are of low permeability but highly heterogeneous (Kmedian = 1.61 m/day;,
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standard deviation = 65.38 (Bricker and Bloomfield, 2014)). Tills can be up to 20 m in thickness in the
study area (Bricker and Bloomfield, 2014) and have been shown to inhibit recharge by up to 85%

(Klinck et al., 1997).

Groundwater sources within the Chalk can be highly productive and the formation is a principal aquifer
in these regions, providing up to 70% of the public water supply in areas of the south east of the UK.
Groundwater flow occurs both within the Chalk matrix and through fractures; most of the
groundwater storage is derived from secondary porosity created by the fractures (Downing et al.,
1993). Many factors have contributed to the aquifer properties of the Chalk (Downing et al., 1993).
The regional-scale pattern of transmissivity has a number of controls, including the structure of the
Chalk (Blundell, 2002) and periglacial erosion. Superimposed upon the general distribution are other
effects which sometimes result in high permeability (MacDonald and Allen, 2001): the concentration
of groundwater flux within valleys; the lithology of the Chalk, especially the presence of marl layers,
flints or hardgrounds; the local structure of the Chalk, especially where significant fracturing has
developed; and younger cover, which can be instrumental in focusing recharge and developing
solution features and groundwater conduits. The high fracture permeability and relatively low storage
of the Chalk gives rise to comparatively large seasonal water table variations and associated stream-
head migration up dry valleys. Groundwater levels can vary significantly within the Chalk under normal
conditions. In the interfluves, where the unsaturated zone can be over 100 metres in thickness, the
difference between the minimum (October/November) and maximum (March/April) groundwater

levels can be tens of metres.

Research undertaken on recharge processes within the Chalk aquifer, particularly in relation to
groundwater flooding, has shown that the trigger point for groundwater flooding is the critical

saturation of the unsaturated zone (Adams et al., 2008). When recharge occurs and critical saturation
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is reached, a rapid rise in groundwater levels consequently occurs. During extreme recharge events
the associated rise in groundwater can result in flow in high permeability horizons of the Chalk,

resulting in groundwater appearing at the ground surface.

This study used the flood event in the UK that occurred in the winter and spring of 2013/14.
Substantial work has been undertaken to report the hydrological impacts (Kendon and McCarthy,
2015; Muchan et al., 2015) and assess both the climatic and human influences on the
hydrometeorology of the event (Huntingford et al., 2014; Davies, 2015; Huntingford et al., 2015; van
Oldenborgh et al., 2015; Schaller et al., 2016). However, no regional scale reporting of the impacts
and causes of specific groundwater flooding during the event has been undertaken to date. Between
mid-December 2013 and mid-February 2014, a succession of low pressure systems crossed the UK,
resulting in its wettest winter on record (Kendon and McCarthy, 2015). The persistent heavy rainfall
meant that the winter was distinctive for the occurrence of pluvial, fluvial, and groundwater flooding
in southern and central England, as well as coastal flooding in the far southwest caused by the strong
winds, high tides and storm surges. The relative importance of these different types of flooding varied
geographically and over the course of the winter, but it was particularly notable for the exceptional
duration of flooding from both surface and groundwater in the River Thames valley and groundwater

flooding on the Chalk outcrop.

At the start of December 2013, flows in most rivers across the UK were in recession and river
discharges were below the seasonal average. Groundwater levels in the Chalk were in the normal
range or below. However, from mid-December onwards these recessions were interrupted by sharp

river flow and groundwater responses to the onset of the storms, particularly in southern England.
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Water level rises of over 25 m were recorded during December in some boreholes and the first
groundwater flood alerts were issued on 26 December 2013. By the end of January, record monthly
levels had been recorded at six out of the 11 Chalk boreholes in southern England used to assess the
status of groundwater nationally (Muchan et al., 2015). Extensive groundwater flooding occurred
across this region during February impacting both property and infrastructure. By the end of April,
Chalk water levels were falling throughout the country, however, levels remained exceptionally high
in some areas until June with localised flooding continuing throughout the spring and early summer.
There were isolated incidences of sewers continuing to surcharge, basements still being pumped and

minor roads remaining submerged into July (Muchan et al., 2015).

The floods during the winter of 2013/14 in the UK caused widespread disruption, damage to property
and infrastructure (Ascott et al., 2016) and a number of deaths. Total economic damages for England
and Wales associated with the floods have been estimated at between £1 and 1.5 billion (Environment
Agency, 2016). Figure 2 shows the impact of the flood event as indicated by the length (days) of flood
alerts for groundwater issued by the environmental regulator (n.b. all groundwater flood alert zones
in England are associated with the Chalk aquifer), flood-related travel alerts and media reports of
flooding, both of which were located on the Chalk outcrop and assumed to be due to groundwater
emergence. We scraped travel alerts and media reports from the British Broadcasting Corporation
(BBC) national and local news web sites every 3 days from 4™ January 2014 to 22" April 2014. Data
were published as JavaScript Object Notation (JSON), an easily read data-interchange format that
included the date the alert was first issued, latitude, longitude, cause and severity. Total winter rainfall
(Tanguy et al., 2016) was heaviest across the southern and western areas of the Chalk outcrop.
Significantly less rain fell in the Chilterns to the north of the Chalk outcrop. This rainfall distribution is
reflected in the impact data. There were significantly more groundwater flood alerts in the South

Downs and Wessex areas than in the Chilterns. The travel alerts and media reports also broadly reflect
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the impact of the rainfall patterns, with more travel alerts in the southern and western Chalk than in
the northern area. The lack of groundwater flood impacts in the Chilterns during the 2013/14 flood
event is in contrast to previous events such as winter 2001, when substantial groundwater emergence

occurred in the northern area (Robinson et al., 2001).

We developed a standardised index for groundwater flooding based on the Standardised
Groundwater Level Index (SGI) (Bloomfield and Marchant, 2013; Bloomfield et al., 2015). The SGl is a
normalised and de-seasonalised index showing the variation in groundwater levels relative to the
seasonal norm. It is derived from long-term time series (typically longer than 30 years) of regularly
sampled groundwater levels from a single borehole. Bloomfield et al. (2015) apply the SGI to a time
series of groundwater levels from boreholes that are sampled every month. Each calendar month is
treated separately and the quantiles of the empirical distribution of groundwater levels are
determined and each groundwater level is transformed to the corresponding quantile of a
standardised (zero mean and unit variance) normal distribution. These 12 standardised series are then
merged to produce the SGI. The SGI was inspired by the Standardised Precipitation Index (SPI; (McKee
et al., 1993)) although precipitation data are usually accumulated over a number of months before
calculating the SPI, and a parametric (e.g. gamma) model of the data distribution from a calendar

month is used rather than the empirical, non-parametric distribution.

We modified the SGI in two ways so that it could be used to focus on floods rather than the entire
groundwater hydrograph. First, rather than considering each calendar month separately, we applied
the normalisation to the entire set of groundwater level measurements. Thus, the index reflected the

absolute rather than de-seasonalised groundwater level since incidences of groundwater flooding are
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related to the absolute level of groundwater. Second, we set all negative normalised values to zero to
focus upon periods where the groundwater levels were higher than their median. This was done since
non-linear relationships between precipitation and groundwater levels have previously been
documented by Eltahir and Yeh (1999) and we are specifically interested here in the nature of possible
correlations between precipitation and incidences of flooding associated with high groundwater
levels. We refer to this modified index as the Standardised Groundwater Flood Index (SGFI). Figure 3
shows the groundwater level hydrograph, SGI and SGFI for a representative borehole in the Chalk
aquifer (Figure 4). We applied this SGFI methodology to monthly groundwater levels recorded in
boreholes in the southern Chalk aquifer (see Figure 1) between January 1980 and September 2014.
This time interval is sufficiently long to estimate the SGFI and includes the 2013/14 flood. We
restricted our analysis to hydrographs from 26 boreholes where there were fewer than 20% missing
values, no more than 12 successive missing values and no more than five missing values after January
2013. For these 26 hydrographs, the missing values were estimated by linear interpolation. The SGFI
values are likely to be inaccurate during prolonged periods of missing data but these isolated episodes

did not unduly effect our analyses of the underlying drivers of SGFI variation.

To identify similarities in the standardised Chalk groundwater hydrographs that might reflect key
physical controls on their response to rainfall, we performed a non-hierarchical k-means clustering
(Webster and Oliver, 1990) on the SGFI time series. This algorithm divides the hydrographs into k
groups to minimize the sum of the Euclidean distances between the monthly SGFI values for each
borehole and the SGFI centroid (average) of the group to which the borehole is allocated. The choice
of the number of clusters is somewhat subjective and so we repeated the clustering fork =2to k =
5. To identify the appropriate number of clusters we adopted a parsimonious approach building on
the criteria developed by Bloomfield et al. (2015). Bloomfield et al. (2015) developed a rule-based

approach to identify the smallest number of clusters of hydrographs that resolved the spatial
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distribution of the three aquifers in their study area. Using expert hydrogeological knowledge, we
selected the smallest value of k which gave an acceptable cluster partition which is consistent with
the regional scale spatial variation of flood characteristics in the Chalk. We examined the centroid or
mean of the SGFI for each cluster to assess the significance of the 2013/14 groundwater flood event

in the context of the 35 year Chalk groundwater level record used within this study.

We then considered the relationship between rainfall and groundwater levels within the different
clusters. We calculated the SPI for the average monthly precipitation time series (derived from Tanguy
et al. (2016)) in each cluster and attempted to identify easily calculable metrics that could be used to
replicate the partitioning of the boreholes. Previously, Bloomfield and Marchant (2013) demonstrated
that two such metrics could be used to distinguish different patterns of variation in the SGI. These
were mp,.x, the range of significant (p=0.05) temporal autocorrelation in each SGFI series and g¢yax,
the accumulation period of the SPI which led to the largest correlation with SGI. We calculated these
metrics for each borehole’s SGFI and the centroid of each cluster. When calculating gax, We
determined the SPI for the monthly precipitation time series (derived from Tanguy et al. (2016)) using
accumulation periods of between 1 and 60 months. We then calculated the correlations between
these SPI series and both the individual SGFI time series and the cluster’s SGFI centroid. The SPI series
were also shifted backwards by between 0 and 5 months to reflect the potential lag before
precipitation affects the groundwater level in the borehole. Bloomfield and Marchant (2013) had
found that this lag did not exceed 2 months for the UK boreholes that they considered. We recorded
the accumulation period, g%, and lag shift, T, which led to the largest correlation between the SPI
and the SGFI. The zeroed SGFI values were included when calculating these correlations. Larger
correlations would have resulted if these zeroed values had been removed but this could lead to
misleading results since instances where the SPI was substantially greater than zero but the

groundwater levels were below the seasonal norm would not lead to a reduction in the correlation.
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We then repeated the cluster analysis with m, ;4 and q,ax as variables, using the value of k identified
from the SGFI time series clustering. The cluster partition using the different variables was then
compared. This approach can be interpreted as the estimation of a simple model of the temporal
variation of SGFI for each group. However, our aim is to identify simple metrics and a more accurate
model could possibly be derived by using actual rather than de-seasonalised precipitation series and
by incorporating factors such as potential evapotranspiration and soil moisture into the model. The
simple model assumes that an SGFI value for a specific month is proportional to the standardised
precipitation accumulated over q,,x months and delayed by T months. The values of the g, and T
parameters are likely to be controlled by the particular hydrogeological properties relevant to the

group of boreholes.

The Mpyax Gmax and T parameters described above are an accessible but overly simplistic description
of the hydrological controls on SGFI. To understand better the spatial variation in groundwater levels
and the relative influence of rainfall and local hydrogeological characteristics we estimated impulse
response functions (IRFs) for individual boreholes. An IRF describes the system response (in this case
changing groundwater levels) to a single unit of input (in this case effective precipitation) as a function
of the time since the input occurred. We define effective precipitation to be the observed
precipitation (derived from Tanguy et al. (2016)) minus the potential evapotranspiration (derived
from the Met Office Rainfall and Evapo-transpiration Calculation System (MORECS; (Hough and Jones,

1999)). von Asmuth et al. (2002) demonstrated that the Pearson Type Il distribution:

12
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6(t) =4 6

(1)

(where 4, a and s are parameters, I'(s) is the gamma function of order s, and t is the shifted time
since the precipitation occurred) could adequately represent the groundwater level IRF. The function
is sufficiently flexible to permit different rates of initial increase in groundwater level over time as
water arrives in the saturated zone and then decrease as it is discharged. Then, y;, the groundwater

level at time i can be calculated from:

yi=n+ ) 00, @
t=0

where p is a fourth parameter of the model, n is the number of months considered in the IRF and x;
is the effective rainfall at time i. We selected three boreholes for each of the groups identified by the
cluster analysis. The boreholes cover the majority of the spatial distribution of the clusters (Figure 4)
and are used for monthly hydrological reporting and forecasting (Hannaford et al., 2014; Mackay et
al., 2015). They are known to have minimal impacts of groundwater abstraction and no significant
surface water influence (Mackay et al., 2015). Chilgrove House, Rockley, Stonor Park, West
Woodyates Manor are all located < 5 km from a groundwater flooding alert area. Well House Inn and
Therfield Rectory are located 10 and 66 km from a groundwater flooding alert area respectively. We
estimated Pearson Type Il IRFs (for t=0 to 30 months) for the monthly groundwater response to local
effective precipitation for each of these boreholes by a least squares approach (von Asmuth et al.,
2002). We examined the shape of the modelled IRFs for each of the sites in the context of the SPI-
SGFI cross correlation analysis. For each of the sites we derived the percentage of Clay-with-Flints and
till cover for the surface catchments within which the boreholes are situated (as defined by Water

Framework Directive River Waterbody Catchments Cycle 2; Environment Agency (2015)).
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As illustrated in Figure 2, the rainfall distribution during the 2013/14 flood event was highly spatially
variable, with total winter rainfall (December 2013 — April 2014 inclusive) ranging from < 400mm in
the Chilterns to > 1000 mm in Wessex. To quantify the relative significance of spatial heterogeneity
in rainfall and catchment hydrogeological properties in controlling groundwater level responses, the
same effective precipitation input was applied to all the IRFs from each of the clusters. The effective
precipitation time series for Chilgrove House (Figure 4) as calculated from Tanguy et al. (2016) and
MORECS (Hough and Jones, 1999) and used as the homogeneous input. The length of time
groundwater levels were above the 95™ percentile level was used as a metric for flood persistence.
This metric was calculated for each site using the observed groundwater level data for the 2013/14
flood event and using the IRF models using both the site-specific rainfall and the spatially
homogeneous (Chilgrove House) rainfall input. The constant threshold value approach to defining
persistence is conceptually simple but the choice of percentile may be somewhat subjective
(Yevyevich, 1967). The 95™ percentile has been used extensively in analysis of extreme rainfall events
(Christensen and Christensen, 2003) in addition to inland (Pirazzoli et al., 2006) and coastal flooding
(Wu et al., 2012). Published flood alert levels for groundwater used by the environmental regulator
for two of the IRF model sites (Figure 4) are consistent with this approach (Stonor - 96 percentile,

South Oxfordshire District Council (2016) and Chilgrove House - 95" percentile, CH2MHill (2015)).

3 Results

The cluster analysis on the SGFI time series was conducted for k = 2 to k = 5. The clusters for k = 2

(shown in Figure 4) were considered to best reflect the large scale regional variation of groundwater
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flood behaviour in the Chalk. The clusters for k = 2 are spatially coherent and patterns of cluster
membership for larger k were spatially irregular. Whilst cluster membership for k > 2 may reflect
local scale hydrogeological processes, this is not the focus of the regional scale approach developed
here to understanding large-scale controls on groundwater flooding. The Group 1 cluster is primarily
located in the south and west of the study area (Wessex and the South Downs, Figure 2) where the
Chalk is generally present at the ground surface or overlain by permeable superficial gravels. Group
2 is primarily located in the north and east (Chilterns, Figure 2), where substantial Clay-with-Flints and
Till are present (Figure 4). The SGFI time series for each cluster and the centroids are shown in Figure

5. The groups and their standardized groundwater level series can be characterised as follows:

e Group 1 —groundwater levels are flashy, rising and recessing rapidly in response to recharge
events. The highest groundwater levels across the full period analysed occurred in the
2013/14 flood.

e Group 2 - groundwater levels are slow both to rise in response to recharge and to
subsequently recess, sustaining high and low levels for longer periods of time compared with
the other group. Several multi-year periods are evident where the SGFI remains greater than
zero (for example, between 2001 and 2003). The highest groundwater levels occurred in the

2000/01 flood.

When undertaking k-means clustering for k = 2 on Mmax and gmayx, very similar cluster partitions were
achieved. In each case one borehole (on the geographical boundary between the two groups) was
allocated to the other group from its allocation in the SGFI clustering. Figure 6 and Figure 7 show
distributions of Mmax and qp,ax for each SGFI cluster. Boreholes in Group 2 have a significantly longer
memory and accumulation period than Group 1. When we explored the relationship between SPl and

the SGFI (Figure 8), we found that in Group 1 the two indices are most strongly positively correlated
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when rainfall is accumulated over 5 months, whereas for Group 2, the optimal accumulation period is

16 months.

Figure 9 and Figure 10 show the IRFs and modelled groundwater levels derived for the three boreholes
from Group 1 and 2 respectively. The shape of the IRFs corroborates the cross correlation analyses
presented in section 3.1, with the IRFs for boreholes in Group 2 remaining greater than zero for a
longer period than the IRFs from Group 1. The modelled groundwater levels are generally in good
agreement with observed levels (based on Nash and Sutcliffe Efficiency, see Table 1). The model
calibration appears to be slightly poorer in Group 2, particularly at Therfield Rectory where the IRF

model does not match the observed peaks in groundwater levels.

Table 1 shows the extent of Clay-with-Flints and till within each catchment (%CWF and TILL), the range
of significant temporal autocorrelation (mmax) for each borehole and the ratio of the total winter site
rainfall to the rainfall at Chilgrove House. Boreholes in Group 2 have a significantly longer “memory”
and greater amount of clay and till cover than those in Group 1. The number of months for each site
when observed groundwater levels were over the 95 percentile level during the 2013/14 flood event
is shown. Also presented is the modelled number of months over 95 percentile using both the site-
specific rainfall and the Chilgrove House rainfall, the homogenous rainfall input. There is a relatively
small discrepancy between the observed and modelled number of months over 95" percentile using
the site specific rainfall (mean absolute error = 2.8 months), with the exception of Therfield Rectory
where the difference is 14 months. The poor calibration achieved for this site and large discrepancy
between modelled and observed time over the 95" percentile limits the predictive ability of the

simplified IRF model at Therfield Rectory when using other rainfall inputs. Consequently, the decrease
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in modelled number of months over the 95" percentile when using Chilgrove House rainfall from 16

to 12 months is likely to be inaccurate.

By using the Chilgrove House rainfall at Well House Inn and Stonor, the length of time where
groundwater levels are over the 95 percentile increases substantially by up to 11 months. It should
be noted that the number of months over the 95" percentile also changes at the other boreholes in
Group 1 by 1 month. This is likely to be due to spatial variability in rainfall within the Group 1 cluster
during the 2013/14 flood event. This can be observed in both Figure 2 and the variability in the ratio
of total winter rainfall at Chilgrove House to the site-specific data (Table 1). The average number of
months over 95™ percentile using homogeneous rainfall inputs is greater in the Group 2 cluster (12

months) than in Group 1 (7 months).

4 Discussion

The cluster analysis highlights clear spatial differences in the groundwater level response during a
flood event. Sites in Group 2 respond slower to rainfall inputs with greater lag between rainfall and
groundwater levels compared to sites in Group 1. As previously discussed, one of the primary
differences in the hydrogeology of the two cluster areas is the extent of low permeability superficial
cover overlying the Chalk. As illustrated in Table 1 and Figure 4, in the Chilterns (Group 2), the Chalk
is extensively overlain by the Clay-with-Flints and till in the north of the study region. Bloomfield et
al. (2009) and Bloomfield et al. (2011) previously showed the role of these relatively low permeability
superficial deposits in Chalk catchments in influencing baseflow. We postulate that these deposits act
to slow and attenuate the recharge signal and so cause groundwater levels to rise and fall more slowly
in catchments where they are present. This effect may be enhanced in catchments where Clay-with-
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Flints predominate since these deposits form over high ground and are typically associated with
relatively thick unsaturated zones, adding further to the potential for attenuation of recharge signals.
This is reflected in both the standardized groundwater level responses and the IRFs for the different

clusters.

As illustrated in Figure 2, the spatial extent of groundwater flooding that occurred during the 2013/14
event was controlled predominantly by the rainfall distribution. This is also reflected in the SGFI
centroids (Figure 5), with greater SGFI values during the 2013/14 flood event in Group 1. This spatial
variability in the rainfall input (<400 mm to >1000 mm over the study area for December 2013 — April
2014 inclusive) limits the direct use of the standardized groundwater level series for regional-scale
spatial analyses of groundwater flooding. By applying a spatially coherent rainfall input to IRF models
for boreholes within the two clusters, we have demonstrated that for a hypothetical scenario where
a uniform rainfall input occurred and raised groundwater levels, the temporal response in Group 2
would be longer than Group 1. If such an event caused groundwater flooding, this may have lasted
longer in Group 2 than Group 1. This shows that the controls on groundwater flooding are a complex
combination of antecedent conditions, rainfall inputs and Chalk and superficial deposit hydraulic
properties. This corroborates recent work which has shown that hydrological response to droughts is
a function of catchment characteristics as well as driving meteorology (Van Lanen et al., 2013; Van
Loon and Laaha, 2015). However, in the case of floods, the relative importance of meteorology and
catchment controls is likely to be weighted towards the former due to the strong spatial variability in
rainfall inputs in comparison to drought events. This is highlighted by the variability within the clusters
of both rainfall and time over 95" percentile using the Chilgrove House rainfall (Table 1). Additional
local-scale hydrogeological processes (e.g. Chalk lithology, location of hardgrounds and faulting) not
considered in this regional analysis are also likely to exert controls on the spatiotemporal extent of

groundwater flooding.
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The insight into spatiotemporal controls on groundwater flooding has significant implications for flood
management. The variability in the groundwater level response to rainfall inputs across the Chalk
implies that early warning systems and measures to address groundwater flooding must be developed
at a level below the aquifer scale. This is the case in England where the groundwater alert system
operated by the environmental regulator is focussed on a series of small catchments known to be

susceptible to groundwater flooding.

The understanding gained through this study does show that the interpretation of the groundwater
level hydrographs used within groundwater flood early warning systems and response plans must take
into account the catchment geology. In the Group 1 area of Wessex and the South Downs emergency
responders should anticipate relatively rapid onset when antecedent and ongoing rainfall conditions
make groundwater flooding likely. In the Group 2 area of the Chilterns, a relatively slow rise in
groundwater levels in the early warning boreholes should not be misinterpreted as meaning
groundwater flooding will not occur. However, when flooding does occur, response plans should
anticipate that this could persist for longer periods than may have been experienced in other areas.
Although local responders may be aware of the characteristics of local groundwater flood incidents,
an appreciation of the spatial variability in groundwater floods at a national level is important during

major regional events.

In this study we have presented the first application of a methodology to explore the controls on
groundwater flooding which utilizes both statistical analysis of standardized hydrographs and IRF
modelling. The approach presented is generic and can be easily applied where long term groundwater
level and rainfall time series are available. Clustering of groundwater hydrographs has been

undertaken before (Upton and Jackson, 2011), however, such statistical analyses have never been
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applied at the regional scale and in conjunction with IRF modelling. A distinct advantage of the
approach presented here over conventional models is the parsimony of the model parameterisation.
The IRF method consists of only four model parameters, whereas even relatively simple lumped
parameter models can include up to 16 (Marchant et al., 2016). Whilst the model parameterisation
can be related to physical aquifer properties (Mackay et al., 2014), often such parameters are

uncertain or unknown.

As previously discussed, groundwater flooding is difficult to distinguish from surface water flooding
and consequently understanding of the spatial and temporal extents of groundwater flooding is
generally poor. The approach presented here could form part of an exploratory analysis to assess the
likely variation in the temporal response in groundwater levels during a flood event. Assessment of
how the lag between standardized groundwater levels and SPI (Figure 8) varies between different
clusters of boreholes could help water managers develop appropriate strategies for managing future

groundwater flood events at the regional scale.

The 95% percentile threshold methodology provides a consistent approach to compare persistence of
high groundwater levels across different boreholes. However, it should be noted that estimates of
time above threshold have not been directly linked to observations of groundwater flooding. The
groundwater level in an early warning borehole at which groundwater flooding occurs that has a
societal impact is likely to be highly site specific, and related to an absolute level rather than a
percentile. Moreover, as flood events occur in the future and the length of record increases, the 95
percentile will change, whilst absolute flooding thresholds will not. Absolute thresholds for riverine
flooding are well established as a result of historic recording of river flood events. In contrast, the

very limited observational records of groundwater emergence make defining absolute thresholds for
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groundwater flooding highly challenging. Further data collection is required to characterise the
observed spatiotemporal extent of groundwater emergence during a flood event and the relationship
with both standardized and absolute borehole levels. With previous SPI-like approaches developed
for flood warning (Alfieri et al., 2014), such a ground-truthing exercise would be required before the

SGFI could be used operationally.

In this study, we used IRF models for each cluster to determine the relative significance of spatial
variations in rainfall input and aquifer properties. This approach could be extended by using spatially
coherent rainfall and PET sequences as inputs into distributed groundwater models. This would give
indications of the spatial variability in the groundwater flood response at a finer resolution than using
single point IRF models. Recent work has shown the SPI to be a poor proxy for the SGI under drought
conditions, with numerous false alarms and low drought hit rate (Musuuza et al., 2016). It is likely
that a similar relationship between the SPI and the SGFI, developed in this study, will occur. Further
work comparing the SGFI with other indices (e.g. the positive part of a non-seasonally normalised SPI,

soil moisture, potential evapotranspiration, SPEI) would be helpful.

5 Conclusions

This study has developed a novel approach for regional scale analysis of the spatiotemporal controls
on groundwater flooding using statistical analysis of standardized groundwater level hydrographs and
IRF modelling. We conclude that there are two spatially coherent SGFI clusters within the southern
Chalk of the UK (Group 1 — Wessex and the South Downs, Group 2 — Chilterns) with different rainfall

response times. Response times are controlled primarily by the underlying catchment hydrogeology,
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520 in particular the extent of the relatively low permeability superficial deposits of Clay-with-Flints and
521 till, which are extensive in Group 2. Groundwater levels were higher during the 2013/14 flood event
522 in Group 1, compared with Group 2, which is reflected in the spatial distribution of groundwater flood
523 impacts collated as part of this study. Modelling indicates that, assuming uniform meteorological
524 conditions across the region, groundwater flooding in 2013/14 in Group 2 may have lasted longer than
525 in Group 1. In general, hydrogeological property variability, in addition to variations in rainfall inputs
526 and antecedent conditions, control the groundwater flood response across the Chalk. This complex
527 combination of controls should be accounted for when managing future groundwater flooding. The
528  approach developed in this study is generic and can be easily applied where long term rainfall and
529  groundwater level data are available.
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571 Figure 5: The SGFI for each borehole (grey), divided according to cluster, and the SGFI centroid for each cluster (black)
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7 List of Tables

Table 1 Range of significant temporal autocorrelation of SGFI (m,,,) and percentage of Clay-with-Flints and till cover for
boreholes in the clusters used for IRF modelling. Model NSE values and the ratio of site rainfall to Chilgrove House rainfall
are also shown. Observed and modelled months above 95t percentile level during the 2013/14 flood event using site-
specific rainfall and homogeneous rainfall inputs (Chilgrove House) are shown the final three columns.

Group | Site Mmax %CWF NSE Site rainfall Months above 95 percentile
and /
TILL Chilgrove Observed Modelled Modelled
House (site rainfall) (Chilgrove
rainfall House rainfall)
1 Chilgrove House 3 1 0.76 1 4 7 7
Rockley 3 6 0.80 0.58 3 5 6
West Woodyates 2 10 0.82 0.68 3 8 7
2 Stonor Park 16 23 0.82 0.65 6 5 12
Therfield Rectory 17 86 0.52 0.36 2 16 12
Well House Inn 16 23 0.72 0.57 3 0 11
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