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Abstract. Groundwater-dominated catchments are often crit-
ical for nationally important water resources. Many concep-
tual rainfall-runoff models tend to degrade in their model
performance in groundwater-dominated catchments, as they
are rarely designed to simulate spatial groundwater be-
haviours or interactions with surface waters. Intercatchment
groundwater flow is one such neglected variable. Efforts have
been made to incorporate this process into existing models,
but there is a need for improving our perceptual models of
groundwater—surface water interactions prior to any model
modifications.

In this study, national meteorological, hydrological, hy-
drogeological, geological and artificial influence (character-
ising abstractions and return flows) datasets are used to in-
fer a perceptual model of intercatchment groundwater flow
(IGF) and how it varies across the river Thames, United
Kingdom (UK). We characterise the water balance, presence
of gaining/losing river reaches and intra-annual dynamics in
80 subcatchments of the river Thames, taking advantage of
its wealth of data, densely gauged river network and geolog-
ical variability.

We show the prevalence of non-conservative river reaches
across the study area, with heterogeneity both between, and
within, geological units, giving rise to a complex distribu-
tion of recharge and discharge points along the river net-
work. We infer where non-conservative reaches can be at-
tributed to IGF and where other processes (e.g. surface wa-

ter abstractions) are the likely cause. Through analysis of
recorded reach length water balance data and hydrogeologi-
cal perceptualisation, we conclude that outcrops of carbonate
fractured aquifers (Chalk and Jurassic limestone) show evi-
dence of IGF both from headwater to downstream reaches,
and out-of-catchment via spring lines. We found variability
across the study area, with more seasonality and variability
in river catchments on Jurassic limestone outcrops compared
to Chalk and Lower Greensand outcrops. Our results demon-
strate the need for local investigation and hydrogeological
perceptualisation within regional analysis, which we show to
be achievable given relatively simple geological interpreta-
tion and data requirements. We support the inclusion of IGF
fluxes within existing models to enable calibration improve-
ments in groundwater-dominated catchments, but with geo-
logically specific characteristics, and (when perceptually ap-
propriate) connectivity between catchments.

1 Introduction

Groundwater-dominated river catchments are often critical
for nationally important water resources (Yang et al., 2017),
with groundwater itself accounting for, on average, one-third
of global human water consumption (IGRAC, 2020). How-
ever, conceptual rainfall-runoff models used for the simula-
tion of catchment river flows are rarely designed to simulate
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spatial groundwater behaviours or interactions with surface
waters (Wanders et al., 2011). Many conceptual catchment
models applied to groundwater-dominated catchments tend
to degrade in their model performance metrics when simu-
lating observed river flow (Le Moine et al., 2005; Pellicer-
Martinez et al., 2015; McMillan et al., 2016; Coxon et al.,
2019; Lane et al., 2019), having to resort to the selection
of unrealistic parameters (Goswami and O’Connor, 2010) or
factoring of climate inputs or catchment area (Le Moine et
al., 2007) to achieve acceptable calibration results. To en-
able improvements of conceptual models to address this lack
of groundwater process representation, groundwater and sur-
face water processes need to be holistically reviewed and
conceptualised (Barthel and Banzhaf, 2016).

1.1 Intercatchment groundwater flow

Under the Tothian framework of groundwater flow, local, in-
termediate and regional groundwater systems can be present
contemporaneously (Toth, 1963). At the subcatchment scale
and under natural conditions, surface water boundaries are
topographical, whilst groundwater boundaries are a complex
manifestation of topographic lows, the spatial distribution of
recharge, and subsurface hydraulic properties that depend
on lithology. Under the appropriate geological conditions,
there is, therefore, the potential for precipitation falling in
one surface water catchment to flow to an adjacent surface
water catchment’s streamflow channel via the groundwater
flow system (intercatchment groundwater flow (IGF)), across
the topographical surface water divide and bypassing the
“donor” stream’s outlet gauge (Le Moine et al., 2005; Gas-
coin et al., 2009; Pellicer-Martinez and Martinez-Paz, 2014;
Barthel and Banzhaf, 2016; Bouaziz et al., 2018; Fan, 2019;
Le Mesnil et al., 2020). IGF can result in a net loss or gain
to a surface water catchment (termed a “non-conservative”
catchment) and can be an important term in a catchment’s
water balance as both unmeasured, and often unaccounted
for, inflow and outflow (Yeh et al., 1998; Bouaziz et al., 2018;
Fan, 2019; Le Mesnil et al., 2020; Wagener et al., 2021). Yet
the impact of IGF on catchments’ water balances is an of-
ten neglected variable in conceptual hydrological modelling
(Pellicer-Martinez and Martinez-Paz, 2014).

Studies have found IGF to be most prominent in headwater
catchments (Bouaziz et al., 2018; Fan, 2019) of increasing
slope (Ameli et al., 2018), underlain by high-permeability
aquifers (Le Moine et al., 2005; Schaller and Fan, 2009) and
in drier climates (Schaller and Fan, 2009), but with geologi-
cal spatial variability being the key control on the prevalence
of IGF (Genereux et al., 2002; Schaller and Fan, 2009; Fris-
bee et al., 2016; Bouaziz et al., 2018; Le Mesnil et al., 2020).
Correlations to IGF presence and magnitude have also been
made to larger basin sizes (Schaller and Fan, 2009; Bouaziz
et al., 2018), although this itself is an anthropogenic variable
as it is dependent on the human placement of river gauging
stations with often no consideration of underlying hydroge-
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ological flowpaths (Krabbenhoft et al., 2022). Water balance
analysis (e.g. Schaller and Fan, 2009; Bouaziz et al., 2018),
geochemical analysis (e.g. Genereux et al., 2002; Frisbee et
al., 2016), geomorphic analysis (e.g. Frisbee et al., 2016)
and modelling methods (e.g. Zanon et al., 2014; Bouaziz et
al., 2018) have been used to spatially characterise and quan-
tify IGF. The prevalence of intra-annual temporal variation in
IGF has also been shown (Bouaziz et al., 2018). These stud-
ies have all emphasised the need for local-scale geological
interpretation in the understanding of this complex physical
process (Fan, 2019).

1.2 Efforts to address the “watertight substratum”
challenge

In conceptual hydrological catchment models, groundwater
tends to be represented via a secondary, deeper subsurface
water store, with fluxes representing groundwater contribu-
tion from the saturated zone to river flows controlled by a
baseflow parameter. Lumped conceptual models often calcu-
late only one head of groundwater for an entire catchment
(Wanders et al., 2011). A closed water balance is routinely
ensured, where a surface water catchment is set up assum-
ing topographical controls, underlain by a low permeability
horizontal substratum and its fluxes self-contained (Pellicer-
Martinez and Martinez-Paz, 2014; Barthel and Banzhaf,
2016) — termed the “watertight substratum” approach (Le
Moine et al., 2005).

A parameterised “loss function” has been incorporated
by hydrologists into a number of conceptual rainfall-
runoff models such as PMS (Pellicer-Martinez et al., 2015),
abcd (Pellicer-Martinez and Martinez-Paz, 2014), GR4J (Le
Moine et al., 2005, 2007), SMAR (Goswami and O’Connor,
2010), HYPE (Lindstrom et al., 2010) and TopNet-GW
(Yang et al., 2017). These flux functions can generate
a permanent loss to the system in lumped models (e.g.
GR4J, Le Moine et al., 2005) and improve calibrations
in groundwater-dominated catchments. However, owing to
an absence of connectivity between subcatchments’ deep
groundwater stores, they do not represent the physical reality
of IGF. In a semi-distributed hydrological modelling frame-
work, IGF between catchments can be modelled via pre-
defined network linkages (e.g. abcd, Pellicer-Martinez and
Martinez-Paz, 2014) and temporal variability can be applied
(e.g. TopNet-GW, Yang et al., 2017). However, a priori per-
ceptualisation of IGF spatial and temporal variability by hy-
drologists has been to date solely based on observed ac-
cretion flow profiling (Yang et al., 2017) or loss/gain water
balance output from a lumped catchment model (Pellicer-
Martinez and Martinez-Paz, 2014), rather than hydrogeolog-
ical perceptualisation.
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1.3 Holistic surface water—groundwater
perceptualisation

While the loss function approaches have improved model
performance for surface hydrological predictions and incor-
porated a key “missing” hydrological variable, the inclu-
sion of these IGF losses in conceptual rainfall-runoff models
seems to be rarely evaluated as to its realism and whether
spatial patterns of losses relate to understanding of the geo-
logical controls in and between catchments and river reaches.
Editing groundwater processes within a model without a
preceding perceptualisation of the groundwater environment
can be detrimental to model performance and lead to re-
sults at odds with the physical characteristics of a catchment
(Hughes et al., 2015). Perceptualisation is the development
of a perceptual model, whereby a system is described quali-
tatively (and, potentially, quantitatively) and is akin to a hy-
drogeologist’s conceptual model (Wagener et al., 2021). (The
term “perceptual” is used by hydrologists in place of “con-
ceptual” to avoid confusion with the type of hydrological
mathematical model). Perceptual models are routinely de-
veloped by hydrogeologists (Wagener et al., 2021) prior to
groundwater modelling (e.g. Entec UK Ltd., 2008; Environ-
ment Agency, 2010; ESI Ltd., 2013).

We believe that there is a need for greater emphasis on
improving our holistic groundwater—surface water perceptu-
alisations of surface water catchments, prior to any hydrolog-
ical conceptual model edits. This would allow the modeller
to make informed decisions and reduce the risk of a model
edit being used as a proxy for input data errors or parame-
terisation limitations (Goswami and O’Connor, 2010; Lane
et al., 2019), whilst linking groundwater—surface water inter-
action theory back into hydrological analysis, as advocated
by Fan (2019). This can be a challenging task as the scale
of groundwater influences can be mismatched to the local
hydrology and hydrogeological evidence available and can
involve complex lithologies. A “high-level” hydrogeological
analysis is here advocated, focussed on the needs of the sur-
face water catchment modeller.

This paper presents a high-level perceptualisation of in-
ferred IGF for the purposes of rationalising the spatial devel-
opment of catchment-based hydrological conceptual mod-
elling. Quantifying the water balance using available na-
tional meteorological, hydrological, hydrogeological, geo-
logical and human influences datasets enabled us to develop
a perceptual model of IGF, where we have identified the
location and direction of IGF at a high level. Our percep-
tual model does not quantify the detailed specifics and di-
rections of IGF, owing to the underlying information and
analyses we have available. However, we can identify river
reach lengths that have anomalous water balances that infer
IGF processes are likely to be needed in the development of
catchment-based geospatial modelling environments, which
is our core aim with this research. We use the river Thames
as a case study example, due to its wealth of data, densely
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gauged river network, geological variability, and insights of
previous geological and hydrogeological studies of the basin
(e.g. Andrews, 1962; Bloomfield et al., 2009, 2011; Bricker
and Bloomfield, 2014; Mathers et al., 2014; Environment
Agency, 2018a). We characterise the spatial variability in wa-
ter balance, gaining/losing river reaches, and the seasonal dy-
namics in water balance components and the local groundwa-
ter system to better understand these processes on a regional
(aquifer) and local (river reach) scale. We then discuss the
application of fluxes to models to account for IGF processes,
how they might best be applied given the characterisations
we have developed, and the challenges and limitations asso-
ciated with the process of IGF perceptualisation.

2 Study area

The river Thames at Kingston (hereafter referred to as the
Thames catchment), flows in a predominantly south-easterly
direction (Fig. 1) and covers an area of 9948 km?, containing
over 100 operational river gauging stations (Marsh and Han-
naford, 2008). Mean annual rainfall for the catchment as a
whole is 720 mm yr’] , with subcatchment variation between
640 mm yr~! in lower elevation areas and 950 mmyr~! on
the highest ground (Supplement Fig. S1a). Potential evapo-
transpiration is relatively consistent across the area, ranging
between 500 and 525 mm yr~! (Fig. S1b). There is a diverse
range of topography and land use, being predominantly rural
in the west and increasingly urbanised in the east. The river’s
source is on the higher ground of the Jurassic limestone of the
Cotswold Hills in the west, flows down the upper Thames
Valley, through the Chalk escarpment of the Chilterns and
Marlborough and Berkshire Downs, and across the lower
Thames Valley (Fig. 1a). Numerous tributaries join the main
river, including the Coln, Kennet, Colne and Mole, with the
exception of the Chalk outcrop where there is limited sur-
face water drainage (Fig. 1b and d). Baseflow indices (BFIs)
quantify the ratio of baseflow to total river flow, with geology
being their primary control (Bloomfield et al., 2009). Catch-
ments with the highest BFIs are predominantly found on the
areas of higher ground where there are outcrops of Jurassic
limestone and Chalk (Fig. 1c and d). There is significant hy-
drological variability in terms of drainage network, gauged
catchment size (the smallest being only 2km?) and hydro-
graph characteristics (BFIs ranging from 0.17 to 0.98 (Marsh
and Hannaford, 2008) and mean runoff depths from 30 to
1500 mmyr~! (Fig. Slc). Water fluxes across the Thames
catchment are substantially modified by human activities in-
cluding surface water and groundwater abstractions, returns
from sewage treatment works and reservoir operations (En-
vironment Agency, 2018b; Bloomfield et al., 2021). Abstrac-
tion returns provided by the Environment Agency reported
average daily abstraction within the Thames catchment to be
in the region of 30m3 s~! of surface water and 12m3s~! of
groundwater on average between 1999 and 2014 (Coxon et
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al., 2020), although it is noted that surface water abstractions
for public water supply alone can exceed 50m>s~! in the
lower Thames (Harvey and Marsh, 2012).

3 Methods
3.1 Data

We use the surface water topographical boundaries delin-
eated by the 102 operational river gauging station networks
as our starting point, owing to their use as the delineation ba-
sis of surface water catchment models. In this study we refer
to a river “reach” as the catchment area between river gaug-
ing stations. The analysis undertaken in this study is devel-
oped at the river reach scale rather than at the subcatchment
scale, as similarly undertaken by Le Mesnil et al. (2020) in
their study of the impact of IGF on the water balance of karst
catchments in France. This approach has been adopted to
avoid increasing averaging or “smoothing” of further down-
stream metrics, therefore masking small-scale local varia-
tion. We collated hydrometeorological, hydrogeological, ge-
ological and human influence data in order to undertake the
water balance analysis detailed in Sect. 3.2.

3.1.1 Hydrometeorological time series

To characterise the water balance for each reach, daily pre-
cipitation, potential evapotranspiration (PET) and discharge
for a 21-year period from 1 January 1994 to 31 Decem-
ber 2014 were obtained. Daily rainfall was sourced from
the UK Centre for Ecology & Hydrology’s (CEH) gridded
estimates of areal rainfall (CEH-GEAR) dataset, a 1km?2
gridded product that covers the whole of Great Britain and
originates from the Meteorological Office’s rain gauge ob-
servations (Tanguy et al., 2019). Estimates of daily PET
were taken from CEH’s climate hydrology and ecology re-
search support system PET dataset (CHESS-PE), which uses
the Penman—Monteith equation and is also provided at a
1 km? gridded scale for Great Britain (Robinson et al., 2016).
Reach average rainfall and PET time series were calculated
by averaging values of all grid squares that lay within the
reach’s topographic boundaries described above. Observed
daily river flow data were obtained from the National River
Flow Archive (NRFA) for all available gauges within the
Thames catchment. Additionally, a daily time series of ac-
tual evapotranspiration (AET) was calculated by the Thorn-
thwaite (1948) water budget method, based on the reach
CHESS-PE potential evapotranspiration series and parame-
terised with average soil root depths from the work of Lane
et al. (2021).

Daily time series of concurrent precipitation, AET and dis-
charge were generated, with a day removed from the analysis
if it did not contain all three of these variables of data. When
calculating a monthly time series, up to five days of miss-
ing discharge data per month were allowed, provided the cu-
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mulative rainfall totals on the corresponding days were no
greater than 10 % of the total monthly rainfall volume. The
missing days were then infilled with the monthly average of
that specific month. Average January to December monthly
profiles were then calculated, provided there was a minimum
of 14 separate months (e.g. Januaries) of data in the time se-
ries out of the maximum of 21 in the time period of interest.
Unfortunately, this meant that some reaches of key geologi-
cal interest (e.g. the upper river Lambourn reaches in the river
Kennet catchment on the Marlborough & Berkshire Downs
Chalk (ref. Fig. 1a and b) were not able to be included in the
analysis due to their low data availability; however, a balance
had to be made to ensure enough data for robust annual and
inter-annual flow calculations. Of the original 102 reaches,
80 remained for use in the following analysis.

3.1.2 Groundwater level time series

Groundwater level data were used to confirm groundwa-
ter flow directions (in conjunction with available groundwa-
ter level contours) and to investigate the degree of similar-
ity between temporal variations of surface water flows and
groundwater levels. Raw data from 1634 boreholes cover-
ing the Thames catchment were provided by the Environ-
ment Agency, quality assured for units, trends and outliers,
and processed into normalised monthly average time series,
whereby the minimum groundwater level in an entire time
series was subtracted from all the data points in that same
time series. Rather than using (often sparse or of variable
quality) construction metadata, it has been assumed that a
borehole’s data reflect the productive aquifer on which it is
located. Only boreholes located in reaches with a greater than
70 % coverage of aquifer outcrop were reviewed, as it is on
outcrops that groundwater (usually) exerts the most signifi-
cant influence on surface hydrology. For consistency, the data
availability constraints applied during the development of the
monthly average groundwater time series were similar to the
surface water flow series, ensuring there were a minimum of
14 monthly average data points for each calendar month in
the 21-year time series. This left 151 boreholes remaining in
the analysis (the locations of which are shown in Fig. 3a).
The geographical location of a well within a reach in relation
to a river or interfluve etc. was not used as a selection fac-
tor, in the interest of keeping as many boreholes as possible
in the analysis. It is worth noting that many boreholes have
historically only been sampled at a monthly time step; 31 %,
21 % and 48 % of the boreholes had weekly, fortnightly and
monthly data respectively. Sensitivity testing was therefore
also undertaken on the within-month temporal variability of
groundwater levels, and there was minimal effect.

3.1.3 Human influences

Abstractions and discharges can have significant impacts on
the evaluation of water balance reach scale calculations. Con-
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Figure 1. Maps of the Thames catchment showing the river Thames at Kingston main river flowing west to east, in relation to (a) the
topography and key geographical locations, (b) the river gauging station network and key catchments referred to later in the text, (c) catchment
baseflow index (National River Flow Archive (Marsh and Hannaford, 2008)), and (d) main bedrock lithology (after British Geological Survey,
2016). Contains British Geological Survey data © UKRI 2023 and Ordnance Survey data © Crown copyright and database right 2023.

sequently, such artificial influences should be included in wa-
ter balance analyses, where possible, to ensure that we do not
over or underestimate a reach’s water balance characteristics
and bias our understanding of IGFs. Surface water abstrac-
tion and discharge data were obtained from the CAMELS-
GB dataset, which compiled data and information from the
Environment Agency (Coxon et al., 2020), and then pro-
cessed it into reach totals based on the geographic location of
the abstraction/discharge. The accumulated abstraction/dis-
charge impacts along a river were calculated and assigned to
each reach. There are numerous uncertainties associated with
naturalisation methodologies and resulting data, which are
discussed in more detail in Sects. 3.2.1 and 6.3. Groundwater
abstractions were not included in this analysis, owing to the
significant complexities surrounding the associated naturali-
sation methodologies and the (often sparse) metadata infor-
mation that would be required. This methodological decision
is explained and discussed in detail in Sect. 6.3.2.
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3.1.4 Superficial and bedrock geology

The British Geological Survey’s 1:50000 superficial and
bedrock geology maps (British Geological Survey, 2016)
were used to characterise a reach’s underlying hydrogeology,
by calculating the percentage of aquifer outcrop coverage
within each reach. Where the aquifer outcrop coverage in the
reach was greater than or equal to 70 % of the total reach area,
a hydrogeological classification was assigned. Four hydroge-
ological typologies were defined: Chalk, Jurassic limestone,
Lower Greensand and non-aquifer (i.e. no aquifer outcrop).
Dominant lithology has been used previously by Le Moine et
al. (2005) in their review of geological variability in relation
to the presence of IGF in France.

3.2 Analysis

A perceptual model of IGF across the Thames catchment has
been developed using spatial and temporal analysis of wa-
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ter balance metrics and a hydrogeological review of the area.
This has allowed us to review the results of the water bal-
ance analysis in light of the physical properties of the geol-
ogy and groundwater systems and thereby identify the loca-
tion and direction of potential IGF fluxes. We have taken the
research decision to qualify, not quantify, IGF. Our overall
aim is to identify where water is moving that is not con-
trolled by topography and produce an example high-level
perceptual model that could be used by a hydrologist to fo-
cus model development flexibly, rather than provide absolute
threshold limits for subsurface fluxes. In addition (and as dis-
cussed later in the paper), data uncertainties, that are difficult
to quantify, reduce the confidence of derived IGF values.

3.2.1 Spatial analysis

Firstly, we reviewed water balance data at a reach scale to
quantify the long-term system characteristics of a catchment
in relation to its core geological characteristics. The relation-
ship between long-term average precipitation, actual evapo-
ration and river discharge can be used to characterise the wa-
ter balance of a reach. This long-term water balance (or im-
balance) is an important assessment to conduct prior to mod-
elling (Goswami and O’Connor, 2010) and can help to iden-
tify catchments with IGF (Genereux et al., 2002; Bouaziz et
al., 2018; Le Mesnil et al., 2020) and permanent losses to
deep groundwater systems as measurable data on these vari-
ables are rarely available.

Following the “watertight catchment” premise which most
conceptual rainfall-runoff models follow, assuming a zero-
flow condition over the whole boundary, change in storage in
the reach over the long term (several years) can be assumed
to be negligible (Bouaziz et al., 2018), and the water balance
would be presented as

ds
5 =P —AET-0 )
Q = st - QUSa (2)

where dS/dris the change in reach storage over time, P is
the reach areal precipitation, AET is the reach areal actual
evapotranspiration, Q is the reach river outflow, Qs is the
reach downstream recorded river flow, Qs is the reach up-
stream recorded river flow (if present) and units are in mil-
limetres per year. The difference between the upstream gauge
and the downstream gauge (Q) gives the additional surface
water flow contribution from within that reach only. A posi-
tive residual of water balance from Eq. (1) can be indicative
of a “loss” of water to the reach, where river flow leaving the
reach is less than expected from the meteorological data, and
conversely a negative residual water balance a “gain” of wa-
ter to the reach. Aside from uncertainties associated with the
input data used in Eqgs. (1) and (2) (which are discussed in
detail in Sects. 6.3.1 and S2 in the Supplement), the assump-
tion of negligible change in storage at the annual scale can
also lead to discrepancies in water balance calculations. Ac-
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counting for such discrepancies is outside of the scope of this
investigation, in particular as the objective was to identify
significant anomalies in water balance outside of disturbance
from other terms. To address this, an empirical factor was
adopted, whereby only results outside 100 mm yr~! from a
conservative water balance were reviewed (see Sects. 6.3.1
and S3 for further discussion).

Partial naturalisation of river flows was undertaken follow-
ing the “naturalisation by decomposition” method (Environ-
ment Agency, 2001), whereby surface water abstractions and
discharges are applied to the recorded river flow record, but
groundwater abstractions are excluded from the naturalisa-
tion. Whilst this may be an acceptable assumption for many
river reaches, even on aquifer outcrops, it certainly will not
be true for all (Wendt et al., 2020). It was felt, however, that
a more detailed analytical approach involving groundwater
abstractions was outside the scope of this study, owing to the
complexity of spatially allocating groundwater abstraction
impacts to particular river reaches (see Sect. 6.3 for further
discussion). Under the assumption that all abstracted water is
lost to the system, naturalising the recorded river flow record
would result in the water balance equation becoming

95 _ p_ART- 0 3)
dl - nat
Qnat = (st - Qus) +A-D, (4)

where Qnatis partially naturalised reach river outflow, Ais
reach surface water abstractions, D is reach surface water
recorded discharges and units are in millimetres per year.

Whilst the annual average water balance provides a clear
losing/gaining assessment of a reach, the non-dimensional
representation of reach water balance metrics in relation to
the water limit and energy limit considers there to be a wider
range of feasible physical characteristics (Le Moine et al.,
2007; Andreassian and Perrin, 2012; Bouaziz et al., 2018).
The water limit represents the point above which a reach’s
outflow would be greater than its inflow (i.e. Q/P >1), a
therefore “gaining” reach. The energy limit conversely rep-
resents the point below which a reach must be “losing” wa-
ter as runoff deficits would be exceeding the maximum total
PET. This analysis can therefore be used to identify reaches
plotting beyond the “natural” range in terms of their water
balance.

3.2.2 Temporal analysis

Monthly analysis of the variation in reach responses be-
tween the four hydrogeological typologies was undertaken
to investigate how seasonal responses vary between differ-
ent groundwater systems. Reviewing surface water season-
ality against local groundwater level seasonality and mete-
orological variables enables a comparison of the influence
of subsurface processes on river flow temporal characteris-
tics. Average October to March monthly profiles were devel-
oped for each reach in each geology, covering effective rain-
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fall (precipitation minus actual evapotranspiration), ground-
water level and river discharge. A comparison between the
seasonal highs and lows of the different variables was under-
taken. Whilst this is not an intra-annual analysis of IGF (ow-
ing to difficulties surrounding the influence of storage), this
information supports hydrological modellers in developing
their understanding of reach characteristics and offers useful
information as to the variation between reaches on different
hydrogeological typologies.

3.2.3 Hydrogeological analysis

Local scale analysis and interpretation of meteorological, hy-
drological and hydrogeological data allow the hydrologist to
refine a reach-focussed perceptual understanding. The litera-
ture states that a reach’s water balance (Bouaziz et al., 2018),
its location upstream (Fan, 2019) and the presence of per-
meable substratum (Le Moine et al., 2005) can all assist in
the identification of reaches with IGF. These IGF “indica-
tors” can be used as a perceptual “roadmap” (such as per
Fig. 2), whereby the hydrologist can query a reach’s wa-
ter balance result in terms of its likelihood to be due to
IGF processes. Figure 2 can therefore assist with the high-
level identification and explanation of both expected and un-
usual water balance reach characteristics. We propose us-
ing these IGF indicators from the literature as an initial
starting point for the identification of IGF, but developing
this further via a more detailed hydrogeological analysis,
whereby we then look at the supposed physical feasibility of
IGF in identified non-conservative reaches in comparison to
aquifer outcrop boundaries (Pellicer-Martinez and Martinez-
Paz, 2014), aquifer properties, the local groundwater flow di-
rection (Toth, 1963) and the presence of springlines (Fris-
bee et al., 2016), in areas where we see losing and gaining
reaches. This would develop a more detailed reach-specific
understanding of the groundwater environment and provide
additional evidence of IGF. A final perceptual model of the
Thames catchment is then presented in Sect. 6.1, drawing on
the water balance results in conjunction with the hydrogeo-
logical evidence analysed.

4 Hydrogeological review

To fully understand IGF across the river Thames Basin we
need to first undertake a local analysis of the geology and
hydrogeology. This information is imperative in supporting
any conclusions as to the presence of IGF in a study area.
The geology of the Thames is highly heterogenous.
The geological strata at the surface become progressively
younger from north-west to south-east across the catchment
(Fig. 3c) and give rise to “scarp and vale” topography (Lane
et al., 2008). Superficial deposits are not continuous (al-
though they may be hydrogeologically significant at the river
reach scale; Bloomfield et al., 2011; Bricker and Bloom-
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field, 2014). There are three principal aquifers within the
Thames Basin: the Chalk, the Jurassic oolitic limestones and
the Lower Greensand (Fig. 3). The groundwater in these
aquifers is separated by lower permeability geological strata
(Fig. 3c) and so, for the purposes of perceptual modelling,
can be considered to be disconnected, complicating the re-
gional groundwater flow framework of Toth (1963), as there
will not be a Thames catchment-wide groundwater flow sys-
tem. There will, however, be aquifer-wide groundwater flow
systems which may link surface water catchments that are
situated on the same aquifer outcrop via IGF pathways. The
groundwater level data in Fig. 3a and contours in Fig. 3b
show groundwater flow at the aquifer scale is generally to-
wards the south-east, with the exception of the Lower Green-
sand, in which flow is towards the north-west (Fig. 3b). The
aquifer properties of the three aquifer units are summarised
in Table 1.

4.1 Jurassic limestone

Groundwater is present in both the lower Inferior Oolite
and upper Great Oolite Jurassic limestones of the Cotswold
Hills, which are in direct hydraulic contact in some areas
and separated by the 20-30 m thick mudstone aquiclude of
the Fuller’s Earth Formation in others (Bricker et al., 2014).
The Jurassic limestones have low matrix porosities, are well
cemented and have low intergranular permeability but are
highly fractured, faulted and fissured (Allen et al., 1997).
Consequently, the aquifer has a high transmissivity and a me-
dian storage coefficient similar to that of the Lower Green-
sand but is 2 orders of magnitude lower than the equiva-
lent for the Chalk (Table 1). Groundwater flow is predom-
inantly along preferential flow paths, and groundwater lev-
els respond rapidly to rainfall (Newmann et al., 2003). The
aquifer extends across a number of river subcatchments (see
Fig. 1c for distribution of subcatchments). Given the high
transmissivity and presence of numerous springs across the
outcrop, in particular in the upper reaches (Fig. 3b), percep-
tually there is the potential for IGF from one subcatchment
to another. The location of many springs just outside of the
study area, to the north-west of the topographical surface wa-
ter watershed boundary, could be suggestive of IGF out of the
Kingston catchment.

4.2 The Chalk

The Chalk outcrop covers 29 % of the study area and contains
over 20 river subcatchments (see Fig. 1c). The Chalk aquifer
is the most important groundwater resource in Great Britain
(Allen et al., 2010) and makes up over 50 % of total ground-
water abstraction (Shand et al., 2003b). It is a fine-grained,
microporous limestone, which has a high matrix porosity, but
low matrix conductivity because of the small pore sizes (But-
ler et al., 2012). It is the Chalk’s extensive fracturing that
gives it its high transmissivity (Table 1) and through which
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conservative? required
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Consider data uncertainties.

IGF conceptually feasible. IGF loss function
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° Imbalance likely due to other factors (input
data uncertainties, human influences,
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Figure 2. Perceptual roadmap for high-level initial identification of river reaches with possible intercatchment groundwater flow, from a
physical process-based assessment. Note that more than one process may be at work in a single reach, e.g. both incoming IGF from upstream
river reaches and outgoing IGF to downstream river reaches.
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Figure 3. Hydrogeological features and characteristics of the Thames catchment showing (a) average groundwater levels and the location of
the geological cross section in (c); (b) the location of springs (digitised from Ordnance Survey mapping), general “median” aquifer ground-
water level contours (after Atkins, 2003, 2007; Entec UK Ltd., 2008; Environment Agency, 2010 and ESI Ltd., 2013), and flow direction
arrows in relation to aquifer outcrop areas; and (c¢) a geological cross section showing the three main aquifers, simplified lithology, and
general groundwater flow direction. Contains British Geological Survey data © UKRI 2022 and Ordnance Survey data © Crown copyright

and database right 2023.
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Table 1. Range of hydraulic aquifer properties (where available) of the main aquifers in the Thames catchment after Allen et al. (1997)
and Bloomlfield et al. (2011). It should be acknowledged that the storage values reported below may relate to both confined (elastic) storage
coefficients and specific yield values, depending on the approach taken to analyse the pumping tests on which they are derived. This may be

particularly likely in the Chalk.

Hydraulic property

Jurassic limestone

Chalk Lower Greensand

Aquifer lithology

Fractured aquifer

Fractured aquifer  Intergranular aquifer

Log transmissivity (m?2 d—1

Mean 2515 1766 430
Median 790 855 275
Interquartile range 200-1600 243-1800 188-528
Storage

Mean 0.013 0.015 0.005
Median 0.0002 0.01 0.0002
Interquartile range 0.0002-0.0005 0.003-0.02 0.0001-0.0005
River incision (m) 43.07 55.01 24.8
Drainage density (km km~2) 0.56 0.54 0.95

saturated flow occurs. The fracture network also provides its
drainable porosity; typically specific yield is in the range of
0.5 %-2 %. Dissolution of the Chalk within the zone of wa-
ter table fluctuation, and periglacial weathering, which has
preferentially occurred in valleys, have enhanced the frac-
ture network and given rise to significant vertical and hori-
zontal heterogeneity. The extent of groundwater—surface wa-
ter interaction across this geological unit will therefore be
highly variable, dependent on very localised physical con-
ditions of the Chalk. Bulk hydraulic conductivity generally
decreases with depth, and transmissivity reduces away from
river valleys (Allen et al., 1997). There is a clear sparsity of
perennial rivers on the Chalk outcrop (Fig. 1b), indicating
a predominance of groundwater flow mechanisms (Adams,
2008). Given these physical attributes, the groundwater flow
network across the aquifer will be having a significant impact
on the surface water hydrology. Springlines are evident along
the outcrop boundaries, particularly along the north-western
escarpment of the Chalk (Fig. 3b), where the groundwater
contours in Fig. 3b show localised northerly groundwater
flow off the Chalk outcrop. This is likely causing IGF into
the upper Thames Valley.

4.3 Lower Greensand

The Lower Greensand Group comprises two main hydrogeo-
logical units — the Hythe Formation and the uppermost Folke-
stone Formation, which, being separated by an aquitard layer,
can be considered two separate aquifers (Allen et al., 1997).
Intergranular flow is the primary flow mechanism, along with
fracture flow (Shand et al., 2003a). Bloomfield et al. (2011)
noted that limited seasonal variation in groundwater heads in
the Lower Greensand is associated with relatively high stor-
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age compared with the stratigraphically adjacent Gault and
upper Jurassic clay formations. There is a greater density of
drainage channels on the Lower Greensand than the Chalk or
Jurassic limestone outcrops (Table 1 and Fig. 1b) and a con-
centration of springs in the upper reaches (Fig. 3b). Owing
to the lower river incision and transmissivity (Table 1), the
impact of groundwater—surface water interaction on the river
flows in subcatchments located on this outcrop may be less
than on the Jurassic limestone and Chalk aquifer outcrops.

5 Results

5.1 The spatial variation of annual water balance
metrics

Figures 4, 5 and 6 present the spatial variation in average an-
nual water balance metrics (1994-2014) across the Thames
catchment. The results are discussed with reference to the
hydrogeological review undertaken in the previous section.
Whilst catchment (rather than reach) metrics have not been
presented as a part of this analysis, it is of note that the av-
erage annual naturalised water balance of the whole Thames
catchment is near to conservative, at only 5 % of the average
annual precipitation.

There is minimal difference between the non-naturalised
and the naturalised reach results (Figs. S4, S5 and S6), with
a non-conservative water balance of > 100mmyr—! being
“corrected” by naturalising the discharge series in only 3 of
the 80 reaches. For the purposes of the current analysis, focus
is given to the naturalised results only, owing to their simi-
larity to the non-naturalised results. The non-naturalised re-
sults are shown for information in the Supplement. The three
lowest main river reaches show particularly large naturalised

Hydrol. Earth Syst. Sci., 27, 761-781, 2023



770 L. D. Oldham et al.: Perceptual model of intercatchment groundwater flow

; . . . (b) 500

1500 1

@ 2000

o

1000 b

500 f b

0--%---%--%---%--@--

P-AET-Qnat (mm/yr)
P-AET-Qnat (mm/yr)
=]

-500 |
<

-1000 : - : ; : -500
NA JL CH LG MX

Figure 4. Distribution of annual average reach water balance metrics for each lithology for the Thames at Kingston reaches from 1994-2014
inclusive, showing unaccounted for annual water volume from precipitation after subtraction of actual evapotranspiration and naturalised
river flow (in millimetres per year). A positive water balance residual indicates a losing reach and a negative water balance residual a gaining
reach at the annual time scale. The boxes show the interquartile interval, within which 50 % of the data lies, and the horizontal line the
median value. The whiskers show the minimum and maximum values, excluding outliers. The plot in (a) shows all data and the plot in (b) is
focussed in to =500 mm yr_1 , thereby excluding some wider outliers. Reaches have been categorised based on > 70 % catchment geological
coverage. CH: Chalk (n = 23), JL: Jurassic limestone (n = 11), LG: Lower Greensand (n = 4), NA: non-aquifer (n = 28) and MX: mixed

(n=14).
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Figure 5. Annual average reach water balance metrics for the
Thames at Kingston from 1994-2014 inclusive, showing unac-
counted for annual water volume from precipitation after subtrac-
tion of actual evaporation and naturalised river flow (in millimetres
per year), in relation to aquifer outcrop areas and median ground-
water level contours for the same time period. A reach where the
water balance residual is within 100 mm of balanced is considered
to be conservative, to nominally account for data uncertainties (see
Sect. 6.3.1). Catchments referred to in the text are outlined in red.

water balance losses (> 1000 mmyr~!) (Fig. 5). In a catch-
ment as heavily artificially influenced by abstractions and
discharges as the Thames at Kingston (Environment Agency,
2018Db), this raises questions as to the completeness of the
naturalisation data or the effectiveness of the employed natu-
ralisation methodology. This is discussed further in Sect. 6.3.
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The naturalised results show variability in annual water
balance between the main hydrogeologies — non-aquifer ar-
eas, Jurassic limestone outcrop, Chalk outcrop and Lower
Greensand outcrop (Fig. 4). With the exception of the three
lowest main river Thames reaches near Kingston, annual
reach losses are only observed on aquifer outcrop areas
(Fig. 5), where the recorded river flow is less than ex-
pected given the meteorological variables. Sixty percent of
the greatest water balance losses (> 100 mm yr~!) observed
in the Thames catchment are on the Chalk outcrop, where
there is an average reach loss of 187 mmyr~!. The Lower
Greensand reaches show smaller water balance losses on
average (51 mmyr~!) (Fig. 4), with only one of the four
reaches exhibiting a loss of more than 100 mm yr—! (Fig. 5).
The Jurassic limestone reaches gain water on average (av-
erage water balance of —156 mmyr~!) although there are
some reaches with large losses (Fig. 4). Again with the ex-
ception of the three lowest main river Thames reaches, non-
aquifer reaches are gaining water at the annual scale on av-
erage (—60 mm yr~!) (Fig. 4). The results highlight signif-
icant variability within, not just between, the aquifer out-
crop geologies. Recognising the small sample sizes and as-
sociated uncertainty, the Jurassic limestone reaches show
the greatest range of naturalised annual average water bal-
ances (interquartile range of 228 mmyr~' (n=11) com-
pared to a range of 150 mmyr~! on the Chalk (n = 23) and
112 mm yr_1 on the Lower Greensand reaches (n = 4)).

Reaches with negative annual water balances (gains) tend
to be seen downstream of reaches with positive water bal-
ances (losses) (Fig. 5). The Chalk reaches show a pattern
of headwater catchments consistently losing (plotting be-
low the energy limit) and non-headwater catchments gain-
ing water at the annual average scale (Figs. 5 and 6c¢). For
example, the rivers Kennet and Colne on the Chalk (ref.
Fig. 1b) have annual average water balance losses in their
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Figure 6. Annual average reach water balance metrics for the Thames at Kingston reaches from 1994-2014 inclusive, showing dimensionless
reach runoff coefficient (river flow/precipitation) and dryness index (potential evapotranspiration/precipitation) in relation to the water limit,
the energy limit and their headwater (i.e. no upstream gauge) or ‘“non-headwater” location along the river, under naturalised conditions.
Reach categorisations are based on > 70 % catchment geological coverage of NA: non-aquifer (n = 28), JL: Jurassic limestone (n = 11),
CH: Chalk (n = 23) and LG: Lower Greensand (n = 4). The results from the three Lower Thames reaches are not shown on panel (a) as they

have negative reach runoff coefficient results.

headwater reaches and gains further downstream. There is a
125 mm yr~! average annual loss in the Kennet Chalk head-
water reaches (equivalent to 15 % of average annual rain-
fall in these reaches) and gains along the Kennet main river
reaches (equivalent to 38 % of the average reach rainfall)
(Fig. 5). This is at the southerly limit of the Chalk aquifer
outcrop, where it becomes overlain by the less permeable
clay material of the upper/lower Thames valleys (illustrated
in Figs. 1c and 3). This pattern of losing headwater reaches
to gaining downstream reaches can also be seen in the river
Coln on the Jurassic limestone and river Colne on the Chalk
(ref. Figs. 1b and 5).

5.2 The temporal variation of annual water balance
metrics

There is little difference in the seasonality of effective rain-
fall between the different geologies (Fig. 7a—d) across the
Thames Basin, but the intra-annual temporal variability of
reach average discharge and groundwater levels (Fig. 7e-k)
does vary, illustrating the differences in the physical aquifer
properties of the three hydrogeological units.

The Lower Greensand annual average groundwater hy-
drographs are particularly muted (Fig. 7k), with minimal
monthly variation in groundwater level (only a 0.6 m sea-
sonal average range, in comparison to the 2.9 and 3.9 m range
in the Jurassic limestone and Chalk respectively — Table 2)
and a particularly flat seasonal river flow profile (Fig. 7h)
(Shand et al., 2003a).

The Chalk reaches also show flat seasonal discharge pro-
files (Fig. 7g and Table 2), with the exception of one reach
— the mid-reach on the river Kennet, which gains significant
flow (see Fig. 5). The Chalk reaches show a delayed onset
of winter higher groundwater levels (March) in comparison
to reaches on the Jurassic limestone (January), which is re-
flected in a delayed winter river flow peak (Fig. 7g, black
line). The lag between rainfall and river flow is the longest
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of the geologies (Table 2). The signal of precipitation in the
river flow record on the Chalk is, on average, a 4 month lag
between average annual peak precipitation and average an-
nual peak discharge (Table 2).

Rivers on the Jurassic limestone exhibit the greatest
monthly variability of the three hydrogeological units (Fig. 7f
and Table 2), reflecting the groundwater trends within that
geological unit (Fig. 7i). River flow seasonality on the Juras-
sic limestone mirrors the highly responsive groundwater lev-
els.

6 Discussion
6.1 The Thames perceptual model

The perceptualisation process (illustrated in Fig. 2) enables
us to recognise where IGF processes may be occurring. This
highlights the need for a degree of local investigation and
hydrogeological perceptualisation (Le Moine et al., 2005)
within the regional analysis. Drawing on the findings from
the analysis in the previous section, coupled with the hydro-
geological review in Sect. 4, a groundwater—surface water re-
gional perceptual model of the Thames catchment (from the
perspective of a surface water modeller) is provided below,
and summarised in Fig. 8.

Through analysis of recorded hydrometeorological wa-
ter balance data we have shown the prevalence of non-
conservative reaches across the Thames catchment, both
gaining and losing. This has also been found by numerous
authors in their analyses of annual water balance metrics, for
example in France (e.g. Le Moine et al., 2007; Andreassian
and Perrin, 2012; Bouaziz et al., 2018; Le Mesnil et al., 2020)
and the USA (e.g. Schaller and Fan, 2009).

The spatial variability of non-conservative reaches has
shown heterogeneity both between, and within, geological
units. The significant heterogeneity of the Chalk (Bloom-
field, 1996; Upton and Jackson, 2011) gives rise to both
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Figure 7. Seasonal patterns of (a—d) effective rainfall (P — AET), (e-h) normalised naturalised discharge and (i—k) normalised groundwater
levels for non-aquifer, Jurassic limestone, Chalk and Lower Greensand reaches (in shades of grey, orange, green and blue respectively).
Reaches have been categorised based on a minimum of 70 % geological aquifer outcrop coverage at the surface. The dark black lines show
the mean of the data and the shaded bands represent the 95th, 85th, 75th and 65th percentiles of the data.

Table 2. Seasonality and lags of the 50th percentiles of precipitation, groundwater level and river flow. Reaches categorised based on a

minimum of 70 % geological aquifer outcrop coverage at the surface.

Water balance variable Non-aquifer  Jurassic limestone  Chalk Lower Greensand
Peak precipitation November October November November
Minimum precipitation March March March June

Peak groundwater level - January March April
Minimum groundwater level - September November October
Peak river flow January January March January
Minimum river flow September September September September
Seasonal range in river flow 4lmmm~!  445mmm~ 11.8mmm~!  36.0mmm™!
Seasonal range in groundwater level - 29m 39m 0.6m

Lag between peak precipitation and peak river flow 2.5 months 3 months 4 months 2 months
Lag between peak precipitation and peak groundwater level —— 3 months 4 months 5 months
Lag between peak groundwater level and peak river flow - None None 3 months

recharge and discharge points along river courses and, poten-
tially, within river reaches (Butler et al., 2012). In the Juras-
sic limestone, faulting and spatial variability in the thickness
of the Fuller’s Earth Formation (Sect. 4.1) between the Infe-
rior and Great Oolites, and the large number of consequen-
tial springs (Fig. 3b), are leading to a complex distribution of
discharge points across the outcrop (Newmann et al., 2003).
Although the sample size of the Lower Greensand reaches
is small (n =4), we found limited variability in water bal-
ance results between the Lower Greensand reaches which is
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in line with the recorded transmissivities for that unit being
both smaller and of less variability than those found in the
other geologies (Allen et al., 1997).

Fan (2019) recommends using the “hydrologic signals” of
adjacent losing to gaining reaches and the presence of spring
clusters to help identify IGF. Given the high porosity and
extensive fracturing of Chalk (Sect. 4.2) (Bloomfield, 1996)
and the observed loss-to-gains in flow (Fig. 5b), which coin-
cide with the regional groundwater flow directions depicted
from average groundwater level data and contours in Fig. 3,
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tains British Geological Survey data © UKRI 2023.

it can be inferred that the “lost” water in the upper Chalk
reaches is flowing into adjacent downstream reaches via the
groundwater flow system. This is supported by the literature
(Allen et al., 1997; Shand et al., 2003b). Examples can be
seen in the rivers Kennet and Misbourne (Fig. 5b) where wa-
ter balance gains are observed as a result of local connectivity
of geological units and the presence of springs along the con-
tact of the Chalk and the overlying clay/mudstone (Fig. 3b)
(Upton and Jackson, 2011).

In the literature, much research has looked at IGF in
karstic environments (e.g. the work in France by, amongst
others, Bouaziz et al., 2018; Le Mesnil et al., 2020, 2021).
The Chalk of the Thames catchment can be locally sub-
karstic (Maurice et al., 2006; Bloomfield et al., 2009), but
because the rock mass exhibits a pervasive and dense frac-
ture network (Mortimore, 2012) flow through these is the pri-
mary groundwater flow process (Allen et al., 1997). Whilst
the regional groundwater flow direction in the Chalk is to
the south-east, localised northerly groundwater flow will be
discharging Chalk groundwater from headwater reaches of
the river Kennet into the “non-aquifer” reaches of the up-
per Thames Valley (Upton and Jackson, 2011) (see Fig. 3b
groundwater contours and Fig. 1a). Whilst not impacting the
water balance beyond 100 mmyr~! (and so not showing in
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Fig. 5b), the reaches just to the north of the Marlborough
& Berkshire Downs Chalk do exhibit water balance gains of
70-80 mm yr—!, which are likely attributable to northwards
IGF (ref. the perceptualisation roadmap in Fig. 2).

Karstic flow has also been reported in the Jurassic lime-
stone (Allen et al., 1997). IGF will likely be occurring in this
unit via fracture pathways (Bricker et al., 2014) and from the
springs to the north-west (into the adjacent river catchment to
the Thames, the river Severn (ref. spring locations in Fig. 3b);
see Fig. 8). This is supported by the literature (e.g. Newmann
et al., 2003). The relationship between the Inferior and Great
Oolite units is complex, and cross-catchment flow has been
confirmed (Bricker et al., 2014). Our results mirror this, par-
ticularly in light of the spatially variable nature of the losses
and gains observed at the annual water balance (Fig. 5b).

From the above, we can attribute “large-scale” non-
conservatism of reaches on the Chalk and Jurassic lime-
stone to IGF, but this is not evident on the Lower Greensand
reaches, which are largely conservative. Additionally, and
crucially, water balance imbalances on non-aquifer outcrop
reaches should not be attributed to IGF (unless located adja-
cent to an aquifer reach and down gradient of local ground-
water flow, e.g. the spring flow into the upper Thames Valley
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discussed above) (as we have assumed in the perceptualisa-
tion roadmap in Fig. 2).

In addition to the IGF identification above, our results also
provide information on the monthly profile variations of wa-
ter balance metrics (effective rainfall and river discharge) and
groundwater levels between the different geologies in our
study area. Geology influences lag timescales (Marchant and
Bloomfield, 2018; Fowler et al., 2020), with river flow sea-
sonality showing a high level of influence of catchment stor-
age. Our water balance metric temporal results demonstrate
lag times of 4 months between peak rainfall and river flows
for Chalk reaches, in line with other studies (Weedon et al.,
2015). The longer seasonal lags observed on the Chalk in
comparison to the Jurassic limestone (Table 2) will be due
to the lower transmissivity coupled with high storage of that
unit (Table 1). Whilst rapid flow through fractures can oc-
cur (Upton and Jackson, 2011), unsaturated flow through the
Chalk is predominantly via the matrix, resulting in recharge
of the water table via the displacement mechanism (Ireson
et al., 2006). It is this process that is being principally ob-
served in the relatively muted and delayed seasonal ground-
water level hydrographs and, consequently, the surface water
hydrographs in Fig. 7g and j.

The Jurassic limestone groundwater levels exhibit the
greatest seasonal variation of the geologies, owing to the
low storage of the aquifer but high transmissivity (Bricker
et al., 2014) (Table 1), as higher groundwater levels in the
winter months give rise to the highest transmissivities and
greater groundwater flow, but under drier conditions the op-
posite would occur. The presence of rapid flow pathways to
the heavily incised (Table 1) rivers on that outcrop, via frac-
tures and faults, results in a strong seasonal control on the
river flow annual profile (Fig. 7f) (Newmann et al., 2003;
Bricker et al., 2014) that is not observed on the Chalk or
Lower Greensand.

In our example study, the high specific yield of the Lower
Greensand aquifer gives rise to observed steady ground-
water heads (Shand et al., 2003a; Bloomfield et al., 2011)
(Fig. 7k) and, combined with the high connectivity to the
river drainage network via diffuse groundwater flow (Bloom-
field et al., 2011), this is replicated in the muted seasonality
of the Lower Greensand reaches’ river flow profiles (Fig. 7h).

This perceptual model is the key output of the perceptual-
isation approach advocated by this paper, incorporating both
surface water and groundwater processes via an evidence-
based objective analysis at the local reach scale. It is this out-
put that we advocate being used by surface water modellers
to aid with hydro(geo)logically appropriate model set-up, de-
velopment and calibration.

6.2 Are current modelling approaches fit for purpose
and how might we change them?

Not including IGF as a model flux will result in many mod-
els overestimating river flows or actual evapotranspiration
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(Bouaziz et al., 2018; Fan, 2019) in an effort to “close” the
water balance in groundwater-dominated catchments. It is
well known that the “watertight substratum” assumption on
which so many of our conceptual catchment rainfall-runoff
models are built is frequently unrealistic in terms of the ac-
tual physical processes occurring (Le Moine et al., 2005;
Wanders et al., 2011; Bouaziz et al., 2018; Fan, 2019), as
many of the key assumptions used to simplify a complex
catchment (i.e. that of a clear boundary condition at the wa-
tershed and a lower no-flow boundary condition at bedrock)
do not hold for permeable, groundwater-dominated catch-
ments. We have the opportunity to develop the physical re-
alism of these models and improve their simulation but, cru-
cially, in line with available evidence. We need to advo-
cate different modelling approaches, with flexibility being
a key principle. Allowing high-resolution compartmentali-
sation (e.g. hydrological response units) of different process
representations would enable the modeller to address the het-
erogeneity between different geologies and, even, within ge-
ologies at the sub-reach scale.

The extent of non-conservative reaches across our study
area supports the application of external subcatchment
flux(es) (loss functions) to represent IGF, as previously ad-
vocated by Le Moine et al. (2007), Pellicer-Martinez and
Martinez-Paz (2014), and Yang et al. (2017). We have, how-
ever, shown IGF to vary in time and space as a function of
hydrogeological control. IGF may not be perceptually justi-
fied in all subcatchments and should therefore be supported
by prior perceptualisation investigations to inform decisions
on flux flow direction, connectivity, variability and spatial
location. As such, we would not advocate the use of uni-
formly parameterised loss functions, where they are applied
across all catchments in the same way. Parameterisation of
IGF fluxes could be based on lithology, as suggested by Le
Moine et al. (2005), or groundwater data (depending on data
availability).

Loss functions should be linked between catchments
where possible and hydrogeologically feasible (as high-
lighted by Pellicer-Martinez and Martinez-Paz, 2014).
Groundwater flow is a process that occurs between surface
water catchments and should be represented as such to re-
duce the risk of a model using such a flux as a simple “fudge
factor” to improve calibration (as warned by Le Moine et al.,
2005, and Goswami and O’Connor, 2010). Flow accretion
can show a longitudinal train of gaining and losing reaches,
as shown by our reach-based analysis (Fig. 5). Considering
such reaches as separate, independent entities with indepen-
dent IGF fluxes would misrepresent the hydrological pro-
cesses occurring and could give rise to unfeasible parame-
terisation during model calibration.

The intra-annual variability of groundwater processes can
be significant, based on natural cycles of meteorological and
surface water variables. In addition, groundwater levels may
be seasonally affected by abstractions (e.g. for agriculture).
Whilst not explicitly investigated in this paper, it is likely
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that this temporal complexity will mean that water balance
losses/gains via IFG are unlikely to be temporally continu-
ous and so should not be represented as a constant loss with
no seasonal variation. Whilst it is acknowledged that tem-
poral variation is not always seen within IGF (both Yang et
al. (2017) and Zanon et al. (2014) found a temporally steady
groundwater model flux to be successful for model calibra-
tion (although this was not linked back to the hydrogeolog-
ical processes controlling the flux)), a constant value of flux
should only be applied when the evidence and perceptualisa-
tion support this.

6.3 What are the challenges and limitations in
perceptualising?

The measurement of IGF fluxes is rarely feasible (Le Moine
et al., 2007; Frisbee et al., 2016), although there are ex-
amples of field studies attempting this e.g. Kiser and Hun-
keler (2016) and Genereux et al. (2005). Table 3 summarises
the challenges faced when trying to perceptualise IGF, link-
ing hydrological and hydrogeological data and varying spa-
tial scales, categorised into data challenges, methodologi-
cal challenges and perceptual understanding challenges. Two
key challenges (those of uncertainties and naturalisation) are
discussed in more detail in the following sections.

6.3.1 Input data uncertainties

As detailed in Table 3, the perceptualisation of IGF intro-
duces a wide range of data uncertainties, and care needs to
be taken to ensure that data anomalies are not mistakenly at-
tributed to IGF (as Bouaziz et al., 2018, and Zanon et al.,
2014, warn in the case of input data uncertainties). Whilst a
full quantification of uncertainties may be beyond the scope
of an IGF perceptualisation when for the purposes of inform-
ing model editing, it is important to reflect on the uncer-
tainties being introduced. We have summarised some of the
available literature on input data uncertainties relevant to this
paper below.

In the case of catchment areal precipitation and PET es-
timation, the error source is two-fold: sample measurement
errors and spot-data interpolation method errors (McMillan
et al., 2012). When using a gridded rainfall data product such
as CEH-GEAR (which has undergone extensive raw data
and interpolation quality control procedures, Tanguy et al.,
2019), the largest errors associated with the data originate
from the raw rain gauge measurements, in particular relating
to wind loss, resulting in under-catch (5 %—16 %, McMillan
et al., 2012; Keller et al., 2015). However, the magnitude of
these errors is reduced when there is a high rain gauge net-
work density (Keller et al., 2015), such as in the data-rich
Thames catchment.

The uncertainties surrounding potential evaporation are
complex due to its basis on underlying empirical equa-
tions involving a number of separately recorded (or esti-
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mated) variables. The potential errors associated with the
FAO Penman-Monteith method (on which the CHESS-PE
dataset is based, Tanguy et al., 2019) have been reviewed by
a number of authors and shown to vary through the calendar
year due to its sensitivity to potential errors in the tempera-
ture variable (Talebmorad et al., 2020). Estimates of average
potential evaporation error using the FAO Penman—Monteith
method have been recorded as 10 % (Talebmorad et al.,
2020), 5 %—10 % (Hua et al., 2020) and 10 %—40 % (West-
erhoff, 2015). The conversion of PET to AET introduces fur-
ther uncertainties owing to its greater complexity (Wester-
hoff, 2015). The Thornthwaite (1948) method adopted in this
study incorporates the precipitation and PET data (and their
associated errors), as well as estimation of soil water stock
(Sect. 3.1.1). Estimates of actual evaporation uncertainties
have been calculated to be between 10% and 11 % (Price
et al., 2007; Jakimavic“ius et al., 2013).

Discharge uncertainties from river gauging stations vary
depending on measurement method (McMillan et al., 2012)
and can vary over time (Coxon et al., 2015). Assessment of
their errors is complicated by often lacking metadata on the
structure and stage to discharge calculation methods (Coxon
etal., 2015). In the Thames, weir calculations are most preva-
lent (Coxon et al., 2015). Errors in mean time-averaged daily
flow measurements can range from 10 % to 20 % (McMillan
etal., 2012). Assessing discharge over a long time period and
incorporating periods of varying climatic conditions can help
increase confidence.

As part of our analysis methodology, we have assumed
that average non-conservative reach water balance discrep-
ancies greater than 100mmyr~—! (from Eq. 3) (equivalent
to 14 % of the annual average rainfall in the Thames catch-
ment, Marsh and Hannaford, 2008) can be assumed to be
attributable to factors other than input data uncertainties. It
must be clearly acknowledged that the setting of this thresh-
old is arbitrary, however we believe its selection to be robust.
To support this methodological decision, we firstly undertook
a high-level quantification of potential water balance uncer-
tainty based on precipitation, actual evapotranspiration and
river discharge errors; and we secondly undertook sensitivity
testing of the selection of the threshold value (see Sects. S2
and S3). As reported in Sect. S2, our estimates of maximal
water balance uncertainties attributable to input data were
in the order of +30mmyr~!, and thus considerably below
our 100 mm yr~! threshold. We adopted such a conservative
threshold to reflect our acknowledgement of our calculated
error distributions being based on limited papers and a given
error model, selecting only the clear cases of high water bal-
ance errors for further investigation. Future work could fo-
cus on investigating and quantifying other potential sources
of water balance errors, as per those detailed in Table 3, to
further improve upon water balance estimations.
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Table 3. Matrix of challenges when developing a perceptual model of the intercatchment groundwater flow environment for the purposes of
improved hydrological modelling, split by challenge category.

Category Challenge
Data
Availability Groundwater level data and human influences data can be difficult to obtain and work with, and can also be

subject to stringent licensing regulations, including limiting options for publication.

Spatial resolution Observations are rarely spatially regular, often “focussed in areas of particular interest” (Barthel and
Banzhaf, 2016). Groundwater-related data locations may often not correspond to where a hydrologist might
have particular interest. The necessary reliance on historical catchment outlet flow data when undertaking
high-level investigations can make identifying IGF particularly difficult (Frisbee et al., 2016). River gaug-
ing stations are often not located in optimum locations and so are not necessarily measuring all the water
exiting a catchment. “Underflow” going below the gauge and deeper IGF can be missed (Fan, 2019).

Inconsistency Data heterogeneity is a challenge for analysis (Barthel and Banzhaf, 2016), particularly at the regional scale
(Refsgaard et al., 2010). Data are collected by a range of different users with consequentially varying quality
and temporal resolution (Barthel and Banzhaf, 2016; McMillan et al., 2016).

Uncertainty A wide range of data uncertainties, including precipitation measurement, PET over/underestimation, the
estimation of actual evapotranspiration, gauging station uncertainties, surface water and groundwater catch-
ment boundary locations, and human influences data relatability.

Methodological challenges

Water balance Full consideration of sources of errors (see Uncertainty above) should be undertaken, before concluding any
water balance non-conservatisms are a result of unmeasured groundwater processes, as highlighted by the
Perceptual Roadmap in Fig. 2. In addition, Eqgs. (1) and (3) assume the change in storage (e.g. groundwater
storage, soil water storage, vegetation water storage, etc.) across a reach to be negligible at the annual scale.
Depending on the particular hydrogeological conditions of an area, this assumption may not be valid.

Intercatchment ground-  To understand how significant it is as a process in a catchment, a targeted review is required (Fan, 2019).

water flow IGF processes are challenging to identify, locate and characterise (Frisbee et al., 2016). It can be difficult
to quantify (rather than simply perceptualise) IGF indirectly via other variables (i.e. meteorological and
hydrological) due to their uncertainties and potential errors.

Groundwater data The selection of groundwater datasets can be challenging and requires an understanding of the importance
of site selection (valley bottom vs interfluve with regards to aquifer properties), particularly in hydrogeo-
logically heterogeneous lithologies. The selection of the temporal characteristics of the data also requires
careful consideration.

Human influences The selection (and application) of appropriate naturalisation methodologies can be difficult and depend on
data availability, time and resources, as well as the dominant human influence “type” (be it point or diffuse
impacts, ground or surface).

Perceptual understanding

Hydrogeological inter- Local geological knowledge is required to detect and quantify IGF (Fan, 2019), requiring a level of hydroge-

pretation ological expertise. A limitation of high-level hydrogeological classification is that we are consequently not
looking at within-unit heterogeneity (Le Moine et al., 2007) (which can be considerable (e.g. in the Chalk in
this study, Bloomfield et al., 2011; Marchant and Bloomfield, 2018)) but rather assessing hydrogeological
heterogeneity between surface water reaches.

Scope It is important to focus on understanding improvements needed for conceptual hydrological models for
predictions of now and in the future, rather than a deep understanding of detailed groundwater processes
and localised complexity. The scope of the investigation does not, therefore, need to be particularly wide in
terms of a hydrogeological analysis.

Human influences Abstractions and discharges become particularly important at the regional scale (Barthel and Banzhaf,
2016), but we have also shown them to be key sources of potential uncertainties at the local, reach scale.
Their consideration is fundamental to the appropriate identification of IGF.

Hydrol. Earth Syst. Sci., 27, 761-781, 2023 https://doi.org/10.5194/hess-27-761-2023



L. D. Oldham et al.: Perceptual model of intercatchment groundwater flow 777

6.3.2 Naturalisation

A notable challenge that we have found in this study is that of
the influence of human abstractions and discharges. The pro-
cess of river flow naturalisation is itself one of great uncer-
tainty (Terrier et al., 2020). In Fig. 5b, both > 100 mm yr_1
water balance losses and gains have been calculated in non-
aquifer reaches, most notably the three lower Thames reaches
and along the river Mole (ref. Fig. 1b). Following the per-
ceptualisation roadmap in Fig. 2 regarding the absence of
aquifer outcrop coverage and springlines, we can deduce that
these “non-conservatisms” are not due to IGF processes and
investigate alternative causes. It is known that major pub-
lic water supply abstractions (lower Thames) and discharges
(river Mole) are located in these reaches. The relative scale of
these artificial influences in relation to the increase/decrease
in river flow between gauging stations is leading to anoma-
lous water balance results. This highlights a disadvantage and
challenge of using reach-based analysis when applying natu-
ralisation.

In addition, our naturalisation method explicitly discounts
groundwater abstractions. In a study area with known ab-
stractions from nationally important aquifers (Butler et al.,
2012), this assumption is obviously flawed. However, it must
be acknowledged that a full naturalisation incorporating both
surface and groundwater abstractions and discharges would
be a significantly time-consuming and data intensive. Quanti-
fying the impacts of groundwater abstractions on river flows
is challenging (Ivkovic et al., 2014) and more complex than
that of surface water influences when, in particular, identify-
ing the location of any consequential reduction/modification
of flow (Coxon et al., 2020). Much groundwater abstraction
is for irrigation use and the return of such abstracted water to
the river from runoff or shallow surface flow would also need
to be considered. Equating groundwater abstraction to an ac-
tual loss in river flow (e.g. rather than for the purposes of
stream support) adds further complexity and detailed knowl-
edge of (often confidential) abstraction licence conditions.
Given these extensive challenges and significant uncertain-
ties, naturalising river flows for groundwater abstractions for
the purposes of hydrological modelling using a conceptual
rainfall-runoff model could be considered unfeasible owing
to the extensive time and effort required.

What our analysis shows is that human influences from
abstractions/discharges can both mask, and indeed be misin-
terpreted for, IGF processes. It is imperative that river flow
naturalisation is specifically addressed and the impact of any
methodological assumptions be considered in light of the re-
sults obtained.

7 Conclusions

In this paper we show the prevalence of non-conservative
river reaches across the study area, with heterogeneity both
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between, and within, geological units, giving rise to a com-
plex distribution of recharge and discharge points along
the river network. We have identified likely intercatch-
ment groundwater flow locations and directions via a pro-
cess of data analysis and perceptualisation, providing an
evidence-led challenge to the watertight substratum founda-
tion of many existing catchment rainfall-runoff models (Le
Moine et al., 2007). Outcrops of carbonate fractured aquifers
(Chalk and Jurassic limestone) show evidence of intercatch-
ment groundwater flow both from headwater to downstream
reaches and out-of-catchment via spring lines. We found spa-
tial variability in IGF across the study area. Additionally,
there is more seasonal variability in hydrology and ground-
water levels in river catchments on Jurassic limestone out-
crops compared to Chalk and Lower Greensand outcrops.
Our results demonstrate the need for local investigation and
hydrogeological perceptualisation within regional analysis,
which we have shown to be achievable given relatively sim-
ple geological interpretation and data requirements. A lack
of representation of regionally connected groundwater dy-
namics within conceptual rainfall-runoff models can con-
tribute to core discrepancies in the annual water balance of
a catchment (Pellicer-Martinez and Martinez-Paz, 2014; Fan,
2019) and unrealistic simulations of observed hydrograph re-
sponses (Lane et al., 2019). A model should be improved so
that it better represents reality, rather than rejecting a catch-
ment because of its poor results (Le Moine et al., 2007), but
a key challenge is how to link hydrogeological processes to
a surface-water-designed existing model, when groundwa-
ter science has very different data availability and spatial
(and temporal) scales. The difficulties in characterising in-
tercatchment groundwater flow have long led to modellers
omitting its representation in models (Fan, 2019). There is
a clear need for better evidence-based perceptualisation of
groundwater systems by hydrologists prior to any model ed-
its. Applying a hydrogeologist’s thinking to a surface water
hydrologist’s “problem” will help to break down the existing
“artificial boundaries” between the two sciences (Fan, 2019;
Staudinger et al., 2019).

Data availability. The CEH-GEAR precipitation dataset and
CHESS-PE potential evapotranspiration dataset are freely avail-
able from CEH’s Environmental Information Data Centre and
can be accessed through https://doi.org/10.5285/ee9ab43d-
adfe-4e73-afd5-cd4fc4c82556 (Tanguy et al., 2019) and
https://doi.org/10.5285/8baf805d-39ce-4dac-b224-c926ada353b7

(Robinson et al., 2016) respectively. The recorded/observed dis-
charge datasets used in this study are freely available from the Na-
tional River Flow Archive website https://nrfa.ceh.ac.uk/data/search
(Centre for Ecology and Hydrology, 2017). The human influences
(surface water abstractions and discharges) dataset was obtained
from the Environment Agency. The naturalised discharge datasets
developed in this paper unfortunately cannot be made open access
due to license restrictions on the human influences data used in the

Hydrol. Earth Syst. Sci., 27, 761-781, 2023


https://doi.org/10.5285/ee9ab43d-a4fe-4e73-afd5-cd4fc4c82556
https://doi.org/10.5285/ee9ab43d-a4fe-4e73-afd5-cd4fc4c82556
https://doi.org/10.5285/8baf805d-39ce-4dac-b224-c926ada353b7
https://nrfa.ceh.ac.uk/data/search

778 L. D. Oldham et al.: Perceptual model of intercatchment groundwater flow

naturalisation process. Groundwater level data were provided by
the Environment Agency.

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/hess-27-761-2023-supplement.
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