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ABSTRACT

Hydrological droughts can last months to years and impact large areas, leading to a multitude of ecological and socio-economic

harm. The role of evapotranspiration (ET) in drought is very variable and there is contradicting evidence on the impact of anthro-

pogenic warming on groundwater drought in the UK. We integrated a distributed groundwater model into the JULES land sur-
face model JULES-DGW) and simulated a chalk catchment in southern England over the period 1901-2015. The model showed
a good match to river flows (Kling-Gupta efficiencies 0.73-0.83) and groundwater levels (2=0.92). We found a general trend
of drying over time with small decreases in average moisture in the unsaturated zone and average groundwater levels, caused

by increases in annual ET and decreases in recharge as a fraction of precipitation. The model suggests drier conditions in the

unsaturated zone in late summer/early autumn in the late 20th-early 21st century have led to a delay in the recharge season. No

increase in capillary rise was simulated throughout the modelling period and ET was found to decrease in most cases of severe

drought, thus acting to limit the fall in groundwater levels.

1 | Introduction

Hydrological droughts can last months to years and impact large
areas, leading to a multitude of ecological and socio-economic
harms, including to water supply, crop production, river navi-
gation and electricity production (Van Loon 2015). Climate
change accelerates the terrestrial water cycle, as warming drives
an increase in evapotranspiration (ET), causing more precipi-
tation (J. Liu et al. 2013; Scheff and Frierson 2014). Increases
in ET have caused an intensification of the dry season across
large parts of the globe (Padrén et al. 2020), bringing more fre-
quent and intense ecological and agricultural droughts since the
1950s, although there is little agreement regarding changes in
northern Europe (IPCC 2023). In the near future, analyses indi-
cate reducing low flows and increasing duration and severity of

hydrological drought for much of the globe (e.g., Hari et al. 2020;
C. Zhao et al. 2020; Spinoni et al. 2021; Gu et al. 2023).

Groundwater is the Earth's largest liquid store of freshwater. It
plays a fundamental role in public water supply, irrigation and
terrestrial ecosystems (Gleeson et al. 2012), sustaining base-
flow to rivers, lakes and wetlands in periods of low rainfall.
Groundwater comprises ~25% of all freshwater withdrawals
(UN 2022) with an estimated 2.5 billion people solely dependent
on its use (UNESCO 2015). Within the world's cities, groundwa-
ter use is intensifying, with just under 50% of the global urban
population dependent on groundwater (Foster et al. 2020).
Groundwater systems are inherently more resilient to climate
variability, storing water from periods of surplus and, largely,
protected from the evaporative losses suffered by reservoirs.
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Globally, both rising and falling trends in groundwater levels
are observed (Bonsor et al. 2018; Scanlon et al. 2022, 2023).
Although human intervention is the primary driver, the impact
of climate variability can also be observed (Taylor et al. 2013;
Scanlon et al. 2023). Given our dependence on groundwater,
groundwater droughts—that is, periods of abnormally low
groundwater levels (Van Loon 2015)—are a major threat to
global water security and are potentially being intensified by cli-
mate change (Bloomfield et al. 2019).

The contribution of ET to drought remains an active topic of de-
bate (Dai 2011; Sheffield et al. 2012; Teuling et al. 2013; Milly
and Dunne 2016; Lehner et al. 2017; He et al. 2022; M. Zhao
et al. 2022; Gu et al. 2023; Z. Zhao et al. 2023), in a large part, be-
cause of a lack of high-quality long-term observations (Dolman
and de Jeu 2010; Mueller et al. 2011; Chu et al. 2017). The ET
anomaly can be either positive or negative during drought. A
negative ET anomaly occurs when low soil moisture inhibits
bare-soil evaporation and causes stomatal closure, limiting tran-
spiration and the depletion of water storage (Jung et al. 2010;
Seneviratne et al. 2010; Novick et al. 2016; Y. Liu et al. 2020;
Gupta et al. 2020). Conversely, a positive ET anomaly has been
found to occur where the warm and dry atmospheric conditions
usually present during drought lead to an increase in ET, accel-
erating the depletion in water storage (Seneviratne et al. 2012;
Teuling et al. 2013; Mukherjee et al. 2022; Z. Zhao et al. 2023).
Factors that may affect the response of ET to drought include
duration and intensity of drought, climate conditions and plant
species (He et al. 2022). In studies that use drought indicators—
such as the Palmer drought severity index or the standardised
precipitation evapotranspiration index (SPEI)—the influence
of ET can be highly dependent on the choice of indicator or
method used to calculate potential ET (PET) (Wang et al. 2022),
as well as on the quality of the meteorological data (Trenberth
et al. 2014). The IPPC (2023) summarise the research in this
area by attributing medium confidence to the statement that
‘.. climate change has contributed to increases in agricultural
and ecological droughts in some regions due to increased land
evapotranspiration’ since the 1950s.

Hydrological droughts can occur in all climate zones. The UK
periodically suffers from severe droughts, which, although less
extreme than in more arid regions of the world, nevertheless lead
to major water shortages (Marsh et al. 2007; Barker et al. 2019),
particularly where resources are managed with an expectation
of plentiful supply. In Wales and Scotland, while groundwater
is used little in public water supply, it is the only viable water
source for many rural communities as well as being relied upon
in agriculture and industry (Glendell et al. 2024; NRW 2024). In
contrast, groundwater comprises approximately a third of public
water supply in England, which increases to > 75% in the south-
east, the centre of the UK population and economy (BGS 2024).
The majority of this supply is from the Chalk, a microporous
limestone that is a dual-porosity/dual-permeability medium and
transmits water in the saturated zone mainly via fractures.

Projections of drought in the UK through the 21st century are
reflective of global projections, with low flows expected to de-
crease leading to increases in drought duration, intensity and
severity (e.g., Rudd et al. 2017; Kay et al. 2021; Chan et al. 2022;
Parry et al. 2024). However, the picture for groundwater is more

complex, in part because the propagation of meteorological to
groundwater drought is influenced by land cover, soil type, the
thickness of the unsaturated zone and lateral groundwater flow
(Bloomfield et al. 2015; Chen et al. 2024). Jackson et al. (2015)
projected lower summer groundwater levels and higher winter
groundwater levels in the UK by the 2050s under the UKCP09
high emissions scenario. This analysis was extended and up-
dated with UKCP18 projections by Parry et al. (2024), who
found substantial variability in projections of low groundwater
levels and groundwater drought characteristics across the UK.
They suggested that groundwater is little impacted by warmer,
drier summers, as recharge predominately occurs in the win-
ter, which is projected to become wetter (Kendon et al. 2022;
Parry et al. 2024). Their study, however, contradicts the observa-
tional study of Bloomfield et al. (2019), who found increases in
the frequency, duration and severity of groundwater drought in
two boreholes in the UK over the period 1891-2015. Bloomfield
et al. (2019) attribute these increases to enhanced ET directly
from groundwater stores where the water table is shallow or the
capillary fringe is thick, a process not represented in the model
used by Parry et al. (2024).

Given the importance of the Chalk for water supply and its po-
tential vulnerability to meteorological droughts, it is necessary
to understand what drivers are responsible for drought condi-
tions. Understanding recharge to groundwater systems is key to
understanding groundwater drought. A number of studies have
been undertaken to investigate recharge processes and, in par-
ticular, how the unsaturated zone in the Chalk can attenuate
the recharge signal. The dual-porosity nature of the Chalk (e.g.,
Price et al. 1993) means that it is challenging to represent re-
charge processes, as the matrix has a high porosity but very low
permeability. This feature of the Chalk unsaturated zone means
that drainage from storage to the water table can occur through
the matrix even during dry periods with no excess precipitation
(Butler et al. 2012). Modelling shows this process is sensitive to
the hydraulic conductivity of the matrix and the near surface
properties of the Chalk (Mathias et al. 2005), which are gen-
erally high porosity and permeability (a ‘regolith’ upper layer),
providing enhanced storage and attenuation (Ireson et al. 2006,
2009). The ability of the matrix to hold water and release it
slowly is thus key to understanding the resilience of groundwa-
ter to drought.

There is a long history of groundwater modelling of the River
Kennet catchment given its importance for water supply and
its ‘research pedigree’, particularly as part of the UK Natural
Environment Research Council's Lowland Catchment Research
project (known as LOCAR; Wheater et al. 2007) undertaken in
the Pang and Lambourn (see Figure 2). The first model, devel-
oped in the 1980s, used a bespoke code to show the importance of
including a vertical variation of hydraulic conductivity to simu-
late the hydrograph response (Rushton et al. 1989). Following on
from this work, the British Geological Survey (BGS) developed
a ZOOMQ3D model of the Marlborough and Berkshire Downs
and south-west Chilterns, which covered the Kennet catchment
(Jackson 2012). The model has since been used to investigate the
impacts of differing regional climate models on climate change
in the Chalk (Jackson et al. 2011), to investigate groundwater
flooding (Collins, Christelis, et al. 2020) and in conjunction with
a detailed well model to study the performance of abstraction
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boreholes in Chalk catchments (Upton et al. 2020). Whereas
these studies used a simple soil moisture balance model to gen-
erate recharge for a groundwater model, other studies in the
Kennet have simulated the land surface and shallow subsurface
with greater complexity with the Joint UK Land Environment
Simulator (JULES). Le Vine et al. (2016) and Rahman and
Rosolem (2017) both represented the dual-permeability nature
of the Chalk: the former with a Brooks and Corey (1964) dual
curve approach and the latter with a bulk conductivity model.
Whereas Rahman and Rosolem (2017) did not use a groundwa-
ter model—with recharge instantaneously becoming subsurface
runoff at the base of the soil column—Le Vine et al. (2016) ap-
plied a variable flow boundary to the bottom of the soil column
to generate recharge for BGS's ZOOMQ3D model. None of the
approaches described above truly integrates the soil zone with
the saturated groundwater flow via the unsaturated zone. The
corollary of this means that understanding all the components
of the subsurface system and their interactions is not possible.
To be able to address such questions as how drought propagates
from the soil through to the saturated zone as well as the inter-
action with the atmosphere, a model that integrates all parts of
the system is required. This is only possible with a model that
links a land surface model, which includes soil-atmosphere in-
teraction, the unsaturated and saturated zone, with the lateral
movement of groundwater.

The aim of this study was to implement a groundwater model
into the JULES land surface model that incorporates all pro-
cesses that influence groundwater drought: lateral groundwater
flow; river-aquifer interaction; groundwater abstraction; and
capillary rise and recharge between the aquifer and unsatu-
rated zone. The model was then used to simulate the Kennet—a
catchment typical of those relied upon for water supply in the
UK—and the contribution of ET to groundwater drought was
explored.

2 | Data and Methods

2.1 | Implementation of a Groundwater Flow
Model in the JULES

JULES is a widely used community land surface model that sim-
ulates fluxes of water, carbon, energy and momentum between
the atmosphere and the land surface (Best et al. 2011; Clark
et al. 2011). It is coupled to the UK's atmospheric model—the
Met Office Unified Model—for operational weather forecasting
and climate predictions. However, it can also be used as a stand-
alone land surface model. Sub-grid heterogeneity in land use is
handled with a tile-based approach, whereby the energy bud-
get and canopy hydrology are calculated for each surface type
within a cell (called a ‘gridbox’).

Soil moisture is treated as homogeneous across the gridbox. The
soil column is typically split into four layers with thicknesses
(from top to bottom) 0.1, 0.25, 0.65 and 2m. A finite-difference
approximation to the Richards equation is used to determine
water fluxes between soil layers. The unsaturated hydrau-
lic conductivity in each layer is estimated as a function of soil
saturation by either the Brooks and Corey (1964) or the van
Genuchten (1980) approach. The model produces surface runoff

and subsurface runoff (essentially groundwater recharge). If no
hydrology scheme is selected, surface runoff comprises only
infiltration excess runoff, which is generated when the rainfall
rate exceeds the infiltration capacity of the soil. Subsurface run-
off is produced from the lowest soil layer at a rate equal to the
hydraulic conductivity of that layer. Saturation excess surface
runoff can be generated with the probability distributed model
(PDM) (Moore 2007; Clark and Gedney 2008). The PDM ap-
proach in JULES calculates the saturated fraction (f,,) of each

gridbox as follows:
=
max (0,S—S -
fau=1- [1 - %}

max 0

where b is a shape parameter, S is the gridbox soil water stor-
age and S, is the minimum storage below which no saturation
occurs. S,,,, is the maximum gridbox storage and calculated as
follows:

Smax = osat X dzpdm

where 6, is the volumetric soil water content at saturation and
dZyam is the depth of soil column over which the PDM model is
applied (typically assumed 1m). The saturation excess surface
runoff is calculated by multiplying f;,, by the rate of precipita-
tion/snow melt.

Given the nature of groundwater flows, that is, predominantly
lateral, then there is a need to simulate how the subsurface run-
off will be converted into horizontal flow between grid boxes. To
do this, we implemented an explicit, two-dimensional, single-
layer groundwater model in JULES. When the groundwater
scheme is active, we turn off subsurface runoff and instead cal-
culate a recharge flux or capillary rise between the lowest soil
layer and the aquifer (see Figure 1). This vertical flux is then
applied to the groundwater model, which calculates lateral flow
between cells and baseflow to, or leakage from, rivers. The new
JULES model with groundwater flow is referred to as JULES-
DGW (‘dynamic groundwater’).

2.1.1 | Groundwater Model Formulation

The groundwater formulation is based on the LEAFHYDRO
groundwater model (Fan et al. 2007; Miguez-Macho et al. 2007;
Martinez-de la Torre and Miguez-Macho 2019), which calculates
lateral flow on an octagonal grid with Darcy's law (see fig. 6 in
Fan et al. 2007). The mass balance around a cell is formulated
using the following equation:

ds, 8
— = AXAyR+ 2 Q- Q
where S, is the groundwater storage (kg); R is the flux between the
groundwater and the soil zone (kgm=2s71); AxAy is the area of
the grid box (m?); Q,, is the lateral flow to/from the nth neighbour
(kgm~2s71) and Q, is the groundwater-river exchange (kgm=2s71).
The flow between each cell can be described as follows:

cT(wtd, — wtd)

" l

Hydrological Processes, 2026

30f19

95UB01 7 SUOLULLOD AIIRID) 3cfedt [dde 8y Aq paueob 8.2 Sao1Me YO 9S JO S3INJ 10) AIq1TUIIUQ AB]IM UO (SUOTPUOO-PUR-SWLBHW0D A |IM A Teq 1 jBul UO//STIY) SUORIPUOD PuUe SWLB | 8U) 89S *[9202/70/0T] uo Akeiqiauliuo A8|1m ‘ABojoIpAH 3 AB0J093 104 81usD NN Ad Z8r0. dAU/Z00T OT/I0p/W0d A 1M Afe.q 1 jBul|UO//StY WOy papeoiumod ‘f ‘9202 ‘SB0TE60T



(a) (b) (c)
K K
. z' . z l
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FIGURE1 | JULES-DGW soil-groundwater interaction when (a) the water table is within the soil layers and (b) the water table is below the soil
layers. Parameters in the calculation of transmissivity (T') for the two schemes: (c) with an exponential decrease in hydraulic conductivity (K) with

depth and (d) a constant hydraulic conductivity with depth. Fy, .,

where Q,, is the lateral flow between cells (kgm~2s™); ¢ is the cell
width (m); transmissivity T (kgm~'s™); wtd is the water table
depth (n, neighbour) (m) and [ is the distance between cells (m).

There are two different options for the calculation of T, which is
defined as follows:

(o)

Tz/Klatdz,

zwd

where K, (kgm™s7) is the hydraulic conductivity of the aqui-
fer, zwd (m) is the depth to the water table and z’ (m) is the depth
of the water table below the top of the aquifer (see Figure 1c).
The upper limit of the integral is infinity, as potentially, the ulti-
mate depth of the water table is very large.

The first method of determining T assumes a constant hydraulic
conductivity with depth until a defined base of the aquifer (z,,,)
(Figure 1d):

T= (Zbot - ZWd) X Klat

The second assumes an exponentially decreasing hydraulic
conductivity with depth (Figure 1c), whereby T is calculated as
follows:

If Fyepn <1
T=0

else if zwd > soil depth (m) (sd, Figure 1c):

—(@wd—sd)

T= Fdepth X Klat X e feptn

e-folding depth; ¢ ., matric potential of lowest soil layer.

else (i.e., water table within soil layers):

T = ( Faepn — 2wd + sd) X K,

where Fye,q, () is the e-folding depth, z’ (m) is the depth of the
water table below the top of the aquifer and K},, (kgm=2s71)is, in
this case, the maximum hydraulic conductivity at the top of the
aquifer (Figure 1c). An exponential decrease in hydraulic con-
ductivity with depth is widely used in hydrological modelling
to simulate shallow groundwater, for example in TOPMODEL
(Beven and Kirkby 1979). It tends to work best in catchments
without a strong groundwater influence (Lane et al. 2019) be-
cause groundwater dominated catchments contain permeable
rock or unconsolidated material and therefore permeability re-
duces more slowly with depth. While we envisage the constant
conductivity with depth being more useful for most ground-
water settings, an exponential decrease in conductivity with
depth can be a good approximation to the conductivity profile
in fractured aquifers: for example, hard-rock aquifers such as
Gneiss (Collins, Loveless, et al. 2020) or in chalk (Rushton and
Rathod 1981; Rushton et al. 1989).

2.1.2 | Soil-Groundwater Interaction

The interaction between the soil and groundwater is illustrated
in Figure 1a,b. When the water table is below the base of the soil
column, the equation of Niu et al. (2007) is used to calculate the
recharge flux (q,) as follows:

—zwd — ((psoil - zsoil)
zwd — Zsoil

qr = — Kyoil
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FIGURE2 | The Kennet catchment geology, observation boreholes and river gauges.

where K,; (kgm2s71) is the hydraulic conductivity of the low-
est soil layer, z..; (m) is the depth to the mid-point of the lowest
soil layer and @ (m) is the matric potential of the lowest soil
layer. The amount of recharge that can occur in a single timestep
is limited to the volume of water stored in the lowest soil layer.
Batelis et al. (2020) found that averaging recharge between the
recharge calculated for the current timestep and the recharge
from the previous timestep increased stability and we employ
the same approach here:
e _ 3G

2

q;

where ¢ is the timestep and i is the number of iterations, which
is set to one.

When the water table enters the soil column, we take the same ap-
proach as Batelis et al. (2020) and turn off the interaction between
the aquifer and the soil column (Figure 1a). Instead, the position
of the water table is estimated from the saturation of the soil layers.
Any fluxes from river-groundwater interaction or abstraction are
removed from the saturated soil layers, as well as the soil layer con-
taining the water table, rather than from the aquifer.

2.1.3 | River-Groundwater Interaction

In JULES-DGW, flow between the aquifer and the river is pro-
portional to the head difference and a river conductance term:

Qr = Criv (Zriv - ZWd)
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where Q, (kgs™) is groundwater baseflow or river leakage, z;,
(m) is the depth to the river below the surface and C,;, (kgm='s71)
is the river conductance. When the groundwater level is below

the base of the riverbed, this becomes:
Qr = Criv

assuming the river stage is 1 m above the base of the riverbed. A
different river conductance can be chosen for influent and efflu-
ent conditions.

2.2 | Model Application

JULES-DGW comprises a relatively simple groundwater model,
as it has been developed with large-scale modelling in mind.
However, here we demonstrate its ability to model groundwa-
ter in a medium-sized catchment underlain by chalk, for which
much validation data exist.

2.2.1 | StudyArea

The Kennet catchment is located in southern England and en-
compasses an area of ~1030km? (Figure 2). The river drains
the Cretaceous Chalk of the Marlborough and Berkshire
Downs, producing a slow response flow regime typical of
groundwater catchments (baseflow index 0.88). To the south,
the Chalk is overlain by Palaeogene deposits comprising the
sands and gravels of the Lambeth group and the London Clay
Formation. Whereas very little surface runoff occurs over the
Chalk, significant runoff is generated where the low permea-
bility London Clay Formation crops out (Figure 2). The Chalk
is the most important aquifer in the UK, supplying ~70% of
public water supply in south-east England (Jackson et al. 2011).

The Chalk is a dual-porosity, dual-permeability aquifer. The
matrix has a high porosity, but this water is largely immo-
bile due to the matrix's low permeability. Instead, fractures
control the specific yield and transmissivity. Permeability is
highest in the top of the aquifer and declines with depth as the
frequency and aperture of fractures decline due to increasing
overburden and a reduction in circulating groundwater and
thus dissolution. The latter mechanism also results in larger
fractures and therefore increased transmissivity close to riv-
ers (Allen et al. 1997; MacDonald and Allen 2001). Recharge
occurs slowly through the matrix; however, during heavy
rainfall events, the fractures can become ‘activated’, leading
to rapid rises in groundwater level (Ireson et al. 2009; Ireson
and Butler 2011).

Land use within the catchment is predominantly rural, particu-
larly over the Chalk downs, comprising a mix of arable land and
grassland. Elevation ranges from ~45min the south-east to ~250 m
in the west. Long-term average rainfall ranges from ~680mm/
year in the east to ~900mm/year in the north (1961-2015).

2.2.2 | Kennet Model Setup

The Kennet catchment was extracted from a UK JULES con-
figuration (Martinez-de la Torre et al. 2019) and the suite was

developed into a JULES-DGW configuration (u-ba557). A
summary of the model setup is provided in Table 1 and de-
scribed in more detail below. The model extends beyond the
Kennet east to the Thames (see Figure 2), as the groundwa-
ter divide between the Lambourn and Pang can move sea-
sonally by up to 3km (Jackson et al. 2006a). The boundaries
conditions are no-flow around the edge of the model. The
groundwater scheme was set up with the same 1km? grid as
the JULES model. Percentage land cover within each 1km
grid cell was extracted from the LCM2015 land cover map
(Rowland et al. 2017). The van Genuchten (1980) approach
was used to represent the hydraulic relationships between
soil water content, suction and hydraulic conductivity. Soil
hydraulic properties were adopted from the UK JULES model
configuration (Martinez-de la Torre et al. 2019), which cal-
culated soil hydraulic properties using pedotransfer functions
(Wosten et al. 1999) and the Harmonised World Soil Database
(FAO 2012), for the uppermost two layers. The remaining
layers in the soil column were designated chalk and parame-
terised according to Le Vine et al. (2016), who derived the pa-
rameters from soil moisture-matric potential measurements
in the Kennet. The disaggregation scheme (Williams and
Clark 2014) was used to run JULES-DGW on a quarter-hourly
time step, with convective precipitation occurring over a 2-h
interval and large-scale precipitation over a 6-h interval.

The model was run for the period 1901-2015. Meteorological
data for the period 1961-2015 were extracted from the CHESS-
met dataset (Robinson et al. 2020). CHESS-met was developed
specifically for providing driving data for JULES and provides
all meteorological variables at a daily resolution on a 1km?
grid across the UK. For the period 1901-1960, precipitation
data were extracted from HadUK 1km gridded daily precipi-
tation (Met Office et al. 2018). Surface air pressure varies only
seasonally, and not interannually, in CHESS, and therefore the
same seasonal values could be used for the 1901-1960 period.
The remaining meteorological variables—temperature, wind
speed, long/short wave radiation and specific humidity—were
extracted from a single grid point in the WATCH dataset for
1901-1960 (Weedon et al. 2011). The 3-hourly WATCH data
were aggregated to daily means as well as a daily temperature
range. Temperature, radiation and specific humidity were ap-
plied uniformly over the catchment, whereas wind speed was
varied spatially. Average spatial variation across the catch-
ment in mean wind speed in CHESS (1961-2015) was applied
to the period 1901-1960, while ensuring that the catchment
mean was equal to the single-point values from WATCH.
The period 1891-1901 was used as spin up. Precipitation was
available for this period on a daily time step from HadUK
(Met Office et al. 2018), but temperature was only available
monthly (Met Office et al. 2018) and all other variables were
estimated from seasonal means for the period 1901-2015.

The PDM was used to generate saturation excess runoff
(Moore 2007). The model has two parameters, which are held
constant across the domain: dzpqy, the depth of soil considered
by PDM; and b, a shape parameter. However, Bakopoulou (2015)
grouped b across the Kennet according to HOST classification
(Boorman et al. 1995) and then optimised b against river flows.
In this study, we modified the JULES-DGW code to allow for
spatial variation in b and parameterised b with the optimised
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TABLE1 | Details of model setup.

JULES input data type Description Source
Catchment grid 1km? taken from GB JULES See Martinez-de la Torre et al. (2019);
configuration; catchment NRFA—nrfa.ceh.ac.uk
outlines from the National
River Flow Archive (NRFA)
Land use Percentage land cover within each See Rowland et al. (2017); https://doi.org/10.5285/

1km grid cell was extracted from
the LCM2015 land cover map

Soil properties Soil hydraulic properties using
pedotransfer functions and the
Harmonised World Soil Database
(FAO 2012), for the uppermost two
layers. The remaining layers in
the soil column were designated

chalk; soil depth 0.35m—UKSO

Runoff generation Probability distributed model or
PDM; soil depth (dzpgp,) 1.0m;

shape parameter, b—distributed

Saturated groundwater Transmissivity—exponentially
model decreasing values; specific yield
0.02; influent C,,, was extracted
from Jackson et al. (2006b); initial
conditions—groundwater head from
Jackson et al. (2006b); Abstraction
data from Thames Water

Meteorological inputs 1961-2015: Daily, 1km CHESS data

1901-1960: HadUK 1km gridded
daily precipitation; temperature,
wind speed, long/short wave
radiation and specific humidity
were extracted from a single grid
point in the WATCH dataset

Observations Daily river flow data; soil moisture
at Warren Farm (Environmental
Information Data Centre—EIDC)
Groundwater levels at

observation boreholes

6c6c9203-7333-4d96-88ab-78925¢e7a4e73

Upper layers: Pedotransfer functions: Wosten
et al. (1999); HWSD (FAO 2012)
Rest of model (chalk parametrisation) (Le Vine
et al. 2016); UK Soil Observatory—https://
mapapps2.bgs.ac.uk/ukso/home.html

Distributed values of b using optimised
values of Bakopoulou (2015).

Fitted exponential curve to Transmissivity, river
coefficient and initial heads based on Jackson
et al. (2006b); Abstraction data—CEDA archive: https://
doi.org/10.5285/18886f95ba84447f997efac96df456ad

CHESS-met dataset (Robinson et al. 2020);
https://eidc.ceh.ac.uk/login?came_from=/
licences/archive/chess-met/

HadUK 1km gridded daily precipitation (Met Office
et al. 2018); www.metoffice.gov.uk/research/climate/
maps-and-data/data/haduk-grid/datasets; WATCH
dataset for 1901-1960 (Weedon et al. 2011)

http://www.ceh.ac.uk/data/nrfa/data/search.
html; EIDC—https://doi.org/10.5285/450bb
14b-c711-47af-8792-f9bd88482cd4
National Groundwater Level Archive: http://www.
bgs.ac.uk/research/groundwater/datainfo/levels/
ngla.html; Environmental Agency data portal

values of Bakopoulou (2015). The parameter dz,,, was set to
1.0m.

A 3.85m soil column was used: 1 0.1 m layer at the top and
15 0.25m soil layers underneath. The two uppermost layers
(0.35m) are assumed to be soil above chalk. The soil depth was
estimated from borehole records (UKSO, https://mapapps2.bgs.
ac.uk/ukso/home.html), which show topsoil depths typically

hydraulic conductivity (K,) by many orders of magnitude above
a certain threshold of soil saturation (S):

5-5,

K, =K. f ifS> S,

S sml_SO 0
Ky, =K, ifS<S,

10-40cm. Rahman and Rosolem (2017) showed that the chalk
unsaturated zone in the Kennet could be better represented by a
bulk conductivity model (Zehe et al. 2001), which approximates
the control fractures have on recharge by increasing saturated

where f,, [-] is a macroporosity factor and S [—] is the relative
soil saturation. The bulk conductivity model was written into
JULES-DGW. Rahman and Rosolem (2017) calibrated K, f,
and S, based on literature ranges. We used their values for K
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and f,,, but found that their initial estimate of S, (0.8), which
was based on the observed soil moisture-matric potential
relationship in the Kennet, produced better river flows than
their calibrated value (0.46).

An exponential decrease in hydraulic conductivity within the
aquifer was used to reflect the distribution of fractures with
depth (Figure 1c). Jackson et al. (2006b) calibrated hydraulic
conductivity in the Kennet across three layers. In this study,
we fitted exponential curves to every grid cell in Jackson
et al.'s (2006b) model, such that transmissivity at the top of each
layer would match as closely as possible between the two mod-
els. The fitting process was undertaken by taking each model
node in the ZOOMQ3D model instance and determining the
vertical T distribution, then ensuring that the exponential rela-
tionship was fitted using the ‘curve_fit’ function in SciPy tool-
box. Specific yield was set to 0.02 across the catchment, which
is a simplification given that specific yield in the Chalk varies
both with depth and spatially in the range ~0.01-0.03 (Jackson
et al. 2006b). With regard to the river-aquifer interaction, in-
fluent C,,, was extracted from Jackson et al. (2006b). The efflu-
ent C,,, was set to 0, inhibiting any inflow from the river into
the aquifer. Abstraction data were obtained from the water
company, Thames Water. These data showed total abstraction
in the model (expressed as total volume per model area) in-
creased from 0.04 mm/day between the start of the run (1894 to

1969) to around 0.07 mm/day in 1994 Initial groundwater levels
were set from a steady-state simulation performed by Jackson
et al. (2006Db).

2.2.3 | Kennet Water Balance and Drought Analysis

We analysed the water balance and the evolution of drought
through the 20th century and into the beginning of the 21st
century. We re-ran the model without abstraction to obtain nat-
uralised conditions. Following the methodology of Bloomfield
et al. (2019), we split the outputs into three roughly equal peri-
ods (38, 38 and 39years): 1901-1938, 1939-1976 and 1977-2015.
Anomalies were calculated for precipitation, river flow and ET;
for example, for precipitation:

PP=P-P

where P is the monthly precipitation, P is the long-term (1901~
2015) mean for that month and P’ is the precipitation anom-
aly. The standardised groundwater index (SGI), precipitation
index (SPI) and SPEI were all calculated with the standardised
drought index toolbox in MATLAB (HRL 2024). The toolbox
is based on a non-parametric framework (Farahmand and
AghaKouchak 2015), and therefore provides a statistically con-
sistent drought indicator across the different variables.
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FIGURE 3 | 10-day mean observed and simulated river flow at (a) Theale, (b) Newbury and (c) Knighton. KGE, Kling-Gupta efficiency; Q95-E,
percentage error in Q95. Contains data from UK National River Flow Archive.
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3 | Results and Discussion
3.1 | Model Performance in the Kennet

A comparison of 10-day river flows between the model and obser-
vations at Theale, Newbury and Knighton is shown in Figure 3.
‘We compare 10-day flows, rather than daily, because we have not
included any routing in the model and the streamflow at the gauge
is the summed groundwater baseflow and surface runoff over the
catchment area (as in Le Vine et al. 2016). The model produces a

good fit to streamflow with Kling-Gupta efficiencies between 0.73
and 0.83. However, it can be seen in Figure 3 that the model under-
estimates larger peaks at all three sites. The model is particularly
good at simulating low flows, with an error in Q95 very close to 0%
at Theale and 3% at Newbury.

Figure 4 shows the comparison between the soil moisture for
the Sheepdrove Farm neutron probes, at the Warran Farm site
in the north of the model area. The two soil moisture time series,
located at 0.1 and 3.85m below ground level, show how the soil
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FIGURE4 | Soil moisture response at Warren Farm soil moisture (Sheepdrove Farm) (a) depth of 0.1 m and (b) depth of 3.85m (data available from

EIDC; https://doi.org/10.5285/450bb14b-c711-47af-8792-f9bd88482cd4).
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responds to seasonal differences in the balance between rain-
fall and evaporation by wetting and drying during the year, with
higher soil moisture in the winter. While the range of the mod-
elled soil moisture changes are underestimated in the shallower
response and overestimated in the deeper one, the general sea-
sonal response is reproduced.

Figure 5 shows the fit of the model to groundwater levels at 52
boreholes across the catchment (see Figure 2). Overall, the fit is
good with a coefficient of determination r>=0.92. However, at
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FIGURE 5 | Simulated versus observed groundwater levels within
the Kennet. Dotted line shows line of perfect fit. asl, above sea level.
Contains Environment Agency copyright and/or database right 2015.
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some boreholes the simulated groundwater levels deviate from
the observations by 10-20m. This is, in part, because we are
comparing point observations with a model on a 1km grid, but
also because of the highly heterogeneous nature of the fractured
aquifer. The observed groundwater levels show some large vari-
ations in boreholes a short distance apart or in the same grid
cell. Figure 6 shows a comparison between observed and simu-
lated SGI at Rockley, for which there is a particularly long obser-
vation record. We can see from Figure 6 that the model is able
to simulate fluctuations in groundwater level over time. The
fit appears to improve from the ~1970s. Of note is the winter
of 1960/61, where the observed SGI suggests a very wet period
(SGI >2), whereas the model shows the opposite (SGI<-1). A
discrepancy as large as this is likely an issue with the rainfall
data and, similarly, the improvement in model fit in the second
half of the 20th century is likely due to improved rainfall data,
as more rain gauges were installed (Keller et al. 2015).

One of the first groundwater models of the study area was pre-
sented by Rushton et al. (1989) and they produced a single-layer
groundwater flow model and was driven by recharge estimate
(Penman-Grindley). Their model simulates groundwater heads
and baseflow to the river showing a reasonable fit, but head
difference of up to ~10m, particularly during the 1975/1976
drought event. Jackson (2012) extended this approach using the
Z0OOMQ3D model code—which is an advancement of Rushton's
original but with adaptive time stepping to simulate shorter
events better, that is, groundwater flooding. Both of these ap-
proaches used a vertical variation of hydraulic conductivity with
depth which is adopted here. Use of JULES in the catchment
has been specifically aimed at improving both soil processes

t

T T T T T T T T T T T T T T T T T
1935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

FIGURE 6 | Observed versus simulated standard groundwater level index (SGI) at borehole Rockley in the Kennet catchment.

TABLE 2 | Simulated mean (interquartile range) annual water balance (mm/a).

Water balance component 1901-1938

1939-1976 1977-2015

Precipitation 832 (759-901)
Evapotranspiration 486 (468-507)
Baseflow 285 (228-344)

Surface runoff 61 (52-65)

803 (716-901) 798 (705-862)

474 (460-486) 490 (470-511)
269 (238-301)

60 (51-66)

251 (217-293)
58 (50-66)

Note: Model water balance accurate to 0.1%.
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FIGURE 7 | Simulated mean seasonal water balance of unsaturated zone. Soil storage intake/release refers to the increase in soil moisture due to

precipitation or capillary rise or decrease due to evapotranspiration (ET), surface runoff or recharge.

and groundwater: Le Vine et al. (2016) combined JULES with
the ZOOMQ3D model instance presented by Jackson (2012) and
showed that the water balance is similar to that presented here
(see Section 3.2 below) as well as reproducing the groundwater
hydrographs. All of these model instance show similar responses
to that presented in this paper. The main departure is presented
in Rahman and Rosolem (2017) who proposed a new formula-
tion for JULES for the chalk but didn't include lateral ground-
water flow. Their results showed good presentation of the soil/
unsaturated zone, but they were not able to simulate groundwa-
ter heads and didn't include lateral flow. Therefore, the approach
presented here, while based on a parsimonious groundwater
flow model does reproduce the observed behaviour of the aqui-
fer, but allows the unsaturated zone to be simulated and impor-
tantly provides both vertical integration of different subsurface
components as well as allowing lateral groundwater flow.

3.2 | Kennet Water Balance

With climate change, winter precipitation in the UK is ex-
pected to increase in the order of 15% (Government Office for

Science 2024). Long-term observations back to 1766 indicate
no trend in UK annual precipitation, but a change in season-
ality with wetter winters and drier summers (Alexander and
Jones 2001). However, more recent meteorological data between
1961 and 2012 show significant trends only in Scotland, where
annual and winter precipitation have both increased (Jenkins
et al. 2008; Robinson et al. 2017). There has been an observ-
able increase in evaporation, particularly in spring (Robinson
et al. 2017). We re-ran the Kennet model without abstraction to
look at the change in water balance over the period 1901-2015.
Similarly to Bloomfield et al. (2019), to analyse the results over
time, we split the outputs into three roughly equal periods (38,
38 and 39years): 1901-1938, 1939-1976 and 1977-2015. The an-
nual mean water balance is summarised in Table 2 and broken
down by season for the unsaturated zone in Figure 7. Seasons in
Figure 7 are the UK's meteorological seasons: spring—March,
April, May; summer—June, July, August; autumn—September,
October, November; winter—December, January, February. In
the Kennet catchment, we see a decrease in mean annual precip-
itation across the three periods (832, 803 and 793 mm/a). Mean
winter precipitation is similar in the first (232 mm) and third pe-
riods (229 mm) and lowest in the second period (209 mm). Mean
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FIGURE S8 | Mean simulated groundwater levels and available mois-
ture in the unsaturated zone (UZ) over the three periods.

summer precipitation decreased across the three periods (198,
189 and 172 mm).

Simulated mean annual ET was highest in the most recent pe-
riod (490mm/year) and lowest in the second period (474 mm/
year) (Table 2) and has increased as a fraction of precipitation
from 58% to 59% to 61%. Summer ET decreased across the three
periods (218, 211 and 205 mm/year), but increased as a fraction
of precipitation from 110% to 111% to 119%. The additional water
required for ET is provided in the model by the release of stor-
age from the soil/shallow unsaturated zone rather than from the
saturated zone (Figure 7). Across the three periods, there is an
increase in summer soil storage release from 59 to 62 to 74 mm.
Capillary rise is very small and changes little among the three
periods, reaching a maximum of 1 mm in summer. In autumn
we see an increase in soil storage intake in the third period be-
cause the soil is drier at the beginning of the season due to lower
summer precipitation: 73, 73 and 84 mm, which equates to 32%,
33% and 37% of autumn rainfall.

Simulated annual recharge decreases across the three periods
(Figure 7), resulting in decreasing mean annual baseflow from
285 to 269 to 251 mm (Table 2). Annual baseflow as a fraction of
rainfall also decreases: 34% to 32% to 30%. Autumn recharge is
lowest in the third period: 62, 71 and 45 mm, which as fractions
of rainfall are 28%, 30%, 20%. As mentioned above, the summers
are, on average, drier in the third period, meaning the soil takes
longer to wet up in the autumn and the recharge season is de-
layed. Winter recharge is highest in the first period and lowest in
the second period: 161, 141 and 146 mm. As a fraction of rainfall,

winter recharge decreases from 69% to 67% to 64%. Winter ET
increases as a fraction of precipitation: 15% to 16% to 19%.

Figure 8 shows mean simulated available moisture in the un-
saturated zone and groundwater levels for each of the three
periods. Mean available moisture in the unsaturated zone is
very similar between the first two periods. However, the model
simulates less moisture in the unsaturated zone throughout the
year in the third period. The difference is greatest at the end of
summer/beginning of autumn in August/September, but despite
high winter precipitation, moisture levels fail to reach satura-
tion, in part due to high winter ET, which is 34 mm in the first
two periods and 44 mm in the third. We also simulate a drop in
groundwater levels throughout the year across the three periods
(Figure 8b).

For the three periods (1901-1938, 1939-1976 and 1977-2015) ex-
amined as part of the historical simulation, an unsaturated zone
balance (precipitation, soil moisture, capillary rise versus ET,
recharge, soil moisture and runoff) and a groundwater balance:
precipitation, ET, baseflow and runoff has been undertaken.
Examining the changes over the three periods: the unsaturated
zone shows limited capillary rise but no overall changes with
time; the groundwater balance shows decreasing precipitation,
variable ET (decreasing for the second period) and baseflow
decreasing with surface runoff staying the same. Soil moisture
and groundwater levels appear to decrease over the three peri-
ods, with the most pronounced change in the most recent period
(1977-2015).

3.3 | Kennet Drought Periods

The SPI was calculated for all accumulation periods up to
24 months and found to be most strongly correlated with the
SGI at an accumulation period of 16 months (SPI-16) (r=0.85).
Figure 9 shows the SPI-16 and SGI for the whole simulation
period (1901-2015). The SPEI was also calculated for all ac-
cumulation periods up to 24months and found to be most
strongly correlated with the SGI at an accumulation period of
17 months (SPEI-17) (r=0.87). Given that SPI-16 and SPEI-17
have very similar correlation with SGI (0.85 vs. 0.87, respec-
tively), it appears that ET plays a very limited role in ground-
water level fluctuations. Moreover, it can be seen in Figure 9
that, during periods of severe drought, SPEI is no better a pre-
dictor of SGI than SPI.

The observations show a decrease in average SPI-16 over the
simulation period, which is reflected in a fall in average mod-
elled SGI: SPI-16 0.3, —0.05, —0.17 and SGI 0.25, —0.03, —0.09
across the three periods (1901-1938, 1939-1976 and 1977-2015).
Periods of severe drought—defined as a period of negative SPI-
16 or SGI reaching —2—are highlighted in Figure 9. There are
two such events in the first period, three in the second and four
in the final period. All but two of these droughts were described
as major hydrological droughts in the UK (Marsh et al. 2007;
Barker et al. 2019), with the exceptions being those in 1944 and
1964-1966. The severe droughts in the final period are notably
longer than in the first two periods: 18 and 28 months in the first,
13, 15 and 28 months in the second and 29, 33, 37 and 39 months
in the final period.
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FIGURE 9 | Standardised indices for (simulated) groundwater level (SGI), (observed) precipitation with 16-month accumulation (SPI) and (ob-
served) precipitation and (simulated) evapotranspiration with 17-month accumulation (SPEI). Severe droughts highlighted are those that reach —2

in SPI or SGI.

Figure 10 shows the evolution of these severe droughts in
terms of anomalies from the point at which SGI drops below
0 to the point at which recovery begins. By comparing the
plots with and without the ET anomaly (ET’) we can see that
in seven of the nine events ET reduces the severity of the
drought, that is, ET is lower than average (negative anomaly).
This is perhaps because of the long duration of these ground-
water droughts, and contrasts to observational evidence
across Europe that shows a positive ET’ for single-year sum-
mer droughts (Teuling et al. 2013). According to the model,
ET made a clear contribution to exacerbating the 2004-2006
drought and had neutral impact on the 1995-1998 drought,
the two longest drought periods. The 2004-2006 drought is
unusual in that the precipitation anomaly is largely positive
during the first ~1year, which maintained soil moisture and
thus a positive ET’ developed. Groundwater storage in 2004
is low despite the positive precipitation anomaly because
the preceding summer of 2003 was warm and dry and the

unsaturated zone had a large deficit into the autumn, delaying
the onset of the recharge season.

Figure 11 shows the degree of saturation in the soil (<0.35m
bgl) and chalk (>0.35m bgl) for a gridbox with a shallow
water table during the severe drought event of 1921/1922.
From February 1921 there is a drop in the water table, but
this is predominately due to lateral groundwater flow rather
than capillary rise, and therefore a moisture deficit builds
in the soil and upper chalk layers. When saturation in the
chalk above the water table drops below 0.8—the threshold
in the bulk conductivity model—the hydraulic conductivity
becomes very small, which limits the upward movement of
water from the water table to the soil zone. On the other hand,
as the groundwater level is high, aquifer transmissivity is high
and groundwater flows into neighbouring cells and towards
nearby river cells. The lack of capillary rise is highlighted in
Figure 12a, which shows that the available moisture in the
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FIGURE10 | Evolution of nine severe groundwater droughts illustrated by cumulative anomalies. P’, precipitation anomaly; Q', discharge anom-

aly; ET’, evapotranspiration anomaly. Period 1: 1901-1938; period 2: 1939-1976; period 3: 1977-2015.

uppermost 1m of this gridbox with a shallow groundwater
level is no different from the catchment average during the
summer months of highest ET, and the catchment average
groundwater level is >30m. The moisture deficit in the un-
saturated zone, therefore, restricts ET, which is well below po-
tential ET as calculated with Penman-Monteith (Figure 12b).
The similarity between localised and catchment behaviour
demonstrates that the limiting factor on ET during droughts
is the vertical movement of water.

This section has presented the evidence for the role of ET during
historical droughts. By comparing time series of SPI-16, SPEI-17
and SGI, we demonstrate that these are strongly correlated and
that SPI-16 is a predictor of SGI. Further, plotting the ET anom-
aly for individual drought events during the model simulation
period demonstrates that evaporation typically reduces the se-
verity of the drought rather than exacerbating it. The exception

is the 2004-2006 drought event where ET anomaly increases
the drought impact, although this drought is different in nature
to previous events. Further exploration of the relationship be-
tween water stored in both the unsaturated and saturated zones
and drought response would be beneficial; however, the current
code allows the inclusion of lateral groundwater flow, which is
a significant departure from previous integrated models applied
in this catchment.

4 | Conclusions

We built a single-layer, distributed groundwater model into the
JULES land surface model, named JULES-DGW. We made two
further modifications to the code to simulate a chalk catchment:
(1) spatially variable PDM parameters and (2) a bulk conductivity
model in the unsaturated zone to represent the dual-permeability
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of the chalk matrix and fractures. The model code presented here
has both benefits and limitations, depending on the application
and the questions under consideration. Its limitations include the
simplicity of the groundwater representation as a single-layer, al-
beit with exponentially decreasing hydraulic conductivity with
depth, and the fact that the soil zone is always connected to the
saturated zone. The computational expense of model runs does
make exploring uncertainty time-consuming, although the code
is planned to be parallelised. However, the model code can be
used to test hypotheses that involve interactions between the sat-
urated zone, unsaturated zone and the soil-atmosphere interac-
tion. In the current version, river-aquifer interaction as well as
abstraction can be included in any model configuration. Further,
the code can be developed to include more features enabling
more complex problems to be simulated.

The model code has been applied to develop a JULES configu-
ration and after testing the model against observed river flows
and groundwater levels, the model was run without abstrac-
tion for the period 1901-2015. Splitting the model into three
roughly equal periods (1901-1938, 1939-1976 and 1977-2015),
we found that annual ET has increased (58%, 59% and 61%)
and recharge and baseflow (34%, 32% and 30%) decreased
as a fraction of precipitation. The model suggests that con-
ditions became generally drier across the 20th century with
small drops in average moisture in the unsaturated zone and
groundwater levels throughout all seasons. Summer ET as a
fraction of rainfall was considerably higher in the third pe-
riod, leading to a drier unsaturated zone in late summer/early
autumn and a delay to the recharge season. The model sug-
gests, however, there has been no increase in capillary rise
from the water table to the unsaturated zone and that capil-
lary rise is insignificant. Generally, ET is simulated as having
anegative anomaly during severe droughts throughout the en-
tire period; therefore, although the trend of drying across the
20th century may mean initial soil moisture or groundwater
levels at the beginning of the drought are lower or the drought
begins earlier, during the drought period any increases in PET
due to climate warming are unlikely to have much impact on
groundwater levels. The driver of groundwater drought in the
Kennet is overwhelmingly precipitation and the influence of
ET on severe drought is small.
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