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Abstract. The dataset Future Flows Hydrology was developed as part of the project “Future Flows and
Groundwater Levels” to provide a consistent set of transient daily river flow and monthly groundwater level
projections across England, Wales and Scotland to enable the investigation of the role of climate variability on
river flow and groundwater levels nationally and how this may change in the future.

Future Flows Hydrology is derived from Future Flows Climate, a national ensemble projection derived from the
Hadley Centre’s ensemble projection HadRM3-PPE to provide a consistent set of climate change projections
for the whole of Great Britain at both space and time resolutions appropriate for hydrological applications.
Three hydrological models and one groundwater level model were used to derive Future Flows Hydrology,
with 30 river sites simulated by two hydrological models to enable assessment of hydrological modelling un-
certainty in studying the impact of climate change on the hydrology.

Future Flows Hydrology contains an 11-member ensemble of transient projections from January 1951 to De-
cember 2098, each associated with a single realisation frorfieaetit variant of HadRM3 and a single hy-
drological model. Daily river flows are provided for 281 river catchments and monthly groundwater levels at
24 boreholes as .csv files containing all 11 ensemble members. When separate simulations are done with two
hydrological models, two separate .csv files are provided.

Because of potential biases in the climate—hydrology modelling chain, catchment fact sheets are associated
with each ensemble. These contain information on the uncertainty associated with the hydrological modelling
when driven using observed climate and Future Flows Climate for a period representative of the reference
time slice 1961-1990 as described by key hydrological statistics. Graphs of projected changes for selected
hydrological indicators are also provided for the 2050s time slice. Limitations associated with the dataset are
provided, along with practical recommendation of use.

Future Flows Hydrology is freely available for non-commercial use under certain licensing conditions. For
each study site, catchment averages of daily precipitation and monthly potential evapotranspiration, used to
drive the hydrological models, are made available, so that hydrological modelling uncertainty under climate
change conditions can be explored further.
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1 Background 2 Data: Future Flows Climate

Climate change may increase temperatures and change raip-1  Description
fall across England, Wales and Scotland (Murphy et al.,
2009). In turn, this may modify patterns of river flow and Future Flows Climate is the set of climate projections used as
groundwater rechargeffacting the availability of water and  input to derive Future Flows Hydrology. Its development is
changing the aquatic environment. There have been mangescribed in Prudhomme et al. (2012) with a brief overview
studies of the impact of climate change on river flows in dif- provided here. It is an 11-member ensemble of transient cli-
ferent parts of the UK (e.g. Charlton and Arnell, 2011; Diaz- Mate projections for Great Britain based on HadRM3-PPE-
Nieto and Wilby, 2005; Holman, 2006; Kay et al., 2009; Led- UK, a set of transient climate projections for the UK that
better et al., 2011; Limbrick et al., 2000; Lopez et al., 2009; Were used as part of the derivation of the UKCPO09 scenar-
Nawaz and Adeloye, 2006; Prudhomme and Davies, 2009i0S (Murphy et al., 2007). HadRM3-PPE-UK was designed
Prudhomme et al., 2010; Wilby and Harris, 2006; Kay and {0 represent parameter uncertainty in climate change projec-
Jones, 2010; Christierson et al., 2012), but coverage is untions through a parameter variant experiment and was run un-
even and methods vary. There have been fewer studies of tHéer the SRES A1B emissions scenario (Murphy et al., 2009).
impacts on groundwater (e.g. Yubet al., 2002; Herrera- Detailed information on the model ensemble can be found at
Pantoja and Hiscock, 2008; Jackson et al., 2011), whicHttpy/badc.nerc.ac.y#atghadrm3-ppe-uk
again have used a variety of approaches. This means it is AS HadRM3-PPE time series are provided at a spatial
very difficult to compare dferent locations, complicating the scale too coarse for hydrological application, and because
identification of appropriate adaptation responses. of some biases, systematicffédrences were identified be-

The project “Future Flows and Groundwater Levels” was tWeen its representation of precipitation and temperature and
established to provide datasets and products that facilitat@Pservations. Consequently bias correction and downscal-
the assessment of climate change impact on a range of watef?d were applied to both climate variables. Similarly to Pi-
related issues across Great Britain within a nationally con-@ni et al. (2010b), precipitation and temperature were bias-
sistent framework Kttp;/www.ceh.ac.uksciprogrammes corrected independently. For precipitation, first a bias cor-
WateyFutureFlowsandGroundWaterLevels.html  Future rection was implemented following the parametric quantile-
Flows Hydrology is a consistent set of river flow and Mapping method described by Piani et al. (2010a) based on
groundwater level projections for 281 river sites and 24 the gamma distribution for each ensemble member indepen-
boreholes across Great Britain to enable the investigation ofl€ntly. The time series were then downscaled onto a 1-km
the role of climate variability on river flow and groundwater 9rid based on the observed annual precipitation variability
levels nationally and how this may change in the future. ~ Within each grid, so that the sub-grid orographiteet was

At the end of the project, the transient daily (river flow) included within the generated 1-km time series. To account
and monthly (groundwater levels) time series and the climatdor the influence of temperature on the partition between
datasets necessary for their generation were made accessitsginfall and snowfall in snow-influenced regions, a simple
to the research community so that further impact analyse§levation-dependent snowmelt model was used (Bell and
can be made on a range of specific areas such as fisheriddoore, 1999) to estimate when water is available for ffino
freshwater ecology, or water availability. The length (around Each of the 11 1-km bias-corrected and downscaled precip-
150yr) and geographical spread (over Great Britain) of theltation daily time series were transformed to 1-km “avail-
time series will enable powerful spatio-temporal analysis ofable precipitation” (APr, in mm) 148-yr time series using this
the impact of climate change on UK rivers, possible for the method, and using the bias-corrected temperature time series.
first time at such a scale in the UK, thanks to a strict method-Potential evapotranspiration (PET) was required as an input

ological framework which ensures consistency, and hencd0 the hydrological models, and so a gridded PET ensemble
comparability, of all generated data. at 5-km resolution was generated using the HadRM3-PPE

This paper gives an overview of the climate projections climate time series, based on the FAO-56 Penman—Monteith
used to derive Future Flows Hydrology (Sect. 2), then de_method (Allen et al., 1998) using bias-corrected temperature
scribes the hydrological models used (Sect. 3) and the studfjme series (see Prudhomme et al., 2012).
sites (Sect. 4). It concludes by describing the catchment fact
sheets that highlight some of the uncertainty of the datase£
(Sect. 5), and by describing limitations and making sugges-
tions of use of Future Flows Hydrology (Sect. 6) before con-For each study site, catchment (or grid)-averaged time se-
cluding on how to access the data. ries were derived by superimposing the catchment bound-

ary onto the data grids and calculating area-weighted aver-
ages. These time series are daily for available precipitation
and monthly for PET. The monthly PET is divided equally
through the month to give daily PET similarly to simulations

.2 Catchment averages
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from observed climate (Crooks and Naden, 2007). For thefor locations for which there is little or no gauged data or
groundwater models average precipitation and PET are dewhere the data quality is such that it is not suitable for cali-
termined from weighted averages for an appropriate groundbration of model parameters.

water catchment identified from groundwater level contour

data. The entire time series period ranges from 1950 to 2098. CERF

3 Hydrological models The CERF regionalised rainfall-rufionodel (Grifiths et al.,
2006) is based around the hydrological response unit (HRU).
Three types of hydrological models were used to generaterhe structure of CERF is based on two sub-model compo-
river flow time series for the project: nents; the loss module (based around the FAO56 soil mois-
. . ) ture accounting procedure) that generates hydrologically ef-
— Regionalised models (CERF; @tihs et al., 2006), fective precipitation (EP) and the routing module that sub-
Wher_e arange O.f catchments (from the whole of Greatsequently routes the EP to the catchment outlet. The HRUs
Britain) are conS|dereq together andiinebestoveral S?%re defined as a function of catchment descriptors for soils,
of parameters (sometimes linked to land use and So'geology, vegetation and topography. Within the routing HRU

characteristics) are defined; a probability distributed model of free water in the soil col-

— Catchment models (PDM; Moore, 2007), where the Umn partitions EP into a slow-flow routing path (groundwa-

model parameters are fine-tuned to reproduce best thie"), Which is treated as a linear reservoir, and a quick-flow,
site-gauged flow statistics. topographically routed flow path. The model was calibrated

across many catchments simultaneously to obtain a best com-
— Hybrid model (CLASSIC; Crooks and Naden, 2007), promise model fit across all catchments with model param-
where a combination of regionalised and calibrated pa-eters being a function of catchment descriptors. This com-
rameters are used. bines both model calibration and generalisation in a one step

procedure.
The R-Groundwater (Jackson, 2012) lumped groundwater

model was used to generate groundwater level time series
for the project. 3.2 PDM

The three models used to simulate river flow (CERF, PDM N o )
and CLASSIC) employ three fierent methods of calibration  1he Probability Distributed Model (PDM; Moore, 2007) is a
with the emphasis of calibration onftéirent parts of the flow  UMped rainfall-run model with three conceptual stores; a
regime. For CERF the emphasis is on water resources as rep®!l moisture store, and fast- and slow-flow stores. The model
resented by the water balance and low flows, while for ppMmIepresents non-linearity in the transformation from rainfall
and CLASSIC the emphasis is on the upper part of the flowto rundft by _using a p_robability _distributi_on of soil moisture
regime and peak flows. The calibration method méga storage. This determ_lnes the time-varying propomon of the
model performance at fierent parts of the flow regime. catchment that contributes to rufichrough either “fast” or

An individual instance of an R-Groundwater model is cal- SIoW" pathways. A simplified version of the full PDM is
ibrated against groundwater levels observed in a single boredSed to reduce the problem of equifinality and allow use of
hole. This is performed through a Monte Carlo process inan al'Jtom.atlc calibration routine (Kay et al.', 2007). The PDM
which model parameters are sampled from a priori defined€duires _mputs of c_atchment-average_raln_fall and potential
ranges of plausible values. R-Groundwater models are cali€vaporation (PE), with flow data for calibration.
brated against the full range of observed groundwater levels.

The advantage of catchment calibrated models is thatthey 3 ~| Agg/c
are designed to reproduce best local hydrological processes.
For the historic period it is to be expected that a calibratedThe Climate and Land-use Scenario Simulation In Catch-
model should provide a higher level of predictive accuracyments (CLASSIC) model (Crooks and Naden, 2007) is
than a regionalised model. However, calibrated model paa catchment model generally used for larger catchments.
rameters are applicable over the local climate range observe@LASSIC is a semi-distributed grid-based rainfall-rtino
within the data used for model calibration and verification of model with three main modules (soil moisture accounting,
the model performance. In contrast, an advantage of regiondrainage and channel routing) and with semi-automatic cal-
alised parameter models is to extend the climate range undébration. CLASSIC requires gridded inputs of rainfall and
which the model parameters are evaluated compared to onlPE, normally at a daily time step, as well as land-use, soll
using the local climate range; this is particularly important and digital terrain data. A generalised method for determin-
in a warming climate for catchments where evaporation pro-ing parameter values from catchment properties makes it
cesses might be water limited in the future whereas this hasuitable for modelling catchments where direct calibration
not been the case in the past. Such models can also be usadainst observed flow is not suitable due to factors such as
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R-Groundwater (Jackson, 2012) is a lumped catchment

groundwater model written in the R programming language

and run within the R environmertitpy//www.r-project.org. 41 River flow sites

It simulates a groundwater level time series at an observation

borehole and generates time series of flow through three corRijver flow sites were chosen because they had good records
ceptualised aquifer outlets. These three discharges represegid the hydrological processes could be well reproduced
intermittent and perennial discharge to a river, and groundty conceptual hydrological models. Sites were selected in
water flow out of the catchment. The model consists of theconjunction with the Environment Agency, SEPA and Water
following three components: (i) an FAO56 soil moisture bal- Companies. For the river catchments the criteria for selection
ance model producing a time series of potential recharge (soibf catchments and acceptable quality of gauged flow data
drainage); (i) a simple transfer function representing the de-depends on the model used. For catchments modelled with
lay in the time of the arrival of recharge from the base of the CERF, the quality of the gauged low flows is of prime impor-
soil to the water table; and (iii) a lumped catchment ground-tance, which means that all selected catchments must have
water model based on a simple Darcian representation o natural flow regime. For catchments modelled with PDM,

3.4 R-Groundwater

flow out of the aquifer outlets. some alteration to low flows is acceptable, but there should
be good quality high-flow measurements; while for CLAS-
4 Sites SIC most catchments being modelled do not have a natural

flow record. Some catchments in eastern England have been
To capture the range of climate, land use, geological and geincluded where data quality is not as good as other regions to
ographical characteristics found in England, Wales and Scotprovide a reasonable regional coverage. These factors are re-
land, Future Flows Hydrology time series were generated forflected in the statistics for evaluation of the historical period.
281 river catchments (outlets shown in Fig. 1) and 24 bore- For selection of catchments modelled with the PDM, a
holes (Fig. 2). minimum catchment area of around 100%is imposed.
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This is because the modelling for Future Flows is at a dailycatchment fact sheets are provided for this site. Note that dif-
time step and the purpose of the calibration was simulation oferent models use fierent methods of calibration ranging
high flows, for which an hourly (or shorter) time step is ad- from catchment specific to regionalised parameters, and that
visable. For catchments modelled with CERF, small catch-the calibration method mayffect the statistical measures of
ments have been included (smallest 2.Zkms timing of  model performance.

high flows is not of importance. Thirty catchments are mod- A catchment fact sheet is divided in three parts. Top front
elled with two hydrological models. The list of sites with Fu- page: general information section with the main physical
ture Flow Hydrology data is given in the Supplement by hy- characteristics of the catchment, its location and the avail-

drometric region. ability of observed flofgroundwater level data. Front: how
well the observed flow time series are reproduced by the
4.2 Groundwater level sites models when using observed climate, or a measure of the

confidence in the model. This is quantified by performance
The selection of observation boreholes for which theiringicators based on an assessment of measures of fit between
groundwater level time series would be modelled was madeypserved and modelled series fully described in Crooks et
in collaboration with Environment Agency of England and 3|, (2012). Back: how well flow time series are reproduced
Wales regional (and water company) hydrogeologicatsta py the models when using modelled climate, or a measure
Sites were chosen based on the following criteria: of the confidence in the climateydrological model combi-
nation. Both front and back must be looked at to fully un-
derstand the factorsffecting the Future Flows Hydrology
time series. This is very important when the Future Flows
— The groundwater level time series is indicative of bulk Hydrology time series are used to assess climate change im-
aquifer storage. pact on a catchment ecosystem. The Future Flows Hydrology
flow time series are in s 1. The Future Flows Hydrology
— There is a reasonable length of record, preferablygroundwater level time series are in metres above Ordnance
greater than 20yr. Datum (m aOD). Example catchment fact sheets are given in
the Supplement for one river flow and one groundwater site.

— They cover the range of major aquifer types across
Great Britain (shown in Fig. 2).

— Groundwater abstraction impacts are minimal.

— They are not significantly controlled by surface water 5 .- jimitations
levels.

These sites are shown in Fig. 2 and listed in the Supplemenfuu_‘re.Flo‘NSﬁ Hydrology is_the proQuct of a .Iong_ modelling
I;:ham, including the modelling of climate variability and po-

Rainfall time series are required to simulate the groundwate tial fut \uti q o 0. bi
level time series at each borehole. These are based on a catctﬁ—n lal Tuture evolution under an emission SCenario, bias cor-

ment averaged time series based on approximated grounﬂi_?Ction and downscaling of precipitation and temperature

water catchments. Groundwater catchments for each obsef™® series, derivation of potential evapotranspiration ime
series and the simulation of river flow and groundwater lev-

}[/(?LEII’O; borehole were estimated from groundwater level con els. While Future Flows Hydrology has been generated to
provide river flow and groundwater level time series as re-
alistically as possible, uncertainty remains (summarised in

5 Catchment fact sheets the catchment fact sheets described above), which will limit

its use. We list here some of the most important limitations

The fact sheets are designed to provide a brief overview 0N ssociated with Future Flows Hydrology and make some rec-
the ability of the river flow or groundwater models to sim- ommendations for best practice usage:

ulate some of the most important components of the water
cycle when using observed and modelled climate (see exam- — Future Flows Hydrology aims to captureférent plau-

ples in Supplement). This overview is given by sets of statis-  sible realisations of 150-yr river flow and groundwa-

tics (measuring the fierences between two time series) and ter levels under one emissions scenario. The 1951-2012

graphs (providing a visual comparison). Detailed informa-  time slice is not a reconstruction of past hydrology and

tion on the meaning of the statistics and graphs is provided no past event is expected to be replicated by any ensem-

in the modelling protocol report (Crooks et al., 2012), which ble member at the date of their historical occurrence.

is accessible from the Future Flows and Groundwater Lev-

els web pagehttpy/www.ceh.ac.uksciprogrammeaNatey — When compared with observations over the pre-2000

FutureFlowsandGroundWaterLevels.html reference period, Future Flows Hydrology typically
One fact sheet is delivered for each site and river flow shows the largest departures (but no systematic bias)

or groundwater level model combination. If two hydrologi- during dry conditions and in drier regions for surface

cal models are used to simulate flow at the same site, two  flow, and an underestimation of groundwater levels,
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mainly caused by climate rather than hydrological mod-8 Conditions of use

elling uncertainty; but no systematicfiirence in mod-

elling performance can be attributed to any of the sur-Future Flows Hydrology is available under a licensing con-
face and groundwater models. It is not recommended tadition agreement. For non-commercial use, the products are
compare Future Flows Hydrology time series directly available free of charge. For commercial use, the data might
with observations, or use Future Flows Hydrology time be made available conditioned on a fee to be agreed with
series directly in an impact model prior to checking the NERC CEH and NERC BGS licensing teams, owners of the
extent of diferences. IPR of the datasets and products.

— The signal of change in Future Flows Hydrology is in-
dependent of surface and ground water model structuregypplementary material related to this article is

The national database of Future Flows Hydrology cangyailable online at: http: //www.earth-syst-sci-data.nets/

be compared even if the sites’ time series are simulated 93/2013essd-5-101-2013-supplement.pdf
with different models.

— Future Flows Hydrology contains eleven independent
members. No systematic bias is associated with anyAcknowledgements. Future Flows Hydrology has been gener-

member. Time series associated with one ensemblgeq ynder the partnership project “Future Flows and Groundwater
member can only be compared with the same ensemtevels, SC090016” jointly funded by the Environment Agency of
ble member time series either for dfdrent time slice  England and Wales, the UK Department for Environment, Food
or different location or model. In order to capture the and Rural Afairs, the UK Water Industry Research, the Natural
largest range of variability and signal of change, and toEnvironment Research Centre (CEH and BGS) and Wallingford
incorporate uncertainty (which all vary seasonally and HydroSolutions. They are all gratefully acknowledged. Jackson,
spatially), it is recommended that all eleven membersBarkwith, Mackay and Wang publish with the permission of the
are considered together rather than a subset of the erfXecutive Director of the British Geological Survey.

semble. Edited by: N. Verhoest
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