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ARTICLE INFO ABSTRACT

Keywords: Due to it having the lowest priority for water allocation during drought events and the consequent agronomic

Climate change and economic impacts of abstraction restrictions, UK irrigated agriculture has been identified as a key business

;mbabﬂ.lsnc sector ‘at risk’. An enhanced version of the D-Risk webtool has been developed to help agricultural stakeholders
eservoir

and catchment water managers to evaluate the joint multi-scale risks of abstraction restrictions (voluntary and
mandatory) and having insufficient irrigation volumes during drought events. The webtool uses annual
maximum potential soil moisture deficit as the agroclimate index to calculate monthly and annual volumetric
irrigation demand for the selected crop mix, soil available water capacity and location. Simulated river flows are
used to identify days not under abstraction restrictions. Annual probability distributions of irrigation deficit and
licence utilisation (headroom) are derived from a monthly time-step water balance model that calculates whether
the farm irrigation demand in each month can be met, taking account of river flow-based abstraction restrictions,
daily and annual volumetric licensed abstraction limits, the licenced abstraction period(s) and any on-farm
reservoir storage. The enhanced D-Risk tool provides a more holistic understanding of drought risk on irri-
gated agriculture from individual farm to catchment scales and supports improved collaborative decision-making
regarding future water sharing, water trading and on-farm reservoir investment to reduce business vulnerability
to drought and regulatory change.

Water resources
Water scarcity
Irrigation

1. Introduction

Irrigated farming faces severe threats from water scarcity and
drought driven by competition from other water users (Garrick et al.,
2019), over-abstraction, new water regulation and increasing climate
variability and climate change (Iglesias & Garrote, 2015). These threats
are not only confined to arid and semi-arid regions (Azadi et al., 2018;
Kuwayama et al., 2019), but are also important in humid countries such
as UK (Rey et al., 2017; Parsons et al., 2019). The UK is often perceived
to be a ‘wet’ country, but has experienced multiple droughts (Rey et al.,
2017) in recent decades, of which the 1975-1976 drought is regarded as
the most severe. Climate projections for the UK show a trend towards
warmer temperatures, with summers likely to get hotter and drier in the
future (Lowe et al., 2018), which may cause more extensive financial
impacts and farming losses.

In the UK, irrigation is usually supplemental to buffer the effects of
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seasonal rainfall variability (Met Office, 2020) and supports the pro-
duction of high quality horticultural and fruit crops, which generate
substantial financial benefits (Rey et al., 2016). In common with many
countries (e.g. Santato et al., 2016), abstractions for irrigation in the UK
requires a licence or permit which stipulates the water source, location
and fixed annual and daily volumetric limits (Henriques et al., 2008). In
dry years, these licence conditions often limit the ability of farmers to
apply sufficient irrigation to meet crop water demands, with conse-
quences for both yield and crop quality. In addition, abstractions for
agricultural irrigation have the lowest priority for water allocation
during drought years to protect drinking water supplies and environ-
mental flows, so that voluntary and mandatory abstraction restrictions
further exacerbate the drought impacts. Farmers thus need to improve
their drought risk management strategies (Knox, et al., 2020a; 2020b)
by balancing the probability of being unable to fully meet the irrigation
needs of their cropped area within their licence constraints in drought
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years against the opportunity costs of having a smaller irrigated area in
the greater number of non-drought years.

Drought management in the farming sector is usually undertaken at
the farm-level. There are few tools available to support individual
farming enterprises either to understand drought resilience (e.g.
Drought Resilience Self-Assessment Tool (DR.SAT) — DAFF, 2022), to
make decisions on infrastructure investments (WaterWorks- Khan et al.,
2010) or to manage their farm-level agricultural drought risks (e.g. D-
Risk -Haro-Monteagudo et al., 2019). However, multi-scale drought
management frameworks across different spatial scales (farm to catch-
ment) can enable long-term adaptation strategies to increase agricul-
tural resilience to future droughts (Holman et al., 2021). There are no
known operational tools that integrate the hydrological and farming
systems to provide a holistic understanding of agricultural and hydro-
logical drought risk to support agricultural drought responses at indi-
vidual farm to catchment scales.

This paper describes how the original individual farm scale D-Risk
webtool (Haro-Monteagudo et al., 2019) has been further developed for
application at farm and catchment scales by integrating flow-based
abstraction restrictions, water resource reliability and climate change
impacts into its decision support functionality. This provides greater
support for water regulatory and environmental protection agencies and
to agricultural stakeholders representing farming interests. With
increasing global interest in collaboration and partnership (Margerum &
Robinson, 2015) and the Catchment Based Approach (CaBA: Collins
et al., 2020) in the UK, the enhanced D-Risk webtool supports more
collaborative catchment-based abstraction and water management ap-
proaches to reconcile drought risks with water availability whilst
enabling more efficient use of licensed water during periods of water
scarcity. To demonstrate this potential, a case study example of assessing
the drought risk reduction benefits from water sharing (Rey et al., 2021)
has also been included in this paper.

(Multi)-farm-scale monthly water balance
_____________________________ I i ———
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2. D-Risk webtool enhancements

The D-Risk webtool was originally developed to help individual
farmers understand and respond to their drought risk, expressed through
probability distribution functions of annual irrigation deficit and license
headroom. Irrigation deficit is defined as the total volumetric irrigation
demand that cannot be supplied in a given year. License headroom is the
percentage of the fixed annual volumetric abstraction licence allocation
that is not used in a given year e.g. a headroom of 0 % means that the
business has reached its licensed volumetric abstraction limit and cannot
abstract any further water for irrigation or for refilling reservoirs.
However, the original tool assumed that the availability of the licensed
volume each year was unaffected by seasonal local river flow conditions
and associated abstraction constraints (Haro-Monteagudo et al., 2019),
thereby significantly under-estimating actual drought risk.

The enhanced D-Risk webtool now provides drought risk profiles for
annual irrigation deficit and headroom for individual farms or groups of
farms that (1) take account of volumetric licence limits and storage
volumes and (2) also consider abstraction constraints imposed by local
river flow conditions, thereby allowing the relative importance of each
to overall drought risk to be evaluated. In addition, to baseline period
(1974-2004), the enhanced tool also offers scenario evaluation for
future climate (2020-2049) conditions to support longer-term decision-
making (such as on-farm reservoir construction). Expected future
climate conditions beyond 2050 were not incorporated as that is beyond
the decision-making horizon of farming enterprises. A schematic of the
enhanced D-Risk multi-scale approach is shown in Fig. 1 and a detailed
flowchart with data, inputs and methods is provided in Figure S1 of
supplementary material.

3. User interface and application features

The enhanced D-Risk webtool guides the user through a simple two-
step data entry module: farm location and data (Figure.S2). The location
input module allows the user to specify the catchment (gauging station)
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Fig. 1. Schematic of the enhanced D-Risk multi-scale approach.
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and farm location (postcode) and period of analysis (baseline/near
future), which are then used to retrieve simulated gridded weather and
hydrological data for the selected location. The available gauging sta-
tions within the UK are structured in a drop-down list by country and
county, with an external link provided to the National River Flow
Archive (https://www.nrfa.ceh.ac.uk) interactive gauging station map
to facilitate identification. The selected gauging station is later used to
calculate abstraction constraints on a given abstraction licence imposed
by the simulated river flow conditions. The farm data input module al-
lows entry of information on the irrigated crop types (from an expanded
list of 19 options), soil types (based on available water capacity classes),
crop planting month, irrigated area, abstraction licence details and total
‘live’ on-farm reservoir storage (if applicable). The updated abstraction
licence data input section considers, for each licence, the water source
(surface or groundwater), purpose (direct abstraction or storage),
maximum abstraction limits (annual, daily, absolute), allowable months
for abstraction and any flow-based abstraction restrictions (if
applicable).

3.1. Maximum potential soil moisture deficit (PSMDmax) database

The webtool uses an agroclimate index called annual maximum
potential soil moisture deficit (PSMDmax) to calculate monthly and
annual volumetric irrigation demand for the selected crop mix, soil
available water capacity (AWC) and location (Knox et al., 1997). The
PSMDmax has been widely used to quantify irrigation needs at different
spatial scales and to assess climate change impacts on water demand
(Knox et al., 1997, 2010; De Silva et al., 2007; Rodriguez Diaz et al.,
2007). This index is also used by the regulatory authority in England and
Wales in determining irrigation need as part of the assessment process
for awarding licences for irrigation abstraction (Rees et al., 2003). A key
advantage of PSMDmax over other commonly used agroclimatic in-
dicators such as Standardised Precipitation Index is that it takes into
account of the absolute distribution of rainfall and ET throughout the
year, and thus identifies the absolute dryness or wetness of a specific
location for a given year (Rey et al., 2016; Parsons et al., 2019) that
influences irrigation need. The annual PSMDmax is calculated from a
gridded daily weather dataset composed of 100 ensemble members of
31 years of equally probable precipitation and potential evapotranspi-
ration time series termed the “MaRIUS event set” (Guillod et al., 2017,
2018). The ensemble is derived from the Weather@home2 climate
modelling framework which consists of a global and regional climate
model with prescribed sea surface temperatures (SST) and sea ice that
has been used to simulate climate conditions over Europe (Guillod et al.,
2017). The MaRIUS event set provides a large number of spatio-
temporally consistent and long-time series for the UK, enabling
drought risk to be comprehensively assessed. Daily precipitation and
potential evapotranspiration (derived via Penman-Monteith with the
stomatal resistance adjusted for future time slices) from two scenarios
were used:

e 100 x 31-year (1974-2004) baseline ensemble (that uses historic
SST and sea ice from HadISST (Rayner et al., 2003; Titchner &
Rayner, 2014),

100 x 31-year (2020-2049) near future ensemble (that uses the 50th
percentile sea surface temperature [SST] and sea ice from CMIP5
(Taylor, Stouffer & Meehl, 2012), assuming the high greenhouse gas
emission scenario RCP8.5 (Representative Concentration Pathway
8.5; Meinshausen et al., 2011). Although other near future climate
series for RCP8.5 were developed by Guillod et al. (2017) based on
sampling across the uncertainty range in simulated future SST and
sea ice (see their Table 2), this ensemble was selected as being
representative / central for the ‘worst case’ emissions scenario and is
also the most complete ensemble available. Other RCPs were not
simulated by Guillod et al. (2018).
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The precipitation is bias corrected using the linear bias correction
method as presented in Guillod et al. (2018). The potential evapo-
transpiration data was not bias corrected as the biases were relatively
small (Guillod et al., 2018). Detailed description of Weather@home2
climate modelling framework and the derivation of the MaRIUS event
set are given in Guillod et al., 2017 and 2018 respectively. An expla-
nation of the derivation of annual PSMDmax for each ensemble member
is given in Haro-Monteagudo et al., 2019. Application of D-Risk at the
individual farm scale uses the annual PSMDmax series for the grid that
contains the postcode centroid whereas catchment-scale analyses use
the maximum PSMDmax grid pixel value within the catchment.

3.2. Derivation of hydrological datasets

To simulate daily river flows at each gauging station, the DECIPHeR
(Dynamic fluxEs and Connectlvity for Predictions of HydRology) hy-
drological modelling framework (Coxon et al., 2019) was used. DECI-
PHeR is a flexible hydrological modelling framework that can simulate
flows across multiple catchments with different hydrological charac-
teristics, and which has been previously shown to perform well for four
different evaluation metrics across a wide range of catchments (Coxon et
al, 2019). DECIPHeR groups together similar parts of the landscape into
spatially connected hydrological response units (or HRUs) to minimise
model run time and enable it to run large ensembles of climate simu-
lations and provide probabilistic flow simulations essential for risk
analysis. Detailed information on the DECIPHeR model and the model
code are given in Coxon et al., 2018.

To calibrate the model, daily data of precipitation, potential evapo-
transpiration and discharge for a 55-year period from 1 January 1961 to
31 December 2015 were used to run and assess the model. Daily 1 km?
gridded rainfall estimates from 1961 — 2015 for Great Britain (GB) were
obtained from the CEH Gridded Estimates of Areal Rainfall (CEH-GEAR)
dataset (Keller et al., 2015;Tanguy et al., 2016). Daily 1 km? gridded
estimates of potential evapotranspiration from 1961 — 2015 estimated
using the Penman-Monteith equation were obtained from the CEH
Climate hydrology and ecology research support system potential
evapotranspiration dataset for Great Britain (CHESS-PE) (Robinson
et al., 2016). The model was evaluated against observed daily stream-
flow data for 1,366 gauges obtained from the National River Flow
Archive.

DECIPHeR was then run within a Monte-Carlo simulation framework
whereby 10,000 parameter sets were randomly sampled from a uniform
prior distribution. These parameters were applied uniformly across each
catchment and used within a single model structure. Given the wide
range of hydro-climatic conditions across GB, sampling of the feasible
parameter space was ensured by using wide sampling ranges based on
previous studies that used the Dynamic TOPMODEL (Beven & Freer,
2001; Freer et al., 2004; Page et al., 2007). The behavioural ensemble of
parameter sets provided in this dataset was quantified by evaluating
model performance using four evaluation metrics: (i) NSE (Nash &
Sutcliffe, 1970), (ii) logNSE, (iii) Bias in Runoff Ratio (Yilmaz et al.,
2008) and (iv) Low Flow Volume (Yilmaz et al., 2008) (Table 1). These

Table 1
Model performance metrics.
Evaluation metric Equation Focus
. . . B .
Nash Sutcliffe Efficiency NSE — 1 72::1 (Qobs — %)2 High Flows
21 (Qobs — Qobs)
Nash Sutcliffe Efficiency NSEjpq = Low Flows
log flows 1 Xt (108(Qis) —Tog(Qun))*
E?:l (IOg(Qabs) - IOg(Qobs))z
Bias in Runoff Ratio absPBIAS — 22 (Qsim — Qobs)| 100 Water
> Qobs Balance
Low Flow Volume Z;E‘;O(m —/QPys) Low Flows
LFV =100 —/———f— —————
lezggo ( 4 onbs)
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metrics were chosen to reflect simulations that captured high flows, low
flows and the water balance of each catchment. To calculate a combined
multi-objective score, each metric was ranked in turn and ordered by the
sum of the ranks with an equal weighting for each metric. The top
ranked simulation was then used as the parameter set for the future
simulations with good model performance found for a range of catch-
ment characteristics (Coxon et al, 2019).

The ensemble of past and near future precipitation and potential
evapotranspiration from Guillod et al. (2018) were downscaled to a 5
km grid and then used as input values to DECIPHeR using the top-ranked
parameter set for each catchment so that 100 31-year daily flow simu-
lations for 1,366 catchments for two time slices were derived.

3.3. Abstraction restrictions

In the UK, an abstraction licence is required from the Environment
Agency (EA) to abstract more than 20 m®/day from surface or ground-
water (Environment Agency, 2008). However, having an irrigation
abstraction licence does not entitle the licence holder to always abstract,
as the EA can impose partial restrictions or total bans on abstraction
from water sources during droughts to protect public water supplies and
the aquatic environment (Environment Agency, 2017). Two types of
abstraction restrictions have been incorporated into the enhanced D-
Risk webtool: (i) Hands-off Flow (HoF) restrictions [applied to surface
water licences] and (ii) emergency drought (ED) restrictions [generally
applied to surface water abstractions]. HoFs are specified on some in-
dividual surface water licences and impose constraints on abstraction
based on local river flows. ED restrictions impose abstraction constraints
to protect drinking water supplies and river ecology during extreme low
flows and are usually applied to all surface water irrigation abstractions
within a catchment. There are no fixed approaches to imposing ED
across the UK, and hence we considered different defined levels of ED
restrictions (i.e. Level 1 = 50 % reduction; Level 2 = 75 % reduction;
Level 3 = 100 % reduction) within increasingly extreme low flows ac-
cording to Salmoral et al. (2019). We also allow the user to specify
whether groundwater licences may be subject to Level 3 ED restrictions.

Irrigation abstraction from a given surface water licence is only
possible on days during the licence period which are not restricted by a
HoF and/or ED. The days not under abstraction restriction (DNUAR) by
HoF for a given licence are calculated for the specified licence-specific
flow percentile using the DECIPHeR simulated river flows. To do this,
an absolute discharge value for the flow percentile is derived across all
of the 100 ensemble members of 31-years simulated baseline river flows.
This absolute threshold value is then applied to each individual member
to estimate DNUAR for both the baseline and near future. Similarly, if ED
are enabled, days in each month that are not affected or partially
affected under different levels of restrictions (Level 1, Level 2 and Level
3 ED restrictions for surface water licences; and Level 3 restrictions for
groundwater licences) are identified e.g. 1 day under Level 1 (50 %
reduction) restriction is treated as 0.5 day of abstraction restriction.
Finally, as HoFs and EDs can occur on the same day, the overall DNUAR
are calculated for each month in each ensemble member.

3.4. Modelling irrigation demand and risk profiles

The calculation of volumetric irrigation demand for the selected crop
types and soil types uses the relationships between theoretical irrigation
need and PSMDmax based on Knox et al. (1997). Although this provides
a unique relationship to estimate theoretical irrigation need for each
crop type-soil type combinations throughout the UK, the estimated
theoretical irrigation need of a given crop type-soil type combinations
can be modified to reflect actual practice using the ‘Irrigation correction
factor’. A monthly time-step water balance model was then used to
calculate whether the total irrigation demand can be met, considering
the daily and annual licensed abstraction limits, the specified start and
end months of each licence and any on-farm storage. It assumes that
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licenses dependent on surface water are given priority by farmers and
used before licensed groundwater sources due to their greater vulnera-
bility to abstraction restrictions and that direct abstraction is preferred
before reservoir storage. Abstraction is possible only on the DNUAR
based on the abstraction restrictions that are in action at the selected
location on specified licences.

Using a water balance model, the 100 sets of 31-year time series of
the annual irrigation deficit (representing the volumetric proportion of
the annual irrigation demand that is not met) and the licensed
abstraction ‘headroom’ (defined as the proportion of the total licensed
volume that is not abstracted) are calculated. The enhanced D-Risk
provides two sets of results (with and without abstraction constraints)
from the series of annual irrigation deficits and headroom expressed as
cumulative distribution functions (cdf) in both graphical (Fig. 2) and
tabular form. It presents the ‘median’ cdf of irrigation deficit or head-
room by assuming that the future probability is equally based on all of
100 sets of 31-year time series. It also derives the cumulative distribu-
tion functions of irrigation deficit or headroom separately for the 100
sets of 31-year time series, given that each event set is equally probable
given natural climate variability. From these cdfs, it presents the best
and worst cases to provide an uncertainty boundary (envelope) around
the ‘median’. The code used to develop the enhanced D-Risk webtool is
provided in the Supplementary Material.

4. Application of the enhanced D-Risk webtool

The enhanced D-Risk webtool enables individuals or groups of
farming enterprises to better evaluate their drought risk profiles
considering potential abstraction restrictions. In doing so, D-Risk inev-
itably makes a number of simplifications and assumptions, such as using
pre-existing crop-soil specific relationships between PSMDmax and
irrigation need. However, it provides the functionality to calibrate irri-
gation need to reflect farm practice and explicitly depicts the uncer-
tainty in the consequence of future climate variability. Consequently,
the use of D-Risk should lead to improved business planning and infra-
structural investments in water storge and irrigation equipment. At the
individual business scale, it can help farmers to (i) support their business
case for maintaining their existing licensed allocation during the
abstraction licence renewal process (usually conducted on a 6 year
rolling cycle) through improved characterisation of the effects of natural
climate variability on their irrigation demands and abstraction profiles;
(ii) to understand how modifying their planting programmes and crop
mix could mitigate risks to their business associated with the possible
future licensed reductions and/or more severe Hands-off Flow (HoF)
conditions and (iii) to assess how irrigated crop expansion to fully utilise
their licensed volume allocation might increase their drought risk due to
reduced licensed headroom in drought years.

However, there is also increasing interest in supporting more
collaborative approaches to abstraction management between agricul-
tural water users, such as water abstractor groups (Weatherhead et al.,
2014) and supporting multi-sector collaboration (Knox et al., 2018).
This enhanced D-Risk tool can help stakeholders to better understand
drought risks and water availability at catchment scales to explore the
potential benefits of collective action on the use and allocation of water
resources particularly in water-stressed catchments where irrigation
demand is concentrated. The comparison of risk profiles between indi-
vidual farms and aggregated farms at different spatial scales can help in
evaluating the potential benefits of water sharing (e.g. Chengot et al.,
2021), and shared water storage. The enhanced D-Risk webtool enables
agricultural abstractor groups to identify opportunities to increase high-
value food production and maximise the economic benefits of irrigation
through water sharing within their existing licensed allocations and
flow-based abstraction constraints, thereby supporting regional eco-
nomic growth and improved food security within existing environ-
mental constraints.

Although D-Risk has been specifically developed for UK use, the
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Fig. 2. Annual probability distribution of irrigation deficits ‘with’ and ‘without’ simulated river-flow based abstraction restrictions when (a) the two individual
businesses operate independently; and (b) when the two businesses collaborate to make best use of their combined licenced.

methodological framework of integrating hydrological flows, abstrac-
tion licence / permit conditions (flow-based thresholds and/or volu-
metric limits) and reservoir storage within a farm-scale irrigation water
balance could be applied in other countries.

4.1. Example application

A theoretical case study example is provided to demonstrate the
applicability of D-Risk, in this particular case to assess the potential
benefits of collaborative water sharing between nearby irrigated farm
businesses to reduce water resources risks in agriculture during severe
drought years. Two hypothetical irrigated farms (Business 1 and Busi-
ness 2) located in the “Flit at Shefford (33028)” catchment in Bed-
fordshire, with direct surface water, direct groundwater and surface
water storage abstraction licences were considered. The input data used
to run D-Risk are given in Table 2. To reflect local practice, the actual
design dry year irrigation need of maincrop potatoes, onions and pars-
nips were adjusted to 300 mm, 200 mm and 200 mm respectively.

With no water sharing, the two businesses have a combined annual
irrigation deficit of around 26,000 m® at a 20 % annual probability,
although this ranges between 0 and 102,000 m® across individual
climate ensemble members (shaded uncertainty zone) (Fig. 2). Water
sharing between Business 1 (which has no irrigation deficit during a
design-dry year and significant headroom (Figure S3)) and Business 2
(which has a significant design-dry year irrigation deficit (Figure 54))
shows that the design dry year irrigation deficit can be completely
removed (zero deficit with a 20 % annual probability) (Fig. 2).

More example case study applications are provided on the D-Risk
website at https://www.d-risk.eu/index.php?params=casestudies.

Table 2
Input data used to run D-Risk example application.

5. Conclusions

The D-Risk webtool was designed to support national drought risk
management within UK irrigated agriculture; the enhanced version of
the tool provides much greater functionality to inform drought risk
assessment for both individual and multiple farms and for catchment
scale analyses. The tool enables the end user to better plan for expected
increasing water scarcity associated with future climate change and
supports improved collaborative decision-making for realising the ben-
efits of water sharing. Although D-Risk webtool was specifically devel-
oped for the UK irrigated farming context, it could be readily transposed
for application in other countries facing pressures on agricultural water
allocation, drought risks and water scarcity.
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Irrigated cropping details Abstraction licence n details Storages
Farm.  Irrigated crop  Soil Planting Irrigated Water source Annual licensed Daily licenced Abstraction HoF Reservoir

type AWC* month area (ha) /Purpose volume (m®) limit (m®) period (m®/sec) storage (m®)
1 Maincrop Medium March 70 SW-S 190,000 1818 1/11-31/3 0.860 180,000

potato

Onion Low March 65 GW-D 210,000 5400 1/3-31/10 N/A
2 Maincrop Medium March 30 SW-D 90,922 1100 1/4-31/10 None- N/A

potato

Parsnips Medium April 10

“ Available Water Capacity; “"SW-D: Surface water (direct), SW-S: Surface water (storage), GW-D: Groundwater (direct), GW-S: Groundwater (storage).
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