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A B S T R A C T   

With its abundant water resources, Scotland has ambitions to become a ’hydro nation’. Hydro-
climatological projections indicate that the spatial and temporal distribution of water is likely to 
change, with parts of Scotland becoming significantly drier. This study, conducted in conjunction 
with the Scottish Environment Protection Agency (SEPA) looked to identify which regions and 
sectors may be subject to increased water scarcity pressures in the near-future (2020–2049). 

Accounting for more than 99% of (non-public water) surface water abstractions, four key water 
using sectors were considered: agriculture, aquaculture (finfish), hydropower (with storage; 
excluding run-of-river (ROR)) and whisky. Drought events, defined by SEPA as a period where 
daily flow falls below a long-term Q95 threshold for more than 30-days, were profiled in terms of 
their average frequency, duration and intensity (over a 30-year time slice). 

Two hotspots (of drought and abstraction) identified were the rivers Spey and Tay, which 
represent the centres of the Scotch whisky sector and agriculture respectively. Under climate 
change, the frequency of drought events could see a two or three-fold increase (median 2–7 addi-
tional events). The direction of the change in average drought duration was more uncertain (median 
change of 0–4 days per event). The results indicated that abstraction exacerbated the pressure. 
Capturing different sources of uncertainty (parameter and structural), the hydroclimatological data 
was drawn from two climate ensembles. Overall, the PPE (parameter uncertainty) was found to 
have narrower uncertainty bounds overall, though the MME (structural uncertainty) was subject to 
less uncertainty in specific locales in the north. These results highlight the limitation of focussing on 
one ensemble type/source of ensemble uncertainty across such a diverse domain. 

Overall, the paper demonstrates the need for a consistent approach to future water resource 
planning across Scotland. This planning must consider all sectors consistently and requires cross- 
sector and cross-disciplinary input and collaboration in order to facilitate wise use of future water 
resources.   

1. Introduction 

The Scottish Government’s vision is for Scotland to become a ‘hydro nation’; a nation in which water resources are developed so as 
to bring maximum benefit (both monetary and non-monetary) to the country (Scottish Government, 2012). Under the Water Resources 
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(Scotland) Act 2013 the hydro nation strategy became a statutory requirement. Despite its northern situation, Scotland’s climate is 
mild and wet, with day-to-day weather being highly changeable. This temperate maritime climate is the result of predominant south- 
westerly winds crossing the Atlantic (Mayes and Wheeler, 2013; McClatchey, 2014). Extremes of rainfall and temperature, found in 
continental climates, are uncommon (Werritty, 2002; Werritty and Sugden, 2012). Although total rainfall is higher than the rest of the 
United Kingdom, rainfall variation follows the same east-west wet-dry trend as the rest of the country (McClatchey, 2014). Scotland is 
increasingly vulnerable to periods of dry weather (Werritty and Sugden, 2012; Scottish Government, 2019a), putting pressure on water 
users and the environment. Such water scarcity can result in intermittent flows which impact hydrological connectivity, biodiversity, 
water quality, pollution, and water supply and abstractions (Blasco et al., 2015). 

Drought hazard results from extreme low flows in rivers, reducing water supplies and thus the capacity for abstraction causing 
water shortages. Currently, the UK’s vulnerability to drought hazard has reached the warning threshold (20%) on the Water 
Exploitation Index (water abstraction as a percentage of the freshwater resource); it is thus defined by the European Environment 
Agency as a water-stressed country (EEA, 2019). However, this risk is subject to spatial variation. Drought risk can be defined (Wilhite 
et al., 2014) as a function of drought hazard, water users exposed to this hazard, and consequences on their water security. One of the 
biggest challenges facing water managers is managing the risk to supply associated with the uncertainties in water availability 
(climate, population, and water demand). Thus, increasing resilience is one of the top priorities of water companies; for example, see 
Scottish Water (2019). 

Droughts detrimentally affect the economy. The financial impact of the 2011/12 UK drought was £70-165-million, demonstrating 
the impact low flows have, not just on people, but also on a countries’ economy. In Scotland, for agriculture alone, the overall losses as 
a result of the 2018 drought, coupled with heavy snow fall in winter 2017, were estimated at £161-million (Ecosulis, 2019). The water 
scarcity in summer 2018 led the Scottish Government to provide assistance to over 165 private water supplies in Aberdeenshire at a 
total cost of approximately £500,000 (Holdsworth, 2019). 

It is clear that drought hazard represents a major threat to water security and the Scottish economy. Previous work by the authors 
(Collet et al., 2018; Visser-Quinn et al., 2019), and the wider scientific community (Kay et al., 2018; Rudd et al., 2019), indicate that 
climate change may represent an additional stressor, with hydroclimatological projections indicating an increase in the frequency and 
intensity of droughts in the coming decades. Projections of future river flows (runoff) are the product of a long and complex modelling 
chain: emissions scenarios force General Circulation Models (GCMs), the outputs of which are downscaled to force hydrological 
models. Uncertainties in terms of model input, structure, and parameters, cascade through the modelling chain (Clark et al., 2016). As 
water users are likely to face reduced security of supply, addressing uncertainty in predictions of water availability and hence of 
drought risk becomes urgent. 

An economic analysis of freshwater use in the country completed in 2019 (SEPA, 2019a) highlighted the importance of water to the 
Scottish economy. The four main sectors, excluding public water supply, which abstract or use water from Scottish rivers are – 
agriculture, aquaculture (fin fish, specifically, hatcheries and sea lice treatment – hereafter referred to as aquaculture), whisky and 
hydropower. Combined, the agriculture, aquaculture and food & drink sectors are a major contributor to Scotland’s economy. Since 
2007, these sectors have grown by 78%, with a goal to double current turnover value to £30-billion by 2030 (Scottish Enterprise, 2018; 
Scotland Food & Drink Export Partnership, 2019). In terms of major water users, agriculture is vital to the rural economy, with 5% of 
the rural workforce being directly employed in this sector. Over 70% of Scotland’s land area is used for agriculture (Scottish Gov-
ernment, 2020), of which approximately 10% is arable, the remainder being given over to livestock farming. Agricultural abstractions 
are primarily located in the east where rainfall is lower. The whisky sector contributes almost £5-billion to the economy (McGrane 
et al., 2018). The sector is working towards growth in major emerging markets (SEPA, 2018), including India, the world’s largest 
whisky market where Scotch whisky currently holds only 1% of the market share. Simultaneously, there are ambitions to double the 
size of the aquaculture sector from 2016 to 2030 (Imani Development and SRSL, 2017). 

The mountainous geography of Scotland means that the hydropower sector dominates private water abstraction. The sector rep-
resents 98% of (non-public) water use across the country (run-of-river (ROR) and storage), generating 5000 GWhrs (Sample et al., 
2015), enough to power half of Scotland’s homes. Hydropower is critical to Scotland’s strategy to deliver net-zero carbon energy by 
2045 (Scottish Government, 2019b); the storage capacity that pumped storage schemes provide being central to balancing the supply. 

Given the abundance of water, Scotland’s position as a hydro nation should be assured, and indeed, place it in a good position to 
ensure future water security. However, hydroclimatological projections suggest that the spatial and temporal distribution of water is 
likely to change, with parts of Scotland becoming significantly drier (Collet et al., 2018; Visser-Quinn et al., 2019). Thus, it is critical 
that Scotland takes a forward-looking approach to water planning. In order to take advantage of the future economic opportunities 
which arise from being a water abundant nation, Scotland must ascertain the regional changes which may occur as a result of climate 
change in order to prepare those sectors. This is reflected in recent policy and decision-making (Scottish Government, 2019a; SEPA, 
2019b), including the Sustainable Growth Agreement (Scottish Water and SEPA, 2018). 

The overarching aim of this paper is to determine the possible impact of climate change on drought prevalence and how ab-
stractions by the water sector (the four key sectors as laid out above) may exacerbate this pressure in Scotland in the near-future 
(2020–2049). The focus is on surface water abstractions only. The objectives of this study are threefold:  

(1) To identify existing and emerging drought hotspots (locations where drought pressure is at its highest);  
(2) To profile droughts under non-abstraction/abstraction scenarios; and  
(3) To explore climate model uncertainty through consideration of flow projections drawn from two hydroclimatological 

ensembles. 
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Adaptive measures to water scarcity and climate change impact are also considered. In pursuit of a climate ready Scotland, the 
findings presented in this paper serve to support the Scottish Environment Protection Agency’s (SEPA) sector planning. 

2. Data 

2.1. Hydroclimatological ensembles and uncertainty 

There is conflicting evidence as to which is the greater source of uncertainty in the hydroclimatological modelling chain – the 
climate or hydrological model (Her et al., 2019). In order to capture climate model uncertainty, the Intergovernmental Panel on 
Climate Change (IPCC) recommend the use of an ensemble of climate projections (Flato et al., 2013). Flato et al. (2013) describe two 
types of climate ensemble, each accounting for a different source of uncertainty. 

The multi-model ensemble (MME) considers climate models with different model structures (e.g. representation of ocean pro-
cesses), thereby enabling estimates of structural uncertainty. However, the sample size of MME’s may be small, this is further com-
pounded by the non-independence of climate models (Flato et al., 2013; Knutti et al., 2013); for example, HadGEM2-ES and IPSL- 
CM5A-LR utilise the same ocean model, NEMO (Alexander and Easterbrook, 2015). 

In the third IPCC assessment report (AR3; Moore et al., 2001), the need to consider model sensitivity (response to different 
parameterisations) was highlighted, for example, variation of vegetation coverage and albedo (Martin et al., 2011). The perturbed 
physics ensemble (PPE; also known as a perturbed parameter ensemble) thus explores parametric uncertainty in a single climate model 
through systematic variation of uncertain model parameters. In response to the IPCC AR3, the last two generations of UK climate 
projections (UKCP) from the Met Office Hadley Centre, UKCP09 and UKCP18, have been PPEs (Collins et al., 2011). The disadvantage 
of the PPE is that the estimate of uncertainty is dependent on the structure of the underlying model, leading to potential underestimates 
of uncertainty (Flato et al., 2013). 

In the IPCC AR5, Flato et al. (2013) highlight the importance of exploring both parametric and structural uncertainty through 
consideration of both MMEs and PPEs. As part of this study, hydroclimatological ensembles of both types were considered: an MME 
from the EDgE project and a PPE from the MaRIUS project (described in the following section). The corresponding catchments for 
which data were available are detailed in Fig. 1. It should be noted that neither ensemble provides projections for the west coast or 
Scottish islands, which remains a significant gap for Scotland’s future water resource planning. 

2.1.1. Multi-model ensemble (MME) – EDgE 
The EDgE project covered the European domain, utilising a total of five GCMs and four hydrological models to capture the 

structural uncertainty in the hydroclimatological modelling chain (Samaniego et al., 2019). Representitive of the range across the 

Fig. 1. Study catchments (n = 59) shaded by region. (a) MME from the EDgE project (n = 37) and (b) PPE from the MaRIUS project (n = 46). Note, 
for scale, not all Scottish islands are shown. 
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Coupled Model Intercomparison Project 5 (CMIP5) generation of models (McSweeney and Jones, 2016), EDgE utilised the same GCMs 
as the Inter-Sectoral Impacts Model Intercomparison Project (Warszawski et al., 2014): HadGEM2-ES, GFDL-ESM2, IPSL- CM5A-LR, 
MIROC-ESM-CHEM and NorESM1-M. 

Selected due to their widespread use and diverse representation of underlying processes (Samaniego et al., 2019), the four hy-
drological models utilised in the EDgE project are summarised in Table 1. The models Noah-MP and VIC are able to capture water 
fluxes from groundwater to streamflow and streamflow to groundwater, the latter of which is of increasing importance during low- 
flows. Flows were converted to a 5-km grid using the river routing model mRM (Samaniego et al., 2010). Table 1 also provides a 
summary of the outcomes of model performance evaluation in Samaniego et al. (2019), for 357 diverse catchments across the Eu-
ropean domain (including Scotland). Following initial scoping and bias correction (method outlined subsequently in 2.3 Bias 
correction), it was observed that flow projections from the VIC hydrological model could not capture the relevant temporal patterns (in 
all instances); consequently, these flow projections were removed, reducing the number of hydrological models considered from the 
EDgE project to three. 

2.1.2. Perturbed parameter ensemble (PPE) – MaRIUS 
The MaRIUS project focussed on Great Britain exclusively (i.e. excluding Northern Ireland). The project generated a 100-member 

PPE of climate projections (temperature and rainfall) using weather@home (W@H) through the climateprediction.net volunteer 
distributed computing network (Massey et al., 2015); W@H consisted of the HadRM3P regional climate model nested within the 
HadAM3P atmosphere-only GCM (AGCM). MaRIUS utilised a 25-km grid version of W@H, developed to improve the reliability of the 
projections for drought applications (Guillod et al., 2017). 

To determine flow projections, the MaRIUS project utilised Grid-to-Grid (G2G; Bell et al., 2007, 2018), a national scale distributed 
hydrological model; the snow module was not included (i.e. the MaRIUS PPE did not account for snow melt). Similar to Noah-MP and 
VIC, G2G is able to capture groundwater-streamflow fluxes (Bell et al., 2007). Operating on a 1-km grid, G2G is parameterised using 
digital terrain model (DTM) data (Bell et al., 2009). Establishing its validity, the Grid-to-Grid model has been extensively applied in the 
UK, and is known to perform well for low flows/droughts specifically (for example, Rudd et al., 2017). 

2.2. Flow observations and projections 

Observed gauged daily flow data (1975–2004), originating from SEPA, was obtained from the National River Flow Archive (NRFA) 
via the R package rnrfa (Version 1.5; Vitolo et al., 2016, 2018). From both ensembles, daily flow projections were extracted for a 
historical period, corresponding to the observed gauged flows, and the near-future (2020–2049). The near-future projections are 
driven by RCP8.5, the plausible worst-case scenario under CMIP5; this pathway sees a global mean temperature change of 2.6–4.8 ◦C 
(Riahi et al., 2011). 

2.3. Bias correction 

Quantified through comparison of observed and projected data for a historical period, bias in projections is the result of structural, 
parametric and boundary condition uncertainties (Cubasch et al., 2013; Stocker et al., 2015; Li et al., 2018). The presence of this bias 
may limit the applicability of projections for use in water resource decision-making (Warmink et al., 2010; Li et al., 2018). A number of 
statistical correction techniques are possible. Informed by Gudmundsson et al.’s (2012) review of climate post-processing approaches, 
this study applied non-parametric quantile mapping (per catchment, per modelling chain/ensemble member) to the flow projections. 

Table 1 
Overview of the four hydrological models used in the determination of the EDgE project MME flow projections.  

Name Description Evaluation across European 
domain (Samaniego et al., 2019) 

This study 

Noah-MP (Niu et al., 2011; Yang et al., 2011) A gridded land surface model with multi- 
parameterisation (MP) options. Captures 
land–atmosphere fluxes. 

Tendency to over-estimate mean 
flows. Second highest overall 
model performance. 

Noah-MP, mHM and 
PCR-GLOBWB2 validated 
following bias correction. 

mHM (Samaniego et al., 2010) A gridded distributed hydrological model 
for use, in parallel, at multiple spatial 
resolutions. 

Least bias across the domain. 
Highest overall model 
performance. 

PCR-GLOBWB2 (Sutanudjaja et al., 2018) A gridded global/continental hydrology 
and water resources model. 

Least bias across the domain. 
Lowest overall model 
performance. 

VIC (Liang et al., 1996; Cherkauer et al., 2003) Macroscale semi-distributed hydrological 
model. Captures land–atmosphere fluxes. 

Tendency to under-estimate mean 
flows. Second lowest overall 
model performance. 

Low flows could not be 
validated. Accordingly, 
the model VIC was 
excluded from the results 
presented in this paper.  
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Table 2 
Summary of licensed abstractions considered. For the whisky sector, cooling water abstraction is presented in brackets. 1Percent of daily volume 
relative to all non-public water supply abstractions across Scotland (this includes ROR hydropower and other industries).   

Number of licences Licensed daily volume (106 m3) Percent of total daily volume 

Agriculture 644 0.79 0.27 
Aquaculture 39 0.76 0.26 
Hydropower 94 127.1 44.16 
Whisky 122 (57) 0.47 (0.35) 0.17 (0.12) 
Total 956 129.12 44.861  

Fig. 2. Regional distributions of abstraction as a percentage per sector. Values and shaded areas refer only to catchments where hydroclimatic data 
is available. Each panel sums to ~100%; differences are due to rounding. Total daily licensed volumes per sector are overlain in megalitres (ML). 
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Using the R package qmap (Version 1.0-4; Gudmundsson, 2016), the observed and projected data was binned by quantile (0–100th 
percentile at five percentile intervals). The fit function for each bin, approximated using linear interpolation, was applied to the flow 
projections. 

3. Abstraction licences and data summary 

Compiled into a database of abstractions, the details of abstraction licences, covering the Scottish domain, were made available by 
SEPA. Abstraction activity was classified by sector, with this study focussing on agriculture, aquaculture, hydropower and whisky. In 
this paper, water abstraction is defined as the licensed removal or storage of water from the river channel. This definition includes non- 

Fig. 3. Drought profiling framework applied per catchment, model ensemble, model chain (or member) and time period. The output, four summary 
metrics, are shaded. 
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consumptive water usage which is removed from the channel for an undefined time period (e.g. process and cooling waters in the 
whisky sector). Thus, in this study, hydropower abstraction does not include ROR abstractions (unless there is a stored component). 
Table 2 provides a summary of the licensed abstractions considered in this study. 

Abstraction locations were matched to the corresponding (non-nested parent) catchments and reduced to those with available flow 
projections. Data was available for 37 and 46 catchments for the MME and PPE respectively (Fig. 1), resulting in a total of 59 unique 
catchments which capture 53% of the (maximum) licensed abstractions in Scotland by volume (Table 2). Reflecting the sensitivity of 
this work, for the results, catchments are aggregated into five regional authorities (Fig. 1). The study catchments cover approximately 
60% of mainland Scotland (Fig. 1; see also Table A.1). Both ensembles capture similar areas across the North-east, Central and South- 
east regions. Whilst, in the Highland and South-west regions, the PPE (Fig. 1b) provides greater coverage. Note that, neither ensemble 
provides projections for the Scottish islands. Hereafter, all references to Scotland relate to the study catchments specifically, unless 
otherwise specified. All reported values are relative to the data used in this study specifically, i.e. only the abstractions in catchments 
where hydroclimatological projections are available. 

The focus of this paper is on the daily licence limit, reflecting the impact of all licences being used at their maximum. Note that, in 
some instances, daily licence limit was derived from an annual limit. Fig. 2 depicts the regional distribution of abstraction as a per-
centage per sector; for example, in Fig. 2a, 0.7% of agricultural abstractions occur in the Highland region. Across Scotland, 65% of 
abstractions supporting the agriculture sector are made in the Central region (Fig. 2a); the remaining abstractions occur predominantly 
in the eastern regions. The aquaculture sector (Fig. 2b) is located primarily in the Central region, as well as being distributed across the 
Highlands and South-west. Hydropower (Fig. 2c) is relatively evenly distributed across the west coast of Scotland, accounting for more 
than 90% of the sector’s abstraction. More than 80% of whisky sector abstractions (Fig. 2d) occur in the Highlands. This study captured 
no whisky abstractions in the South-west region. 

4. Method 

4.1. Drought profiling 

An overview of the drought profiling methodological framework is presented in Fig. 3. The available volume, per catchment, per 
day, was determined for three scenarios (Table 3). The baseline scenario focuses on the climate change projections in isolation whilst 
scenario A consider both climate change and the (aggregated) abstractions. In scenario B, the impact of climate change, alongside each 
sector in isolation, is considered, allowing the respective impact to be determined. In scenario B, whisky abstractions include both 
consumptive and non-consumptive usage. With regards to the projected change signal, scoping indicated no difference between the 
two for either ensemble across all four metrics (see supplementary results, Section 1). 

A long-term Q95 threshold, a measure of the flow equalled or exceeded 95% of the time, as a daily flow volume standardised by 
catchment area, was determined from the observed daily flow (1975–2004). From the daily flow projections, a five-day average flow 
was determined (enabling pooling of droughts where the inter-event period is less than five-days). To enable subtraction of abstraction 
volumes, all flows were treated as daily flow volumes (m3). Flows were subsequently standardised by catchment area to represent the 
catchment water depth equivalent (mm), thereby enabling comparison across catchments. 

The drought extraction and determination of summary metrics was performed per abstraction scenario across each catchment (n =
37 and n = 46 for the MME and PPE respectively). At this catchment level, the method was applied for the two hydroclimatological 
ensembles consisting of 115 model chains/members were considered across both time-periods, historical (1975–2004) and near-future 
(2020–2049). 

As per Scotland’s environmental standards (Hayes et al., 2017), low flow events were defined as periods where the volume of water 
available, following maximum abstraction, falls below the long-term Q95 threshold. Each continuous period of flow deficit was 
considered a distinct event. A summary of each event, with regards to the duration and flow deficit, was determined. A 2017 study 
commissioned by SEPA highlighted the increased ecological impact of continuous exceedance (Q < Q95 for multiple days). This has 
since been reflected in their long-term strategic planning. Accordingly, this paper defines a drought as a low-flow event where event 
duration ≥ 30-days. 

The summary metrics were then determined. Fig. A.1 provides a visual representation of each metric. Event Frequency is a count of 
the total number of droughts events over the 30-year time series (historical, 1975–2004, and near-future, 2020–2049), whilst Duration 
is a measure of the average event duration. The third metric, average event Intensity, is a function of the average event flow deficit and 
duration. Intensity is presented in place of flow deficit as it is subject to less uncertainty. With regards to relevance, event intensity is a 
measure of drought severity, it distinguishes between droughts where flows remain slightly below the threshold, perhaps due to small 
regular top-ups of rainfall, and those where flow is more reduced. 

The final metric, Frequency Vt ≥ V, captures all low flow events, not just droughts ≥ 30-days and is a reflection of the number of days 

Table 3 
The six scenarios considered in this study.  

Baseline scenario – No Abstraction Scenario A – Aggregated abstractions Scenario B – Sectorwise abstractions 
B1 Agriculture B2 Aquaculture B3 Hydropower B4 Whisky  
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with flow deficit; this metric is presented as a mean per annum. This metric serves to highlight water scarcity beyond longer-term 
drought events. 

4.2. Drought hotspots 

With a view to directing future planning efforts, one of the objectives of this study was to identify existing and emerging drought 
hotspots – those catchments which are subject to the greatest pressure in terms of drought event frequency and average event duration. 
Following Collet et al. (2018) and Visser-Quinn et al. (2019), a sensitivity analysis was applied to determine exceedance thresholds 
above which five catchments lie (i.e. those subjected to the greatest pressures). Thresholds were identified for: (1) both hydro-
climatological ensembles, to account for their respective biases (median across all chains/members); and (2) the baseline scenario and 
scenario A, the aggregated abstractions, to highlight the influence of abstraction on the location of hotspots. 

5. Results 

In this Section, the validity of the hydroclimatological projections is first established, the drought hotspots are then presented. 
Thereafter, the focus is on the change signal across the three scenarios. To aid interpretation and discussion, the focus is on the 25-50- 
75 percentiles, where applicable; results including clipped tails (5–95th percentiles) are provided in supplementary materials. 

5.1. Validation of flow projections 

Presented in Fig. 4, the flow projections were validated against the NRFA observed flow data for the historical period (1975–2004) 
through comparison of the distributions of the four-summary metrics for each region. Alternative visualisations are provided as part of 
the supplementary materials, Figs. S2 and S3. 

Beginning with the metric describing drought event Frequency (Fig. 4i), it can be seen that the MME and PPE are, broadly, a 

Fig. 4. Validation of the flow projections from the two hydroclimatological ensembles shown as interquartile ranges (25–50-75th percentiles).  
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reflection of the observations. The projections are subject to a positive bias (higher number of values) and greater uncertainty, though 
the differences are generally small (1–2 events). Average drought event Duration and Intensity (Fig. 4ii and iii) are similarly replicated. 
Uncertainty in the MME projections of average event duration in the North-east stands out, with larger variation than the observed. 
Similarly, the PPE exhibits difficulties in capturing event Intensity in the Highland region specifically; as a function of drought 
magnitude, this may be due to the fact that the PPE does not account for snowmelt. The final metric, Frequency Vt ≥ V, describes the 
number of times flow is equal to, or falls below, the long-term Q95 threshold. Here, a negative bias is in evidence, though difficulties in 
replicating patterns in the North-east and Highlands remain for the MME and PPE respectively. Overall, Fig. 4 shows the level of 
agreement between both hydroclimatological ensembles and the observations to be satisfactory. The observed biases should, however, 
be borne in mind when interpreting the results. 

5.2. Drought hotspots 

Sensitivity analysis was applied to determine drought hotspot thresholds (Table 4) for the baseline scenario and scenario A. Using 
catchment ensemble medians, these thresholds represent exceedance thresholds above which five catchments lie. Frequency is the 
number of drought events projected over the 30-year time period, whilst Duration represents the average drought event duration in 
days. Reflecting the differences between the ensembles, the MME thresholds are approximately 10–30% larger than the PPE. See 
Fig. S3 for the sensitivity of both metrics across the 5th to 95th percentiles. 

Fig. 5i maps the locations of the five hotspots, per scenario, per ensemble; catchment names are detailed in Table A.1. Fig. 6 details 
the change signal for the hotspot metrics (drought event Frequency and Duration) across all catchments. 

For the baseline scenario (impact of climate change alone), and the MME (Fig. 5ai), hotspots are distributed across four of the five 
regions; no hotspots are identified in the Central region, whilst two are identified in the North-east. In contrast, the PPE (Fig. 5bi) 
suggests that hotspots will be concentrated along the east-coast. Notably, both ensembles highlight the Tweed (South-East) as a 
hotspot. Looking to the near-future (Fig. 5ii), the number of hotspots increases to 20 and 31 for the MME and PPE respectively. Across 
the two northern and Central regions, differences between the ensembles appear to be primarily the result of data availability. Fig. 6a-b 
reveals a consistent increase in drought Duration and Frequency across all catchments, not just hotspots. With regard to uncertainty, the 
PPE is more constrained than the MME. 

Scenario A (Fig. 5c and d) considers the impact of both climate change and aggregated abstractions. Thresholds are higher (Table 4) 
to reflect the impact of abstraction on flow, and to highlight those catchments most affected. Looking to Fig. 6c-d (shaded areas), it can 
be seen that these thresholds capture a limited number of catchments subject to particularly severe pressures; in the remaining 
catchments, the Frequency and average Duration of droughts events is generally less than half these values. From the baseline scenario, 
the increase in the number of hotspots is reduced to two and one for the MME and PPE respectively, another indication that the 
majority of hotspots are those catchments which are already subject to considerable stressors. Greater consistency in the location of the 
hotspots can also be observed. Here, both ensembles identify the Tay and Clyde catchments as drought hotspots. Fig. 6c-d highlights 
significant variation in the catchment change signal. With the addition of abstraction, the projected hotspots are more clearly defined. 
Notably, for the remaining catchments (Fig. 6c-d, non-shaded area) the change projected is only marginally greater than the baseline 
scenario. The agreement across the ensembles for this abstraction scenario can be seen to extend beyond the hotspot catchments; 
disagreement primarily occurs in the South-east, which may be the result of the more limited data availability in this region for the 
MME. 

5.3. Change signal 

The remainder of the results focuses on the change signal associated with all four-summary metrics. Fig. 7 depicts the change signal 
for the baseline scenario (no abstraction) and scenario A (aggregated abstraction). Each metric is considered in turn. 

An increase in the frequency of drought events (≥30-days), over the 30-year period, is projected in all but three instances (Fig. 7i). 
The median change signal ranges from three to six, and two to three, additional events for the MME and PPE respectively. The un-
certainty bounds are narrow for the PPE under the baseline scenario, whilst in scenario A, the addition of abstraction introduces more 
uncertainty than for the MME. For the MME, on the baseline scenario, a decrease in median and uncertainty is evident from north to 
south; this behaviour is less evident once abstraction is introduced. 

In Fig. 7ii, the Duration metric shows broad consistency in the magnitude of change across ensembles and regions. All median values 
are close to zero, except for the MME in scenario A, where a decrease in the average drought event duration in the southern regions is 
projected. Though, it should be noted that this is where the MME data availability is lowest. The overall direction of change is unclear – 
when uncertainty is considered, both ensembles and all regions project positive and negative change. For the PPE, the overall scale of 
the uncertainty can be seen to reduce from north to south. 

A function of both average event magnitude and duration, the Intensity metric is depicted in Fig. 7iii. Despite lack of clarity for the 
Duration metric, a clear increase in average event Intensity is indicated. Trends are similar across the ensembles and regions, partic-
ularly for the baseline scenario. Here, the greatest overall increase and uncertainty is projected for the Highland region. The intro-
duction of abstract in scenario A improves agreement in medians across the two ensembles alongside significant reductions in 
uncertainty. 

The Frequency Vt ≥ V metric (Fig. 7iv) does not directly profile drought events. It is a measure of the number of times flow falls 
below the long-term Q95 threshold and is presented as a mean per annum. A clear increase in this frequency is projected; the greater 
uncertainty associated with the MME leads to the 25th percentile falling below zero for four out of five regions. For the baseline 
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scenario, where only the climate change signal is considered, the MME projects the greatest increase in the north and the lowest in the 
south, the PPE projects the inverse. Under scenario A, agreement between the ensembles is increased, with the exception of the 
highlands. 

Scenario B considers the sector-specific impact of these abstractions (Fig. 8); again, each metric is considered in turn. 
In terms of the Frequency metric (Fig. 8i), the MME is subject to the greatest uncertainty. The lack of clarity in the southern regions 

is shown to persist across all sectors, it is therefore likely that is the result of the limited data availability. Respectively, in the Highlands 
and Central regions, the whisky and agriculture sectors are the dominant abstractors; correspondingly, these sectors are projected to 
exert the strongest influence on drought frequency in the respective regions. In the North-east region, the disproportionate influence of 
aquaculture abstraction stands out. Looking to the PPE projections, no one sector stands out across the Highlands, North-east and 
Central regions. In the South-west, hydropower and aquaculture abstractions have greater influence than agriculture, whilst in the 
South-east, it is agriculture and whisky which are projected to dominate. 

Disaggregation of the Duration metric (Fig. 8ii) highlights which sectors significantly contributed to the MME’s largely negative 
change signal (Scenario A – Fig. 7cii): agriculture in the South-east and hydropower in the Highlands, Central and South-west regions. 
In contrast, the PPE projects that hydropower abstractions, in the Central and South-east regions, will exacerbate pressures. 

Table 4 
Drought hotspot thresholds identified for the baseline scenario and scenario A.   

Baseline scenario No abstractions Scenario A Aggregated abstractions  

MME PPE MME PPE 

Frequency (no. events) 5 4 17 14 
Duration (days) 50.5 41 180 130  

Fig. 5. Projected drought hotspots for the baseline and aggregated abstraction scenarios; hotspots are derived using the scenario specific thresholds 
set out in Table 4. Hotspot locations are shown over the (i) historic period (1975–2004) and for the (ii) near-future (2020–2049). 
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In Scenario A (Fig. 7iii), projections of Intensity were broadly consistent across the two ensembles, uncertainty was relatively low, 
with the PPE exhibiting slightly more uncertainty for three out of five regions. Fig. 8iii reveals high uncertainty associated with 
aquaculture abstractions; consequently, these abstractions have the greatest potential to impact drought event Intensity in the Highland 
and Central regions. For the PPE, agriculture in the Highlands, and whisky in the Central region, are similarly indicated. 

In Scenario A, there was significant uncertainty associated with the mean per annum Frequency (Vt ≥ V) projections in the Highland 
region. For both ensembles, the disaggregation in Fig. 8iv attributes this uncertainty to hydropower abstraction. Notably, the median 
PPE projection is for an increase of almost 50 occurrences, where flow falls below the long-term Q95, per annum; with the uncertainty, 
this could be as low as 10 or as high as 95. Overall, the projections for hydropower are subject to greater uncertainty. 

6. Discussion 

6.1. Projected drought hotspots 

6.1.1. Overview 
In order to direct future planning efforts, it is necessary to identify existing and emerging drought hotspots. Under climate change 

(baseline scenario), the number of hotspots was shown to increase dramatically for both ensembles. Indeed, almost all catchments 
became hotspots which was relatively consistent across Scotland (Fig. 6, Duration and Frequency), although differences were observed 
between ensemble projections. These differences may be attributed to two factors: (1) as set out in the introduction, MME uncertainty 

Fig. 6. Change signal in the hotspot metrics from the historical (1975–2004; circle) to the near-future (2020–2049; triangle). Each point-line 
combination represents a catchment, those lying within the shaded region are projected drought hotspots. Note the difference in scales for the 
baseline and scenario A. The underlying data are available as supplementary materials. 
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is known to be broader (Flato et al., 2013), and (2), the MME hydrological models account for snow and snowmelt whilst the PPE does 
not. 

To fully satisfy objective one, it was necessary to identify drought hotspots whilst accounting for abstraction. The MME projections 
indicated that those catchments which were identified as most impacted at present, would remain so in the future. Just one additional 
catchment, already close to the thresholds, became a drought hotspot. The same was true for the PPE, though here two additional 

Fig. 7. Baseline scenario and scenario A. Change signals, at the regional level, for the four-summary metrics. Change signal represents absolute 
change, where the historic metric value is subtracted from the near-future. Shown as interquartile ranges (25–50–75th percentiles). The underlying 
data are available as supplementary materials. 
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catchments became hotspots. Differences between the ensembles emerged for the Highland region specifically; again, this may have 
been due to the exclusion of the snow module in the Grid-to-Grid model. The consistency in the projected drought hotspots overall 
serves to greatly increase confidence in these results. 

6.1.2. Rivers Spey and Tay 
The River Spey was identified as an existing drought hotspot (historical period, 1975–2004). Speyside, one of Scotland’s five 

whisky regions, features the greatest concentration of whisky distilleries in Scotland (Visit Scotland, 2018) which relies heavily on 
water abstractions. It is clear then that adaptation planning in the region is urgent to secure future growth and economic success (as 
discussed in the introduction). Section 5.4 provides an overview of possible adaptation measures to help to secure this future. 

A second projected hotspot of significant importance to the Scottish economy is the River Tay. The largest river in the UK by 
volume, with a catchment accounting for the majority of the Central region (Fig. 1). Abstractions exert a significant pressure, with over 
315 abstraction licences, which amounts to 19% of (non-public) water abstractions in Scotland. 

The main abstractors are agriculture and aquaculture, as well as storage hydropower in the headwaters. The Tay also supports a 
large number of ROR schemes (112 licences). Depending on the spatial distribution of abstractors, the impact of climate change may be 
further amplified. Given the scale of the catchment and the extent of the abstraction, the River Tay warrants further study to identify 
where pressures are greatest. Such work is vital to achieving the ambitious ecological targets set out in the Tay Area Management Plan 
(SEPA, 2009). 

Fig. 8. Scenario B – sectorwise abstractions. Change signals, at the regional level, for the four-summary metrics. Change signal represents absolute 
change, where the historic metric value is subtracted from the near-future. Shown as interquartile ranges (25–50–75th percentiles). The underlying 
data are available as supplementary materials. 
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6.2. Uncertainty and data availability 

With each ensemble capturing a different type of climate model uncertainty, differences in the magnitude of uncertainty were 
anticipated. As anticipated, in most instances, the uncertainty bounds associated with the PPE were less than the MME. This was not 
the case in regions where snowmelt has a significant contribution to streamflow, primarily the Highlands and North-east region. 
Confidence in the PPE projections in these regions is thus reduced. 

Some of the largest uncertainties were associated with the MME in the South-east region. These uncertainties are not the result of 
underlying physical processes, rather, they appear to be due to the aggregated nature of the assessment in this region (i.e. one large 
parent catchment is considered here (the Tweed), and the individual sub-catchments are not considered (e.g. the Gala Water)). These 
uncertainties can thus be said to arise due to poor discretisation and therefore need not lead to a reduction in confidence. 

Finally, in the North West of the region, including the Western Isles neither ensemble provided adequate spatial coverage of the 
Scottish domain (Fig. 1). It can be seen that the Scottish Islands and the west coast are not accounted for, whilst the Highlands are 
captured in an inconsistent manner (differences in spatial distribution of catchments; note, in Fig. 1, the Orkney and Shetland islands, 
to the north, are not pictured). Despite being recognised as being under significant pressure from climate change, the Scottish islands 
are frequently unaccounted for in hydroclimatological modelling. 

Consequently, there are several needs for future hydrological assessments which assess the impact of climate change on water use 
and abstraction in Scotland:  

• Firstly, improved spatial coverage of river basins, particularly in the North West and Island regions;  
• Secondly, hydrological discretisation within river basins must be improved; and,  
• Finally, proper and appropriate consideration of snowmelt in the North-east and Highland regions is needed. 

6.3. Drought profiling and low flow frequency 

The results clearly indicated that abstraction would amplify the projected climate change, with the exception of Intensity (discussed 
below). However, accounting for the abstraction reduced the overall uncertainty (range of values), providing greater clarity on the 
possible impact of abstraction under a change climate. Looking first to the metrics describing the hotspots, Frequency and Duration, this 
work projects a clear increase in drought events (≥ 30-days). These events would be of similar durations to the present, but this is 
subject to quite large uncertainty. This was, broadly, the case for both ensembles, all sectors and regions. Projections for the hydro-
power sector stood out as a result of large uncertainties. Notably, the projected impact of the hydropower sector on drought was 
disproportionate (lower) relative to the volume of water abstracted. This may be, in part, due to the influence of hydropower on the 
baseline from which the long-term Q95 threshold is derived (which is in turn bias-corrected to an observed flow influenced by hy-
dropower); of the 59 catchments analysed only nine feature no hydropower abstraction. 

In the Highland region, the greatest confidence lies with the MME. With 81.8% of the sector’s abstractions located in the region, 
whisky was projected to exacerbate drought the most. In the North-east, no sector stood out, with projections for all three having a 
similar impact. The limited coverage of the MME in the southern regions make such conclusions harder to draw. 

Projections from the PPE were similar for agriculture, aquaculture and whisky across the regions. Though, with higher medians and 
75th percentiles, agriculture did stand out in the Central and South-east regions as having the greatest impact. The PPE was also more 
conclusive (than the MME) about changes in duration as a result of hydropower abstractions in the Central and South-west regions. 
This is worth noting as these are the regions which include the Tay and Clyde hotspots. 

Projections of changes to drought event Intensity were consistent across sectors and regions for both ensembles. The projections 
indicate that all drought-events (≥ 30-days) are to become more intense, i.e. the magnitude of water deficit on a given day during a 
drought is projected to increase. With such a consistent increase in the Intensity of all drought events, as a result of climate change, it is 
smaller catchments who might feel the impacts more strongly. 

For the metric Frequency (Vt ≥ V) the MME projected a slight north-south trend which is not observable from the PPE, a fact which 
is likely due to the exclusion of snow melt. The projected average change in the median, over all sectors and regions, except hydro-
power, is low at just 13 additional day per year (where flow falls below the threshold). With large uncertainty bounds, hydropower has 
the potential to have the greatest impact overall (up to almost 100 additional days where Vt ≥ V per year). 

6.4. Implications for water managers 

It is clear from this work that abstractions by water use sectors in Scotland are projected to magnify the impact of climate change, 
most notably the frequency and duration of drought events. These findings therefore represent an additional challenge for water 
managers. The positive outcome is that there is significant scope to be proactive (e.g. collaborative management and smart water use), 
thereby minimising the impact of abstractions on the water environment and its ecology. 

There is clear evidence of innovative solutions in the recent past (please refer to examples given in Supplementary Materials), 
which can shape the future approach. For example, there are clear benefits from offline storage, changed timing of abstractions (e.g. 
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increased abstraction during high flows) and adaptive management. Further adaptive solutions to ‘safeguard our future’ can include: 
the introduction of management agreements, where production schedules are altered and/or the scheduling of abstraction; im-
provements in water efficiency, by minimising losses and waste; and the recirculation of cooling waters to reduce non-consumptive 
abstractions. In Scotland, SEPA recently published an updated version of its National Water Scarcity Plan (2020) which sets out an 
indicative hierarchy of action to manage water resources during periods of water scarcity (SEPA, 2020) for water managers. 

6.5. Limitations and further study 

The limitations of this study primarily relate to data availability. Fig. 1 illustrated where hydroclimatological projections were 
available. Despite the use of two ensembles, this study was able to capture just under half of the four key sector’s abstractions. This 
problem is not unique to this study, some of the factors underlying the limited availability of hydroclimatological projections are:  

• Availability of observed hydrological data. There are a limited number of hydrological gauging stations covering the Scottish 
islands and west coast. For example, only five gauges cover the Hebrides, Orkney and Shetland islands. Lack of gauging makes 
validation and bias correction impossible. Where flows are gauged, the length of the available time series is often an additional 
limiting factor. The average time-series length for the five island gauges is less than 20-years, and 95% complete; the shortest of 
these records is just 13-years. Time-series shorter than 30-years in length (matching the hydroclimatological projection historical 
period) leads to difficulties in the validation and bias correction of projections, thereby introducing additional uncertainty into the 
process. Consideration of ungauged catchments in hydroclimatological impact studies is atypical, representing a field of study 
which requires more research.  

• Hydrological processes. Scotland’s unique landscape means that the country’s rivers are amongst the most diverse in the UK 
(Perfect et al., 2013). Consequently, a disproportionate effort (relative to the rest of the UK) may be required in the development of 
hydroclimatological ensembles.  

• Lower prioritisation. Due to Scotland’s sparse and distributed population, and relative perceived water abundance there has been 
less research undertaken on future water security than elsewhere in the UK. With the research cutting edge developing in the south 
there is often a disconnect between the research direction of future water resource resilience and the on the ground needs in 
Scotland, which due to the relative water abundance, but heavy water abstraction needs are clearly divergent. 

6.5.1. Abstraction assumptions 
Further limitations of this study centre around assumptions made regarding abstractions. First, in the absence of water balance 

models, this study required that abstractions be aggregated to the catchment level. Critically, by not accounting for the spatial dis-
tribution within the catchment, it was not possible to capture the impact upstream abstractions have on downstream water availability. 
This would further allow for consideration of inter-basin transfers and compensation flows. 

Abstractor data returns were also unavailable for this study (analysis by SEPA is ongoing). Thus, it was assumed that all licensees 
abstract the full daily licensed volume, i.e. maximum abstraction occurs at all times. This represents a realistic assumption for the 
dominant abstractor, hydropower, where the abstracted volume is broadly consistent through the year but may underestimate the 
impact of other sectors due to seasonal variation (the majority of droughts occur in the summer months when over-abstraction is 
known to occur). 

This study defined a drought as flows which fall below a long-term Q95 threshold for a duration equal to, or greater than, 30-days. 
The specification of a constant threshold introduces a level of bias in the results. Due to the assumption of daily maximum abstraction, 
this bias would have been amplified if a varying threshold, for example daily Q95 (see Collet et al. (2018) and Visser-Quinn et al. 
(2019)), had been selected. As a result, this study was less sensitive to supra-seasonal (longer-term) drought. This may be resolved in 
the future through consideration of a varying threshold in conjunction with abstraction returns reflecting seasonal demand. 

Finally, this study focussed on non-public water supply abstractions of four key sectors in Scotland. The fifth major water use – raw 
water abstractions by Scottish Water for public water supply – was not accounted for. The primacy of data security over nationally 
important research, creates a lacuna in the available data. If a better balance is not found, the resulting lack of transparency may well 
hamstring ambitions towards becoming a hydro nation. 

6.5.2. Summary 
In highlighting these limitations, this work should be considered an important initial first step – a scoping study to highlight the 

regions and sectors subject to future vulnerability. There is a clear need for more research focussing on hydroclimatological projections 
across Scotland. Critically, the difference in the range of uncertainty captured by the two ensembles investigated reinforces the need 
for multiple avenues of investigation. In recent years, a number of water users have conducted independent studies assessing the 
impact of climate change, including various companies in the whisky sector. However, it is clear from this study that limiting such 
investigations to one sector is insufficient. In order to support the growth of Scotland as a hydro nation, a more holistic depiction of 
abstraction – spatial distribution, actual usage and all major water users – is vital. In order to do this there is a need to work 
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collaboratively across sector and governmental boundaries in an interdisciplinary manner. This is a core tenant of integrated water 
resources management, one that has historically been difficult to achieve the world over, but one that is essential in order to use water 
wisely in the future. 

7. Conclusions 

Across Scotland, this study projected that, in the near-future (2020–2049), there may be up to eleven distinct hotspots of drought 
and abstraction pressure across Scotland (MME = 7 and PPE = 6). Two of these hotspot catchments, highlighted by both ensembles, are 
notable for their importance to the Scottish economy – the rivers Spey and Tay, centres of the Scottish whisky and agricultural sectors 
respectively. Further research is needed to identify where the pressures are greatest (at the catchment level) and what mitigation & 
adaptation might be implemented in response. 

Drought events, where flow falls below Q95 for more than 30-days, were projected to increase in frequency in all five regions across 
Scotland. The MME projections suggest that, in the Highlands, there could be up to 10 additional droughts between 2020 and 2049, 
with significant implications for the hydropower and whisky sectors which dominate these regions. Changes in the duration of these 
droughts is less clear as well as being subject to greater uncertainty in the direction of the change signal specifically. The results 
indicated clearly that abstraction would amplify both these facets of drought events under climate change. With projections of a 
median increase in drought frequency of 2–7 additional events, and median increases in duration of 0–4 days per event, the findings 
were broadly consistent for both ensembles, across the four sectors and five regions. Interestingly, whilst all drought events were 
projected to become more intense under climate change (increased daily water deficit), abstractions did not appear to exacerbate this 
pressure; without abstraction, the increased in median drought intensity was projected to range from 0 to 0.025 mm/day. 

Two ensembles capturing different types of uncertainty were considered. In the Highland and North-east regions, differences were 
attributable to the hydrological models, rather than the climate models. In most instances, the ensemble capturing parametric un-
certainty had narrower uncertainty bounds than the MME (structural uncertainty). Although not unexpected, these results do serve to 
highlight the importance of accounting for this source of uncertainty in the hydroclimatological modelling chain. In not doing so, 
hydroclimatological impact studies risk providing an incomplete picture. Being computationally expensive represents an obvious 
limitation. 

Limitations of this study centre around data availability. In order to explore the impact of spatial distribution, there is a need for 
additional research, with respect to hydroclimatological modelling and hydrological modelling; this is particularly true for the Scottish 
islands. 

Finally, this paper has demonstrated the need for a consistent approach to future water resource planning across Scotland. This 
planning must consider all sectors consistently and requires cross-sector and cross-disciplinary input and collaboration in order to 
facilitate wise use of future water resources. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper. 

Acknowledgements 

AV and LB supported by the EPSRC funded Water Resilient Cities grant (EP/N030419). Thanks go to the Scottish Environment 
Protection Agency (SEPA) for their role in this work. Specifically, we would like to thank Stephen McGuire (SEPA) for consulting and 
providing the initial abstraction data; we also thank him for his contribution in reviewing early drafts of the paper. Final thanks go to 
Michael Wann (SEPA) for his additional insights in the final stages of this work. 

The EDgE dataset was created under contract for the Copernicus Climate Change Service (http://edge.climate.copernicus.eu/). 
ECMWF implements this service and the Copernicus Atmosphere Monitoring Service on behalf of the European Commission. The PPE 
flow projections dataset were created as part of the MaRIUS project (http://www.mariusdroughtproject.org/) funded by the National 
Environment Research Council. 

Appendix A 

Fig. A.1 
Table A1 

A. Visser-Quinn et al.                                                                                                                                                                                                 



Climate Risk Management 32 (2021) 100302

17

Fig. A.1. Synthetic flow time-series depicting the summary metrics for a no abstraction (LHS) and abstraction (RHS) scenario.  
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Table A.1 
Summary of the 59 study catchments. Catchment characteristics were extracted from the NRFA using the rnrfa package (Version 1.5; Vitolo et al., 2016, 2018).  

Catchment characteristics Data avail- 
ability 

Hotspots            

MME PPE            

Historic 
(1975- 
2004) 

Near-future 
(2020-2049) 

Historic 
(1975- 
2004) 

Near-future 
(2020-2049) 

Region NRFA 
catchment ID 

River name Gauge 
location 

Area 
(km2) 

MME PPE Baseline 
scenario 

Scenario 
A 

Baseline 
scenario 

Scenario A Baseline 
scenario 

Scenario A Baseline 
scenario 

Scenario A 

Highlands 2002 Brora Bruachrobie 434  x         
Highlands 3002 Carron Sgodachail 241  x       x  
Highlands 3005 Shin Inveran 575  x      x x x 
Highlands 4001 Conon Moy Bridge 962  x       x  
Highlands 4003 Alness Alness 201  x       x  
Highlands 5002 Farrar Struy 311  x       x  
Highlands 5003 Glass Kerrow Wood 482  x      x x x 
Highlands 6007 Ness Ness-side 1839 x x  x x x   x  
Highlands 7002 Findhorn Forres 782 x x   x    x  
Highlands 7003 Lossie Sheriffmills 216  x         
Highlands 7004 Nairn Firhall 313 x  x  x      
Highlands 8006 Spey Boat o Brig 2861 x x   x x   x  
Highlands 91002 Lochy Camisky 1252  x      x  x 
Highlands 93001 Carron New Kelso 138 x          
Highlands 94001 Ewe Poolewe 441 x x   x      
Highlands 97002 Thurso Halkirk 413 x x   x      
North- 

east 
9002 Deveron Muiresk 955 x x x  x    x  

North- 
east 

10002 Ugie Inverugie 325 x x   x    x  

North- 
east 

10003 Ythan Ellon 523 x x     x  x  

North- 
east 

11001 Don Parkhill 1273 x x   x    x  

North- 
east 

12002 Dee Park 1844 x x         

13001 Bervie Inverbervie 123 x  x  x    x  

(continued on next page) 
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Table A.1 (continued ) 

Catchment characteristics Data avail- 
ability 

Hotspots            

MME PPE            

Historic 
(1975- 
2004) 

Near-future 
(2020-2049) 

Historic 
(1975- 
2004) 

Near-future 
(2020-2049) 

Region NRFA 
catchment ID 

River name Gauge 
location 

Area 
(km2) 

MME PPE Baseline 
scenario 

Scenario 
A 

Baseline 
scenario 

Scenario A Baseline 
scenario 

Scenario A Baseline 
scenario 

Scenario A 

North- 
east 

Central 13005 Lunan Water Kirkton Mill 124 x          
Central 13007 North Esk Logie Mill 732 x x   x    x  
Central 13008 South Esk Brechin 488 x x       x  
Central 14001 Eden Kemback 307  x     x  x  
Central 15006 Tay Ballathie 4587 x x   x x  x x x 
Central 16001 Earn Kinkell Bridge 591 x   x x x     
Central 16004 Earn Forteviot 

Bridge 
782  x     x  x  

Central 16007 Ruthven 
Water 

Aberuthven 50 x          

Central 18001 Allan Water Kinbuck 161 x          
Central 18003 Teith Bridge of 

Teith 
518  x       x  

Central 18005 Allan Water Bridge of 
Allan 

210  x       x  

Central 18010 Forth Gargunnock 397  x       x  
Central 18011 Forth Craigforth 1036 x          
Central 19006 Water of Leith Murrayfield 107 x          
Central 84001 Kelvin Killermont 335  x       x  
Central 84026 Allander 

Water 
Milngavie 33 x          

Central 85001 Leven Linnbrane 784 x x  x  x   x x 
Central 89003 Orchy Glen Orchy 251 x x  x x x   x  
South- 

west 
77002 Esk Canonbie 495 x x   x    x  

South- 
west 

77004 Kirtle Water Mossknowe 72 x    x      

South- 
west 

78003 Annan Brydekirk 925 x x   x    x  

(continued on next page) 
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Table A.1 (continued ) 

Catchment characteristics Data avail- 
ability 

Hotspots            

MME PPE            

Historic 
(1975- 
2004) 

Near-future 
(2020-2049) 

Historic 
(1975- 
2004) 

Near-future 
(2020-2049) 

Region NRFA 
catchment ID 

River name Gauge 
location 

Area 
(km2) 

MME PPE Baseline 
scenario 

Scenario 
A 

Baseline 
scenario 

Scenario A Baseline 
scenario 

Scenario A Baseline 
scenario 

Scenario A 

South- 
west 

79002 Nith Friars Carse 799 x x x  x    x  

South- 
west 

79005 Cluden Water Fiddlers Ford 238  x       x  

South- 
west 

80001 Urr Dalbeattie 199  x       x  

South- 
west 

80002 Dee Glenlochar 809  x       x  

South- 
west 

81007 Water of Fleet Rusko 77 x    x      

South- 
west 

82001 Girvan Robstone 246 x x         

South- 
west 

82002 Doon Auchendrane 324  x       x  

South- 
west 

83005 Irvine Shewalton 381 x x         

South- 
west 

83006 Ayr Mainholm 574  x         

South- 
west 

84005 Clyde Blairston 1704  x      x x x 

South- 
west 

84012 White Cart 
Water 

Hawkhead 235 x x         

South- 
west 

84013 Clyde Daldowie 1903 x   x  x     

South- 
east 

19007 Esk Musselburgh 330  x       x  

South- 
east 

20001 Tyne East Linton 307 x x       x  

South- 
east 

21009 Tweed Norham 4390 x x x  x  x  x  

South- 
east 

21022 Whiteadder 
Water 

Hutton Castle 503 x x     x  x   
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Appendix B. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.crm.2021.100302. 
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Blasco, J., Navarro-Ortega, A., Barceló, D., 2015. Towards a better understanding of the links between stressors, hazard assessment and ecosystem services under 
water scarcity. Sci. Total Environ. 503–504, 1–2. https://doi.org/10.1016/j.scitotenv.2014.08.022. 

Cherkauer, K.A., Bowling, L.C., Lettenmaier, D.P., 2003. Variable infiltration capacity cold land process model updates. Global Planet. Change 38 (1), 151–159. 
https://doi.org/10.1016/S0921-8181(03)00025-0. 

Clark, M.P., Wilby, R.L., Gutmann, E.D., Vano, J.A., Gangopadhyay, S., Wood, A.W., Fowler, H.J., Prudhomme, C., Arnold, J.R., Brekke, L.D., 2016. Characterizing 
uncertainty of the hydrologic impacts of climate change. Current Clim. Change Rep. 2 (2), 55–64. https://doi.org/10.1007/s40641-016-0034-x. 

Collet, L., Harrigan, S., Prudhomme, C., Formetta, G., Beevers, L., 2018. Future hot-spots for hydro-hazards in Great Britain: a probabilistic assessment. Hydrol. Earth 
Syst. Sci. 22 (10), 5387–5401. https://doi.org/10.5194/hess-22-5387-2018. 

Collins, M., Booth, B.B.B., Bhaskaran, B., Harris, G.R., Murphy, J.M., Sexton, D.M.H., Webb, M.J., 2011. Climate model errors, feedbacks and forcings: a comparison of 
perturbed physics and multi-model ensembles. Clim. Dyn. 36 (9), 1737–1766. https://doi.org/10.1007/s00382-010-0808-0. 

Cubasch, U., Wuebbles, D., Chen, D., Facchini, M.C., Frame, D., Mahowald, N., Winther, J.-G., 2013. ‘Introduction’, in: Stocker, T., Qin, D., Plattner, G.-K., Tignor, M., 
Allen, S. K., Boschung, J., Nauels, A., Xia, Y., Bex, V., and Midgley, P. M. (eds) Climate Change 2013: The Physical Science Basis. Contribution of Working Group I 
to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge, United Kingdom and New York, NY, USA: Cambridge University 
Press, pp. 119–158. 

Ecosulis (2019) The Economic Impact of Extreme Weather on Scottish Agriculture. London, UK. 
EEA (2019) Water use and environmental pressures. Available at: https://www.eea.europa.eu/themes/water/european-waters/water-use-and-environmental- 

pressures (Accessed: 16 July 2020). 
Flato, G., Marotzke, J., Abiodun, B., Braconnot, P., Chou, S. C., Collins, W., Cox, P., Driouech, F., Emori, S., Eyring, V., Forest, C., Gleckler, P., Guilyardi, E., Jakob, C., 

Kattsov, V., Reason, C. and Rummukainen, M. (2013) ‘Evaluation of climate models’, in Stocker, T. F., Qin, D., Plattner, G.-K., Tignor, M., Allen, S. K., Boschung, 
J., Nauels, A., Xia, Y., Bex, V., and Midgley, P. M. (eds) Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment 
Report of the Intergovernmental Panel on Climate Change. Cambridge, United Kingdom and New York, NY, USA: Cambridge University Press, pp. 741–866. 

Gudmundsson, L. (2016) qmap: Statistical transformations for post-processing climate model output. R package version 1.0-4. Available at: https://cran.r-project.org/ 
web/packages/qmap/index.html. 

Gudmundsson, L., Bremnes, J.B., Haugen, J.E., Engen-Skaugen, T., 2012. Technical Note: Downscaling RCM precipitation to the station scale using statistical 
transformations – a comparison of methods. Hydrol. Earth Syst. Sci. 16 (9), 3383–3390. https://doi.org/10.5194/hess-16-3383-2012. 

Guillod, B.P., Jones, R.G., Bowery, A., Haustein, K., Massey, N.R., Mitchell, D.M., Otto, F.E.L., Sparrow, S.N., Uhe, P., Wallom, D.C.H., Wilson, S., Allen, M.R., 2017. 
weather@home 2: validation of an improved global–regional climate modelling system. Geosci. Model Dev. 10 (5), 1849–1872. https://doi.org/10.5194/gmd-10- 
1849-2017. 

Hayes, R., Austin, H., Cadman, D., Bradley, D., Milner, N., 2017. Literature review of short-term flow reduction ecological impacts and recovery: R16115QQ. 
Available at: https://www.sepa.org.uk/media/336665/sepa-literature-review-of-short-term-flow-reduction-ecological-impacts-and-recovery.pdf (Accessed: 16 
July 2020). 

Her, Y., Yoo, S.-H., Cho, J., Hwang, S., Jeong, J., Seong, C., 2019. Uncertainty in hydrological analysis of climate change: multi-parameter vs. multi-GCM ensemble 
predictions. Sci. Rep. 9 (1), 4974. https://doi.org/10.1038/s41598-019-41334-7. 

Holdsworth, C., 2019. Private Water Supplies in a changing climate: Insights from 2018. Scotland. 
Imani Development and SRSL (2017) Scottish aquaculture: a view towards 2030. Stirling, Scotland. Available at: https://www.scottishaquaculture.com/media/1174/ 

scottish-aquaculture-a-view-towards-2030.pdf. 
Kay, A.L., Bell, V.A., Guillod, B.P., Jones, R.G., Rudd, A.C., 2018. National-scale analysis of low flow frequency: historical trends and potential future changes. Clim. 

Change 147 (3), 585–599. https://doi.org/10.1007/s10584-018-2145-y. 
Li, Y., Jiang, Y., Lei, X., Tian, F., Duan, H., Lu, H., 2018. Comparison of precipitation and streamflow correcting for ensemble streamflow forecasts. Water 10 (2), 177. 

https://doi.org/10.3390/w10020177. 
Liang, X., Wood, E.F., Lettenmaier, D.P., 1996. Surface soil moisture parameterization of the VIC-2L model: Evaluation and modification. Global Planet. Change 13 

(1), 195–206. https://doi.org/10.1016/0921-8181(95)00046-1. 
Martin, G.M., Bellouin, N., Collins, W.J., Culverwell, I.D., Halloran, P.R., Hardiman, S.C., Hinton, T.J., Jones, C.D., McDonald, R.E., McLaren, A.J., O’Connor, F.M., 

Roberts, M.J., Rodriguez, J.M., Woodward, S., Best, M.J., Brooks, M.E., Brown, A.R., Butchart, N., Dearden, C., Derbyshire, S.H., Dharssi, I., Doutriaux- 
Boucher, M., Edwards, J.M., Falloon, P.D., Gedney, N., Gray, L.J., Hewitt, H.T., Hobson, M., Huddleston, M.R., Hughes, J., Ineson, S., Ingram, W.J., James, P.M., 
Johns, T.C., Johnson, C.E., Jones, A., Jones, C.P., Joshi, M.M., Keen, A.B., Liddicoat, S., Lock, A.P., Maidens, A.V., Manners, J.C., Milton, S.F., Rae, J.G.L., 
Ridley, J.K., Sellar, A., Senior, C.A., Totterdell, I.J., Verhoef, A., Vidale, P.L., Wiltshire, A., 2011. The HadGEM2 family of Met Office Unified Model climate 
configurations. Geosci. Model Dev. 4 (3), 723–757. https://doi.org/10.5194/gmd-4-723-2011. 

Massey, N., Jones, R., Otto, F.E.L., Aina, T., Wilson, S., Murphy, J.M., Hassell, D., Yamazaki, Y.H., Allen, M.R., 2015. weather@home-development and validation of a 
very large ensemble modelling system for probabilistic event attribution. Q. J. R. Meteorolog. Soc. 141 (690), 1528–1545. https://doi.org/10.1002/qj.2455. 

Mayes, J., Wheeler, D., 2013. Regional weather and climates of the British Isles – Part 1: Introduction. Weather 68 (1), 3–8. https://doi.org/10.1002/wea.2041. 
McClatchey, J., 2014. Regional weather and climates of the British Isles – Part 9: Scotland. Weather 69 (10), 275–281. https://doi.org/10.1002/wea.2290. 
McGrane, S.J., Allan, G.J., Roy, G., 2018. Water as an economic resource and the impacts of climate change on the hydrosphere, regional economies and Scotland. 

Available at: Fraser Allander Econ. Comm. 53–74 http://www.strath.ac.uk/fraser/. 
McSweeney, C.F., Jones, R.G., 2016. How representative is the spread of climate projections from the 5 CMIP5 GCMs used in ISI-MIP? Clim. Serv. 1, 24–29. https:// 

doi.org/10.1016/j.cliser.2016.02.001. 
Moore, B., Gates, W. L., Mata, L. J., Underal, A., Stouffer, R.J., 2001. ‘Advancing our understanding’, in Bolin, B. and Rojas, A. R. (eds) Climate Change 2001, The 

Scientific Basis. Contribution of Working Group I to the Third Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge, UK and New 
York, NY, USA: Cambridge University Press, pp. 769–785. 

A. Visser-Quinn et al.                                                                                                                                                                                                 

https://doi.org/10.1016/j.crm.2021.100302
https://doi.org/10.5194/gmd-8-1221-2015
https://doi.org/10.5194/hess-11-532-2007
https://doi.org/10.1016/j.jhydrol.2009.08.031
https://doi.org/10.1002/gdj3.55
https://doi.org/10.1016/j.scitotenv.2014.08.022
https://doi.org/10.1016/S0921-8181(03)00025-0
https://doi.org/10.1007/s40641-016-0034-x
https://doi.org/10.5194/hess-22-5387-2018
https://doi.org/10.1007/s00382-010-0808-0
https://doi.org/10.5194/hess-16-3383-2012
https://doi.org/10.5194/gmd-10-1849-2017
https://doi.org/10.5194/gmd-10-1849-2017
https://doi.org/10.1038/s41598-019-41334-7
https://doi.org/10.1007/s10584-018-2145-y
https://doi.org/10.3390/w10020177
https://doi.org/10.1016/0921-8181(95)00046-1
https://doi.org/10.5194/gmd-4-723-2011
https://doi.org/10.1002/qj.2455
https://doi.org/10.1002/wea.2041
https://doi.org/10.1002/wea.2290
http://www.strath.ac.uk/fraser/
https://doi.org/10.1016/j.cliser.2016.02.001
https://doi.org/10.1016/j.cliser.2016.02.001


Climate Risk Management 32 (2021) 100302

22

Niu, G.-Y., Yang, Z.-L., Mitchell, K.E., Chen, F., Ek, M.B., Barlage, M., Kumar, A., Manning, K., Niyogi, D., Rosero, E., Tewari, M., Xia, Y., 2011. The community Noah 
land surface model with multiparameterization options (Noah-MP): 1. Model description and evaluation with local-scale measurements. J. Geophys. Res. 116 
(D12), D12109. https://doi.org/10.1029/2010JD015139. 

Perfect, C., Addy, S., Gilvear, D., 2013. The Scottish Rivers Handbook. A guide to the physical character of Scotland’s rivers. Aberdeen, Scotland. 
Riahi, K., Rao, S., Krey, V., Cho, C., Chirkov, V., Fischer, G., Kindermann, G., Nakicenovic, N., Rafaj, P., 2011. RCP 8.5—a scenario of comparatively high greenhouse 

gas emissions. Clim. Change 109 (1 LB-Riahi2011), 33. https://doi.org/10.1007/s10584-011-0149-y. 
Rudd, A.C., Bell, V.A., Kay, A.L., 2017. National-scale analysis of simulated hydrological droughts (1891–2015). J. Hydrol. 550, 368–385. https://doi.org/10.1016/j. 

jhydrol.2017.05.018. 
Rudd, A.C., Kay, A.L., Bell, V.A., 2019. National-scale analysis of future river flow and soil moisture droughts: potential changes in drought characteristics. Clim. 

Change 156 (3), 323–340. https://doi.org/10.1007/s10584-019-02528-0. 
Samaniego, L., Kumar, R., Attinger, S., 2010. Multiscale parameter regionalization of a grid-based hydrologic model at the mesoscale. Water Resour. Res. 46 (5) 

https://doi.org/10.1029/2008WR007327. 
Samaniego, L., Thober, S., Wanders, N., Pan, M., Rakovec, O., Sheffield, J., Wood, E.F., Prudhomme, C., Rees, G., Houghton-Carr, H., Fry, M., Smith, K., Watts, G., 

Hisdal, H., Estrela, T., Buontempo, C., Marx, A., Kumar, R., 2019. Hydrological forecasts and projections for improved decision-making in the water sector in 
Europe. Bull. Am. Meteorol. Soc. 100 (12), 2451–2472. https://doi.org/10.1175/BAMS-D-17-0274.1. 

Sample, J.E., Duncan, N., Ferguson, M., Cooksley, S., 2015. Scotland׳s hydropower: Current capacity, future potential and the possible impacts of climate change. 
Renew. Sustain. Energy Rev. 52, 111–122. https://doi.org/10.1016/j.rser.2015.07.071. 

Scotland Food & Drink Export Partnership (2019) Delivering today, planning for tomorrow. Phase two of Scotland’s food and drink industry export plan 2019-2024. 
Newbridge, Scotland. Available at: https://scotlandfoodanddrink.blob.core.windows.net//media/2302/export-final-2.pdf. 

Enterprise, Scottish, 2018. Evaluation of the Scotland Food and Drink Export Plan. Glasgow, Scotland.  
Scottish Government, 2012. Scotland The Hydro Nation. Prospectus and Proposals for Legislation, Edinburgh, Scotland. Available at: https://www.gov.scot/binaries/ 

content/documents/govscot/publications/consultation-paper/2012/02/scotland-hydro-nation-prospectus-proposals-legislation-consultation/documents/ 
00386783-pdf/00386783-pdf/govscot%3Adocument/00386783.pdf.  

Scottish Government, 2019a. Climate Ready Scotland: Second Scottish Climate Change Adaptation Programme 2019-2024. Edinburgh, Scotland. doi: SG/2019/150. 
Scottish Government, 2019b. Protecting Scotland’s Future: the Government’s Programme for Scotland 2019-2020. Edinburgh, Scotland. Available at: https://www. 

gov.scot/binaries/content/documents/govscot/publications/publication/2019/09/protecting-scotlands-future-governments-programme-scotland-2019-20/ 
documents/governments-programme-scotland-2019-20/governments-programme-scotland-2019-20/govscot%3Ad. 

Scottish Government (2020) Agricultural land use in Scotland. Available at: https://www2.gov.scot/Topics/Statistics/Browse/Agriculture-Fisheries/agritopics/ 
LandUseAll (Accessed: 1 July 2020). 

Scottish Parliament (2013) Water Resources (Scotland) Act 2013. Scotland. Available at: http://www.legislation.gov.uk/asp/2013/5. 
Scottish Water, 2019. Scottish Water strategic plan - A sustainable future together: SEA Screening report. Available at: https://www.scottishwater.co.uk/en/help and 

resources/document hub/key publications/www.scottishwater.co.uk/-/media/ScottishWater/Document-Hub/Key-Publications/Governance/ 
060220StrategicPlanSEAScreeningReport.pdf (Accessed: 16 July 2020). 

Scottish Water and SEPA, 2018. Sustainable Growth Agreement. Stirling, Scotland. Available at: https://www.sepa.org.uk/media/360985/scottish-water-sga.pdf. 
SEPA, 2009. Tay area management plan 2009-2015. Available at: https://www.sepa.org.uk/media/38103/tay_area-management-plan.pdf (Accessed: 16 July 2020). 
SEPA, 2018. Scotch whisky sector plan. Stirling, Scotland. Available at: https://sectors.sepa.org.uk/media/1074/scotch_whisky_sector_plan.pdf. 
SEPA, 2019a. An economic analysis of water use in the Scotland river basin district. Stirling, Scotland. 
SEPA, 2019b. Water supply and waste water sector plan. Stirling, Scotland. Available at: https://sectors.sepa.org.uk/media/1122/water-supply-and-waste-water- 

sector-plan.pdf. 
SEPA, 2020. Scotland’s National Water Scarcity Plan. Stirling, Scotland. Available at: https://www.sepa.org.uk/media/219302/scotlands-national-water-scarcity- 

plan.pdf. 
Stocker, T. F., Dahe, Q., Plattner, G.-K., Tignor, M., 2015. IPCC Workshop on Regional Climate Projections and their Use in Impacts and Risk Analysis Studies. Bern, 

Switzerland. Available at: https://www.ipcc.ch/site/assets/uploads/2018/05/RPW_WorkshopReport.pdf. 
Sutanudjaja, E.H., van Beek, R., Wanders, N., Wada, Y., Bosmans, J.H.C., Drost, N., van der Ent, R.J., de Graaf, I.E.M., Hoch, J.M., de Jong, K., Karssenberg, D., López 
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