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Abstract. We present two new potential evaporation datasets for the United Kingdom: a historical dataset, Hydro-PE HadUK-

Grid, which is derived from the HadUK-Grid gridded observed meteorology (1969–2021); and a future dataset, Hydro-PE

UKCP18 RCM, which is derived from UKCP18 regional climate projections (1980–2080). Both datasets are suitable for

hydrological modelling, and provide Penman-Monteith potential evapotranspiration parameterised for short grass, with and

without a correction for interception on days with rainfall. The potential evapotranspiration calculations have been formu-5

lated to closely follow the methodology of the existing Meteorological Office Rainfall and Evaporation Calculation System

(MORECS) potential evapotranspiration, which has historically been widely used by hydrological modellers in the United

Kingdom. The two datasets have been created using the same methodology, to allow seamless modelling from past to future.

Hydro-PE HadUK-Grid shows good agreement with MORECS in much of the United Kingdom, although Hydro-PE HadUK-

Grid is higher in the mountainous regions of Scotland and Wales. This is due to differences in the underlying meteorology,10

in particular the wind speed, which are themselves due to the different spatial scales of the data. Hydro-PE HadUK-Grid can

be downloaded from https://doi.org/10.5285/9275ab7e-6e93-42bc-8e72-59c98d409deb (Brown et al., 2022) and Hydro-PE

UKCP18 RCM can be downloaded from https://doi.org/10.5285/eb5d9dc4-13bb-44c7-9bf8-c5980fcf52a4 (Robinson et al.,

2021).

1 Introduction15

Evaporation is an important part of the hydrological cycle. Globally it is estimated that around 60% of the precipitation that falls

on the land is returned to the atmosphere by evaporation from the land (Abbott et al., 2019). However, evaporation is difficult

to observe, particularly over large areas, so estimates of potential evaporation (PE) can instead be derived from observed

meteorology. PE is an estimate of the evaporative demand of the atmosphere, given an assumed land cover, and is a measure

of how much evaporation would occur under specific meteorological conditions, given an unlimited water supply in the soil.20

In hydrological and crop modelling the actual evaporation (AE) from the land is calculated using potential evaporation (PE) as

an estimate of the unlimited evaporation flux, scaled by a function of the soil wetness (Federer et al., 1996). Therefore PE is an
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essential driving input for hydrological models, and accurate estimation of PE is essential for model performance, particularly

in regions where rainfall is not limiting (Kay et al., 2013).

Evaporation from the land can include evaporation from the water contained in the soil, either through transpiration (evap-25

oration through plant stomata) or evaporation from the soil surface directly, and evaporation from open water surfaces (either

from permanent water bodies such as lakes, or from transient water on the surface of vegetation or ponding). In this paper we

refer to the potential evaporation from the soil as potential evapotranspiration (PET), which may include both transpiration and

evaporation from the bare soil. We refer to PE products that also include evaporation from water intercepted by the vegetation

canopy as potential evapotranspiration with interception (PETI). We use potential evaporation (PE) as a catch-all term for both30

of these. The units of PE can be given as a mass flux, kg m−2 d−1, or the equivalent depth of water, mm d−1 (assuming water

density of 1000 kg m−3). These are numerically equivalent. In this paper, we use mm d−1.

There are a variety of formulations of PE, which rely on various combinations of meteorological inputs. The most parsi-

monious use just one (eg Thornthwaite, 1948; Oudin et al., 2005) or two (eg Blaney and Criddle, 1950; Priestley and Taylor,

1972) meteorological variables, but rely on empirical factors which are calibrated to historical or present-day climate. Different35

formulations of PE can show different trends under changing climate, adding to the uncertainty of climate change impacts on

hydrology (Lemaitre-Basset et al., 2022). The more complex Penman-Monteith formulation (Monteith, 1965), while requiring

a larger number of observed inputs, is derived from fundamental physics, so is able to represent temporal changes in drivers.

Additionally, PE is also influenced by physical and physiological properties of the land surface, for example leaf area, plant

height, albedo and emissivity. These properties are implicitly part of the empirical parameterisation of the simpler models of40

PE, but can be explicitly included in the calculation of Penman-Monteith PE. Since both the meteorology and the properties

of the land surface can be expected to change in the future, Penman-Monteith is most suitable as an input for hydrological

modelling in a changing climate (Lemaitre-Basset et al., 2022).

Under climate change, the warming of the atmosphere is expected to intensify the hydrological cycle, with a warmer atmo-

sphere able to hold more water leading to increased evaporation and precipitation (Trenberth, 1999). Alongside this, the rise45

in atmospheric CO2 concentrations is expected to lead to stomatal closure in plants, which would lead to increased water use

efficiency and decreased transpiration per unit leaf area (Cao et al., 2010). However, it may also lead to increased plant growth,

which would mean more transpiring leaf surface per unit area of ground (Alo and Wang, 2008). These are several possibly

compensating effects, which can all be captured by the Penman-Monteith equation (Donohue et al., 2010).

The estimation of PE is highly dependent on land use, so any PE must be quoted for a specific parameterisation of the50

land cover and vegetation. To standardise this, the concept of a “reference crop” was introduced, usually short grass as recom-

mended by the United Nations Food and Agricultural Organisation (FAO) (Pereira et al., 1999). Although some PE products

are provided for different land covers, for many products a short grass parameterisation is assumed.

In the temperate maritime climate of the United Kingdom (UK), land evaporation is estimated to be around 40% of land

precipitation, based on observed river flow (Hannaford, 2015) and modelled runoff and evaporation (Blyth et al., 2019). It can55

be as high as 60% in the water limited regions of England, and as low as 30% in the cooler, wetter regions of Scotland and

Wales (Blyth et al., 2019). Widely used PE datasets for hydrological modelling in the UK include: MORECS PE, a 40 km
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gridded product for various land covers (Hough et al., 1995); MOSES, a 5 km gridded product calculated by the MOSES land

surface model (Cox et al., 1998; Smith et al., 2006); and CHESS-PE, a 1 km gridded product for time-invariant short grass

(Robinson et al., 2017) which has been aggregated to catchment scale as a component of the CAMELS-GB dataset (Coxon60

et al., 2020b, a). The FAO reference evapotranspiration method provides a formulation for calculating PE using local observed

data, including a variety of adaptations to accommodate differing levels of data availability (Allen et al., 1998). MORECS PE

calculated for short grass is the most widely used in hydrological modelling in the UK, so is considered a reference dataset

throughout this paper. A comparison of PE products can be seen in Table 1.

The MORECS PE dataset is provided by the UK Met Office, for near real time and historical hydrological and crop modelling65

in the UK (Hough et al., 1995; Hough and Jones, 1997). It is a gridded estimate of weekly and monthly mean PE at 40 km

resolution, derived from the MORECS 40 km gridded meteorological dataset. The gridded meteorology is interpolated from

a network of meteorological observation stations before being used to calculate PE. It has been widely used as an input for

hydrological models, both for research and operationally (Kay et al., 2013). MORECS PE is calculated for a reference short-

grass as well as several other land covers. Some hydrological models use the short grass MORECS PE and apply an adjustment70

for known land cover (eg CLASSIC, Crooks and Naden, 2007). MORECS is purely observation-based, and has no corollary for

studies of hydrology under future climate. It is also only available at a much lower resolution (40 km) than the typical resolution

(1 km) of hydrological models (Bell et al., 2009; Crooks and Naden, 2007) and available rainfall datasets (Met Office et al.,

2021; Tanguy et al., 2021; Lewis et al., 2022) in the UK. Since potential evapotranspiration is a non-linear function of the

meteorology, using a lower resolution PE potentially misses important effects of local topography.75

MORECS PE uses the Penman-Monteith formulation (Hough et al., 1995), but with some modifications. It includes a

correction for the assumption that the surface temperature is equal to the air temperature, uses monthly-varying physiological

parameters (leaf area index and stomatal resistance), and implements a correction on rain days to account for interception. This

latter interception correction is important for driving models which do not explicitly calculate interception. Since interception

is more efficient than transpiration, this combined potential evapotranspiration with interception (PETI) is higher than PET80

alone. The difference can be of the order of 10% (Robinson et al., 2017).

For hydrological modelling under future climates, PE can be calculated using climate model output in place of meteorologi-

cal observations (eg Rudd and Kay, 2016). The current state of the art of climate modelling for the UK is UKCP18 (Lowe et al.,

2018), which provides several strands of climate projections from global to regional. A high-resolution regional climate model

(RCM), nested in a lower resolution global climate model (GCM) has been run as a perturbed parameter ensemble, providing85

twelve realisations of future climate for the UK at 12 km resolution, for 1980–2080 (Murphy et al., 2018), hereafter referred

to as UKCP18 RCM.

In this paper we present two new potential evaporation datasets calculated using historical gridded observed meteorology

and future climate projections over the UK: Hydro-PE HadUK-Grid and Hydro-PE UKCP18 RCM. The datasets consist of

both PET and PETI calculated using methodology derived from MORECS. The parameterisation used for both has been chosen90

to be as similar to MORECS as possible, for consistency with existing historical modelling. The historical dataset, Hydro-PE

HadUK-Grid, was calculated from the HadUK-Grid observation-based 1 km gridded dataset (Met Office et al., 2021; Hollis
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et al., 2019). The future dataset, Hydro-PE UKCP18 RCM, was calculated from the 12 km RCM output from UKCP18 (Murphy

et al., 2018). The combination of the two datasets enables seamless modelling from past to future climate projections.

In Section 2 we describe the input datasets for the historical calculations (Section 2.1) and the future calculations (Section95

2.2). In Section 3 we describe the calculation of the historical PE (Section 3.2) and the future PE (Section 3.3), and in Section

4 we present summaries of each. In Section 5 we evaluate the two products against historical PE datasets, and we discuss the

results in Section 6.

2 Input data

2.1 HadUK-Grid100

HadUK-Grid is a historical gridded meteorological dataset derived from station observations interpolated to a 1 km grid (Hollis

et al., 2019), using multiple regression combined with inverse-distance-weighted interpolation, to account for local geographic

and topographic factors (Perry and Hollis, 2005). It has been published as a companion to the UKCP18 climate projections.

Variables are available at a monthly timestep, and selected variables are also available daily. The start date of each variable is

dependent on the availability of station data. The earliest available data are monthly rainfall values from 1862, and coverage105

of variables increases with time, so all of the variables are available from 1969 onwards. This study used the data at 1 km

resolution, using v1.0.3.0 for 1969-2020 inclusive, and v1.1.0.0 for 2021. There are no differences between the two versions

for 1969-2020 for the variables used. It is also available at 5 km, 12 km, 25 km and 60 km resolutions. HadUK-Grid is

representative of the meteorology at the centre of each grid box at the grid box centre elevation, rather than providing grid box

mean meteorology.110

The HadUK-Grid daily climate variables used were:

– Maximum air temperature measured between 0900 UTC on day D and 0900 UTC on day D+1 (tasmax, Tmax, ◦C),

– Minimum air temperature measured between 0900 UTC on day D-1 and 0900 UTC on day D (tasmin, Tmin, ◦C),

– Daily total precipitation amount measured between 0900 UTC on day D and 0900 on day D+1 (rainfall, P , mm

d−1).115

The monthly climate variables used were:

– Duration of bright sunshine during the month (sun, tS , hours),

– Average of hourly mean wind speed at a height of 10 m above ground level over the month (sfcWind, u10, m s−1),

– Average of hourly mean sea level pressure over the month (psl, psl, hPa),

– Average of hourly vapour pressure over the month (pv, e, hPa).120
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2.2 UKCP18 RCM

The UKCP18 Regional Projections on a 12km grid over the UK for 1980–2080, v20190731 (Met Office Hadley Centre, 2018).

are a perturbed parameter ensemble of regional climate model (RCM) output for the years 1980–2080, provided at various time

resolutions from daily to decadal. The RCM was run on a rotated pole grid but the outputs are also available regridded onto a

12 km resolution grid aligned with the British National Grid (OSGB36); the latter data are used here. The domain covers the125

UK and surrounding waters and includes a small part of northern France. The first ensemble member (EM) 01 uses the default

parameterisation of the Hadley Centre climate model GC3.05 for the GCM, and a regional version of this for the nested RCM.

The other ensemble members have had perturbations applied to several of the parameters, within reasonable ranges, in order

to approximate the ensemble spread seen in CMIP5 (Murphy et al., 2018). All ensemble members used the same emissions

scenario: Representative Concentration Pathway 8.5 (RCP8.5), which is a high emissions scenario with no target for climate130

change mitigation (Riahi et al., 2011).

The calculations were carried out on daily mean variables, only for grid boxes that were modelled as land in the RCM. The

variables used for both PET and PETI were

– Daily mean specific humidity at 1.5 m (huss, qa, kg kg−1),

– Daily mean sea level pressure (psl, psl, hPa),135

– Daily mean net surface short wave flux (rss, Sn, W m−2),

– Daily mean net surface long wave flux (rls, Ln, W m−2),

– Daily mean wind speed at 10 m (sfcWind, u10, m s−1),

– Daily mean air temperature at 1.5 m (tas, Ta, ◦C).

The calculation of PETI additionally used:140

– Daily precipitation rate (pr, P , mm d−1).

2.3 CO2 concentration

Future climate projections also include the global atmospheric CO2 concentration. Although derived from the same emissions

scenario, the atmospheric CO2 concentration pathways used by the Met Office as input to the UKCP18 RCM runs were different

for each ensemble member, to reflect global carbon cycle uncertainties (Murphy et al., 2018). Ensemble member 01 used the145

concentrations prescribed in RCP8.5 for concentration driven runs. The other ensemble members used CO2 concentrations that

were calculated by selected CMIP5 emissions-driven ensemble members. These had different future trajectories, resulting in

CO2 concentrations in 2080 ranging from 708 to 920 ppm across the ensemble (Murphy et al., 2018). These trajectories are

shown in Fig. 1. The values of CO2 were provided as annual values (Met Office Hadley Centre, 2020a).
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2.4 Elevation150

The surface elevation data used in the calculation of HadUK-Grid was the EU-DEM v1.1 (European Environment Agency,

2021), aggregated from 25m spatial resolution to 100m, then linearly interpolated to the centre point of each 1km grid box,

following the method used in the generation of the HadUK-Grid 1km dataset (Hollis et al., 2019).

For the UKCP18 RCM ensemble, the climate model was run using elevation derived from EU-DEM v1.1 (European En-

vironment Agency, 2021), smoothed appropriately for use as the lower boundary condition of the atmospheric model. After155

the model was run, the elevation was then regridded to the 12 km grid aligned with OSGB for distribution with the regridded

climate variables (Met Office Hadley Centre, 2019) - this is the elevation used in this study.

3 Methods

Potential evapotranspiration, Ep (mm d−1), was calculated using the Penman-Monteith equation (Monteith, 1965), derived in

terms of specific humidity (Stewart, 1989), see Appendix A for details. The Penman-Monteith equation estimates the evapora-160

tion from an extensive vegetation-covered surface with unlimited water supply. It has several parameters which characterise the

surface, including the roughness and the stomatal resistance of transpiration, and which are dependent on the type of vegetation

that is present.

Historically, the idea of a reference crop – a hypothetical well-watered short grass – has been used for estimating PE (Allen

et al., 1998). Although MORECS can be distributed for several land cover types, the most widely used for hydrological165

modelling in the UK is the short grass PE (eg Bell et al., 2009; Rudd and Kay, 2016). This is appropriate since short grass and

similar short vegetation is one of the most widespread land cover types in the UK (Morton et al., 2021). For consistency with

existing hydrological modelling, we thus calculated PE for a short grass surface. The surface parameters were chosen to match

the short grass parameterisation of MORECS v2.0, details are given in Appendix E. The grass has a canopy height of 0.12 m.

The leaf area index (LAI) and stomatal resistance vary by month and the monthly values of the parameters are given in Table 2.170

In order to have consistent modelling from past to future, we applied the same methods to both HadUK-Grid and UKCP18

RCM meteorological data as far as possible. However, differences between the variables and temporal resolution of the two

datasets engender some differences in the calculation procedures, which are noted below.

The calculations were carried out with daily mean variables. This differs from MORECS v2.0, who carried out separate

calculations for day-time and night-time (Hough et al., 1995). This was not possible with either the HadUK-Grid or the175

UKCP18 RCM data, as they do not provide enough information about the diurnal cycle. However tests with other datasets

showed that the difference between whole day calculations and separate day-time and night-time calculations is negligible.

3.1 Interception correction

For these datasets, we first calculated Penman-Monteith PET. We then calculated PETI, by applying an interception correction

on rain days. We used the methodology of MORECS v2.0, again using the parameters of a short grass to estimate the amount180
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of rainfall which is intercepted by the canopy (Hough et al., 1995). This was done by calculating the potential interception

(PEI, mm d−1), which is the rate of evaporation from water intercepted by the canopy. This is subject to the same aerodynamic

resistance as PET, but is not limited by stomatal resistance, so was calculated by setting the canopy resistance rs to be zero in

the Penman-Monteith equation. The PETI was calculated as a combination of PET and PEI, dependent on how much water was

intercepted by the canopy each day. The interception was dependent on the amount of precipitation and the LAI. A monthly185

enhancement factor was applied to account for the different characteristics of rainfall in different months (see Table 2). Details

of the calculations are in Appendix B.

3.2 Calculation of historical potential evaporation: Hydro-PE HadUK-Grid

The HadUK-Grid dataset does not provide exactly the variables required as input for the Penman-Monteith equation, so these

were derived from the existing variables. First, all variables that were only available monthly — the sunshine hours, wind speed,190

vapour pressure and sea-level air pressure — were interpolated to a daily timestep. These were then used in combination with

the existing daily variables to calculate the appropriate input variables. Details are in Appendix C, and an overview of the

interpolation procedure is shown in Fig. 2.

Note that, since we do not have an exact estimate of net radiation from HadUK-Grid, we use a modified form of the Penman-

Monteith equation, which includes a correction for the radiative transfer between the surface and the screen height (Eq. A2).195

3.3 Calculation of future potential evaporation: Hydro-PE UKCP18 RCM

The Penman-Monteith calculations were carried out using the daily mean values of the output from the climate model (see

Appendix D). In this case, UKCP18 provides net short- and longwave radiation, so the unmodified Penman-Monteith equation

was used (Eq. A1). In order to account for rising levels of atmospheric CO2, a fertilisation effect was applied to the stomatal

resistance following the method of Kruijt et al. (2008) (see Appendix E5 for details).200

Since the UKCP18 output is provided for all land and sea points in the domain, but PET and PETI are only valid over land,

we only carried out the calculations for land points. The land points were selected using the land-sea mask provided by the Met

Office (Met Office Hadley Centre, 2020b), which defines grid boxes to be either 100% sea or 100% land. There are some grid

boxes which, although they are classified as sea in the RCM, do actually contain a small fraction of land. This is particularly

important for hydrological models which run by disaggregating the meteorological inputs to a higher spatial resolution for205

calculating river flows etc. In order to allow the PET and PETI to be used as input to such hydrological models, these grid

boxes were filled with valid data. To do this, a mapping was created between each grid box which needed to be filled and the

nearest comparable land grid box. Then the PET and PETI were copied from the existing land grid boxes to the target grid

boxes. This was done rather than calculating the PET and PETI with the existing meteorology in the RCM output, because the

meteorology over the sea would be unrepresentative of land.210
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4 Results

Maps of Hydro-PE HadUK-Grid PET and PETI can be seen in Fig. 3. There is a strong north-west to south-east gradient, with

low values in the west of Scotland and high values in south-east England, which follows the climate of the regions from colder

and wetter in the north-west to warmer and dryer in the south-east. Maps of Hydro-PE UKCP18 RCM PET and PETI can be

seen in Figs. 4 and 5 respectively. Each panel shows the overall mean PET and PETI for each ensemble member. While there215

is a range across the ensemble, reflecting the range in ensemble meteorology, there is a consistent spatial pattern across the

ensemble, which is also consistent with the HadUK-Grid PET and PETI maps (Fig. 3).

Time-series of annual mean PET and PETI are shown in Fig. 6 for Hydro-PE HadUK-Grid and the Hydro-PE UKCP18

RCM ensemble. The mean monthly climatology of PET and PETI are shown in Fig. 7 for the first twenty years of the UKCP18

RCM ensemble (1980–2000) and the last twenty years (2060–2080). The Hydro-PE UKCP18 RCM ensemble is consistent220

with Hydro-PE HadUK-Grid in the historical period, although Hydro-PE HadUK-Grid has an increase in PET and PETI in

May, followed by a levelling off in June, that is not seen in Hydro-PE UKCP18 RCM. This is due differences in the seasonality

of the input meteorology (see Section 5). Overall both PET and PETI increase over the course of the future projections, with

PET increasing by 16% – 29% and PETI increasing by 14% – 25%. The largest increases are in the summer (21% – 36% for

PET and 18% – 30% for PETI). Increases are more moderate in the winter and some ensemble members individually show a225

decrease in PET and PETI for the winter months.

Maps of the difference between PETI and PET (as a percentage of PET) are shown in Fig. 8 for Hydro-PE UKCP18 RCM

and in the right hand panel of Fig. 3 for Hydro-PE HadUK-Grid. The effect of including interception increases the PE estimate

by 5-10% in low lying areas of south-east England, but has a larger increase of up to 35% in highland regions of Scotland. This

is because the highlands of Scotland have relatively low evaporative demand (because they are cooler and wetter than other230

regions), but larger amounts of rainfall than the rest of the country.

The mean monthly climatology of the difference between PETI and PET can be seen in Fig. 9. The mean value of the

interception correction is largest in the summer months (0.21–0.32 mm d−1) and lowest in the winter months (0.10–0.14 mm

d−1) in the historical period of Hydro-PE UKCP18 RCM, although as the overall PET is lower in the winter this leads to

a larger relative difference in the winter than the summer. This is consistent with Hydro-PE HadUK-Grid, which has mean235

interception correction of 0.23–0.27 mm d−1 for the summer months and 0.11–0.12 mm d−1 for the winter months.

In the future the interception correction decreases in the summer months by 14% (to 0.16–0.30 mm d−1) and increases in

the winter by 8% (to 0.08–0.18 mm d−1), leading to little change at the annual scale. The decrease in summer interception

correction is why the relative increase in PETI is smaller than that of PET. The peak in the absolute difference between PETI and

PET is shifted to earlier in the year (from June-September in the historical period to March-June at the end of the projections).240

This may contribute to changing seasonality of river flows under future climates.

The Hydro-PE UKCP18 RCM interception correction is consistent with the Hydro-PE HadUK-Grid throughout the year.

However, the ensemble mean is higher than Hydro-PE HadUK-Grid for most of the year, but lower in autumn. This is consistent
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with the model biases in the precipitation, as the model simulations overall have a higher precipitation than HadUK-Grid for

most of the year, but slightly lower precipitation from August to October (Fig. 10).245

Both variables show an increasing trend through the historical period and climate projections. The future projections of PET

and PETI both increase by 0.29 mm d−1 overall between 1980–2000 and 2060–2080, which is 22% of PET or 19% of PETI.

The increase varies across the ensemble between 0.23 mm d−1 and 0.38 mm d−1. The relative increase ranges between 16 –

29% of PET, and 15 – 25% of PETI. There is little change in the winter values (< 0.1 mm d−1), but in the summer both PET and

PETI increase by around 0.7 mm d−1 overall (ranging between 0.5 – 1.0 mm d−1 across the ensemble). The increases in PET250

and PETI are driven by increasing temperature, decreasing relative humidity, and increasing solar radiation (due to decreasing

cloud cover) in the climate projections (Murphy et al., 2018). Increases in PETI are mitigated by projected decreases in rainfall

in the summer (Murphy et al., 2018), so that the relative contribution of the interception correction falls from 10% of summer

PET (14% of annual PET) to 7% of summer PET (12% of annual) by the end of the projections.

5 Evaluation255

5.1 Comparison with spatial PE datasets across Great Britain

As the Hydro-PE method has been designed to calculate PETI to be comparable with MORECS PE for short grass, we have

compared Hydro-PE HadUK-Grid and Hydro-PE UKCP18 RCM with MORECS. We have also compared it with the existing

CHESS-PE PET and PETI datasets. We have calculated mean-monthly climatologies for the common period 1981-2017, and

for Great Britain (GB) only, as this is the land area that is common to all four datasets. These can all be seen in Fig. 11. Both260

Hydro-PE HadUK-Grid PET and the ensemble mean of Hydro-PE UKCP18 RCM PET are lower than MORECS PE, which is

as expected (because of the inclusion of the interception correction in MORECS), but Hydro-PE UKCP18 RCM PETI is higher

than MORECS PE in the summer, and Hydro-PE HadUK-Grid PETI is higher than MORECS throughout the year. CHESS-PE

PET and PETI are both lower than MORECS, due to differences in the PE calculations and parameterisations. (The related

FAO reference crop evaporation (Pereira et al., 1999) is a PET calculation that does not consider interception, so it will give a265

low estimate of PE when used for hydrology, compared to PETI.)

The differences between the four datasets are due to either: a) differences in the input meteorology; or b) differences in

methodology. Since CHESS-met is derived from MORECS meteorology, we expect the differences between MORECS PE

and CHESS-PE PETI to be due to methodological differences. However, since we have developed the Hydro-PE methodology

to be as similar to MORECS as possible, the differences between Hydro-PE and MORECS PE should be due to differences270

between the meteorology in MORECS, HadUK-Grid and the UKCP18 RCM.

Since HadUK-Grid and MORECS meteorology are derived from the same network of station observations (although not

exactly the same stations), and CHESS-met is derived directly from MORECS, we might expect that the meteorology averaged

over a region to be very similar in all three datasets. Indeed, there is good agreement in GB mean air temperature and precipi-

tation between HadUK-Grid, MORECS and CHESS-met (Fig. 10), although MORECS air temperature is a little lower in the275

winter and MORECS precipitation is a little higher in the summer - this is likely due to the slightly different spatial coverage
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of the different resolutions. However, the different methods of downscaling of some variables from stations or MORECS to

the 1 km grid can introduce differences between datasets. Most notably, the GB mean HadUK-Grid wind speeds are much

higher than all of the other datasets. This is due to very high wind speeds at high elevations in HadUK-Grid, particularly in

Scotland, due to the elevation adjustment used in the HadUK-Grid calculations (Hollis et al., 2019). Figure 12 shows that in280

Scotland the HadUK-Grid wind speeds are much higher than the other observational datasets, while in England they are all

comparable. Since MORECS is representative of a hypothetical site at mean grid box elevation (rather than mean grid box

meteorology), and is a lower resolution, it does not represent these high wind speeds. The CHESS wind speed corrections were

applied to the MORECS wind speed assuming that it does represent mean grid box wind speed, so the CHESS corrections are

also not able to reproduce high wind speeds. The HadUK-Grid wind speeds were adjusted based on topographic relationships,285

without assuming a preservation of the mean (Hollis et al., 2019). The high values of Hydro-PE HadUK-Grid are likely more

representative of high elevations.

Other variables that are used in the calculation of PE are not directly observed, but have been derived from the variables

provided by the station observations. There are differences in the methodology between HadUK-Grid, MORECS and CHESS,

which lead to some differences in inputs to the PE calculations (Fig. 10). The specific humidity of HadUK-Grid is lower than290

MORECS in the summer, which leads to a higher humidity deficit (as the air temperature is nearly the same). The net shortwave

radiation is very similar between HadUK-Grid and MORECS, as they are both calculated using the same methodology. CHESS-

met uses the same method to calculate downward shortwave, but adjusts for slope and aspect, and uses a different albedo

parameterisation, so the CHESS-met net short wave is slightly higher. The approximate total available energy (calculated with

Rne, Eq. C7) calculated from HadUK-Grid is very similar to that calculated from MORECS meteorology. In CHESS-met the295

approximate available energy is higher, because the net radiation is calculated differently and because CHESS does not include

a ground heat flux. Overall, it is the combination of the higher wind speed and lower specific humidity in HadUK-Grid that

leads to the higher PETI in Hydro-PE HadUK-Grid than MORECS.

The UKCP18 variables have been obtained from a free-running climate model, which has not had any bias-correction ap-

plied. This means that although the climate model has been calibrated and parameterised against historical meteorological300

data, it is not expected to match the observed climate exactly. This may be down to deficiencies in the model structure and/or

calibration, but is also due to large scale climate variability. The UKCP18 RCM reproduces the historical air temperature well,

although the ensemble is slightly cooler than the observations in the spring (Fig. 10). But it significantly overestimates precipi-

tation through most of the year compared to MORECS, and slightly underestimates precipitation from August to October. This

is likely due to the global circulation in the coarser resolution GCM within which the RCM is nested bringing more moisture305

to western Europe (Murphy et al., 2018). This results in a larger interception correction than is seen in the historical Hydro-PE

HadUK-Grid for much of the year.

Again, the UKCP18 RCM has a lower specific humidity than MORECS (Fig. 10), which in the spring and summer leads to a

higher humidity deficit. The wind speed is very similar between the climate model and the observations, but the net shortwave

radiation is much higher in the summer and autumn in the climate model. This is likely to be due to a lower amount of cloud310

in the model, as well as partly due to different albedo values. In particular, the climate model is run with a realistic land
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cover, while the net short-wave radiation is calculated for all the other PE datasets assuming short grass everywhere. Overall

the available energy (calculated with the actual net radiation Rn, Eq.D1) calculated with UKCEP18 RCM is higher than that

calculated with either HadUK-Grid or CHESS-met. It cannot be compared to MORECS, because we do not have actual net

radiation for MORECS, but since we can see that MORECS and HadUK-Grid have very similar approximate available energy,315

Rne, we can infer that the UKCP18 RCM actual available energy is also higher than MORECS. Therefore, the high values

of Hydro-PE UKCP18 RCM PETI in the summer are likely to be due to a combination of lower humidity and much higher

available energy than in MORECS. The fact that the high May values of PETI seen in Hydro-PE HadUK-Grid and MORECS

are not seen in Hydro-PE UKCP18 RCM is due to the seasonal cycle of temperature, humidity and available energy being

shifted later in the year in the climate model than in the observations.320

So although there are differences between the Hydro-PE products and MORECS in the historical period, these are due to

understood differences in the input meteorology.

5.2 Comparison with daily MORECS site data

The Hydro-PE HadUK-Grid PETI data was further compared to daily MORECS PE data for 16 sites across GB, available

for the period 01/01/1985 - 31/12/1992. The MORECS PE data are derived from observed station data at each site. These are325

compared with the HadUK-Grid PETI from the 1 km grid box that contains each site (see Table 3). We expect some differences

between the MORECS PE and the Hydro-PE HadUK-Grid PETI due to the difference in location, and therefore meteorology,

between the MORECS sites and the HadUK-Grid 1 km grid box centres.

Three metrics were calculated to evaluate daily Hydro-PE HadUK-Grid PE relative to daily MORECS PE; a) bias calculated

as the difference in mean PE values annually and seasonally, b) difference in the standard deviation in PE, c) Pearson correlation330

coefficient. The results are presented in Figure 13, with boxplots summarising results over the 16 sites (Figure 13a-c) and maps

showing results at the site locations (Figure 13d-f).

The HadUK-Grid PETI is higher throughout the year than MORECS PE, shown by the positive biases across all sites and

seasons (Figure 13a and d). This echoes the results from the GB-wide comparison in Figure 11. HadUK-Grid PETI also tends

to have slightly higher variation than MORECS PE, shown by a higher standard deviation in PE time-series for 9 out of the 16335

sites. Correlation between HadUK-Grid PETI and MORECS PE is generally good across all the sites, with Pearson correlation

coefficients in the range 0.72 - 0.81. Even though the need for temporal interpolation of some HadUK-Grid variables from

monthly to daily is likely to suppress the daily variability to some extent, the daily variability of the calculated PETI is still

comparable to observations.

5.3 Comparison with eddy-covariance measurements340

While PET and PETI are not directly observable quantities, they are an estimate of unconstrained evapotranspiration. In GB in

the winter, spring and autumn evaporation rates are low and precipitation is high, so it can be assumed that most evaporation

will be occurring at the potential rate. Thus we can compare eddy-covariance (EC) flux measurements of actual evaporation

(AE, mm d−1) with PETI calculated from the meteorological measurements at each EC site using the Hydro-PE methodology
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(EC site PETI). We also compare this with the Hydro-PE HadUK-Grid PETI from the 1 km grid box containing each site with345

the EC site PETI.

We used measurements of AE and meteorology from two EC sites in England:

Berkshire Organic Grassland (BD-OG) Located on an organically managed grassland in the Berkshire downs, at an eleva-

tion of 184 m above sea level (Evans et al., 2016b). EC measurements are available from 01/01/2017 to 16/11/2019

(Morrison et al., 2019).350

East Anglia Fens Grassland (EF-GF) Located on a managed grassland in a lowland peatland environment in the East An-

glian Fens, at an elevation of 1 m below sea level (Evans et al., 2016a). EC measurements are available from 27/04/2017

to 31/03/2019 (Morrison et al., 2020).

Details of the site locations and the corresponding HadUK-Grid 1 km grid boxes are shown in Table 3.

The top two panels of Fig. 14 show the time-series of EC site PETI and the measured AE. The PETI is similar to the AE,355

except in the summer (JJA) when the AE drops below the PETI due to soil moisture limitation. The top row of Fig. 15 shows

the EC site PETI plotted against measured AE (excluding JJA values) at each site. There is a near-one-to-one linear fit between

the PETI and the AE at both sites, although there is a small negative bias, which may be due to differences between the sites

and the idealised short grass used for the PETI parameterisation. In particular, EG-GF is sited on peat soils, which are not

accounted for in the parameterisation. The difference in the standard deviation is also small. The Pearson correlation is very360

high at 0.92 for BD-OG and 0.90 for EF-GF. Thus it can be concluded that, at the EC sites, the PETI calculated with observed

meteorology is representative of the observed AE during times of no water stress.

The top two panels of Fig. 14 also show the time-series of Hydro-PE HadUK-Grid PETI from the grid box that contains

each EC site. The HadUK-Grid PETI compares well with the EC site PETI (Fig. 15, bottom row), with Pearson correlations

of 0.78 and 0.86, similar to the comparison with daily MORECS site PE. For BD-OG there is a small positive bias, while for365

EG-GF there is a small negative bias. The latter is likely due to the low wind speed in HadUK-Grid compared to the wind

speed observed at the EC site (Fig. 14 bottom row). There may also be an effect of the peat soil, which is not represented by

the MORECS parameterisation.

The standard deviation of the Hydro-PE HadUK-Grid PETI is lower than the standard deviation of the EC site PETI, but the

difference is small. There is a lack of daily variability in the temporally interpolated variables, which may reduce the variability370

of the Hydro-PE HadUK-Grid PETI. Figure 14 (bottom row) shows this for the wind speed – the HadUK-Grid wind speed has

a much lower variability than the observed, but it replicates the monthly variability well. The bias in wind speed for EF-GF is

likely due to the spatial interpolation of the HadUK-Grid dataset (Hollis et al., 2019).

Despite the differences in input meteorology due to a) temporal and spatial interpolation of the HadUK-Grid data and b) the

spatial offset between the 1 km grid box centres and the location of the EC sites, the Hydro-PE HadUK-Grid PETI is a good375

approximation for EC site PETI. This shows that the use of daily data interpolated from monthly inputs has not introduced

significant biases to the PETI calculation.
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6 Discussion

These Hydro-PE datasets have been calculated with daily data. The Hydro-PE UKCP18 RCM data are self-consistent at a daily

timestep, having been calculated from climate model output. Care should be taken with Hydro-PE HadUK-Grid however, as380

many of the input variables have been temporally downscaled from monthly to daily using a simple smooth interpolation. The

variables have been interpolated independently of each other. The Hydro-PE HadUK-Grid can be used at a daily timestep,

although the daily values may not be completely consistent with PE calculated from observed daily data, due to small incon-

sistencies introduced by the temporal downscaling. However, the monthly means of Hydro-PE HadUK-Grid are consistent

with the monthly meteorology, and with monthly MORECS. The daily Hydro-PE HadUK-Grid is also consistent with daily385

MORECS PE (Section 5.2), and with daily EC site PETI (Section 5.3). Past studies have seen that good results can be ob-

tained by calculating PET at a monthly timescale (Allen et al., 1998; Oudin et al., 2010), and hydrological modelling in the

UK is often carried out using monthly PE, for example monthly MORECS is used to drive Grid-to-Grid (Bell et al., 2009) or

CLASSIC (Crooks and Naden, 2007). For models which require daily PE inputs, using the temporally interpolated variables

is an improvement on using monthly PE data, particularly as Hydro-PE HadUK-Grid uses daily (not interpolated) mean air390

temperature and precipitation.

Hydro-PE UKCP18 RCM has been calculated from an ensemble of climate model output, which provides a range of possible

future scenarios. The UKCP18 RCM ensemble only considers a single high emissions scenario, RCP8.5 (Riahi et al., 2011),

but the realisation of that scenario is different for each ensemble member due to differences in the input CO2 concentration

pathways as well as the differences in the parameterisation of the climate model. This encapsulates not only the uncertainty395

in the global climate response to increased CO2 concentrations, but the uncertainty of conversion of increased emissions to

increased CO2 concentrations (Murphy et al., 2018). RCP8.5 is the highest of the four Representative Concentration Pathways

(RCPs), which were developed by the climate modelling community after the Fourth Assessment Report (AR4; IPCC, 2007)

to provide input to climate models and explore a range of emissions scenarios. The range of CO2 concentration pathways used

in the UKCP18 RCM ensemble was designed to approximate the spread of outcomes in the UKCP18 probabilistic projections,400

which included all four RCPs (Murphy et al., 2018). Hydro-PE UKCP18 RCM shows a large increase in both PET and PETI

from the start to the end of the data set, alongside a change in the seasonality of the interception correction. Overall these

changes would be likely to be smaller under less extreme future emissions scenarios. Although the overall Hydro-PE UKCP18

RCM ensemble has large future changes, the lower end of the range of these changes may be consistent with more moderate

future scenarios.405

For users of climate model outputs, eg CMIP6 or UKCP18, calculating PET or PETI at daily timestep can involve large vol-

umes of data, or require variables that are unavailable at the daily timestep. For PET, it is reasonable in this case to perform the

calculations with monthly data (Oudin et al., 2010). However PETI, which is corrected for interception based on precipitation,

cannot reliably be calculated at a monthly timestep. This is because at a daily timestep, the interception correction is only ap-

plied to rain days; dry days remain equal to PET. If a monthly mean precipitation is used to calculate the interception correction410

to monthly PET, then this is the equivalent of applying the interception correction to all days in the month, thus overestimating
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the PETI. One may calculate PET and PEI at the monthly timestep, but it is essential to apply the interception correction based

on the number of wet and dry days in the month. This can either be done by using daily precipitation to combine monthly PET

and PEI appropriately, or using the number of wet and dry days in a month in combination with monthly precipitation and

monthly PET and PEI, depending on the data available.415

These datasets have been calculated only for one surface: short grass. This was chosen as it is a standard that is widely used.

However, hydrology may be better represented by PE calculated for realistic land use. This could be done by parameterising

the PE calculations appropriately for several different vegetation and other land use types, then combining appropriately for

the given surface. The Hydro-PE calculations can easily be reparameterised using vegetation characteristics. Equally, although

these Hydro-PE datasets have been specifically parameterised and created for the UK, the method is flexible and can be420

parameterised and applied to meteorological data globally.

Apart from the effect of CO2 on stomatal resistance, all of the other parameters have been kept constant throughout the

period of future calculations, in particular the LAI, following Rudd and Kay (2016). While increased CO2 can be expected

to lead to increased biomass production, it is likely that the resultant effect on LAI, and the effect of the LAI on evaporation

is actually small (Bunce, 2004), either due to the associated increase in shading, or due to nutrient limitation (Ainsworth and425

Long, 2005). Additionally, the short grass cover that is being modelled here is similar to managed grasslands, which are likely

to be artificially limited in LAI and height by human intervention. However, for other vegetation types, the effect of rising CO2

may well have an impact on both the magnitude and the seasonality of physiological parameters including LAI and canopy

height. Future work should include this effect.

7 Conclusions430

We have demonstrated two new potential evaporation datasets, for consistent historical and future hydrological modelling. They

have been calculated using a method consistent with the widely used MORECS PE dataset and are parameterised for compati-

bility with models that have been calibrated to MORECS PE. Hydro-PE HadUK-Grid allows historical studies and calibration

of hydrological models, while Hydro-PE UKCP18 RCM enables hydrological modelling to be carried out consistently into the

future accounting for climate change.435

8 Data availability

The data can be downloaded from the Environmental Information Data Centre in netCDF format. Hydro-PE HadUK-Grid is

available at https://doi.org/10.5285/9275ab7e-6e93-42bc-8e72-59c98d409deb (Brown et al., 2022) and Hydro-PE UKCP18

RCM is available at https://doi.org/10.5285/eb5d9dc4-13bb-44c7-9bf8-c5980fcf52a4 (Robinson et al., 2021).
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Appendix A: Penman-Monteith equation440

Potential evapotranspiration, Ep (mm d−1), is calculated using the Penman-Monteith equation (Monteith, 1965), derived in

terms of specific humidity (Stewart, 1989),

EP =
tD
λ

∆q (Rn−G) + ρacp

ra
(qs− qa)

∆q + γq

(
1 + rs

ra

) , (A1)

where tD = 86400 s d−1 is the length of a day, λ= 2.5×10−6 J kg−1 is the latent heat of vaporisation of water, qs (kg kg−1) is

specific humidity at saturation, ∆q (kg kg−1 K−1) is the gradient of specific humidity at saturation with respect to temperature,445

Rn (W m−2) is net radiation, G (W m−2) is ground heat flux, cp =1010 J kg−1 K−1 is the specific heat capacity of air, ρa (kg

m−3) is the density of air, qa (kg kg−1) is the specific humidity of air, γq = cp/λ= 0.004 K−1 is the psychrometric constant

for specific humidity, rs (s m−1) is canopy resistance and ra (s m−1) is aerodynamic resistance.

Calculations for specific humidity at saturation and its gradient are given in Sections A2 and A3. The ground heat flux,

canopy resistance and aerodynamic resistance are calculated following MORECS, see Section E2 – E4.450

A1 Modified Penman-Monteith calculation

Since the meteorological variables provided in HadUK-Grid do not include net radiation values or surface temperature, we

calculate the net radiation assuming that surface temperature T∗ can be approximated by air temperature Ta. We then correct

for this by calculating PE with a modified form of the Penman-Monteith equation, as used in MORECS v2.0 (Hough et al.,

1995),455

EP =
tD
λ

∆q (Rne−G) + ρacp

ra
(qs− qa)

(
1 + bRra

ρacp

)

∆q + γq

(
1 + rs

ra

)(
1 + bRra

ρacp

) , (A2)

where Rne is the net radiation calculated using Ta as a proxy for surface temperature (see Section C7) and

bR = 4εσBTa (A3)

is a correction for the radiative transfer between the surface and the screen height, with ε= 0.95 the assumed surface emissivity

(as in MORECS (Hough et al., 1995)) and σB = 5.67× 10−8 W m−2 K−4 the Stefan-Boltzmann constant.460

A2 Specific humidity at saturation

Saturated specific humidity, qs, is derived as a function of temperature from the empirical fit of saturated vapour pressure, es,

as a function of temperature (Richards, 1971),

es = psp exp

(
4∑

i=1

ai

(
1− Tsp

Ta

)i)
, (A4)

where psp = 101325 Pa is the steam point pressure, Tsp = 373.15 K is the steam point temperature, and a = (13.3185, -0.9760,465

-0.6445, -0.1299) are empirical coefficients.
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In general, specific humidity, qa, can be calculated from vapour pressure, ea (hPa), using the function

qa =
εaea

p∗− (1− εa)ea
, (A5)

where p∗ is surface air pressure and εa = 0.622 is the mass ratio of water to dry air (Gill, 1982).

Substituting the saturated vapour pressure from Eq A4 into the conversion between vapour pressure and specific humidity470

in Eq. A5, gives an empirical function for saturated specific humidity of

qs =
εapsp exp

(∑4
i=1 ai

(
1− Tsp

Ta

)i)

p∗− (1− εa)psp exp
(∑4

i=1 ai

(
1− Tsp

Ta

)i) . (A6)

A3 Derivative of specific humidity at saturation

The derivative of qs with respect to air temperature, ∆q (kg kg−1 K−1), can be calculated analytically from Eq. A6 and is given

by475

∆q =
Tsp
T 2
a

qs
εa

(εa + (1− εa)qs)
4∑

i=1

aii

(
1− Tsp

Ta

)i−1

. (A7)

or

∆q =
Tsp
Ta

p∗qs
p∗− es (1− εa)

4∑

i=1

iai

(
1− Tsp

Ta

)i−1

. (A8)

Appendix B: Interception correction

The PETI,EPI (mm d−1) is first calculated in the same way as PET. Then, on days with non-zero precipitation, an interception480

correction is applied. This is required because water that is intercepted by the canopy will evaporate at a faster rate than water

that is transpired. Again, this is implemented following the MORECS v2.0 calculations (Hough et al., 1995). These calculations

treat all precipitation as rainfall, and do not allow for lying snow.

The amount of rainfall intercepted by the canopy, CI (mm d−1), is

CI =




PfP eP if PfP <Cmax

CmaxeP otherwise,
(B1)485

where fP = 1− 0.5Λ is the LAI-dependent fraction of rainfall that would be intercepted if there were only one rain event in

the day, Cmax = 0.2Λ (mm) is the maximum capacity of the canopy to hold water, and eP is an enhancement factor to allow

for the different character of rainfall throughout the year. In the winter, eP is 1, but it rises to 2 in the summer when the rain is

likely to fall in multiple shorter, more intense, events. The monthly values of eP are given in Table 2.
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In a rain day, the intercepted fraction of rainfall is assumed to evaporate as an open water surface. This potential interception,490

EI (mm d−1) is calculated using Eq. A1 with rs = 0 (all other parameters have the same value as for PET). The time taken to

dry the canopy at this rate, tdry (d), is calculated to be

tdry =
CI
EI

, (B2)

If this potential interception is enough to dry out the canopy in less than a day, then for the rest of the day then it reverts to the

rate of PET (EP ), such that495

EPI = tdryEI + (1− tdry)EP . (B3)

If it is not enough to dry out the canopy, then the PETI is equal to the potential interception, EI all day. The water remaining

on the canopy is not carried over to the following day. By combining all these cases, and combining Eq. B2 and Eq. B3, the

PETI is given by

EPI =





EP if P = 0

EP +CI

(
1− EP

EI

)
if P > 0 and CI <EI

EI if P > 0 and CI ≥ EI .

(B4)500

Appendix C: Calculation of input variables for Hydro-PE HadUK-Grid

C1 Temporal interpolation of meteorology

The sunshine hours, wind speed, vapour pressure and sea-level air pressure were interpolated from a monthly to daily timestep

using quadratic interpolation from python’s scipy package (Virtanen et al., 2020), assuming that the monthly values represent

the 15th of each month. The sunshine hours were divided by the number of days in each month to get an average daily value,505

before interpolation. We constrained sunshine hours and vapour pressure to always be positive, to avoid some unphysical

negative values that were a result of extrapolation of the quadratic interpolation at either end of the time series. Following

the temporal interpolation, the required input variables were calculated from the interpolated and existing daily variables as

follows.

C2 Surface air pressure510

Both the specific humidity at saturation and its derivative are a function of both air temperature and surface air pressure at the

grid box elevation. As HadUK-Grid only provides sea level air pressure, pSL (hPa), we must calculate the air pressure at the

grid box elevation. The sea level air pressure is adjusted to the grid box elevation by assuming a constant local environmental

lapse rate for air temperature of ΓT =−0.006 K m−1 (as used in Hough et al., 1995; Robinson et al., 2017). The surface air

pressure at a given elevation, p∗ (hPa), is calculated using the integral of the hypsometric equation (Shuttleworth, 2012) so that515

17

https://doi.org/10.5194/essd-2022-288
Preprint. Discussion started: 5 October 2022
c© Author(s) 2022. CC BY 4.0 License.



p∗ = pSL

(
Ta− zΓT

Ta

) g
rΓT

, (C1)

where Ta (K) is the air temperature at the grid box elevation, z (m) is the grid box elevation above sea level, g = 9.81 m s−2 is

acceleration due to gravity, r = 287.05 J kg−1 K−1 is the specific gas constant of dry air.

C3 Air density520

The density of air, ρa was calculated from the surface air pressure and the air temperature, such that

ρa =
p∗
rTa

, (C2)

where r = 287.05 J kg−1 K−1 is the gas constant of dry air.

C4 Specific humidity

The specific humidity is calculated using the water vapour pressure (ea) and surface pressure (p∗) using Equation A5.525

C5 Net shortwave surface radiation

Downward shortwave radiation, Sd (W m−2), is calculated from sunshine hours following the MORECS procedure, using

Eqs. 4.14 to 4.19 of Hough et al. (1995). Equation 4.14 yields the total radiation integrated over the day (W hr m−2), so to get

the daily average, this was divided by 24, the number of hours in a day, such that:

Sd =
1
24
Ra

(
η

(
aA + bA

tS
tN

)
+ cA (1− η)

)
(C3)530

where aA, bA and cA are the Ångström coefficients, Ra is the top-of-atmosphere radiation integrated over a day (W hr m−2),

tS is measured hours of bright sunshine in the day, tN is the length of daylight hours (sunrise to sunset) (Hough et al., 1995),

and η is

η =





0 if tS = 0

1 if tS > 0.
(C4)

The Ångström Coefficients are empirical constants that are used to calculate solar radiation from sunshine hours. They were535

calculated on the MORECS 40km grid by Cowley (1978). For this study they were then interpolated on to the 1km HadUK grid

using a smooth bivariate spline. They were only available for England, Scotland and Wales, and so the coefficients for Northern

Ireland were spatially extrapolated. They are close to the ‘default’ values suggested for use by the FAO where local calibration

is not available (see Eq. 35 in Allen et al. (1998)). aA and cA are constant in time, whereas bA varies by month. Here, the

bA coefficient is interpolated on to a daily timestep using a periodic cubic spline (periodic so that there is not a discontinuity540

between the values for 31st Dec and 1st Jan).
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Ra and tN are calculated as

Ra = tS

(
(t2− t1)sinδ sinφ+

12cosδ cosφ
(
sin πt1

12 − sin πt2
12

)

π

)
(C5)

and

tN = t2− t1, (C6)545

where t1 and t2 are sunrise and sunset times, φ is the latitude and δ is the solar declination angle calculated from the day of the

year d using using

δ = 0.41cos2π
d− 172

365
. (C7)

Sunrise, t1 (hours), is calculated using

t1 =
12
π

arccos
(

tanδ tanφ+
0.0145

cosδ cosφ

)
, (C8)550

and sunset, t2 (hours), is given by

t2 = 24− t1. (C9)

Net shortwave radiation is calculated from downward shortwave radiation using albedo, α, as

Sn = (1−α)Sd. (C10)

The values of albedo used are described in Section E1.555

C6 Estimate of net longwave surface radiation

The calculation of Lne followed MORECS, documented in more detail in Hough et al. (1995), using air temperature, vapour

pressure and sunshine hours via

Lne = εσBT
4
a

(
1.28

(
e

Ta

) 1
7

− 1

)(
0.2 + 0.8

tS
tN

)
. (C11)

Note that this is only an approximation of net longwave radiation as it has made use of an approximation when calculating the560

upward component of the radiation, Lu. Normally, upward longwave radiation is calculated from surface temperature

Lu = εσBT
4
∗ . (C12)

However, if surface temperature is not available, then an approximate upward longwave radiation, Lue can be calculated by

substituting Ta ≈ T∗ in Eq. C12. This approximation has been carried through to the approximate net longwave radiation in

Eq. C11.565

The approximate net longwave radiation is related to the actual net longwave radiation, Ln, by the relationship

Lne = Ln− bR (Ta−T∗) , (C13)

where bR is given by Eq. A3.
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C7 Approximate net radiation

After deriving the approximate net longwave radiation and net solar radiation the approximate net radiation, Rne (W m−2), is570

simply calculated by summing these two components:

Rne = Lne +Sn. (C14)

That this is an approximation means that we must use a modified form of the Penman-Monteith equation, described in Section

A1.

Appendix D: Calculation of input variables for Hydro-PE UKCP18 RCM575

D1 Net radiation

The UKCP18 dataset contains net longwave radiation, Ln (W m−2), and net shortwave radiation, Sn (W m−2). Therefore the

total net radiation is given by

Rn = Ln +Sn. (D1)

D2 Surface air pressure580

The daily pressure at mean sea level is adjusted to the pressure at the grid box surface height following Eq. C1.

D3 Air density

The air density was calculated from surface air pressure and air temperature using Eq. C2.

Appendix E: Surface parameters

E1 Albedo585

The albedo α is also calculated following MORECS as a combination of the albedo of the grass, αg , and the albedo of the

underlying soil, αs

α=




αg if Λ> 4

αs + 0.25Λ(αg −αs) otherwise
(E1)

where Λ is the LAI (Hough et al., 1995).

The albedo of grass is taken to be the MORECS value for soils with median available water content (AWC) αg = 0.25. Soil590

albedo is dependent on whether it is wet or dry; for wet soils αs = 0.1, and for dry soils αs = 0.2. A soil is considered wet if

there has been precipitation in the day, dry otherwise. MORECS also provides values for soils with high AWC and low AWC,

but these were not used for this calculation, as soil properties are not considered.
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E2 Ground heat flux

For the ground heat flux, the average monthly value of ground heat storage as used in MORECS v2.0 was used (see Table 2).595

This is a monthly mean of daily heat storage estimated from measurements of soil temperature (Wales-Smith and Arnott, 1980).

The monthly value is used for all days in that month.

E3 Aerodynamic resistance

Aerodynamic resistance ra (sm−1) is calculated as a function of the roughness length of the canopy z0 (h), using the MORECS

equation600

ra =
6.25
u10

ln
10
z0

ln
6
z0
, (E2)

where u10 is the wind speed at 10 m above the canopy and

z0 =
h

10
, (E3)

where h is the canopy height of grass. Following MORECS v2.0, grass is assumed to be 0.15 m high.

E4 Canopy resistance605

The canopy resistance is a combination of the stomatal resistance of the canopy, rsc (m s−1), and the surface resistance of a

bare soil surface, rss (m s−1), following MORECS v2.0 (Hough et al., 1995), such that

1
rs

=
1− 0.7Λ

rsc
+

0.7Λ

rss
, (E4)

where Λ is the LAI of the grass surface. The LAI was assumed to vary throughout the year, and monthly values are taken from

MORECS v2.0 (see Table 2). This seasonal cycle of LAI was kept the same through the full time coverage of the calculations.610

E5 CO2 fertilisation effect

The stomatal resistance was also assumed to vary monthly through the year. In addition, it was assumed that stomatal resistance

will increase in the future, due to projected rising CO2 levels (Rudd and Kay, 2016). The baseline historical stomatal resistance

of grass, rscM (m s−1), was taken from MORECS v2.0 (Hough et al., 1995) (see Table 2). For years up to the baseline year

of 1981, the stomatal resistance was assumed to stay constant. From 1981 onwards the stomatal resistance was then adjusted615

for changes in CO2 concentration, following the method of (Kruijt et al., 2008), so that for each month, m, and year, y, the

stomatal resistance is

rsc[y,m] =





rscM [m] if y ≤ 1981
rscM [m]

1− 0.00093(CO2[y]−CO2[1981])
if y > 1981,

(E5)
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where CO2[y] is the CO2 concentration in ppmv in the year y and 1981 is the reference year. As each ensemble member of the

UKCP18 RCM ensemble was run with a different CO2 concentration (Murphy et al., 2018), this adjustment of the stomatal620

resistance was calculated separately for each ensemble member, using the corresponding CO2 trajectory (Met Office Hadley

Centre, 2020a).

The surface resistance of bare soil was set to 100 m s−1, again following MORECS v2.0 (Hough et al., 1995).
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Figure 1. The global mean atmospheric CO2 concentrations used for the UKCP18 RCM ensemble (Met Office Hadley Centre, 2020a). The

heavy black line shows ensemble member 01, the thin gray lines show the other ensemble members.
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Figure 2. The temporal interpolation and calculation procedure applied to the HadUK-Grid meteorology, to create daily inputs for the

calculation of Hydro-PE HadUK-Grid.
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Figure 3. Annual mean PET (left) and PETI (centre) from Hydro-PE HadUK-Grid (1969-2020). The right hand panel shows the relative

difference between PETI and PET as a percentage of PET.
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Figure 4. Mean PET for each ensemble member of Hydro-PE UKCP18 RCM over the historical period 1980–2020.
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Figure 5. Mean PETI for each ensemble member of Hydro-PE UKCP18 RCM over the historical period 1980–2020.
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Figure 6. Time-series of annual mean PET (top) and PETI (bottom). The black line shows ensemble member 01 of Hydro-PE UKCP18 RCM,

the grey lines show the other ensemble members, and the blue line shows the ensemble mean. The orange line shows Hydro-PE HadUK-Grid.

Note that the regions averaged are slightly different — Hydro-PE UKCP18 RCM averages over the UK, the Republic of Ireland and a small

amount of northern France, while Hydro-PE HadUK-Grid only includes the UK.
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Figure 7. Mean monthly climatology of PET (top row) and PETI (bottom row). The left hand column shows the mean over the first twenty

years of the ensemble, the right hand column shows the mean over the final twenty years. Line styles as in Fig. 6
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Figure 8. The difference between annual mean PETI and annual mean PET as a percentage of PET for each ensemble member over the

historical period of Hydro-PE UKCP18 RCM (1980–2020).
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Figure 9. Mean monthly climatology of the difference between PETI and PET as an absolute value (top row) and as a percentage of PET

(bottom row). The left hand column shows the mean over 1980–2000, the right hand column shows the mean over 2060–2080. Line styles

as in Fig. 6
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Figure 10. Monthly mean air temperature, specific humidity, wind speed, precipitation, net shortwave radiation and available energy averaged

over GB (1981-2017) for MORECS (black line), UKCP18 RCM (blue line shows the ensemble mean and light blue area shows the ensemble

range), HadUK-Grid (orange line), and CHESS-met (brown dashed line). The MORECS specific humidity, shortwave radiation and available

energy have been calculated from the daily MORECS meteorology, so they are an approximation of the full day- and night-time calculations.

In the available energy panel, the MORECS, HadUK-Grid and CHESS-met lines show the available energy used in the PE calculations,

which was calculated using the approximate longwave radiation Rne, which assumes the surface temperature can be approximated with the

air temperature (Eq. C11). The dotted orange and brown lines show the available energy with an estimate of the correction from A3 applied,

so are comparible with the UKCP18 RCM values, which are calculated using the actual net radiation components output by the climate

model.
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Figure 11. Monthly mean PET (top) and PETI (bottom) averaged over GB for 1981-2017. The black line in both panels is MORECS PE

(which includes the interception correction, so is PETI). The blue line shows the ensemble mean of Hydro-PE UKCP18 RCM, and the light

blue area shows the ensemble range. The orange line shows Hydro-PE HadUK-Grid. The brown dashed line shows CHESS-PE.
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Figure 12. Monthly mean PETI (top row) and wind speed (bottom row) averaged over England (left) and Scotland (right) (1981-2017) from

MORECS (black line), UKCP18 RCM (blue line shows the ensemble mean and light blue area shows the ensemble range), HadUK-Grid

(orange line), and CHESS (brown dashed line).
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Figure 13. Evaluation of the Hydro-PE HadUK-Grid PETI against daily MORECS PE (which is also PETI) across 16 MORECS sites.

Boxplots summarise results over all 16 sites including: a) bias in mean PETI values calculated annually (Ann), over winter (DJF), spring

(MAM), summer (JJA) and autumn (SON), b) difference in the standard deviation, c) Pearson correlation coefficient. Maps show annual

bias, difference in the standard deviation and Pearson correlation coefficient values at each of the MORECS sites.
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Figure 14. Upper two panels show time series of measured daily AE (black), calculated daily PETI (blue) and HadUK-Grid PETI (orange)

for two EC sites (BD-OG and EF-GF). The grey regions show the summer data that are excluded from calculating the metrics. Lower

two panels show observed daily wind speed (grey), observed monthly mean wind speed (black) and HadUK-Grid interpolated wind speed

(orange) for two EC sites.
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Figure 15. The top panels show PETI calculated from site meteorology plotted against observed AE, for values in winter (DJF), spring

(MAM) and autumn (SON). The bottom panels show the HadUK-Grid PETI against the EC site PETI. The left-hand column is the BD-OG

site, the right-hand column is the EF-GF site. Dashed lines show the least squares linear fit to the data.
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Table 1. Existing Penman-Monteith PE datasets and methods available in the UK.

Dataset/method name Assumed land cover Spatial

resolution

Temporal

resolution

Interception CO2

response

Ground

heat flux

MORECS

(Hough and Jones, 1997)

A range of land cover types,

with monthly varying

parameters. The short grass

parameterisation is widely

used for hydrological

modelling.

40 km Weekly, monthly

(calculated daily)

Yes No Yes

CHESS

(Robinson et al., 2017)

Short grass with time-invariant

parameters (GB only).

1 km Daily Both No No

MOSES

(Smith et al., 2006)

Tiled combination of:

broadleaf tree, needleleaf tree,

C3 grass, C4 grass, crop,

shrub, urban, lake, bare soil.

5 km Hourly No Yes Yes

FAO Reference

Evapotranspiration

(Allen et al., 1998)

Short grass with time-invariant

parameters.

N/Aa Hourly, daily,

weekly, monthly

No No Yes (except

daily)

aFAO is a method rather than a specific dataset. It can be applied to site or spatial data.
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Table 2. Monthly values of LAI, stomatal resistance, daily mean ground heat flux and interception enhancement factor. All values are taken

from the MORECS v2.0 documentation and are valid for short grass (Hough et al., 1995).

Month LAI Stomatal resistance Ground heat flux Interception

Λ (-) rscM (s m−1) G (W m−2) enhancement factor

eP (-)

January 2.0 80 -5.7 1.0

February 2.0 80 -3.1 1.0

March 3.0 60 1.3 1.2

April 4.0 50 7.0 1.4

May 5.0 40 9.8 1.6

June 5.0 60 10.5 2.0

July 5.0 60 8.9 2.0

August 5.0 70 2.9 2.0

September 4.0 70 -3.5 1.8

October 3.0 70 -8.6 1.4

November 2.5 80 -10.7 1.2

December 2.0 80 -8.6 1.0
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Table 3. Sites used for evaluation, and the corresponding HadUK-Grid grid boxes. The top section gives details for MORECS sites, and the

bottom section gives details for the eddy-covariance sites. Locations are given in British National Grid, with HadUK-Grid locations and ele-

vations referring to the centre of the selected grid box. Distance (m) and Elevation difference (m) refer to the difference in location/elevation

between the sites and the centre point of the HadUK-Grid grid box.

Site name Site ID Site location Site

elevation

(m)

HadUK-Grid

location

HadUK-Grid

elevation

(m)

Distance

(m)

Elevation

difference

(m)

Kinloss 1057 306700E 862700N 6 306500E 862500N 5 283 1

Galashiels 1939 347900E 636700N 200 347500E 636500N 265 447 -65

Leeming 2245 430600E 489000N 35 430500E 489500N 31 510 4

Marham 3023 573700E 309100N 19 573500E 309500N 21 447 -2

Stansted 3626 553100E 222600N 100 553500E 222500N 100 412 0

Wilsden 4036 408800E 434900N 264 408500E 434500N 276 500 -12

Nottingham 4206 450300E 345600N 116 450500E 345500N 114 224 2

Ludlow 4750 350900E 274600N 108 350500E 274500N 116 412 -8

Shawbury 4757 355300E 322000N 74 355500E 322500N 70 539 4

Preston 4886 356400E 247500N 86 356500E 247500N 80 100 6

Ulcombe 5345 584300E 147500N 45 584500E 147500N 47 200 -2

Lyneham 5848 400600E 178200N 145 400500E 178500N 145 316 0

Eskmeals 7004 308500E 493100N 6 308500E 493500N 11 400 -5

Swansea 8413 264200E 192300N 6 264500E 192500N 10 361 -4

Yeovilton 8673 355100E 123700N 19 355500E 123500N 20 447 1

Okehampton 8825 260500E 91300N 398 260500E 91500N 395 200 3

Berkshire Organic BD-OG 435932E 181436N 184 435500E 181500N 190 437 -6

Grassland

East Anglia Fens EF-GF 522934E 287366N -1 522500E 287500N 0 455 -1

Grassland
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