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Abstract 

There is a growing demand from industry, research and governmental sectors for high 

quality, long-term gridded climate datasets with high spatial and temporal resolution for 

conducting climate research. The need for spatially represented hydro-climatic variables is a 

prerequisite for many aspects of hydrological and ecological assessments. Estimates of 

evapotranspiration and soil moisture conditions are crucial for applications such as water 

sustainability, agronomic management, and the management of flood and drought risk. 

However, with the exception of temperature and precipitation, spatially and temporally 

homogeneous, multi-decadal, gridded observational climate datasets are not readily available 

for hydro-climatic research applications in Ireland. The lack of such datasets represents a major 

knowledge gap in Irish meteorology.  

 

Researchers at the Irish Centre for High-End Computing (ICHEC) have recently completed 

two high-resolution downscaled simulations of the current Irish climate. This was achieved by 

downscaling ECMWF ERAInterim data for the period 1981-Present using the numerical 

weather prediction (NWP) models, COSMO-CLM5 and WRF v3.7.1 at maximum spatial 

resolutions of 1.5km and 2km, respectively. Additionally, the Irish Meteorological Service, 

Met Éireann, has recently completed a 2.5km resolution reanalysis (MÉRA) for the same 

period using the ALADIN-HIRLAM numerical weather prediction system with a data 

assimilation component included. The datasets produced contain both hourly and daily outputs 

for an array of sub-surface, surface and atmospheric fields. The benefits of such datasets 

include providing the best estimate of the four-dimensional atmospheric state, not only of the 

observed variables, but also the Essential Climate Variables (ECVs) and parameters which are 

not routinely monitored by observations. 

 

The outputs of the models are validated by comparison with Met Éireann observational data. 

Validations so far show that the relative skill of the NWPs is dependent on the field under 

analysis. The evapotranspiration estimates are derived using the international best practice 

FAO Penman-Monteith equation and current Met Éireann standard procedures. Validation 

results will be presented showing the relative skill at various scales for a number of the climate 

variables and derived products (e.g. evapotranspiration and soil moisture deficits) in each 

simulation dataset with uncertainty estimates assigned to each. In addition, an overview of the 

methods used to estimate evapotranspiration and soil moisture deficits will be presented. The 

climate data, together with uncertainty estimates, will be made publicly available so that 

researchers, policy makers, industry and the general public can utilise the datasets. 
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1. INTRODUCTION 

 

The lack of homogeneous, long term gridded datasets can be addressed through the use of 

Numerical Weather Prediction (NWP) re-analysis simulation. This involves simulating the past 

weather using an NWP model and a corresponding data assimilation system to incorporate 

surface and upper air observations. The best advantage of reanalysis simulations is that it 

provides the best estimate of the four-dimensional atmospheric state, of both observed and 

essential climate variables (ECV), those which are not regularly monitored by synoptic 

stations. Prime example of reanalysis datasets include the European Centre for Medium Range 

Weather Forecasts (ECMWF), where global models have resolutions of 80km. These of course 

are too course for standard use, so to improve these, a regional NWP model is typically 

employed to dynamically downscale coarse global reanalysis to a higher resolution over the 

interest area, and is considerably less computationally expensive than running a global model. 

At present the lack of such downscaled datasets represents a major knowledge gap in Irish 

meteorology.  

 

Researchers at the Irish Centre for High-End Computing (ICHEC) have recently completed 

two high-resolution downscaled simulations of the current Irish climate. This was achieved by 

downscaling ECMWF ERAInterim data (Dee et al 2011) for the period 1981-Present using the 

numerical weather prediction (NWP) models, COSMO-CLM5 and WRF v3.7.1 at maximum 

spatial resolutions of 1.5km and 2km, respectively. Both the WRF and COSMO models were 

run with nested domains of 18 km and 6 km. Figure 1 below shows the nested domain setup of 

the WRF model.  

Additionally, the Irish Meteorological 

Service, Met Éireann, has recently 

completed a 2.5km resolution reanalysis 

(MÉRA) for the same period using the 

ALADIN-HIRLAM numerical weather 

prediction system (Gleeson et al 2017, 

Whelan et al 2016). Although it has been 

downscaled directly to 2.5 km rather than 

using a nested domain, due to a data 

assimilation component included, it is 

expected to exhibit better skill. The datasets 

produced contain both hourly and daily 

outputs for an array of sub-surface, surface 

and atmospheric fields. The benefits of such 

datasets include providing the best estimate 

of the four-dimensional atmospheric state, 

not only of the observed variables, but also 

the Essential Climate Variables (ECVs) and parameters which are not routinely monitored by 

observations. 

 

 
Figure 1: Nested domain of the WRF model, 

with 18km, 6km and 2km resolutions for d01, 

d02 and d03 respectively 
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2. HYDROCLIMATIC VARIABLES 

 

2.1 Reference Evapotranspiration 

 

Evapotranspiration fundamentally is the combination of the two separate processes where 

water is lost from the surface of the soil by evaporation and by transpiration from the 

vaporisation of liquid water contained in the crop/plant tissues and the vapour removal to the 

atmosphere. As both processes occur simultaneously, and are not measured separately, there 

is no way of distinguishing between the two processes. At some synoptic stations, lysimeters 

can be deployed to measure evapotranspiration directly, however this is not the most common 

practice, and many meteorological agencies use calculation methods to determine a 

‘reference’ evapotranspiration.  

 

This reference evapotranspiration (ET0), is evapotranspiration from a reference surface. This 

is typically a grass reference crop with an assumed crop height of 0.12m, a fixed surface 

resistance of 70 s/m and an albedo of 0.23. ET0 can be calculated from meteorological 

variables using a number of different formulas. However the international best practice is the 

FAO Penman-Monteith equation (Allen et al 1998), which requires radiation, air temperature, 

air humidity/dew point temperature and wind speed data. This has the advantage of that these 

variables are measured at most weather stations and if a variable is not recorded, it can be 

calculated using a standard empirical relationship. 

 

The Penman-Monteith equation for reference evapotranspiration is given by; 

 

𝐸𝑇0 =
0.408∆(𝑅𝑛 − 𝐺) + 𝛾

𝐶𝑛

𝑇𝑚𝑒𝑎𝑛 + 273 𝑢2(𝑒𝑠 − 𝑒𝑎)

∆ + 𝛾(1 + 𝐶𝑑𝑢2)
 

 

Table 1: Variable notations in the Penman Monteith equation 

ET0 = reference evapotranspiration (mm/day) u2 = 2 m windspeed 

Rn = net radiation (MJ m-2 day-1) ∆ = slope of vapour pressure curve (kPa 

°C-1) 

G = soil heat flux (MJ m-2 day-1) 𝛾 = psychometric constant (kPa °C-1) 

es = saturation vapour pressure Cn = numerator constant (grass = 900) 

ea = actual vapour pressure  Cd = denominator constant (grass = 0.34) 

Tmean = average temperature at 2 m (°C)  

 

Following the calculation of evapotranspiration for the grass reference crop, to get 

evapotranspiration for a certain crop, a crop coefficient Kc must be applied, where; 

𝐸𝑇𝑐 = 𝐾𝑐 ∙ 𝐸𝑇0 

 

The best practice standard is to calculate a country wide ET0 values, from which then a 

crop evapotranspiration can be derived based on the crop coefficient in a certain field and the 

time of year.  
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2.2 Actual Evapotranspiration, Soil Moisture Deficits 

 

 

 Actual evapotranspiration 

(ETa) is the amount of 

evapotranspiration that actually 

occurs, in comparison to ET0 

which assumes that there is 

always moisture in the soil. At 

present soil moisture deficits and 

actual evapotranspiration are 

calculated by Met Éireann using 

a Hybrid Soil Moisture Deficit 

Model developed in 

collaboration with Teagasc 

(Schulte et al, 2005). An 

advantage of the mode is being 

able to account for differences in 

drainage regimes between 

different soil types in Ireland. 

There are three different soil 

drainage types which are used, 

and are outlined in Table 2. 

 

 

 Well Drained Moderately Drained Poorly Drained 

SMDmax 110mm 110mm 110mm 

SMDmin 0mm 0mm -10mm 

Drainage - 10mm 0.5mm 

Comments Soil never saturates, 

remaining at field 

capacity even on very 

wet winter days 

Soils may saturate on 

wet winter days, but 

return to field capacity 

on first dry day 

Saturates on wet winter 

days, with water surplus 

drained at very slow rates 

Table 2: HSMD model drainage classes, adapted from Schulte et al. 2005 

 

The soil moisture deficit model itself is given as follows; 

 

𝑆𝑀𝐷𝑡 = 𝑆𝑀𝐷𝑡−1 − 𝑃 + 𝐸𝑇𝑎 + 𝐷 

 

where SMDt-1 is the soil moisture deficit for the previous day, P is the daily precipitation,  

ETa is actual evapotranspiration and  

D is the drainage term, which is referred to in Table 2 above.  

 
Figure 3: Soil drainage map from Schulte et al 2015 
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This model has been at use at Met Éireann since 2006, however since then a newer model has 

been released which includes two more drainage classes, excessively drained and imperfectly 

drained and an optional module accounting for the topographic wetness at any location (Schulte 

et al 2015).  

 

The new classes follow the same characteristics as the other classes, however with the 

excessive class having an SMDmax of 50mm, with other characteristics the same as the well 

drained class and the imperfect class having a drainage of 3mm, with other similar 

characteristics as the moderately and poorly drained classes. 

 

As for calculating the actual evapotranspiration, assuming the reference crop of grass, and ETc 

= ET0, actual evapotranspiration is given as; 

 

𝐸𝑇𝑎 = 𝐸𝑇𝑜 when 𝑆𝑀𝐷 ≤ 𝑆𝑀𝐷𝑐/𝑚𝑖𝑛 

 

𝐸𝑇𝑎 = 𝐸𝑇𝑜 ∙
𝑆𝑀𝐷𝑚𝑎𝑥−𝑆𝑀𝐷𝑡−1

𝑆𝑀𝐷𝑚𝑎𝑥−𝑆𝑀𝐷𝑐
  when 𝑆𝑀𝐷 > 𝑆𝑀𝐷𝑐/𝑚𝑖𝑛  

 

In this model, it is assumed that ETa decreases linearly to 0 as the SMD approaches the 

theoretical maximum value SMDmax. To be utilised effectively, the model should be initialised 

at a time when the soil is at field capacity. For the results given, the model was initialised at a 

time when all stations were at field capacity for each of the soil drainage classes, for which the 

date was taken as December 19th 1980. Other soil moisture deficit models which look at the 

non-linear decrease of SMD with respect to time are also being investigated as part of this 

project’s scoping study 

 

 

2.3 Additional Add-ons: 

 

The Standardized Precipitation Index and rainfall intensities are being considered as useful 

add-ons to this project, with the primary focus being concentrated on evapotranspiration and 

soil moisture deficit variables, however both have great potential for use in Ireland. The 

Standardized Precipitation Index (SPI), originally developed by McKee et al (1993) as a 

method for predicting and monitoring drought, and is used extensively in the United States, 

and is the international best practice standard for drought monitoring (WMO 2012) as shown 

in studies such as Karavitis et al (2011) and Vicente-Serrano et al (2010). However, because 

of its characteristics, the SPI can be used as a tool to monitor wetter than normal conditions. 

Studies such as Seiler et al (2002) were able to show that the SPI satisfactorily explains the 

development of conditions leading up to major flood events. The potential for use of rainfall 

intensities is also being considered regarding the development of rainfall intensity duration 

frequency curves, however more work and feedback from interested parties would need to be 

done to develop this further. 
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3. RESULTS 

 

As mentioned in the previous sections, all models are being compared to Met Éireann 

observations. At present the majority of work has focused on optimising the scripts so that they 

run in an efficient manner as possible.  The statistical results collected so far are focused on 

ET0, due to its importance in the follow-on studies. Preliminary maps of ET0 and SMDs for 

monthly and seasonal periods will be covered in the following sections. 

 

3.1 Reference Evapotranspiration 

The results for ET0 to date have been promising, despite that bias corrections to the models 

input variables has not been completed to date with a thorough error analysis needed for the 

input variables. To date the MÉRA dataset has not been fully optimised but work on this will 

continue in the coming weeks, with most of the work being done so far on the WRF and 

COSMO models. Figure 3 on the following page shows the average annual ET0 sum for the 

period 1981-2015 for the COSMO-CLM5, WRF and MÉRA models. As mentioned previously 

the MÉRA map is preliminary at this point and should not be used as representation of MÉRA’s 

capabilities of showing ET0 and still needs further work. However, there is a noticeable 

difference between the COSMO and WRF models, with higher inland values for WRF than 

COSMO, and WRF being able to pick up the urban areas better than COSMO. 

 

 
Figure 4: Version 1 of average annual sum of reference evapotranspiration for the a) COSMO (1.5km) 

and b) WRF (2km) models, with c) MÉRA (2.5km) for visual purposes only.  

 

Once these datasets were derived, the climate data operators (cdo) run using bash scripts were 

used to interpolate to a synoptic stations’ location. Figure 5 on the following page shows a 

representation of six synoptic stations (Malin Head, Belmullet, Dublin Airport, Mullingar, 

Shannon Airport and Valentia) and how the WRF and COSMO models compare. 
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Figure 5: Validations for ET0 at six major synoptic stations in Ireland, showing yearly sums of ET0 for 

WRF and COSMO models for 1981-2015. 
 

The most notable observations to make are that WRF is consistently overestimating observations for all 

years in comparison with COSMO where the accuracy depends on the location. Table 3 below shows a 

representative look of how the models perform for three of the synoptic stations, Mullingar, Valentia 

and Shannon Airport and then for the combination of all six stations mentioned above 

 

Table 3: Error analysis for COSMO and WRF models once interpolated to station locations 
  Valentia Mullingar Shannon All Stations 
  COSMO WRF COSMO WRF COSMO WRF COSMO WRF 

Yearly                

RMSE/yr 77.32 72.12 26.77 96.32 23.87 49.57 50.6 76.00 

Bias/yr 71.89 68.84 15.42 95.12 -4.32 46.37 40.18 72.74 

Corr. Coeff 0.58 0.66 0.77 0.8 0.7 0.8 0.66 0.68 
                 

Winter                

RMSE 9.15 7.24 14.92 8.05 16.16 8.37 12.66 12.05 

Bias 2.99 -0.42 -14.37 -7.45 -12.96 6.08 -7.26 -0.43 

Corr. Coeff 0.62 0.59 0.73 0.77 0.65 0.67 0.57 0.58 
                 

Spring                

RMSE 26.58 23.72 11.7 30.29 7.27 8.16 17.918 22.76 

Bias 24.56 22.65 8.29 29.55 2.09 5.86 15.01 21.42 

Corr. Coeff 0.65 0.81 0.64 0.72 0.77 0.84 0.65 0.74 
                 

Summer                

RMSE 34.89 43.11 26.52 65.42 14.47 24.78 30.72 50.10 

Bias 30.96 41.86 21.51 64.67 7.79 22.7 25.69 48.84 

Corr. Coeff 0.81 0.87 0.88 0.87 0.86 0.87 0.82 0.86 
                 

Autumn                

RMSE 21.32 11.49 6.49 9.24 6.98 13.15 12.24 10.06 

Bias 19.76 8.81 0.002 8.36 -1.24 11.72 7.66 7.50 

Corr. Coeff 0.55 0.48 0.5 0.64 0.58 0.6 0.44 0.54 

 

Overall, COSMO performs the better of the two models studied thus for by looking at the 

magnitude of yearly average biases and root mean square errors (RMSE) but as shown it does 

vary between seasons. WRF performs better in winter than COSMO but then much worse 

during summer. A common trend for both of these is that for the seasons where values of ET0 



National Hydrology Conference 2017  Werner et al. 

- 83 - 

 

are higher, not only are the biases and RMSE higher, as once would expect but also so is the 

correlation coefficient. Despite the overestimations WRF usually has a higher correlation 

coefficient than COSMO. 

 

Figures 6 and 7 below show how the COSMO and WRF models perform on a monthly basis, 

again for the period 1981-2015, and on the following page in Figure 8 shows how well the 

models compare to average monthly observations. As with previous figures and for summer 

months take note in the difference in ET0 between the two models. 

 

 
Figure 6: Average Monthly Averages using COSMO-CLM for the period 1981-2015 at 1.5 km resolution. 

 

 
 

Figure 7: Average Monthly Averages WRF v3.7.1 for the period 1981-2015 at 2 km resolution. 
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Figure 8: Validations of gridded datasets shown in Figures 6 and 7 interpolated to synoptic station 

locations. 

 

As shown above the pattern which was shown over seasons and months is evident over the 

monthly averages, with WRF overestimating COSMO during the summer and performing 

better during the winter months. The biggest encouragement however is the accuracy during 

the spring and autumn for both models during the spring and autumn and could lead to bias 

corrections being applied to specific months as analysis continues in the coming months. 

 

3.2 Soil Moisture Deficits 

 

As mentioned earlier, soil moisture deficits up to this point have been calculated using the 

hybrid soil moisture deficit model developed by Schulte et al 2005. Further work on developing 

gridded SMDs for end-users will focus more on version 2 of the same model and the possibility 

of dealing with rooting constants, which have high usage potential in groundwater recharge 

maps as well as actual evapotranspiration. As yearly SMD values are not particularly useful 

for commercial use, the following images will cover the results obtained so far for average 

monthly SMDs which will have uses in trafficability and duration of field capacity, again for 

the WRF and COSMO models. For these examples, the moderately drained soil class is used. 

Further work and maps will include all classes in a single map. 
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Figure 9: Monthly average Soil Moisture Deficits for moderately drained soils using the COSMO 

model for the period 1981-2015 at 1.5km resolution. 

 

 
 

Figure 10: Average Monthly Soil Moisture Deficits for moderately drained soils using the WRF 3.7.1 

model at 2 km resolution. 
 

As shown above, there is a close match in winter months and in the spring months of March 

and April before more drastic changes become apparent. As has been seen previously, WRF 

generally shows higher values than COSMO, but in this instance shows extremes on the other 

end of the spectrum. Validations interpolating to location are shown in Figure 11.  



National Hydrology Conference 2017  Werner et al. 

- 86 - 

 

 
 
Figure 11: Validations of gridded datasets shown in Figures 9 and 10 interpolated to synoptic station 

locations calculated using the Hybrid Soil Moisture Deficit Model (HMSD) from Schulte et al 2005, for 

the moderately drained soil drainage class. 

 

In contrast to previous examples, WRF seems to be outperforming COSMO for SMDs, but 

these are preliminary results and more analysis needs to be done. A particular point to note is 

the poor performance of Valentia, which raises the question of how well the model represents 

reality at these resolutions. At Valentia, the synoptic station is surrounded by a variety of 

landscapes and therefore the models may not accurately represent reality. 

 

 

4. CONCLUSIONS AND UPCOMING WORK 

 

As shown, so far the results from ICHEC’s downscaled simulations can represent the hydro-

climatic conditions of Ireland to a good degree of accuracy even before bias corrections have 

been applied and to date the COSMO model seems to be performing the best. However, the 

results obtained so far highlight the uncertainties which can be associated with the input 

variables so the immediate future work will be focused on getting the best dataset possible for 

reference evapotranspiration. So far, as mentioned, the outputs for MÉRA are preliminary and 

purely for representational purposes and should not be used as a representation of the MÉRA 

dataset. Once complete, these datasets as well as uncertainty estimates will be made publicly 

available so that researchers, policy makers, the general public and Irish industry can utilise 

the datasets. 
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