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Abstract 

The National Raised Bog Special Areas of Conservation (SAC) Management Plan 2017-20221 has 

identified the need for Drainage Management Plans (DMPs) to be developed for each raised bog SAC 

in Ireland. The purpose of these DMPs is to support the conservation objectives of the SAC while 

considering the existing and potential future drainage and flooding issues at each of the raised bog 

SACs. At most of the SAC sites the conservation objectives include the implementation of measures 

such as drain blocking and tree removal in order to improve the hydrological conditions necessary for 

the retention and development of peat accumulating raised bog habitats. 

The hydrological performance of raised bog sites has been shown to be highly dependent on the hydro-

geological characteristics of the area and the ecohydrological condition of the bog (Cushnan 2018)2. 

One of the initial tasks of the DMPs is to determine if traditional runoff estimation methods could be 

applied to the sub-catchments which drain the raised bogs. The topography of raised bog sites is 

typically characterised by an elevated dome within a relatively flat surrounding landscape. The sub-

catchments draining the raised bogs represent the top of the local catchment and are therefore generally 

very small in size. This presents problems in the application of traditional statistical methods.  

High quality long term flood flow data for these small, rural catchments is relatively sparse. In order to 

assess the performance of existing methods and to potentially develop a new tailored method for 

estimating runoff a larger and wider dataset is required and as a result a dataset representing Irish 

catchments with a high proportion of peatland coverage as opposed to raised bog specifically was 

collated. This dataset is used to assess the accuracy of existing methods and to develop a catchment 

descriptor equation tailored specifically to small peatland catchments. 

The analysis of the hydrometric data for peatland catchments facilitates a better understanding of the 

flood runoff performance and the uncertainty associated with different methods. For each SAC the 

drainage network is mapped and sub-catchments defined by the physical characteristics which most 

affect run-off performance, determined from the analysis of the gauged dataset for peatland catchments. 

The flood flows are estimated for drains where flood risk is identified as being potentially significant 

and hydraulic analysis is used to identify where the drain or structure capacity is exceeded. The analysis 

is also used as the basis for assessing the potential impact of drain blocking and other restoration 

measures on runoff from the SAC. 

The accurate identification and quantification of the issues assists in building confidence between the 

project partners and the local communities, whose buy-in to the project is crucial to its success. Three 

key objectives of the DMPs have been identified: 

                                                      
1 Department of Culture Heritage, and the Gaeltacht, 2018 available at: 

https://www.npws.ie/peatlands-and-turf-cutting/management-plans 
2 Cushnan, H. (2018) Quantifying the baseline conditions and restoration potential of Irish raised bogs through 

hydrogeological and geophysical methods. PhD thesis. School of Natural and Built Environment, Queen’s 

University Belfast. 
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1. Work with landowners/stakeholders to identify drainage/flood risk issues in isolated remote 

areas where data is scarce. 

2. Agree the scale and nature of the drainage issues, potential improvement works and mitigation 

measures. 

3. Achieve buy-in in relation to the proposed drainage management plans and the restoration plans 

more generally. 

The results of this analysis can be used in the future to inform the estimation of run-off from small rural 

Irish catchments. Some of the issues identified in the analysis will be relevant across a range of studies, 

such as the apparent changes in flood frequency in the most recent record periods and the application 

of climate change to present day estimates and management measures. 

 

1 INTRODUCTION 

Drainage Management Plans (DMPs) are under development for raised bog SAC sites across Ireland. 

The DMPs are intended to support the conservation objectives of the SAC by ensuring that drainage 

and flood risk issues are not an impediment to achieving the objectives. In reality this means identifying 

existing drainage and flood risk issues with the assistance of the local community living and working 

around the raised bog SACs. These are then assessed based on the most appropriate hydrological and 

hydraulic analysis techniques such that solutions can be brought forward where problems are identified. 

This in turn should allay fears that restoration, which will generally alter the hydrological regime at the 

raised bog SAC and potentially the surrounding area, will not compound existing issues affecting local 

communities. It is a further aim that the DMPs assess the potential impact of restoration measures which 

are proposed on the existing level of flood risk. Undertaking the assessments requires a comprehensive 

understanding of the hydrological regime within raised bogs such that appropriate flood flow estimation 

methods can be selected. There is very little observed data, which is specific to runoff from raised bogs 

and which robustly captures flood flows over a number of years, to base the hydrological analysis on. 

Current best practice flood estimation techniques for ungauged catchments such as the FSU-7 variable 

equation have been derived from statistical flood flow observations at locations across the Republic of 

Ireland. The hydrometric gauging stations at which the data is collected measure flow for catchments 

that cover a wide range of catchment types with varying soils, land cover and other catchment 

characteristics. The applicability of such methods to the sub-catchments draining raised bogs is 

uncertain and it is therefore beneficial to the Drainage Management Plan (DMP) project to review these 

techniques. It is worth considering if a more applicable approach to flood estimation can be developed 

based on gauge data from catchments which is more representative of raised bogs.  
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2 COLLECTION OF SUITABLE HYDROMETRIC DATA 

To identify the most suitable flow records the ‘Register of Hydrometric Gauging Stations in Ireland’ 

compiled by the EPA3 was reviewed. There are only a small number of stations representing raised bog 

catchments. Other sources of data outside the registered network were considered, namely sites which 

have been set-up by academic institutions/researchers, however, no data is available at the present time. 

Consequently the search was widened to sites representing catchments with a significant proportion of 

peat coverage as opposed to bog sites specifically. 

2.1 Screening for Suitability of Gauged Data 

The first step in identifying suitable sites was to define catchments representing sites in the hydrometric 

register in terms of their area and peat coverage. To do this a GIS shapefile was created and attributes 

from the FSU (Flood Studies Update) Physical Catchment Descriptor (PCD) dataset were borrowed 

based on the nearest downstream FSU PCD node. Sites were then screened based on the following 

steps: 

1. Sites were identified where flow data was available 

2. Sites representing catchments with a significant proportion of peat coverage were identified 

(>30%). 

3. AMAX (annual maximum series) flow and associated quality data for 115 sites identified 

through Step 2 were requested from the relevant gauging authorities. 

4. 50 sites operated by the EPA (Environmental Protection Agency) were identified as having 

potentially suitable flood flow data. 20 sites operated by the OPW (Office of Public Works) 

were identified. 

5. For each site key hydrometric statistics were quantified to inform whether they were 

suitable for use in flood frequency analysis. Key statistics included observed QMED 

(median flow), predicted QMED, Highest Gauged Flow (HGF), Number of years of data 

and various combinations of these statistics such as the ratio of the highest gauged flow to 

the index flood flow (HGF/QMED). 

The locations of the 51 sites which were retained for analysis based on the screening are shown in 

Figure 1. The catchment characteristics and flood statistics for the 51 sites are summarised Table 1. It 

is acknowledged that the vast majority of the sites represent catchments containing blanket bog as 

opposed to raised bog. 

Table 1: Summary of catchment characteristics and flood statistics 

 Peat 

Soils (%) 

Years of 

Data 

AREA 

(km2) 

SAAR(mm) FARL BFISOIL S1085 QMED 

(m3/s) 

Min. 30 7 0.4 786 0.62 0.26 0.29 0.04 

Max. 93 53 1804.8 2465 1 0.80 56.04 238.05 

Average 

(Mean) 
51 26 166.5 1611 0.88 0.46 11.77 49.97 

Median 51 26 71.4 1600 0.95 0.45 6.90 29.40 

 

                                                      
3 http://www.epa.ie/pubs/reports/water/flows/registerofhydrometricstationsinireland.html 
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Figure 1: Selected flood flow sites 

3 REVIEW OF EXISTING FLOOD FLOW ESTIMATION TECHNIQUES 

The review of existing flood flow estimation techniques draws on the research reported in the FSU 

Work Package 4.24. Rainfall runoff based methods are considered either too uncertain in their 

application across rural catchments (rational type methods) or not suitable for application in Irish 

                                                      
4 FSU Work Package 4.2 ‘Flood Estimation in Small and Urbanised Catchments’ 

http://opw.hydronet.com/data/files/FSU%020Work%20Package%204_2.pdf 
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catchments (FEH Revitalised Flood Hydrograph Method). Statistically based methods are preferred as 

they link catchment characteristics to long term flood flow records. They can be shown to be statistically 

robust and less reliant on user input and skill to maximise confidence in the estimates. The most 

appropriate methods are those which are based on the most recent UK and Irish datasets, both in terms 

of catchment descriptors and data. On this basis the following four methods have been taken forward 

for analysis: 

1. FSU 7 Variable Equation – recommended method for most Irish catchments 

2. FSU 5 Variable Equation – developed on an Irish, small catchment dataset 

3. FSU 3 Variable Equation – simplified, initial method developed as part of the FSU 

4. FEH Statistical Equation – 4 variable equation, recommended method for most UK 

catchments (Kjeldsen et. al., 2008) 

All of the methods above are considered in their rural format with no adjustment for urbanisation 

applied. Furthermore the 51 sites identified for which data is available against which the methods are 

tested can be considered to be predominantly rural also. 50 out of 51 have urban extents less than or 

equal to 1%. One site has urban extents of 3.6% and as such the observed QMED value has had an 

adjustment applied to reduce it to its predicted rural only value. 

Each of the four methods set out above was used to estimate a predicted QMED value for each of the 

51 catchments representing the gauged sites identified in section 2. The predicted QMED values were 

estimated based on the FSU physical catchment descriptor data available from the FSU Web Portal5. 

The predicted QMED values at each of the 51 sites for each of the four methods was then compared to 

the observed QMED values extracted from the updated AMAX flood flow series. A range of error and 

goodness of fit statistics were calculated to describe the performance of the different methods. 

Table 2: Outputs of statistical measures for 51 sites 

Flow 

Estimation 

Method 

Coefficient of 

Determination 

(R2) 

Standard 

Error 

(SE) 

Root Mean 

Squared Error 

(RMSE)  

Nash-

Sutcliffe 

Efficiency 

(NSE) 

Max 

Under-

estimate 

(%) 

Max 

Over-

estimate 

(%) 

Mean 

Bias 

(m3/s) 

Factorial 

Standard 

Error 

(FSE) 

FSU 3 

Variable 
0.878 19.81 20.194 0.868 -69 283 -3.528 1.396 

FSU 5 

Variable 
0.894 18.288 21.581 0.849 -77 248 6.384 1.366 

FSU 7 

Variable 
0.918 16.23 16.868 0.908 -74 116% 1.133 1.325 

FEH 

Statistical 
0.82 23.995 30.856 0.691 -77 280 6.894 1.48 

Note: Figures in bold represent best performing method. Colour scale from red representing maximum possible 

error or worst performing to white representing no error or perfect fit. 

 

As can be seen from Table 2 the FSU methods perform best against the 51 sites representing peat 

catchments. The FEH Statistical method performs worst in all measures. In relation to the FSU methods 

it can be seen that the 7 variable equation, representing the standard recommended method for most 

catchments performs best across almost every measure. The FSU methods generally improve with the 

number of variables in terms of R2, SE and RMSE. It is also worth noting the comparison of the results 

with the similar analysis presented in FSU Work Package 4.2 which looked at small and urbanised 

                                                      
5 http://opw.hydronet.com/ 
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catchments. Two things are notably different in this analysis from that described in FSU Work Package 

4.2. Firstly the statistics reported here indicate that the methods in general are much better at predicting 

QMED in predominantly rural, peat covered catchments than they do in the small urbanised catchments 

considered in FSU WP 4.2. Secondly in relation to the FSU methods the performance correlates with 

the number of variables. It is considered that this would be expected given that with the addition of 

variables the resolution at which the catchment is represented hydrologically is improved. This contrasts 

with FSU WP 4.2 where the 7 variable equation performed poorly. 

The analysis was also repeated against a smaller subset of 36 catchments in an attempt to derive a 

dataset of reduced variance. Outliers in terms of catchment descriptors were removed and the maximum 

catchment size was reduced to 231 km2. Analysis of this dataset resulted in marginally improved 

statistical measures than those shown in Table 2. The main difference was that statistical measures were 

improved most for the FSU 5 variable method (resulting from FSU WP 4.2) such that it became the 

best performing measure in terms of R2 and Standard Error. The 7 variable method remained the best 

performing method in terms of NSE and RMSE. 

4 DEVELOPMENT OF AN IMPROVED METHOD 

An attempt was made to develop a new regression equation tailored to peat catchments based on the 51 

sites identified. The first step is to consider the correlation between various log transformed catchment 

descriptors and the observed QMED values as shown in Figure 2. 

 
Figure 2: Cross correlation matrix based on Spearman’s Rank 
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In selecting the variables upon which to base the model it is important not to include catchment 

descriptors (variables) which are correlated (collinear), primarily because they are describing the same 

thing. An example is the correlation demonstrated in Figure 2 between lnArea and lnMSL (Main Stream 

Length) in that both describe the scale of the catchment. Retaining both within the regression analysis 

is problematic as multiple combinations of both may achieve similarly good fit. Furthermore a variable 

may be favoured in the model at the expense of another which may be considered, based on hydrological 

interpretation, to be more appropriate. Principal Component Analysis (PCA) is used to reduce the 

dimensionality of the dataset and transform to new variables (the Principal Components) which are 

uncorrelated. Linear dimensionality reduction is achieved through Singular Value Decomposition 

(SVD). This method is particularly useful in high-dimensional data problems, where the objective is to 

select the least amount of independent variables that capture the most variance. The procedure outputs 

the new variables (principal components) that are orthogonal and each component is simply a linear 

combination of all input variables. Figure 3 below presents the cumulative summation of explained 

variance in the dataset captured through the principal component analysis using 10 components. 

 
Figure 3: Number of Principal Components versus explained variance 

 
Figure 4: Principal Component Heatmap 
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The PCA heat map shown in Figure 4 indicates which variable dominates each component. Note that 

at this time it is important when selecting the input variable to a multiple linear regression model, that 

there is no evidence of collinearity with another variable using the cross-correlation matrix. The 

variables selected to form the multivariate regression analysis are informed by the PCA but some degree 

of hydrological judgement has been used to select non collinear catchment descriptors. Six log 

transformed catchment descriptors are chosen, AREA, ARTDRAIN2, FARL, SAAR, BFISOIL and S1085. 

The multiple regression plots of the selected variables for modelling and cross-correlation values are 

shown in Figure 5. 

 

Figure 5: Multiple regression plots and cross correlation values for selected variables 

Using the selected variables a machine learning exercise was then implemented to train and test the 

performance of a new multivariate linear model based on a number of common regression metrics such 

as mean squared error (MSE), root mean squared error (RMSE) and coefficient of determination (R2). 

Various random combinations of splitting the data for the 51 sites into separate batches for training and 

testing the model performance.  The key aim of this is to derive a model that generalises well to unseen 

data (the test set). A well performing generalised model was achieved with a 50% train/validation split 
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which achieved an R2 score of 0.94 on the training and 0.95 on the data partitioned for validation, 

indicating that the model has avoided overfitting. Following this process the final form of the 

multivariate linear regression equation was determined as shown.  

Equation 1: Draft Irish Peat Catchment Equation 

 

4.1 Performance of the Peat Catchment Equation 

The predicted QMED values were estimated based on the new peat catchment equation and compared 

to the FSU 7 variable equation against the 51 sites. The statistics for both methods are shown in Table 

3. 

Table 3: Comparison of peat catchment equation v. FSU 7 variable 

Flow 

Estimation 

Method 

Coefficient of 

Determination 

(R2) 

Standard 

Error 

(SE) 

Root 

Mean 

Squared 

Error 

(RMSE)  

Nash-

Sutcliffe 

Efficiency 

(NSE) 

Max 

Under-

estimate 

(%) 

Max 

Over-

estimate 

(%) 

Mean 

Bias 

(m3/s) 

Factorial 

Standard 

Error 

(FSE) 

FSU 7 

Variable 
0.918 16.23 16.868 0.908 -74 116 1.133 1.325 

New Peat 

Equation 
0.927 15.31 15.867 0.918 -59 144 -0.401 1.306 

Note: Figures in bold represent best performing methods 

 

Figure 6: Graph showing Predicted v Observed QMED for both methods 

The peat equation developed here performs better than the FSU 7 variable equation, the best performing 

existing method, in almost all statistics. However the improvement is marginal with a RMSE 

improvement of approximately 1 m3/s (6%).  
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5 CONCLUSIONS AND RECOMMENDATIONS 

Hydrometric data capturing flood flow runoff specifically from raised bogs in Ireland is very sparse. 

This analysis is based on data captured from the network of gauges operated by the OPW and EPA and 

considers catchments of varying sizes with a large proportion of land cover described as peat soils or 

bog. The results may not therefore capture the localised effects of hydrological and hydrogeological 

mechanisms specific to raised bogs and their flood flow runoff characteristics. It would be of benefit to 

extend the analysis to hydrometric data specific to the watercourses draining only the raised bog, which 

by their nature represent small headwater sub-catchments, when this becomes available in the future. 

Data from a number of academic sites on raised and blanket bogs may become available within the next 

year. 

Up to date data from 51 Irish peat covered catchment was considered in this analysis. The most recent 

methods recommended for use in Irish catchments were found to perform the best against a range of 

statistical measures. The FSU 7 variable method was found to perform best of all the existing methods 

considered with an R2 value of 0.918. 

A new equation was developed to fit the data from the 51 peat covered catchments in Ireland based on 

a multivariate linear regression considering the existing FSU physical catchment descriptor dataset. 

This peat catchment equation was found to perform marginally better than the FSU 7 variable equation 

when tested against the observed QMED values for the 51 sites. Nevertheless the FSU variable equation 

can be considered to be as robust a method for estimating the QMED runoff for peat catchments given 

that it was not specifically developed using the subject dataset. 

It is recommended that further development and testing of the peat catchment equation is undertaken 

before it is suitable for use as the preferred method for Irish peat covered catchments including: 

1. Consideration of alternative catchment descriptors, possibly outside of the FSU dataset, which 

describe the hydrological characteristics of bogs which may influence flooding. 

2. Testing on small sites representing catchments where the runoff is predominantly from raised 

and / or blanket bogs as previously discussed. 

3. Testing of additional linear model techniques such as lasso and ridge regression which may 

further improve model performance. 

4. Research and testing of advanced machine learning techniques such as random forest 

regression, support vector machine regression and deep neural networks. 

A further aspiration of the hydrological analysis in support of the raised bog drainage management plans 

is to determine the likely impact of restoration works within raised bog SAC on flood flows in the 

watercourse draining them. The restoration methods to be implemented include drain blocking in the 

drains connecting the high bog and cutover peat to the watercourses. Although the FSU research 

captures the relationship between the effective drainage network (drainage density or DRAIND) and 

QMED, it is uncertain if this relationship, where QMED decreases with reduced drainage density, is 

representative of the effect of drain blocking at the small sub-catchment scale and within the unique 

hydrological conditions of raised bog. The dataset and catchment descriptors which are available are 

not sufficient at this time to determine this impact with a significantly increased level of certainty. It 

would be beneficial to the field of bog restoration and of natural flood risk management if hydrometric 
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data representing raised bog sites in their restored and unrestored states were to be collected and this 

should be an aspiration going forward. 
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