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Foreword 
 

This document is an update of a report (Hollis et al, 2004) issued by the former Pesticides Safety 

Directorate, through the Department for Environment, Food and Rural Affairs (DEFRA, formerly 

MAFF) which provides a description and explanation of HardSPEC, an aquatic exposure model 

for pesticides used on hard surfaces. 

Development of the HardSPEC model was funded primarily by the former Pesticides Safety 

Directorate (PSD), through the Department for Environment, Food and Rural Affairs (DEFRA, 

formerly MAFF). Its development also made extensive use of field and laboratory studies which 

were sponsored by several organisations: Department of the Environment, Transport and the 

Regions; The Environment Agency of England and Wales; UK Water Industry Research 

Association Ltd; Agrichem International Ltd; Bayer CropScience through its predecessor 

companies AgrEvo UK Ltd and Rhône-Poulenc Agriculture Ltd.;  Dow AgroSciences; The 

Scotts Company (UK) Ltd; Monsanto Agricultural Company; Novartis Crop Protection. The 

authors would like to thank representatives of all the sponsoring organisations for their 

invaluable help and advice throughout the projects reported or referred to here. 

Opinions expressed within the report are those of the authors and do not necessarily reflect the 

opinions of the sponsoring organisation.  No comment within this report should be taken as an 

endorsement or criticism of any herbicide compound or product. 

 

 

 

 

 

 

 

 

 

Reference to this report should be made as follows: 

 

HOLLIS, J.M., RAMWELL, C.T., HOLMAN, I.P. and WHELAN M.J.  (2017).  HardSPEC: A 

First-tier Model for Estimating Surface- and Ground-Water Exposure resulting from Herbicides 

applied to Hard Surfaces: Updated Technical Guidance on Model Principles and Application for 

version 1.4.3.2.  Report to the Chemicals Regulation Division of the HSE April, 2017, 121 pp + 3 

Appendices.  
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1 BACKGROUND TO THE MODEL DEVELOPMENT 

Herbicides are commonly used for weed control on non-agricultural surfaces such as footpaths, 

road edges and railway track beds.  In contrast to the fate of pesticides applied in the soil-based 

agricultural environment, there is little information on the dissipation and re-distribution of 

herbicides used in ‘hard surface’ environments and any associated contamination of receiving 

waters.  Prior to 2004, in the absence of such information, the UK Pesticides Safety Directorate 

(now known as the Chemicals Regulation Directorate) used a crude exposure assessment that 

assumes all of the herbicide applied on hard surfaces ‘not intended to bear vegetation’ is lost to 

surface waters in a volume equivalent to 25mm of rainfall. 

To redress the paucity of information about the transfer of herbicides from hard surfaces to water, 

a series of projects were carried out between 1997 and 2004 to investigate and model the losses 

of herbicides from a variety of relevant man-made surfaces. The objectives of these studies were: 

 To generate quantitative information on the amounts and concentrations of herbicides 

impacting on water resources when applied in specific realistic situations. 

 To develop an initial understanding of the dissipation mechanisms operating in such 

environments. 

 Based on the knowledge derived from these studies, to develop a model that could be used to 

undertake a first-tier estimate of surface- and ground-water exposure to assist the risk 

assessment process for herbicides applied to hard surfaces. 

An initial version of the ‘first-tier’ model was completed in June 2000 (Hollis et al, 2000) and was 

based on study results available prior to that date. This initial version considered two surface water 

scenarios, one for an urban runoff situation and one for a rural major road. Both scenarios 

incorporated a sub-routine for calculating wash-off from individual hard surfaces and a surface water 

fate sub-routine for dissipation in the surface water body associated with each scenario.  There were 

three main problems with this initial version of the first-tier model: 

 Although the model enabled users to estimate exposure in surface waters, no routines for 

estimating ground-water exposure were included. Local contamination of ground-waters by 

herbicides used along railway tracks has been highlighted as being a particular concern of the 

Environment Agency. 

 The sub-routines for predicting wash-off from individual hard surfaces were modelled using 

empirically-derived factors based on a set of controlled wash-off studies (Shepherd & 

Heather, 1999) using a set of six herbicide compounds.  Such an approach meant that there 

was great uncertainty when extrapolating model results to other herbicide compounds. 
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 The sub-routines for predicting fate in surface water bodies produced estimates of daily 

concentrations in the aqueous phase only and for a period of only 5 days after application. 

This meant that any environmental risk-assessment based on such exposure calculations could 

only be carried out in relation to acute toxicity values and then only based on aqueous 

exposure. 

In order to address these limitations, further development of the model was carried out, along with 

additional studies to characterise the potential for contamination of ground-water following herbicide 

application to a railway (Ramwell et al, 2001), the inherent sorption potential of different types of 

hard surface (Ramwell, 2002) and the organic carbon content of railway ballast.  The revised model, 

together with a summary of the results of all previous studies carried out to support its development 

was described by Hollis et al. (2004).  The current document updates the Hollis et al. (2004) report by 

describing additional model developments dealing with new scenarios (urban pond, railway surface 

water and domestic use) as well as modification to the existing models and scenarios.  Separate 

chapters deal with the development of the Exposure Scenarios, the basis of the Exposure Models, 

evaluation of the model results and outline how to use the first-tier exposure model software. 

The various phases of the model development including scenario definition, model construction and 

model validation, relied extensively on the results and knowledge gained from the various ‘hard 

surface’ research studies carried out since 1997, together with a number of other studies related to the 

modelling of surface water and ground-water fate.  A summary of each of the major studies can be 

found in Appendix 1.  An overview of how each of these studies supported the model development 

process is given in Table 1.1. 
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Table 1.1.  Overview of the Model development process and the studies that supported it.  

 

Develop 

Scenarios


Build 

Model


Validate 

Model

Losses of six herbicides from a kerb and 

gulley pot road drain. 

Heather et al  1998;      

Ramwell et al, 2002

Measure direct losses of 6 herbicides from a 

'real world' situation.  

Losses of six herbicides from a disused 

railway formation

Heather et al  1999; 

Ramwell et al, 2004

Measure concentrations of 6 herbicides 

leaching to surface water under natural 

conditions.
 

Herbicide losses from a small Urban 

catchment
Ramwell et al  2000

Compare concentrations at the catchment 

outlet with direct runoff concentrations of 6 

herbicides applied to a small car park sub-

catchment.

 

Potential contamination of surface and 

groundwaters following herbicide 

application to a railway

Ramwell et al  2001;    

Ramwell et al, 2004

Monitor the concentrations of  six herbicides 

in local ground- and surface-waters 

following application to an operating railway 

track.

 

Vegetation management study: Review 

of survey responses
Shepherd, 2000

Determine ‘real world’  application practices 

under contractual conditions. 

Ballast characterisation study This report

Quantify the total organic carbon and fine 

material content of railway ballast taken 

from trackbeds of various ages.


Factors affecting the loss of six 

herbicides from hard surfaces. 

Shepherd & Heather, 

1999a, 1999b

Quantify % loss relationships with rainfall & 

physico-chemical  properties for 3 surfaces  

Herbicide partitioning to concrete, 

asphalt and railway ballast

Ramwell, 2002;      

Ramwell, 2005

Develop a method for determining the 

partition coefficient for different hard 

surfaces, determine that coefficient for a 

range of compounds and examine the 

factors affecting replicability of the test.



FOCUS Surface Water Scenarios in the 

EU evaluation process under 

91/414/EEC

Linders et al , 2003

Develop a set of surface water scenarios 

that can be used as a reliable input for 

modelling un the EU registration process.
 

Further development of the POPPIE 

database. Part 1: The development of a 

groundwater contamination risk 

assessment methodology

Hollis et al , 2000

Develop and carry out a preliminary 

assessment of a methodology for assessing 

the potential for pollution of ground-waters 

as a result of diffuse pesticide usage.



Guidance on the assessment and 

interrogation of subsurface analytical 

contaminant fate and transport models

McMahon et al , 2001

Provide guidance to Environment Agency 

Ofiicers in the assessment and interrogation 

of contaminant fate and transport models in 

the subsurface zone.



Model Development Process

Study ObjectivesReference
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2 DEVELOPMENT OF EXPOSURE SCENARIOS 

Herbicides are applied to hard surfaces in urban, suburban and rural locations but the amounts of 

herbicide applied and methods of application will differ depending on the application scenario 

and the surface types involved.  In addition, exposure estimates are required for both surface- and 

ground- water resources and the scenarios of concern for these two situations are very different.  

To allow for these differences, six exposure scenarios have been defined: 

 

1. Major Road Stream.  A surface water stream receiving surface drainage from a major road 

in a rural setting where the hard surface areas drain via gully pots. The stream also receives 

drainage from an adjacent 1ha agricultural field. 

2. Urban Stream.  A surface water stream receiving surface drainage from an urban catchment 

within which the hard surface areas drain via gully pots. 

3. Urban Pond.  A pond receiving surface drainage waters from an urban catchment within 

which the hard surface areas drain via gully pots.  This scenario is intended to represent the 

use of collecting ponds within Sustainable Urban Drainage Systems (SUDS). 

4. Railway Groundwater.  The abstraction point of a local groundwater body that receives 

herbicide leached from a double railway track which crosses the groundwater catchment. 

5. Railway Ditch.  A ditch adjacent to a railway embankment receiving water which has leached 

through railway ballast as well as spray drift from special “spray trains” running up and down 

the track. 

6. Suburban (domestic use) Stream.  A surface water stream receiving surface drainage from a 

suburban catchment within which herbicides are applied to some hard surface areas on 

domestic properties. 

In developing these six scenarios, a set of basic assumptions for herbicide application and 

weather patterns were established to characterise a generic realistic worst-case situation: 

 Herbicides are applied in the early spring (March or April), except in the domestic use 

scenario when they are assumed to be applied in May. 

 Herbicides are applied in a continuous swath, rather than spot-applied. 

 A significant rainfall event occurs 24 hours after herbicide application. 

 Rainfall amounts are representative of a ‘wet quartile’ year.  

 There is no retention or dissipation of herbicide within gully pots. 
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All other scenario characteristics are scenario-specific and are described in the following 

sections. 

2.1 Surface Water Exposure Scenarios 

Surface water exposure to herbicides is considered in five scenarios (Major road, urban and 

suburban streams, urban pond, and railway ditch).  The characteristics of each of these 

scenarios differ considerably and are outlined below. 

2.1.1 Surface characteristics 

Each surface water catchment has a fixed set of relevant surface characteristics that define the 

nature and area of each different type of surface present. The exact dimensions of each surface 

type in each scenario are given in Table 2.1.1-1. 

Table 2.1.1-1. Surface type characteristics for the Surface Water Scenarios 

 

Surface type Area (ha) 

Urban 

catchment 

Area (ha) 

Suburban 

catchment 

Area (ha) 

Major road 

catchment 

Area (ha) 

Railway 

catchment 

Asphalt 

Concrete 

Brick blocks 

Gravel 

Buildings 

Railway ballast 

Non-hard surfaces 

1.5 

0.75 

0 

0 

4.5 

0 

3.25 

1.57544 

1.47665 

0.39095 

0.04739 

2.13048 

0 

4.37909 

0.072 

0.0044 

0 

0 

0 

0 

1.038 

 

 

 

 

 

0.0775 

0.0290 

Total 10 10 1.1144 1.065 

 

The Urban Catchment (stream and pond) 

The Urban catchment has an arbitrarily defined area of 10 ha.  Surface characteristics within this 

area are based on the available land cover statistics for the city of Milton Keynes in southeast 

England. 

Three broad types of surface are present.  Firstly, asphalt and concrete surfaces in the form of 

roads, kerbs, and pavements, a proportion of which are sprayed with herbicide.  In total, asphalt 

and concrete cover 22.5% of the catchment.  Concrete is present only as kerbs and pavements 

and the ratio of asphalt to concrete is 2:1.  Buildings with storm drainage represent the second 

type of surface within the urban scenario and cover 45% of the catchment.  These generate large 

amounts of runoff but do not get sprayed with herbicide.  Non-hard surfaces (parks, gardens etc) 

comprise the final surface type present, covering 32.5% of the catchment.  These generate some 

runoff but do not get sprayed with herbicide.  Runoff from all three surface types goes directly to 

the surface water bodies specific to each scenario.  The idealised catchment is illustrated in 

Figures 2.1.1-1 and 2.1.1-2 for the stream and pond scenarios respectively. 
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The catchment is conceptualised as a square with sides 316 m long.  It is divided into four blocks 

with a mixture of buildings and non-hard surfaces plus two smaller blocks each comprising an 

asphalt and concrete car park plus associated buildings.  Five asphalt roads with concrete kerbs 

and adjacent pavements separate the six built-up blocks.  In the urban stream scenario, one of 

the roads runs parallel to the stream and is separated from it by a grass verge 1 m wide.  In the 

urban pond scenario, the pond is located directly opposite a ‘T’ junction between two of the 

roads in the catchment.  All the asphalt and concrete surface areas are drained via gully pots 

connected to the storm drainage system which, in turn, drains to the water bodies.  According to 

CIRIA (1994), the average area for a gully pot catchment is 200 m
2
 and there are thus a total of 

112 gully pots within the catchment (not all of these are shown in the idealised figures). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1.1-1. Idealised diagram of the Urban Stream catchment 
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Figure 2.1.1-2. Idealised diagram of the Urban Pond catchment. 

The Domestic Use Suburban Catchment 

In the Home and Garden sector the most common areas of herbicide usage are likely to be in 

suburban developments where properties are dominantly privately owned and have gardens.  The 

main domestic property input to storm drains and thence to surface water bodies, is from property 

frontages, including gardens, which lead directly to roads.  A realistic worst case scenario for 

herbicide wash-off to surface waters from domestic use would thus be a suburban development 

where many house frontages drain directly to the road network and then via storm drains or 

culverts to a local stream.  Such a situation is illustrated in Figure 2.1.1-3, which is based on a real 

location where a small headwater catchment has been built over with residential developments; 

the existing headwater stream has been enclosed in a culvert into which most of the road drains 

empty and which outfalls directly into a stream tributary of a small river. The tributary stream 

contains natural vegetation and is equivalent to the ‘edge-of-field’ water body that forms the 

target for regulatory risk assessment.  In order to facilitate comparison of results from the 

different HardSPEC scenarios it is important to keep them as consistent as possible. The basic 

suburban catchment described above is most similar to the urban catchment - its size  
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Fig. 2.1.1-3 Catchment characteristics considered in the Domestic Use Scenario. 

and associated water bodies are therefore kept the same as those of the Urban scenario with a 

total catchment area of 10 ha draining to a 316m long, 1m wide stream. 

The overall areas of each surface type in the catchment are based on data from a range of sources 

including surveys of suburban areas in York, Sheffield and Merseyside. As runoff from hard 

surfaces on property frontages provides the principal direct input to the catchment drainage 

system, the different types and areas present are critical components of the scenario. Data to 

define these is based on specific surveys of property frontages in Ealing and Leeds. Full details 

of the derivation of all surface characteristics are given in Ramwell et al, 2009. 
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The Rural Major Road Catchment 

In this scenario a 100m stretch of road is considered, edged with concrete kerbstones along both 

sides.  Surface characteristics are based on the site used for the roadside wash-off study, a stretch 

of the A6 trunk road running through the village of Shardlow in Derbyshire. A diagrammatic 

representation of the scenario is given in Figure 2.1.1-4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.1.1-4 Idealised diagram of the Major Road Scenario. 

The road surface, which is assumed to be all asphalt, is 7m wide and is drained via gully pots on 

both sides directly to an adjacent stream.  Kerbstones are assumed to be 12cm wide and 10 cm 

high.  On the stream side of the road, a 1m wide grass verge also drains directly to the stream.  

This verge includes a 20m length of 1m wide asphalt path, which directly adjoins the concrete 

kerb and drains into the gully pots.  On the other side of the stream is a 1ha agricultural field that 

runs along its entire 100m length and drains directly into the stream. 
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The Railway Catchment 

This scenario comprises a realistic worst-case situation, where a small, relatively static 1 metre 

wide surface water ditch similar to that defined for the FOCUS surface water scenarios (Linders 

et al, 2003) is associated with a dual track railway.  Such a surface water body is only likely to be 

present in low-lying situations like the Fens, Humber/Trent basin or the Vale of York. Here, any 

railways present are carried on embankments with the ditches alongside.  Water in the ditches is 

hydro-dynamically connected to a shallow groundwater body and water movement in the ditch is 

primarily groundwater flow.  As with the Roadside scenario, a 100 m stretch of track and 

adjacent ditch is considered. The two tracks are standard gauge’ (1.435 m) and are 1.829 m apart 

with a 1.524 m width of ‘cess’ between the edge of each track and the embankment edges. All 

this area is underlain by railway ballast which thus has a surface of almost 7.75 m. The 

embankment on which the track runs is 5m in height and its railway ballast upper layer is 0.6 m 

thick, overlying a 0.3 m thick layer of artificial sandy ‘formation’ material. The remaining 4.1 m 

thick embankment material is of unspecified composition. The scenario is illustrated 

diagrammatically in figures 2.1.1-5 & 2.1.1-6 and its full details are given in Hollis (2010a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1.1-5 Plan view of the idealised railway surface water catchment. 
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Figure 2.1.1-6 Cross section of the idealised railway surface water catchment 

2.1.2 Derivation of rainfall patterns 

Three rainfall parameters are required by the model in order to estimate surface water 

concentrations relevant to ‘acute’ and ‘chronic’ exposure:  Firstly, the amount of rain falling in 

the 24 hour period 24 hours after application; Secondly, the time taken to accumulate the amount 

of rainfall that generates the majority of herbicide wash-off from hard surfaces and finally, the 

daily rainfall falling in the 3 months of the spring application period. 

Values for a ‘wet quartile’ year are derived from detailed analysis of daily rainfall data measured 

over a period greater than 20 years (1959 – 1981), at six weather stations in the UK.  The 

selected stations (see Table 2.1.2-1) are representative of parts of the country termed dry, wet and 

average depending on their long-term average annual rainfall. The three relevant rainfall 

parameters were calculated for each of the six weather stations and an average of these six values 

was used as the model parameter.  In calculating the rainfall parameter values for each station, 

only the three spring months of March, April and May were used in order to simulate rainfall 

patterns for the relevant application period. 

The amount of rain falling in the 24 hour period 24 hours after herbicide application was 

calculated from the cumulative frequency distribution of daily rainfall during the months of 

March, April and May for each site.  In order to ensure a ‘wet’ scenario, i.e. a rain day occurring 

24 hours after application, all days with zero rainfall were excluded from the analysis.  Examples 

of the resulting cumulative frequency curves for the two extremes of Swansea and Lowestoft are 

shown in Figure 2.1.2-1 and the calculated 75
th
 percentile values for daily rainfall (rain days 

only) are given in Table 2.1.2-1.  They indicate that a realistic average for England and Wales is 

5mm. 

Surface water 

ditch 

Railway ballast 

Railway tracks 

Sandy railway ‘formation’ 

Embankment 

1 m 

Direction of groundwater flow 

4 m 

2.9 m 

7.75 m 

1 m 
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Table 2.1.2-1 75
th
 percentile daily rainfall at each of the representative weather stations based 

on cumulative frequency analysis for a 22 year period from 1959 – 1981. 

Site 
Climatic  

75
th
 percentile values  for the 3 month spring period 

 region daily rainfall (mm) number of days for 

15mm rainfall 

total rainfall (mm) 

Lowestoft Dry 3.75 7 148.9 

Cambridge Dry 4.0 7 153.1 

Keele Average 4.75 5 202.2 

Brighton Average 5.5 6 163.7 

Newton Rigg  Wet 4.75 5 191.8 

Swansea Wet 7.0 4 244.3 

Mean Value  4.96 6 184 

 

Results from the roadside wash-off study (Heather et al, 1998; Ramwell et al., 2002), the 

controlled wash-off study (Shepherd & Heather, 1999a & b) and the catchment study (Ramwell 

et al, 2000) suggested that, for most compounds studied, the majority of herbicide losses in wash-

off from hard surfaces had been completed after 15 mm of accumulated rainfall and only small 

amounts are washed off in subsequent rainfall events.  Using this as an indicator, the 75
th
 

percentile ‘wettest’ number of days required to accumulate 15mm of rainfall within the months 

of March, April and May at each of the representative stations was calculated.  Examples of the 

derived cumulative frequency distributions for the two extremes of Swansea and Lowestoft are 

shown in Figure 2.1.2-2 and results for all six sites are given in Table 2.1.2-1.  They show that a 

realistic average for this model parameter in England and Wales is six days. 

The roadside wash-off study (Heather et al, 1998; Ramwell et al., 2002), the pilot railway 

study (Heather et al, 1999; Ramwell et al., 2004) and the catchment study (Ramwell et al, 2000), 

all showed that, for some, if not all, compounds, small amounts of herbicide continue to be 

washed off surfaces for a considerable period after application.  In order to be able to estimate 

possible impacts of such losses, the model scenario needs to take into account daily rainfall 

patterns over the whole three month spring period.  The 75
th
 percentile ‘wettest’ total rainfall 

within the spring months of March, April and May was, therefore, calculated for each of the six 

representative stations (see Table 2.1.2-1).  Values range from 149 mm to 244 mm with an 

average of 184 mm. 
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Figure 2.1.2-1. Cumulative frequency distributions of spring daily rainfall at Lowestoft and 

Swansea meteorological stations 
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Figure 2.1.2-2. Cumulative frequency distributions for the number of days required to 

accumulate 15mm rainfall during spring months at Lowestoft and Swansea 

meteorological stations. 

Using these derived 75
th
 percentile wettest values, all six weather datasets were analysed to 

identify a spring rainfall sequence as close as possible to the following desired characteristics: 
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Rainfall on day 1 5 mm 

Total rainfall on days 1 – 6 15 mm 

Total rainfall in the period 184 mm 

The sequence closest to these characteristics was for the site of Keele for the year 1968.  This site 

had a total accumulated rainfall of 181.2 mm in this year and rainfall characteristics in the first 

six days that were similar to the desired values.  However, the actual 6 day characteristics were 

slightly less than those desired so some minor alterations to the rainfall pattern over the first 15 

days were made to ensure that the desired 75
th
 percentile rainfall pattern for the initial 6 days was 

achieved.  These amendments included swapping a rain-free day in the first six days with a 

desired rainfall value that occurred with days 7 to 15 and also swapping rainfall values for two 

days in the first 15, so as to ensure at least 15mm of rain occurred in the first 6 days.  The 

resulting temporal distribution of rainfall for the first 15 days is shown in Table 2.1.2-2 and the 

full daily rainfall pattern for the 3 month period shown in Figure 2.1.2-3 

Table 2.1.2-2. Daily rainfall for the first 15 days of the Model Scenario. 

Day 

number 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Rainfall 

(mm) 
5 1.8 2.7 1.7 2.3 1.5 2.8 1.5 6.3 1.8 0.3 0.8 0 0 0 

 

 

Figure 2.1.2-3. Derived rainfall pattern for the 73 days following herbicide application in the 

surface water exposure scenario (Based on 1968 March to May rainfall at 

Keele). 
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2.1.3 Herbicide application 

The only fixed scenario parameters relating to the herbicide are the application method, as it 

affects the proportion of hard surface sprayed, the amount of drift impacting on the surface water 

body and the amount of interception by plants. These parameters vary according to the scenario 

type. 

The Urban Scenario 

Within the urban catchment, the area sprayed is calculated based on the assumption that 

herbicide is applied as a strip spray to a 30cm swath which includes road edges, kerbs and the 

adjacent pavement.  The 30cm wide swath comprises 15cm of asphalt and 15cm of concrete.  In 

addition, herbicide is ‘spot sprayed’ to weeds growing in cracks and joints on the concrete paved 

areas.  The total area that is spot sprayed represents 2% of the paved area not covered by the strip 

spray.  According to CIRIA (1994), the average area for a gully pot catchment is 200 m
2
.  Based 

on this, an average urban road width of 7.3m and a ratio of asphalt to concrete of 2:1 (see section 

2.1.1), the amount of each surface sprayed was calculated as follows: 

 Area of asphalt in each gully pot catchment is: 

200 x 2/3 =   133.333 m
2
 

 Area of concrete in each gully pot catchment is:  

200 x 1/3 =   66.667 m
2
 

 Width of asphalt in each gully pot catchment is: 

7.3 / 2 =   3.65 m 

 Length of asphalt in each gully pot catchment is 

133.333 / 3.65 =   36.53 m 

 Area strip sprayed is: 

A 0.3m swath of which 0.15m is on asphalt and 0.15m is  

on concrete. 

Therefore each area of asphalt and concrete strip sprayed in each 

gully pot catchment is: 36.53 x 0.15 =   5.48 m2 

 Area of concrete spot sprayed in each gully pot catchment is: 

2% of pavement the concrete area not strip sprayed 

=  0.02 x (66.667 – 5.48) =   1.223 m2  

 Therefore the total areas of each surface sprayed per gully pot catchment are: 

Asphalt 5.48 m2 sprayed 

Concrete 6.703 m2 sprayed 

 Therefore the % of each surface type sprayed per gully pot catchment is: 

Asphalt 100 x 5.48 / 133.33 = 4.1096 % 

Concrete 100 x 6.703 / 66.67 = 10.0548 % 

It is assumed that all asphalt and concrete surfaces in the urban catchment are drained by gully 

pots which have an average size catchment of 200 m
2
.  Thus the total percentage of all asphalt 
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and concrete surfaces that are sprayed within the catchment is the same as that calculated for a 

single gully pot. 

As with the Rural Major Road Scenario, it is assumed that 10% of the applied herbicide is 

intercepted by vegetation and that spray drift to the surface water body is calculated using the 

FOCUS Surface Water Scenarios (Linders et al, 2003) 90
th
 percentile figures relevant for a hand-

held application to a crop less than 50cm tall and with a distance of 1m between the edge of the 

‘field’, (i.e. the pavement edge) and the start of the water body.  For calculating spray drift to the 

urban surface water bodies however, adjustments need to be made to take into account the fact 

that, for many of the roads to which application is made, buildings will form a barrier between 

the spray application and the scenario water body (see Figure 2.1.1-1).  In addition, for the urban 

pond scenario, not all of the 316 m length of road along the side of the catchment on which the 

pond is located will contribute spray drift (see Figure 2.1.1-2).  These adjustments are calculated 

as follows: 

The Urban Stream 

The total asphalt and concrete area in the catchment (i.e. the target area for spraying) is 22500 

m
2
.  Of this surface area, the sprayed area that could contribute drift is the 314 m length of road 

adjacent to the stream, plus some of the two roads which join this road at right angles (see Figure 

2.1.1-1).  These roads are 305 m long (316 m – 7 m wide asphalt road – two 2 m wide pavement 

areas) and for both, it is estimated that 1/3 of their length contributes drift to the stream.  All 

other roads in the catchment are separated from the stream by buildings and thus do not 

contribute drift.  The total asphalt and concrete area that contributes drift is, therefore: 

316m x 11m  = 3476 m
2
 

11m x (2 x 305) / 3 m 2236.67 m
2
 

Therefore, the fraction of total sprayed catchment contributing drift: 

= (3476 + 2236.67) / 22500 0.254 

The Urban Pond 

The total asphalt and concrete area in the catchment (i.e. the target area for spraying) is 22500 

m
2
.  Of this surface area, the sprayed area that could contribute drift is the 30 m length of road 

adjacent to one side of the pond, plus some of the road which joins this road at right angles and is 

directly opposite to the pond (see Figure 2.1.1-1).  This road is 305 m long (316 m – 7 m wide 

asphalt road – two 2 m wide pavement areas) it is estimated that 1/3 of its length contributes drift 

to the stream.  All other roads in the catchment are separated from the stream by buildings and 

thus do not contribute drift.  The total asphalt and concrete area that contributes drift is, therefore: 

30m x 11m  = 330 m
2
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11m x 305 / 3 m 1118.33 m
2
 

Therefore, the fraction of total sprayed catchment contributing drift: 

= (330 + 1118.33) / 22500 0.064 

For the purposes of calculating spray drift to the adjacent stream, the methodology used is that 

described within the FOCUS Surface Water Scenarios report (Linders et al, 2003) where drift 

input loads are calculated as a percentage of the total application.  The value used here is 2.8% 

and is derived from the 90
th
 percentile values measured by the BBA (2000) for a hand-held 

application to a crop less than 50cm tall and with a distance of 1 m between the edge of the 

‘field’ (i.e. the edge of the roadside pavement next to the stream) and the start of the water body.  

For both the urban scenarios, spray drift input to the water bodies is thus calculated by 

multiplying the estimated fraction of the sprayed catchment contributing drift by 2.8% of the 

applied load. The percentage of applied loading used to calculate spray drift inputs to each 

surface water body is summarised in Table 2.1.3-1 

Table 2.1.3-1. Spray drift loadings to surface water bodies as a percentage of applied herbicide 

for each scenario. 

Surface Water Scenario Spray drift loading on water body as a % 

of applied herbicide load in the catchment 

Urban stream 0.72 

Urban pond 0.18 

 

The Domestic Use Scenario 

In the domestic situation, herbicide may be applied to all garden surfaces, soft and hard, but for 

the purposes of scenario development, only those hard surfaces which contribute runoff direct to 

the catchment surface water network need to be considered. It is assumed that all application or 

wash-off to all other surfaces does not contribute any significant load to the surface water stream 

that is the regulatory target for environmental risk assessment. The critical factors determining 

pesticide loads available for wash-off are therefore the amount of herbicide impacting on 

individual surfaces contributing wash-off and the percentage of these surface types that are likely 

to be sprayed on or about the application day. Full details of the derivation of these 

characteristics are given in Ramwell et al, 2009 but a summary is given below. 

Percentage of properties to which herbicide is applied 

Data from surveys in the Bristol Avon area (Grey et al, 2006) and from confidential EPOS 

monthly sales of two major companies supplying the UK Home & Garden sector indicate that, on 

average, about 30% of UK households with gardens are likely to use herbicides. However, the 

realistic worst case scenario that has been developed comprises a suburban catchment dominated 
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by owner-occupied properties and the study reported by Grey et al (2006) indicated that such 

households are much more likely to use pesticides in the garden than are other households. It is 

therefore estimated that, in the suburban catchment simulated by the model, 50% of those 

households with hard surfaces that contribute runoff direct to the surface water network will use 

herbicides on them in any one year. 

The HardSPEC model can only simulate the fate of herbicide applied on a single day but it is 

unrealistic to assume that herbicide applications applied on subsequent days do not contribute 

loads to the surface water network. In order to simplify the input data and retain a first tier 

approach to the exposure estimation, application loads contributing to surface wash-off are 

maximized by assuming that herbicides are applied to relevant properties in the catchment over a 

succession of rain-free days within the peak application month. During this rain free period any 

applied herbicides are retained on the surface although there will be some degradation, especially 

of those applied earliest. 

To identify a realistic worst case for the number of rain-free days likely to occur during the 

application period the six daily weather data sets used to derive the realistic worst-case rainfall 

pattern described in section 2.1.2 were analysed. The results indicated that a realistic worst-case 

for the rain-free period in the scenario is between 14 and 21 days and a period of 18 days has 

been selected as it represents a 1 in 10 year frequency (90
th
 percentile worst-case). 

Following the 18 day rain-free period, the scenario rainfall pattern is a ‘wet’ one. Any domestic 

use herbicides that are applied during this time will of course add to the loads washed off from 

residues of the original applications. However, such applications will be significantly smaller 

than the amount related to the peak application month and the associated residual wash-off loads 

will be very small compared to those of the initial wash-off events. Any peaks in surface water 

concentrations resulting from later herbicide application will thus be much smaller than those 

relating to the main application period and the realistic worst-case nature of the proposed 

scenario is therefore maintained. 

The confidential EPOS monthly sales information, supported by data from a study of domestic 

usage within a small suburban catchment in York (Ramwell & Kah, 2010) indicated that if the 

realistic worst-case 18 day rain-free period occurs during the peak month for sales, it is likely 

that 10% of domestic households in the catchment would apply herbicide during this time.  

Daily pattern of usage during the rain-free application period and associated degradation before 

the first rainfall event. 

In order to calculate the amount of degradation that occurs to compounds applied during the 18 

day rain-free application period, it is first necessary to establish a daily use pattern within the 

period so that appropriate degradation times can be applied. This was achieved using the survey 
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data from Ramwell & Kah (2010) which includes measured or estimated quantities of compound 

applied each day within the study period. The established daily usage pattern is shown in figure 

2.1.3-1. 

 

Figure 2.1.3-1 Application pattern of domestic use herbicides during the 18 day rain-free period 

preceding scenario rainfall 

The established pattern was then used to calculate the total amount of degradation per day that 

would occur for a range of compounds with surface-specific DT50 values between 0.01 and 500 

days. The calculated values were then used to derive a relationship between the hard surface-

specific DT50 and the total percentage degradation calculated to occur within the 18 day 

application period, given the established usage pattern. This relationship is non-linear but its 

exact form varies according to the value of surface-specific DT50. The set of relationships are 

shown in table 2.1.3-2 and their predictive accuracy is illustrated in figure 2.1.3-2. 
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Table 2.1.3-2 Relationships between surface-specific DT50 and the overall percentage of 

applied herbicide degraded during the 18 day application period. 

DT50 range (days) Relationship r
2
 value 

0.01 to 0.9999 % degraded = 101.83 x EXP 
-0.0696 x DT50

 0.9989 

1 to 9.9999 % degraded = 103.9 x EXP 
-0.0888 x DT50

 0.9977 

10 to 29.9999 % degraded = 285.74 x DT50 
-0.8092

 0.999 

30 to 69.9999 % degraded = 422.85 x DT50 
-0.9262

 0.9999 

70 to 500 % degraded = 522.15 x DT50 
-0.9755

 1.0 

 

 

Figure 2.1.3-2. Accuracy of the DT50 relationships used to predict percentage herbicide 

degradation that occurs during the rain-free period. 

These derived relationships are used in the model to calculate the degradation that occurs to a 

compound used on different days throughout the application period before the first rainfall event 

causing runoff. 

Amount of herbicide sprayed on individual surfaces 

In the domestic use situation, herbicide is normally spot-applied from a hand-held sprayer. There 

may be some locations, such as long joints between surfaces, where there is an effectively 

continuous swath applied but this will still be from a hand-held sprayer. What determines the 

amount of spray applied is thus the coverage of weeds likely to be present. As with other 

HardSPEC scenarios, a moderately severe weed infestation is assumed and the coverage of 

weeds will be largely determined by the amount of joints or cracks present over the hard surface 

area. 
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Concrete and paving slabs: Paving slabs are approximately 60 cm x 60 cm and thus have an 

unbroken surface area of 0.36 m
2
. Not all concrete surface types will be made of paving slabs as 

some will be ‘crazy paving’ with smaller unbroken surface areas and others complete spreads of 

concrete with only a few cracks and crevices. On average however, these two different types are 

likely to balance out and it is thus reasonable to base an estimate of the area of joints/cracks 

carrying weeds on paving slab dimensions. The average hard surface area of a front garden is 

39.8 m
2
 (see section 5.2.4 above) and, assuming the coherent concrete surfaces in this area are 

approximately square, this gives a total number of 97 joints/cracks, each 0.6 m long, with the 

potential to carry weeds and thus receive spray. However, even with a moderately severe weed 

infestation not all of these joints will carry weeds. A more realistic worse case is that 50% of the 

joints/cracks will have some sort weeds in them. It is assumed that along these joints/cracks there 

are, on average, 4 weeds per 0.6 m and that the impact area of a single spot spray has a diameter 

of 0.15 m (radius 0.075 m). Within a single concreted garden area therefore the total area 

receiving spray is: 

97 x 0.5 x {4 x (PI x 0.075
2
)} = 3.428 m

2
 

The percentage of concrete surface receiving spray is thus: 

100 x 3.428/39.8 = 8.7% 

Allowing for errors in estimation this figure has been rounded up to 10% 

Asphalt: Within asphalt areas, weeds colonise surface cracks and depressions. The number of 

such features is likely to vary widely and it is not sensible to attempt the sort of calculations 

carried out for concrete surfaces. As a reasonable alternative therefore, the percentage of asphalt 

hard surface per property receiving spray is set to 10% the same as that calculated for concrete. 

Bricks: Brick or block paving areas have very many joints because of the small size of the 

individual blocks. Assuming a spot spray impact area of 0.15m diameter, the whole hard surface 

area has the potential to receive spray and thus the actual percentage sprayed is dependent solely 

on the level of weed infestation. The domestic use scenario has a basic assumption of treatment 

for moderately severe infestations and thus, as with the concrete surface, 50% of the joints are 

assumed to carry weeds and, in this surface type, this means that 50% of the hard surface 

receives spray per property sprayed. 

Gravel: Gravel surfaces have the potential for significant weed infestation and thus to receive 

herbicide spray but, as they do not contribute runoff directly to the surface water network (see 

Table above), need not be considered further. 

Based on the above estimations, the area of each hard surface type that receives spray and 

contributes runoff directly to the surface network is calculated from the area (m
2
) of the surface 
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type, the percentage of the surface type receiving spray per property sprayed and the percentage 

of properties in the catchment that apply herbicide in the peak month rain-free period. These 

values are given in table 2.1.3-3.  

Table 2.1.3-3 Data used to calculate treated area contributing to herbicide wash-off 

Surface type 
Total area in 

catchment m
2
 

Percentage of surface 

receiving spray per 

property sprayed 

Peak percentage of 

properties sprayed in 

rain-free period 

Area 

receiving 

spray m
2
 

Concrete 7703.5 10 10 77.03 

Asphalt  829.3 10 10 8.29 

Brick 3909.5 50 10 195.47 

 

Plant interception and spray drift 

Of the herbicide sprayed onto each surface type, 10% is intercepted by growing plants and not 

subsequently washed off, exactly as occurs in the other HardSPEC scenarios. With any scenario 

involving spray application, some drift of the applied spray occurs. However, in this scenario all 

applications occur in gardens of suburban properties that are located some distance from the 

surface water body that is the focus of regulatory concern. There can thus be no spray drift to this 

surface water body. It is therefore assumed that any spray drift that occurs still impacts on some 

part of the surface type to which it is applied, thus maximising the amount of herbicide impacting 

on that surface. 

The plant interception percentage is used together with the compound application rate and the 

area of each surface receiving spray to calculate the mass of herbicide impacting on each surface 

type and available for wash-off direct to the surface water network. 

The Rural Major Road Scenario 

The most common application method for applying herbicide to a rural major road is by 

continuous strip spraying.  The area of hard surface sprayed for this scenario is therefore taken to 

be two continuous 30cm-wide swaths, one each side of the road.  Kerb stones are assumed to be 

12cm wide and, thus, it is assumed that 15cm of the 30cm wide swath falls on asphalt, 22cm on 

the concrete kerbs (12cm width + 10cm height) and 3cm is lost to the non-hard surface adjacent 

to the kerb stones.  Any herbicide falling on the non-hard surface areas is not taken into account 

in the model.  In addition, a 20cm strip of the asphalt path adjacent to one of the road kerbs is 

assumed to receive herbicide spray.  This application pattern covers 44 m
2
 of concrete and 34 m

2
 

of asphalt, representing 100% and 4.75% of the total area of each surface type respectively.  The 

worst-case scenario assumes herbicide application to a heavy weed infestation and, because of 

this, 10% of the applied herbicide is intercepted by vegetation. 
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For the purposes of calculating spray drift to the adjacent stream, the same value as that for the 

Urban scenario is used: 2.8% of the applied load impacts on the stream surface. Again the value 

is derived from the 90
th
 percentile values measured by the BBA (2000) for a hand-held 

application to a crop less than 50cm tall and with a distance of 1 m between the edge of the 

‘field’ (i.e. the pavement edge) and the start of the water body.  These values are relevant because 

the whole 100 m length of the road adjacent to the stream is sprayed and the grass verge between 

the road and the stream is 1m wide (see Section 2.1.1). 

The Railway Scenario 

As a realistic worst-case for leaching, it is assumed that herbicide is applied at a recommended 

rate to the entire area of track and ballast associated with both ‘up’ and ‘down’ lines of the dual 

track railway.  Application is via a Network Rail spray train mounted with the ‘Radiarc’ nozzle 

system (see figure 2.1.3-3).  This system was developed by J.S.D Research and Development 

Ltd. and is now used as a matter of routine by the company ‘Network Rail’, who are responsible 

for maintaining track in the UK.  When using the spray train, operators have confirmed that, in 

some circumstances, especially on branch lines, both the ‘up’ track and ‘down’ track may be 

sprayed on the same day. Even on some main lines, both ‘up’ and ‘down lines may be sprayed 

within one or two days of each other. 

The spray width covered by each pass of the train comprises the width of the railway track (4 ft 

8.5 inches) plus the ballast area from the edge of the track to the embankment edge (the ‘cess’ 

area: 5ft) plus half the distance between the two tracks (6ft / 2), giving a total spray width of 12ft 

8.5 inches, equating to 3.8735 m. The realistic worst case assumption where both sets of tracks 

are treated thus gives a total application area for the spray train scenario is of 774.7 m
2
 (100m 

length of track x 3.8735m width x 2). This situation is illustrated in Figure 2.1.3-4. 

However, the Radiarc spray system is fitted with a ‘magic eye’ technology designed to 

significantly reduce the area to which spray is applied. In such cases it may be acceptable to 

reduce the effective application rate (g ha
-1

) but, for regulatory applications, such reductions 

must be supported with data that shows the effective application rate over a 100 m length 

of rack. 

Of the herbicide sprayed onto the railway line, 10% is intercepted by growing plants exactly as in 

other HardSPEC scenarios. The amount of spray drift losses associated with use of the spray train 

are summarized in section 3.1.1 and, as a result of this, a further 0.1% of the applied mass is lost 

from the application area. 



 

 25 
 

 

Figure 2.1.3-3 Illustration of the Radiarc nozzle application technology used on the Network 

Rail spray train. 

 

Figure 2.1.3-4 Illustration of spray application for the Railway surface water scenario 
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2.1.4 Rainfall-Runoff characteristics for the different surfaces 

Research by Van de Ven et al (1992) has shown that < 0.5mm of rainfall is needed to ‘wet’ a 

road surface before runoff occurs. It is, therefore, assumed that, prior to the first rainfall event the 

road surface is dry and the amount of rainfall needed to wet the surface is 0.4mm. 

The rainfall-runoff characteristics used for the different hard surfaces in the defined scenarios are 

based on data derived from an extensive literature review described in Ramwell et al, 2009. The 

values used and their derivation are summarised in table 2.1.4-1. 

Table 2.1.4-1 Percentage runoff coefficients for different Hard Surface cover types in the 

domestic use catchment. 

Land cover type 
% 

runoff 
Derivation 

Building roofs 68 
Average measured runoff from building roofs in the 

months of March, April & May from Ragab et al 2003. 

Concrete paving 65 Hollis & Ramwell, 2008 section 4.3.2. 

Concrete surfaces in 

Urban and Major 

Road scenarios 

80 

Value at the uppermost end of the range measured for a 

0.05 ha road catchment in north west London (Ellis et al, 

1987). 

Brick paving 50 
Average value from the brick paving studies (Luijdendijk 

et al 2005; Beltman et al, 2001). 

Asphalt 75 Highest value from the study by Ramier et al, 2003. 

Gravel 20 

Value set to the same as that for soft surfaces – Hollis & 

Ramwell, 2008, section 4.3.2 indicated that runoff from 

gravel was not generated under conditions of the study. 

All data and references except Ellis et al from Ramwell et al, 2009, Table 3  

The values in 2.1.4-1 represent the overall rainfall : runoff ratios from different surface types and 

indicate that not all the rain falling on such surfaces runs off. Some of the rain falling on surfaces 

is lost through evaporation or wind-blown losses whilst other losses could be via ‘leakage’ of 

runoff through surface cracks and joints or retention within surface depressions. Such losses are 

important with respect to the herbicide loads washed off each surface during runoff as any 

‘leakage’ from the surface would result in a reduction in the herbicide loads washed off to the 

drainage network. For each relevant hard surface type, it is thus necessary to estimate the amount 

of leakage that is likely to occur so that it can be subtracted from the calculated wash-off loads. 

There are four relevant hard surface types: asphalt, concrete paving, relatively coherent concrete 

(kerbs, hard standing, etc.) and brick paving. The rainfall : runoff coefficients used for each of 

these are based on controlled wash-off measurements from small areas of each surface type. Of 

these, relatively coherent concrete and asphalt form the most coherent surfaces which contain no 

few, if any cracks or joints and thus any rainfall not lost as runoff must be lost via 

evapotranspiration or retention in surface depressions. The rainfall:runoff value for asphalt (75%) 

is taken to represent a base-line for non-runoff losses from the system that does not include 
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leakage through cracks or joints in the surface type. As a result, the difference between the 

rainfall : runoff value for asphalt and those for concrete and bricks represents additional losses 

from each surface type that occur through ‘leakage’ and do not contribute to herbicide loss to the 

drainage network. These values are shown in 2.1.4-2 and are taken into account in the model 

when calculating the total mass of herbicide washed off to the surface water body. 

Table 2.1.4-2 Percentage rainfall : runoff coefficients for hard surface types in the domestic use 

catchment that receive herbicide spray and their associated ‘leakage’ losses via 

cracks and joints. 

Hard surface type receiving 

herbicide spray 

Percentage rainfall runoff Percentage of ‘leakage’ from 

the surface via cracks / joints 

Relatively coherent concrete 80 0 

Asphalt 75 0 

Concrete paving slabs 65 10 

Bricks 50 25 

 

Rainfall-runoff for the non-hard surface areas in each scenario is derived from the soil-related 

stream response coefficients for ‘Standard Percentage Runoff’ (SPR) developed during the 

Hydrology Of Soil Types (HOST) project (Boorman et al., 1995).  All non-hard surfaces in the 

urban scenario and the grass verge area of the Major Road scenario are assumed to have an SPR 

value of 40% of incident rainfall, which is the smallest SPR coefficient for slowly permeable 

soils.  This was adopted because it is assumed that most soils in these areas will be compacted 

and disturbed.  In contrast, the Standard Percentage Runoff from the agricultural field in the 

Major Road scenario or from soft surfaces in the domestic use suburban catchment is taken to be 

20% of incident rainfall.  This value is based on the smallest SPR coefficients for all soil types 

that occur adjacent to surface watercourses and contain groundwater within 2m of the soil 

surface.  Other soil types with SPR coefficients smaller than 20% tend not to occur near to 

surface water bodies and were thus not considered for characterising the scenario. 

The smallest realistic values of SPR for non-hard surfaces in each scenario are used in order to 

simulate a realistic ‘worst-case’ scenario.  This is because small values of SPR contribute 

correspondingly small volumes of runoff water to the stream and thus minimise the amount of 

dilution from the non-sprayed areas in each scenario. 

2.1.5 Characteristics of the receiving water body 

The characteristics of the receiving water body in each scenario are based as closely as possible 

on those developed by the EC FOCUS working group on the development of surface water 

scenarios for calculating PEC’s in surface waters (Linders et al, 2003).  This group has identified 

three types of surface water body, a ditch, a pond and a small stream, of which the stream is 
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considered relevant to the urban, suburban and major road scenarios, the pond is considered 

relevant to the urban scenario only and the ditch is considered relevant to the railway scenario. 

The fixed characteristics of all water bodies are summarised in Table 2.1.5-1.  The characteristics 

of the streams and ditch are derived directly from the FOCUS scenarios.  However, the 

dimensions of the urban pond are based on Construction Industry Research and Information 

Association (CIRIA) guidelines for SUDS pond dimensions in England, Scotland, Wales and 

Northern Ireland (Martin et al, 2000, 2001).  These were consistent with real SUDS ponds in a 

limited survey of documented pond dimensions (Hollis et al., 2009).  The characteristics of the 

urban pond were modified because the original (FOCUS-based) pond dimensions were 

undersized for the discharge generated by the urban catchment, resulting in limited hydrograph 

attenuation and anomalous predicted in-pond behaviour of pesticides (Hollis et al., 2009).  In part 

this reflects the fact that the dimensions of the FOCUS pond are typical of semi-natural ponds in 

rural locations.  The dimensions of the pond defined in the FOCUS surface water scenarios are 

also shown in Table 2.1.5-1 for reference. 

The length of the stream is dependent on the type of scenario.  For the major rural road and the 

railway, stream length is 100 m, the same as the stream length defined in the relevant FOCUS 

surface water scenarios.  For the urban and suburban scenarios however, where the size of the 

catchment is 10ha, 100m is unrealistically short and a length of 316m is used. This represents one 

side of a 10ha square.  For both the streams and the ditch, a minimum water depth of 30 cm 

overlying sediment of 5 cm depth was selected in order to be consistent with existing risk 

assessment approaches within the EU and existing ecotoxicity testing requirements for sediment-

dwelling organisms.  However, because the water bodies receive relatively large amounts of 

water from surface runoff, particularly in the urban scenarios, the water depth varies and is 

calculated on a daily basis using the calculated scenario runoff volumes and the fixed dimensions 

of the water body. 

Table 2.1.5-1 Fixed characteristics of the water bodies in the surface water scenarios.  Also 

shown are the dimensions of the urban pond defined in the FOCUS surface water 

scenarios. 

Characteristic 

Major 

road 

stream 

Railway 

ditch 

Urban & 

Suburban 

streams 

Urban 

Pond 

FOCUS  

Pond 

Surface area (m
2
) 100 100 316 3200 900 

Minimum water depth (m) 0.3 0.3 0.3 1.2 0.3 

Sediment depth (m) 0.05 0.05 0.05 0.05 0.05 

Effective sediment depth (m) 0.01 0.01 0.01 0.01 0.01 

Sediment organic carbon (%) 5 5 5 5 5 

Sediment bulk density (g cm
3
) 0.8 0.8 0.8 0.8 0.8 
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The sediment properties were selected to represent a relatively vulnerable sediment layer with 

low organic carbon content for small surface waters in agricultural areas. They are based on 

measured data from the experimental ditches of ALTERRA, from between two and seven years 

after establishment (Crum et al, 1998). The sediment in these ditches was taken from a 

mesotrophic lake and is equivalent in texture to a sandy loam, poor in nutrients in which well-

developed macrophyte vegetation develops in summertime.  Sediment layers of 5 cm are 

assumed. However for the distribution of the chemicals between water and sediment an effective 

sorption depth of only 1 cm is considered. 

It is assumed that there is no uptake of herbicide by vegetation on the bed and banks of the water, 

thus reinforcing the overall ‘worst-case’ condition assumptions for the scenarios. 
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2.2 Groundwater Exposure Scenario 

The groundwater exposure scenario, relates to herbicide use on a two-track railway which 

crosses a major aquifer close to a groundwater abstraction well.  Three basic groundwater 

scenarios are modelled, one for each of the major UK aquifers represented by the Chalk, 

Jurassic limestone and Triassic sandstone geological formations.  Each scenario represents a 

realistic worst-case situation where the railway ballast and associated foundation material 

directly overlie fissured rock with a groundwater surface 5 m below the base of the railway 

formation.  GIS-based examination of the railway network in relation to the distribution of Major 

aquifers in England and Wales, as defined in the Environment Agency 1:100,000 scale 

groundwater vulnerability maps, shows that shallow soils over rock (H1 soils on the maps) 

comprise 4.6 % of the network. It is further estimated that the ‘shallow’ groundwater scenario 

defined for the model represents only about 5% of these shallow soil areas.  Taken together, 

therefore, the three aquifer type scenarios represent a 99.8 percentile worst-case for 

groundwater resources in England and Wales. 

In order to calculate concentrations at the source wellhead, the groundwater exposure model 

requires information on the catchment characteristics of the abstraction source.  These include the 

catchment dimensions, the location of the abstraction well in relation to the railway (the potential 

source of pollution), the characteristics of the railway ballast, the underlying formation and 

unsaturated rock zones and the hydrogeological characteristics and flow velocities within the 

aquifer saturated zone.  These scenario characteristics are fixed and are identical for the three 

aquifer types, apart from their different physico-chemical and hydrogeological characteristics. 

2.2.1 Layout and critical dimensions of the Groundwater Scenario 

The groundwater scenario catchment area and its associated dimensions are based on the data 

derived for 1,726 of the Groundwater Source Protection Zones (SPZ’s) used by the Environment 

Agency (Keating & Packman, 1995). Each SPZ comprises a ‘Source Catchment’ (Zone III) 

representing the area of the aquifer that, under steady state conditions, provides the groundwater 

abstracted by the borehole or spring.  These broad catchment areas have a variable boundary and 

shape but within each one, are an: 

 Outer Source Protection Zone (Zone II) catchment defined by the 400 day groundwater 

travel time to the well. 

 Inner Source Protection Zone (Zone I) catchment defined by the larger of either a 50 m 

radius of the well or the 50 day groundwater travel time to the well. 

The dimensions of the Groundwater Scenario catchment are based on statistical analysis of the 

Outer Protection Zone (400 day travel time) areas because these have a defined travel time and 

also form one of the main foci for Environment Agency Groundwater protection policies.  For 
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deriving groundwater flow velocities, it is necessary to know the distances from the well 

abstraction point to the perimeter of the Outer SPZ. These distances vary as none of the Outer 

SPZ’s are circular in form.  However, each has a maximum distance (Dl) for the 400 day travel 

time and a minimum distance (Ds).  The line Dl (Figure 2.2.1-1) thus represents the fastest flow 

velocities in the catchment.  The groundwater scenario uses a worst-case assumption that the 

railway track intersects this Dl line where the track passes closest to the abstraction well (see 

Figure 2.2.1-1). 

 

Figure 2.2.1-1. Schematic summary of the Groundwater Exposure Scenario 

The distance from the track to the well is derived from statistical analysis of the nominal radii of 

the Inner SPZ’s because no railway tracks are located within the Inner SPZ of abstraction wells. 

Nominal radii values of Inner SPZ’s have a skewed distribution and so the median value has been 

used as representative, rather than the mean.  This median value is approximately 200 m and to 

represent a realistic worse-case, the railway line has been located a further 100 m away from the 

perimeter of the Inner SPZ.  The total closest distance from the railway track to the well is, 

therefore, 300m. 

The groundwater fate model used in the exposure calculations is a simple one-dimensional slug-

injection approximation (see Section 3.2.4) where pesticide is attenuated through partitioning and 

longitudinal dispersion.  Using this simple one-dimensional approach, pollutant is assumed to 

enter the groundwater as a pulse and to travel down a hydraulic gradient set by the Outer SPZ 

travel time (400 days) and the distance travelled.  In addition it is assumed that the well is not 
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pumping.  The assumption of one dimensional dispersive transport is conservative because there 

is no lateral or vertical dispersion or additional dilution along the flow path.  Note that the lack of 

lateral dispersion means that the model only considers pollutant injected from an area equivalent 

to the well dimensions (i.e. the plume does not spread out laterally).  For this scenario therefore, 

it is not necessary to specify the exact spatial dimensions of the railway track receiving herbicide.  

The main SPZ variables influencing attenuation are the groundwater flow velocity and the 

distance from the contaminant injection source to the well.  Herbicide is applied to the entire 

railway track that falls within the 400 day catchment and all points on the track will thus act as a 

potential pollutant injection source.  However, residues from such sources will arrive at the well 

head at different times because of the different distances from the point of application on the 

track to the well head. For the defined scenario, the longer distances between the potential 

pollutant source and the well head coincide with the lines of slower flow velocities.  In order to 

simplify this complex situation, the model uses representative average values for the flow 

velocity and the distance from the contaminant injection source to the well.  These representative 

values are derived as follows: 

Working on the oversimplified assumption that all the Outer SPZ’s have a simple ellipse form 

(see Figure 2.2.1-1), we can define a nominal ‘short diameter’ d1 and ‘long diameter’ d2 for each 

SPZ II. Thus: 



A
d 1  

.1

2
d

A
d   

Where A is the SPZ area.  Values for d1 and d2 have been calculated for all 1,726 SPZ II’s in 

England and Wales.  Because the distribution of these values is again positively skewed, a 

median value was assumed to be most representative: 

d1  = 912 m

d2  3648 m

The minimum relevant 400 day travel time distance (Ds) is defined as the line from the well head 

to where the railway track intersects the Outer SPZ perimeter (see Figure 2.2.1-1).  This distance 

is calculated from the right angle triangle shown in orange in the figure.  The line from the well 

to the catchment perimeter is Ds.  Side A is defined as being equivalent to the ‘short’ radius of 

the ellipse (i.e. half of d1) and side B is the distance from the railway track to the well, already 

defined as 300 m. Ds is thus calculated from: 
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9.545)300456( 22 SD  

Ds (m) represents the maximum relevant distance from the pollutant injection source to the well, 

whereas the minimum relevant distance is 300 m (see Figure 2.2.1-1 and above).  The mean of 

these two values, 423m is the representative average value for the scenario because the defined 

ellipsoid catchment has a symmetrical shape. 

The maximum relevant 400 day travel time distance (Dl) within the catchment will be d2 minus a 

distance equating to the shortest 400 day travel time in the catchment and this is assumed to be 

equivalent to the short radius of the ellipse.  Thus: 

Dl = 3648 – 456 =   3192 m 

The maximum and minimum relevant 400 day travel time distances in the catchment are thus 

546m and 3192m.   All other distances will be between these two and, as the ellipse is 

symmetrical, the mean value of 1869 m of the maximum and minimum relevant distances, will 

give a representative average relevant distance for all herbicide residues flowing towards the 

well. 

Using the above calculations, the two critical groundwater catchment dimensions are: 

 Representative average 400 day travel time distance for all herbicides flowing towards the 

well, across the pollutant injection source: 

 =    1869 m 

 Representative average distance from pollutant injection source to the well: 

 =   423 m 

2.2.2 Characteristics of the railway ballast and underlying substrate materials 

Characteristics of the railway ballast and underlying materials are required for the herbicide 

leaching model used to calculate groundwater exposure.  These characteristics have been derived 

from field measurements and laboratory analysis of a limited number of representative samples. 

Characteristics of the railway ballast. 

The railway ballast wash-off model used in the groundwater exposure calculations (see section 

3.2.2) requires information on the thickness of the railway ballast, the amount of fine particulate 

material included and the organic carbon content of this fine material component. A field study 

was undertaken to derive these data and the experimental details and results are described in 

Appendix 2. 

Samples were taken from a total of seven different railway tracks and eleven different locations 

and analysed for total fine material content and the organic carbon fraction of this fine material.  
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In addition to this in situ ballast material, samples of fresh, unused but unwashed railway ballast 

and fresh, unused but washed ballast were analysed for the same properties.  Each of the seven 

sites from which samples were taken was also examined to determine the thickness of ballast 

present.  Average values for all the analytical data were derived and used as the fixed 

characteristics for the railway ballast.  These values are given in Table 2.2.2-1. 

Table 2.2.2-1. Fixed parameter values for ballast characteristics used in the Groundwater 

exposure model (standard deviation of data from which they were derived is 

given in parentheses). 

Ballast type Thickness (m) Content of fine material 

<2mm (g kg
-1

) 

Organic carbon fraction 

of fine material 

Clean 0.2 (n.d.
1
) 1.99 (2.74) 0.36 (0.43) 

Dirty 0.4 (n.d.
 1
) 46.7 (36.2) 0.12 (0.12) 

1
   standard deviation not determined. 

Characteristics of the unsaturated substrate materials. 

For calculating leaching in the substrate materials underneath the railway ballast, a simple 

attenuation factor model is used (see Section 3.2.3). This model requires parameters for the 

thickness, water retention properties, bulk density and organic carbon fraction of the substrate 

materials.  The sequence of substrate material below the railway ballast is derived from the 

specified scenario depth to groundwater, the thickness of railway ballast material defined above 

and the thickness of mineral formation material measured in the pilot railway leaching study 

(Heather et al, 1999).  This gave the following sequence: 

Thickness of railway ballast 0.6 m 

Thickness of sandy formation material 0.3 m 

Average thickness of unsaturated aquifer rock 4.1 m 

 

Water retention and density characteristics of the sandy formation material were derived from 

measured data held in the National Soil Resources Institute’s Land Information System (LandIS) 

for similar soil substrates.  The organic carbon fraction of this sandy material was estimated from 

the organic carbon contents of the overlying ‘dirty’ ballast formation (see Table 2.2.2-1) and the 

organic carbon content of the underlying rock substrate material (see Table 2.2.2-2). Similar 

parameter data for the unsaturated rock aquifer for each defined aquifer type were derived from a 
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limited database of measured properties for small intact rock samples (Hollis et al, 1990).  The 

values for each parameter and substrate type are given in Table 2.2.2-2. 

Table 2.2.2-2. Fixed parameter values for the characteristics of the unsaturated substrate 

materials below the railway ballast used in the Groundwater exposure model.   

Substrate type Bulk density 

(g cm
-3

) 

Organic 

carbon 

fraction 

Drainable 

porosity 

fraction 

Mobile 

water 

fraction 

Retained 

water 

fraction 

Sandy formation 1.43 0.005 0.34 0.05 0.137 

Chalk 1.68 0.002 0.013 0.055 0.165 

Limestone 2.37 0.002 0.024 0.051 0.082 

Sandstone 1.71 0.002 0.054 0.092 0.126 

Drainable porosity is the fraction of total substrate volume occupied by air at a tension of -5 kPa; 

Retained water fraction is the fraction of total substrate volume occupied by water at a tension of 

-5 kPa; 

Mobile water fraction is the fraction of total substrate volume occupied by water between 

tensions of -5 and -200 kPa. 

2.2.3 Derivation of rainfall patterns 

In order to calculate the groundwater concentrations resulting from herbicide applied to railway 

tracks, the groundwater model requires two sets of parameters: Firstly, the daily rainfall patterns 

that result in herbicide being washed through the ballast formations and into the underlying 

substrate materials and secondly the average daily recharge that results in herbicide leaching 

through these underlying unsaturated materials (the sandy formation and rock) to the 

groundwater body. 

The daily rainfall pattern for determining herbicide wash through within the ballast formation is 

the same as that derived for the surface water scenarios and thus relates to a 75
th
 percentile 

wettest rainfall pattern for wash-off (see Section 2.1.2) within the spring period of March to May. 

In the Groundwater model, average daily recharge is the climatic parameter used to calculate 

average daily water fluxes in the unsaturated zone. This in turn is used to calculate the herbicide 

travel time in the unsaturated zone and, thus, the amount of time for any degradation that may 

occur during transport.  As with other weather variables, a 75
th
 percentile ‘wettest’ value for 

average daily recharge was estimated. This was based on a statistical analysis of the agroclimatic 

datasets held within the NSRI’s Land Information System (LandIS).  The agroclimatic datasets 

are derived from measured daily weather variables from between 100 and 970 stations across 

England and Wales, depending on the variable in question, although evapotranspiration was 

based on data from only 40 stations.  Weather variables were measured between the years 1959-

1978 (temperature) or 1961-1975 (rainfall and evapo-transpiration).  Using these data, monthly 
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values of variables were calculated and extrapolated from the station network to a 5km x 5km 

grid resolution, giving a total of 6,456 grid cells with climatic data.  Two climatic variables were 

used to calculate the 75
th
 percentile wettest value for daily recharge. These are the duration of the 

climatic field capacity period, which is the number of days for which there is expected to be no 

soil moisture deficit (Smith & Trafford, 1976) and the average depth (mm) of rainfall during this 

period, usually known as ‘Excess Winter Rainfall’ (Smith & Trafford, 1976).  Average daily 

recharge (mm day
-1

) is then derived by dividing the excess winter rainfall by the field capacity 

period.  All 6,456 values for the 5km x 5km climatic grid squares in England and Wales were 

used for statistical analysis, irrespective of whether or not they were under agriculture. The 

calculated 75
th
 percentile values for all three variables are given in Table 2.2.3-1. 

Table 2.2.3-1. 75
th
 percentile values for field capacity period, excess winter rainfall and average 

daily recharge based data from the years1961 – 1975. 

Climatic variable Field capacity 

period (days) 

Excess winter rain 

(mm yr
-1

) 

Average daily 

recharge (mm day
-1

) 

75
th
 percentile 

wettest value 
224 498 2.26 

Based on this analysis an average daily recharge value of 2.26 mm day
-1

 was used for the 

groundwater model. 

2.2.4 Herbicide application 

For the Railway Groundwater Scenario, herbicide is assumed to be applied from the same 

customised spray train, fitted with “Radiarc” nozzles, as that of the surface water scenario. 

The groundwater leaching model requires data on the mass of herbicide that contributes pollutant 

to the borehole wellhead.  As described in Sections 2.2.1 and 3.2.4, no lateral or vertical 

dispersion are assumed in the simple one-dimensional slug-injection groundwater fate model.  

This means that only a mass of pollutant leaching from an area equivalent to the borehole cross-

section should be taken into account when calculating concentrations at the well head.  For this 

scenario, therefore, it is not necessary to specify the exact spatial dimensions of the railway track 

receiving herbicide.  Instead, herbicide leaching rates per unit area are required. 

The diameter of abstraction wells varies according to their purpose and the yield of the aquifer in 

which they are located.  Public supply boreholes in some particularly high yielding aquifers may 

have diameters up to about 18 inches (46 cm), giving a cross sectional area of 0.164 m
2
.  To 

ensure a conservative approach and to include possible contributions from herbicide leaching 

from surfaces peripheral to this defined impact area, a total contributing area of three times the 
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borehole cross-section is used in the railway scenario to define the mass of herbicide contributing 

to abstracted groundwater. 

The area of railway track contributing herbicide pollutant to the borehole wellhead is thus: 

3  x  0.164 = 0.492 m
2
 

As with the urban and rural road surface water scenarios, the worst-case scenario assumes 

herbicide application to a heavy weed infestation and, because of this, 10% of the applied 

herbicide is intercepted by vegetation. 
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2.3 Summary of worst-case scenario assumptions 

2.3.1 Catchment Characteristics 

 67.5 % of the urban catchment comprises hard surfaces. 

 The suburban (domestic use) catchment represents a 10 ha suburban development where 

almost all the properties are owner occupied, detached or semi-detached houses (identified by 

surveys as a worst-case for likely herbicide usage).  99% of houses along the road network 

have frontages to it and those frontages all have a hard surface coverage based on an 

estimated average of the available data. 

 In the groundwater catchment, Railway ballast directly overlies aquifer bedrock with 

shallow groundwater.  This represents a 99.8th percentile worst-case for aquifer vulnerability. 

 In the railway surface water catchment there is a ditch directly adjacent to the embankment 

on which the railway runs. 

2.3.2 Herbicide application 

 With the exception of the suburban (domestic use) scenario, all herbicide is applied in a single 

day (even in the urban scenario). 

 In the suburban scenario 10% of all households apply herbicides to front gardens during an 

18 day rain-free period that represents a 1 in 10 year event (a 90
th
 percentile longest period for 

application). 

 With the exception of the Railway scenario, all herbicide is assumed to be applied either as a 

band-spray to pavement / roadside edges or in other relevant areas as a frequent spot-spray to 

a heavy weed infestation thus targeting most joints or cracks in individual hard surface 

types.  Although this maximises the amount of compound applied, it means that vegetation 

intercepts 10% before it reaches any hard surface. 

 In the railway scenario, there is a maximum spray target area because both ‘up’ and ‘down’ 

sets of tracks are sprayed and, as a first tier assessment it is assumed that herbicide is applied 

to 100% of the target area. 

2.3.3 Spray drift 

  With the exception of the suburban (domestic use) scenario (where there are no spray drift 

inputs to surface water) and the railway scenario, all spray drift inputs are based on the 90th 

percentile values from BBA, 2000. This assumes: All plants up to the edge of the water body 

are <50 cm tall; There is only 1 m from the edge of the spray application to the start of the 

water body. 
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 In the railway scenario, drift from the spray train is based on the worst-case wind direction 

(the same direction as that of the sideways pointing nozzles nearest to the ditch) and the 

amount is based on experimental data for an absolute worst-case wind speed of 12 miles hr
-1

. 

2.3.4 Rainfall 

 A 75
th
 percentile wettest daily rainfall event occurs on the day after application. 

 75th percentile ‘wettest’ weather data have been used to derive rainfall patterns. 

2.3.5 Catchment hydrology 

 Percentage rainfall:runoff coefficients for different surface types in the urban, suburban and 

major road catchments are based on measured data related to the application months of 

March, April and May and include evapotranspiration losses relevant to those months, thus 

giving the lowest realistic runoff volumes for dilution of washed off herbicide loads. 

 All herbicide loads washed off individual surfaces in the urban, suburban and major road 

catchments move to the catchment stream on the day of wash-off (there is no retention within 

the catchment), except in the suburban (domestic use) catchment where a small percentage is 

lost from ‘leakage’ through the cracks or joints in concrete or brick paving surfaces. 

 In the suburban catchment, 95% of houses along the road network have frontages that drain 

directly to it and then via storm drains or culverts to a local stream (a realistic worst case for 

wash-off to semi-natural surface water bodies). 

 In the railway surface water catchment runoff alternative, 88% of the total load leaching out 

of the railway formation contributes to runoff down the embankment side nearest to the ditch 

and, as a first tier assessment it is assumed that there is no attenuation of herbicide loads 

during runoff to the surface water body. 

 In the railway surface water catchment leaching alternative, there is no attenuation of loads 

leached out the railway formation during transport in the unsaturated zone and there is no 

lateral advection-dispersion during transport in the saturated zone. 

 In the groundwater scenario, herbicide concentrations at the wellhead are calculated with a 

one dimensional advection-dispersion model: there is no lateral advection-dispersion.  

2.3.6 Surface Water Dynamics 

 The streams and ditch are small 1 m wide surface water bodies with characteristics similar to 

those of the FOCUSsw bodies although in the urban and suburban scenarios they have a length 

of 316 m, consistent with a 10 ha catchment area. These characteristics minimize the initial 

volume of water that is available for dilution of incoming herbicide loads. 
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 The dimensions of the urban pond are based on the design specifications recommended by 

CIRIA using a realistic combination of soil type and climate designed to give the realistic 

smallest initial water volumes at the start of the spring period and maximum permissible 

outflow from the pond. This ensures a realistic minimum water volume for dilution of 

incoming herbicide wash-off loads. 

 Only 2/3 of spray drift inputs to all relevant surface water bodies are available for 

partitioning. This is the same as in the ‘STEPS1-2 in FOCUS’ model and is based on 

experimental observations (Linders et al., 2003). 

 Concentrations in the water bodies resulting from spray drift on the day of application are 

calculated before any partitioning or advective losses occur at the end of the time step. 

 In the stream scenarios: 

- Only 1/3 of herbicide wash-off inputs to the stream are available for partitioning. 

- The water residence time in the stream is 24 hrs as compared to a calculated maximum 

residence time of 8hrs in all the FOCUS surface water stream scenarios (Linders, et al, 

2003). 

 In the roadside scenario, dilution of herbicide wash-off inputs comes only from the adjacent 

agricultural field. There is no dilution derived from ‘up-stream’ water inputs. 

 In the urban pond scenario, each daily concentration in the water body is calculated before 

any partitioning or advective losses occur at the end of the time step. 
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3 THE EXPOSURE MODELS 

In this section, the first-tier models for estimating PECs.w. and PECg.w following herbicide 

applications within each scenario are described, based on the realistic worst-case scenarios 

defined in Section 2.  There were two main underlying principles for model development: 

 As far as possible, the model should be based on data and information generated by other 

Hard Surface project studies. 

 As far as possible the surface water bodies should be based on those proposed by the EU 

FOCUS Surface Water Scenarios group for first and second step PEC calculations (Linders et 

al, 2003). 

3.1 The Surface Water Model 

A conceptual overview of the first-tier surface water model is given in Figure 3.1-1. 

 

 

 

 

 

 

 

 

Figure 3.1-1. Conceptual overview of the first-tier surface water exposure model. 

The model uses the fixed scenario data to calculate the amount of applied compound reaching 

different surfaces, taking into account losses from plant interception and spray drift.  Calculated 

spray drift inputs to the water body are added to the surface water body on the day of application. 

On subsequent days, daily rainfall inputs drive a wash-off sub-model which calculates the daily 
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mass of compound washed off the hard surfaces in the catchment and into the receiving water 

body. Although this component of the model has a daily time-step driven by rainfall volume, 

within each time-step surface wash-off is calculated in rainfall increments of 0.5mm.  Fixed 

scenario characteristics are used to calculate the daily volumes of runoff reaching the surface 

water body.  Finally, the water body characteristics and calculated daily input masses of 

compound and associated water volumes are used to calculate the daily concentrations of 

compound in the water and sediment phases of the water body. Overall, the model includes 

simulation of the following environmental processes: 

 Interception by plants;  

 Spray drift deposition on surface water bodies; 

 Rainfall event-related wash-off from individual surface types; 

 Surface routing of wash-off within the catchment; 

 Degradation of herbicide compound retained within the catchment; 

 Dilution of herbicide input mass within the surface water body; 

 Daily turnover of water within the stream scenarios; 

 Sorption to and de-sorption from the sediment within the water bodies; 

 Degradation of retained herbicide compound in both aqueous and sediment phases of the 

water bodies. 

The following sections give a description of how the model treats each process. 

3.1.1 Losses and surface water impacts related to the day of application. 

On the day of application, some of the compound that is applied never reaches a hard surface 

area because it is lost via spray drift and/or is intercepted by plants.  Some of the compound lost 

via spray drift is deposited in the catchment water bodies.  The model calculates both the mass of 

compound deposited directly onto the surface of each water body and also the mass of compound 

that is deposited on the different hard surface types. 

Mass of herbicide that is deposited directly into the surface water body via spray drift 

The percentage of applied compound that is transported to the respective water body is based 

mainly on the spray-drift calculations used in the FOCUS surface water scenarios (Linders et al, 

2003).  These calculations employ spray drift data obtained from the BBA (2000) and use the 

90
th
 percentile values of all relevant measured data.  For the railway scenario however, the 

percentage drift is calculated using spray train-specific experimental study data (Parkin & Miller, 

2004). 

The most appropriate data on which to base estimates of spray drift input from the urban and 

major road scenarios are those for a hand held application to a crop < 50 cm high and at a 
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distance of 1 m from the edge of the 'crop' to the start of the water body.  For this type of 

application, the 90
th
 percentile highest value derived from the BBA (2000) data is 2.8%. 

As described in Section 2.1.3, it is assumed that in the Major Road scenario, all 2.8% of the 

drift impacts on the stream surface but in the Urban scenario only 0.257 of this 2.8% 

impacts on the stream surface and only 0.064 of the 2.8% impacts on the pond surface.  

This is because, for some areas where the compound is applied, blocks of buildings will provide 

a barrier that prevents spray drift reaching the water body surface and, in the case of the pond 

scenario, spray drift will impact on the water body surface only from a strip of surface adjacent to 

one side of the pond. 

In the Railway Surface Water Scenario, a realistic worst case assumption is that both sets of 

tracks are treated on the same day.  Spray drift is thus estimated from both passes of the spray 

train.  Data on spray drift from the Network Rail spray train fitted with Radiarc nozzles were 

generated by a study conducted by Parkin & Miller (2004).  This study produced duplicate 

measurements of spray drift at three different down wind distances (2, 4 and 19 m) and three 

different wind speeds (12.2, 18.1 and 24.3 miles hr
-1

) for each of the ‘vertical’ and ‘sideways’ 

configurations of the spray nozzles designed to cover the ‘4 foot’ and ‘cess’ sections of track 

respectively (see figure 2.1.3-3).  Percentage loss from spray drift is dependent on both wind 

speed and downwind distance and for the purposes of scenario development it is thus necessary 

to derive a realistic worst case situation for both these variables.  Full details of their derivation 

are given by Hollis (2010a) but in summary, an absolute worst-case for wind speed during 

spraying of 12 miles hr
-1

 was derived based on the ‘Code of Practice for using plant protection 

products’ (Defra, 2006). A realistic worst case for the downwind distance is based on subdivision 

of the track area into 6 sections representing different parts of the ‘up’ and ‘down’ tracks covered 

by ‘vertical’ and ‘downward components of the spray nozzles. Using these derived worst case 

variables the percentage drift losses associated with the different nozzle configurations on each 

section of the tracks were calculated. The derived drift distances for each of the 6 track sections 

are illustrated in figure 3.1.1-1 and the calculated drift losses based on the different 

configurations used in the experimental study are summarised in table 3.1.1-1. 

Using these data, the calculated overall spray drift potential from the spray train is 0.1%. 
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Figure 3.1.1-1 Illustration of spray drift for the Railway surface water scenario 

Table 3.1.1-1 Calculation of realistic worst-case spray drift from the spray train application. 

Spray 

section 

Area 

sprayed (m
2
) 

Spray travel 

distance (m) 

Configuration 

used 

Wind speed 

miles hr
-1

 

Drift potential 

% 

1 94.155 3.84 Cess 12 0.47 

2 260 5.14 4ft 12 0.06 

3 33.195 6.44 4ft 12 0.04 

4 33.195 7.11 Cess 12 0.20 

5 260 8.41 4ft 12 0.03 

6 94.155 9.71 4ft 12 0.03 

Overall 774.7    0.10 

 

One final situation needs to be considered in the scenario. Although a spray train is the most 

common form of herbicide application to railways and also provides a realistic worst-case with 

respect to the area of application, there are also a few situations where there is ad-hoc use of hand 

held sprayers to control localised weed infestations. In the proposed scenario, the horizontal 

distance from the edge of the railway track to the edge of the ditch is 2.9 m but the track surface 

is 5m above the surface of the ditch which means that the effective distance used to estimate 

spray drift losses is likely to be less. As with the HardSPEC Urban and Major Road scenarios 

therefore a value of 2.8% drift loss is used, based on the 90
th 

percentile highest value for a hand 

held application to a crop < 50 cm high and at a distance of 1 m from the edge of the 'crop' to the 

start of the water body, derived from the BBA (2000) measured data. 

As a first tier assessment, there is a default assumption that the spray is applied as a continuous 

1m wide swath along the 100 m of track edge. Such an assumption represents an unrealistic 
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worst-case because hand-held sprayers use spot-applications rather than swath-application and 

the scenario thus combines an unrealistically large application loading with estimated worst-case 

losses from measured data. It is also recognized that other types of application method may be 

used on an ad-hoc basis and, in order to investigate such methods or a range of more realistic 

application loadings from hand-held sprayers, users can change both the percentage loss from ad-

hoc application and the fraction of 100 m
2
 target area of track to which spray is applied. For 

regulatory applications, any changes to the default percentage drift loss resulting from 

different application methods or reductions in the fraction of track treated must be 

supported with data to justify the values used. 

In the Domestic Use Scenario no deposition of spray drift in the receiving stream is predicted 

because this stream is too far away and separated from properties by a culverted section. 

The calculated percentage spray drift inputs for each scenario are used to calculate the mass of 

applied compound that is added directly to the surface water body on the day of application. This 

mass provides the only surface water impact not related to a rainfall event. 

Total mass of herbicide impacting on hard surface types 

With the exception of the suburban (domestic use) scenario, where all spray drift is assumed to 

be re-deposited on hard surfaces in the catchment and thus remains available for wash-off, the 

calculated transfer of herbicide to the scenario surface water body in spray drift is subtracted 

from of the amount of compound which reaches hard surface areas.  In addition, spray drift from 

herbicide applied to the length of road running along the east side of the urban catchment is 

assumed to be lost from the catchment irrespective of whether or not there is an adjacent water 

body present.  Spray drift will also occur from herbicide applied in all other parts of the urban 

catchment but such drift is assumed to impact on a hard surface and will, thus, be subject to 

wash-off into the catchment drainage network.  These assumptions mean that spray drift losses 

from the Urban catchment are the same for both stream and pond scenarios.  Calculated spray 

drift losses for each scenario are as follows: 

Major Road stream: 2.8% of applied mass. 

Urban stream 2.8 x 0.257 = 0.72% 0f applied mass. 

Urban pond 2.8 x 0.257 = 0.72% 0f applied mass. 

Suburban stream 0% of applied mass 

Railway 0.1% of applied mass. 

In addition to losses from spray drift, it is assumed that 10 % of the herbicide mass applied is 

intercepted by plants.  Intercepted chemical is assumed to be removed from the system.  No 

foliar wash-off mechanisms are included in the model. 
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The combined percentage losses from spray drift and interception by plants together with the area 

of each type of hard surface to which the herbicide is applied (see Section 2.1.3), are used to 

calculate the herbicide load reaching each 0.54 m
2
 area of each surface type.  These calculations 

are included in the ‘Masses lost per 0.5 mm rain’ worksheet. 

3.1.2 Simulation of wash-off from different surfaces 

For the major road, urban and suburban scenarios, wash-off from the different types of hard 

surfaces present is calculated from a wash-off sub-model. In the railway scenario however, the 

ballast hard surface is permeable and wash-off is thus calculated using a leaching sub-model. 

The wash-off sub-model in the major road, urban and suburban scenarios 

The wash-off sub-model calculates the daily herbicide loads removed in runoff from each 0.54 

m
2
 area of each surface type but to simplify the model calibration, wash-off from individual brick 

surfaces is assumed to be the same as that from concrete surfaces.  The model operates in 0.5 mm 

increments of rainfall (the volume-steps) and is based on experimental results from the various 

hard surface field and laboratory studies (see Appendix 1).  A diagrammatic representation of the 

wash-off sub-model is shown in Figure 3.1.2-1. 

 

 

 

 

 

 

 

 

Figure 3.1.2-1. Diagrammatic overview of the wash-off sub-model.  

Based on the identified hard surface wash-off and degradation mechanisms summarised in 

Appendix 1, section A1.8.3 the wash-off sub-model incorporates the following steps: 
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1. When the applied herbicide compound reaches a specific type of hard surface, it spreads over 

it but the extent of such spreading depends on the surface type. Asphalt has a rougher surface 

than concrete, with frequent indentations and crevices giving it a much greater surface area.  

Applied compound reaching the asphalt surface thus tends to be spread out more thinly than 

that reaching concrete surfaces and also can be retained within surface indentations. During 

this step, some of the compound is sorbed (either through absorption or adsorption) to the 

surface but, because the forces involved are weaker, only a fraction of the amount present 

participates. This fraction depends on the average thickness of the compound on the surface 

and is thus greater on asphalt (0.82), where it is spread thinner than on concrete (0.645). This 

situation is illustrated in Figure 3.1.2-2. 

 

Figure 3.1.2-2 Representation of compound on asphalt surface after application and before 

rainfall. 

2. During the first wash-off step of the model, which is equivalent to the first 0.25 L of runoff 

per 0.54 m
2
 of surface, rainfall accumulates on the surface and starts to wet it up. Eventually 

enough rain falls to initiate runoff from the surface which washes off applied compound in 

non-soluble and / or soluble form (Figure 3.1.2-3). 

 

Figure 3.1.2-3 Representation of processes simulated during the first wash-off step. 

The volume of rain required to initiate runoff depends on the surface type with more needed 

on asphalt (0.138 L) than concrete (0.073 L) because of the former’s greater surface area.  

During this stage and the subsequent 0.25 L of wash-off, the incident rain dissolves some of 

Solute losses 

‘retained’ non-
soluble compound 

Non-Soluble 
losses 

sorption from solute 
phase during transport 

sorbed compound 

Solute formation 

sorbed compound 
weak sorption 

  ‘retained’ compound 



 

 48 
 

the chemical to form a solute.  The mass that goes into solution depends on the compound 

solubility and the volume of runoff water interacting with the surface.  On asphalt, because of 

its frequent small indentations and crevices, runoff water ‘by-passes’ much of surface area 

and only a fraction (0.3507) of it interacts to form solute.  In contrast, on the relatively smooth 

surface of concrete, all of the runoff water interacts to form solute.  During transport the 

solute also partitions (either through absorption or adsorption) into surface-sorbed and 

aqueous phases.  Aqueous phase losses during this step thus depend on the fraction of total 

incident water volume that interacts with the compound and the compound surface-specific 

sorption coefficient but are also limited by the compound solubility and the volume of runoff 

water (0.25 L per 0.54 m
2
). 

Unless the compound is so soluble that its entire non-sorbed component goes into solution, 

some non-soluble material remains at the surface and is available for physical transport and 

loss in runoff.  Such losses are calculated as a surface-specific fraction of the amount of non-

sorbed compound present.  For each surface type, this fraction is dependent on the specific 

gravity of the compound.  The greater the specific gravity, the smaller the fraction of non-

sorbed mass lost in runoff.  This is because compounds with a relatively high specific gravity 

are denser than those with a smaller specific gravity and thus require more energy to transport 

equivalent amounts of compound.  Also, much more of a specific compound is transported in 

non-soluble form over concrete than over asphalt because concrete has a much smoother 

surface than asphalt and less energy is thus required to transport non-soluble material over its 

surface. 

The fraction of surface mass subject to sorption, the surface-specific fraction of runoff 

interacting with the compound and the relationship between the specific gravity of the 

compound and the surface-specific fraction of non-sorbed material lost in non-soluble form 

are all calibrated using results from the controlled wash-off study (Shepherd & Heather, 

1999a).  Details of the calibration and the equations for calculating wash-off in the first 

volume-step are given in Appendix 3 

3. During subsequent 0.25 L wash-off steps (equivalent to 0.5 mm increments of rainfall), water 

moving over the surface continues to interact with the compound present, washing off more of 

the non-sorbed (dissolved and insoluble) chemical.  As with the first wash-off step, the 

amounts lost depend on compound solubility, compound specific gravity and surface-specific 

characteristics of retention and sorption. 

As with the first wash-off step, the fractions of wash-off water that interact with compound to 

form solute are different for different surfaces but each fraction successively decreases with 
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each wash-off step due to a reduction in the time available for interaction between the water 

and chemical on the surface as runoff depth and velocity increase. 

The fraction of un-dissolved chemical which is entrained in runoff is assumed to decrease 

rapidly with each succeeding step because the most mobile material (e.g. smaller size 

fractions) is removed in the initial wash-off.  The remaining material is thus increasingly more 

difficult to entrain (see Appendix 3). 

Depending on the size of the rainfall event and the solubility and specific gravity of the 

compound, continuing solute and non-soluble losses eventually reduce all the non-sorbed 

material on a given surface to zero.  However, dissolved phase losses continue as a 

consequence of de-sorption from the hard surface although the rate of such desorption is 

limited (i.e. equilibrium is not attained) and decreases with time to reflect the generally 

observed phenomenon that compounds often become progressively more difficult to desorb. 

The fraction of wash-off volumes involved in the interactions with non-sorbed and sorbed 

compound is a function of surface type, the number of volume-steps since wash-off or de-

sorption was initiated and compound solubility and specific gravity.  The fractions are all 

calculated using negative power functions of the wash-off step number giving increasingly 

smaller fractions with successive steps.  The power values in these functions are different for 

each surface type and are a function of compound solubility (for calculating soluble phase 

losses), compound specific gravity (for calculating non-soluble phase losses) and surface-

specific sorption coefficient (for calculating the volumes involved in de-sorption).  All 

relationships were calibrated using results from the controlled wash-off study (Shepherd & 

Heather, 1999a) and the details are given in Appendix 3 along with the derived equations for 

calculating wash-off in successive steps. 

The processes simulated during these successive wash-off steps are illustrated in Figure 

3.1.2-4 
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Figure 3.1.2-4 Representation of processes simulated during successive wash-off steps within a 

rainfall event. 

4. Successive 0.25 L wash-off steps continue until the daily rainfall event is completed.  At this 

point, partitioning calculations are performed to redistribute the remaining mass between 

sorbed and non-sorbed fractions.  During the time between each daily rainfall event, the entire 

remaining compound is assumed to degrade according to first order kinetics, with a surface-

specific degradation rate constant.  Degradation rates are the same for both sorbed and non-

sorbed phases. 

5. For each scenario catchment, the total number of 0.54 m
2
 blocks of each surface type to which 

pesticides are applied is calculated from the scenario data. These numbers are then multiplied 

by the calculated wash-off masses from a single 0.54 m
2
 area to give the total mass lost from 

each surface for each volume-step on a whole-catchment basis. 

6. At the start of each successive rainfall event, the total amount of compound remaining on the 

surface re-equilibrates between sorbed and non-sorbed phases, within the small volume of 

water that wets up the surface before runoff is initiated.  Following this re-equilibration, 

wash-off steps 2 to 5 are repeated. The volume-step-dependent power law relationships of 

reduction in soluble losses and, where relevant, reduction in de-sorption losses continue from 

the previous event but the volume-step-dependent power law relationship of reduction in non-

soluble losses re-starts with the first 0.5 mm of runoff for each event. 

In order to illustrate the quality of the calibration, predictions from the calibrated version of the 

wash-off sub-model were compared with the measured wash-off concentrations and percentage 

losses for each of the five compounds used in the repeat experiment of the controlled wash-off 

study (Shepherd & Heather, 1999a) (oxadiazon was not included in this experiment).  The results 

are shown both visually in Figures 3.1.2-5 and 3.1.2-6, and statistically in Table 3.1.2-1. 
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Figure 3.1.2-5. Comparison of measured % losses from the controlled wash-off study on 

asphalt (Shepherd & Heather, 1999a) with those predicted using the calibrated 

wash-off sub-model. 

 

Figure 3.1.2-6. Comparison of measured % losses from the controlled wash-off study on 

concrete (Shepherd & Heather, 1999a) with those predicted using the 

calibrated wash-off sub-model. 
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Table 3.1.2-1. Model Efficiency (ME) of the calibrated wash-off sub-model with respect to 

prediction of the measured losses (mg) from the controlled wash-off study 

(Shepherd & Heather, 1999a). 

Compound Asphalt Surfaces Concrete Surfaces 

Atrazine 0.883 0.971 

Diuron 0.684 0.947 

Oryzalin 0.837 0.995 

Isoxaben 0.961 0.998 

Glyphosate 0.999 0.998 

All compounds 0.999 0.982 

 

The goodness of fit criterion used was the model efficiency, ME (Melacini & Walker, 1995) 

which can range between very large negative values and +1.  Values in excess of 0.6 indicate a 

good fit and values of 1 indicate an almost perfect fit.  On individual surfaces, the calibrated 

model gives an extremely good fit to the overall measured data for all 5 compounds (ME 0.99 to 

0.98) but the ME for asphalt is slightly misleading as the measured mean loss for all five 

compounds is very skewed by a single large loss of glyphosate in the first wash-off step which is 

10 times larger than any other measured loss.  For individual compounds, the calibrated model 

gives a better prediction for concrete surfaces than for asphalt surfaces.  The slightly poorer 

prediction for asphalt surfaces is not surprising, given the ‘rougher’ and probably more variable 

nature of this surface compared to concrete. 

As importantly, Figures 3.1.2-5 & 3.1.2-6 show that for the 5mm simulated rainfall event, 

predicted total accumulated losses expressed as a percentage of the mass applied are always 

similar or very slightly larger than the measured values. This assessment gives confidence that 

the wash-off sub-models are giving a good and usually very good prediction of losses and, if 

anything err slightly on the conservative side. 

Wash-off through ballast in the railway scenario: The ballast leaching sub-model 

The calculated load reaching each 0.492 m
2
 area of railway ballast is used as input to a sub-

model that calculates the daily herbicide loads washed into and through the ballast column.  The 

runoff sub-model operates in 0.5 mm increments of rainfall (the volume-steps) and is based on 

experimental results from the various hard surface field and laboratory studies (Appendix 

1).  A diagrammatic representation of the ballast leaching sub-model is shown in Figure 

3.1.2-7. 
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Figure 3.1.2-7 Diagrammatic overview of the ballast leaching sub-model 

The model incorporates the following steps: 

1. Following application, herbicide coats the upper few mm of the ballast column.  At this stage 

no sorption is specified in the model. 

2. During the first volume-step of the model, which is equivalent to the approximately 0.25 L of 

leaching per 0.492 m
2
, rainfall infiltrates the ballast and dissolves the compound (depending 

on compound aqueous solubility).  Increasing amounts of rainfall start to wet up the ballast 

column but no drainage occurs until the capacity of the column to retain water is reached.  At 

this stage dissolved phase concentration is calculated using the volume of retained water 

(derived from measurements made in the controlled wash-off study: Shepherd & Heather, 

1999).  If the total mass per unit volume is less than the aqueous solubility, no insoluble 

residue is predicted to remain at the surface.  For less soluble compounds, an insoluble 

chemical residue is calculated.  

3. Only the dissolved phase fraction participates in sorptive exchange with the fine material 

component of the ballast.  Partitioning between the dissolved and sorbed phases is calculated 
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from Koc, the retained water volume in the column and the total mass of organic carbon in the 

column.  Partitioning is assumed to be instantaneous. 

4. Further rainfall during this volume-step initiates the first 0.25 litres of drainage out of the 

ballast column. The amount of compound washed into the ballast column during this stage is 

determined by the surface area of interaction between the non-soluble residue at the surface 

and the amount of incident rain forming mobile phase water (0.25 litres in this volume step). 

In other words only a certain fraction of chemical residue at the surface is available for 

forming solute.  This fraction was empirically derived using data from the ballast wash-off 

study (Shepherd & Heather, 1999a).  Chemical moving into the ballast column as mobile 

phase solute is thus calculated from the volume of this mobile phase water (0.25 litres) and 

the compound solubility although the total mass is limited by the fraction of chemical residue 

at the surface available to form solute. 

Chemical moving through the ballast column as mobile phase solute can partition to organic 

matter within the ballast although only a small fraction of the organic component participates 

in such partitioning because most of the mobile solute component effectively by-passes it.  In 

addition, mobile water in the column also displaces some of the retained phase solute in the 

column and removes it in the leachate (flushing). 

The surface-specific fraction of non-soluble chemical washed into the ballast column, the 

fraction of ballast organic carbon mass that participates in sorption with mobile solute and the 

fraction of solute flushed from the retained water phase are all derived empirically by 

calibration using results from the controlled wash-off study (Shepherd & Heather, 1999a).  

Details of the calibration procedure and the equations for calculating leaching losses during 

the first volume step are given in Appendix 3 

If there is no non-soluble residue left at the surface, leaching losses are simply calculated 

from the mass of solute displaced (flushed) from the retained water in the ballast column by 

the mobile phase water. 

At the start of the next volume step, the sorbed mass and remaining solute mass in the 

retained water component of the ballast column re-equilibrate. 

5. During subsequent volume-steps continued rainfall washes slightly more insoluble chemical 

into the ballast column as a mobile solute component.  The fraction of chemical increases 

according to a power function of the volume step number, calibrated using results from the 

controlled wash-off study (Shepherd & Heather, 1999a) and a subsequent wash-off study 

undertaken using atrazine and 15 mm of applied rainfall. 
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In contrast, the fraction of solute that is displaced from the retained water phase by the mobile 

solute component moving through the ballast column decreases exponentially with each 

successive volume-step as the mass in the retained water fraction becomes increasingly 

depleted and less subject to interaction with the mobile water. The exponential relationship 

was calibrated using results from a separate controlled wash-off study employing an un-

named very soluble compound and 15 mm of applied rainfall.  The equations used to calculate 

leachate losses in all subsequent volume steps of the model are given in Appendix 3 together 

with details of the calibration of both the power function and exponential relationships used. 

Equilibration of sorbed and retained solute components of the ballast column occurs at the 

end of each volume-step. 

6. Successive 0.5 mm rainfall volume-steps continue until the daily rainfall event is completed.  

At this time, some of the mass remains in dissolved form in the retained water, some remains 

sorbed to the ballast organic carbon and some may remain in the near surface layer in non-

soluble form.  The entire remaining compound is assumed to degrade according to first order 

kinetics using a ballast-specific degradation rate constant.  Degradation rates are assumed to 

be the same for both sorbed and dissolved phases. 

The calibrated version of the ballast leaching sub-model was used to predict the mean measured 

accumulated masses lost from ballast surfaces in an unpublished controlled wash-off study 

employing atrazine and an un-named compound with 15 mm of applied rainfall.  The un-named 

compound had a Koc of 46 L kg
-1

, a solubility of 2,100 mg L
-1

 and an application rate of 50 g ha
-

1
.  The results are shown in Figures 3.1.2-8 and 3.1.2-9.  Statistical results are shown in Table 

3.1.2-2, again using model efficiency, ME as the goodness of fit criterion. 

The results show that, statistically, the model gives a very good fit for atrazine (ME 0.982) and 

an acceptable though not quite ‘good’ fit for the un-named compound (ME 0.528).  However, 

comparing the predicted curve with the variation in the measured data, shown by the ‘error’ bars 

on the graph, which indicate the standard deviation for three replicates, it can be seen that the 

predictions are virtually all within the measured variability of accumulated mass losses.  The 

predicted values have a Root Mean Square Error (RMSE) of 0.469 g L
-1

 for atrazine and 0.019 

g L
-1

 for the un-named compound.  These values compare with standard deviations of measured 

replicates of 0.77 g L
-1

 for atrazine (range 0.34 to 1.96) and 0.031 g L
-1

 for the un-named 

compound (range 0.006 to 0.051). 

The statistical analysis thus suggests that, for both compounds the calibrated model gives an 

accurate (within measured variability) prediction of measured losses. 
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Figure 3.1.2-8. Comparison of measured accumulated mass losses of atrazine from a 

controlled wash-off study on ballast with those predicted using the calibrated 

ballast leaching sub-model.  Also shown for comparison are predicted 

accumulated mass losses for diuron, oxadiazon, oryzalin and glyphosate. 

 

Figure 3.1.2-9. Comparison of measured accumulated mass losses of the un-named 

compound from a controlled wash-off study on ballast with those predicted 

using the calibrated ballast leaching sub-model.  Also shown for comparison 

are predicted accumulated mass losses for isoxaben. 
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Table 3.1.2-2. Comparison of measured mass losses of atrazine and an un-named compound 

with losses predicted using the calibrated ballast leaching sub-model. 

 Atrazine losses Un-named compound losses 

Leachate volume 

collected (L) 

Mean 

measured 

mass 

(mg) 

s.d. of three 

replicates 

Predicted 

mass 

(mg) 

Mean 

measured 

mass 

(mg) 

s.d. of three 

replicates 

Predicted 

mass 

(mg) 

0.5 6.2 0.81 6.5 0.15 0.025 0.14 

0.5 7.1 0.70 7.4 0.15 0.052 0.14 

0.5 6.6 0.45 6.5 0.12 0.035 0.11 

1.0 12.5 0.61 12.5 0.20 0.051 0.18 

1.0 13.1 0.20 12.2 0.14 0.032 0.16 

1.0 10.9 1.12 10.6 0.11 0.006 0.12 

1.5 14.9 0.34 14.6 0.13 0.007 0.15 

2.0 15.2 1.96 16.0 0.10 0.038 0.14 

Mean s.d. of measured  0.77   0.031  

RMSE of prediction   0.47   0.019 

ME of prediction   0.98   0.53 

 

3.1.3 Runoff volumes and herbicide loads moving to surface water bodies 

Daily runoff volumes from each type of surface in the major road, urban and suburban scenario 

catchments are calculated from the fixed scenario parameters relating to surface area (see Section 

2.1.1 and the model worksheets Urban_scenario, Major_scenario), the daily rainfall values (see 

Section 2.1.2) and rainfall-runoff characteristics (see Section 2.1.4).  It is assumed that prior to 

each rainfall event the road surface is dry and the amount of rainfall needed to wet the surface is 

0.4 mm. 

Volumetric runoff from each rainfall event (Litres) is calculated from the areas of each surface 

type present (m
2
), the total rainfall in the event (mm) minus the amount needed to wet the surface 

(0.4 mm) and the fixed rainfall / runoff percentages for each surface type.  The sum of daily 

runoff volumes from each surface type represents the daily total catchment runoff moving into 

the stream or pond. 

Based on measured runoff data obtained in the Ramwell & Kah (2010) study, all runoff 

generated from hard surfaces in the catchment considered in each scenario is assumed to enter 

the receiving water body on that day.  However, runoff from non-hard surfaces will arrive at the 

surface water body intake at different times.  Such runoff volumes are distributed over a three-

day period, with 75% of the volume arriving at the catchment intake on the day of rainfall, 20% 

on the subsequent day and 5% on the third day.  All pesticide which is calculated to be washed 

off each surface type is assumed to reach the surface water body on the day of rainfall. 
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In the railway scenario the daily mass leached out of the railway ballast is used as an input to an 

Attenuation Factor model that calculates the mass leaching out of the underlying sandy 

formation. This attenuation factor model is based on the work of Rao et al. (1985) and Leonard 

& Knisel (1988). It is described in section 3.2.3 of the Groundwater scenario. The calculated 

daily masses leaching out of the base of the sandy formation are then moved to the railway 

surface water ditch using two different models, one simulating transport in runoff down the 

embankment side nearest to the ditch and one simulating transport via leaching through the 

embankment to the underlying groundwater body and thence to the surface water ditch. 

Runoff down the embankment nearest to the ditch 

In the runoff model, there is an impermeable layer directly below the sandy formation that 

prevents further leaching and moves drainage water laterally to the sides of the embankment.  

This model converts the daily mass lost from the ballast and sandy formation into a daily total 

load (g) lost based on the application area associated with the Network Rail spray train mounted 

with the ‘Radiarc’ nozzle system. However, although all 774.7 m
2
 of the track receives spray 

which is then subject to leaching through the railway ballast, not all of the leached mass will 

move laterally to the side of the embankment nearest to the surface water ditch. This is because 

some of the mass leached from ballast area furthest from the ditch will move to its nearest 

embankment side. In this runoff scenario there is a worst case assumption that all the herbicide 

mass leached from spray sections 1 to 5 (see figure 3.1.1-1) moves to the ditch side of the 

embankment and is lost through runoff as illustrated in figure 3.1.3-1. This worst case 

assumption gives a total area contributing to runoff of: 

100 x 6.81 = 681 m
2
, representing 88% of the total mass leached through the railway 

formation. 

For the runoff scenario therefore, the total daily load (g) lost from the ballast application area 

=  daily mass (mg) lost per 0.492 m² of ballast x 1000 x 681 / 0.492. 

This mass is then used as a direct input to the surface water body but, because the amount of 

attenuation that may occur during run off is uncertain, the mass is first multiplied by an 

attenuation factor. This factor is specified by the user as an additional input parameter in cell C21 

of the worksheet “Herb_props”. The default value is 1, i.e. there is no attenuation of loads during 

transport down the railway embankment which is clearly very conservative and probably 

unrealistic. However, it can be changed by the user to a smaller fraction, providing the 

change is based on a justified argument. 
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Figure 3.1.3-1 Pesticide transport pathways to the railway surface water body for a runoff 

scenario 

Leaching through the embankment to groundwater and thence to the ditch 

This situation is illustrated in Figure 3.1.3-2.  If there is no impermeable layer below the railway 

formation, then any herbicide loads that leach out of it will continue to leach vertically to the 

underlying groundwater body. The rate of such leaching and the amount of attenuation that occurs 

during that leaching is very much dependent on the nature and characteristics of the embankment 

material. To satisfy the first tier nature of HardSPEC a set of worst-case assumptions are made with 

respect to the fate of residues leaching out of the railway formation.  

The daily loads calculated as leaching out of the base of the sandy formation are assumed to by-pass 

directly through the railway embankment to the groundwater surface with no further attenuation.  This 

provides an absolute worst case situation for leaching because, in reality, some attenuation is likely to 

occur as a result of dispersion, sorption and degradation during transport through the embankment, 

even if by-pass flow occurs. 
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Figure 3.1.3-2 Pesticide transport pathways to the railway surface water body for a leaching scenario 

Once the leached herbicide load reaches the groundwater surface it is transported laterally to the 

surface water ditch adjacent to the railway embankment.  This transport is modelled using a one-

dimensional slug-injection groundwater model (Crank, 1956) where herbicide residues are attenuated 

through partitioning and longitudinal dispersion. Details of the model are given in section 3.2.4 of the 

Groundwater model description.  However for this study, it is necessary to change the groundwater 

flow velocity to 1m day
-1

 in order to simulate the slow moving groundwater body. In addition, it is 

necessary to identify a suitable ‘point of injection’ for leached herbicide loadings into the 

groundwater body in order to calculate the distance of travel to the surface water ditch. 

Herbicide residues leaching from the railway formation are likely to reach the groundwater surface at 

any point along the width of the area to which herbicide is applied and thus each point of herbicide 

injection will have a different travel distance.  In order to simplify the groundwater modelling, eight 

‘points of injection’ have been used, associated with the mid-point of each 1m section of track across 

the 7.747 m width of the ballast surface that receives herbicide from the spray train.  A 1m section 

was used because this equates with the daily rate of groundwater flow and thus represents the daily 

input to the water body from each 1m strip of track surface. 

The eight points of injection are thus 0.5, 1.5, 2.5, 3.5, 4.5, 5.5 6.5 & 7.5 m from the upper edge of the 

embankment nearest to the surface water ditch and each one has a different groundwater travel 

distance associated with it. As indicated in figure 2.1.1-6 of the Scenario Characteristics section, the 

horizontal distance from the upper surface of the embankment to the top of the ditch bank is 2.9 m, 
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and the groundwater travel distances used in the groundwater fate model are thus 3.4, 4.4, 5.4, 6.4, 

7.4, 8.4, 9.4 & 10.4 m. These distances are used in the Crank groundwater model to calculate daily 

inputs to the surface water ditch resulting from each of the eight points of injection of herbicide 

residues into the groundwater body. 

Daily total loads flowing into the ditch from the groundwater body are calculated from the daily 

inputs to the surface water body from each of the eight points of groundwater injection across the 

width of the railway track. The Crank groundwater model calculates the daily input loads associated 

with herbicide impacting on a single 0.492 m
2
 of railway ballast surface. The area associated with the 

eight calculated input loads is therefore 8 x 0.492 = 3.936 m
2
 and in order to calculate the total load 

input to the 100 m length of ditch, it is necessary to multiply the calculated load by the number of 

3.936 m
2
 areas in the 774.7 m

2
 of sprayed track.  This equates to 196.824 areas of 0.492 m

2
 and the 

total daily load of herbicide residues flowing into the ditch is thus: 

[
1
8 Daily load from injection point n]  x  196.824) 

3.1.4 Fate in the surface water bodies 

The dynamics of herbicide fate within each surface water body are based, as far as possible on 

the fate dynamics developed for surface water bodies in the ‘STEPS1-2 in FOCUS’ model for 

predicting PECsw in the European registration process (Linders et al 2003).  However, some 

minor adjustments have been made to take into account the fact that the ‘STEPS1-2 in FOCUS’ 

water body is static, whereas the Hard Surface Model stream scenarios are dynamic with a daily 

turnover time. 

Chemical dynamics in the Urban Pond: 

1. On the day of herbicide application, there is no runoff and the pond contains a minimum 

specified volume of water.  Herbicide loadings come only from drift inputs and represent an 

initial mass in the water phase.  At this stage there is no mass in the sediment phase. 

2. During this first day, partitioning occurs between water and sediment phases of the pond.  As 

with the ‘STEPS1-2 in FOCUS’ model, only 2/3 of the spray drift inputs on the day of 

application are available for partitioning, the remaining 1/3 stays in the water phase and does 

not participate in partitioning.  This is because some of the inputs from spray drift remain in 

that part of the water column which does not mix with the volume in contact with the 

sediment and thus are not subject to exchange.  The figure of 1/3 is based on experimental 

observations (Linders et al., 2003).  Following partitioning, masses of herbicide in both the 

water and sediment phases are calculated from soil Koc, minimum water depth, effective 

sediment depth, sediment bulk density and sediment organic carbon % using standard 
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partitioning theory.  They represent the final masses present in the water and sediment phases 

of the pond at the end of the time-step. 

3. At the start of each subsequent day the pond water and sediment contains some compound 

remaining from the previous day.  These ‘residual’ masses are calculated from the final 

masses of compound present in the water and sediment phases on the previous day after 

degradation of the compound in water and in sediment and removal in advective transfers in 

out-flowing water. 

4. In addition to the residual masses of compound present, wash-off inputs contribute both water 

and associated herbicide loads as inputs to the pond.  Again, herbicide inputs are separated 

into sorbed and non-sorbed phases according to the principles outlined in the‘STEPS1-2 in 

FOCUS’ model. 

5. Masses of compound in both water and sediment phases at the end of each time-step are 

calculated from the mass balance equation partitioned according to the factors defined in step 

2 above. 

6. At the end of each time step, some water drains out of the pond. Based on the SUDS design 

specification for the pond, the outflow volume is limited to 130248 litres per day and the 

herbicide mass associated with this outflow is calculated from the aqueous phase mass in the 

pond before partitioning and the fraction of total pond volume represented by the outflow. 

7. For each daily time-step, concentrations in the pond water phase are simply calculated as a 

ratio of chemical solute mass and the water volume in the pond.  Similarly, concentrations in 

the sediment phase are calculated as the ratio of chemical mass in sediment and the dry mass 

of sediment in the pond.  Although only 1 cm of sediment is effective for partitioning, it is 

assumed that, once partitioned, the compound diffuses throughout all the sediment present.  

Because concentrations are calculated from the initial mass inputs to the pond before 

partitioning occurs, sediment concentrations on the day of application are always 0. 

Chemical dynamics in the urban and suburban streams: 

These are represented slightly differently to those in the urban pond because of the more rapid 

(daily) turnover rate.  This means that any compound in the water phase, plus compound 

associated with some of the suspended sediment is removed from the stream each day.  

Dynamics in the stream are described as follows: 

1. At the end of each daily time-step, all residual compound in the dissolved phase and 2/3 of the 

chemical in the suspended sediment-associated phase is removed in advection so that stream 

water only contains 1/3 of the previous day’s sorbed phase material at the start of the 

following day. 
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2. Chemical mass in the sediment phase is calculated after allowing for degradation and 

advection of chemical (dissolved and sorbed) out of the water body. 

3. Each day, 1/3 of the chemical entering the stream plus the residual chemical present from 

previous days is assumed to be subject to partitioning between sediment and water (i.e. 2/3 of 

the input mass does not mix with water in contact with the sediment or is moving too rapidly 

to be subject to partitioning).  This applies to inputs in both dissolved and sediment-associated 

phases. 

4. Daily concentrations in both water and sediment phases are calculated from the final masses 

of compound in each phase following partitioning and prior to advective removal. 

Chemical dynamics in the railway ditch: 

These are very similar to those of the urban and suburban streams except that no suspended 

sediment phase chemical is removed from the ditch along with the aqueous phase mass. This is 

because, although the ditch has the same daily turnover as the streams, the direction of water 

flow is at right angles to its length, being driven by groundwater flow (see figure 2.1.1-5). Any 

suspended sediment in the ditch water is thus retained within the water body. 
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3.2 The Groundwater Model 

A conceptual overview of the first-tier groundwater model is given in Figure 3.2-1. 

 

 

 

 

 

 

 

Figure 3.2-1. Conceptual overview of the first-tier groundwater exposure model. 

On the day of application, the model uses the fixed scenario data to calculate the amount of 

applied compound deposited on different surfaces, taking into account losses from plant 

interception.  No spray drift losses are taken into account.  On subsequent days, daily rainfall 

inputs drive a sub-model that simulates leaching of surface residues through the railway ballast.  

Once washed through the ballast, attenuation of daily leached masses, prior to reaching the 

saturated zone, is calculated using fixed scenario substrate and climate characteristics, accounting 

for degradation rate in the substrate material.  Finally, the fixed scenario groundwater catchment 

and aquifer characteristics are used to attenuate concentrations in groundwater using a one-

dimensional ‘slug-injection’ model.  Chemical concentrations at the borehole are calculated for a 

period of 1500 days after herbicide first arrives at the water table. 

Overall, the model includes simulation of the following processes: 

 Interception by plants;  

 Rainfall driven wash-off into and through the ballast; 

 Partitioning of compound between ballast leachate waters and organic carbon in the ballast 

column; 

 Degradation of compound at the surface of and within the ballast column; 
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 Chromatographic leaching within the unsaturated layers of sandy formation and rock below 

the railway ballast; 

 Degradation of compound during leaching in the unsaturated zone; 

 One dimensional transport and dispersion of compound in the saturated zone; 

 Degradation of compound in the saturated zone (only if measured data are available). 

The following sections give a description of how the model treats each process. 

3.2.1 Losses on the day of application. 

As described in Section 2.2.4, it is assumed that 10 % of the herbicide mass applied is intercepted 

by plants and removed from the system.  No foliar wash-off mechanisms are included in the 

model.  In addition, it is assumed that the entire amount of compound that impacts on metal 

railway tracks or railway track ‘sleepers’ is washed into the ballast during the first rainfall event. 

The herbicide load reaching each 0.492 m
2
 area of railway ballast surface is calculated from the 

application rate less the interception.  This area is equivalent to the cross sectional area of the 

scenario borehole wellhead (see Section 2.2.4) and is used to calculate the masses impacting on a 

similar area of groundwater surface (i.e. input to the groundwater fate model:  Section 3.2.4). 

These calculations can be found in the ‘Masses lost per 0.5 mm rain’ worksheet. 

3.2.2 Simulation of leaching through the railway ballast 

This sub-model is described in section 3.1.2 and illustrated in Figure 3.1.2-4.    

3.2.3 Simulation of leaching through the unsaturated zone 

Leaching through the unsaturated zone of the sandy formation and rock below the railway ballast 

is calculated using an Attenuation Factor model, based on the work of Rao et al. (1985) and 

Leonard & Knisel (1988).  This model calculates the chemical mass reaching the water table 

from the daily mass of herbicide leaching out of the ballast from: 

 Massgroundwater surface = Af  x Mass.ballastl 

Calculation of the Attenuation Factor (Af), is based on the pesticide half-life (T1/2) in the 

substrate to calculate the amount of attenuation that will occur during the estimated time taken by 

the pesticide to leach out of the substrate (Td). 

 

   ).exp( TdkAf   

 

where k is the first order rate constant which is calculated from T1/2 using  
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2/1

2ln

T
k   

 

The pesticide half life in the substrate is calculated from the topsoil half life values given in the 

Groundwater Module input file but increased by a factor based on the fraction of organic carbon 

content in the substrate material relative to a typical organic carbon content for topsoil.  i.e.: 

 

  
eOCsubstrat

OCsoil

soil
f

f
TT .2/12/1   

 

where fOC is the mass fraction of organic carbon in soil and substrate.  This effectively decreases 

pesticide losses due to degradation in the substrate to reflect the decreased microbial activity 

relative to that in the topsoil.  The typical value for fOC(soil) is 0.018 based on the average 

measured value for mineral arable topsoils held in the National Soil Inventory database (McGrath 

& Loveland, 1992).  Substrate organic carbon contents are based on a limited set of 

measurements of the physical properties of rock and soft substrates (see Section 2.2.2). 

 

Calculation of the substrate leaching time (Td), is based on the thickness of the unsaturated 

substrate (d cm), the substrate water flux (Fw, cm day
-1

), and a retardation factor for pesticide 

flow (Rf).  

Td = d  x  Rf  x  Fw 

 

Two layers of substrate are included: a 0.3 m layer of sandy formation directly below the railway 

ballast; a 4.1 m layer of rock below the sandy formation.  The thickness of these two layers plus 

the ballast thickness gives a total depth to the surface of the saturated zone (groundwater) of 5 m 

(see Section 2.2.2).  Travel times are calculated for each of these two layers and the sum is then 

used as the value for Td in the attenuation factor equation. 

Water flux in the unsaturated substrate (Fw cm day
-1

) is based on the calculated 75
th
 percentile 

value for average daily recharge, as described in Section 2.2.3.  This gives a value for the daily 

amount of water that needs to be moved through the unsaturated zone by piston-flow during the 

leaching period. The actual daily flux will depend on the volumes of water present in the 

unsaturated zone.  It is assumed that, unlike the root zone in the soil, water content in the vast 
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majority of the unsaturated substrate does not change significantly throughout the year and is 

represented by the water content at –5 kPa tension.  However, not all the water volume held in 

the substrate is available for displacement via piston flow as some is held at such strong tensions 

as to be effectively ‘immobile’.  The concepts of mobile / immobile water phases are well 

established in water flux modelling and are used in a number of ‘capacity-based’ soil leaching 

models (e.g. Addiscott, 1977; Walker & Barnes, 1981; Nicholls et al, 1982; Addiscott & 

Whitmore, 1991; Hall, 1993).  When calculating the daily water flux in the unsaturated zone, 

therefore, only the ‘mobile’ volumetric water fraction (Mw) is used.  This is calculated as the 

volumetric water fraction between –5 kPa and –200 kPa tension.  Daily water flux in the 

unsaturated zone is thus: 

q

Mw
Fw   

where q is the average daily recharge rate.  Values for the mobile water of each substrate type are 

based on calculated mean values from a limited set of measurements of the physical properties of 

rock and soft substrates (see Section 2.2.2). 

 

The substrate ‘retardation factor’ for pesticide transport (Rf), is used to account for the way 

that the mass of pesticide leaching through a porous material is spread out as it reacts with 

surfaces and air spaces within that material.  Its development derives from soil thin-layer 

chromatography (Helling & Turner, 1968, Helling, 1971, Hamaker, 1975) and it is suitable for 

calculating movement in the unsaturated zone because pesticide flow is predominantly bulk 

matrix flow (i.e. ‘chromatographic-type movement) and water contents do not change 

significantly throughout the year. 

As the herbicide leaches through the porous substrate material, it is ‘partitioned’ between the 

component solid, liquid and gas phases by the processes of adsorption, diffusion and 

volatilisation. This partitioning depends on the fractions of solid, water and gas phases present, 

the pesticide specific adsorption constant (usually expressed as Koc) and the pesticide specific 

air:water partition coefficient (Kaw).  In this model, it is assumed that there is no volatilisation in 

the unsaturated zone. The retardation factor (Rf) is, therefore, simply based on Koc and the 

substrate retained water fraction (Rw): 

 

RwKfRf OCOCB /)..(1   
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where B is the bulk density.  As with data for other attenuation factor calculations, retained 

water fractions and bulk densities of the different substrates are based on calculated mean values 

from a limited set of measurements of the physical properties of rock and soft substrates (see 

Section 2.2.2). 

3.2.4 Transport and fate in the saturated zone 

Chemical concentrations in groundwater are assumed to spread out in one dimension before 

reaching the borehole.  This process is described using an analytical solution to the convection 

dispersion equation, with partitioning, for slug-injection (Crank, 1956).  The hydraulic gradient is 

set by the Outer SPZ travel time (400 days) and the distance travelled.  These assumptions can be 

considered worst-case because there is no herbicide dilution along the flow path.  The model 

works as follows: 

Calculation of dispersion and retardation of each daily slug of herbicide injected into the 

groundwater body is based on the distance from the contamination source to the wellhead (Dp, 

m), the calculated groundwater velocity (Gv, m day
-1

), the substrate longitudinal dispersivity (l, 

m
2
 day

-1
), the number of days from slug injection (t, days) and the retardation factor for pesticide 

flow (Rfg). 

The distance from the contamination source to the wellhead is the representative average distance 

from the railway track (the herbicide injection source) to the well as calculated from the scenario 

catchment characteristics defined in Section 2.2.1. 

Gv is calculated from the effective distance from the wellhead to the outer source protection zone 

of the catchment (1869 m) and the groundwater travel time for this distance (400 days). Both 

parameters are derived from the scenario catchment characteristics defined in Section 2.2.1. 

 

Gv (m day
-1

)     =     1869 / 400 

 

Longitudinal dispersivity is calculated from the coefficient of longitudinal dispersion, which is a 

function of the distance from the wellhead to the outer source protection zone of the catchment, a 

constant, 0.1, for all substrate types, and the groundwater velocity: 

 

l (m)    =    (1869 * 0.1) / Gv 
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The retardation factor for pesticide transport in groundwater is calculated in a similar way to that 

used in the unsaturated zone leaching model: 

 

EwKfRf OCOCBg /)..(1   

 

The only difference in the factor used for groundwater flow is that the water content used, Ew, is 

based on the ‘drainable porosity’ fraction of the substrate (see Table 2.2-2).  This is because 

saturated flow takes place effectively through coarser pores and small fissures in the rock, as 

quantified by the measured drainable porosity. 

 

Calculation of the chemical concentration arriving at the well head on each successive day 

after the first daily injection of herbicide into the groundwater (Cd, g L
-1

) uses the 

calculated distance from the contamination source to the wellhead, groundwater velocity, 

longitudinal dispersivity and compound retardation as follows:  

 

)exp(.
/..1..4

d
RftGv

M
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g


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



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where M is the mass of chemical injected (g).  The term d is calculated from: 

 

g

g

RftGv

RftGvDp
d

/)..1..4(

)/)).((( 2




  

 

The linked ballast and substrate leaching models produce a daily mass of herbicide injected into 

the groundwater over a 73 day simulation period of wash-off from the railway ballast.  The mass 

for each of these 73 days is used as M in the above equations to calculate a 1500 day long time-

series of concentrations, which are integrated as follows: 
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Where Cwelltn is the concentration at the well head on day tn (1 to 1500 days after application) and 

Cd(Mntn) is the well head concentration at time tn (1 to 1500 days after application) resulting 

from the herbicide slug injection mass M on day n (1 to 73 days after application). 
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4 MODEL EVALUATION 

4.1 Model processes and their validation status 

In this Section, an overview of the current validation status of HardSPEC is presented.  More detailed 

analysis can be found in Hollis (2010b). 

The HardSPEC models consider a set of common processes.  In addition to validating the models 

themselves, it is instructive to examine the validity of process representation.  The processes included 

in the HardSPEC scenarios are described in Tables 4.1-1.  The general validation status of these 

processes is summarized in Table 4.1-2. 

Table 4.1-1 Processes included in each of the HardSPEC scenarios. 

Processes 

Scenarios 

Urban 

Major 

Road 

Home & 

Garden Railway 

Pond Stream Stream Stream Ditch Groundwater 

Plant Interception      

Spray Drift      

Wash-off dynamics: 

asphalt      

Wash-off dynamics: 

concrete      

Wash-off dynamics: 

bricks      

Surface-specific 

degradation      

Leaching dynamics: 

Railway Ballast      

Leaching dynamics: 

Railway 

embankment       

Leaching dynamics: 

Rock vadose zone       

Railway 

embankment runoff      

Catchment transport 

& routing      

Groundwater 

transport      

Surface water body 

dynamics      
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Table 4.1-2 General validation status for each of the processes included in the HardSPEC scenarios. 

Processes Validation Status 

Interception None: Assumed to be 10% based on a moderate weed infestation. 

Spray Drift Yes: Based on measured data (BBA, 2000; Parkin & Miller, 2004) 

Wash-off dynamics: 

asphalt 

Yes: Based on controlled wash-off & sorption studies (Shepherd & Heather, 

1999a, Ramwell, 2002) 

Wash-off dynamics: 

concrete 

Yes: Based on controlled wash-off & sorption studies (Shepherd & Heather, 

1999a, Ramwell, 2002) 

Wash-off dynamics: 

bricks 
None: assumed to be the same as for concrete 

Surface-specific 

degradation 
None: assumed to be twice as slow as that  in soil (DT50 in soil x 2) 

Leaching dynamics: 

Railway Ballast 

Yes: Based on controlled wash-off & sorption studies (Shepherd & Heather, 

1999a, Ramwell, 2002) and measured data from the trenches in the first 

Railway Study (Heather et al, 1999). 

Leaching dynamics: 

Railway embankment  

Limited: Based on measured data for two herbicides at the surface of 

groundwater beneath railway embankments in Sweden (Börjesson et al, 

2004; Cederlund et al, 2004) 

Leaching dynamics: 

Rock vadose zone  

None: Based on a theoretical attenuation factor method and measured water 

retention data for small rock samples (Hollis et al, 1990) 

Railway embankment 

runoff 
None: Default is zero attenuation. 

Catchment runoff & 

routing 

Very limited: Rainfall / Runoff based on measured data from various sources 

(Ramwell et al, 2009). Routing based on data from a single rain event in the 

Home & Garden usage study catchment (Ramwell & Kah, 2010). 

Groundwater 

transport 

None: Based on a theoretical one-dimensional slug injection approximation 

including partitioning and longitudinal dispersion (Crank, 1956). 

Surface water body 

dynamics 

Very limited: Based on measured data on concentrations of six herbicides 

from one rainfall event in the catchment study (Ramwell et al, 2000) 

 

 

A number of the field studies, some of which are described in detail in Appendix 1 of this report, 

can be used to evaluate the surface and groundwater models employed in HardSPEC.  These are 

shown in Table 4.1-3. 
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Table 4.1-3 Studies used to validate the various components of HardSPEC 

Study and references Study Type Relevant 

Scenarios 

Factors affecting the loss of six herbicides from hard surfaces. 

Shephard & Heather, June 1999a. 

Shepherd, A.J. and Heather, A.I.J. (1999b). Factors affecting the 

loss of six herbicides from hard surfaces, in Proc XI Symp Pesticide 

Chemistry: Human and environmental exposure to xenobiotics, 

September 11–15 Cremona, Italy, ed by Del Re A.A.M., Brown C., 

Capri E., Errera G., Evans S.P. and Trevisan M., La Goliardica 

Pavese, Pavia, pp 777–784. 

Individual processes 

under controlled 

conditions 

Surface wash-

off in all 

scenarios 

Herbicide partitioning to asphalt, concrete and railway ballast. 

Ramwell, C.T. November 2002. 

Ramwell, C.T. (2005). Herbicide sorption to concrete and asphalt. 

Pest Manag Sci 61:144-50. 

Individual processes 

under controlled 

conditions 

Surface wash-

off in all 

scenarios 

Losses of six herbicides from a kerb and gully pot road drain. 

Heather et al, December 1998. 

Ramwell, C.T., Heather, A.I.J. & Shepherd, A.J. (2002). Herbicide 

loss following application to a roadside. Pest Manag Sci 58:695-

701. 

‘Real World’ field 

monitoring 
Major road 

Losses of six herbicides from a disused railway formation. Heather 

et al, February 1999. 

Ramwell, C.T., Heather, A.I.J. & Shepherd. A.J. (2004). Herbicide 

loss following application to a Railway. Pest Manag Sci 60:556-64. 

‘Real World’ field 

monitoring 

Railway 

(surface water) 

Herbicide losses from a small urban catchment. 

Ramwell et al, May 2000. 

‘Real World’ field 

monitoring 
Urban stream 

Potential contamination of surface and groundwaters following 

herbicide application to a railway. Ramwell et al, June 2001. 

Ramwell, C.T., Heather, A.I.J. & Shepherd. A.J. (2004).Herbicide 

loss following application to a Railway. Pest Manag Sci 60:556-64. 

‘Real World’ field 

monitoring 

Railway 

(groundwater) 

Glyphosate use and losses in a residential area in the UK.. 

Ramwell & Kah, 2010 

‘Real World’ field 

monitoring 

Home & 

Garden 

The fate of imazapyr in a Swedish railway embankment. 

Börjesson, E., Torstensson, L. & Stenström, J. 2004. Pest Manag 

Sci 60:544-49. 

‘Real World’ field 

monitoring 

Railway 

(groundwater) 

Efficacy and environmental fate of fluroxypyr on Swedish 

railways. Cederlund, H., Börjesson, E., & Torstensson, L. (2009). 

Poster presented at the conference on ‘Pesticide behaviour in soils, 

water and air’ 14-16 September 2009, York, UK. 

‘Real World’ field 

monitoring 

Railway 

(groundwater) 

 

Note that data from a study investigating the domestic use and resulting losses of glyphosate from a 

small suburban catchment in York has been used to undertake a limited validation of the Home & 

Garden scenario. The latter data is taken from a confidential report carried out for Monsanto UK 

(Ramwell & Kah, 2010) and the assistance of Monsanto UK in allowing use of this information is 

gratefully acknowledged. 

Unfortunately, none of the above studies were set up specifically for the purpose of model validation 

and, consequently, they all have serious limitations in this respect.  For example, none of the studies 
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have sufficient replication to provide good estimates of the variation in measured concentrations and 

losses.  Very few have data that can be used to quantify total losses from the applications; rather they 

comprise measured concentrations in a few samples taken from water draining out of a catchment but 

before it enters an adjacent surface water body.  Also the limits of analytical detection and 

quantification for most of the compounds are relatively high and, for many of the samples that are 

relevant for model evaluation, concentrations are below these limits.  Finally, only one study, that 

measuring losses of six herbicides from a kerb and gully pot road drain (Heather et al, 1998; Ramwell 

et al, 2002), relates to a catchment with areas and surface characteristics similar to those of the model 

scenarios. Consequently, for validation purposes, the catchment areas and surface characteristics of 

most of the relevant model scenarios need to be modified to match those of the relevant study. 

These limitations mean that only a preliminary validation of the model and its scenarios can be 

undertaken at this stage. Nevertheless, the information it provides should give some confidence that 

model results are of the correct order of magnitude and show the correct relative differences between 

compounds with different physico-chemical characteristics. 

4.2 The Major Road, Urban and Domestic Use Scenarios 

The Major Road, Urban and Domestic Use scenarios all have different types of catchments and 

herbicide application scenarios but the processes simulated by their component models and the 

linkages between them are all similar.  Their conceptual framework is illustrated in Figure 4.2-1 and 

studies are available to evaluate each stage of the model simulations. Validation results for each stage 

are described below. 

4.2.1 Surface-specific wash-off (model calibration and testing) 

The controlled wash-off study (Shepherd & Heather, 1999a, see section 3.1) included collection 

of runoff samples from replicated 0.54 m
2
 asphalt and concrete surfaces.  Concentrations were 

measured in three sets of samples collected at the start, middle and end of leaching. However, 

this data was not detailed enough to quantify the masses lost per 0.5 mm rainfall as was required 

for calibration of the surface wash-off sub-model of the HardSPEC scenarios. Instead data on 

masses lost per 0.5 mm rainfall generated from a repeat experiment using the six test compounds 

and 5 mm of applied rainfall was used for calibration (see section 3.1.2). As an independent test 

of the calibrated surface wash-off sub-model, it was used to predict concentrations of the six test 

compounds measured in the original controlled wash-off study. The data used was from the 

experiments carried out using 5mm of simulated rainfall and different times between application 

and applied rain thus giving adequate replication of the variation in experimental data. 
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Figure 4.2-1 Conceptual overview of the HardSPEC Urban, Major Road and Domestic Use 

scenarios and the studies available for their validation. 

Statistical evaluation of the measured and predicted values is given in Tables 4.2.1-1 and 4.2.1-2 

and overall accuracy of prediction illustrated in Figure 4.2.1-1.  There is significant variation in 

the measured concentrations of the four replicates at each sampling point (relating to 0.77, 2.97 

and 5.21 mm accumulated rainfall).  Variation in measured concentrations on concrete 

(coefficient of variation for individual compounds ranges from 25 – 84%) is over twice that on 

asphalt (coefficient of variation ranges from 12 – 36%).  Overall prediction for the test 

compounds is good for both asphalt (ME 0.81) and concrete (ME 0.63) surfaces.   
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Factors affecting the 

loss of six herbicides 

from hard surfaces. 

Shephard & Heather, 

June 1999. 

Losses of six 

herbicides from a kerb 

and gully pot road 

drain. Heather et al, 
December 1998. 

Herbicide losses from 

a small urban 

catchment. Ramwell et 

al, May 2000. 

Glyphosate use and 

losses in a residential 

area in the UK. 

Ramwell & Kah, 2010 

Herbicide losses 

from a small urban 

catchment. Ramwell 

et al, May 2000. 
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Table 4.2.1-1. Statistical evaluation of measured and predicted concentrations (mg l
-1

) of compounds 

from the original controlled wash-off study on asphalt (Shepherd & Heather, 1999a) 

Compound 
Accumulated 

rain (mm) 

Mean measured 

concentration 

(mg l
-1

) 

s.d. 

Predicted 

concentration 

(mg l
-1

) 

Measured 

coefficient 

of variation 

(%) 

Error of 

prediction of 

the mean (%) 

Model 

efficiency 

atrazine 

0.77 14.24 2.18 12.71 15.29 10.77  

2.97 8.00 1.31 8.63 16.41 7.82  

5.21 7.68 1.91 7.55 24.84 1.70  

Mean values 9.97  9.63 18.85 6.76 0.90 

diuron 

0.77 8.76 0.94 13.57 10.74 54.81  

2.97 6.61 0.65 9.87 9.84 49.32  

5.21 5.86 1.01 8.83 17.30 50.64  

Mean values 7.08  10.76 12.62 51.59 -8.39 

oryzalin 

0.77 4.87 3.11 1.30 63.85 73.35  

2.97 1.28 0.24 0.28 18.73 78.09  

5.21 1.03 0.28 0.16 26.88 84.51  

Mean values 2.39  0.58 36.49 78.65 -0.57 

isoxaben 

0.77 0.52 0.12 0.54 23.44 4.83  

2.97 0.20 0.03 0.16 14.34 19.43  

5.21 0.16 0.04 0.10 21.73 40.67  

Mean values 0.29  0.27 19.84 21.64 0.91 

oxadiazon 

0.77 0.84 0.18 4.43 21.52 427.48  

2.97 0.61 0.19 1.51 30.74 148.34  

5.21 0.54 0.21 1.04 38.51 92.28  

Mean values 0.66  2.33 30.26 222.70 -282.85 

glyphosate 

0.77 98.15 17.84 137.05 18.17 39.63  

2.97 9.04 2.46 1.49 27.17 83.57  

5.21 2.80 0.24 0.36 8.51 87.06  

Mean values 36.67  46.30 17.95 70.09 0.72 

      Overall Model Efficiency 0.81 
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Table 4.2.1-2. Statistical evaluation of measured and predicted concentrations (mg L
-1

) of 

compounds from the original controlled wash-off study on concrete (Shepherd & 

Heather, 1999a) 

Compound 
Accumulated 

rain (mm) 

Mean measured 

concentration 

(mg l
-1

) 

s.d. 

Predicted 

concentration 

(mg l
-1

) 

Measured 

coefficient 

of variation 

(%) 

Error of 

prediction of 

the mean (%) 

Model 

efficienc

y 

atrazine 

0.77 74.55 30.21 109.30 40.52 46.61  

2.97 17.20 7.25 21.07 42.16 22.49  

5.21 13.66 7.38 13.14 54.00 3.84  

Mean values 35.14  47.84 45.56 24.32 0.48 

diuron 

0.77 36.57 11.31 59.36 30.93 62.33  

2.97 13.85 2.75 18.61 19.84 34.36  

5.21 11.45 2.80 13.59 24.45 18.69  

Mean values 20.62  30.52 25.07 38.46 -0.42 

oryzalin 

0.77 51.59 23.90 50.80 46.33 1.53  

2.97 5.24 4.63 4.74 88.27 9.52  

5.21 2.15 0.78 1.84 36.24 14.50  

Mean values 19.66  19.13 56.95 8.52 1.00 

isoxaben 

0.77 3.84 0.85 6.02 22.21 56.61  

2.97 0.34 0.10 0.41 29.68 22.93  

5.21 0.18 0.06 0.19 31.82 3.36  

Mean values 1.45  2.21 27.90 27.63 0.45 

oxadiazon 

0.77 37.05 31.02 65.40 83.74 76.55  

2.97 9.04 7.58 5.52 83.86 39.01  

5.21 7.36 6.12 2.79 83.19 62.03  

Mean values 17.82  24.57 83.60 59.20 0.01 

glyphosate 

0.77 22.33 14.91 21.63 66.79 3.15  

2.97 1.16 0.78 1.17 67.37 1.06  

5.21 0.63 0.44 0.46 70.02 27.30  

Mean values 8.04  7.75 68.06 10.50 1.00 

      Overall Model Efficiency 0.63 

 

For both surface types the relationship between predicted and measured data is very similar 

with a tendency to over-predict concentrations, particularly with respect to higher values 

(see Figure 4.2.1-1). Accuracy of prediction for individual compounds is more variable 

however.  Prediction of atrazine and isoxaben concentrations on both surfaces appears to 

be good with model efficiencies around 0.90 and 0.45 (on asphalt and concrete 

respectively) and the average percentage error of prediction either similar to or much less 

than the average measured coefficient of variation.  Prediction of oryzalin and glyphosate 

concentrations on concrete is also good but this is not the case on asphalt where oryzalin 

concentrations are consistently under-predicted (the only compound where this is the  
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Figure 4.2.1-1. Relationship between predicted and measured concentrations (mg L
-1

) of all six 

compounds from the original controlled wash-off study on asphalt and concrete 

(Shepherd & Heather, 1999a) 

case) whereas glyphosate concentrations are initially over-predicted and subsequently 

under-predicted.  Diuron and oxadiazon concentrations are consistently over-predicted by 

between 40% and 60% on both surfaces, except for oxadiazon on asphalt where predicted 

concentrations are, on average over twice as high as the mean measured values. On concrete 

however, the average percentage error of predicted oxadiazon concentrations is significantly 

smaller than the average coefficient of variation of the measured concentrations. 

In summary, this independent test of the calibrated wash-off model has shown that it gives a 

good prediction of the overall range of measured concentrations for the six test compounds (r
2
 = 

0.99 for asphalt and 0.94 for concrete) with an average percentage error of the measured mean of 

100% for asphalt and 70 % for concrete compared to an average coefficient of variation for the 

measured concentrations of 236% for asphalt and 120% for concrete.  There is a distinct 

tendency for the calibrated model to over-predict the average measured concentrations, especially 

at the higher values. 

4.2.2 Drainage and herbicide flux out of the catchment 

Three studies are available for validating this component of the HardSPEC model, each relating 

to the three different scenarios covered in this section. 
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The Roadside Study 

Data from the roadside study comprises a time series of measured flows and concentrations 

draining from a roadside gully-pot.  There is no measured data for surface water bodies and, thus, 

it is only possible to evaluate how well the model simulates drainage losses out of the catchment 

taking into account surface-specific wash-off, transport and partitioning.  Nevertheless this is an 

important intermediate component of the model. An additional benefit of the study is that it 

provides ‘real world’ data on the reduction in wash-off losses from a succession of rainfall events 

over a period of 25 days after application. 

Unfortunately, the data collected has a number of limitations for undertaking a robust evaluation 

of model predictions. Firstly, because of uncertainties related to the timing of rainfall and wash-

off associated with the second treatment of this study, only data from the first treatment (using 

atrazine, diuron and glyphosate) was used to evaluate model predictions.  Secondly there are 

significant uncertainties as to how model predictions of mean daily concentrations for a given 

rainfall event can be compared with a limited number of measured concentrations in samples 

taken at a few points within the flow response times series for that event. 

There are also large uncertainties in comparing measured results with model simulations because 

of likely partitioning dynamics in the gully pot, which contains unknown amounts of sediment 

although, its particle-size and organic carbon content at the end of monitoring wash-off from the 

second application were measured. In the model, daily runoff loads to the stream are input 

already partitioned into aqueous and sediment fractions based on the compound soil Koc, the 

relative depth of runoff (in the stream), an effective sediment thickness of 1cm, a sediment bulk 

density of 0.8 g cm
-3

 and an organic carbon content of 5%. These characteristics act as surrogates 

for the partitioning factors that operate during transport through the catchment and its various 

gully pots and drainage systems. The exact nature of such factors in the roadside gully pot is 

clearly uncertain but an attempt has been made to include partitioning within it based on its 

measured organic carbon content of 3.4%, the model estimated volumes of runoff moving 

through it for each measured rainfall event and an effective sediment volume based on the known 

dimensions of the gully pot and an estimated effective sediment thickness of 0.6 cm.  This 

thickness was derived using calibration to give a best-fit to the ‘measured’ concentrations of 

glyphosate based on a Koc value of 116000 l kg
-1

. 

Because of the calibrated value used for gully pot partitioning and the significant uncertainties 

associated with simulation of the gully pot dynamics, the results of the test cannot be considered 

a true validation of the model.  Nevertheless, because of the number of data points available and 

the amount of accumulated rainfall over time, they do provide a means of assessing whether the 

model is simulating concentrations that are of the correct order of magnitude and have a similar 

reduction pattern for a number of rainfall events over a period of 15 days following application. 
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Using the measured data on dimensions and surface types from the study catchment, the model 

scenario characteristics were matched to those of the roadside catchment and the measured 

rainfall data used as input to drive the wash-off model.  Results of the measured and predicted 

concentrations for the first treatment are shown in Table 4.2.2-1.  As indicated above, 

comparison of measured and predicted values is difficult because the predicted concentrations 

relate to daily values for a given rainfall event whereas measured data relate to concentrations at 

a few points within the flow response times series for that event. Nevertheless it is possible to 

compare single measured and predicted values if a flow-weighted average of the measured 

concentrations is calculated based on the separations in the estimated accumulated flow discharge 

series and assuming that values below the level of detection are 5 g l
-1

 for detections of < 20 g 

l
-1

. Such assumptions have been applied to calculate flow-weighted average concentrations of 

atrazine and diuron for the events of 04/11/1997, 05/11/1997 & 08/11/1997 but must be 

considered very uncertain because of the large proportion of data below the level of detection. 

Because of the uncertainties discussed above, the most useful assessment that can be made is 

probably a simple visual comparison of the calculated event based flow weighted average 

measured data with the event-based model predictions and these are shown in Figure 4.2.2-1. 

This shows that, for all three compounds, the ‘measured’ and predicted pattern of decreasing 

concentrations over the six successive rainfall events is very similar although there are some 

significant differences in their magnitude for individual events. 

Table 4.2.2-2 gives a statistical assessment of the accuracy of model prediction based on the 

model efficiency rating, ME (Melacini & Walker, 1995), the coefficient of shape rating, CS 

(Melacini & Walker, 1995) and the overall error of prediction. The uncertainties associated with 

derivation of the ‘measured’ data and the limited calibration carried out to derive the predicted 

data mean that such statistics should be treated with caution. Nevertheless, they do confirm that 

the model is giving a good prediction of the decreases in concentrations over successive rainfall 

events with model efficiencies between 0.83 & 0.99 for all three compounds and coefficients of 

shape for the curve represented by such losses of between 0.96 and 0.98, only just below the 

‘ideal’ value of 1.0. Although there are significant differences in some event values, overall 

prediction is quite acceptable with the RMSE much smaller than the average of calculated values. 

Finally, overall percentage errors of prediction reduce in the order glyphosate > atrazine > 

diuron. The much greater percentage error for glyphosate is not surprising given the uncertainties 

relating to partitioning dynamic in the gully pot. 
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Table 4.2.2-1 Measured and model predicted concentrations of the three herbicides used in the 

first treatment of the roadside wash-off study 

Date and time 

Accumulated 

Rainfall 

(mm) 

Atrazine µg.l
-1

 Glyphosate µg.l
-1

 Diuron µg.l
-1

 

14/10/1997 16:30 1.2 820 <20 560 

14/10/1997 16:47 1.6 2210 650 1520 

14/10/1997 17:25 2 2160 640 1810 

Predicted value for 3mm rain on 

14/10/1997; 1 day after application 
1870.8 514.2 1367.6 

15/10/1997 00:11 3.2 1890 500 1550 

15/10/1997 03:27 4.2 1440 360 1190 

15/10/1997 03:30 4.4 1230 310 950 

15/10/1997 03:34 4.6 880 220 730 

15/10/1997 03:38 4.8 640 190 500 

15/10/1997 03:42 5 480 140 370 

15/10/1997 03:54 5.8 230 77 180 

15/10/1997 04:24 6.4 170 61 130 

15/10/1997 08:54 7.4 <20 66 190 

15/10/1997 09:30 7.6 210 48 170 

Predicted value for 5mm rain on 

15/10/1997; 2 days after application 
1135.5 102.3 920.9 

16/10/1997 10:19 9.6 <20 57 240 

16/10/1997 10:50 10 180 28 130 

Predicted value for 2mm rain on 

16/10/1997; 3 days after application 
327.6 49.9 236.0 

04/11/1997 19:07 13 <20 19 <20 

04/11/1997 20:16 14 <20 16 <20 

Predicted value for 2.8mm rain on 

04/11/1997; 21 days after application 
54.5 20.4 93.6 

05/11/1997 01:50 15.4 <20 16 50 

05/11/1997 03:28 16.6 50 13 <20 

Predicted value for 2mm rain on 

05/11/1997; 22 days after application 
28.3 7.1 58.3 

08/11/1997 00:16 18.2 <20 12 <20 

08/11/1997 00:42 19 <20 11 <20 

08/11/1997 01:04 20.2 <20 5.1 <20 

08/11/1997 01:17 21 <20 4.4 <20 

08/11/1997 01:54 22.2 <20 4.3 <20 

08/11/1997 02:18 22.8 <20 4.4 <20 

08/11/1997 06:50 24.4 <20 2.6 <20 

08/11/1997 06:52 24.8 <20 4.2 <20 

08/11/1997 06:54 25 20 3 20 

08/11/1997 06:58 25.4 <20 3.2 <20 

Predicted value for 9mm rain on 

08/11/1997; 25 days after application 
11.0 8.8 31.1 
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Figure 4.2.2-1. Comparison of the calculated flow-weighted average measured concentrations 

with model predicted concentrations for the six sampled drainage events in the 

roadside study catchment (Heather et al, 1998). 
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Table 4.2.2-2. Accuracy of model predictions compared with event flow-weighted average 

concentrations (g l
-1

) calculated from measured data for the six sampled 

drainage events in the roadside study catchment (Heather et al, 1998). 

Event 
atrazine Diuron glyphosate 

Measured  Predicted Measured  Predicted Measured  Predicted 

14/10/1997 1814.5 1870.8 1337.9 1367.6 481.9 514.15 

15/10/1997 973.5 1135.5 822.8 920.9 278.1 102.31 

16/10/1997 
31.9 327.6 198.9 236.0 49.9 30.3 

04/11/1997 46.9 54.5 34.9 93.6 20.4 12.2 

05/11/1997 18.2 28.3 18.2 58.3 15.1 7.11 

08/11/1997 7.1 11.0 7.1 31.1 6.3 8.76 

Mean value 482.0 571.3 403.3 451.3 142.0 117.1 

RMSE 139.7 54.0 73.6 

ME 0.96 0.99 0.83 

CS 0.97 0.98 0.96 

Overall error of 

prediction 
+ 29.0% + 13.4% + 51.8% 

 

Losses from the Car Park in the Urban Catchment study 

The catchment study carried out by Ramwell et al (2000) generated time series of measured 

flows and a limited number of measured herbicide concentrations from runoff samples draining 

out of the small car-park sub-catchment and from stream samples taken approximately 80 m 

down stream of the drain outfall.  The catchment layout and sampling points are shown in Figure 

4.2.2-1. 

Samples relating to drainage from the small car park catchment only are relevant for validation of 

this component of the Urban Scenario. Six herbicides were applied to the car park area on two 

separate occasions but measured concentrations in samples taken from the car park drain are 

available for only two occasions, one for the third rainfall event occurring six days after the first 

application and the other for the first rainfall event occurring 4 days after the second application. 

This significantly limits the usefulness of this study for validation purposes. 

Simulation of the measured data was carried out by modifying the HardSPEC worksheet 

“Urban_scenario” to match the dimensions of the car park catchment and the area of surfaces to 

which spray was applied. These data are given in Table 4.2.2-3.  Rainfall amounts and patterns in 

the model were also adapted to match those of the study and, because two separate applications 

were carried out, two versions of the model were used to simulate each application (HardSPEC is 

unable to simulate multiple applications in one season).  Drainage from the car park is simply 

channelled through a concrete drain and into the adjacent stream so there is no need to simulate 

partitioning dynamics through an intervening gully pot. 
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Figure 4.2.2-1 Catchment and sampling points for the Hard Surfaces Catchment Study 

(Ramwell et al, 2000). 

In the model, herbicide loads in catchment drainage enter the stream already partitioned into 

aqueous and sediment fractions based on soil Koc, the relative depth of runoff (in the stream), an 

effective sediment thickness of 1cm, a sediment bulk density of 0.8 g cm
-3

 and an organic carbon 

content of 5%.  These characteristics act as surrogates for the partitioning factors that operate 

during transport through the catchment and its various drainage systems. When simulating 

drainage from the car park however, such partitioning is not appropriate as there is no stream on 

which to base the relative runoff depths and effective sediment thickness.  As an alternative, the 

relative depth of runoff in the car park was calculated from the measured rainfall depth, the total 

car park area, the rainfall / runoff percentages of different surface types used in the model and the 

runoff response routing used in the model.  Estimation of the effective thickness of sediment in 

the car park catchment is problematic as no data is available for this purpose but a value of one  

Car park 
catchment drain 

Catchment stream 
sampler 
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Table 4.2.2-3 Modifications to the catchment area and herbicide application areas used in the 

“Urban scenario” worksheet to simulate car park drainage concentrations from 

the catchment study (Ramwell et al, 2000). 

Surface 
Areas 

m
2
 

Comments 

Total car park area 893 Taken from the report 

Area of concrete 

sprayed 

Area of asphalt 

sprayed 

27.248 

 

25.545 

Based on the total area sprayed (52.793 m2), 

the width of spray (27.5 cm), both given in the 

report, and a ratio of effective concrete kerb 

width to asphalt width of 16/15 (as used in the 

roadside study). 

 

hundredth of that in the stream was used (0.01cm) based on the ratio of volumetric runoff from 

the car park drain catchment to that from the effective catchment of the adjacent stream. Results 

of the measured and simulated concentrations related to accumulated rainfall are given in Table 

4.2.2-4.  Proper statistical comparison of measured and predicted values is difficult because the 

number of data points is limited and predicted concentrations relate to daily values for a given 

rainfall event whereas measured data relate to concentrations at a few points within the flow 

response times series for that event.  Nevertheless, it is possible to compare single measured and 

predicted values if a weighted average of the measured concentrations is calculated based on the 

separations in the accumulated rainfall time series and assuming that values below the level of 

detection are 0.  Even then, no statistical evaluation can be made for oryzalin and isoxaben in the 

rainfall event of 12/06/1999 because all the measurements were below the level of detection.  

The predicted and weighted average measured data are shown in Table 4.2.2-5 together with a 

statistical assessment of the accuracy of model prediction using the model efficiency rating and 

the root mean square error, compared to the mean value of the measured data. 

The results show a very good overall model prediction for the rainfall event of 02/06/1999 but a 

very bad prediction for that of 12/06/1999. The reason for this contrast is not clear but a 

comparison of the measured data for the rainfall event of 12/06/1999 with that for the control 

samples taken on 08/06/1999 shows that the concentrations for all compounds in both events are 

very similar.  This is very curious because the rainfall event of 12/06/1999 was the first rainfall to 

occur after the second application of herbicides to the car park and was only 3 days after this 

application.  Application amounts for the second application were similar to those of the first so 

it would be expected that measured concentrations for the event of 12/06/1999 would be 

significantly larger than those for the event of 02/06/1999 which occurred 6 days after the first 

application and after 13 mm of accumulated rainfall.  The control samples were taken before the 

second application and 12 days after the first application, following 59 mm of accumulated 

rainfall, so it is not surprising that they are significantly smaller than the measured values for the 

rainfall event of 02/06/1999. 
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Table 4.2.2-4 Measured and predicted concentrations (g l
-1

) for the two sampled drainage 

events from the car park catchment. 

Date and time of 
sample 

Accumulated 
rainfall (mm) 

Atrazine Diuron Oxadiazon Oryzalin Isoxaben Glyphosate 

02/06/1999 
03:14 

15 160 410 27 11.7 6.6 19.3 

02/06/1999 
03:32 

16 160 40 25 10.5 3.1 16.4 

02/06/1999 
03:42 

17 160 37 27 10.6 < 2 16.6 

02/06/1999 
03:46 

18 140 32 < 20 9.3 < 2 15.1 

02/06/1999 
03:51 

19 110 27 < 20 9 < 2 14.2 

02/06/1999 
03:54 

20 160 38 < 20 9.4 < 2 18.9 

Predicted 
value for 5mm 

rainfall on 
02/06/1999 

20 122.2 37 40.4 44.8 1.4 13.6 

control sample 
(8/06/1999) 

59.2 74 27 < 20 5 < 2 5.8 

control sample 
(8/06/1999) 

59.2 64 26 < 20 5 < 2 4.1 

12/06/1999 
09:46 

59.2 70 23 25 < 2 < 2 
No 

sample 
12/06/1999 

10:24 
59.4 58 18 26 < 2 < 2 3.3 

12/06/1999 
11:34 

59.8 75 23 28 < 2 < 2 3.4 

12/06/1999 
12:28 

60 77 24 29 < 2 < 2 
No 

sample 
12/06/1999 

12:57 
60.2 74 24 30 < 2 < 2 

No 
sample 

Predicted 
value for 1mm 

rainfall on 
12/06/1999 

60.2 2610 586 82.4 298 30.2 49.9 

 

It would thus seem that the measured data for the rainfall event of 12/06/1999 are unexpectedly 

small. The reason for this is not clear but the data must be treated with suspicion and therefore 

have not been used to assess the accuracy of model prediction. There is thus only very limited 

data that can be used to assess the accuracy of model predictions for the car park drainage but at 

least it indicates that predicted relative differences between the six compounds is good with a 

model efficiency of just over 0.8 whereas overall prediction error for all six compounds is + 

56%. 
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Table 4.2.2-5 Accuracy of model predictions of the weighted average measured concentration 

(g l
-1

) for the two sampled drainage events from the car park catchment. 

Event Compound Measured Predicted 

 Atrazine 146.54 122.2 

 Diuron 49.23 37 

 Oryzalin 11.04 40.4 

 Oxadiazon 9.83 44.8 

02/06/1999 Isoxaben 0.85 1.4 

 Glyphosate 16.36 13.6 

 Mean value 39.98 43.23 

 Model Efficiency  0.8144 

 Root mean square error  21.7 

 Overall error of prediction  + 56% 

 Atrazine 71.5 2610 

 Diuron 22.5 586 

 Oryzalin < 2.0 298 

12/06/1999 Oxadiazon 27.7 82.4 

 Isoxaben < 2.0 30.2 

 Glyphosate 3.4 49.9 

 Mean value 
1
 31.25 832.1 

1 
Based on values for the three compounds with data above the level of detection. 

Concentrations and losses in drainage from the Domestic Use study catchment. 

The only data available to validate the HardSPEC Home and Garden use scenario comes from 

the study by Ramwell & Kah (2010). This study was initiated to gain insight into the herbicide 

usage practices of residents in the UK and to monitor losses of a specific herbicide, glyphosate in 

a catchment. The usage data has already been used to develop and validate the herbicide usage 

during the realistic worst case rain-free period before rainfall. The study’s objectives were to: 

1. Identify a typical residential catchment served by separate surface and foul drains; 

2. Survey residents with respect to their use of herbicides; 

3. Quantify glyphosate in drain flow during rain events; 

4. Quantify total glyphosate loss from the residential catchment after application. 

The catchment used was located in the north west suburbs of York in a flat area within the 

floodplain of the river Ouse. It was 5.2 ha in size with surface drains that all fed into a single 

detention tank via an inspection chamber with a single outlet. The areas of different surface types 

in the catchment were all measured, along with the material types used in the driveways.  

Usage of herbicides was monitored between 16
th
 June and 9

th
 August 2009. The number of 

houses applying herbicides on each day within this period was quantified along with the 

measured or estimated amount of herbicide used.  Water flow from the single drain outlet from 
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the inspection chamber to the detention tank was sampled using two automatic samplers and its 

discharge was measured using an area velocity flow module.  Samples were taken during the first 

rain event prior to the survey of the residents in order to monitor ‘background’ levels of 

glyphosate.  After that, samples were collected in response to all rain events until the end of July 

2009.  However, discharge measurements were collected every minute whereas only a limited 

number of water samples were analysed.  It was, therefore, necessary to interpolate linearly 

concentration data between successive samples.  The measured and estimated concentrations 

were then multiplied by the measured total volume of water per minute to provide a measurement 

of the load. 

The available sampling results are summarised in Table 4.2.2-6 with respect to the daily loads, 

discharges and mean concentration relating to rainfall events. In order to validate the scenario, it 

is necessary to work with measured daily average concentrations because these are what the 

model predicts. 

Table 4.2.2-6 Monitoring data from the usage study (Ramwell & Kah, 2010) used to validate 

the HardSPEC Home & Garden scenario. 

Day Total load lost (mg) Total discharge (L) Mean concentration (g l
-1

) 

June 15
th
  14.9 46928 0.26 

July 3
rd

  435 102291 4.25 

July 4
th
  0.26 190 1.37 

 

Data for June 15
th
 are for an event prior to start of the usage survey so cannot be used for 

validation purposes although they clearly indicate that glyphosate was present in the catchment 

before the usage survey took place. This is likely to have an impact on the amounts measured on 

subsequent occasions which are likely to be slightly larger than those resulting purely from 

compound known to be applied during the survey period. 

For comparison with measured data, the model was modified so that the areas of different surface 

types within the catchment, the scenario rainfall pattern, the scenario application pattern and 

resulting degradation that occurs before the first rainfall all matched those of the monitoring 

study. In addition, part of the worksheet “Losses_AR” required modification to convert predicted 

daily loads draining from the catchment into drainage concentrations using associated runoff 

volumes.  In addition, because of uncertainties related to the partitioning dynamics of glyphosate 

both during transport within the catchment and within the inspection chamber prior to discharge 

via the exit drain, the same calibrated glyphosate Koc value of 20650 L kg
-1

 was used as that 

derived for the Roadside wash-off study. 

Results from the modified model are compared with measured data from the study in Table 

4.2.2-7. They suggest that the model predicts concentrations on both days very well with a 
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percentage error on prediction of + 16%), especially if the presence of glyphosate in the 

catchment before the monitored application is taken into account.  However, the daily loads and 

discharges are slightly under-predicted on July 3
rd

 (-10% and -18% respectively) but significantly 

over-predicted on July 4
th
 (by 250 times). In considering these mismatches, the first thing to note 

is that discharges and associated herbicide loss on both July 3
rd

 and 4
th
 are likely to be the result 

of the single rainfall event on July 3
rd

 as the 0.3mm rainfall event on July 4
th
 is unlikely to have 

produced significant runoff. This means that total measured discharge for the event is 102481 L 

over the two days.  In contrast predicted discharge for the event is routed to the catchment drain 

outlet over a three day period (see section 3.1.3) and is a total of 92454 L, an under-prediction of 

-9.6%. 

Table 4.2.2-7 Measured (M) and predicted (P) daily loads, discharges and mean drain 

concentrations for the Home & Garden usage study (Ramwell & Kah, 2010). 

Day Rainfall 
Total load lost (mg) Total discharge (L) 

Mean concentration 

(g l
-1

) 

 mm M P M P M P 

July 

3
rd

  

3.4 435 390.9 102291 83406 4.25 4.69 

July 4
th
  0.3 0.26 6.9 190 4877 1.37 1.41 

M – Measured value;    P – Predicted value 

Reasons for this slight mismatch in both total discharge and catchment routing could be that the 

rainfall runoff and routing in the model relate to a 10 ha catchment, whereas the study catchment 

is almost twice as small as this and thus may result in slightly larger and more rapid discharge 

response.  The differences in predicted and measured daily loads are also acceptable, given the 

uncertainties in partitioning dynamics during the study and the differences in timing of discharge. 

In fact, if runoff in the model is modified so that it gives the measured discharge on both days, 

then the predicted loads are almost identical to those measured with an overall error of -0.06%. 

In summary therefore, although the data from this study is limited, it provides some confidence 

that the model is predicting reasonably accurate values for loads and concentrations in drainage 

from the catchment. 

4.2.3 Herbicide concentrations in the catchment stream/ditch 

As illustrated in figure 4.2.2-1 above, data from this study comprises time series of measured 

flows and a limited number of measured herbicide concentrations from runoff samples draining 

out of the small car-park sub-catchment and from stream samples taken approximately 80 m 

down-stream of the drain outfall. Data from the catchment stream only are relevant for validation 

of this component of the Urban Scenario but comparisons can also be made of the relative 

reduction in concentrations between the car park drainage and the stream in order to see whether 
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the model is predicting this aspect correctly. Unfortunately there are even less samples available 

with quantifiable data than was the case for the car park study and the only measured comparison 

between concentrations in the car park drainage and the catchment stream is for the event of 

12/06/1999 for which the validity of the car park data has already been questioned (see section 

3.2.2). This severely limits the amount of comparisons that can be carried out. 

For the stream simulations, the proportions of different land types in the model’s urban 

catchment was matched to that of the study catchment but the effective size of the catchment in 

the model was calibrated so that it gave a similar height of runoff response in the model stream as 

that measured in the study ditch. The calibrated value was 7 ha and this at least ensured that the 

overall stream hydrology matched that measured in the study. Water body dimensions and 

sediment characteristics were set to be the same as those used in the urban stream scenario 

model, except for the stream length which was set to 80 m to match the experiment.  Although 

the dimensions and sediment characteristics of the study catchment ditch site are likely to be 

different from those of the model, comparisons of the measured and predicted concentrations are 

still likely to give an indication of whether the model is giving concentrations in the correct order 

of magnitude. 

Results of the measured and simulated concentrations related to daily rainfall events are given in 

table 4.2.3-1.  As with the car park drainage data, proper statistical comparison of measured and 

predicted values is difficult because predicted concentrations relate to daily values for a given 

rainfall event whereas measured data relate to concentrations at a few points within the flow 

response times series for that event. In addition, there are even fewer quantifiable valued on 

which to derive a weighted average of the measured concentrations based on the separations in 

the accumulated rainfall time series and assuming that values below the level of detection are 0. 

Statistical evaluation can be made only for oryzalin on 30/05/1999 and 12/06/1999 and 

glyphosate on all three rainfall occasions. For all other sampled compounds and events all or too 

many measurements were below the level of detection. The predicted and weighted average 

measured data for events following the first herbicide application are shown in table 4.2.3-2 

together with the root mean square error and overall error of prediction. Only three sets of data 

are available so assessment of the model accuracy is limited but comparison of the root mean 

square error with the average of the measured data indicates an overall error on prediction of 

+37%. In addition, it is important to assess how well the model is predicting any peak measured 

daily concentration which, for the first application, should occur during stream response to the 

events of 29
th
 or 30

th
 May. For the measured data this appears to be on the 30

th
, which probably 

relates to the timing of rainfall events on each day and the stream response to these. 
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Table 4.2.3-1 Measured and predicted concentrations in the catchment ditch for the three 

rainfall events from the catchment study (Ramwell et al, 2000) 

Date and time of 
sample 

Accumulated 
rainfall (mm) 

Atrazine Diuron Oxadiazon Oryzalin Isoxaben Glyphosate 

29/05/1999 15:17 0 < 10 < 10 < 20 < 2 < 2 0.4 

29/05/1999 18:41 2 < 10 < 10 < 20 < 2 < 2 5.1 

Predicted value for 
2mm rainfall on 

29/05/1999 
2.0 39.3 22.4 6.7 10.8 1.1 5.0 

30/05/1999 08:09 2.2 < 10 < 10 < 20 < 2 < 2 0.4 

30/05/1999 08:38 2.8 < 10 < 10 < 20 < 2 < 2 5.7 

30/05/1999 12:53 3 < 10 < 10 < 20 < 2 < 2 3.2 

30/05/1999 13:01 4 < 10 < 10 < 20 < 2 < 2 4.2 

30/05/1999 13:09 5 13 < 10 < 20 2.2 < 2 6.6 

30/05/1999 13:21 10 < 10 < 10 < 20 5 < 2 9.4 

30/05/1999 18:35 14.2 < 10 < 10 < 20 3.7 < 2 2.4 

Predicted value for 
12.2mm rainfall on 

30/05/1999 
14.2 10.1 6.1 3.3 2.1 0.2 3.2 

control sample 
(8/06/1999) 

59.2 < 10 < 10 < 20 2.4 < 2 0.1 

control sample 
(8/06/1999) 

59.2 < 10 < 10 < 20 2.6 < 2 0.1 

12/06/1999 11:34 59.8 < 10 < 10 < 20 3.8 < 2   

12/06/1999 12:28 60 < 10 < 10 < 20 3.7 < 2 0.2 

12/06/1999 12:57 60.2 < 10 < 10 < 20 < 2 < 2 0.5 

12/06/1999 14:04 60.4 < 10 < 10 < 20 2.2 < 2 1 

12/06/1999 17:19 60.8 < 10 < 10 < 20 2.6 < 2 0.1 

Predicted value for 
1mm rainfall on 

12/06/1999 
60.8 47.3 23.3 7.2 13.6 1.5 5.1 

 

Table 4.2.3-2 Accuracy of model predictions of the available weighted average measured 

concentration (g l
-1

) in the ditch following the first herbicide application of the 

catchment study. 

Event Compound Measured Predicted 

29/05/1999 glyphosate 4.87 5.0 

30/05/1999 oryzalin 3.50 2.1 

30/05/1999 glyphosate 5.90 3.2 

 Mean value 4.76 3.43 

Root mean square error  1.76 

Overall error of prediction  + 37% 

 

Measured values are 3.5 g l
-1

 for oryzalin, 5.9 g l
-1

 for glyphosate and 13 g l
-1

 for atrazine, 

based on the single detection within the time series. In the model, the peak concentration occurs 

on the 29
th
 and predicted values are 10.8 g l

-1
 for oryzalin, 5.0 g l

-1
 for glyphosate and 39.3 g 
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l
-1

 for atrazine. This gives a 15% under-prediction for the probable glyphosate peak and just 

over a 300% over-prediction for the probable oryzalin and atrazine peaks. 

Even more uncertainty applies to comparisons of the reduction in concentrations between the car 

park drainage and the catchment ditch because the only quantifiable measurement for such a 

comparison is for glyphosate on 12/06/1999. Although the measurements from the car park 

drainage for this event have been queried as being unaccountably small, given that they relate to 

the first rainfall event after the second herbicide application (see section 3.2.2) they should at 

least relate to the measurements in the catchment ditch which were taken during the same event. 

Although only one comparison between the predicted and measured reductions for glyphosate is 

possible because measured concentrations in the ditch for all other compounds were below the 

level of detection, it does show a fairly good match, predicted concentrations in the ditch being 

reduced by a factor of 9.8 whereas the measured concentrations are reduced by a factor of 8.8.  
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4.3 The Railway Scenarios 

The conceptual framework of the railway scenarios is illustrated in figure 4.3-1. Studies are only 

available to evaluate the ballast leaching and leaching to groundwater components of the model 

simulations. Validation results for these two components are described below. 

 

Figure 4.3-1 Conceptual overview of the HardSPEC Railway scenarios and the studies 

available for their validation. 
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4.3.1 Herbicide leaching losses from the railway ballast formation. 

The controlled wash-off study (Shepherd & Heather, 1999a, see section 3.1) included collection 

of samples leaching from replicated 0.54 m
2
 containers of railway ballast.  Concentrations were 

measured in three sets of samples collected at the start, middle and end of leaching.  However, 

this data was not detailed enough to quantify the masses lost per 0.5 mm rainfall as was required 

for calibration of the ballast leaching sub-model of the HardSPEC Railway scenario. Instead data 

on masses lost per 0.5 mm rainfall generated in an unpublished controlled wash-off study using 

atrazine and an un-named compound and 15 mm of applied rainfall was used for calibration (see 

section 3.1.2).  As an independent test of the calibrated ballast leaching sub-model, it was used to 

predict leachate concentrations of the six test compounds measured in the original controlled 

wash-off study.  Statistical evaluation of the measured and predicted values is given in table 

4.3.1-1 and overall accuracy of prediction illustrated in Figure 4.3.1-1. 

Prediction of glyphosate concentrations using the calibrated model was based on the smallest of 

the measured range of Koc values given in the EU dossier for glyphosate.  This value is 884 and 

was measured in a loamy sand which is a reasonable surrogate for relatively clean railway ballast 

because of its unstructured granular nature and lack of clay minerals. 

The measured data show that, with the exception of atrazine and diuron, there is significant 

variation of measured leachate concentrations of the replicates at each sampling point (relating to 

0.6, 2.8 and 5.0 mm accumulated rainfall).  Although the model efficiency for each compound 

except glyphosate is poor (negative values), predicted concentrations of all compounds except 

diuron are within the measured variation for the first leachate volume collected (equivalent to 0.6 

mm of cumulative rainfall) and, for isoxaben and oryzalin are within the measured variation for 

each subsequent leachate volume.  Also, predicted concentrations give a good simulation of the 

pattern of measured data, except for oxadiazon, where the measured data shows a significant 

reduction with increasing accumulated rainfall but the predicted values do not. This is reflected 

in the average percentage error of prediction for the three measured concentrations, which for 

oxadiazon is 266% but for all other compounds is less than 32%. 

The generally good agreement between the overall pattern of measured and predicted 

concentrations is reflected in the overall model efficiency for all compounds of 0.99 whilst the 

relationship between predicted and mean measured values has an r
2
 of 0.95 with no bias to either 

under-or over-prediction (see Figure 4.3.1-1). 
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Table 4.3.1-1. Statistical evaluation of measured and predicted concentrations (mg L
-1

) of 

compounds from the original controlled wash-off study on ballast (Shepherd & 

Heather, 1999a) 

Compound 
Accumulated 

rain (mm) 

Mean measured 

concentration 

(mg l
-1

) 

s.d. 

Predicted 

concentration 

(mg l
-1

) 

Measured 

coefficient 

of variation 

(%) 

Error of 

prediction of 

the mean (%) 

Model 

efficiency 

atrazine 

0.6 14.74 1.84 14.19 12.48 3.71  

2.8 15.31 0.42 14.57 2.74 4.83  

5.0 15.16 0.75 13.35 4.95 11.92  

Mean values 15.07  14.04 6.72 6.82 -22.57 

diuron 

0.6 10.91 0.41 12.28 3.76 12.54  

2.8 11.14 0.08 12.67 0.72 13.71  

5.0 10.63 0.41 11.65 3.86 9.55  

Mean values 10.89  12.20 2.78 11.93 -39.12 

oryzalin 

0.6 1.87 0.65 1.79 34.76 4.19  

2.8 2.27 0.52 1.80 22.91 20.77  

5.0 1.41 1.06 1.80 75.18 27.97  

Mean values 1.85  1.80 44.28 17.64 -0.04 

isoxaben 

0.6 0.37 0.06 0.24 16.22 34.01  

2.8 0.33 0.08 0.25 24.24 23.20  

5.0 0.31 0.17 0.23 54.84 24.56  

Mean values 0.34  0.24 31.77 27.25 -13.73 

oxadiazon 

0.6 5.10 6.62 3.57 129.80 29.95  

2.8 0.98 0.05 3.59 5.10 266.55  

5.0 0.60 0.06 3.61 10.00 501.57  

Mean values 2.23  3.59 48.30 266.03 -0.46 

glyphosate 

0.6 1.91 1.57 1.45 82.20 23.92  

2.8 1.07 0.63 1.19 58.88 11.36  

5.0 0.61 0.02 0.98 3.28 60.08  

Mean values 1.20  1.21 48.12 31.79 0.59 

      
Overall Model 

Efficiency 0.99 
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Figure 4.3.1-1. Relationship between predicted and measured concentrations (mg L
-1

) of all six 

compounds from the original controlled wash-off study on railway ballast 

(Shepherd & Heather, 1999a) 

4.3.2 Herbicide concentrations in leachate from the base of the ballast 

Two ‘field’ monitoring studies have been carried out to monitor environmental concentrations 

resulting from herbicides applied to railway track formations (Heather et al, 1999; Ramwell et al, 

2001) but only the first of these is applicable to surface waters. The objectives of this study were 

to monitor the concentrations of herbicides leaching from a real railway track bed to the base of 

the ‘soil’ formation directly beneath it and to specially created surface trenches dug into the 

ballast formation in the ‘cess’ area directly adjacent to the track.  Six herbicides (atrazine, diuron, 

oxadiazon, glyphosate, oryzalin, isoxaben) were applied separately, via a knapsack sprayer to 

250 m
2
 of a former railway test track. 

The conditions of this study are thus analogous to the ‘Runoff’ component of the Railway surface 

water scenario because the measured concentrations relate to leachate moving laterally over the 

impermeable layer at the base of the railway formation. However, before any comparison of such 

measured data with model predictions can take place, there are a number of issues that need to be 
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of herbicide applied and the subsequent rainfall pattern matched those of the study and there was 

no input to the surface water ditch from spray drift. Secondly, it is only possible to compare the 

concentrations measured in the study with predicted concentrations by converting the model 

predicted loads leaching out of the base of the railway formation to concentrations using the area 

of railway track involved in the sampling and the daily rainfall values during the study period. 

Even so there remain a number of uncertainties with such a comparison: 

There are only measured data for grab samples taken from the ballast trenches on 9 days of the 

83 day study period, in contrast to the continuous daily data produced by the model. For these 

days, analysis produced quantifiable measurements only for atrazine, diuron and glyphosate. 

Oryzalin, oxadiazon and isoxaben were detected in some of the samples but only at 

concentrations below the quantification level and similar to the detections identified in the 

control samples taken before herbicides were applied. This means that they are of little use for 

comparison purposes. In addition there is no data available for the organic component of any fine 

material in the ballast from the railway study so the default values of ballast organic matter in the 

current HardSPEC railway scenario have to be used for model simulation. Water fluxes within 

the railway ballast and underlying formation during the sampling period are not known but are 

likely to be very different from the simple assumptions of daily drainage used in the model. The 

ballast leaching model produces daily loads leaching out of the ballast per unit area and these are 

then reduced during transport through the underlying sandy formation using an attenuation factor 

model. The assumption is that the ballast and underlying formation remain unsaturated in all 

parts. This contrasts with the likely hydrological dynamics in the ballast and formation during the 

field study where the lower parts are likely to remain saturated for a few days after rainfall. It is 

thus not likely to be valid to compare the measured concentration for a specific day with the 

predicted concentration for that day. The contrast is highlighted by the fact that the limited 

number of measured concentrations suggest a time lag in herbicide break through to the trenches 

with an apparent peak occurring 6 days after application, whereas the model predicts an 

‘instantaneous’ break through peak on the day of the first rainfall event after application (day 1). 

In order to match the study conditions as closely as possible therefore, a further modification was 

made to the model. 

Because the sandy formation is assumed to be effectively saturated for most of the time, the 

attenuation factor model is not considered appropriate and instead the daily loads leaching out of 

the ballast per unit area were partitioned between the aqueous and solid phases of the saturated 

sandy formation using the relevant default organic carbon content, bulk density and hydraulic 

property values from the model. The aqueous phase loads were then converted to concentrations 

using the volume of daily rain falling on the ballast per unit area. 
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In addition, it is known that glyphosate is not principally sorbed to organic matter and so Koc 

values are of little use for determining partitioning in railway ballast leaching. However, a study 

reported by Strange-Hansen et al (2004) measured sorption of glyphosate in different types of 

gravel and relevant measured Kd data from this study was therefore used to simulate glyphosate 

partitioning in the ballast and underlying sandy formation (for details see Hollis, 2010b). 

In order to address the contrast in timing of break through concentrations between the measured 

and predicted data, a modified version of the model results was produced. This was done by 

setting the predicted time series of concentrations (starting on the first day after application) to 

start on the 6
th
 day after application, so matching the apparent timing of the measured peak. 

Concentrations for the first five days were then set to 0 and, for each day after application, a 

‘forward three day running average’ concentration calculated. This procedure attempts to give an 

integration of the daily predicted data that better reflects the measured data. 

Comparisons of the measured and predicted (for both the modified and unmodified model 

results) peak concentrations of all six test compounds from the railway field study are given in 

table 4.3.2-1, whereas the time series of measured and predicted concentrations (based on the 

modified 3 day running average version of the model results) are shown graphically in figure 

4.3.2-1. For the field study data, the mean value and range for the three samples taken on each 

sampling date are given.  

Table 4.3.2-1 Measured peak concentrations (g l
-1

) in the ballast trenches from the railway 

field study compared with predicted peak concentrations leaching out of the base 

of the ballast from the modified HardSPEC railway model. 

Compound 
Railway study Peak 
Concentration (day 6) 
Mean value (range) 

Predicted concentrations in railway ballast leachate 
Unmodified daily peak Peak 3 day running average 

Atrazine 1097 (860 – 1280)            1316                               1082 

Diuron 133 (60 – 210)            164                                 136 

Oryzalin <10            10.6                                7.0 

Oxadiazon <20            1.24                                1.06 

Isoxaben <10            0.50                                0.41 

Glyphosate 12.4 (6.7 – 15.3)            15.8                                11.0 

 

Table 4.3.2-1 shows that, for the three compounds where meaningful comparisons can be made 

(atrazine, diuron & glyphosate), the measured peak concentrations compare well with the 

predicted peak concentrations for the unmodified daily model results and even better for the 

modified 3 day running average values. For oryzalin, oxadiazon and isoxaben, where all samples 

were analysed as being either just above or below the level of detection, peak concentrations 

were also predicted to be very near to or below the level of detection. This is encouraging as it 
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suggests that the ballast leaching component of the new surface water runoff scenario is 

producing peak concentrations that are similar to the limited measured data available. 

It is difficult to undertake a robust statistical comparison of the patterns of predicted 

concentrations for atrazine, diuron and glyphosate in figure 4.3.2-1 with the measured data 

because the latter contain only 9 values with only two sets of samples on consecutive days. It is 

therefore impossible to know whether the apparent peaks in the measured data represent real 

peaks in the daily concentration pattern. Also, as discussed previously, the timing of model 

predicted herbicide breakthrough and that apparent from the measured data is different. However, 

the modified 3 day running average version of the model results shows a good fit to the measured 

data, at least up to about 12 days after application (up to 40.2 mm accumulated rain). For atrazine 

and glyphosate, predicted concentrations after day 12 appear to be under-estimated. This does not 

seem to be the case for diuron although the predicted concentrations after day 12 are at the lowest 

end of the measured data range. 
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Figure 4.3.2-1 Measured concentrations of atrazine, diuron and glyphosate from the railway 

field study compared with predicted 3 day running average concentrations using 

the modified ballast sub-model results from the modified HardSPEC railway 

scenario. 
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4.3.3 Herbicide concentrations at the groundwater surface (groundwater & 

surface water scenarios) 

Three field studies are available for validation of this component of the railway groundwater 

scenario, one from the UK and two from Sweden. 

The UK study reported by Ramwell et al (June 2001) was carried out with the specific objective 

of providing exposure data relevant to the HardSPEC railway groundwater scenario but, 

unfortunately, did not have any certain detections of compounds above the analytical detection 

level. It is thus of little use in assessing model performance although, when the model was used 

with estimated characteristics of the substrate material present at the site, it predicted that the 

travel time through the material below the railway formation to the groundwater surface is such 

that degradation (adjusted to account for lower rates in subsoil material) reduces the 

concentration of all applied herbicides to insignificant levels. 

The two published studies from Sweden monitored the fate of imazapyr (Börjesson et al 2004) 

and fluroxypyr (Cederlund et al, 2009) in railway embankments. The first of these is by far the 

better document for the purposes required here as it contains measured groundwater 

concentrations from two sites (numbered 760 and 763), each of which was subjected to a 

different application amount and each of which had triplicate sampling tubes located under the 

centre and to the left and right of the embankment. It also has site-specific measured data on the 

compound soil Koc and half life as well as data on the length of time between application and 

each sampling occasion. The travel time to appearance of the peak measured concentration is 

thus known. To simulate measured peak concentrations of imazapyr at the two sites, the site-

specific application rate and soil half lives were used. However, the site characteristics for the 

studies are clearly very different to those of the HardSPEC Railway groundwater scenario and 

thus to simulate the local conditions as best as possible, the soil Koc used in the model was 

changed to give a travel time to the groundwater surface as close as possible to that measured for 

the peak concentration appearing at each site. These values were as follows 

Site 760: soil Koc of 153 to give a travel time of 407 days for the chalk substrate. 

Site 763: soil Koc of 323 to give a travel time of 750days for the chalk substrate. 

Predicted concentrations at the groundwater surface were then calculated from the peak daily 

attenuated mass of herbicide reaching groundwater and the volume of leachate for that mass. 

This peak always relates to leachate from the first rainfall event after application. Results of the 

simulations are given in table 4.3.3-1. 

The second of the studies (Cederlund et al, 2009) was published in the form of a poster and has 

much more limited detail about the sites and measured concentrations in groundwater.   
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Table 4.3.3-1 Measured and predicted peak concentrations of imazapyr for the Swedish railway 

leaching study (Börjesson et al 2004). 

Site 
Application 

rate g ha
-1

 

Soil 

DT50 at 

site 

(days) 

Measured travel 

time to peak 

concentration 

(days) 

Mean measured 

peak 

concentration 

from 3 sites  

(g l
-1

) 

Predicted 

peak 

concentration 

(g l
-1

) 

Soil Koc 

used to 

achieve 

measured 

travel time 

760 1500 67 407 4.8 + 3.4 4.67 153 

763 750 144 750 0.55 (no data on 

s.d.) 

1.32 323 

 

It is simply stated that “preliminary analyses indicate that fluroxypyr….can be detected in 

concentrations up to 2 g l
-1

 in groundwater samples from below the railway track” but no data is 

shown. To simulate the stated peak concentration of fluroxypyr from this study, the site-specific 

application rate of 360 g ha
-1

 was used and all other necessary input parameters for the compound 

were derived from published information(soil Koc 66 ml g
-1

; soil half life 51 days). All model 

scenario parameters remained unchanged. The predicted peak concentration at the groundwater 

surface ranged from 1.47 g l
-1

 for sandstone (travel time of 466 days) to 3.55 g l
-1

 for chalk 

(travel time of 232 days). 

It is difficult to make a confident evaluation from these two studies which only have three 

comparisons of measured and predicted results, one of which is based on very uncertain data. All 

that can be said is that model predictions are in the correct order of magnitude and, given the 

uncertainty involved, are very similar to the measured data. 
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4.4 Conclusions 

As indicated at the end of section 4.1, all of the studies described here have limitations as to their 

usefulness for validation of model predictions.  These limitations mean that they can only 

provide an initial evaluation of the overall model validation status. Nevertheless, this initial 

evaluation is encouraging and does provide some information on which to judge the possible 

error associated with model predictions which are mostly of the correct order of magnitude and 

show the correct relative differences between compounds with different physico-chemical 

characteristics. 

Most confidence can be attached to prediction of losses and concentrations draining out of the 

Urban, Major Road and Home & Garden use catchments and from the Railway formation, where 

prediction errors are unlikely to be greater than + 60% and are probably much less for the daily 

peak loss. There is more uncertainty related to prediction of peak concentrations in the surface 

water bodies, where measured data is very sparse but suggests that, at least with respect to 

concentrations less than about 100 g l
-1

, an over-prediction error of 300% is possible. 

However, this does mean that, with respect to acute exposure in surface waters (relating to peak 

daily concentrations), the model is sufficiently conservative to be used in the first tier regulatory 

risk assessment of pesticides applied to ‘hard surfaces’. 

Model accuracy with respect to chronic exposure (changes in daily surface water concentrations 

over time) is more uncertain as there is insufficient data available to give a proper assessment. In 

the lack of this, the high model efficiency and coefficient of shape for predictions for the 

Roadside wash-off study indicates that, at least for this small catchment, reductions in wash-off 

concentrations over time are reasonably well predicted.  If such patterns are transferred to the 

receiving surface water body, then the there is likely to be a similar quantifiable conservancy as 

that identified for acute exposure. 

Most uncertainty applies to predicted concentrations at the well head used in the groundwater 

exposure assessment as no data is available to assess the likely error associated with model 

predictions. However, comparison of model predictions with the very limited data available on 

leaching of herbicides to groundwater below railway lines suggest that they are in the correct 

order of magnitude and, given the uncertainty involved, very similar to the measured data. 

Overall, although it is accepted that predicted exposure levels in surface and ground waters must 

be considered as approximate, the model accuracy is comparable with that of other existing 

regulatory models used for pesticide exposure prediction in the EU regulatory process. 

It is noted that use of the model in regulatory assessment is likely to result in additional exposure 

data being submitted by Companies to CRD, which may enable further improvements in the 

accuracy of the model to be made in the future. 
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5 USE OF THE EXPOSURE MODELS 

HardSPEC is implemented as an MS Excel work-book and has a modular structure comprising 11 

worksheets each dealing with a different function of the model. The first two worksheets, 

“Herb_props” and “OUTPUT” are for users to input data to the model and view model results.  The 

next 4 worksheets: “Domestic_Use_scenario”, “Urban_scenario”, “Major_scenario” and 

“Railway_scenario” define the fixed scenario surface characteristics whilst the following 5 

worksheets: “Losses_BR”, “Masses lost per 0.5mm rain”, “Groundwater model”, “Railway 

surface water” and “Losses_AR” each calculate different aspects of herbicide fate.  All worksheets 

except the Herb_props are protected, although cell contents can be viewed and copied into other 

workbooks or applications. 

The following sections provide an overview of how to use the model and the contents of each of its 

component worksheets.  Finally, there is a brief statement of the regulatory context within which the 

model is used. 
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5.1 Worksheet “Herb_props”:  

This sheet enables the user to input the substance properties that are required to drive the model 

(for historical reasons the model uses the term ‘herbicide’ rather than ‘substance’; from here on 

the term ‘substance’ is used). These are the only direct user-inputs to the model and comprise the 

following: 

Herbicide properties 

Herbicide name 

% of applied amount impacting as spray drift. Urban & Major road 

% of domestic scenario areas treated 

Measured Kp asphalt (mg m
-2 

) 

Measured Kp concrete (mg m
-2 

) 

soil koc   (mL g
-1 

) 

solubility  (mg L
-1 

) 

Specific Gravity 

DT50 in soil (days) 

DT50 on hard surfaces (days) 

DT50 in sediment (days) 

DT50 in water (days) 

Application amount  (g/ha) 

Urban 

Sub-urban (domestic use) 

Road 

Railway 

Uncertainty factors 

Fraction of 774.7 m
2 
railway track target area actually sprayed 

Run-off attenuation factor applied to leached load from ballast  
 

These cells can be used to examine the surface water exposure in the 

Railway ditch resulting from application by a hand-held sprayer.  

% of applied amount impacting as spray drift.  

Fraction of 100m
2
 target area spot sprayed 

Some of these input parameters, such as water solubility and specific gravity (relative density), 

should be readily available to users.  However many others, particularly those specific to hard 

surfaces such as the measured substance partition coefficient (Kp) on asphalt or concrete are 
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unlikely to be available for most substances.  In such cases, the model will use a default value or 

a calculation (estimate based on Koc).  Other input parameters such as DT50 values need careful 

evaluation to ensure that they are compatible with the assumptions used in the model.  The 

following paragraphs provide some guidance on the selection or derivation of such input 

parameters: 

Percentage of the applied amount impacting as spray drift: Urban & Major Road Scenario.  

The model uses a default value of 2.8%, taken from the FOCUS Surface Water Scenario drift 

calculator (Linders et al, 2003).  This is the value derived for a hand held application to a crop 

< 50 cm high and at a distance of 1 m from the edge of the 'crop' to the start of the water body.  

Users should not alter this value unless they wish to examine the potential effect of 

buffer strips or ‘no spray’ zones on predicted surface water concentrations, in which 

case the alternative values used should be fully justified. 

Users should also note that if they reduce the percentage of applied amount impacting as 

spray drift, the amount reduced is calculated and added to the mass of substance falling 

on each hard surface type. In other words, it is assumed that the total amount of applied 

substance that is not intercepted by plants or is not lost in drift impacts on a hard surface. 

When examining the potential impact of buffer strips or no-spray zones therefore, users 

should only consider changes to PECsw on the day of application and should be aware 

that PECsw on the subsequent day (the first rainfall event) may increase slightly as a 

result of the assumed increased hard surface loading. 

Percentage of areas treated: Domestic Use Scenario. The model uses a default value of 10% 

based on confidential Electronic Point of Sale (EPoS) monthly sales information related to the 

likelihood of a significant rain-free period occurring during the peak sales month. It is well 

supported by data from a study of domestic usage within a small suburban catchment in York 

and the value should not be changed unless strong evidence can be presented to show it is 

unrealistic for the substance under consideration.  

Measured Kp asphalt. 

Measured Kp concrete. 

These input parameters should be derived using the following steps: 

1. If you are dealing with a substance that either 

a). Is subject to rapid hydrolysis, OR, 

b). Has a pH-dependent soil Koc, 

then you must carry out a controlled wash-off study. The protocol for such a study is 

currently being finalized. In the interim, users needing to carry out the study should 
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contact Dr. C. T. Ramwell, The Food and Environment Research Agency, Sand 

Hutton, York. YO41 1LZ (Email: carmel.ramwell@fera.co.uk; Tel: +44 (0)1904 

462485). 

Results from the study should then be used to calibrate the wash-off model. Future releases 

of the HardSPEC model will contain a module to allow such calibration but in the period 

before this version is available, Applicants should contact John Hollis (Email: 

hollises@btinternet.com: Tel: +44 (0)1727 823810) for assistance on calibration issues.  

If you are dealing with a substance that has a wide range of soil Koc values as a result of 

its complex sorption behaviour (for example because it has a zwitterionic structure 

with both positive and negative charges on different atoms within the molecule 

and/or it shows evidence for the formation of metal-phosphonate complexes with 

metals including iron (III) and copper; this is not an exhaustive list of examples), then 

you must carry out a surface-specific sorption study using the procedure described by 

Ramwell (2011), unless, as a result of step 1 above, the model has already been 

calibrated using the results of a controlled wash-off study, in which case no further 

work is necessary. 

The resulting measured Kpasphalt and Kpconcrete values should be inserted in cells C8 & C9 of 

the “Herb_props” worksheet. 

2. For all other  substances, you should type in “not known” in each of cells C8 and C9 of 

the “Herb_props” worksheet. The model will calculate the Kpasphalt and Kpconcrete values 

using the relationships with soil Koc derived as a result of the sorption study (Ramwell, 

2002).  These relationships are shown in Figure 5.1-1, below. 

mailto:hollises@btinternet.com
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Figure 5.1-1 Relationship between measured Kp (mg m
-2

) for concrete and asphalt and 

literature values of soil Koc (L kg
-1

), (based on Ramwell, 2002). 

In order to assess the possible errors resulting from using Koc-derived Kp values rather 

than measurements, the Koc relationship was used to estimate surface-specific Kp values 

for each of the six substances used in the controlled wash-off study (Shepherd & Heather, 

1999) and, using the application rates and pesticide properties defined for that study, the 

wash-off sub-model was used to predict the masses lost in each 0.25 L of wash-off for 

each substance.  The results were then compared to those produced using the measured Kp 

values for each substance. Statistical comparisons are given in Table 5.1-1 and overall 

comparisons (excluding results for glyphosate) are shown in Figures 5.1-2 and 5.1-3. 

The statistical evaluation shows that, apart from glyphosate, there is virtually no difference 

in the accuracy of predictions for asphalt surfaces between those based on a measured 

Kpasphalt value and those based on a value predicted from the soil Koc. In contrast, for 

concrete surfaces, apart from atrazine, all substances show a slight decrease in accuracy of 

predictions when using a Kpconcrete value estimated using soil Koc. However, as Figure 5.1-

3 shows, the slight decrease in accuracy for concrete surfaces has no bias towards over- or 

under-estimation and, as the differences are so small, are unlikely to significantly change 

exposure results generated using the Kp estimation method.  
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Table 5.1-1 Statistical evaluation of the difference in accuracy of prediction of measured 

losses of the 5 test substance used in the controlled wash-off study (Shepherd & 

Heather, 1999), using measured Kp and Kp estimated from soil Koc 

 Substance 

Model efficiency Percentage error 

Using measured 
Kp 

Using estimated 
Kp 

Using measured 
Kp 

Using estimated 
Kp 

Asphalt 

atrazine 0.73 0.73 7.2 7.2 

diuron 0.83 0.83 7.7 7.7 

oryzalin 0.86 0.86 37.6 37.6 

isoxaben 0.42 0.40 42.0 42.7 

glyphosate 1.00 0.85 0.6 82.6 

All substances except 
glyphosate 

0.9885 0.9886 10.4 10.4 

 Concrete 

atrazine 0.97 0.97 16.3 16.3 

diuron 0.93 0.89 13.5 17.0 

oryzalin 0.997 0.99 6.9 12.2 

isoxaben 1.00 0.998 3.2 5.6 

glyphosate 0.997 0.83 7.9 61.2 

All substances except 
glyphosate 

0.979 0.975 18.2 19.7 

 

 

Figure 5.1-2. Comparison of measured and predicted losses (mg) from the controlled wash-

off study on asphalt (Shepherd & Heather, 1999) using measured Kpasphalt and 

Kpasphalt predicted from Koc (glyphosate results excluded). 
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Figure 5.1-3. Comparison of measured and predicted losses (mg) from the controlled wash-

off study on concrete (Shepherd & Heather, 1999) using measured Kpconcrete 

and Kpconcrete predicted from Koc (glyphosate results excluded). 

Soil Koc.  

Information on soil Koc of the substance for input to the model should be obtained from the 

standard regulatory dossier on soil sorption studies.  When selecting an appropriate input 

value for soil Koc, users should refer, in the first instance, to the EFSA Conclusion or Review 

Report for the active substance for the value to be used in environmental exposure modelling.  

If necessary, for example in the situation that an EFSA Conclusion is unavailable or the 

Review Report gives insufficient detail of endpoints used in exposure modelling and the 

values used in the assessment for active substance approval are not known, users should refer 

to the latest “Generic Guidance for Tier 1 FOCUS Ground Water Assessments” Guidance 

Document for details on parameter selection. 

Solubility. 

Information on the solubility of the substance for input to the model should be part of the 

standard regulatory dossier.  This should be available in the EFSA Conclusion or Review 

Report on the substance or from the physical/chemical properties section of the dossier. 
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the substance should be used. However, if the specific gravity of the substance is not known 

(noting that such information is not a standard data requirement in the EU and is unlikely to 

be available), the specific gravity of the formulation (typically expressed as relative density or 

tap density) should be entered into the model.  This should be available from the 

physical/chemical properties section of the dossier. It should be noted that decreasing the 

specific gravity value is likely to result in higher PEC values. 

DT50 in soil (days).  

The model requires a value for the half life (i.e Single First Order DT50) of the substance in 

soil.  When selecting an appropriate input value for DT50 soil, users should refer in the first 

instance to the EFSA Conclusion or Review Report for the active substance for the value to 

be used in environmental exposure modelling.  If necessary, for example in the situation that 

an EFSA Conclusion is unavailable or the Review Report gives insufficient detail of 

endpoints used in exposure modelling and the values used in the assessment for active 

substance approval are not known, users should refer to the latest “Generic Guidance for Tier 

1 FOCUS Ground Water Assessments” Guidance Document for details on parameter 

selection. 

DT50 on hard surfaces (days).  

The model uses a single value for the half life of pesticides on all types of hard surface.  If no 

surface-specific measured data for the substance is available, the user should type “not 

known” into cell C14 and the model will use a value that is twice that of the soil half life 

value entered by the user.  The various field and laboratory studies carried out to support 

model development suggested that degradation of applied substances does not occur on 

freshly made hard surfaces, but that, once exposed and weathered in ‘real world’ 

environments, hard surfaces are likely to acquire some potential for microbial degradation.  

Based on these results, a default value of twice the soil half life of a substance is used if no 

measured data are available to derive this input parameter. 

It should be noted that the model assumes there is NO degradation of substance in the 24 

hours between application and the first rainfall event. This is because most substances have a 

soil DT50 of more than a few days, thus it is unlikely that significant degradation will occur. 

However, it is recognized that some substances may dissipate very rapidly, for example as a 

result of volatilisation or very rapid degradation. In such cases, users should adjust the 

application amount input parameter (see below) to take account of the amount of substance 

applied that is likely to be lost via volatilization or other mechanisms during the 24 hours 

between application and rainfall. Such an approach should only be used where a 

significant amount of study data can be presented to justify the proposed reduction in 

the application amount. Based on previous precedent, taking into account uncertainty of 
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the rain free period, the period when dissipation processes can be assumed to occur 

should be limited to 6 hours not the full 24 hours. In addition, where such an approach is 

applied, users must also undertake a model run using the full application amount, in 

order to estimate PECsw resulting from spray drift losses on the day of application.  The 

subsequent risk assessment must take into account the highest predicted concentration 

from the two model runs. 

DT50 in sediment (days). 

DT50 in water (days). 

The model requires values for the degradation half life of the substance in both water and 

sediment.  Such values can be derived from water / sediment studies.  Comprehensive 

guidance on deriving such values is provided in the FOCUS Guidance Document on 

Estimating Persistence and Degradation Kinetics from Environmental Fate Studies on 

Pesticides in EU Registration (FOCUS, 2006, or the latest version available). However, in the 

first instance appropriate DT50 end-points in sediment and water from the agreed EU peer 

review and contained in the EFSA Conclusion for the relevant active substance should be 

used in the model.  

Application amount (g/ha) Sub-urban (domestic use). For domestic use products, particularly 

those that are ‘ready to use’ formulations, details of substance contents in mass per litre may 

not be on the label nor may there be clear recommendations as to the dose to be applied per 

unit area. Model users thus need to pay particular attention to how they derive the 

application amount used as input to the model and give an argued justification for the 

value used. 

Fraction of 774.7 m
2
 railway track target area actually sprayed. The model has a default worst-

case assumption that all of the 774.7 m
2
 area of railway track is sprayed by the spray train 

within one or two days. This default assumption should not be altered. Although it is 

recognized that target weed spraying using, for example, the ‘WeedIt’ technology can 

significantly reduce the amount of herbicide applied to the track, such technology is only 

applicable to contact herbicides and, at present, has only very limited use on the rail network.  

Runoff attenuation factor applied to leached load from ballast. At present, no experimental study 

data is available to assess the potential attenuation of substance loads during runoff down the 

railway embankment side. The model therefore assumes a worst case attenuation factor of 1 

(no attenuation). This is very conservative and probably unrealistic and therefore, providing 

information is presented to justify the level of attenuation likely to occur, the value can 

be reduced by the user. 
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% of applied amount impacting as spray drift (Application to railway tracks from a hand-held 

sprayer). As with the urban and major road scenarios the model uses a default value of 2.8% 

derived for a hand held application to a crop < 50 cm high and at a distance of 1 m from the 

edge of the 'crop' to the start of the water body.  Users should not alter this value unless 

they wish to examine the potential effect of buffer strips, ‘no spray’ zones or reduced 

drift application methods, in which case the alternative values used should be fully 

justified. 

Fraction of 100m
2
 target area spot-sprayed (Application to railway tracks from a hand-held 

sprayer). The model has a default worst-case assumption that this type of application to 

railway tracks is applied as a continuous 1m wide swath along the 100 m of track edge 

adjacent to the railway ditch. However, it is recognized that best practice application 

encourages the use of spot spraying rather than swath application and, in order to investigate 

the impact of such methods, users can change the fraction of 100 m
2
 target area of track to 

which spray is applied. For regulatory applications, any changes to the fraction of track 

treated must be supported with data to justify the values used. 

5.2 Worksheet “OUTPUT”: 

The output worksheet provides the user with tabular and graphical information relating to the 

predicted environmental concentrations (PEC’s) in the scenario surface water and groundwater 

bodies.  The acute (maximum) 24 hour concentration in both water and sediment phases of each 

surface water body is tabulated along with concentration relating to spray drift on the day of 

application. For groundwater, the peak concentration at the groundwater well and the length of 

time the PEC is above 0.1 g L
-1

 are also quantified along with the average annual concentration 

in the water flux draining out of the railway formation underneath the tracks.  Graphs show 

predicted changes in substance concentrations in water and sediment over time in the surface 

water bodies and changes in groundwater concentrations over time.  Finally, graphs showing the 

daily rainfall volumes over time and the volumes of water passing through the surface water  

bodies over time are also provided. 

If users wish to calculate time weighted average concentrations they should proceed as follows: 

For Surface Water Scenarios.  Move to the “Losses_AR” worksheet and copy cells BE16 to 

BJ89 inclusively, BP16 to BQ89 inclusively, BY16 to BZ89 inclusively and CH16 to CI89 

inclusively. 

Cells BE16 to 89 provide daily concentrations in the urban stream water phase. 

Cells BF16 to 89 provide daily concentrations in the rural major road stream water phase. 

Cells BG16 to 89 provide daily concentrations in the domestic usage stream water phase. 
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Cells BH16 to 89 provide daily concentrations in the urban stream sediment phase. 

Cells BI16 to 89 provide daily concentrations in the rural major road stream sediment phase. 

Cells BJ16 to 89 provide daily concentrations in the domestic usage stream sediment phase. 

Cells BP16 to 89 provide daily concentrations in the urban pond water phase. 

Cells BQ16 to 89 provide daily concentrations in the urban pond sediment phase. 

Cells BY16 to 89 provide daily concentrations in the Railway ditch water phase resulting from 

leaching. 

Cells BZ16 to 89 provide daily concentrations in the Railway ditch sediment phase resulting 

from leaching. 

Cells CH16 to 89 provide daily concentrations in the Railway ditch water phase resulting from 

runoff down the embankment side. 

Cells CI16 to 89 provide daily concentrations in the Railway ditch sediment phase resulting from 

runoff down the embankment side. 

 

For Groundwater Scenarios.  Move to the “Groundwater model” worksheet and copy cells G5 to 

1504 inclusively, CL5 to 1504 and FQ5 to 1504 inclusively. 

Cells G5 to 1504 provide daily concentrations in the Sandstone aquifer. 

Cells CL5 to 1504 provide daily concentrations in the Chalk aquifer. 

Cells FQ5 to 1504 provide daily concentrations in the Limestone aquifer. 

Users will need to use the “copy” - “paste special” - “values” functions in MS Excel to copy 

and paste the relevant values to a new workbook where the data can be manipulated to 

calculate specific time-weighted average concentrations, as required. 

 

5.3 Worksheet “Domestic_Use_scenario”. 

This sheet defines the fixed scenario parameters for the Urban catchment as described in Sections 

2.1.1 & 2.1.3 of this document. 

5.4 Worksheet “Urban_scenario”. 

This sheet defines the fixed scenario parameters for the Urban catchment as described in Sections 

2.1.1 & 2.1.3 of this document. 
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5.5 Worksheet “Major_scenario”. 

This sheet defines the fixed scenario parameters for the Rural Major Road catchment as 

described in Sections 2.1.1 & 2.1.3 of this document. 

5.6 Worksheet “Railway_scenario”. 

This sheet defines the fixed scenario parameters for the Railway catchment as described in 

Sections 2.1.1 & 2.1.3 of this document. 

5.7 Worksheet “Losses_BR”. 

In this sheet, plant interception (a fixed scenario parameter) and spray drift are used to calculate 

losses before rainfall and to derive the mass of applied substance reaching each hard surface type.  

The percentage of applied amount of substance impacting as spray drift is an input parameter to 

the model (see Section 3.1 above) and this amount is adjusted to take into account the fact that, in 

the urban situation spray drift losses only apply to the length of road running along the east side 

of the scenario catchment.  Spray drift from all other applications in the catchment is assumed to 

impact on a hard surface and, thus, to be washed off into the catchment drainage network. 

5.8 Worksheet “Masses lost per 0.5mm rain”. 

This worksheet contains calculations of the washoff sub-models for each surface type.  The 

calculations are based on a unit area of 0.54 m
2
 and are carried out for each daily rainfall event.  

Each event is separated into 0.5 mm rainfall increments.  The worksheet also contains the 

calculations for routing of wash-off within the surface water catchments. 

5.9 Worksheet “Groundwater_model”. 

This worksheet is used to calculate dispersion and attenuation of the substance masses leaching 

to the saturated zone during their transport to the wellhead.  Masses arriving at the water table are 

derived from the relevant cells in the Losses_AR worksheet.  Daily concentrations in water 

arriving at the wellhead are calculated for a period of 1,500 days after the initial arrival of the 

substance leached from the unsaturated zone, for three aquifer types: Chalk, Limestone and 

Sandstone. 

The model uses a simple analytical solution of the advection dispersion equation corresponding 

to one dimensional slug injection (Crank, 1956).  A separate box is used to derive the model 

input parameters from the aquifer scenario characteristics.  An additional box summarises the 

assumptions used in the model. 

5.10 Worksheet “Railway_surface_water”: 

This worksheet is used to calculate dispersion and attenuation of the substance masses that have 

leached into the saturated zone during their transport to the adjacent surface water ditch.  Masses 
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arriving at each 1m section of the water table below the railway are derived from the relevant 

cells in the Losses_AR worksheet.  For each 1m section, daily concentrations in water arriving at 

the wellhead are calculated for a period of 365 days after the initial arrival of the substance 

leached from the unsaturated zone. 

The model uses a simple analytical solution of the advection dispersion equation corresponding 

to one dimensional slug injection (Crank, 1956).  A separate box is used to derive the model 

input parameters from the chalk aquifer characteristics in the “Railway_scenario” worksheet.  An 

additional box summarises the assumptions used in the model. 

5.11 Worksheet “Losses_AR”: 

In this worksheet, all the losses during and after rainfall are calculated for each scenario.  For 

surface water scenarios, the sheet is separated into calculations for: Rainfall volumes; Runoff 

volumes; Runoff from each surface as a % of total runoff from the scenario; Volumes of water 

flowing through the water bodies per rainfall event; Depth of water in the stream scenarios per 

rainfall event; Total mass of substance lost per rainfall event; Accumulated loss of substance as a 

% of the applied mass; Total mass of substance entering the water body per rainfall event; Input 

mass of substance to the water phase of each water body per rainfall event; Input mass of 

substance to the sediment phase of each water body per rainfall event; Residual mass of 

substance in the water phase of the pond per rainfall event; Residual mass of substance in the 

sediment phase of each water body per rainfall event; Final mass of substance in the water phase 

of each water body per rainfall event; Final mass of substance in the sediment phase of each 

water body per rainfall event; Concentration of substance in the water phase of each water body 

per rainfall event; Concentration of substance in the sediment phase of each water body per 

rainfall event. 

For the Groundwater scenario, the sheet is separated into calculations for: Accumulated daily 

rainfall; Accumulated substance mass lost from the railway ballast layer; Daily substance mass 

lost from the railway ballast layer; Daily attenuated substance mass reaching the groundwater 

surface from the unsaturated zone of a Chalk, Limestone and Sandstone aquifer. 

Separate ‘boxes’ are used to calculate the number of 0.54 m
2
 ‘blocks’ for each surface type in 

each scenario, based on the fixed scenario parameters, the fraction of input to the sediment and 

water phases of each water body and the unsaturated zone travel times for each Aquifer type.  

The sheet also includes fixed scenario parameter values relating to: The % runoff of rainfall from 

each surface type present in the surface water catchments and the physical characteristics of the 

stream and pond water bodies. 
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5.12 Regulatory Context for Use of the Model 

It is clear from the work presented and discussed in this report that the main use for which the 

model has been developed is as a first-tier estimation of substance concentrations in surface and 

ground waters in the UK, resulting from product use in professional amenity and amateur home 

garden situations on ‘hard surfaces’, according to existing UK and EU legislation on Plant 

Protection Products.  It is within this context that the CRD welcomes the submission of 

modelling exposure data from applicant companies, as part of their regulatory dossiers for UK 

approval of such substance products in the professional amenity and amateur home garden 

situations which are proposed for use on hard surfaces not intended to bear vegetation.  In 

general, if applicant companies wish to use the model outside of this context, the onus rests with 

the company to demonstrate clearly the suitability of the model and to justify its use in the 

proposed new situation.  Included here would be possible extensions of use, such as – pesticides 

other than herbicides, approval applications outside the UK, application types other than 

spraying. 

The model produces estimated exposure concentrations (Predicted Environmental 

Concentrations, PEC) for surface and ground waters.  In the case of the PEC values for surface 

water, these should be compared with the appropriate ecotoxicological endpoints to produce the 

toxicity:exposure  ratios (TER) values for use in the tiered risk assessment process for non-target 

organisms in the aquatic surface water environment.  Applicants are invited to seek further 

guidance on the conduct of the risk assessment from the CRD website. 

In the case of PEC values for groundwater, these should be compared with the EU pesticide 

threshold concentration for all groundwaters of 0.1 μg L
-1

 (i.e. the maximum admissible 

concentration for drinking water in the EU).  For more guidance on the issue of regulatory 

assessment of pesticides in groundwater, readers are referred to the various guidance documents 

associated with the EU Regulation 1107/2009. 

The model described in this report produces first-tier exposure estimations. Where first tier 

assessments lead to a failure of risk assessment, Applicants should initially consult the 

HardSPEC guidance and the CRD website for guidance on potential refinements to HardSPEC 

assessments and are encouraged to contact CRD to discuss their suitability. 
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