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Introduction 

United Utilities required a regional set of rainfall time series to meet the sewer network modelling needs for 
PR14 and beyond. Rainfall time series of 25 years in length, including the effects of climate change, were 
required to meet the requirements of the Environment Agency (EA) publication: “Water quality planning: 
identifying schemes for the PR14 National Environment Programme”. This document specifically identified 
that “The previous approach, which required the use of the most recent TSR (Time Series Rainfall) record, 
was thought to be conservative and, for the design life of the sewer (normally 50 years) provide an adequate 
buffer for flow increases induced by climate change. However, this approach has not always resulted in 
sewerage systems performing in line with their design, hence the more rigorous approach”. 
This paper describes the approach, methodologies and tools developed by MWH and United Utilities to 
generate rainfall time series for over 40 sub-areas of the UU Region to meet the above requirements.  The 
paper covers the following sub-topics: 

 Background; 

 PR14 rainfall series requirements; 

 Input data;  

 Data checks and data clean-up; 

 Software; 

 Generation of historic and TSRSim rainfall time series; 

 Rainfall series checks and acceptance criteria; 

 Definition and extraction of rainfall events; 

 Application of antecedent conditions (NAPI, UCWI, Antecedent Rainfall Depth); 

 Application of evaporation (evapotranspiration); 

 Application of climate change; 

 Limitations of the method; 

 Conclusions and future work; 

As part of the process, MWH and United Utilities developed a number of innovative tools and procedures to 
efficiently process raw rainfall data and auto-generate rainfall series and graphical analysis data. A key part 
of this process was the application of climate change using a semi-automated process developed by WRc 
Ltd in conjunction with 3 UK water companies including UU. This innovative methodology was used to adapt 
rainfall time series for climate change using seasonal change factors derived from the UKCP09 Weather 
Generator hourly rainfall outputs. The revised historical series were subsequently used to test the impact of 
climate change on sewer network model predictions when compared against results derived from the 
historical series. 

Background 
 
Time series rainfall has formed a key component of UU’s modelling processes since AMP2. The requirement 
to deliver a very large regional environmental programme in AMP3 drove the need for a set of rainfall time 
series covering much of UU’s operating region as shown in Figure 1. The series consisted primarily of single 
profile 25 year stochastic rainfall series which were produced using the industry leading software at the time, 
StormpacTM. Ten year “best-fit” sub-sets of the 25 year series were then selected as the “design series” 
based on checks against long term historic rainfall data. In addition to the stochastic series a small number of 
historic series were created by disaggregating hourly measured data to form rainfall series for use in 
modelling. 
 
The generated design series were checked for correlation against historic data based on: 

 Average annual rainfall totals - historic vs design series 

 Winter/summer depth split - historic vs design series  

 Monthly average rainfall totals - historic vs design series; 

 Daily rainfall depth exceedance - historic vs design series 
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The methodology used was detailed with reports created on a series by series basis for issue to the 
Environment Agency to demonstrate compliance with best practice at the time. In all, over 30 separate 
rainfall time series were created. 
    

 

Figure 1: The UU AMP3 rainfall time series gave good regional coverage 
 
Time Series Rainfall For PR14 
 
To meet OFWAT requirements and with the publication of the Environment Agency document “Water quality 
planning: identifying schemes for the PR14 National Environment Programme”, Time Series Rainfall early in 
AMP5, rainfall requirements became more onerous. This document states that “Our previous approach 
required the use of the most recent TSR record for developing sewerage improvement schemes. This 
approach was thought to be conservative and, for the design life of the sewer (normally 50 years) provide an 
adequate buffer for flow increases induced by climate change. This approach has not always resulted in 
sewerage systems performing in line with their design prediction”. This led to the following key changes in 
rainfall requirements for overflow assessment in PR14:  

 “A more thorough review of rainfall records for a longer period (for example 25 years) is required 
when selecting an appropriate TSR record for developing PR14 sewerage improvement schemes” 

 “Improvements to storm overflows in PR14 should take account of future predicted changes to 
rainfall using latest climate change predictions (UKCP09) and methodologies” 

The use of a longer rainfall series, based on long term historical data is key to including temporal climate 
variability in rainfall series. Rainfall series based on a number of average years will not include this variability 
and designs relying on the provision of system storage based on this premise, in particular, may be at risk of 
failure. The effect of climate variability can be demonstrated using the historic rainfall data shown in Figure 2. 
This clearly shows that our summers were wetter on average post 2000, than those in the previous decade, 
culminating in the wettest English summer on record in 2012.  
 

The need to create new time series rainfall was driven by the requirement to include for the effects 
of both climate change and temporal climate variability 
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Figure 2: The effect of natural climate variability - Monthly average rainfall totals for Blackpool 
showing the wetter summers post 2000 

 
Input Data – Raingauge and SMD Data 
 
Historic rainfall data for the PR14 rainfall series was obtained from Environment Agency tipping bucket 
raingauges in time-of-tip format, allowing instantaneous rainfall intensities to be generated directly from the 
data. Spatial and temporal coverage of raingauges was good with approximately 160 Met Office registered 
raingauges logging for periods of up to 25 years. A total of 90 raingauges were used in creating the PR14 
rainfall series. These had periods of record of between 12 and 25 years with only 12 of these having less 
than 15 years of logged data.  
 

 

Total No of EA Raingauges 
(Met Office Registered) 160 

No of Raingauges used in 
rainfall series 90 

Data format Time-of-Tip 

Minimum period of record 12 years 

Maximum period of record 25 years 

MORECS Squares 
Coverage for SMD and 
Evaporation 

All squares for 
UU region 

Weekly MORECS Data 
Period 2000 - 2012 

Figure 3: Raingauge coverage was good and UU had historic weekly MORECS SMD and evaporation 
Data dating back to 2000 for all grid squares in the UU region 
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Selection of Raingauges for Rainfall Series 
 
Suitable raingauges for each series were identified geographically based on the series boundary and 
raingauge locations. Raingauges were then selected based on proximity to catchment, altitude, period of 
record, logging interval (e.g. time-of-tip, 15 minute, hourly) and similar climate. A minimum of two raingauges 
were selected for each series to allow data clean up to be undertaken. 
 
Data Clean-Up 
 
The historic rainfall data was checked for missing or un-reliable data by searching data quality flags in the 
raw data. Missing or unreliable data was the replaced with data from a near neighbour raingauge with similar 
characteristics.  However, it was found that missing or unusual data periods were not always flagged and a 
second pass check was carried out by tabulating monthly rainfall totals and identifying the residual anomalies 
for data replacement. 
 
Rainfall Tools 
 
A number of software tools were used in the production and analysis of the rainfall time series: 
 
TSRSim (HR Wallingford) 
 
TSRSim was used as the stochastic rainfall generator for the PR14 time series rainfall generation. TSRSim 
was developed by HR Wallingford and may be used to produce time series rainfall with the following 
benefits: 

 Generated rainfall is based on local historic records (minimum 10 years), using the TSRSim model 
calibration facility; 

 TSRSim allows the generation of datasets up to 200 years;  

 Hourly output may be disaggregated to 5 minute timesteps for use in hydraulic modelling; 

 Extreme wet and dry periods are included; 

 The data facilitates the assessment of sewer flooding and overflow spill frequencies; 
  

RedFiler (MWH) 
 
RedFiler is a MWH developed rainfall data conversion and analysis tool. The software is under continuous 
development and has many functions. In the UU PR14 time series rainfall project RedFiler was used for: 

 Processing raw rainfall data from time-of-tip to InfoWorks .red file format; 

 Rainfall data clean-up; 

 Generation of continuous and discrete rainfall series; 

 Extraction of rainfall events based on inter-event period and the calculation and application of 
Antecedent Rainfall Depth, Evapotranspiration, UCWI and API30; 

 Statistical analysis and comparison of rainfall events and series including event return period 
analysis; 

 Manipulation of rainfall data including merging events to form multiprofile series, concatenating 
events, and editing rainfall profile data; 

CP383 Prototype Rainfall Tool (WRc) 
 
The CP383 Prototype rainfall tool is an output from the portfolio project “Modifying Existing Rainfall Design 
Sets for Climate Change” WRc (2010) developed with support from 3 water service companies. 
 
The tool and procedures developed by the project included: 

 Identification of a range of statistical measures to describe rainfall events and evaporation series for 
Historical and UKCP09 (Hourly Weather Generator) datasets; 
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 Development of a procedure/tool to calculate the site specific seasonal event changes in the 
UKCP09 data (from Control to Scenario); 

 Production of an optimisation procedure (and software tools) to modify the historical datasets to give 
‘future’ datasets. The procedure allows ‘future’ datasets to relate to the historical datasets by these 
climate change factors, whilst retaining as much of the historical structure as possible; 

 Application of the procedure to historical datasets; 

 
Figure 4: Software tools used for the UU PR14 time series rainfall project 

 
How Many Series Were Required? 
 
With rainfall series required for PR14 water quality projects located across the UU region and the need to 
assess the performance of all modelled overflows and other assets for business-as-usual processes for the 
AMP5 Model Maintenance Programme, a decision was made to renew all of the AMP3 rainfall series and at 
the same time to increase coverage. The number of rainfall series required was driven by this need and by 
the need to represent significant climate variability at a regional and local scale. Figure 5 demonstrates the 
variability in Average Annual Rainfall (AAR) across the UU region showing that this varies from 650mm in the 
south to 4000mm at Borrowdale in the Lake District in the north.  In the sewered catchments, AAR varies 
from 650mm to 2400mm which is still very significant.  
 
The requirement to create rainfall zones across the region with relatively homogeneous annual average 
rainfall and elevation resulted in over 40 rainfall series being created. Excellent temporal and spatial 
coverage by raingauges meant that this presented no significant constraints other than the man-hours 
required to create the series. Figure 6 shows the spatial coverage by the new rainfall series.  
 
Multi-Profile Series 
 
Spatial variation in rainfall at a catchment level needed to be represented in some cases through the use of 
multi-profile rainfall series containing profiles for several raingauges: 
 
 Several large sewer catchments had significant topographical and climate variation that needed to be 

represented. For example the Preston WwTW catchment spans over 30km with pumped flows to the 
WwTW inlet from 3 separate catchment areas, ranging from flat coastal topography at St Annes in 
the west, to hilly inland topography at Longridge in the east. Clearly a single rainfall profile would be 
insufficient here. Good coverage by fixed EA raingauges facilitated the development of a multi-profile 
rainfall time series for Preston. 
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 UU carried out a number of Integrated Catchment Management Studies (ICM) which involved the 
modelling of sewer and river catchments together for water quality purposes. The need to accurately 
represent the timing of river flows and input to rivers from the sewer models meant that the timing of 
flows in both systems was critical. The accurate modelling of spatial rainfall was critical in this 
process. The extent of the ICM studies and the input raingauges is shown in Figure 7.  

 A number of catchments in the Lake District showed significant variation at a local scale due to the 
mountainous topography. For example AAR at Windermere WwTW is 1640mm whilst at Ambleside 
just 9km to the north it is 2100mm and at Langdale, 4 km further north AAR is 2400mm.  There are 
separate fixed raingauges in all of these areas which were used in the development of rainfall series. 
Figure 8 shows the location of these catchments together with topography, Raingauges and AAR.        

  
Figure 5: The UU region has significant spatial 
variability in climate (image courtesy of UKWIR) 

Figure 6: The new rainfall series gave increased 
regional coverage compared to the previous 
data 

  
Figure 7: We needed to represent spatial 
variation in catchment rainfall at a river 

Figure 8: Some catchments showed significant 
spatial climate variation at a local scale. Good 
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catchment scale for our ICM studies raingauge coverage meant this could be 
replicated 

Whilst it is known that spatio-temporal stochastic rainfall models do exist, these have not yet been adopted 
as business-as-usual by the UK wastewater modelling community for time series rainfall generation. TSRSim 
and Stormpac do not feature this facility and due to the random temporal nature of single profile stochastic 
rainfall generation, it is not possible to merge two stochastic profiles to form a coherent multi-profile series. 
As UU required the use of multiprofile series in situations where there was a wide range in rainfall 
characteristics, the alternative using the stochastic rainfall series would have been to factor a rainfall series. 
This method had been used by UU previously as part of their AMP3 coastal modelling programme with poor 
results. Hence multiprofile series were generated using historic rainfall data for the full period of record where 
this exceeded 15 years. This would then be used in water quality modelling series as long as sufficient 
natural variability could be demonstrated in the historic input data. In view of the significant temporal climate 
variability in the North West over the last 15 years this was not a constraint.  
 
Creating and Checking the Historic and Stochastic Rainfall Series 
 
Where required, the cleaned-up historic rainfall was run through TSRSim to create a 100 year stochastic 
series from which a “best-fit” 25 year subset would be selected based on correlation with the historic rainfall 
data. This data was checked to ensure that the new series retained the overall characteristics of the historic 
series.  

Checks undertaken included: 

 SAAR vs AARHist vs AARTSRSim;  

 Winter/summer seasonal rainfall depth distribution - Historic vs TSRim;  

 Monthly average rainfall totals - Historic vs TSRSim; 

 Daily rainfall depth exceedance - Historic vs TSRSim; 

 Annual rainfall depth variability - Historic vs TSRSim; 

 Event return period analysis FEH vs historic vs TSRsim; 

The above processes were automated in RedFiler to create the graphical output shown in Figures 9 to 12. 
 
A number of acceptance thresholds were applied in assessing the validity of the series during the above 
checks. Overall, TSRSim generated series that showed very good correlation with the historic data. 
 
Compliant rainfall series were passed forward for event extraction. Non-compliant series were regenerated 
until compliance was achieved. 
 
 
 

 
 

Figure 9: Daily 
rainfall threshold 
exceedance check- 
Historic vs TSRSim 
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Figure 10: Monthly 
average rainfall 
totals check - 
Historic vs TSRSim 

 

 

Figure 11: Annual 
rainfall variability 
check- Historic vs 
TSRSim 
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Figure 12: Event 
return period (FEH) 
analysis example - 
Historic vs TSRSim 
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Conversion of Raw Rainfall Series to InfoWorks Format  
 
The QA compliant raw historic and/or TSRSim series was converted to InfoWorks compatible format using 
the event extraction function in RedFiler shown in Figure 13 below.  This included the following data 
input/output options: 

 Event Definition [minimum depth/intensity for extraction, Inter-event dry period - set to 9 hours] 

 Event Output Options [Continuous/Discrete - With/without evaporation] 

 Antecedent Condition Options [UCWI/NAPI/Antecedent Rainfall Depth] 

 SMD input format [Daily measured, Weekly measured, Monthly Measured, Monthly Mean] 

 Soil Type [WRAP Classes 1-5] 

 Evaporation [Measured, Sinusoidal, Fixed Winter/Summer] 

 
 
Figure 13: The rainfall event extraction function in RedFiler incorporates a number of data 
input/output options 

 

Climate Change 

One of the key differences between the AMP3 rainfall time series and the new PR14 rainfall time series was 
the requirement to include the effects of climate change using latest climate change predictions (at the time 
UKCP09) and methodologies.  

The most robust method of considering this would be to produce a comprehensive set of weather generator 
runs and to carry out sensitivity analysis using a range of probabilities. However, this would be extremely 
time consuming and given the number of locations involved and the time constraints, impractical. 

The chosen method was to use the output from the WRc led research project “Modifying Existing Rainfall 
Design Sets for Climate Change” (2010). 
 
The output from the project was an innovative methodology and prototype tools to adapt rainfall design sets 
for climate change using seasonal change factors derived from the UKCP09 Weather Generator hourly 
rainfall.  
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The project involved the following steps: 

 Identification of a range of statistical measures to describe rainfall events and evaporation series for 
Historical and UKCP09 (Hourly Weather Generator) datasets. 

 Development of a procedure to calculate the event changes in the UKCP09 data (from Control to 
Scenario) for a particular site and for a particular time period. These changes are calculated as 
differences and ratios for different event depth/duration categories. 

 Production of an optimisation procedure and tools that modify the historical datasets to give ‘future’ 
datasets. The procedure allows ‘future’ datasets to relate to the historical datasets by these climate 
change factors, whilst retaining as much of the historical structure as possible. 

The methodology involves calculating seasonal changes in the event characteristics in the UKCP09 data and 
then adjusting the historical events enough to accurately reflect these changes. The event characteristics are 
based on depth and duration categories as the UKCP09 data is not available at a finer resolution. 
 
The methodology is summarised in Figure 14 and 15 which includes outline details of the two prototype tools 
developed as part of the research project and the specific steps in the process where these are used.  
 

Generating the UKCP09 Data 

 Sign up for UKCP09 website; 
 Select data source as Weather 

generator simulation; 
 Select the emissions scenario  (High, 

Med, Low); 
 Select time frame e.g. 2040s (2030-

2059); 
 Select temporal average as monthly 
 Select rainfall catchment zone using 

GIS (see below – up to 40 no 5km 
tiles) 

 
 Select the sampling method and output 

type to generate 100 no 30 year series 
in csv format to feed step 2 opposite 

  

Climate Change Process 
 

 

Figure 14: UKCP09 Weather Generator data 
is downloaded from the UKCP09 website 
for the specific catchment (Image courtesy of 
UKCP09 website) 

Figure 15: The climate change process  
(process reproduced from WRc project report) 

 
Steps 4 and 5 are a critical part of the climate change process that involves manual intervention by the user. 
 
Step 4 - Specify a list of revised historical events involves deleting events (at random within seasons) 
from depth/duration categories where the numbers need to be reduced and duplicating existing events (at 
random within seasons) within categories where extra events are needed;- for categories that need extra 
events but do not have any historical events, copying existing events from other categories (within seasons) 
and specifying the depth and/or duration adjustment needed. Completion of this step produces a list of 



CIWEM UDG - Autumn Conference    
United Utilities Time Series Rainfall for PR14 and Beyond 

     Page 13    November 2015            

  

revised historical events (called the Revised Historical events) that reflect the UKCP09 changes in terms of 
event numbers by depth/duration. A final check at this stage is to ensure that the change in annual average 
depths and intensity (maximum hourly rainfall for an event), by season, is sensible as shown in Table 1. A 
further graphical check shown in Figure 16 is made to ensure that the temporal spread of seasonal 
adjustments through the series looks sensible.  
 
In Step 5 - Specify the date/times for the new events created in the previous step the new events are 
given date/times (based on season) such that they fit in with the existing events that have been retained 
without any overlaps. The Average Dry Weather Periods (ADWPs) for the revised historical events are then 
calculated and categorised. The change (Revised Historical minus Historical) in the numbers in each ADWP 
category are compared with the change indicated by the UKCP09 data (Scenario minus Control). Further 
adjustments to the date/times for the new events (or indeed the existing events) are made if required to 
ensure adequate agreement. At the end of this step the list of revised historical events is complete. Each 
event is based on an existing event with either the same or a revised date/time and with a specified 
adjustment factor for its depth and/or duration. 
 
Following steps 4 and 5 the revised UCWI an NAPI values are calculated and the data is exported to 
InfoWorks .red format. 
 
The above approach can be used for any emission standard and probability projection, but will only develop 
a perturbed rainfall series based on average climate change factors from the 3000 year  weather generator 
series.  
 
The method carries the inherent limitations of UKCP09 and the Weather Generator, key amongst these 
being the inability of the UKCP09 projections to adequately predict changes in convective rainfall. However, 
it is considered that the UKCP09 datasets and this procedure are adequate for use in adapting rainfall sets 
for water quality schemes which are not as dependent on extremes in rainfall intensity. A different approach 
would be required for flood risk schemes where an assessment of changes to extremes in rainfall intensity is 
needed and this is briefly discussed in the conclusions. 
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Table 1: Average Annual Rainfall Comparison and Seasonal Uplift Distribution Check for 
Scenario/Control vs Historic/Revised Historic 

Season 
Annual Averages Ratios 

Cntr Scen Hist Hist Rev Scen/Cntr Hist 
Rev/Hist 

Season 1 175.4 184.4 147.6 153.9 1.05 1.04 

Season 2 203.7 177.6 206.9 181.4 0.87 0.88 

Season 3 281.4 301.0 284.7 303.3 1.07 1.07 

Season 4 238.5 262.7 217.8 238.2 1.10 1.09 

Total Year 898.9 925.7 856.9 876.8 1.03 1.02 
 

Figure 16: Graphical checks were made to ensure that the temporal spread of seasonal adjustments 
through the series looked sensible.  

Table 1 shows the overall check that the calculated seasonal climate change uplifts (Scen/Cntr) were 
replicated in the climate changed output data (Hist Rev/Hist) 
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Output Data 

Table 2 shows the .red files outputs created for each series. 
 
Table 2: Rainfall Series Red File Output Data 
 

Series Type Continuous Discrete Evaporation No Evaporation Climate Change 

Historic     * 

25 Year TSRSim     ** 

100 Year TSRSim      

* Historic series climate changed for use in WQ analysis where period of record exceeded 15 years. 

** 25 year stochastic series climate changed for use in WQ analysis where historic series did not exceed 15 years in length. 
 
In addition to the rainfall series .red file data, a report detailing the rainfall series production, supporting 
rainfall analyses and QA checks created during the process were saved to the rainfall library as part of the 
process. UKCP09 input data and output data from the climate change process was also saved to enable the 
process to be replicated on an expanded (longer) data set later if required. 

Conclusion 

The UU PR14 Time Series Rainfall Project achieved the following: 

 A new regional time series rainfall data-set was created for PR14 and beyond with increased 
coverage compared with the previous data; 

 The rainfall series include a climate changed version with seasonal uplifts based on UKCP09; 

 The rainfall series include the effects of the significant natural climate variability seen in the period 
2000 - 2012; 

 Multi-profile rainfall series have been developed to meet the needs of sewer catchment modelling in 
large sewer catchments and integrated water quality catchment modelling at a river basin scale; 

 The historic rainfall series may be used to investigate real-time events at a high level e.g. 
Investigating the cause of CSO spills or tank operation;  

 Innovative tools and methods have been developed and incorporated into the process to increase 
speed, accuracy and consistency; 

 The process enables the efficient production of new rainfall series or the extension of existing series 
to include recent rainfall periods; 

 A repeatable and scalable  process has been developed that may be modified to incorporate future 
developments in software and climate change research - See Figures 17 and 18;  

 A limitation of the method was in the climate change process which inherits the limitations of 
UKCP09 and includes climate changes based on arithmetic averages of events from 100 number 
UKCP09 30 year series.  

Future Work and Improvements 

Possible future improvements to the method include: 

 A climate change tool could be developed to take into account future predicted changes in rainfall 
using latest climate change predictions which include changes at a sub-daily scale (for example 
CONVEX- Met Office/University of Newcastle outputs) adopting a similar or improved approach to 
the WRc method described in here; 

 
. 
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Figure 17: The current process 

 
 
Figure 18: The future process?  - The current process is readily adaptable to incorporate new 
software or methodologies 
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