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EXECUTIVE SUMMARY 

 

 

 

 

Analysis of rainfall records for all of the UK from 1990 to 2010 shows an upward trend in the 
rain rate exceeded for 0.01% time, a parameter used for fixed-link assignments.  The rate of 
change tends to increase from north to south. 

When Ofcom's current rain map was brought into use in 2001 it tended to over-estimate the 
0.01% rate compared to the 20-year trends found in this study.  Since then the degree of over-
estimation has decreased due to rising 0.01% rates.  By 2015 the Ofcom map is expected still 
to over-estimate the 0.01% rate over most of the UK, although by then there will be smaller 
but increasing areas where it under-estimates. 

A new UK rain map has been prepared of the rain rate expected to be exceeded for 0.01% 
time in the year 2015, based on the trends found in the analysis.  

The 0.01% rate is increasing sufficiently rapidly, approaching 0.8 mm/h per year in some 
places, that it would be advisable to update the analysis of rainfall data on a regular basis.  
This would be facilitated by standardising the format in which the required data can be 
downloaded from the agencies involved in making the measurements. 

Software associated with the Study Group 3 Recommendation ITU-R P.837-6 played an 
essential role in analysing some of the available rainfall data.   

 

Note: The rain-gauge data used in these studies was provided to Ofcom by the Environment 
Agency and The Met Office. The research work was conducted by dB Spectrum Services 
Limited under Ofcom Contract No.796  and the research and findings are completely 
independent of the Environment Agency or The Met Office.  
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1. INTRODUCTION 
Ofcom wishes to determine whether climate change is having a sufficiently large effect on 
rain rates exceeded for 0.01% of time in the UK that the rain map used to calculate fade 
margins for microwave links should be revised.  For this purpose Ofcom obtained rainfall 
data, originally from the Environment Agency covering England and Wales, and for Stage 2 
of the project from the Meteorological Office for Scotland and Northern Ireland.   

The symbol 𝑅01 is used to denote the rain rate exceeded for 0.01% of time.  An objective of 
the study is to determine whether there are statistically-significant trends in 𝑅01.  It is 
expected that any such trends will differ at different locations. 

In Stage 1 of project, described in the Progress Report of 9 May 2012 [1], rainfall data for 
England and Wales was analysed from 1990 to 2010.  The results showed a clear upward 
trend in the rain rate exceeded for 0.01% time.   

Three issues were noted in Stage 1 which should receive attention in Stage 2: 
a) With the data-selection criteria used in this first stage of the project few results were 

obtained in the south midlands and in the region of the Wash. 
b) The temporal trend in 𝑅01 at Newcastle was found to be unusually low, and inspection 

showed that this relied on relatively few rain gauges.    
c) No rain-gauge data was available for Scotland and Northern Ireland. 

This Final Report covers the following: 
i) A relaxation of selection criteria leading to an improvement in data coverage for the 

south midlands and in the region of the Wash, although it did not remove the data 
sparseness described in a) above.  

ii) The low rates in the region of Newcastle mentioned in b) above were confirmed by 
additional results available due to the relaxation of selection criteria. 

iii) Concerning c) above, rain-gauge data for Scotland and Northern Ireland became 
available from the Meteorological Office in time for Stage 2, and was analysed to 
complete coverage of the UK. 

iv) A rain map covering all of the British Isles and surrounding sea was compiled, projected 
for the year 2015 based on the temporal trends identified in this study. 

To report the complete project in a coherent manner with documents of reasonable length, the 
Progress Report dated 9 June is delivered again, still as a separate document, under the title 
"Stage 1 Report" [1].  One correction was made: in the Progress Report, figure G.1 
incorrectly gives the trend slope at Birmingham as 6.18 mm/h per year.  In [1] this has been 
corrected to 0.32 mm/h per year.  A few editorial corrections have also been made.  This 
present report is titled "Stage 2 and Final Report".  It refers to but does not duplicate the 
Stage 1 Report.  As for the Stage 1 Report, this Stage 2 and Final Report is intended to be 
concise, with the emphasis on results and conclusions.  Details of data and analysis methods 
are contained in annexes.   
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2. TIMETABLE 
Stage 1 was conducted, using rainfall data for England and Wales only, during March and 
June 2012.  The Stage 1 results were presented as a Progress Report dated 9 May 2012, and 
discussed at a progress meeting on 14 May 2012.  At this meeting Ofcom stated that the 
project should continue to Stage 2.  Originally, the main objective of Stage 2 was to produce 
a UK rain map suitable for use in Ofcom's software.  At the progress meeting, however, it 
was thought that rainfall data might be available for Scotland and Northern Ireland, which 
would make the final map much more reliable in these areas.  Ofcom undertook to request 
such data from the Meteorological Office, and requested that Stage 2 of the project also 
incorporate this additional information in the data analysis. 

The new rain data for Scotland and Northern Ireland was received at the end of June, and 
most of the Stage 2 work was performed in July and August, 2012.  The new data was found 
to be wholly different from the England and Wales data in organisation and format, requiring 
a new analysis method to be set up to extract 𝑅01 rates. 

 

3. ISSUES BROUGHT FORWARD FROM STAGE 1  
The lack of results in a line stretching from the region of the Wash to about Swindon was 
investigated.  The data files in this region were found to be similar to elsewhere in terms of 
the quality codes, incidence of formatting errors, etc., but there was a pronounced tendency 
for less-regular cumulative distributions of rain rate.  This resulted in a large proportion of 
results to be filtered out by the shape-factor criterion described in [1] Annex C, Section C.2.5. 

Annexes A to D describe the effect of relaxing the shape-factor criterion from 0.06 to 0.10.  
This change increased the total number of gauge-year results in England and Wales from 
5,896 to 8,614, including a useful increase in the number of results in some of the more 
sparsely-covered regions.  The affect on the final results consists of a small increase in the 
spread of 𝑅01 values and their rates of change, but with no systematic bias.  It is concluded 
that the less-severe shape factor of 0.01 can be used safely. 

The new results confirm the low values of 𝑅01 previously noted in the vicinity of Newcastle.  
There appears to be a distinct region where intense rainfall is uncommon along the north-east 
coast of England.  It is apparent in the current UK rain map and is now well supported by 
available data. 

 

4. NEW DATA FOR SCOTLAND AND IRELAND 
New Meteorological Office rainfall data for Scotland and Northern Ireland was received at 
the end of June 2012.  This data is described and an account given of its analysis in Annex E.  

The analysis process was necessarily different from the method for England and Wales 
described in the Stage 1 Report [1].  The records consisted entirely of hourly rainfall values.  
The resulting cumulative distributions of hourly rain rate was converted to distributions for 
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1-minute integration times using ITU-R software associated with P.837-6.  This software 
played a vital role in the analysis of the new data.  With no comparable measurements with 
shorter integration times for comparison, it may not have been practicable to incorporate the 
new data into the UK rain map without the ITU software.  It is commented that this is an 
example of the UK gaining direct benefit from its support of Study Group 3. 

Despite the differences between the basic data and the method of analysis, no conspicuous 
discontinuity was found to exist at the geographic border between the two datasets.  This is 
illustrated for the temporal trends in 𝑅01 in Annex E figure E.7, and in Annex F where the 
new gauge-year maps are presented. 
 

5. THE NEW GAUGE-YEAR MAPS 
Annex F shows the new gauge-year maps for 1990 to 2010 inclusive.  In these maps the 
location of each gauge supplying an 𝑅01 value is shown for each year.  Only the values 
coming directly from individual gauges appear on these maps.  They correspond to those 
shown in Annex E to the Stage 1 Report [1].  With the additional results from Scotland and 
Northern Ireland the maps cover a larger geographic area. 

As in the case of the temporal trends shown in Annex E figure E.7, no discontinuity in 𝑅01 
values is evident in the new gauge-year maps at the boundary between the two datasets, on 
one side England and Wales, on the other Scotland and Northern Ireland.  The lower spatial 
density of gauges in the latter dataset is clearly visible, but there is no obvious shift in the 
colour coding of the gauge symbols. 
 

6. COVERAGE OUTSIDE THE UK 
The method described in the text associated with figure C.15 in Annex C of the Stage 1 
Report [1] was again used to extend each gauge-year map to cover the required rectangle.  In 
this case the rectangle covers a larger area, from -200 to 1,000 km grid east, and -200 to 
1,300 km grid north. 

Figure 1 shows the extended map for 2010.  The extended sample points form a regular grid 
to complete the map where gauge data is not available.  Each extended map has 𝑅01 values 
set by an averaging process which takes account of the closest gauge data, but which avoids 
the extreme values normally produced by extrapolation.  The objective is to produce stable 
values around the British Isles, typical of the UK rain climate.  The North Sea is of particular 
interest since some microwave links are used at oil and gas platforms. 

An alternative to the map extension shown in figure 1 would be to blend the UK map into the 
global map associated with Recommendation ITU-R P.837.  There are reasons, however, to 
believe that this global database significantly over-estimates 𝑅01 in the region of the British 
Isles. 

A series of contributions to WP 3J from Norway and the UK [2,3,4,5] describe comparisons 
between measured rainfall intensity and the ITU-R global map associated with P.837.  In 
particular these papers demonstrate the increase in predicted intensity following the revision 
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from P.837-4 to P.837-5.  This change has resulted in the ITU-R data over-estimating 𝑅01, 
compared to measurements, particularly in the west and north of the UK, and at the south-
west coast of Norway. 

 

 
Figure 1.  Extended rain map for 2010 

 

 

The contribution from Norway in 2010 [4] gave measured 𝑅01 values for the Norwegian 
coast visible in figure 1 in the range 20 to 25 mm/h.  The extended UK data in the same 
region, as shown in figure 1, is in the range 15 to 20 mm/h.  The current ITU-R prediction in 
the same region is in the range 45 to 50 mm/h.  This suggests that the extended UK map 
shown in figure 1 is a realistic prediction around the UK coast, including all of the North Sea, 
whereas the ITU map would give a large over-estimation of 𝑅01 . 

The ITU global rain map is based on weather models rather than measurements.  An 
empirical global product would be preferable, but it seems that available and suitable rain 
data are globally too sparse, both spatially and temporally, for this to be practicable.  P.837 
has always recommended the use of local measurements where available. 
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Figure 2 illustrates the discrepancy between the UK and ITU-R data.  It shows the extended 
UK map for 2010 with interpolation to the P.837-5 global map based on an ellipse around the 
area covered by the UK data.  There is a large upward gradient in 𝑅01 at the outer regions of 
the map where the interpolation is taking place. 

 
Figure 2.  Extended rain map for 2010 plus interpolation to P.837-5 map. 
 
Adopting the interpolation to ITU-R data shown in figure 2 would make little difference in 
practice except for a link much further from the UK than normal.  But the Recommendation 
P.837 itself stresses that local measurements are preferable to the global map, and in view of 
the fairly close agreement with measurements at the Norwegian coast, it was decided in 
consultation with Ofcom to base the final rain map on extended UK maps, typical of the map 
shown in figure 1 above. 
 
7. INTERPOLATED RAIN MAPS 
Annex G contains plots of the new extended and spatially-interpolated maps from 1990 to 
2010.  These are plotted using the same colour coding as the corresponding maps from Stage 
1 of the project.  Thus the maps in Annex G can be compared directly with those in Annex F 
of the Stage 1 Report [1].  In the new maps there tends to be more detailed variation in 𝑅01 
due both to additional values in England and Wales and the new data from Scotland and 
Northern Ireland.  
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8. TREND RAIN MAPS 
Temporal trends were extracted by linear regression at each datum of the interpolated rain 
maps.  The regression intercepts were calculated for the year 1990, and the regression slopes 
over 1990 to 2010.   

Figure 3 is a map of the rates of change of 𝑅01 during 1990 to 2010.  There are a few areas in 
the West Country where 𝑅01 decreased slowly, and in northern Scotland 𝑅01 increased very 
little.  Almost everywhere else in the UK 𝑅01  increased significantly.  The highest rates of 
increase, approaching 0.8 mm/h per year, are in the south-east of England. 

 
Figure 3.  Rates of change in 𝑹𝟎𝟏 , 1990 to 2010 

 

With regression coefficients available, a rain map can be calculated for any selected year.  
With the year-to-year variability removed, these change smoothly for successive years. 

Annex H shows trend rain maps at five-year intervals from 1990 to 2015.  The last map, for 
2015, is based on the assumption that the trends during the period 1990 to 2010 continue for a 
further 5 years. 

Figure 4 shows the predicted 2015 𝑅01 map with the same colour scale as in the 
corresponding map in figure 3 of the Stage 1 report [1], thus simplifying comparison.  The 
relaxation of the shape-filter criterion has produced minor changes in England and Wales.  
New details are now evident in Scotland and Northern Ireland. 
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Figure 4.  Predicted 𝑹𝟎𝟏 map for 2015. 

 
9. FINAL RAIN MAP 
Ofcom have requested a final rain map to be delivered for the year 2015.  The basis of this 
map will thus be the values of 𝑅01 shown colour-coded in figure 4.  These data have been 
spatially smoothed to some extent by the process of extending and interpolating the gauge-
year maps into regular arrays of points at 10 km intervals, in addition to the averaging 
produced by the extraction of temporal trends, which removes the irregularities in year-to-
year variations of the measured results. 

Further processing may be needed as follows: 
a) Additional smoothing may be considered necessary.  In some of the minima in figure 4 

the slope of 𝑅01 with position changes rapidly.  In other words, they form "sharp" 
downward spikes. 

b) Quite apart from smoothness, it may be desirable to limit the rate at which 𝑅01 changes 
with position, even if it changes smoothly.  This concerns how rapidly it is appropriate 
for the fade margins awarded to identical links to vary with location. 

c) The data shown in figure 4 are on a regular grid with points spaced at 10 km.  It is 
thought that the rain map used by Ofcom's software has data at 5 km spacing.  The data 
in figure 4 can be converted to an array with 5 km spacing by further interpolation, 
which can conveniently be incorporated in the processing related to a) and b) above.   
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d) It is not clear at the time of writing what the geographic coverage of the final rain map 
should be, except that it is not expected to extend beyond the map shown in figure 4.  It 
is a simple process to adjust the size of an array forming a map and to add the header 
required by the software. 

This section describes the processing required for points a) and b), which will include c).  A 
proposed smoother map at 5 km spacing has been generated and is illustrated below.  The 
subsequent production of the required size of operational map is viewed as a detail which 
does not need to be covered in this Report. 

The methods used for the various interpolation and smoothing processes is described in detail 
in Annex J.  This gives both the equations defining the processes, and also the parameters 
used at the various stages of the complete analysis to produce the proposed map. 

The situation with regard to b) and c) can be illustrated by plotting 𝑅01  against one grid 
coordinate while keeping the other constant.  Figures 5 and 6 show 𝑅01 plotted against grid 
east for five values of grid north, and against grid north for five values of grid east, 
respectively.  The lines are chosen to pass over areas of large variation in 𝑅01 . 

The most pronounced sharp minimum observed in these graphs can be seen at 300 km E and 
100 km N in figure 5.  There are a number of other angular or steep features in these graphs. 

 
Figure 5.  𝑹𝟎𝟏 predicted in 2015 plotted against grid east 
 

 
Figure 6.  𝑹𝟎𝟏 predicted in 2015 plotted against grid north 
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The processing of the data plotted in figure 4 to the proposed final data shown in figure 7 
below is summarised as follows.   
i) The 10-km spaced data in figure 4 is interpolated with little smoothing into a map with 5 

km spacing.  This is referred to as array A1. 
ii) The 10-km spaced data in figure 4 is interpolated into a map with 5 km spacing using a 

fairly large degree of smoothing intended to limit the rates of change of 𝑅01 with location 
to values considered acceptable for the final map.  This is referred to as array A2. 

iii) A characteristic of smoothing is that the range of the data values tends to be reduced.  
Maxima and minima tend to decrease and increase respectively.  In the case of A1 and 
A2, the highest value of 𝑅01 in A1 is reduced by more than 4 mm/h by the smoothing.  
Reducing 𝑅01 will result in fade margins being less than required to provide the intended 
link availability, and presumably is to be avoided.  (The opposite, increasing a minimum, 
is undesirable in terms of spectral utilisation, but does not jeopardise link performance.) 

iv) Thus a final processing stage compares arrays A1 and A2, and in regions where the 
smoothing has reduced high values of 𝑅01 an adjustment is calculated to prevent the 
under-estimation.  This process produces a third map, referred to as array A3, holding the 
data for the proposed final rain map. 

 

Figure 7.  Predicted 𝑹𝟎𝟏 map for 2015 with additional smoothing. 
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A detailed description of the process, including how interpolation parameters are set 
according to the degree of smoothing required, is given in Annex I. 

Figure 7 shows array A3 plotting with the same colour-coding as figure 4.  Comparison with 
figure 4 shows somewhat less detail in the colouring, with the maximum values little 
affected, but the minima increased. 

Figures 8 and 9 show the same cuts through the A3 map as figures 5 and 6.  Comparison 
shows similar maxima and increased in minima in the A3 map.  The A3 cuts also show 
marked reductions in the highest rates of change of 𝑅01 with location, and a generally 
smoother appearance. 

The map shown in figure 7, based on array A3 calculated as described above, with more 
detail available in Annex I, is proposed as a suitable basis for a new operation rain map. 
 

 

Figure 8.  𝑹𝟎𝟏 predicted in 2015 with additional smoothing plotted against grid east 
 

 

Figure 9.  𝑹𝟎𝟏 predicted in 2015 with additional smoothing plotted against grid north 
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10. CONCLUSIONS 
The relaxation of the shape-filtering criterion has produced better spatial coverage of rain-
gauge data within England and Wales, and the newly-available data from Scotland and 
Northern Ireland has extended measured data to cover all of the UK.  Despite the necessary 
differences in analysis methods, it is encouraging to note that there is no obvious 
discontinuity in the rainfall rate exceeded for 0.01% time, 𝑅01 , nor in its temporal slope, at 
the boundary of the two datasets. 

The generally-upward trend in 𝑅01 noted in Stage 1 of the project is confirmed.  There are 
clear regional trends in the temporal slope of this rate, as illustrated in figure 3.   

The map shown in figure 7, based on array A3 as described in Section 9, is proposed as a 
suitable basis for a new operation rain map. 

 
11. FURTHER WORK 
The measured rainfall data for Scotland and Northern Ireland was unexpectedly so different 
from the England and Wales data that no common element existed in the analysis of the two 
datasets prior to the compilation of gauge-year maps.  In view of the importance of such data, 
and the essential similarities in how it is recorded, it might be worthwhile to initiate 
discussions with the appropriate agencies with a view to standardising download formats for 
future use. 

It would be of value to update the analysis to follow trends in rainfall intensity.  The Scotland 
and Northern Ireland data covered 1991 to 2011, whereas the England and Wales data 
covered from 1990 but only up to 2010.  It would simplify analysis updates if the data format 
could be standardised, as commented above. 

The requirement discussed in Section 9 and Annex I for a method to increase spatial 
smoothing without reducing local maxima in 𝑅01 has been met with a compromise method.  
A more rigorous solution may exist, which could merit further study. 
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ANNEX A 

ISSUES BROUGHT FORWARD FROM STAGE 1 

 

A.1 Geographic data coverage 

The Stage 1 Report [1] provides detailed information on the methods used to select rainfall 
data from the Environment Agency files.  Several filtering levels were defined to select 
which type of records and quality codes were appropriate.  Due to a serious lack of coverage 
over much of England and Wales, particularly prior to 2000, the most inclusive option, Filter 
Level 3, was finally selected.  This however passed a significant proportion of poorly-
conditioned data, so a second filtering process was adopted to operate directly on the shape of 
the resulting cumulative distributions of rain rate, based on the principle that these should be 
smooth.   

Tests were applied to distributions to assign a shape factor (SF) to each gauge-year of results.  
The calculation of shape factor is described in the Stage 1 Report [1] Annex C, Section C.2.5, 
in the paragraph immediately before figure C.11.  Distributions exceeding a given shape-
factor value were rejected.  Setting the criterion was facilitated by a number of cases where 
data from co-sited gauges are recorded.  On the basis that both gauges would receive very 
similar rainfall, if one distribution is significantly less smooth than the other it was assumed 
to be erroneous.  The criterion used in Stage 1 was set at 0.06, which selects the red 
distribution in figure A.1, and rejects the blue distribution. 
 

 
Figure A.1   Cumulative distributions distinguished by shape factor = 0.06  
 
Adopting a shape-factor of 0.06 selected good-quality rain-rate data, but it produced less 
geographic coverage than desirable, as shown by the gauge-year maps illustrated in [1] 
Annex E.  The complete analysis process takes several days, including lengthy computer 
runs, and it would not have been practicable to include further experimentation in data-
filtering during Stage 1.  Thus the Stage 1 analysis proceeded on the basis that the resulting 
rain rates exceeded for 0.01% of each year would at least be reliable.  The resulting temporal 
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trends, extracted from 21 interpolated rain maps for each year from 1990 to 2010 inclusive, 
appear to bear this out.  Clear upward trends in the 0.01% rates, with 95% confidence levels, 
were found everywhere in England and Wales. 

For a new UK rain map, however, the geographic coverage of the 0.01% rates obtained in 
Stage 1 was considered unsatisfactory.  In addition to the generally sparse coverage prior to 
2000, there was a persistent "empty" corridor of missing data stretching approximately from 
Swindon to the Wash.  It was thought that this might be due to fundamental differences in 
data-recording methods used by the Environment Agency regions concerned which had not 
been detected in the original examination of the data files.  It was therefore decided that Stage 
2 of the project would include further study concerning data selection. 

On doing so it was found that no basic difference in data recording protocols appeared to be 
involved, simply that data from the missing regions was failing to meet the 0.06 shape factor 
criterion.  Data from sites in the region north of London out to the Wash tended to be more 
prone to irregularities than most of the data from elsewhere. 

Following a number of comparisons, a new shape factor criterion, SF = 0.1, was selected.  
Figure A.2 shows a cumulative distribution of rain rate with a shape factor of 0.096.  This is 
from one of the stations in the empty corridor north of London.  With the maximum 
acceptable shape factor increased from 0.06 to 0.1 this distribution is accepted by a small 
margin.  Thus it represents about the worst degree of irregularity which is allowed by the 
more relaxed criterion. 
 

 
Figure A.2   Cumulative distribution with shape factor = 0.096  
 

It is, of course, possible that the irregular cumulative distribution in figure A.2 accurately 
reflects the pattern of rainfall.  If so it implies that, over the year concerned, one or more rain 
events occurred with most rainfall at 20 and 40 mm/h with little rainfall at intermediate rates. 

On the other hand, some distributions obtained in Stage 1 are clearly influenced by 
instrumentation issues.  Figure A.3 shows two distributions from co-sited gauges for 2005.  
The red trace shows a good distribution.  The blue trace appears to be affected by 
quantisation.  The centre of each step coincides quite accurately with the red trace up to 
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12 mm/h exceeded for 0.06% time, above which it remains limited.  The blue distribution 
clearly cannot give the rate exceeded for 0.01% of time. 

 
Figure A.3   Results from co-sited gauges for 2005  
 
On the basis of the results in figure A.2, it was decided to relax the shape-factor criterion 
from 0.06 to 0.1 to assess to what extent the final results changed, and whether the changes 
were sufficiently minor.  To facilitate this comparison, Annex B shows the gauge-year maps 
for all years, with maps for SF = 0.06 and SF = 0.1 compared in pairs. 

Annex C shows the interpolated rain maps obtained for each year from 1990 to 2010 using 
SF = 0.1.  Compared to the corresponding maps using SF = 0.06, illustrated in [1] Annex F, 
the new maps follow the same general trends, but have more structure in the east  

Annex D shows the annual 𝑅01rates and the fitted temporal trend lines and confidence 
intervals obtained with SF = 0.1.  These may be compared to the corresponding graphs for 
SF = 0.06 in [1] Annex G. 
 
A.2 Low 0.01% rates and temporal trends in the north-east 

The Stage 1 results showed that 𝑅01 increased from 1990 to 2010 at all of 18 test points in 
England and Wales, the locations of which are shown in [1] figure 2.  The annual rates and 
the trend lines fitted to them appear in [1] Annex G figures G.1 to G.6.  However, the rate of 
increase at Newcastle shown by these results is much lower than at the other locations.  
Geographic coverage of rainfall data in Stage 1 was rather sparse in the north-east of 
England, and the question arose as to whether this was an anomalous result produced by one 
gauge. 

Changing the shape factor from 0.06 to 0.1 allowed more data into the analysis of temporal 
trends, and as shown in Table D.1 and figure D.7 , although the 2010 𝑅01 rate decreased 
slightly at Newcastle, the slope of the trend line is now more typical of other locations.  Both 
the Stage 1 trend map for 2000 and the present UK rain map show a distinct region of low 
𝑅01 in the north-east of England, and thus appears to be well supported. 
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ANNEX B 

THE EFFECT OF CHANGING MAXIMUM SHAPE FACTOR FROM 0.06 TO 0.1 

 

This annex is auxiliary to Annex A. 

In order to address the sparse geographic data coverage noticed in Stage 1, the analysis was 
repeated using the same method except for an increase in the maximum acceptable shape 
factor from 0.06 to 0.1 used when selecting cumulative distributions of rain rate for each 
gauge-year.  The calculation of shape factor is described in the Stage 1 Report [1] Annex C 
Section C.2.5 in the paragraph immediately before figure C.11. 

This increased the geographic coverage of data, particularly in the north-east and south-east 
prior to 2000, and provided some new results in a persistent "empty" corridor which in some 
years extends from Dorset to the Wash. 

However, increasing the maximum acceptable shape factor inevitably means that some 
lower-quality data will influence the final results.  This annex provides a detailed comparison 
of how the relaxation of shape-factor criterion improves geographic coverage. 

Figures B.1 to B.7 show the gauge-year maps for all years, with maps for SF = 0.06 and 
SF = 0.1 compared in pairs. 
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Figure B.1   Gauge-year maps comparing SF 0.06 and 0.1: 1990 - 1992  
 
In 1990 - 1992 the main region to benefit is the south-east, with a few new gauge-years 
appearing in the previously empty corridor. 

In 1990 and 1991 new gauge-years appear in the north-east of England.  This is welcome 
since in the Stage 1 results the 0.01% rates at Newcastle appeared anomalously low, although 
based on relatively little data. 
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Figure B.2   Gauge-year maps comparing SF 0.06 and 0.1: 1993 - 1995  

 

The same trends continue in 1993 - 1995, with additional data in the north-east and south-
east, and useful amounts of data in the previously empty corridor.  Data to the east of the 
Pennines down to about Cambridge, however, remains consistently sparse compared to 
further west, except that the West Country itself remains empty. 
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Figure B.3   Gauge-year maps comparing SF 0.06 and 0.1: 1996 - 1998  

 

Similar trends continue in 1996 - 1998.  The corridor and the south-east are the main 
beneficiaries. 
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Figure B.4   Gauge-year maps comparing SF 0.06 and 0.1: 1999 - 2001 

 

In 1999 - 2001 the previously empty corridor is the main beneficiary, plus some additional 
gauge-years on the north-east coast. 

In 2001 there is less data in and around Dorset, leading to an apparent "empty" corridor 
approximately from Exmouth to the Wash. 
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Figure B.5   Gauge-year maps comparing SF 0.06 and 0.1: 2002 - 2004 

 

From 2002 geographic coverage is fairly general over England and Wales with both shape 
factor criteria, except for the corridor.  A shape factor of 0.1 contributes usefully to providing 
data in this corridor, but is still shows a tendency to sparse coverage,  
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Figure B.6   Gauge-year maps comparing SF 0.06 and 0.1: 2005 - 2007 

 

In 2005 - 2007 the same trends continue.  In 2007, allowing larger shape factors has 
particularly disappointing results, with London and the region to its north poorly covered. 
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Figure B.7   Gauge-year maps comparing SF 0.06 and 0.1: 2008 - 2010 

 

In 2008 - 200 Dorset and the surrounding region is well covered with both shape factor 
criteria.  In 2008 and 2009 the larger shape factor contributes useful additional data in the 
corridor near the Wash. 
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ANNEX C 

INTERPOLATED ANNUAL RAIN MAPS USING SF = 0.1 

 

This annex is auxiliary to Annex A.  It shows the interpolated annual rain maps obtained 
from the same input files used in Stage 1 but in this case with SF = 0.1, resulting in better 
geographic coverage of the data but with presumably some lower-quality data included in the 
analysis.  These maps may be compared with those for SF = 0.06 in [1] Annex F. 

 

 
Figure C.1  Interpolated 0.01% maps with SF = 0.1: 1990 - 1997  
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Figure C.2  Interpolated 0.01% maps with SF = 0.1: 1998 -2005  
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Figure C.3  Interpolated 0.01% maps with SF = 0.1: 2006 - 2010  

 

Changing the maximum acceptable shape factor from 0.06 to 0.1 produces more detail in 
these rain maps, particularly in the south and east, where larger year-to-year variations are 
now indicated. 

The tendency to low 0.01% rates in the neighbourhood of Newcastle is better supported with 
the improved geographic data coverage.  It would appear that this is a systematic tendency of 
the weather rather than an artefact produced by sparse data. 
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ANNEX D 

TEMPORAL TRENDS USING SF = 0.1 

 

This annex is auxiliary to Annex A.  It shows the temporal trends obtained for 18 test 
locations distributed in England and Wales derived from the same input files used in Stage 1 
but in this case with SF = 0.1.  The corresponding temporal trends using SF = 0.06 in Stage 1 
appear in Stage 1 Report  [1] Annex G. 

 
Figure D.1 Temporal trends at Aberystwyth, Birmingham and Bristol 
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Figure D.2 Temporal trends at Carlisle, Dover and Exeter 
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Figure D.3 Temporal trends at Holyhead, Hull and Keswick 
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Figure D.4 Temporal trends at Liverpool, London and Newcastle 
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Figure D.5  Temporal trends at Norwich, Penzance and Petersborough 
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Figure D.6 Temporal trends at Portsmouth, Sheffield and Tenby 
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Table D.1 and figure D.7 summarise figures D.1 to D6 above.  The trend rates in mm/h per 
year are calculated values.  The 𝑅01 rates for 2010 were read from the graphs. 

Table D.1  Summary from figures D.1 to D.6 above 

Location 
number 

SF = 0.06 SF = 0.10 
Place 
name 

2010 
𝑅01 

Trend 
mm/h/year 

2010 
𝑅01 

Trend 
mm/h/year 

1 27.0 0.21 26.0 0.14 Aberystwyth 
2 25.5 0.32 27.0 0.37 Birmingham 
3 28.5 0.37 29.0 0.32 Bristol 
4 24.0 0.27 24.5 0.35 Carlise 
5 28.5 0.50 30.0 0.73 Dover 
6 29.0 0.38 23.0 0.00 Exeter 
7 25.0 0.20 24.5 0.14 Holyhead 
8 24.5 0.23 25.0 0.27 Hull 
9 29.0 0.40 29.5 0.44 Keswick 

10 25.0 0.22 25.5 0.21 Liverpool 
11 24.0 0.30 22.0 0.51 London 
12 20.0 0.05 19.5 0.25 Newcastle 
13 24.5 0.22 24.0 0.38 Norwich 
14 27.0 0.30 24.5 0.12 Penzance 
15 24.0 0.20 22.0 0.17 Petersborough 
16 28.0 0.41 28.5 0.42 Portsmouth 
17 24.0 0.24 24.0 0.21 Sheffield 
18 29.0 0.38 28.0 0.33 Tenby 

 

 

Figure D.7  𝑹𝟎𝟏 rates in 2010, mm/h, and trends, mm/h per year, for SF = 0.06 and 0.10 

 

There is no general bias in the results shown in Table D.1 and figure D.7.  The 2010 𝑅01 rates 
and the slopes of the trend lines both increase and decrease in different places as the shape 
factor is changed from 0.06 to 0.10.  Most of the changes are not large compared to the 
scatter in the results.  Exeter (location 6) shows the largest change, with reduction in both 
quantities.  At Exeter the temporal trend is zero when SF = 0.10, perhaps the most 
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unexpected change.  London (location 11) shows a decrease in 2010 𝑅01 rate, but a 
substantial increase in the temporal trend. 

The main overall effect is a moderate increase in the scatter of the results.  Table D.2 
summarises this with the minima and maxima values for the two values of shape factor. 

 

Table D.2.  Minima and maximum from Table D.1 and figure D.7. 
     
 SF = 0.06 SF = 0.10 
 Min Max Min Max 
2010 𝑅01 20.0 29.0 19.5 30.0 
Trend mm/h per year 0.05 0.50 0.00 0.73 
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ANNEX E 

NEW DATA FOR SCOTLAND AND NORTHERN IRELAND 

 

E.1 Data files 

The new data for Scotland and Northern Ireland were supplied by the Meteorological Office 
purely as hourly rainfall records.  The content and format of the data files were so different 
from the England and Wales data that no common analysis element could be used prior to the 
compilation of gauge-year maps. 

The data were supplied in 30 csv files, each for a single gauge location.  The format of each 
file is extremely simple.  After a headings line, each data line had the same format with 7 csv 
fields.  The first few lines of the file from Ballykelly are as follows: 
STATION_NAME,OB_END_TIME,ID,MET_DOMAIN_NAME,ID_TYPE,SRC_ID,PRCP_AMT 
"BALLYKELLY","06/12/1994 12:00:00","938594","SREW","RAIN",1429,0 
"BALLYKELLY","06/12/1994 13:00:00","938594","SREW","RAIN",1429,0 
"BALLYKELLY","06/12/1994 14:00:00","938594","SREW","RAIN",1429,0 

The 1st field repeats the station name, which is also the filename. 

The 2nd field is the date/time-stamp.  All are hourly.  The software written to read these files 
checked that all minutes and seconds were zero. 

No useful meaning could be found in the 3rd, 4th and 6th fields.   

The 5th field appears to indicate data type.  The software confirmed that it was always 
"RAIN". 

The 7th and last field is the rainfall during the hour in mm, zero in the first three lines in this 
case.  This is given the symbol 𝐹.    

No additional explanation was provided with these files.  The stations are identified by name, 
but coordinates do not seem to be present.  A request was made to provide the coordinates, 
but no response was obtained beyond an automatic out-of-office message.  Using the 
Ordnance Survey's 1:50,000 Gazetteer in conjunction with Google Earth allowed most of the 
station names to be located with a good degree of assurance.  Some places could not be 
found, and a few others involved ambiguities which could not be resolved. 

Reading these files and compiling cumulative distributions of rain rate with an integration 
time of 60 minutes, for each calendar year, was then a routine task.  During this process a 
number of data lines were found to have the 7th field missing. 

Table E.1 lists the 30 data files, with coordinates for those identified, and comments on the 
process of extracting cumulative distributions of hourly rainfall for complete calendar years.  
Out of the 30 files supplied, cumulative distributions for one or more complete calendar years 
were extracted from 23 files, giving a total of 411 gauge-years of data. 
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Table E.1.  Summary of data-file status 
Station name NGC E m NGC N m Comment Note Used 
AboyneNo2 352500 0798500   Yes 
Aldergrove - -   No 
AltnaharraNo2 256500 0935500   Yes 
AultbeaNo2 187500 0889500   Yes 
Aviemore  289500 0812500   Yes 
BallyKelly  079601 0584399   Yes 
BallypatrickForest  - -   No 
BaltasoundNo2  465500 1208500   Yes 
Castlederg  039923 0549160   Yes 
Charterhall  376500 0647500   Yes 
Drumalbin  290500 0638500 2 missing F values 1 Yes 
Dundrennan  274500 0547500 2 missing F values 1, 2 Yes 
Dyce  388500 0812500   Yes 
EdinburghGogarbank  316500 0670500   Yes 
Eskdalemuir  325500 0597500 Missing F values 2 Yes 
GlasgowBishopton  243500 0671500 Missing F values 2 Yes 
GlenanneNo2  107240 0492363   Yes 
InverbervieNo2  382500 0772500   Yes 
Lerwick  447500 1141500   Yes 
LochGlascarnoch  231335 0872301   Yes 
LoughFea  088854 0546474   Yes 
MagilliganNo2  088426 0594630 No complete year 3 No 
Portglenone  112985 0562308   Yes 
SkyLusa  170500 0823500   Yes 
SouthUistRange  079500 0833500   Yes 
StAngelo  - -   No 
StornowayAirport  145918 0933407   Yes 
StrathallenAirfield  - -   No 
Tainrange  - -   No 
TullochBridge  - -   No 

 

Notes: 

1. Two cases of missing 𝐹 values in the same year, but not close to heavy rainfall.  The 
cumulative distributions concerned were accepted for further analysis. 

2. Numerous cases of missing 𝐹 values in the same year.  The cumulative distributions 
concerned were removed from further analysis. 

3. Short file which did not cover a complete calendar year. 
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E.2 Conversion to 1-minute integration time 

The data for Scotland and Northern Ireland consisted purely of hourly rainfall measurements.  
The software described in Annex 3 to Recommendation ITU-R P.837-6 was used to perform 
the conversion to 1-minute distributions.  Figure E.1 shows the user-interface set up for the 
mode in which input distributions are read from file in the format described in Annex J, 
Section J.3. 

 
Figure E.1   ITU software associated with P.837-6 

The conversion process is based on physical modelling of rain cells, and uses products from 
the European Centre for Medium-Range Weather Forecasts.   

The two edit windows under "Advanced setting: GA options" are shown with their default 
values.  In many cases the conversion could not be completed with these values, in which 
case the program prompted a re-run at 4000 and 20, and was then able to complete the 
conversion in all cases, although in a substantially longer time.  To avoid numerous initial 
failures, these two windows were set to 2000 and 17 for the first run for each distribution.  
Fewer initial failures were then experienced; if a re-run was needed the program set 4000 and 
20 as before and then always completed the task. 
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The output distribution is written to two separate text files listing percentage exceedances and 
the corresponding rain rates.  The main analysis software written for this project reads these 
files and writes the minute-CD files described in Annex J Section J.4. 

Figure E.2 gives an example of the Matlab graph, generated by the software upon each 
conversion, and showing the input and output cumulative distributions. 
 

 
Figure E.2.  Example from conversion software: Lerwick 2000 
 
The blue and red traces are the input and output distributions respectively, with symbols 
indicating the actual data points.  The hourly cumulative distributions extracted from the data 
files have many more points that the logarithmic 1, 2, 3, 5 sequence apparent in figure E.2; 
some form of reduction appears to take place within the software.  The figure shows the 
extent to which the input distribution is expanded to convert from a 60-minute to a 1-minute 
distribution. 

The output is a Weibull distribution fitted to the conversion estimate, and is thus always 
smooth.  The typical irregularities in measured data, as evident in the blue trace in figure E.2, 
are never transferred to the output distribution. 

This is illustrated in figure E.3 which shows the actual measured 60-minute distribution used 
as input to the conversion software in figure E.2 and the same estimated 1-minute 
distribution.   

Each conversion was processed individually through the user-interface of the conversion 
software, and thus each pair of distributions was inspected.  As a result a few year-gauge 
distributions were rejected.   
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As an example, figure E.3 shows the Matlab graph for Lerwick 2000.  The input distribution 
appears to be unrealistic below 0.1% of time.   

 
Figure E.3  Input and output distributions: Lerwick 2000. 

 

The real situation is less extreme.  Figure E.4 shows the measured 60-minute distribution 
used as input to the software.  It has many more data points, and does not have the artefact-
like appearance shown in figure E.3.  It is conceivable that some extreme rain events 
occurred during this year.  However, the same effect also exists at Lerwick in 2001 and 2002, 
with all three 𝑅01 rates in the region of 100 mm/h.  Although such rates are not impossible, 
their occurrence in three consecutive years was considered suspicious, and all three years 
were removed from further analysis. 

 
Figure E.4  Measured 60-minute distribution and conversion: Lerwick 2000. 
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A similar situation exists with Lough Fea 1995, illustrated in figures E.5 and E.6.  Although 
the estimated 1-minute 𝑅01 rate of 82.7 mm/h is possible, the measured 60-minute 
distribution in figure E.6 shows what could be artefacts similar to those from Lerwick as 
reported above.  On these grounds the distribution was also removed from further analysis. 

 
Figure E.5  Input and output distributions: Lough Fea 1995. 
 

 
Figure E.6  Measured 60-minute distribution and conversion: Lough Fea 1995. 
 

The four distributions, Lerwick 2000 - 2002 inclusive, and Lough Fea 1995, were the only 
cases removed from further analysis on the basis of inspecting distributions for apparently 
erroneous data.  In other cases, extreme short-time rain events appear to have occurred, but 
with a 1-minute 𝑅01 rate within the normal range. 
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As an example, figures E.7 and E.8 illustrate this for Stornaway Airport 1997. 

 
Figure E.7  Input and output distributions: Stornaway Airport 1997. 
 

 
Figure E.6  Measured 60-min distribution and conversion: Stornaway Airport 1997. 

 

 

There is an inevitable subjective element to the process of filtering rain cumulative 
distributions according to their shape.  Four distributions were removed from the Scottish and 
Northern Ireland data due to irregular distributions with estimated 𝑅01 values above 
80 mm/h, whereas the highest rate accepted from the England and Wales data is 78.9 mm/h. 
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Table E.2 shows the complete set of gauge-year distributions of 𝑅01 following the above 
selection and filtering processes. 

 

Table E.2.  Gauge-years of data used in analysis 

 
Years 1990 plus: Years 2000 plus: 

Name 91 92 93 94 95 96 97 98 99 0 1 2 3 3 5 6 7 8 9 10 

Aboyne 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Altnaharra 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Aultbea 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Aviemore 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

BallyKelly 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Baltasound 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Castlederg 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Charterhall 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Drumalbin 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Dundrennan 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1 

Dyce 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Edinburgh 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 

Eskdalemuir 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

Glenanne 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Inverbervie 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Lerwick 1 1 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 1 1 1 

LochGlascarn 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

LoughFea 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Portglenone 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

SkyeLusa 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 

SouthUist 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Stornoway 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Totals 10 11 14 14 16 18 19 18 21 20 20 20 21 21 21 21 21 21 21 21 

 

No data was available for 1990.  Data was available and analysed up to 2011, but since the 
England and Wales data is complete up to only 2010, Table E.2 shows the Scottish and N.I. 
data only up to 2010.  The green cells show where 369 new gauge-years will contribute to the 
final rain map. 

As can be seen, many of the stations have produced continuous records from early in the 
1990s to 2010. 

To inspect whether the new data gives noticeably different results compared to the England 
and Wales data, the temporal trend for each of the new gauge locations at which the record 
covers from at least 1995 to 2010 were calculated. 
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Figure E.7 shows temporal trend slopes in 𝑅01 plotted for the Scottish and N.I. data as 
described in this Annex, and at the sample locations for England and Wales appearing in 
figure 2 of the Stage 1 Report [1] re-calculated as shown in Annex D of this Final Report.  
The trend slopes, in mm/h per year, are spread as widely as possible over the available ten 
plotting colours to give a detailed view of how they change with location.   

 
Figure E.7.  Temporal trends at sample locations: both datasets. 

 

The diagonal black line in figure E.7 shows the demarcation between the two datasets.  
Allowing for the expected scatter in the results, there is no obvious discontinuity in trend 
slope across this border.  This is encouraging in view of the different methods of recording 
rainfall and the consequent differences in analysis. 

In general the temporal trend slope decreases across the UK from south to north, reaching 
zero in Northern Ireland, and negative values in northern Scotland. 
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ANNEX F 

GAUGE LOCATIONS AND 0.01% RATES FOR EACH YEAR 

 

This annex shows plots of the 21 gauge-year maps.  Compared to the corresponding maps in 
Annex E to the Stage 1 Report [1], there are two differences: 

i) The cumulative distributions in England and Wales were filtered with a shape factor of 
0.10, rather than 0.06, which provides better spatial coverage. 

ii) The new data from Scotland and Northern Ireland appear in years 1991 to 2010 
inclusive. 

These maps summarise the 𝑅01 values available across the UK for each year, showing the 
gauge locations responsible for them in each case.   

The colour coding, which approximates to the rainbow sequence from blue to red for 
increasing 𝑅01 , is the same for each map.  The same ranges of 𝑅01 values are associated with 
these colours for each map.  Due to lower minimum values in Scotland and Northern Ireland, 
the range of 𝑅01 values is considerably wider than in the Stage 1 Report.  

Due to the new data from Scotland and Northern Ireland, the geographical coverage of each 
map is greater than before. 

Although there is considerable year-to-year variation, it is possible to detect a rising trend in 
the 𝑅01 values from the increasing proportion of red in the colouring of successive maps. 

In three years, 1999, 2006 and 2008 a magenta triangle indicates an 𝑅01 value above the 
legend.  Despite the generally-rising trend of values in England and Wales, the highest value 
of all, 78.9 mm/h, occurs in 1999.  Such a high rainfall rate could be viewed as anomalous in 
the sense of being due to some form of error.  On the other hand it is possible, and no 
evidence suggesting an error was evident.   
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Figure F.1   Gauge-year 𝑹𝟎𝟏 maps: 1990 to 1995 
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Figure F.2   Gauge-year 𝑹𝟎𝟏 maps: 1996 to 2001 
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Figure F.3   Gauge-year 𝑹𝟎𝟏 maps: 2002 to 2007 
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Figure F.4   Gauge-year 𝑹𝟎𝟏 maps: 2008 to 2010 
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ANNEX G 

ANNUAL MAPS OF 𝑹𝟎𝟏 WITH SPATIAL INTERPOLATION 

 

This annex shows plots of the 21 annual maps of 𝑅01, extended to a grid rectangle covering 
from -200 to 1,000 km grid east and from -200 to 1,300 km grid north, interpolated to 
produce data at 10-km intervals.  The extension and interpolation was conducted using the 
same methods as for Stage 1 of the project, as described in Annex C of the Stage 1 Report [1] 
section C.4. 

The same colour coding is used for all maps.  Due to the tendency for interpolation to reduce 
the range of data, there is a smaller range of 𝑅01 values to plot than in Annex F.  The colour 
coding has been adjusted accordingly to maximise the available detail. 

These maps do not show the locations of individual rain gauges, as in Annex F, but they 
retain the year-to-year variations in 𝑅01, as evident from the changes in colouring between 
successive figures.  The complete sequence of 21 maps shows a general trend to move from 
green to red in the plotting colours, indicating the tendency for 𝑅01 to increase. 
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Figure G.1  Interpolated 𝑹𝟎𝟏 maps: 1990 to 1993 
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Figure G.2  Interpolated 𝑹𝟎𝟏 maps: 1994 to 1997 
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Figure G.3  Interpolated 𝑹𝟎𝟏 maps: 1998 to 2001 
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Figure G.4  Interpolated 𝑹𝟎𝟏 maps: 2002_2005 
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Figure G.5  Interpolated 𝑹𝟎𝟏 maps: 2006_2009 
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 Figure G.6.  Interpolated 𝑹𝟎𝟏 map for 2010; legend for all maps in this annex 
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ANNEX H 

TREND MAPS AT FIVE-YEAR INTERVALS 

 

Trend maps plot 𝑅01 values for a selected year derived from regression fits to the year-to-year 
variations of the interpolated maps. 

Trend maps are generated from linear variation of 𝑅01 values, and thus vary smoothly from 
year to year.  In this annex they are plotted at 5-year intervals from 1990 to 2015. 

The 2015 map is an extrapolation based on the measured 1990 to 2010 trends.  In the absence 
of later data as to how trends will change, it can be viewed as the best available estimate of 
the 𝑅01 map in 2015. 

The same plotting colours are used for all maps in this annex.  The normal ten colours has 
been augmented by an eleventh, magenta.  This normally indicates an overflow above the top 
range.  In this case the values concerned do not exceed a further increment of 2.5 mm/h of the 
scale. 
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Figure H.1   Maps of 𝑹𝟎𝟏 based on temporal trends at 5-year intervals: 1990 to 2005. 
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Figure H.2   Maps of 𝑹𝟎𝟏 based on temporal trends: 2010 and extrapolated to 2015. 
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ANNEX I 
SUMMARY OF SPATIAL PROCESSING METHODS 

 

This annex describes the methods used for spatial processing of 𝑅01 values at the various 
stages of the data analysis, including the parameter values used.  This is intended to place 
complete details of the process on record for future reference. 

I.1 Extension of gauge-year maps 

I.1.1 Locations for extension values of 𝑹𝟎𝟏 

The first map to be produced in the overall analysis is a gauge-year map.  This shows the 
location of each rain gauge which contributed an 𝑅01 value for the year in question.  Figure 
I.1 shows the gauge-year map for 1995, with the colour scale set to use all 10 colours. 

 

 
Figure I.1   Gauge-year map for 1995 
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The data plotted in figure I.1 consists of a list of 3-element vectors, each of which holds: 
i) NGC E m 
ii) NGC N m 
iii) 𝑅01 

This list is referred to as 𝐿1 . 

The first step in the extension process is to decide where additional values for 𝑅01 are needed.  
The gauge locations are irregular.  Additional values for 𝑅01 are required both to fill-in large 
gaps between gauge locations, such as in Scotland, and to extend data values to the edge of 
the map.  The additional 𝑅01 values are placed on a regular grid spaced at 50 km.  The new 
values are not needed close to gauge locations, so decisions are required as to which of the 
possible new locations should be given a value. 

This process uses an algorithm with the test geometry illustrated in figure I.2. 

 
Figure I.2   Test geometry 
 
The centre of the bulls-eye in figure I.2 represents the position of each of the possible 
extension data in turn.  Two radii around this point are defined, 𝑟1 and 𝑟2 .  An extension 
value of 𝑅01 is not required if either of the following is true: 
a) At least one member of 𝐿1 is closer than 𝑟1   
b) There is at least one member of 𝐿1 in each of at least two of the quadrants formed by 𝑟2 

and the W-E and S-N lines. 

Otherwise an extension value is needed, and the location in question is added to a new list of 
3-element vectors, as described in i) to iii) above, referred to as list 𝐿2 .  At this stage the 𝑅01 
values in 𝐿2 are unassigned. 

Figure I.3 shows the map in figure I.1 with the extension locations selected using the 
foregoing method. 

The parameter values used in all cases in this study are: 

  𝑟1 = 25 km (I.1a) 

  𝑟2 = 50 km (I.1b) 
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Figure I.3   Gauge-year map for 1995 with extension locations 

 

I.1.2 Assigning extension values of 𝑹𝟎𝟏 

When the list 𝐿2 has been compiled, the following process is followed: 
a) The member of list 𝐿2 is found with the shortest distance to a member of list 𝐿1 .  

Initially the locations in list 𝐿1 are irregular, and exactly-equal distances to a member of 
𝐿2 are improbable.  In any case, the first of any exactly-equal set of values is selected. 

b) The 𝑅01 value of the selected member of list 𝐿2 is calculated as the average of all 
members of list 𝐿1 at less than distance 𝐷𝑎𝑣𝑔 .  The complete 3-element vector for this 
point is now removed from list 𝐿2 and added to list 𝐿1 . 

c) Steps a) and b) are repeated until list 𝐿2 has been emptied.  The effect is that extension 
𝑅01 values, after filling the internal gaps in the gauge data, propagate outwards towards 
the map edges.  Thus as 𝐿1 lengthens, extension 𝑅01 values are increasingly used in the 
averaging in step b). 
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Figure I.4 shows the resulting extended map.  The averaging distance used in all cases for this 
study is given by: 

  𝐷𝑎𝑣𝑔 = 150 km (I.2) 

 

 
Figure I.4   Gauge-year map for 1995 with extension locations 

 

As list 𝐿1 has regularly-spaced locations added to it, the probability of exactly-equal shortest 
distances increases.  On the other hand, the associated 𝑅01 values tend to stabilise as the 
assignment proceeds outwards from the gauge locations.  The first of any exactly-equal set of 
values continues to be selected.  It is possible that this introduces a systematic trend in the 
extension 𝑅01 values.  If so, it is thought that the effect is small. 

A possible extension of the method which could be investigated in the future would be to 
randomise the selection of extension locations from any list of exactly-equal shortest 
distances. 
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I.2 Annual interpolated maps 

A gauge-year map with extended 𝑅01 values is based on data which are partially irregular in 
location.  The next stage in the processing converts it to an entirely regular grid of data.  To 
limit the size of the associated arrays, and thus processing time, a grid spacing of 10 km was 
selected for this process.  This is twice the expected final spacing of 5 km. 

The conversion to a regular grid of points is accomplished by interpolation using inverse 
distance weighting (IDW).  The input to this process is list 𝐿1 described in section I.1 above.  
This contains a list of all gauge and extension 𝑅01 values, in other words, for example, the 
data plotted in colours in figure I.4.   

To produce an interpolated map, for each location in the output array, in any order, all 
members of list 𝐿1 are found with a distance less than or equal to a search radius 𝐷𝑠 .  Due to 
the irregular locations of some members of list 𝐿1 , it was found advisable to make the search 
distance 𝐷𝑠 adaptive.  This was done by defining three parameters: 
i) A minimum number of points 𝑁𝑚𝑖𝑛 from which interpolation is calculated; 
ii) A minimum search distance 𝐷𝑠𝑚𝑖𝑛 ; 
iii) A search-distance increment ∆𝑠 . 

An initial search is made for members of list 𝐿1using 𝐷𝑠 = 𝐷𝑠𝑚𝑖𝑛.  If this finds 𝑁𝑚𝑖𝑛 or more 
members of list 𝐿1 at a distance less than or equal to 𝐷𝑠 , the search is complete.  Otherwise 
𝐷𝑠 is incremented by ∆𝑠 and a new search is made.  This continues until a search finds 𝑁𝑚𝑖𝑛 
or more members of list 𝐿1 at a distance less than or equal to 𝐷𝑠 . 

The required interpolated 𝑅01 value is now given by: 

  𝑅01 = ∑ (𝐹𝑛𝑅𝑛)𝑁
𝑛=1
∑ 𝐹𝑛𝑁
𝑛=1

 mm/h (I.3) 

where 𝐹𝑛 is an interpolation factor for the n-th member of list 𝐿1 given by: 

  𝐹𝑛 = �1 − 𝐷𝑛
𝐷𝑠
�
𝐸

  (I.4) 

where: 
𝐷𝑛 is the distance between the required point and the n-th member of list 𝐿1  
𝐸 is an exponent, 
𝑁 is the number of members of list 𝐿1 obtained from the search. 

For all interpolation from extended gauge-year maps to interpolated maps, the following 
parameters were used: 
  𝑁𝑚𝑖𝑛 = 8  (I.5a) 
  𝐷𝑠𝑚𝑖𝑛 = 50 km (I.5b) 
  ∆𝑠 = 1 km (I.5c) 
  𝐸 = 2  (I.5d) 
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Figure I.5 shows the result of the above operation for 1995.  The overall result of these 
operations is a set of maps, such as illustrated in figure I.5, for each of the 21 years from 1990 
to 2010.  The data for each year consists of an array of 18,271 data organised in rows of 121 
points at 10 km spacing from -200 km grid east ordered west-to-east, and with 151 of these 
rows at 10 km spacing from -200 km grid north ordered south-to-north. 

As observed by comparing the plots in annex H, the interpolated annual maps show 
considerable year-to-year variability superimposed on an upwards trend in most parts of the 
UK.  The irregular temporal variations are removed by the next stage in the processing. 

 
Figure I.5   Interpolated map for 1995  

 

I.3 Temporal trends 
Temporal trends are extracted from the interpolated maps by assembling 18,271 vectors, each 
of which contains 21 𝑅01 values for the same location in the 21 interpolated maps.  No 
interpolation occurs during this process.  The vectors are assembled directly from the array 
values in the maps. 

The temporal trend in each vector is obtained by linear regression, the common statistical 
process in which the sum of the squares of discrepancies with a linear function is minimised.  
This is a widely-used process, but a short description is given here for completeness. 
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If there are 𝑁 pairs of 𝑋 and 𝑌 values which can be assumed to have an underlying linear 
relationship disturbed by noise added to the Y values, there will be a line given by: 
  𝑦 = 𝑎 + 𝑏𝑥  (I.6) 

such that ∑ [𝑌𝑛 − (𝑎 + 𝑏𝑋𝑛)]2𝑁
𝑛=1  is a minimum.   

The slope of the line is given by: 

  𝑏 = ∑ [(𝑋𝑛−𝑋�)(𝑌𝑛−𝑌�)]𝑁
𝑛=1
∑ [(𝑋𝑛−𝑋�)2]𝑁
𝑛=1

  (I.7a) 

after which the intercept is given by: 
  𝑎 = 𝑌� − 𝑏𝑋�  (I.7b) 

where the overbar denotes the average. 

This is not the only way to define a best-fit linear relationship, but it is the most suitable in 
the present case.  There are 21 values of 𝑋 , with indices from 0 to 20 for the years 1990 to 
2010.  These are equally-spaced, and can be viewed as error-free.  The dependent 𝑌 values 
are the measured 𝑅01 data which are assumed to have a linear trend plus noise due to the 
year-to-year variability of rain, plus instrumental errors, etc.  With these inputs, minimising 
residual errors in the 𝑅01 sense is the appropriate criterion. 

In equation (I.6), the intercept 𝑎 is the trend value of 𝑅01in the year 1990, and the slope 𝑏 is 
the slope of the trend line in mm/h per year.  These values are obtained for each of the 18,271 
locations in the interpolated maps. 

Thus a trend map, a rain map based on the temporal trends for a given year, is given by: 
  (𝑅01)𝑟,𝑐 = 𝑎𝑟,𝑐 + 𝑏𝑟,𝑐𝑛  (I.8) 

where 𝑛 is a year index, equal to 0 for 1990 and set according to the required year, and 𝑟 and 
𝑐 are the row and column indices of the map data.   

Equation (I.8) provides the means to generate an 𝑅01 map for any year.  However, it is based 
on data measured over the period from 1990 to 2010, and it would thus be unrealistic to select 
a year far outside this period in time.  Ofcom has requested a rain map to be predicted for the 
year 2015, probably as far as it is sensible to forecast the continuation of the present trends.  
The resulting trend map is calculated using equation (I.8) with 𝑛 = 25, and is plotted in 
figure 4 in the main body of this report. 
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I.4 Conversion to 5 km spacing and additional smoothing. 

The final stage in map processing is to convert from the 10 km spacing of a trend map to the 
expected 5 km of the operational map.  Additional processing can be conducted at this stage 
to improve smoothness of the map and limit the spatial rate of change of 𝑅01 , and also to 
correct for the tendency of interpolation to reduce 𝑅01 values at local maxima, as described in 
Section 9 in the main body of this report. 

The conversion to 5 km spacing and additional adjustment is conveniently combined, as 
summarised in Figure I.6.  Green boxes denote data, red boxes describe processing.  The 
designations, "A1" etc., correspond to usage in Section 9 of the main body of this report. 

 

 

 

 

 

 
 
Figure I.6.   Data flow for conversion to 5 km spacing and additional smoothing  
 

Two 5-km maps are interpolated from the input 10-km map.  In both cases the interpolation 
uses equation (I.3).  The input map is uniformly-spaced data throughout, and thus there is no 
need for the process to be adaptive. 

In the first case, where smoothing is not required, the search distance 𝐷𝑠 was set to 20 km. 

In the second case, which to a large extent sets the final degree of smoothness, the search 
distance 𝐷𝑠 was set to 100 km for the example illustrated in Section 9 of the main body of 
this report. 

As commented in Section 9, the smoothed map, A2, has lower maxima and higher minima 
than the input trend map, and also of the less-smoothed map A1.  It may be unacceptable to 
allow smoothing to reduce what are thought to be reliable average 𝑅01 values, since this 
would lead to inadequate fade margins, jeopardising availability targets.  It is undesirable that 
smoothing will increase minima, since in these areas excessive fade margins will reduce 
spectral utilisation, but it is inevitable that smoothing will reduce the total range in 𝑅01 
values. 
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Thus the last stage in the processing is required to retain the smoothness of A2, but not to 
under-estimate local maxima in array A1.  This is an unusual requirement, and an ideal 
solution has probably not been found. 

A simple method would be to increase every member of A2 by the same amount such that 
their two maxima coincide in value.  On this basis each member of a new array, A3, denoted 
by 𝑅01_𝐴3 would be given by: 

  𝑅01_𝐴3 = 𝑅01_𝐴2 + 𝑚𝑎𝑥 ��𝑅01_𝐴1 − 𝑅01_𝐴2�𝑟,𝑐
�  (I.8) 

where 𝑟 and 𝑐 take all values in the ranges 𝑟 ∈ 0⋯ 300 and 𝑐 ∈ 0⋯ 240 .  This conserves 
the smoothness of A2, but over-estimates 𝑅01 everywhere except at the highest excess of A1 
over A2.   

A method which loses some of the smoothness of A2 but which produces much less over-
estimation of 𝑅01 generates the new array, A3, using: 

  𝑅01_𝐴3 = 𝑅01_𝐴2 + 𝑚𝑎𝑥𝑛=1𝑁 �𝐹𝑛�𝑅01_𝐴1 − 𝑅01_𝐴2��  (I.9) 

where 𝐹𝑛 is given by equation (I.4) with the search distance 𝐷𝑠 set to 100 km, as for A2. 

Table I.1 gives the minima and maxima for the four maps involved in the above process.  The 
substantial drop in maximum from A1 to A2 is almost exactly recovered from A2 to A3, but 
there is a progressive increase in minima throughout the process. 

 

Table I.1.   Maxima and minima of arrays involved in final processing 

 Maxima and minima of 𝑅01 in mm/h 

Trend at 2015 Array A1 Array A2 Array A3 

Maximum 37.43 37.20 32.98 37.20 

Minimum 19.95 20.36 21.16 21.19 
 

Figure I.7 compares west-to-east cuts through the three arrays A1, A2 and A3 at different 
values of grid north.  A3 is nowhere less than A1, and it tends to match the larger peaks in A1 
fairly accurately.  However, it sometimes over-estimates 𝑅01 at lower local maxima in A1, 
and it allows higher 𝑅01 gradients in some places. 
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Figure I.7.  Cuts through A1 (red) A2 (dashed blue)  A3 (blue) 

 

There is no necessity to use the same value of 𝐷𝑠 in equation (I.4) for both A2 and A3, but it 
seems to be a suitable compromise.  The array A3, calculated using equation (I.9), and shown 
as a colour-coded map in figure 7 in Section 9 of the main body of this report, is proposed as 
a suitable basis for a new operational rain map. 
  



DRAFT Page 71 of 75 
 

 

ANNEX J 

LIST OF DELIVERABLE RESULTS FILES 

 

Intermediate and final results files are presented under a parent directory named 
"Rain2012_Stage2" 

All files are Microsoft-compatible text files coded in ASCII.  They are delivered in sub-
directories as follows. 

 

J.1 Year files and Year-List files 

These apply only for England and Wales, and are unmodified from those produced by Stage 1 
of the project.  They collect the rainfall data for complete years extracted from the 
Environment Agency files.  They are presented in sub-directory "EwYearFiles". 

J.1.1  Year files 

Each year file contains a complete year of data from one gauge.  Year files are named 
according to: 
E<e>_N<n>_Y<y>_Ins<i>.txt 

where  e = NGC east m, 6 digits with leading zeros 
  n = NGC north m, 7 digits with leading zeros 
  y = year, 4 digits 
  i = instance 

There is no headings line.  Every line is a data line containing two numbers separated by 
whitespace: 

 Minutes relative to the start of the year in ascending order 
 A non-zero value of rainfall 𝐹 in mm 

The first line normally has a negative value of minutes.  This is the point at which subsequent 
time-series of rainfall is calculated, and the F value on this line is ignored. 

J.1.2  Year-list files 

Each year-list file summarises all gauge-years obtained from one gauge file.  Year-list files 
are named according to: 
 Region<r>_YearsList.csv 

where  r = region index from 00 to 21, 2 digits with leading zero. 

The region indices may be associated with region names as shown in figure A.1, noting that 
the region numbers shown in this figure run from 1 to 22. 

Year-list files conform to the comma-separated variable (CSV) convention.  Every line has 
26 fields separated by 25 commas.  This type of file can be opened directly into Excel.   
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A sample in spreadsheet form appears in [1] Annex C, Table C.1.  The first two lines of the 
same file appears in a text editor as: 
E,N,1990,1991,1992,1993,1994,1995,1996,1997,1998,1999,2000, ... ,2013 

545874,0119006,0,0,0,0,0,0,0,0,0,0,0,1,0,1,2,3,0,3,2,1,1,0,0,0 

531486,0107647,0,0,1,1,1,0,0,0,1,1,1,1,1,1,2,2,1,1,1,1,1,0,0,0 

573605,0107179,0,0,0,0,0,0,0,0,0,0,0,0,0,1,0,0,0,0,1,0,0,0,0,0 

The headings line is about twice the length of the data lines, due to the space taken by the 
year headings.  In the above sample, the headings from 2001 to 2012 have been removed to 
prevent the line wrapping. 

In the data lines, the first two numbers give the location of a gauge as NGCs east and north.  
The following fields give the number of instances of gauge-year data obtained for the same 
location.  Instances are indexed from zero upwards.  Thus if two instances are listed, they will 
be indexed 0 and 1.  The year file for any instance can be found via the information in its 
filename, as described above. 

 

J.2 CD files and CD-summary files 

These apply only for England and Wales.  They hold cumulative distributions of rain rate, 
each covering one complete year.  "CD" abbreviates "cumulative distribution".  They have 
the same format as the corresponding files from Stage 1 of the project, but there are now 
more of them, 8,614 compared to 5,896, due to the relaxation of shape-factor described in 
Annexes A to D.  These files are presented in sub-directory "EwCdFiles". 

J.2.1  CD files 

Each CD-file filename is constructed as: 
 Cd_E<e>_N<n>_Y<y>_Ins<i>.txt 

This is the same as for year files except for the prefix "Cd_". 

CD files are intended only for plotting individual cumulative distributions.  There is no 
headings line.  Every line is a data line containing two numbers separated by whitespace: 

 Rain rate, mm/h, in ascending order 
 Percentage of year during which this rain rate is exceeded 

It will be noticed that early CD lines often show rain rates below 0.5 mm/h. This rate is a 
minimum applied when converting rain-fall values 𝐹 reported in the gauge file into tip times.  
Lower rates can occur during the process of collecting rainfall into minute intervals needed to 
produce results with the required 1-minute integration time. 
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J.2.2  CD-summary files 

Each CD-summary file has a filename constructed as: 
SumCd_FL3_Y<y>.txt 

where, as before, "y" is the year as a four-digit number. 

"FL3" in the filename identifies the filtering level used in stage 1.  Results reported here used 
filter level 3. 

CD-summary files list every 𝑅01 value obtained for a given year.  There is no headings line.  
Every line is a data line containing five numbers separated by whitespace: 
 NGC east, m 
 NGC north, m 
 Year as a 4-digit number (redundant, since also in the filename) 
 Instance, as a single zero-up digit 
 𝑅01 , mm/h, expressed to 6 decimal points. 
The precision used to record 𝑅01 is spurious in the sense that it does not represent the 
expected accuracy.  This precision is used simply to avoid the possibility of later wishing it 
were higher. 

 

J.3 Hourly CD files 

These files apply only to the Scottish and Northern Ireland data.  They are presented in sub-
directory "SniHourlyCds".  Each hourly CD files has a filename constructed as: 
 Cd_E<e>_N<n>_Y<y>_Ins0.csv 

This is essentially the same as for the England and Wales CD files described in D.2 above, 
except that the extension is ".csv".  There are no cases of duplicated CDs for the same 
location and year, thus all instance numbers are zero. 

The format of the hourly CD files complies with the requirements of the ITU software 
illustrated in figure E.1 in Annex E, which reads these files.  The format allows for multiple 
distributions to be entered, but in this study each file contains only one distribution.  On this 
basis there are three lines in each file: 

Line 1.  Three comma-separated variables giving: 
   latitude(deg), longitude(deg), integration time(min) 

Line 2.  Exceedance percentage probabilities in descending order 

Line 3.  Corresponding rain rates in mm/h, which necessarily are in ascending order. 

In line 1 the latitude and longitude give the gauge location, and the third field the input 
integration time in minutes, always 60 in the files described here. 
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J.4 Minute CD files 

These files apply only to the Scottish and Northern Ireland data.  They are presented in sub-
directory "SniMinuteCds".  Each minute CD files has a filename constructed as: 
 Cd_E<e>_N<n>_Y<y>_Ins0.txt 

Each file contains a set of lines each containing two numbers: 

A rain-rate in mm/h in ascending order 

The percentage time for which the rain rate is exceeded in descending order. 

The percentage times written by the ITU software form a regular sequence of 5, 3, 2,1 in each 
decade required to described the distribution.  There is always a 0.01% line from which 𝑅01 
can be read directly. 

 

J.5 Map files 

From this point onwards the files include data for the whole of the UK.  The map files are 
presented in sub-directory "MapFiles". 

There are four types of map files. 

J.5.1  Map-Year Files 

Map-year files are assembled from each gauge-year, as plotted in Annex F.  They are named 
as: 
 MapYear_<y>.txt 

They contain data lines for gauge locations which have yielded an 𝑅01 value. 
There is no headings line.  Every line is a data line containing three numbers separated by 
whitespace: 
 NGC east, m 
 NGC north, m 
 𝑅01  

J.5.2  Extended Map-Year Files 

Each extended map-year file contains the data in the corresponding map-year file, plus the 
extension values derived as described in Annex I Section I.1.  They are named as: 
 ExtMapYear_<y>.txt 

Each extended map-year file has the same format as the associate map-year file, and repeats 
the data lines for the same gauge locations.  In addition regularly-spaced locations at 50-km 
intervals are listed averaged 𝑅01 values to complete the 1,200-by-1,500 km rectangle 
covering the UK. 
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J.5.3  Interpolated Map Files 

These files are named as:  
Interp_<y>.txt 

Interpolated map files define regularly-spaced 𝑅01 values at 10-km intervals, the result of 
spatial interpolation as described in Annex I Section I.2.  They consist of 𝑅01 values in a 
regular array consisting of 151 rows ordered south-to-north from grid -200 to 1,300 km north 
in intervals of 10 km.  Each row contains 121 𝑅01 values ordered west-to-east from grid -200 
to 1,000 km east in intervals of 10 km. 

J.5.4  Trend Map Files 

These files are named as: 
 TrendMap_<y>.txt 

Trend maps cover the same area and have the same format as the interpolated maps described 
in J.5.3 above except that the point spacing is 5 km, with 301 rows and 241 columns. 

J.5.5  Proposed final map 

Directory "MapFiles" also contains the proposed final map contained in array A3 described 
in Annex I, Section I.4.  This is not formatted as the product needed for Ofcom's software, 
but is a proposed data-set.   

 

J.6 Temporal trend files and final map 

These files, presented in sub-directory TrendFiles, are named as  
 Trend_E<e>_N<n>.txt 

where, as before, "e" and "n" are NGC east and north in metres. 

These files contain data from which the graphs in Annex D were plotted. 

Each temporal trend file contains a data line for each year from 1990 to 2015.  Each data line 
contains the following numbers separated by whitespace: 
 Year 
 𝑅01 extracted from the associated location in the associated interpolated map file,  
  (-1.0 from 2011 to 2015) 
 𝑅01 at the lower 95% confidence level 
 𝑅01 at the at the 50% confidence level, that is the least-squares fit to the data 
 𝑅01 at the upper 95% confidence level 

Setting 𝑅01 in the 2nd column to -1 after 2010 is simply to remove the plotted symbol from a 
graph in which 𝑅01 is plotted only for positive values. 

This sub-directory also contains a text file "TrendLocations.txt" list the 18 locations for 
which trend files exist, with their locations given as NGC E and N in km. 
 

 


	1. INTRODUCTION
	2. TIMETABLE
	3. ISSUES BROUGHT FORWARD FROM STAGE 1
	4. NEW DATA FOR SCOTLAND AND IRELAND
	5. THE NEW GAUGE-YEAR MAPS
	6. COVERAGE OUTSIDE THE UK
	7. INTERPOLATED RAIN MAPS
	8. TREND RAIN MAPS
	9. FINAL RAIN MAP
	10. CONCLUSIONS
	11. FURTHER WORK

