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This paper compares multiple gridded data sets of daily UK precipitation to evalu-
ate structural uncertainty in our reconstructions of historical rainfall. The data sets
compared reflect two different sampling strategies and three different grid interpo-
lation methods. In order to separate the influence of sampling and interpolation
uncertainties, one of the data sets (produced by the Met Office) has been recreated
using the sampling strategy of stations used in the European (E-OBS) data set. The
results confirm and build upon previous studies showing that relying on a relatively
sparse but homogeneous network of stations limits the ability of the resulting data
set to reliably estimate extreme rainfall at the daily timescale. It is shown that
gridding methods that additionally make use of reference climatological data can
avoid systematic bias in both the average and extreme events even when using a
relatively sparse network of observations. This is an encouraging result in terms of
our potential to reliably extend such data sets further back in time where the avail-
ability of digitized data is substantially lower than the more modern era.
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1 | INTRODUCTION

Gridded data sets of climate variables, based on interpolating
irregularly spaced observations onto uniform grids, are
important for climate studies and analysis, for they make it
easier to analyse regional changes and patterns, especially in
regions that have sparse coverage. Area-average data are
often used to assess past and present climate and changes in
climate, one of the earliest examples being the England and
Wales precipitation (EWP) series dating from 1766 (Wigley
et al., 1984). The EWP series was originally based on up to
seven rain gauges per region (Jones and Conway, 1997), but
has since often included a larger number of gauges
(Alexander and Jones, 2001). There is widespread use of
gridded data sets, which are particularly beneficial for evalu-
ating climate models by providing spatially and temporally

complete data at grid spacing equivalent to the climate
models. However, observing networks are limited in their
scope and coverage; therefore, any such gridded observa-
tional data set is reliant on underpinning statistical or physi-
cal modelling and the density of contributing observations.
If these analyses do not appropriately consider the potential
for systematic biases in observations there are potential risks.
For example, Prein and Gobiet (2017) show that observa-
tional uncertainty for gridded precipitation can be of compa-
rable magnitude to model uncertainty; therefore, creating a
risk that common methods of bias-correction of model data
may yield results that are potentially worse than the unad-
justed model data.

While rain gauge networks give accurate measurements
of rainfall at specific locations, they tend to be too sparse to
accurately capture the spatial and temporal variability of
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rainfall (Villarini et al., 2008) and thus the accuracy of
gridded rainfall data sets over small regions is limited by the
density of the associated rain gauge network. However,
area-average rainfall can be accurately captured over rela-
tively large accumulation times using a small number of
gauges (Villarini et al., 2008). Combining rain gauge data
with radar can reduce the standard error associated with esti-
mates of area-average rainfall (Wood et al., 2000), as for
example radar makes it easier to track the movement and
development of individual storms (Fabry et al., 1994). This
solution is still prone to uncertainty as satellite based rainfall
estimates are also prone to sampling errors.

Investigations into rainfall characterization might
broadly be separated into single site or spatial analyses. Sin-
gle site analysis is concerned with the statistical properties of
rainfall recorded (or modelled) at a specific location over dif-
ferent time intervals. Spatial analysis is concerned with the
spatial distribution of rainfall, often within a specified time
interval. In the context of this analysis we are concerned
with the latter framing. The gridding process is attempting to
provide the best representation of rainfall falling across geo-
graphical regions over 24 hr periods. This will therefore not
be a true reflection of rainfall extremes that may occur at
scales smaller than the grid.

E-OBS is a European land-only gridded daily tempera-
ture, precipitation and mean sea level pressure data set cov-
ering the period 1950–present (Haylock et al., 2008; van den
Besselaar, 2011). The 0.25� resolution version (in regular
latitude/longitude coordinates) was used for this analysis.
The contributing daily observations and maintenance of the
data set are managed by the Royal Netherlands Meteorologi-
cal Institute (hereafter KNMI). The network stems from the
European Climate Assessment and Dataset (ECA&D) plus
several other existing data sets, to increase the number of
stations used to generate the daily grids, although the num-
ber used is still less than ideal (Haylock et al., 2008) and the
interpolation method has remained the same. Since the initial
release of E-OBS, KNMI have updated E-OBS and progres-
sively increased the density of the station network used, and
this analyses makes use of E-OBS version 10.0 (http://www.
ecad.eu/download/ensembles/oldversions.php). For this ver-
sion, the E-OBS gridded precipitation values for the UK are
based on readings from up to 133 climatological stations,
and the E-OBS network over the UK has not increased much
between versions 10.0 and 16.0.

The UK national and regional climate data series pro-
vided by the Met Office National Climate Information Cen-
tre (hereafter NCIC) stems from Perry and Hollis (2005a;
2005b), who generated gridded series of long-term averages
based on a network of UK observing sites, for 1961–1990
and 1971–2000, which was subsequently updated to include
1981–2010. These series have been maintained by the NCIC
since then, and have been used to produce updated 30-year
averages. A gridded daily precipitation data set was also

generated following the same basic methodology (Perry
et al., 2009). Although there are some areas of limited cover-
age, notably in northern Scotland, the NCIC gridded data are
based on a much denser network of UK sites than the E-
OBS data. The daily series currently extend back to 1958, so
the period 1961–2010 was selected to provide a 50-year cov-
erage while covering most of the daily series.

The Centre for Ecology & Hydrology-Gridded Estimates
of Areal Rainfall (CEH-GEAR) data set (Keller et al., 2015)
produces a grid spacing of 1 km, on the basis that a denser
grid spacing may be useful for hydrological analysis at the
catchment level, such as rainfall–runoff models, but the rain
gauge network used is the same as for NCIC. The series
covers the period 1890–2015, but the observing network
used to generate CEH-GEAR during the earlier period
1890–1960 is significantly sparser than post 1961. The inter-
polation is performed using a “natural neighbour” method
(Keller et al., 2015). Each operational rain gauge at a given
time point is given its own polygon, defined as the region
where no other rain gauge is closer. The rainfall interpola-
tion is then based on the areas of overlap between the poly-
gons of nearby rain gauges and the polygon of the grid
point, weighted according to the area of overlap.

The existence of multiple high-resolution gridded precip-
itation data sets for the UK provides an opportunity to build
on previous studies and explore the structural uncertainty
arising from methodological choices in the development of
the data set. The set of data sets outlined above between
them provide three different interpolation methods and two
different sampling strategies. In this paper we do not set out
to quantify or attribute individual components of the differ-
ing interpolation methods, rather the net impact.

The E-OBS gridded precipitation suffers significantly
from reliance on a sparse network of gauges, suggesting that
continued efforts to improve the availability of data in the
ECA&D, particularly increasing the density of the network
in sparsely covered areas of Europe (Kyselý and Plavcová,
2010) will be helpful. The main issues are the reliance on
the relatively small number of stations that have long-
running and reliable climate records, and the large spatial
and temporal variation in station coverage. The limitations
of the network density mean that some grid box values for
E-OBS are based on interpolation from readings from distant
rain gauges rather than readings taken locally within the grid
box (Maraun et al., 2012). E-OBS is also intended as a
Europe-wide data set and so is trying to generalize the daily
meteorological field over a large and diverse region, which
also limits its ability to perform well over an individual
country such as the UK relative to national gridded series.

Hofstra et al. (2009) found that E-OBS precipitation
tends to be dry biased over areas of high rainfall in the west
of the UK, except in Northern Ireland, and absolute rainfall
totals tend to deviate most from other, denser gridded data
sets for western Scotland, where topography is variable and
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the station network used for E-OBS is sparse. However,
E-OBS performed well across most other parts of the UK
and was generally better than for most other parts of Europe.

Due to the interpolation of a relatively sparse network of
stations, the extremes tend to be over-smoothed. Sampling
errors tend to be underestimated (e.g., the standard errors
originally supplied with the data underestimate the true inter-
polation error, and the interpolation is restricted to grid cells
that have more than four stations within a radius of 450 km)
and there are inhomogeneities in the station data used to gen-
erate E-OBS, for example, due to temporally varying cover-
age of stations, meaning that trend analysis must be treated
with caution. (Hofstra et al., 2009). Correction for rain
gauge undercatch is also inconsistent between countries and
prone to uncertainty, especially in high latitudes where a sig-
nificant proportion of winter precipitation falls as snow
(Prein and Gobiet, 2017). E-OBS poorly captures the rela-
tionships between precipitation and atmospheric circulation,
especially in areas of sparse coverage (Maraun et al., 2012).

An analysis via the STAMMEX (Spatial and Temporal
Scales and Mechanisms of Extreme Precipitation Events
over Central Europe) project suggested that E-OBS tends to
underestimate the extremes in high-precipitation events, as
well as smoothing out the general distribution of precipita-
tion (Zolina et al., 2014). For example, E-OBS heavily
underestimated the extreme precipitation that affected the
Zinnwald-Georgenfösld area on December 8, 2002. The
problem is greatest in summer, when only series based on
dense station networks are often able to capture localized
extreme convective events.

Figure 1 shows that the spatial sampling of rain gauges
is not uniform across the UK. However as an indicator of
scale, taking the area of the UK as approximately
242,495 km2, on average within the E-OBS data set each
rain gauge is representative of an area of just over
1,800 km2, equivalent to a gauge separation scale of order
50 km. For NCIC and CEH-GEAR this falls to an area of

50–80 km2 or separation of order 10 km. The majority of
UK rainfall, particularly during the winter period, is from
frontal rainfall associated with synoptic-scale systems. These
systems will have length scales of order 1,000 km. The vol-
ume of rainfall accumulating in a specific place, and the spa-
tial extent of the rainfall will however depend critically on
the rainfall intensity, particularly where the system promotes
embedded or line convection, and the speed of progression
of the associated frontal system. Some notable extremes in
UK rainfall have originated from near stationary frontal sys-
tems (e.g., Hand et al., 2004). In contrast summer convective
rainfall will have spatial and temporal scales of order tens of
kilometres and a life span of a few hours. Orographic
enhancement as it relates to fixed topographical features can
occur over relatively small spatial scales.

Throughout this paper the term resolution relates to the
relative grid spacing of the respective data sets, not to the spa-
tial scale of the rainfall events themselves. As noted above
the daily rainfall scale will relate not only to the spatial scale
of the weather system, but its duration and speed of progres-
sion across the domain. The gridding is attempting to esti-
mate representative rainfall across an area of order 600 km2

for EOBS. By design it is not intended to capture small-scale
localized extremes embedded within that spatial domain.
These small scale features are important for impacts such as
surface water flooding, or small river catchments, but are
challenging to monitor at a national scale. However, through
this analysis we evaluate the influence of smaller scale fea-
tures that can be captured by a much denser gauge network.
These are related to the expected sampling uncertainty arising
from the gridding methods by utilizing two gauge network
densities and three different gridding methods.

The main aim of this paper is to systematically revisit
some of the key limitations in estimating daily precipitation,
particularly for their representation of extreme events over
the UK. This builds on previous studies described above
with the use of additional high-resolution information for the

FIGURE 1 The station networks used to generate the NCIC series (left) and the April 2014 version of the E-OBS series (right)
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UK, and by explicitly reconstructing the NCIC daily gridded
rainfall to match the E-OBS sampling to provide a more
direct comparison of interpolation methods. A number of
key areas are identified in which gridding methods would
most benefit from improvements.

2 | DATA AND METHODS

Table 1 summarizes the data sets used in this analysis.
NCIC and CEH-GEAR make use of a network of
3,000–5,000 stations, compared with 133 for E-OBS. The
E-OBS grids used in this analysis use a grid spacing of
25 km whereas the NCIC grids have a grid spacing of
5 km. The NCIC grids were interpolated to a 25 km version
using the R package rgdal (Bivand et al., 2014), combined
with the raster package (Hijmans, 2014). The rgdal
(Geospatial Data Abstraction Library) package is used for
making transformations from one level of grid spacing
and/or projection to another, while the raster package is
built primarily for loading and manipulating large continu-
ous spatial data sets. The E-OBS grid equivalent was calcu-
lated as the mean of all the NCIC (or GEAR) grid cells
within each E-OBS grid box. The CEH-GEAR (Keller
et al., 2015) has a grid spacing of 1 km and was thus also
interpolated to 25 km using the same interpolation method.
In addition the NCIC and GEAR data sets are compared at
the NCIC 5 km grid spacing.

Modern tipping bucket rain gauges widely employed
within the UK meteorological and hydrological observing
networks have a minimum tip threshold of 0.2 mm, but sen-
sitivity and reporting practices for, for example, trace rainfall
have changed through time. Some earlier rain gauges regis-
tered 0.1 mm. This means counts of days with zero recorded
rainfall would not be homogenous. Throughout this analysis
we have defined a “dry” day as being any day recording less
than 0.2 mm and a wet day as those recording 0.2 mm or
more of precipitation.

Analysis has been carried out and results aggregated for
standard meteorological seasons for the 1961–2010 period,

comparing precipitation between the NCIC, GEAR and E-
OBS gridded data sets. The mean and median difference
between the daily precipitation values for the two data sets
were calculated for each season, excluding days for which at
least one of the two data sets was dry (<0.2 mm precipita-
tion at a given grid box). In addition, the root-mean-square
error has been calculated for each grid box for each season,
and the correlations between daily precipitation values for
each grid box. The difference between the maximum daily
gridded precipitation totals has also been calculated to give
an indication of any systematic differences in the most
extreme precipitation events.

In addition, a further 25 km gridded data set has been
generated using the same methods as used to generate the
original NCIC series, but only using the stations that are
used to generate E-OBS (hereafter NCICEOBS); this is to
quantify the differences between NCIC and E-OBS result-
ing from choice of interpolation method rather than to net-
work density. The main advantage of E-OBS is that it
provides a consistent gridding method over the European
domain.

NCICEOBS is intended to provide a comparison
between the different station densities, while CEH-GEAR
is used to assess whether differences in interpolation
methods are significant using the NCIC network. The UK
rain gauges used for E-OBS are quite sparsely scattered
across the UK (Figure 1), but some regions have denser
coverage than others, reflecting the uneven distribution of
long-term climatological stations. Some regions, such as
western Scotland to the north of Glasgow, Norfolk and
south Wales, have very sparse coverage, as shown in
Figure 1. This means that for some grid boxes in these
regions especially, no stations lie within the grid box and
thus the corresponding E-OBS values rely entirely on inter-
polation. In each case the interpolation schemes use longi-
tude, latitude and altitude covariates to effect the
interpolation, which are particularly useful for assessing
large-scale (frontal) rainfall but are less effective for cover-
age of small-scale (convective) rainfall events.

TABLE 1 The number of gauges, interpolation methods and resolution used for the data sets that are compared in this analysis

Number of rain
gauges Interpolation method

Native
resolution Other information

EOBS 133 Three-step process with kriging (Hofstra
et al., 2009)

0.25� V10.0, http://www.ecad.eu/ (retrieved April 2014)

NCIC 3,000–5,000 Inverse distance (Perry et al., 2009) 5 km Met Office (2017): UKCP09: Met Office gridded land
surface climate observations-daily temperature and
precipitation at 5 km resolution. Centre for
Environmental Data Analysis http://catalogue.ceda.ac.
uk/uuid/319b3f878c7d4cbfbdb356e19d8061d6

NCICEOBS 133 Inverse distance (Perry et al., 2009) 5 km Developed in this study using subsampled rain gauge
data to match the E-OBS network, but interpolated
using the NCIC method

CEH-GEAR 3,000–5,000 Natural neighbour (Keller et al., 2015) 1 km Tanguy et al. (2016), https://doi.org/10.
5285/33604ea0-c238-4488-813d-0ad9ab7c51ca
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3 | RESULTS

3.1 | Differences between NCIC and E-OBS

Table 2 shows for all locations and all days in the period
1961–2010 the proportion of days that NCIC and E-OBS are
wet (≥0.2 mm of precipitation) or dry (<0.2 mm). Approxi-
mately 90% of readings are consistent between the two data
sets. Instances where NCIC is wet and E-OBS is dry are
more numerous (8 or 9% of the total number of readings)
than vice versa (2% of readings). This dry bias in E-OBS
(Figure 2) is particularly notable for high ground and in the
west of Britain due to NCIC picking up more of the oro-
graphic rainfall and scattered rainfall events. Occurrences
where E-OBS is wet and NCIC is dry are fewer (2%) and
tend to be most frequent for grid boxes near the coast of
northeast England. E-OBS has only one station near the
northeast coast of England (Figure 1) so it is possible that E-
OBS underestimates the frequency of days when coastal
parts of the region remain dry while inland areas have rain
or showers.

The statistics that follow relate specifically to the 51% of
days for which both data sets recorded a total of 0.2 mm or
more at any given grid box. Mapped summary statistics for
the comparison between NCIC and E-OBS for the summer
and winter months are given in Figure 2. These are the ratio
of the average precipitation, the difference between the max-
imum daily rainfall totals for each grid box for the quoted
season, the root-mean-square difference (RMSD) between
the two data sets, and the median of the seasonal maximum
daily rainfall totals. Collectively, these are therefore indicat-
ing the systematic difference (or bias) between the data, the
representation of the most extreme rainfall in each data set,
and measure of the overall difference between the two esti-
mates on wet days.

The E-OBS grids consistently underestimate seasonal
precipitation totals in some western parts of the UK, espe-
cially western Scotland to the north of the Scottish Low-
lands, and the difference is most pronounced in autumn (not
shown) and winter (Figure 2), estimated rainfall across
upland areas in E-OBS being as low as 54% of that esti-
mated by the NCIC data set. This is consistent with the find-
ings of Hofstra et al. (2009), who also found a systematic
dry bias over upland parts of western Scotland, Wales and
southwest England, citing over-smoothing as a major factor.

TABLE 2 Percentage of instances where NCIC and E-OBS were wet
(≥0.2 mm precipitation) or dry, for each of the four seasons
(spring = MAM, summer = JJA, autumn = SON, winter = DJF)

Spring NCIC dry NCIC wet Summer NCIC dry NCIC wet

E-OBS dry 41% 8% E-OBS dry 44% 9%

E-OBS wet 2% 49% E-OBS wet 2% 45%

Autumn NCIC dry NCIC wet Winter NCIC dry NCIC wet

E-OBS dry 36% 8% E-OBS dry 35% 8%

E-OBS wet 2% 54% E-OBS wet 2% 55%

FIGURE 2 Seasonal intercomparisons between NCIC and E-OBS
precipitation (mm) for summer (JJA, top), and winter (DJF, bottom),
considering the mean ratio of E-OBS to NCIC daily precipitation totals, the
difference between the highest seasonal daily precipitation totals, the
RMSD, and the median seasonal maximum difference, for each grid box.
This analysis applies to days for which NCIC and E-OBS both reported
0.2mm or more of precipitation at a given grid box [Colour figure can be
viewed at wileyonlinelibrary.com]
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Underestimates are often most prominent on high ground
not only the highlands of Scotland and the Welsh mountains,
but also more localized high ground such as Exmoor and
Dartmoor in Devon. The ratio tends to be much closer to
1 for flat lowland regions of central and southern England as
seen in Figure 2.

There is a consistent tendency for E-OBS to be wetter
than NCIC on the eastern flank of some areas of high
ground, notably the Welsh mountains and the Pennines, and
also near the west coast of Northern Ireland. This may also
be a consequence of over-smoothing, where the rain shadow
effect to the east of high ground is smoothed out, as well as
the orographic enhancement on the western side of high
ground.

The results for extreme precipitation show that extreme
precipitation is underestimated by larger amounts in some
eastern parts of England in summer than in winter, by up to
50 mm for some grid boxes for the most extreme individual
events, although when taking the median of the differences
between seasonal extreme totals, the mean underestimates
are considerably lower. The relatively low station density of
E-OBS fails to pick up localized convective rainfall events
that can affect eastern England in summer. For much of low-
land England, E-OBS and NCIC mostly agree to within
10 mm on winter extreme precipitation. However, extremes
are generally underestimated in upland and western areas for
all seasons by up to 75 mm for the absolute daily extremes,
and there is a systematic bias of up to 33 mm when consid-
ering the median difference between seasonal extreme daily
totals. The results are again consistent with the lower net-
work density in E-OBS not picking up some of the extremes
at individual sites that are captured by NCIC. It is interesting
to note also that while Northern Ireland is considerably wet-
ter on average in E-OBS than NCIC, the data sets agree to
within 10 mm for most grid boxes regarding the magnitude
of the daily extremes.

Correlation coefficients between the E-OBS and NCIC
(not shown) are 0.9 or above in most grid cells, but are gen-
erally lower in the case of summer (UK mean 0.87) than
other seasons. The areas of low correlation correspond well
with the gaps in the E-OBS station coverage. In winter,
northwest Scotland has the lowest correlations, as low as
0.72, with a UK mean of 0.91, while in summer, northwest
Scotland and an area of eastern England centred on Norfolk
have similarly low correlations, as low as 0.68.

The RMSD between the data sets is generally highest in
the west of Wales and Scotland in all four seasons, which is
consistent with the variable topography of those regions and
the relatively sparse network of rain gauges used to generate
E-OBS. The RMSD is also generally higher for eastern and
central parts of Britain for summer than winter, again relat-
ing to E-OBS failing to pick up some localized convective
events, especially in an area of eastern England centred on
Norfolk, where correlations are lower than elsewhere in

England and Wales and the rainfall network used to generate
E-OBS is notably sparse. The coverage for southwest Scot-
land for E-OBS is based on several sites, which may account
for the better accordance with NCIC values.

For much of central and eastern Britain, less than 5% of
differences between NCIC and E-OBS exceed 1.96 times the
published E-OBS standard error estimates, but the percent-
age is much higher for many western parts of the UK, espe-
cially western Scotland, Cumbria, south and west Wales,
and around Dartmoor (Figure 3). The implication is that this
comparison supports the E-OBS uncertainty estimates across
most of the UK, with the exception of upland areas of west-
ern Britain. This represents underestimation of orographic
enhancement.

3.2 | Differences between NCIC using the full network,
and NCICEOBS

In this section we compare NCICEOBS with NCIC. Here
the two data sets use the same interpolation method, and
they differ only in station sampling. The NCIC interpolation
method uses a reference climatology (Perry and Hollis,
2005a) and interpolates anomalies relative to climatology.
Thus, while NCICEOBS is limited to only E-OBS stations,
the interpolation method still includes information from the
reference climatology based on rain gauges that are used by
NCIC but not E-OBS. The precipitation for each station is
divided by the monthly long-term average to create percent-
age anomalies of daily precipitation with respect to the
monthly climatology. These anomalies are then interpolated
using the inverse distance weighting described in Perry et al.
(2009) and the resulting map is then rescaled using the
gridded monthly long-term average. This approach is built
on the assumption that even at a daily timescale the relative
anomalies are more spatially coherent than the actual
precipitation.

NCIC and NCICEOBS agree on the distribution of wet
(≥0.2 mm) and dry days for 90% of all grid cells and days
(Table 3). In this case, occurrences where NCICEOBS is
wet but NCIC is dry are comparable to vice versa, and tend
to be concentrated in areas where the E-OBS station cover-
age is sparse, but both amount to just 4 or 5% of the total
observations, with a slight preference for NCICEOBS to
be wet.

The mean ratio (Figure 4) is very close to 1, with only a
small number of isolated grid boxes diverging by more than
a few percent, that is, the reduced network density makes
very little difference to the long-term average rainfall totals
at individual grid boxes. It should be noted that the method
of Perry et al. (2009) does not constrain the sum of the daily
grids to equal the long-term average but the high-resolution
long-term average grids do appear to be sufficient to
improve daily precipitation estimates substantially. A conse-
quence of this is also that any systematic bias or error in the
reference baseline climatology is also likely to influence the
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resulting daily precipitation grids. The differences presented
in the left-hand panels of Figure 4 are therefore a conse-
quence of the methodology, although the different spatial
sampling probably results in larger differences than would
arise if both NCIC and E-OBS used a similarly large

network of rain gauges. This gives us confidence that the
NCIC interpolation method does not introduce systematic
bias to daily grids even with a substantial reduction in the
observing network.

There is no systematic mean difference in the maximum
precipitation over the UK as shown in Figure 4. This is in
contrast to E-OBS which had on average lower extremes in
precipitation than NCIC. This suggests that even with a
reduced network the NCIC method is able to remove sys-
tematic bias in daily extremes. However at a local level there
are many large anomalies of up to 67 mm in summer and
58 mm in winter and of comparable magnitude to the differ-
ences between NCIC and E-OBS when taking the difference
of the absolute maxima. These do not show a consistent spa-
tial pattern across seasons. For example, in the case of sum-
mer, when the NCIC interpolation method is restricted to

FIGURE 3 Proportion of values for which differences between E-OBS and NCIC exceeded 1.96 times the E-OBS standard error estimates (approximately
95% confidence level), for (a) spring, (b) summer, (c) autumn, and (d) winter [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 3 Percentage of instances where NCIC and NCICEOBS were wet
(≥0.2 mm precipitation) or dry, for each of the four seasons
(spring = MAM; summer = JJA; autumn = SON; winter = DJF)

Spring NCIC dry NCIC wet Summer
NCIC
dry

NCIC
wet

NCICEOBS dry 38% 4% NCICEOBS dry 40% 4%

NCICEOBS wet 5% 53% NCICEOBS wet 6% 50%

Autumn NCIC dry NCIC wet Winter
NCIC
dry

NCIC
wet

NCICEOBS dry 33% 4% NCICEOBS dry 30% 4%

NCICEOBS wet 5% 58% NCICEOBS wet 6% 60%
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just E-OBS sites, there are overestimates over much of west
and south Wales and underestimates around the Wash (east-
ern England), features that are not evident in winter. This
further demonstrates that the reduced sampling in NCI-
CEOBS and E-OBS has a greater impact on the ability of
gridding methods to capture smaller scale summer extremes.
Anomalies are smaller over much of the UK for winter but
there is an area of substantial underestimates to the north of
Glasgow, and then overestimates over much of northwest
Scotland. This may be related to specific extreme events and
the use of only one station in the E-OBS network to cover
that whole area. The median of the difference between sea-
sonal maximum daily totals shows a much reduced differ-
ence, though still with a median difference of over 14 mm at
individual grid boxes.

The RMSD are similar to those derived from the com-
parison of NCIC with E-OBS (section 3.1 and Figure 2).
The spatial patterns are very similar to those between NCIC
and E-OBS, with a maximum RMSD in western Scotland, to
the north of Glasgow, but comparing NCIC with NCI-
CEOBS produces a smaller peak winter RMSD than com-
paring with E-OBS. A similar effect is evident in Wales, but
otherwise the mean RMSD is very similar in magnitude.
Overall this suggests that the NCIC interpolation method
even with a reduced network avoids the systematic dry bias
associated with sparse sampling on orographic rainfall in
western Scotland and Wales. Otherwise the NCIC and E-
OBS interpolation methods are comparable in terms of the
net impact of sampling uncertainty on gridded data, when
compared to grids derived from the much more comprehen-
sive network comprising several thousand rain gauges.

3.3 | Differences between NCIC and CEH-GEAR

A comparison of E-OBS with CEH-GEAR (not shown) pro-
duced very similar results to the comparison between E-
OBS and NCIC. Differences between amounts at individual
grid boxes for extreme events were larger at some grid
boxes, as a consequence of the structural uncertainty
between the data sets.

Differences between NCIC and CEH-GEAR at the E-
OBS grid spacing (Figure 5) are typically very small, with
correlations (not shown) between the rainfall values for indi-
vidual grid boxes no lower than 0.95, compared with mini-
mum correlations of about 0.7 when comparing NCIC or
CEH-GEAR with E-OBS. Overall, CEH-GEAR is 1–2%
drier than NCIC averaged across Britain, but up to 20% drier
around the Cairngorms, and up to 15% wetter at some grid
boxes near the west coast of Scotland. These larger differ-
ences may reflect relatively sparse coverage in those regions
even in the full network, along with significant localized var-
iations in rainfall totals due to variable elevation and oro-
graphic enhancement, and/or differences in the underlying
reference climatologies used in the creation of NCIC and
CEH-GEAR. There is strong agreement between NCIC and

FIGURE 4 Seasonal intercomparisons between NCIC and NCICEOBS
precipitation (mm) for summer (JJA, top) and winter (DJF, bottom),
considering the mean ratio of NCICEOBS to NCIC daily precipitation
totals, the difference between the highest seasonal daily precipitation totals,
the RMSD, and the median seasonal maximum difference, for each grid
box. This analysis applies to days for which NCIC and NCICEOBS both
reported 0.2 mm or more of precipitation at a given grid box [Colour figure
can be viewed at wileyonlinelibrary.com]
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CEH-GEAR on the pattern of wet and dry days with only
2% of days showing disagreement (Table 4).

The same analysis was repeated at the 5 km grid spacing
used by NCIC. At 5 km (Table 5), 3% of data points show
disagreement on the presence or not of precipitation. The
results in Figure 6 were very similar to those at the coarser
25 km grid spacing in Figure 5, but very local differences at
the scale of a few grid-cells can be more notable with some
CEH-GEAR grid cells recording as little as 66% or as much
as 159% of the precipitation assigned to the same grid cell in
NCIC. This could relate to differences in the underlying
long-term reference climatologies used. CEH-GEAR is gen-
erally drier than NCIC over the Cairngorms and wetter near
the west coast of Scotland. The mean difference across Brit-
ain as a whole stayed the same, with CEH-GEAR 1–2%
drier than NCIC. Isolated extremes at individual grid cells
could differ by over 90 mm (Figure 6), but these extremes
are not representative and generally the two data sets agree
quite closely across all seasons.

As Keller et al. (2015) pointed out, errors in the north
and west of Britain will stem mostly from orographic
enhancement during periods of frontal or pre-frontal rainfall,
with the south and east seeing more errors from localized
convective events. As northwestern Britain also has a lower
density of rain gauges than the southeast, the relationship
between network density and uncertainty is therefore com-
plex. However, the much stronger agreement between NCIC
and CEH-GEAR, as opposed to NCIC versus E-OBS and
NCICEOBS, suggests that network density is a dominant
factor.

4 | CASE STUDIES

This section presents a small number of specific case studies
(Table 6) of notably high-rainfall events, along with one
instance of widespread light rainfall, to gain an insight into
how the different gridded rainfall data sets represent these
types of events. These case studies have been selected as
they are indicative examples of particular rainfall situations,
and the high-rainfall events all produced some remarkably
high totals and resulted in significant impacts such as
flooding.

In general, E-OBS tends to over-smooth the distribution
of precipitation (as suggested by Hofstra et al., 2009), under-
estimating in the heaviest-hit areas and overestimating in
surrounding areas. This “smoothing out” of rainfall patterns
is consistent with the lower density of stations used to gener-
ate E-OBS. This is evident in the plots for the unusually
heavy and thundery rainfall of July 10, 1968 (Figure 7),
when 143.5 mm of rain was reported in 24 hr at Chew Stoke
(Somerset in southwest England), which is over twice the
normal July rainfall. NCICEOBS also underestimates precip-
itation in the east of the main band of rain, but overestimates
in the west. All data sets smooth the rainfall to some extent

FIGURE 5 Seasonal intercomparisons between NCIC and CEH-GEAR
precipitation (mm) for summer (JJA, top) and winter (DJF, bottom),
considering the mean ratio of CEH-GEAR to NCIC daily precipitation
totals, the difference between the highest seasonal daily precipitation totals,
and the RMSD, and the median seasonal maximum difference, for each grid
box. This analysis applies to days for which NCIC and CEH-GEAR both
reported 0.2 mm or more of precipitation at a given grid box [Colour figure
can be viewed at wileyonlinelibrary.com]
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due to the limitations of gridding with a grid spacing of
25 km, but E-OBS more so than NCIC and CEH-GEAR due
to the limited number of stations, for example, NCIC has the
highest gridded rainfall total as 108.1 mm.

For the unusually heavy and widespread frontal rain on
August 25, 1986 (Figure 8), associated with the remnants of
Hurricane Charley, which saw widespread daily totals of
50–100 mm, underestimates are evident in most of the
heavily-affected areas when comparing E-OBS and NCI-
CEOBS with NCIC. NCICEOBS also has some areas of sig-
nificant overestimates in parts of north Wales and the
Pennines, with the effect that the range of differences is
larger for NCICEOBS in most of the case studies. Con-
versely, for the heavy rain over northeast Scotland on
September 11, 1995 (Figure 9), E-OBS underestimates the
severity of the rainfall over most of the affected area (which
had daily totals of over 80 mm at some sites), whereas NCI-
CEOBS overestimates it. Due to the frontal nature of the
rainfall on those occasions (leading to less smoothing out of
extreme high totals than in convective events, where there
can be very localized high totals), the maximum NCIC
gridded total is closer to the observed maximum rainfall
total, for example, the highest value at any NCIC grid box
for September 11, 1995 is 84.2 mm, compared with a maxi-
mum observation of 90.3 mm at Rochomie Reservoir
(Morayshire). For E-OBS the maximum is 51.4 mm, and for
NCICEOBS 83.5 mm.

For the heavy persistent frontal rain of October 29–30,
2000 (Figure 10), similar results are produced to those for
the frontal rain of August 25, 1986. For the heavy rain of
July 20, 2007 (Figure 11), again the spatial pattern of

TABLE 4 Percentage of instances where NCIC and CEH-GEAR were wet
(≥0.2 mm precipitation) or dry, for each of the four seasons
(spring = MAM, summer = JJA, autumn = SON, winter = DJF)

Spring NCIC dry
NCIC
wet Summer

NCIC
dry

NCIC
wet

CEH-GEAR dry 43% 1% CEH-GEAR dry 45% 1%

CEH-GEAR wet 1% 55% CEH-GEAR wet 1% 53%

Autumn NCIC dry
NCIC
wet Winter

NCIC
dry

NCIC
wet

CEH-GEAR dry 37% 1% CEH-GEAR dry 36% 1%

CEH-GEAR wet 1% 61% CEH-GEAR wet 1% 62%

TABLE 5 Percentage of instances where NCIC and CEH-GEAR at 5 km
resolution were wet (≥0.2 mm precipitation) or dry, for each of the four
seasons (spring = MAM, summer = JJA, autumn = SON, winter = DJF)

Spring
NCIC
dry NCIC wet Summer

NCIC
dry

NCIC
wet

CEH-GEAR dry 44% 2% CEH-GEAR dry 47% 2%

CEH-GEAR wet 1% 53% CEH-GEAR wet 1% 50%

Autumn
NCIC
dry NCIC wet Winter

NCIC
dry

NCIC
wet

CEH-GEAR dry 39% 2% CEH-GEAR dry 37% 2%

CEH-GEAR wet 1% 58% CEH-GEAR wet 1% 60%

FIGURE 6 Seasonal intercomparisons between NCIC and CEH-GEAR
precipitation (mm) at 5 km resolution for summer (JJA, top) and winter
(DJF, bottom), considering the mean ratio of CEH-GEAR to NCIC daily
precipitation totals, the difference between the highest seasonal daily
precipitation totals, and the RMSD, and the median seasonal maximum
difference, for each grid box. This analysis applies to days for which NCIC
and CEH-GEAR both reported 0.2 mm or more of precipitation at a given
grid box [Colour figure can be viewed at wileyonlinelibrary.com]
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differences between NCIC and E-OBS and NCICEOBS are
similar, but NCIC and NCICEOBS both fail to capture a
localized extreme event (147.0 mm at Sudeley Lodge in
Gloucestershire, compared with a maximum NCIC grid box

average of 100.4 mm), presumably due to interpolation. In
the case of the heavy rain over Cumbria on November
19, 2009 (Figure 12), there is little difference between how
E-OBS and NCICEOBS perform relative to NCIC, though
the magnitude of the underestimates over Cumbria is
reduced in the case of NCICEOBS. Although the NCIC
grids come much closer to capturing the extreme values than
E-OBS and NCICEOBS, due to grid box smoothing, the
highest gridded value is 130.0 mm, compared with an
observed maximum daily rainfall total of 253.0 mm at
Seathwaite (Cumbria), which reflects the localized but per-
sistent orographic enhancement centred on Seathwaite. One
light rainfall event is also considered, on February 19, 2011
(Figure 13) and here, in contrast to the heavy rainfall events
considered, E-OBS and NCICEOBS overestimate the daily
precipitation totals over the Pennines but with some of the
heaviest rain underestimated around parts of Aberdeenshire.

These results are consistent with the E-OBS coverage
suffering mainly due to the relatively low density of station

TABLE 6 An overview of the case studies

Date of event Description

July 10, 1968 An organized area of exceptionally heavy rain,
associated with thunderstorms, which affected a
large area of southern England

August 25, 1986 Persistent frontal rain which affected most of the
country

September 11, 1995 Unusually persistent heavy frontal rain in northern
Scotland

October 29, 2000 Heavy frontal rain especially affecting England and
Wales

July 20, 2007 Organized thunderstorms over parts of the Midlands
and southern England

November 19, 2009 Heavy and persistent orographic rainfall over
Cumbria

February 19, 2011 Widespread light rain or drizzle

FIGURE 7 Intercomparisons for the organised thunderstorms of July 10, 1968. From left to right, NCIC gridded daily rainfall, the difference between E-
OBS and NCIC, the difference between NCICEOBS and NCIC, and the difference between CEH-GEAR and NCIC. Grid boxes for which both data sets have
less than 1 mm of precipitation are masked white [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 8 Intercomparisons for the unusually widespread and heavy frontal rain of August 25, 1986. From left to right, NCIC gridded daily rainfall (mm),
the difference between E-OBS and NCIC, the difference between NCICEOBS and NCIC, and the difference between CEH-GEAR and NCIC. Grid boxes for
which both data sets have less than 1 mm of precipitation are masked white [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 9 Intercomparisons for the heavy frontal rain of September 11, 1995 over northeast Scotland. From left to right, NCIC gridded daily rainfall (mm),
the difference between E-OBS and NCIC, the difference between NCICEOBS and NCIC, and the difference between CEH-GEAR and NCIC. Grid boxes for
which both data sets have less than 1 mm of precipitation are masked white [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 10 Intercomparisons for the heavy frontal rain of October 29–30, 2000. From left to right, NCIC gridded daily rainfall (mm), the difference
between E-OBS and NCIC, the difference between NCICEOBS and NCIC, and the difference between CEH-GEAR and NCIC. Grid boxes for which both
data sets have less than 1 mm of precipitation are masked white [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 11 Intercomparisons for the organised thunderstorms of July 20, 2007. From left to right, NCIC gridded daily rainfall (mm), the difference between
E-OBS and NCIC, the difference between NCICEOBS and NCIC, and the difference between CEH-GEAR and NCIC. Grid boxes for which both data sets
have less than 1 mm of precipitation are masked white [Colour figure can be viewed at wileyonlinelibrary.com]
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coverage used to generate E-OBS, with an over-smoothing
of the precipitation distribution evident for all of the heavy
precipitation events. This is consistent with the general
underestimation of extreme seasonal precipitation observed
in section 3, and with the findings of Zolina et al. (2014).
The anomalies are of mixed sign for the light precipitation
event considered, which is consistent with the section 3
observation that E-OBS underestimates mean seasonal pre-
cipitation in upland western areas, but that the anomalies are
of mixed sign elsewhere.

NCICEOBS also shows evidence of over-smoothing of
the precipitation distribution, and the RMSDs are similar to
those observed for E-OBS. The different interpolation
method eliminates the negative overall bias in the precipita-
tion amounts, but for the northeast Scotland event of
September 11, 1995, and the heavy summer rainfall of July
20, 2007, the NCICEOBS interpolation method overcom-
pensates and introduces a mean positive bias. In general, the

areas of significant overestimation and underestimation of
precipitation are similar to those for E-OBS, but often of
mixed sign, with no clear consistent pattern.

NCIC and CEH-GEAR are in strong accordance through-
out, suggesting that the different interpolation method does
not make much difference to the results of the daily or sea-
sonal grids, although there is a consistent tendency for CEH-
GEAR to be slightly drier overall than NCIC. The systematic
differences between CEH-GEAR and NCIC are likely to stem
from differences between the choice of reference climatology
grid used, that is, the structural uncertainty.

These results supplement the previous section by provid-
ing particular examples of individual daily extremes. While
many of the limitations of the representation of these events
are similar between E-OBS and NCICEOBS and dominated
by the sampling uncertainty, there are clear distinctions in a
number of cases indicating an important contribution of sys-
tematic bias in the representation of extremes arising from

FIGURE 12 Intercomparisons for the heavy persistent frontal rain over Cumbria on November 19, 2009. From left to right, NCIC gridded daily rainfall
(mm), the difference between E-OBS and NCIC, the difference between NCICEOBS and NCIC, and the difference between CEH-GEAR and NCIC. Grid
boxes for which both data sets have less than 1 mm of precipitation are masked white [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 13 Intercomparisons for the light rainfall event of February 19, 2011. From left to right, NCIC gridded daily rainfall (mm), the difference between
E-OBS and NCIC, the difference between NCICEOBS and NCIC, and the difference between CEH-GEAR and NCIC. Grid boxes for which both data sets
have less than 1 mm of precipitation are masked white [Colour figure can be viewed at wileyonlinelibrary.com]
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the structural uncertainty for gridded precipitation derived
from a relatively low network density.

5 | CONCLUSIONS

We have compared NCIC gridded precipitation directly with
E-OBS, plus NCICEOBS (the NCIC interpolation method
using just E-OBS stations) and CEH-GEAR (which uses a
different interpolation method and has an even denser station
network), at a seasonal level and in relation to a range of
case studies. The results suggest that for the period
1961–2010 despite the use of a different interpolation
method and reference climatologies between CEH-GEAR
and NCIC the data sets are in agreement on wet/dry days for
97% of all land points across all years on a 5 km grid. For
wet days CEH-GEAR is on average approximately 2% drier
than NCIC with RMSD of order 1 mm (dependent on sea-
son). During extreme events isolated grid cell estimates may
vary by 90 mm or more, but these are not representative and
represent fundamental challenge of how heavy rainfall is
interpolated between rain gauges.

EOBS has a systematic dry bias relative to NCIC or
CEH-GEAR. Eight percent of wet days in NCIC are
recorded as dry in E-OBS, and for wet days some localized
areas in the western uplands of the UK having as little as
54% of the rainfall estimated in NCIC. The NCICEOBS
analysis in which the NCIC analysis method was repeated
using the E-OBS station sampling resulted in a comparable
magnitude of random error, suggesting this is dominated by
the sampling uncertainty rather than structural uncertainty.
However, the NCICEOBS did not reproduce the same sys-
tematic dry bias in either mean or extreme daily rainfall as a
consequence of its use of a high-resolution reference clima-
tology. This provides evidence that modern dense observa-
tional climatologies can be used to interpolate some types of
historical rainfall extremes during periods with sparser net-
work of digital observations without systematically under-
estimating the extremes. For example the CEH-GEAR data
set currently estimates daily rainfall back to 1890. Small
scale summer convective events remain problematic for a
sparse observing network.

There is no strong evidence from this analysis of better
or worse performance in the specific interpolation methods
adopted by the various data sets, particularly when trying to
compensate for a low station density. The reference to a
superior reference climatology by NCIC is clearly beneficial
for reduced systematic bias, but the magnitude of sampling
uncertainties are comparable for E-OBS and NCICEOBS.

It is thus suggested that gridded observational rainfall
data sets for climate monitoring, climate model evaluation,
or development of climate services benefit significantly from
the use of a comprehensive dense network of rain gauges
rather than a sub sample comprised of long running or
homogenized series. It also demonstrates that the high-

density network of rain gauges available in the UK is vital
for studying rainfall extremes in a changing climate and min-
imizing structural uncertainty in gridded data sets for the
UK. The use of a reference climatology in the interpolation
method can maintain homogeneity even with substantial
changes to the rainfall network and supports the application
of such gridding methods in the estimation of earlier histori-
cal rainfall. However, the structural uncertainty inherent in
such a reference climatology must also be accounted for in
any comprehensive evaluation of uncertainty at the daily
scale.
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