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Abstract

The HYREX dense raingauge network over the Brue catchment in Somerset, England is used to explore the accuracy of calibrated
(raingauge-adjusted) weather radar data. Calibration is restricted to the use of any single gauge within the catchment so as to simulate
the conditions in a typical rainfall monitoring network. Combination of a single gauge and a radar estimate is used to obtain calibrated
radar estimates, with the “calibration factor” varying dynamically from one time-frame to the next. Comparing this dynamic
calibration with a static (long-term) calibration factor indicates the distance from a gauge over which the dynamic calibration is
useful. A tapered calibration factor is implemented which behaves in the same way as the raw dynamic calibration at short distances,
tending towards the static calibration factor at larger distances. This hybrid approach outperforms raingauge, uncalibrated radar, and
statically-calibrated radar estimates of rainfall for the majority of raingauges in the catchment. The results provide valuable guidance
on the density of raingauge network to employ in combination with a weather radar for flood estimation and forecasting.
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Introduction

Accurate quantitative measurement of rainfall is a long
standing problem (Rodda, 1967). A tipping-bucket rain-
gauge provides one of the most accurate and reliable
methods of rainfall measurement at a point over short time
intervals, but the validity of the measurement over a large
area is uncertain, particularly in convective rainfall situa-
tions. Networks of raingauges are generally employed to
obtain rainfall field estimates, although the optimal design
of such networks is a complex issue (Jones et al., 1979;
Papamichail and Metaxa, 1996). Weather radar offers
significant potential advantages when spatial rainfall esti-
mates are required: by providing a measurement over a
much wider area and giving a higher resolution representa-
tion of the rainfall field structure. Radar samples a volume in
space, and the intensity of the signal received is related to
the number, and size, of the precipitation particles in that
sample volume. Radar can provide high resolution data with
a spatial scale of the order of 1 km, and 5 minutes over time,
and with a spatial extent theoretically out to several hundred
kilometres. However, these data may only be quantitatively
useful within a radius of 75 km, particularly on account of
the altitude and width of the radar beam beyond this range.
To obtain similar resolution data from a network of rain-
gauges would require a significant number of raingauges,
together with significant monitoring and data quality
problems (see, for example, Essery and Wilcock, 1991).

It is logical to attempt to combine the more qualitative

representation of the rainfall field distribution provided by
radar, with the more quantitative point rainfall measure-
ments made by raingauges. Such raingauge adjustment is
often referred to as “radar calibration”, when the context is
clear that electronic calibration of the radar is not the issue
of concern. This convention is followed in the present
paper. One example of raingauge calibration of radar is
provided within CEH Wallingford’s HYRAD system
(Moore et al., 1991, 1994a, b), although there are others
in operational use. The accuracy of all forms of rainfall
measurement is of importance, and can have a particular
bearing on the accuracy of hydrological modelling (Larson
and Peck, 1974; Peck, 1980; Austin and Moore, 1996). This
paper attempts to quantify the accuracy of rainfall measure-
ment by raingauges, radar, and combinations of the two.
There are two scales of particular practical interest to

. hydrologists in terms of understanding rainfall variability

and uncertainty. The first is for 2 km square areas, which
correspond to the pixel size for which radar measurements
are commonly made available. Variability, both within and
across grid squares of this size, is of importance to catch-
ment modelling, especially of the distributed type. The
second is the scale of a typical catchment. In the present
context this is taken to relate to the 135 km? drainage area of
the River Brue gauged at Lovington (Fig. 1). Again this
scale is of interest to catchment modelling, especially when
using models which are lumped in form. The primary aim
of this paper is to assess the accuracy with which a single
raingauge and weather radar can estimate rainfall at these
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Fig. 1. The Brue catchment gauged at Lovington and the associated scanning radars (75 km radar circles indicated).

two spatial scales. Typically at this catchment scale there
will be a single raingauge and access to weather radar data on
a 2 km grid: the results will thus have a practical bearing on
the accuracy that a hydrologist might encounter in reality.

The analysis makes use of the raingauge dataset obtained
from the HYREX dense network of 49 tipping-bucket
raingauges within the Brue catchment in Somerset, South-
West England. This network and the associated weather
radars have been described elsewhere (Wood et al., 2000).
Data from the Wardon Hill radar (Fig. 1) have been used
exclusively because this radar provides a good example of a
C-band operational radar located at a reasonable range from
the catchment (circa 40 km). Features of the raingauge
network of importance here are (i) two super-dense net-
works each with 8 gauges within a 2 km square defined by
the radar grid, located in areas of high and low relief, and (ii)
catchment-wide coverage with usually at least one gauge
within each 2km square. These provide the basis for
obtaining high accuracy areal estimates for the two super-
dense network 2km squares and for the catchment
respectively.

The main thrust of the analysis is firstly to use data from
the dense raingauge network to derive accurate estimates of
the mean areal rainfall over 2 km pixels and over the catch-
ment. These “best estimates” are then used to assess how
accurately they can be estimated by any single raingauge
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within the catchment, by radar and by combinations of the
two. Only quality-controlled raingauge values were used in
forming the averages. The accuracy of these estimates has
been estimated to be around 11.5% for rainfall rates of 4 mm
h™! (Wood et al., 2000). In calculating the areal average
rainfalls for the catchment a weighted average procedure
was employed. Results have been obtained for a 15 minute
time interval, commonly used for hydrological forecasting in
the UK. This is in contrast to previous analyses which have
tended to concentrate on longer time-scales such as hourly
(Collier, 1986) and three hourly (Harold et 4l., 1974) in an
attempt to avoid discretisation errors. By investigating the
dependence of rainfall measurement accuracy on rainfall
intensity, and concentrating on the higher rainfall events,
the adverse effects of discretisation can be reduced. The
paper addresses the issue of the radar data calibration using
measurements from each raingauge in the network in isola-
tion. Both long-term “static” and short-term “dynamic”
calibration methods are investigated and their performances
compared.

Measurement of rainfall by a single
raingauge

Wood et al. (2000) describe a simple empirical approach for
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investigating how the accuracy of a rainfall estimate varies
with the amount of rainfall being estimated. In the case of a
2km pixel, the “ground truth” or “best estimate”, 7, is
defined as the mean of the available raingauges within it
(nominally 8 raingauges). This quantity is deemed invalid if
fewer than 6 of the raingauges are working satisfactorily for
a given time-frame. The essence of the approach is the
assumption that there are so many raingauges used in
calculating 7 that it is essentially the same as the unknown
true rainfall for the pixel. The value from each single
raingauge, R, is used to define an estimate of the mean
square error of R as an estimate of the true rainfall for the 15
minute time-frame, given by

S?=(R-T)~ (1)

The procedure involves either (i) averaging values of 2
across time-frames or (ii) using many time-frames to con-
struct scatter plots of log .S against log 7 and constructing a
smoothed curve through the points. Separate analyses have
been done for both the high and the low relief pixels. The
question arises of whether to include in T the raingauges
included in the estimator R under test. The analysis was
done both ways and the effect was found to be sufficiently
small to be ignored.

Figure 2 shows .S versus T (on logarithmic scales) for
raingauge 23 sited at Milton Wood Corn Field (see Fig. 1 of
Wood et al., 2000), when T is the 2 km pixel rainfall at the
low relief grid square. Raingauge 23 is chosen as a gauge
located near the centre of the catchment; it is about 3 km
from the 2km low relief square. A distinction is made in
Fig. 2 between convective and frontal type rainfall. The
quantity S is seen to increase as T increases, with the
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Fig. 2. Standard error of rainfall estimate based on rasngauge 23
(Milton Wood Corn Field), S, as an estimate of the 2 km pixel rainfall
over the low relief grid square, T. Convective and frontal type rainfall
are distinguished as shown. :

convective events dominating the higher values of 7. There
is also evidence of the effects of discretisation for lower
values of T.

The RMS (root mean square) error, S, in estimating the
low relief 2 km pixel rainfall was calculated at each of the
raingauge sites within the catchment and plotted in Fig. 3
against distance of the gauge from the pixel. Two categories
of rainfall intensity are distinguished. Medium-intensity
rain was taken to include all 15 minute periods with rainfall
amounts in the range 1-3 mm, corresponding to rainfall
intensities of 4-12 mm h™". High-intensity rain was defined
as 15 minute periods with rainfall in the range 3-10 mm,
corresponding to rainfall intensities of 12-40 mm h™!. Note
that since the ground truth estimate is for a 2 km pixel area,
formed as the average of gauge values in it, the values cover
a smaller range than do those occurring at a single rain-
gauge. For both medium and high rainfall categories, Fig. 3
shows the RMS error increases for raingauges further away
from the pixel, with the effect being more pronounced in
the case of heavy rain. Similar behaviour was obtained when
using the high relief grid square as the basis of the analysis.
The greater increase in error with distance for high-
intensity rainfalls is probably due to more convective rainfall
being included, showing variability over smaller spatial
scales.

Measurement of rainfall by radar

The UK network of operational radars operate at C-band,
with an approximate wavelength of 5 cm, and they rotate to
map out snapshots of the rainfall field at a series of
elevations. Cartesian grids of rainfall values (mm h™') are
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Fig. 3. RMS error of rainfall estimate from a single gauge within the
catchment, S, in measuring the low relief 2 km pixel ramfall, T.
Medsum and high rainfall categories are distinguished as shown.
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