






























































































'...given a set of nodes (abscissae) (spy) arbitrarily distributed in the x-y plane, with
corresponding ordinates zi. av, construct a bivariate function F(x,y) which
interpolates/fits a surface to, the data values, ie, F(s1,y)=z1,1=1.2.....M...' .

The problem arises in a wide variety of scientific fields in which the data represents
observed or computed values of some physical phenomenon. Information usually
derives from points whose locations are determined logistically rather than as a result
of network optimisation considerations, so that in practice most existing operational
raingauge networks can be considered as randomly distributed as regards the observed
rainfall process. Regardless of the algorithm used, a satisfactory fit cannot be
expected if the number and arrangement of the data points do not adequately
representthe character of the underlying relationship. Ideally data points should
extend over the whole domain of interest of the independent variable and
extrapolation outside the data ranges is unwise.

A smooth interpolatory surface is often desired when a visual impression of the
surface is required. The main requirements for an interpolation scheme are (Shepard,
1968):

the two dimensional interpolation function is to be 'smooth'.

the interpolated surface must passexactly through the specified data points.

the interpolated surface should meet the user's intuitive expectations about the
phenomenon under investigation.

Interpolation methods may be either local or global. In a global method the
interpolant is dependent on all the data points regardless of their distance from the
interpolation point, whereas in a local method, the interpolant does not depend on
data points more than a certain distance from the interpolation point. Often a local
method is used to avoid prohibitive computation time, although for rainfall, especially
localised convective storms, a global method would not be appropriate.

The main constraint applied to interpolation schemes is that the interpolating function
passes exactly through each of the data points. This ensures an exact rendition of the
rainfall field at the sampled points, though can in the case of rainfall result in a
contorted surface. This is because the rainfall process is spatially dynamic (i.e. may
be highly localised) and discontinuous. If this constraint is relaxed such that the
interpolation function need not fit the given values exactly, trend surface fitting
(Krumbein, 1959) may be appropriate. An advantage of this approach is that
distortion of the estimated rainfall arising from possible random error in the data
(measurement / observation error) may be reduced. Many surface fittingprocedures,
including the one described, provide user control of the smoothness of fit / closeness
of fit balance by way of a smoothness parameter. It should be noted that if the fit is
too smooth the signal will be lost (underfit), and if too close the surface may pick up
too much noise (overfit).

The instantaneous radar rainfall intensities are averaged at hourly intervals to produce

mean rainfall depths for that hour at each grid cell. Likewise the raingauge rainfall
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depths are cumulatedover the hour for each raingauge.At each raingaugelocation
assessmentfactors, AF, are derived.

Once the assessmentfactors have been definedforall raingaugelocationsa bicubic
splinesurface is fitted. The result is a regular assessmentfactorfieldwithAF defined
for points coincidentwith the cartesian radar grid. Adjustmentof the hourly radar
image is then achievedby multiplyingeachof theunadjustedradar rainfallvaluesby
the collocated assessment factor at each point (i,j) in the rectangular adjustment
domain (is,j„kfliL), that is

Rod(i,j) = Raji,j) AF(I,j), i = 1,p; j = 1,q (7.1)

where there are p points along the x-axisand q pointsalong the y-axis.

The form of the assessmentfactor fieldsurfaceandhence, the adjustedradardata is
controlled by the surface smoothnessparameterS of the surface fitting algorithm.
In addition, S also controls (in addition to the gridmesh size, field complexityand
number of data points) the execution speed of the surface fitting algorithm.
Preliminary investigationsconsideringcomputationaland estimationconsiderations
have led to the adoptionof a singlevalue for the smoothnessparameter.

A case study is used to illustrate the adjustmentprocedure. The event is frontal
stratiformwith rainfallrelativelyevenacrossthecasestudy area. Significantamounts
of rainfall occurred during the day, the bulk betweenthe period 12:00and 22:00
GMT. The averageraingaugerainfalltotal for the66availablegaugesis 16mm(i.e.
approximately1.6 mm/hr) and the low spatialvariabilityof rainfallover the area is
indicatedby the standarddeviationof the gaugemeasurementsof 3 mm. In addition
to widespreadand heavy rainfall, the event is complicateddue the enduringpresence
of a bright-band. The severityof the bright-bandis primarilydue to its low height
(approximately500 m), consequentlyfillingthe beamat near range whenthe beam
width is relatively small. The event thereforepresentsa stern test of the adjustment
procedure in conditions where the greatest error in radar rainfall estimatescan be
expected.

Figure 7.5 shows four different images: unadjustedradar rainfall field (a), the
correspondingradar image after adjustment(b), theinterpolated raingaugerainfall
field (d) and the mean assessment factor field (c)applied to the 24 hourly radar
rainfall images. All the rainfall fields (i.e. (a), (b) and (d)) are cumulatedover the
entire availableperiod and are in mmdepth units.

There is a striking difference between the unadjustedradar and raingaugederived
rainfall fieldswith significantoverestimationby theunadjustedradar datathroughout
the area, but strongest within50 km rangeof the radar.The meanassessmentfactor
field reflects this, having a meanvalue of less thanunityfor the day, signifyingthat
the adjustment procedure is on average loweringthe unadjusted radar rainfall
estimates). The adjusted radar rainfall field more closely resemblesthe raingauge
field, with the worst of the bright-bandoverestimationremoved.
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7.4 FACTORS INFLUENCING THE RADAR-RAINGAUGE
RELATIONSHIP: VERTICAL REFLECTIVITY PROFILES

A number of factors influence the radar-raingauge relationship, a number of which
have been discussed previously. This section will concentrate on the vertical
reflectivity profile. It is envisaged that an improved knowledge of physical
atmospheric processes will lead to an improvement inthe quality of quantitative radar
rainfall estimates.

In April 1991 a vertically pointing radar was commissioned by the Water Resources
Research Group at the Department of Civil Engineering, University of Salford. The
radar is an X-band (3 cm, 9,400 MHz) Racal-Decca ship navigation device
customised by the McGill Radar Weather Observatory, Montreal, Canada, for
meteorological applications. Unlike most hydrometeorological radars, the device does
not scan radially but points vertically providing quantitative information on the
vertical reflectivity structure of the atmosphere in the form of a height-time image.
The ultra-high resolution of the device (2 seconds, 7.5 m vertical) enables the
structure of storms to be studied in great detail, fromnear ground level up to 12 km
altitude.

The most significant problem in the UK (and manyother countries with a temperate
climate) is due to the bright-band layer: a significant increase in reflectivity arising
from the melting of solid phase water as it passes through the 0 isotherm (melting
layer). Inadequate vertical resolution even quite close to the radar can provide
problems for identification and correction since thebright-band layer may be as little
as 200-300 m in thickness. Furthermore, the bright-band may fall above or below the
radar beam at any particular location (see followingparagraph). The presence of a
bright-band layer may introduce large errors into precipitation estimation and can
result in overestimation of rainfall intensities by upto a factor of ten.

The requirement to use elevated beams to overcome local obstructions and beam
occultation introduces a second source of error which arise from the resulting
divergence between the beam and the Earth's surface. The problems include: low
level precipitation may be missed altogether; low levelprecipitation enhancement may
take place below the beam; low level evaporation may occur; precipitation may drift
horizontally below the beam. Since the beam heightis primarily a function of range
from the radar, the problems become increasingly significant as the range increases.
Orographic enhancement may be in the lowest 500 m or so which is invariably below
even the lowest beam elevation of the conventionalscanning radar. A further source
of error is due to incomplete filling of the volume sample of the radar. This is
primarily a function of the beamwidth used, and consequently becomes increasingly
important as range from the radar increases.

The Salford-McGill Vertically Pointing Radar is being used to address some of the
more important problems and shortcomings associatedwith precipitation observation
and quantitative estimation using scanning weatherradars. The project has enormous
future potential and a wide range of topics is currently being researched. The topics
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identified as high priority are: the bright-band layer, orographic effects, and the
spatial/temporal variability of the vertical reflectivity profile.

As yet no objective technique has been developed to identify and correct for errors
introduced by the bright-band layer in real-time. The VPR is working in conjunction
with an existing C-band scanning radar operated by the UK Meteorological Office.
The scanning radar provides estimates of average precipitation in a volumetric cell
of the order I km' at a height of typically 2000 m above the ground whilst the VPR
will provide 7.5 m resolution time-height profiles at 2 second intervals from 100 m
above the ground to well above the height of the scanningradar beam. The additional
information provided is invaluable in studying the presence and dynamics of the
bright-band layer. In addition orographic effects and other height changes in
precipitation can be analysed.

Sufficient experience of the operation of the VPR at several ranges and bearings from
the scanning radar will facilitate the development of numerical correction algorithms
(meteorological/range/location) to be explicitly computed and incorporated into the
real-time scanning radar processing system. The anticipated correction algorithms will
incorporate components to correct for the effects not only for bright-band but also for
orographic, sampling, beam overshooting, and beam filling effects. Validation of the
corrections made to the scanning radar data will be made with reference to a
mini-network of real-time telemetering raingauges. The potential for the development
of expertise and methods for improved operation of scanning radars is regarded as
most significant, particularly in the urban domain where increasing attention is being
paid to the development of techniques for the real-time control of urban drainage
systems.

This section shows examples of a number of storms observed during the summer of
1991. The examples provide a glimpse of the capability and potential of the radar,
and of the analysis and development work currently being pursued at Salford.
Figure 7.6 shows height-time reflectivity diagrams for two rainfall events observed.
Information is currently being collated from a variety of different sources including
synoptic charts, radiosonde data, scanning radar data (Hameldon Hill), and raingauge
data from local gauges operated by the National Rivers Authority, North West
Region. The diagrams provide a revealing insight into storm structure and dynamics
for a range of different storm types:

a well defined and relatively stable bright-band layer (at 3200 m) within light

stratiform rainfall of varying intensity (Figure 7.6(a) - 15th September),

a classic anvil structure within a stratiform event. Note low bright-band at 800
m, and regions of convection in the upper cloud (Figure 7.6(b) - 3rd June).
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7.5 URBAN DRAINAGE MODELLING

• 7.5.1 Influence of Temporal Resolution: 5 minute and 15 minute
data.

The influenceof temporal resolutionwas analysed by a simulationof the Bolton
drainage system using a variety of rainfall data. Avenge rainfall amounts were
accumulatedfor the entire durationof the stormsfor data resolutionsof 5, 10, and
15minutes.

Thedifferencebetweenthe 5, 10and 15minuterainfalldatawas notsignificant.The
influenceof the temporaldata resolutionswas minimalwithrelativedeviationsof up
to 2.8%, but was more significantwhencomparingpeak flows andoverflows. At
sensitivelocationsthe relativedeviationsbetweenthe peakflowscouldreachas much
as 35%. Generallyas the temporalresolutiondecreasesboth the deviationand the
numberof pipe locationsindicatinglargedeviationsbetweenpeak flowsincreased.
The decreasein temporalresolutionactuallychangedthe rainfall intensitiesand the
temporaldistribution.Hence, if the lowtemporalresolutiondata areutilisedthe peak
flow and overflows will be under- or over-estimatedat certain sensitivelocations
withinthe urbandrainagesystem.The underestimationof peak flowsand overflows
wouldbringhazardsand overestimationwouldresult in overspendingon the design,
renewaland rehabilitationof the system.

Five minutedata are consideredto be the minimumrequirementfor modellingurban
drainagesystems, either for off-linedesignor real-timesimulation.If the modelling
is limitedto largediameterpipes (say, exceeding1m diameter),or a catchmentwith
a longer responsetime than the Boltonsystem, then lower temporalresolutiondata
may suffice. These aspects will be further clarifiedby modellinga system with a
catchmentarea of 240kr&with the benefitof a low cost C-band radardevelopment
in the near future.

7.5.2 Influence of Spatial Resolution: 2 km and 5 km data

In their fundamentalform radar data are polar. Howeverfor ease of usea cartesian
conversionis appliedby the at-site computerin real-time, the resultantdata having
spatial resolutionsof either 2 km (within75 km range of the radar)or 5 km (to
210 km). The fall in spatial resolutionwithrange is primarily attributableto beam
divergence.

The influenceof the spatial resolutionon the modellingand simulationof an urban
drainagesystem was in general more significantthan the temporal resolution.The
relativedeviationbetweenthe inflowsgeneratedfrom 2 km and 5 kmradar rainfall
data rangedto 26%, some 10timesthe magnitudeof the relativedeviationsbetween
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inflows generated from 5 and 15 minute data for thesame storm data. A decrease in
the spatial resolution, results in an increase in the deviations between both the peak
flows and overflows. This is particularly sensitive at key locations on the pipe
network and is primarily due to the spatially distributed nature of the rainfall field.

The results of the analysis suggest that 5km and lumped (i.e. single areal values) are
inadequate for urban drainage system modelling and do not possess sufficient

information of small scale effects in the rainfall field which are important for many
urban drainage systems. The conclusion is necessarily limited to the Bolton drainage
system, and is dependent on the system characteristics being indicative of urban

systems elsewhere. Further analysis is required on larger urban systems and will form
part of planned future work.

7.5.3 Influence of radar wavelength: simulated X-band and C-band
rainfall data

The low relative cost and potential portability of X-band radar devices are the two
main reasons why radar systems operating at this wavelength are currently being
considered for use (primarily France and Germany) in urban hydrology. However,

X-band systems are subject to increased levels of interference and attenuation. A
detailed investigation has been conducted to compare quantitatively X-band and
corresponding C-band radar rainfall data from an urban hydrology perspective. The
investigation has focussed on three aspects: rainfall comparisons, flow comparisons,
and comparisons of combined sewer overflows. The analysis has been conducted
using the the WASSP-SIM package (described in section 7.1) for the Bolton urban
drainage network.

Storm rainfall data over Montreal, Canada, as observed by an S-band radar operated
by McGill Radar Weather Observatory supported thecomparative analysis. Numerical
attenuation formulae (below) were applied to the S-band data (S-band can be

considered to be a non-attenuating wavelength) to yield simulated rainfall estimates

for hypothetical collocated C- and X-band radars.

X-band attenuation: A= 0.011 R"

C-band attenuation: A=0.0062 R"

where R is the rainfall rate in mm/hr and A the point attenuation in dBz. Upper
bounds on the possible attenuation were set to 6 dBz/km (X-band) and 2 dBz/km (C-
band).

The deviation between rainfall measurements obtained from the X-band and C-band

data, in terms of the absolute deviation, varies withrainfall rate at the target location,
horizontal range and the rainfall blocking along thescanning beam. It has a distinct
correlation with the total rainfall over a period so that an increase in total rainfall is
always accompanied by an increase in the deviationbetween the X- and C-band data.
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One storm produced as much as 50% less rainfall with X-band data when compared
to C-band data. Importantly, the X-band signal is often attenuated below the
minimum detectablesignal threshold of the radar. The significance of this is that the
signal cannot therefore be influenced by any real-time reconstruction or calibration
procedure.

The flow deviation was represented by the standard deviation and the peak flow
deviation was indicated by the absolute deviation and the relative deviation. The
standard deviation showed that the deviation of flow was very minor asa whole but

could be very significant for peak flows which are largely rainfall dominated. The
deviation of peak flow is more sensitive to pipe location than the other factors. The
sewer network was observed to attenuate and smooth the input rainfall signal,
producing a low frequency flow response. The impact of high frequency elements
within the rainfall measurement is consequently lessened.

The results showed that the correlation coefficients between areal rainfall rate and

mean overflow, as well as the absolute deviation of the mean overflow, were very
large (0.92 and 0.80 respectively), implying that overflow is proportional to rainfall
amounts, i.e. the greater the overflow the larger the absolute deviation. Such a
conclusion will hold at least in the case of the Bolton catchment when subjected to
the data range used in the study.

From the analysis it was seen that quantitative radar rainfall measurements can be
significantly affected by the radar wavelength. The deviations between flows was not
significant in general but the peak flows, the lag times and the combined sewer
overflows determined by the deviation of rainfall together with many other factors
were relatively significant. This would affect the design and the real-time control of
urban drainage systems in a very substantial way, and would certainly result in high
costsdue to the uncertainties in flow estimation, the consequentimplications in terms
of pollution, over or under design and flooding. The fact that very high intensity
rainfall can attenuatean X-band signal to the extent that rainfall is not observed at all
is particularly serious since there is no possibility for signal reconstruction procedures
to be invoked.

The data are in general prone to difficulty in interpretation at ranges beyond 10 km
and very intense convective storms will pose problems even at closer range.

Providing that low cost C-band devices can be developed specifically for use in those
urban areas that do not have good coverage from existing large scale C-band
meteorological network radars, then it is not recommended that X-band scanning
radars are seriously considered for widespread exploitation in urban hydrology. The
development of overlapping X-band networks may to some extent mitigate against the
problems described but remain the subject of future research.
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7.6 CONCLUDING COMMENTS AND RECOMMENDATIONS

The work on the development of urban radar technology has advanced to the extent
that a number of studies are underway or planned within Europe. The Water
Resources Research Group at the University of Salfordwill be extending their interest
into the real-time control of large urban drainage systems as a direct consequence of
the research described.
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8. Conclusions

The main findings of the research project are summarised below as a set of
conclusionsunder the headingof eachsection.

Section2 RadarPreprocessingand Calibration

Routine correctionfor radar blockageby structures and topographyis quite
inadequate, and can be very considerablyimproved by carefullyadjusting
radar measurementsof rainfall totals over long periods to agreewith gauge
measurements.

Time-variabletwo-dimensionalcalibrationsurfaces for widespreadrain using
selectedcalibrationgaugesare muchmore effectivewhenappliedto radar data
improvedas in (1), evenwhenusingmany fewer calibrationgauges.

(2) Orographic enhancementof rainfall by the local hills is complex,varies
quickly in responseto changesin the speed and directionof airflow,and its
effecton radar calibrationrequirescarefulcalibrationas in (2).

In widespreadrain, agreementbetweengauge and radar data issignificantly
improved by includinga term in (range)°2s, though the exponentvaries
strongly with meteorologicalsituation. Note that the procedurein (1) also
corrects for any consistentrangeeffect.

Extensive periods of widespread precipitation without brightband fit a
raingauge:radarrainfallmeasurementrelationof theformIta = aR,`witha=2
(SD 0.6) and b=0.6 (SD 0.3). Time series of b in prolongedrainfall show
apparentlycoherentvariations,with minimanear the passageof the surface
front.

Time-variable calibration of radar measurements of extensiverainfall is
significantlyimprovedwhen a time series analysis techniquebased on the
Kalmanfilter is used to marry temporalconsistencywith whitenoise.

Radar measurementsof convectiverainfallcan differvery widelyfrom gauge
measurements,tendingto underestimateheavy falls (especiallyin the vicinity
of strong gradients of echo strength, and at higher beam altitudes) and
overestimatelight falls.
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Section 3 Local radar calibration

Using a multiquadric surface fitting algorithmto combine data from 30

raingauges and a weather radar can improve the accuracy of rainfall
measurement, on average, by 22% comparedto that obtained using radar
alone. This result appliesto an area of lowrelief in the vicinityof Londonin
southern England.The improvementmaybe as great as 45% in widespread
frontal rain; the risk of reducing the accuracyduring localised convective
storms appearsslightusing the speciallydevelopedsurfacefittingmethod.

The practicalviabilityof implementinga localradar calibrationprocedurehas

been demonstrated: the Radar CalibrationSystem has been running since
14 March 1989in supportof NRAThamesRegion's flood warningservice.

Section 4 Local radar rainfall forecasting

(I) The use of radar rainfall images to infer the speed and direction of rainfall
field movementand its use in rainfall forecastinghas been demonstrated.A
simpleadvection-basedmodel, incorporatinga correctionto shrinkthe forecast
towardsthe fieldaveragewith increasingleadtime, performsbetterthan more
complex methods incorporatingaccelerationand intensificationcomponents.
The pattern of the forecast rainfalldeterioratesbeyondone hour, and beyond
two hours the use of a single radar makesit impossibleto forecastthe whole
of the target rainfallfield.

Section 5 Grid-square rainfall runoff model

(1) Use of a digital terrain model, or a contourmap,to overcomethe problemof
overparameterisationof distributedrainfall-runoffhas beendemonstrated.An
assessment of the merits of using distributedradar rainfall in grid-square
rainfall runoffmodels, relativeto the use ofdatafrom a single raingauge,has
been frustratedby blockagesaffectingthe radarmeasurementsof rainfall inthe
study region.

Section 6 Design applications

(1) The shortness,and problemsof accuracy,of existingarchivesof radar rainfall
data limitthe usefulnessof thesedata in hydrologicaldesignstudies.However,
a combinationof radarand raingaugedata hasprovedusefulin assessingshort-
duration areal reductionfactors.
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Section 7 Urban applications

Hydrologicalmodelsin generalappearto be relativelyrobust in relationto the
quantisationof the radar signal. 3-bit (8-level)data, providingthe numerical
allocationprocessis carefullychosen,appearsto containsufficientinformation
contentto allowreal-timehydrologicalmodellingto proceed.

The spatial and temporal resolutionof quantitativedata for use in urban
drainagenetworkmodelswas studiedand recommendationsmaderegarding
the requirementsof weatherradar use in urbansituations.

Detaileddevelopmentof high density local raingaugeadjustmentprocedures
have been successful and are being commissionedand field-testedin two
regions. Work on specific urban proceduresfor both off-line and real-time
applicationoverurbancatchmentshavealsobeendevelopedandarenowbeing
deployed.

Fundamentalradar characteristicswerestudiedin relationto urbanhydrology
and recommendationsmade as to preferred wavelengthand implicationson
quantitativeaccuracy. C-band devices were considered to be optimal for
mediumto long range applications(i.e. > 20 km range).

Studies of the vertical reflectivityprofile have been initiated in order to
improve understandingof vertical storm structure and provide additional
informationfor real-timedata adjustmentalgorithms
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