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ABSTRACT

The relationships between radar reflectivity (Zpamain-rate (R) adjusted to the climatology of the
Regge and Dinkel district were established using window probability matching method. A
kernel of 3 by 3 pixels was used to spatially agereadar reflectivity values coinciding with each
of the 9 rain-gauges for a time step of one hounre Telationships were established for a time
independent (bulk) calibration, for the seasondibration as well as for each of the years from
2006 to 2010 separately. The Z-R relationshipsiabthin each of the calibrations were compared
with the Marshall and Palmer Z-R relationship whieh currently being used over the entire
Netherlands by the Royal Netherlands Meteorologinatitute (KNMI). The reflectivity-rain-rate
relationships were found to vary from time to timeer the period considered since different
relationships were obtained from each calibratidine variations are due to differences in rain
drop size distribution and hence predominant rdintfigpes in space and time. However, contrary
to the expectations, the Z-R relationships obtainsidg the window probability matching did not
improve the accuracy of radar rainfall estimatidrhe Regge and Dinkel area is located more than
100 km away from the de Bilt radar and this caubesunreliability of the rainfall estimates from
the radar (range degradation). The root mean squarers and mean absolute errors were higher
using the proposed Z-R relationships than whengutie Marshall and Palmer Z-R relationship.
There is need to identify weather radar which @selto the Waterboard Regge and Dinkel district
and use it to monitor rainfall for the area. Thisynalso imply the need to install weather radar
within the area to eliminate the impact of rangegm@elation on accuracy of radar rainfall
estimates.

Keywords: windowprobability-matching, rain-rate, Z-R, errorsflectivity, calibration, Regge
and Dinkel

INTRODUCTION

Problem definition

Rainfall data are used as input for hydro-metegiokd models, decision support systems, and
agricultural monitoring systems. The accuracy adsth applications is strongly affected by the
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reliability of the rainfall data used (Borga, 200Rrajewski & Smith, 2002;G. Villarini, &
Krajewski W. F., 2010). Rainfall is conventionaligeasured using rain gauges and these are
viewed as reference for assessing the accuracythefr dechniques. Gauges, however, sample
rainfall at individual points and their managemenexpensive (Borga, 2002). Many gauges are
needed to adequately detect rainfall over a lamga avhich is costly and does not provide a
complete coverage of rainfall distributions. Altatiwely, rainfall can also be measured using
optical and microwave remote sensing techniquethitnway electromagnetic radiation is used to
detect cloud/water properties, which are then cdeddo rain rates.

Remote sensing usually produces data with higheezestime resolution than rain gauges. However,
space-time resolution should not increase at tlpemse of accuracy of the data. At coincident
points/pixels, rainfall measured by remote sensimauld be very close in value to that measured by
corresponding rain gauges (Barnston & Thomas, 1B&8)s & Atkinson, 2011;Borga, 2002). The
systematic difference between the values is cdlied and contributes to uncertainty (Biggs &
Atkinson, 2011). This can be caused by systematiore of the remote sensing instrument or
inadequate way of changing from radiation propsrgensed to rainfall. Calibration of remote
sensing products against rain gauge measuremeriteerefore, needed to minimize these errors.
Ground weather radar is an example of a remotsirggrnnstrument used to measure rainfall
amount and this study will look at these radarshwite main purpose of reducing bias in radar
rainfall estimates in the Regge and Dinkel distottNetherlands. The ground weather radar is an
active sensor that sends and receives microwavaticadand calculates the ratio of the received to
the sent to come up with a reflectivity fact@ (Wilson & Brandes, 1979). Many points are
sampled and a high resolution radar reflectivityprisaproduced. Reflectivity values measured are
then converted to rain rates by an empirical atboriand eventually to rainfall amounts.

- == ===~ -Blanchord (1953). Z=31R"" (Orographic rain)
e Jones (1958), Z=486R"* (Thunderstorms)
s Foote (1966), Z=520R"8" (Mountoin showers)
— — — — Proposed new Z-R: Z=250R"? (Tropicel roin)
Z—R currently used by NWS: Z=300R™*

Source(Ulbrich, 1999)

Figure 1: Z-R relationships (example) for different rainfall types

The reflectivity is a function of drop size disuiion (usually fourth or sixth power) (Holleman,

2006; Wilson & Brandes, 1979). The relationshipwssn radar reflectivity and rain rat&-R

relationship) is not the same everywhere and hgis wariability (Alfieri et al, 2010; Holleman,

2006; Shelton, 2009; Strangeways, 2007; G. Villar& Krajewski, W. F.,, 2009; Wilson &

Brandes, 1979). It differs with rainfall types (culiform or stratiform) (see example in Figure 1)
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and with climatology but operationally averagedatienships used. There are many possiblRe
relationships, but each place has its own dueitsatblogy and dominant rainfall types such that
using one relationship in all areas (e.g. wholentg) can be a source of error. DiffereftR
relationships used in hydrometeorology imply diéfer properties of resulting radar rainfall
products (Ciach & Krajewski, 1999).

The major sources of error in ground radar rainéalimates are vertical reflectivity profile, drop
size distribution and hence tl&R relationship, anomalous clutter, attenuation bgcymitation,
beam blockage and temporal sampling errors (Gahiil, & Krajewski W. F., 2010). In mid-
latitudes (23°26'22" N and 66°33'39"N, and betwed726'22"S and 66°33'39"S) the most
important of these errors are vertical profile eefivity, theZ-R relationship as a consequence of
drop size distribution and attenuation of beam @cipitation (Holleman, 2006). Of these three, the
current study will look at th&-Rrelationship and attempt to adequately specifyitthe Water
Board districts of the Regge and Dinkel in ordemntmimize its contribution to the error budget.
Previous studies have shown and recommended reduofi bias between radar and rainfall
through finding the best fZ-R for an area (Fournier, 1999; Leijnse et al., 20@@piam, 2008; van
de Beek et al., 2010).

TheZ-Rrelationship can be calibrated in three ways tlyira disdrometer can be used to determine
drop size distribution for the rain rate calibratiAlfieri, et al., 2010). Another approach is to
determine the Z-R relationship directly by matching the measuredaragflectivity and rainfall
(Biggs & Atkinson, 2011). The first method has tb/antage of reducing errors associated with
measuring rain rate aloft, but has the disadvantagjethe disdrometer is also associated with grror
and according to Wilson, J. W. and Brandes, E.1879). Actual measurements of the drop size
distribution are highly uncertain.
The advantage of the second approach is its siityplbut this is associated with errors due to the
difficulty in exactly selecting a volume in the aigphere corresponding to ground measurements
and also differences in temporal resolution betwéeertechniques (Alfieri, et al., 2010). In order t
minimize this effect rain gauge rainfall is accuatal over a selected time scale and radar
reflectivity is averaged over a selected kerngligéls centred at the point of ground measured for
similar time scale (Alfieri, et al., 2010). Theirthmethod involves probability matching which
obtains the best fit parameters of reflectivity aach rate by matching the cumulative distribution
functions of reflectivity with that of rainfall (Ads et al, 1990; Li & Shao, 2010; Rosenfedd al,
1994, Rosenfeld et al, 1993).
Currently, theZ-R relationship used for the Regge and Dinkel by KNMthe same one used for
the whole of the Netherlands. The accuracy ofdbigroach in estimating rainfall for the Regge and
Dinkel has not yet been assessed. There are, howld/eain gauges operated by the Water Board
such that the estimates from radars should be tto#eese in-situ measurements of rainfall. There
is, therefore, the opportunity to calibrate thearagsing in-situ measurements in order to estaklish
Z-R relationship that fits the climatology and raihfglpes within the districts of the Regge and
Dinkel. The intention is to reduce errors in theaiabased rainfall estimates, specifically those
caused by imperfections in tleR relationship, and the eventual goal is to enhdneeeliability of
rainfall estimates over the catchment area of tlegge and Dinkel for improved monitoring
capabilities that lead to skilful water resourcesnagement.
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MATERIALSAND METHODS

Objectives

The main objective is to improve the accuracy afararainfall estimates for the Water Board
district of the Regge and Dinkel through calibrataf the reflectivity-rain rateZ-R) relationship
using in-situ measurements by rain gauges.

The following specific objectives can be formulated

Quantify the spatial and temporal rainfall varigpibver the Regge and Dinkel area;
Develop Z-R relationships specific for the Reggd Binkel area;

Identify the time dependency of the Z-R relatiopshie.g. seasonal and inter-annual) ;
Determine the accuracy of newly developed raingslimates for the Regge and Dinkel
region;

Resear ch questions
* What is the accuracy of radar rainfall estimatesioled with the nationwide calibrat@dR
relationship as validated against in-situ gaugesmesnents?
* Does thez-Rrelationship display any changes with time(seasory®ars)?
» Will the uncertainties in radar based rain estimdte reduced when tiZeR relationship is
defined based on local gauges?

Study area and data sets
Description of the study area

The study area is located within the Overijsselvprce (Figure 2) in the eastern part of the

Netherlands (lon. 528’ - 5831'N and lat. 823’ - 7°04’E). The area (approximately 1374 kmn

size) has little relief and is covered by grasstargjricultural fields and forested areas. It irethe

temperate zone of the northern hemisphere and iexges typically cool dry summers and mild

wet winters, which are occasionally cold. DecemBanuary and February are the coldest months

with average temperatures of 8, -0.3°C and -0.8°C, respectively (Encyclopedia of the Nations,
2011).

Source Adapted from Source

Figure2: Map of Netherlands (left) showing position of the Twente Area (in orange) and Map

of Twente (right)
The average temperature is °2 in January and 19C with annual average of about 10
°C(Encyclopedia of the Nations, 2011). Clouds gdheappear every day and rainfall is evenly
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distributed through the year with on average a sfiisbout 765 mm and a somewhat drier period
from April to September (Encyclopedia of the Natip2011).

The Water Board of Regge and Dinkel is respondibtemanagement of the water quality and
quantity in the Twente region. They are concerneth wnsuring smooth flow of water and
monitoring the quantities thereby enhancing thetgasf citizens against water related catastrophes
such as floods and drought (Regge en Dinkel, 2011).

Rain gauge network

A volunteer rain gauge network (Figure 3b) consitsabout 325 stations that record rainfall
manually and report the measurements daily. Theyaosiventional rain gauges with horizontal
entry area of 0.2 frmnd measuring cylinder with a resolution of 0.1 mmd observation accuracy is
exceeds 0.1 mm (Holleman, 2006). In addition, ti¢MK operates a network of 35 automated
weather stations (Figure 3a) with rain gauge imsémtation of which only one is located in the
Twente region.

Synoptical Climatological

a) b) Source
(Holleman, 2006)

Figure 3: (&) The Dutch national synoptic and (b) the volunteer rain gauge network

In case of rain events the stations record raiafiabunts with a resolution of 10 minutes (Leijnse,
et al., 2007). They use the position of the floatethe cylinder to determine amount of rainfall
(Holleman, 2006). Rain gauge data has been obtdined the Water Board from the 18 gauges.
These are not part of the KNMI network.
Tipping bucket rain gauge collects rainfall inuamtel that is suspended on a lever which tips when
a set amount of rainfall is exceeded and the tgoisverted into an electrical signal. The product o
the number of tips and the pre-set amount of rhiméguired for the funnel to tip converts to
amount of rainfall measured. A standard rain gazakects water in a graduated cylinder at a low
temporal resolution and is emptied and read mayublllhas an overflow outer cylinder which
collects excess rainfall when the graduated cytirsléull*.
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Figure 4: Type of rain gauges used by the Water Board

The Water Board uses the type of automated tipputket rain gauges shown in Figure 4. The set
up reduces the effect of wind and splashing onracguof the gauges. The Water Board records
rainfall at 13 sites 9 of which are indicated orblEal below. The data recorded at various sites
have been collected over different periods of tiime longest was the rain gauge at Goor with 11
years of data and the shortest being at Nijveddd about a year of data.

Weather radar data set

The Royal Netherlands Meteorological Institution\[l) operates two C-Band radars (Figure 5)
located in De-Bilt (52.16N and 5.18S) and Den Helder (52.981 and 4.79S) and covering the
whole Netherlands (Leijnse, et al., 2007) will lzd. The position of the Regge and Dinkel district
is to the far east of the country, a distance ofleatst 100 km from the De Bilt radar.
Holleman(2006) remarked that the radar rainfalihestes become unreliable with increasing range
and that at long ranges rainfall is under-estimated

[

=

v

SourcéLeijnse,et al.,2007)

Figure5: Two C-Band radars operated by KNMI

The C-band radars use microwaves of frequency@®Mz and mean field bias varies depending
on meteorological conditions (Holleman, 2006). Thaye a spatial resolution of 2.5km and a radar
reflectivity factor map is received at time step$ oninutes (Holleman, 2006; Leijnset al, 2007).
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This reflectivity factor Z in mnf/m®) is converted into a rain rat® {n mm/hr) using the so-called
Z-Rrelationship [or power law],
Z = aR® (1)

wherea andb are empirical coefficients. Standard radar rairdatained from KNMI are produced
using coefficientsa andb equal to 200 and 1.6, respectively (Leijnse, et2007). These were
adopted from the Marshall and PalnZeR relationship (1948). The accuracy has been asbésse
the whole of the Netherlands using 35 automatio gguges on the synoptic network of KNMI
(Figure 3(a)) which excludes gauges operated bywaéer Board. However, for the Regge and
Dinkel district (position shown in yellow in Figu the accuracy of radar based rainfall estimates
is not thoroughly validated as yet because the gairges operated by the Water Board Regge and
Dinkel are not included in the KNMI network.

Pre-processing
Radar dataset pre-processing

Pre-processing followed the flow chart in FigureThe radar data was obtained from KNMI in
hdf5 netCDF format at a spatial resolution of 2rb k&nd then processed to GeoTif format for
further analysis. The radar data was averagedudyhimtervals. A point map showing the location
of the rain gauges was used to locate radar ppalsciding with these locations. Hourly radar
reflectivity data was extracted from 9 points splti averaged using a kernel of 3 by 3 pixels
centred at the location of each gauge. This seatia® done using IDL programming in order to

speed up the process.
Raw Radar Raw In-situ Rainfall
Reflectivity Images data

Quality Control Quality Control

|

Spatial and temporal averaging
of radar reflectivity data 4
l Accumulation of rainfall

to hourly data

Extraction of data from pixels
coinciding with rain gauges

Match-up of reflectivity and rain-rate
4—

(Z matched with coinciding R)

Classification of Z-R data
(season, year and bulk)

Figure 6: Thesummary of stepsfollowed during pre-processing

Gauge data pre-processing

Rain gauge data were obtained from the Water BBagfe and Dinkel at 20 minutes resolution for
13 sites. The sites had different data lengthsfandhis reason this study used data from only 9
sites with periods of lengths shown in Table 1.c8itheZ-R relationship varies with time stations
were selected which had data for most of 2006 020 avoid mixed trends by using data from
much separated years as effects of climate chamge suspected between the periods. The other
reason was that the period 2006 to 2010 was tosbd and after quality check these 9 locations
were found to be with reliable data. The data lmdesgaps and double entries between the period
for some of the months, therefore, a comprehenguadity control was conducted manually in
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excel to improve the reliability of the data. Theeuof periods with inconsistencies was avoided
throughout this study. The data were then compfrted 20 minute intervals to a time step of one
hour for each location.

The match up of reflectivity and rain rate data

The radar data were obtained using a kernel of 3 biels centred above each gauge. This was
done for the 9 sites for the period from 2006 t@@0The intention was to use the data from 6 sites
for calibration and the rest of the data for vaimia Data for Wierdenseveld, Almelo and Losser
were used for validation while for the rest of #iees were used for calibration. TAeR data were
then organized into 3 classes upon whichzHerelationships were to be established. These dasse
were the time independent (termed ‘bulk’ in thigdsf), the seasonal and the yeafhRr data sets.
The Z-R relationship should also specify the averagingeton which it depends because different
averaging time produces differetR relationships (Atlaset al, 1990). Therefore, in this study a
time step of one hour was used.

Calibration of the z-r relationship

Summary of the overall calibration process

Because the nationwide calibration for the radaetaainfall estimates could be different from that
for the Regge and Dinkel district, tlZeR relationships were developed for this district gsihe
rain gauge and reflectivity matchups obtained feiig the procedure in Figure 7. The window
probability matching method (Rosenfelet al, 1994) was used to come up with the reflectivity-
rain-rate Z-R) relationships. Th&-R relationships obtained were compared with the Kelfsand
PalmerZ-R relationship currently used by KNMI over the eatiNetherlands (Holleman, 2006;
Leijnse et al, 2007). The comparison assisted in evaluating kéretredefining theZ-R
relationships improves the accuracy of radar réieftimates for the area when compared with in-
situ measurements by the Regge and Dinkel WaterdBdaieZ-R relationships were calibrated for
the time independent (bulk) which included all weand all seasons. Calibration was also done for
different seasons and years separately sinc&-Reelationships change with time (Alfiert al,
2010).

Marshall and ZR pairs

Palmer ZR Z-R Match-ups set aside for
Relationship validation
— 1 [ L
A v
Cumulative density Cumulative density
function of rain-rate (R) function of reflectivity (Z)

Probability matching and
obtaining Z-R Relationship

|

Validation with gauge data
and comparison with the
Marshall and Palmer Z-R

A

Figure 7: Determination and validation of thdR relationship

Due to difficulties in definingZ-R pairs referring to the same volume of atmospherepsad,

rainfall measurements are accumulated over houelyogs and radar reflectivity are spatially

averaged over a kernel of 3 by 3 pixels and tenlyooaer hourly intervals (Alfierj et al, 2010;
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Fabryet al, 1994; Mapiam, 2008). Calibration is done usingdeiw probability matching method
also to avoid collocation-related uncertaintiesg&deld et al, 1994).

Results of the bulk and seasonal Z-R relationships

The Z-Rrelationships displayed seasonal variations witffedent b being higher for autumn and
spring than for summer and winter. A study by Atktsal, (1990) in Germany showed th&tR
relationships vary with seasons and this agreeb Wiuitdings of this study (Table 1). Huge
variations were observed in coefficiemtvhich ranged between 75 and 105 that ihich only
ranged between 1.2 and 1.7 across the seasonshigimest value of coefficiend (103.2) was
observed in autumn. According to Shelton (2009)dbefficienta usually ranges between 0 and
500 while coefficienb ranges mostly between 1 and 2 and the valuesnaltain this study agree
with this. However, values of coefficiebtgreater than 2 are also possible although instiigy the
values obtained did not reach that high.

Table 1: Coefficients for Z-R relationships (Z=aR")obtained

Calibration type Coefficient a | Coefficient b

Bulk (general: using all data 89.1 1.39
Summer 87.6 1.33
Autumn 103.2 1.69
Winter 77.2 1.24
Spring 82.0 1.59
2006 114.5 1.32
2007 70.8 1.55
2008 78.1 1.78
2009 84.1 1.50
2010 95.6 1.13

The Z-R relationships were not the same for different gyeaAs an example for 2006 ZR
relationship 0Z=114./R>%? was obtained while it wazg=70.8R">° for 2007. Alfieri, et al, (2010)
did a work in which the&-R relationship was continuously adjusted with timplying that they
acknowledged that it varies significantly with timéich agrees with the findings of this work. In
their work theZ-R relationship was recalibrated in every time stejngipairs of reflectivity and
rain-rate from the previous moment to establighRrelationship for the next moment.

VALIDATION
Validation for point measurements

In this step collocation was considered becaugseahtime sense, reflectivity and rain-rate should
coincide. Hourly reflectivity and rain-rate werdéetefore, matched considering where and when
they were measured. Rainfall amounts were alsailedér using the proposetiR relationships
and the Marshall Palmet-R relationship. The rainfall amounts obtained usfg relationships
were compared with those from in-situ measuremedttlae results are shown in Table 2.

38



Terence Darlington Mushore J. of Appl. Sci. & Res., 2014, 2(1):30-42

Contrary to the expectation, the propoZe® relationships were not giving higher accuracy than
the Marshall and PalmeiZ£200R"®). They were giving higher RMSE and MAE than when
estimations are done using the Marshall and Pal@ relationship. The proposed-R
relationships were mostly giving higher estimatésain-rate than the Marshall and Palmer. This
was because the proposédR relationships have mostly low values of coeffitgmandb than the
Marshall and PalmeZ-R such that for a particular reflectivity they gitiggher rain-rate than the
latter and this together with mismatch betweerentifity and in situ measurements resulted in the
high errors.

Table 2: Accuracy of the proposed Z-R relation on point hourly rainfall estimation

Calibration Proposed-R Marshall and Palmef£-R
RMSE MAE RMSE MAE

(mm) (mm) (mm) (mm)
Bulk 1.192 0.206 1.034 0.198
Winter 0.735 0.163 0.588 0.159
Spring 0.309 0.107 0.307 0.106
Summer 1.399 0.204 1.083 0.199
Autumn 0.526 0.142 0.535 0.142
2006 0.744 0.147 0.658 0.145
2007 0.744 0.180 0.732 0.180
2008 0.702 0.147 0.786 0.149
2009 0.686 0.154 0.663 0.153
2010 0.921 0.147 0.672 0.142

The high errors in point hourly measurements oeclitvecause the rain-rate was not increasing
with reflectivity as was expected. There was a natsim in tendency between coinciding reflectivity
and rain-rate measurements such that any reflgctives matching with any rain-rate thus
disobeying the principle. If rain-rate was incregswith reflectivity the proposed-R relationships
were going to be more accurate than the MarshdllRaimerZ-R relationship. The implication of
this is that the radar was not detecting rain-ratbe accurate sense and was thus unreliablealn r
time sense reflectivity values were not matchinthwain-rate while th&-R relationships assume
otherwise.

RESULT AND DISCUSSION

RECOMMENDATIONS
In light of the findings drawn above recommendatiamade are as listed below.

* Since the radar was found to be less sensitivauargliable in the estimation of rainfall for
the Regge and Dinkel district, the use of otheratensensing techniques to improve rainfall
estimation was also found to be necessary. Install@af weather radar/s within or close to
the Regge and Dinkel district could be necessagesihe available radars are located away
from the area.
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* A research was done in Turkey in which they camewih a linear algorithm of
determining radar reflectivity as function of factavhich included range and altitude of the
gauge (Oztirk & Yilmazer, 2007). This was used lttaim radar reflectivity corrected for
the effect of these factors. A similar approach amo be done for the Regge and Dinkel
and range should be one of the factors to be cereidor this.

* KNMI should calibrate the radar for other regiorigtee Netherlands which are within the
plausible range of the radar to improve rainfalireates of the radars.

CONCLUSION

The Marshall and Palmet-R relationship is currently used by KNMI over thetisn Netherlands
and for all rainfall types. The relationships betweradar reflectivity and rain-rateZ-R
relationships) were adjusted to the climatologythef Regge and Dinkel district using reflectivity
data from KNMI and rainfall data from the Water Bda&Regge and Dinkel. However, the Z-R
relationships obtained after calibration did noprove the accuracy of radar estimates of rainfall
and this was attributed to range degradation asttitty area is located in the far eastern partiseof
Netherlands and more than 100km from the locatiothe radar (see Figure 5; position of study
area marked by yellow colour). The study recommeéndse of weather radar whose range
adequately covers the area without compromisingdjtgued rainfall estimates.
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