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SUMMARY

Rainfall information providesnportantinput for several analyses rainfallrunoff modelsand
consequent decisiomaking.Current models use spatially uniform informatiofirain gaugesis

input for the model simulations. Howeven the past decadealsorainfall information ofweather

radar has become available. In addition to rain gaugetpogasurements, radar data also provide
information ofthe spatial distribution in rainfall events. This informaticould besignificant for use

in urban water managememegardinganalysis ofhe drainage system antthe execution of the

urban water tasksEspecially the increased spatial and temporal resolutions of the radar in the last
years haveenhanced the potential for radar data applicatiansmall spatial scales of urban
surroundingsThese developmentprovided the opportunityfor this researcho examine the effect

of spatially variable rainfatlata from radaton the rainwater volumes anghodel simulations of

water at street in comparison with spatially uniform rainfall df@m rain gaugesthe studyhas

been conductedy means of #Crasterrainfallrunoff modelfor acasestudy in Amersfoortin

addition, implications of radar data use on urban water management issues have been discussed.

First, appropriate heavy rainfall events in the radar data series have been identified to serve as
model input for the study area. For this reason, a selectasmade on the basis of extremeness

and spatial variability ithe events In total twelve events have been selected from which seven in
the period 1998008 and five in the period 20e8010. Ranfall datafrom the corresponding events

of the rain gaugénformation have beeranalysed Here, already vast differences appeared between
the rainwater volumsof the two rainfall information sources the selectedainfall eventsin the

period 19982008, with rain gauge measurements outside the model athase differences are 70%
on averageSince 2009, a municipal rain gauge in the centre of the model area has been employed
for which the rainfall deptharemore equivalent to the radar input (diffence of 22% on average).

A rainfaltrunoff modelhas been applietb simulatesurface runoff andvater at street occurrence
during theselected rainfalevents.Development of the model has been a part of the study, including
calibration, validation andeveral model improvements. The latter mainly corsigdf adjustments

for a suitable representation of the sewage system for which specific information of area expsrts
implemented Only limited information of historical water inconveniencegasavailalde, which
hamperedoptimal calibration and validation.

After the processing of thenodel, the selected rainfall events have been simulated. The outcofes
the model runs fronspatially variable radar, spatially averaged radar and rain gaugehdsgaben
compared The comparison of the two radar data souregth equal rainwater volumgaimed atan
assessmentf the effect of spatial variability. The comparidogiweenthe radar and rain gauge data
was supposed to reveal the effects of the different @bsmtion techniques and the effects of point
measurements compared to spatially variable measurementgeneral, it turned out that the

rainfall input differencesesultedin even largein water at streetvolumes The analysis with respect
to spatiallyvariable and spatially averaged raddmowed the importance dbcdly heavy rainfall,
whichcould berepresented by the spatially variable radar daéEspeciallgheselocally high rainfall



depthsappeared to contributesignificantlyto the occurrenceof water at streetand explainthe
average difference of 24% between the radar data sourfies comparisorbetween radar and rain
gauge datashowed largaifferences rangingfrom 36% up to a situation in which 68 times more
water at streethave beersimulaied by input fromthe rain gaugeln spite of the sometimes
comparable rainfall depths,ediating input withrespect to rainfall intensity and duration have
demonstrated itsvaluefor the model calculationBesidesthe measurement location of the rain
gawe seriously affected the model outpuih some caseshe rain gauge informatiofrom outside

the model areehas notevengenerated water at street, although water inconveniences have been
simulated with radar input and hawasobeen reported by the muugipality.

The implicatiorof spatially variable rainfall information on the urban water management testtwe
improvedpossibiliy to analyse local bottlenecks. Many spatial characteristics of the rainfall events
are integrated in the radar data anqtovide locally specified input, which could explain experienced
water inconvenienceln addition, spatially distributed dagive opportunities to test the response of
the drainage systerfor various rainfalpatterns This waygdecisionmaking regarding t# necessity

of measures is supporte&ince the urban water tasks require a problenentated approach,
spatially variable radattata provide a suitable tool fomore appropriateand effectivesolutions.

Such measures could for instance be implementedllp¢o improve the inftration capacity, which
appeared to be the most influential parametaccording to thesensitivity analysidBesides,

measures that increadecal water storage areecommendableas they decrease the discharge and
runoff volumes Qurrent policiesalso encouragéhe mentionedmeasuretypeswherethey enable
improvements to the quality of the urban surroundinggamples okffectivemeasures are green
roofs, rainwater butts and permeable pavemeritoreover, the increase of radar daseries in the
coming years will give insight in the need to integrate local rainfall distributions in the normative
rainfall events of urban water management.

The reliability of the model results is a point of attention due to the lack of informa&garding
historical water inconveniences atlie limited understanding of detaileginfallrunoff processes

inside the urban area. This mainly includes infiltration processes on paved opaeed surfaces

and the drainage processes by the sewage systdoreover the earlyphase in the model

development haresulted in some limitations regarding the allocation of surface runoff.
Nevertheless, thenodel outcomes and its corresponding conclusions are supposed to be sufficiently
reliable in view of the reearch objectivaince accuratassessment dhundation areas and

inundation depths are beyond the scope of this study
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1 INTRODUCTION

1.1 Motivation

Water inconveniences due to extreme rainfall evemizy disrupt everyday life and may eveause
serious damages or casualti€specially the urbarrea is vulnerable to high rainfall depths in
relatively short periodsf time, due to the quick runoff of storm water (Buishand & Wijngaard,
2007) Sewage systems argometimesnot able to cope with théargerainwater amounts and water
at street situatiors ariseconsequentlySince the occurrence and extremeness of such rainfall events
could not bewell predicted beforehand, the surroundings have to be designezbrding to the
acceptedrisks For the design and analysistbé sewage systems, normativeiméall depths are
applied that are based on the long time series of rain gauge stafgmes-igurel-1). However,
alternative rainfall estimations by weather radar appeared on the ssimee the late ninetiesrhis
research focuses on the application of radar dataurban water management issues, including the
differences with respect tthe use of rain gauge information.

1.1.1 Techniques, development and application of weather radar

Sincethe weather radar was gunto operation in 1998n the Netherlandsits observationdave
become more and more available besides the ddtground rain gauged hisradarinformation is
gathered frommeasurement®f radar stationsn De Bilt(seeFigurel-1) and Den Heldemhich
provide rainfall data for the whole country.

Figurel-1: Left: Weather radar of the KNMI in De Biti¢ture by lwan Holleman, KNMRight: Automatic rainayige of the
KNMI(KNMI, 2009

Weather radar transmits radifrequency waves into the atmosphere and receives the reflected
signals from hydrometeors like rain, hail or snow as echo powers, from which reflectivity factors can
be calculated. From the dirégon of the antenna and the time between the emission and the

reception of the echoes, the location of the precipitation can be derifé@. conversion from radar
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reflectivity data towards radar rainfall maps includes the application of a relation between t
reflectivity and the rainfall intensitysurthermore, the information has to be converted to a
rectangular grid which results in a spatial resolution of 1 km for the current operational weather
radars in the Netherlanddiolleman & Beekhuis, 2010)heDutch meteorological institute (KNMI)
distributes accumulated radar images with temporal scales of 5 minutes, 3 hours and 24 hours
(KNMI, 20009).

The radar products are used for several functions such as aviation, navigation, agriculture and water
managenent. An example of application is a warning system which is in use by over 50% of the
Dutchwater boards since 2003 (Overeem, 2009). Another possible application of weather radar is
the prediction of flooding or other extreme events. However, the use dther radar forecasts is

still difficult due to the divergent behaviour of rainfall events (Werner & Cranston, 2B8<@@me
stormsare mentionedn particularas they carabate n short time, change directioor even

suddenly arise. Moreover, water marerg have become more interestéd applying weather radar

data forurban water management since several technical developments have enabled higher
resolution radar data in the last years. Municipalities see opportunities to use this high resolution
rainfal information for analysis of theurban drainage system and for real time applications (Einfalt

et al., 2004). These developments have also received more atteintiorojects of research and
consulting agenciedn this waythe opportunityhas beercreatedto examinethe use d radar

rainfall information in urban water managemefuatr this thesis studyits use for the identification

and analysis of water at street situations may provide added value in comparison to rain gauge data.

1.1.2 Importance of more d etailed quantitative precipitation estimates

The rainfall amounts and intensities are an important source of information for a sound design of
sewage systems or for testing of regional water systamlsiding water worksin the present

situation, modelliig of water flows and water levels by the water managers is based on rainfall
information from rain gauges which takenuniformly or interpolated between some measuring
stations. Howevemadar imagesxamples show that the informiain obtained from one gage not
alwaysenablesa good representation of the actuainfallamounts in the whole area (ségégure

1-2). This can be attributed to the limited density of the rainfall observations by the gauges (Delrieu,
2009). In Figurel-2, the black dot represents the rain gauge in Amstelveen that recorded 30 mm
while the radar, calibrated by the rain gauge, recorded amounts below 20 mm in the southeast and
above 40 mm in the nortliest only over a few kilometres distance.

Figurel-2: Rainfall amounts of 25/28 of May 2009 in the surroundings of Amstelveen according to the weather rada
black dot represets the rain gauge locatiof80 mm) 2
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Based on the information from #rain gauge, rainfallunoff models are being calibrated and

validated with the rainfall uniformly distributed over the area. Subsequently the models are used to
analyse and dede whether measures and investments are required to solve the bottlenecks in the
water system. It is questionable whether all the attempts to optimize the hydrological models are
valuable if the rainfall input not realistically represents extreme storntkérarea. Therefore, it has
added value to investigate the possibility and consequences of applying spatially variable radar data
in those models.

1.1.3 Application of weather radar data in previous studies

In literature several research experiences with regpe the use of weather radar data have been
described for areas outside the Netherlands.

A study of Jessen et al. (2004) in the North Rhine area, showed good applicability of weather radar
for the representation of heavy rainfall events. Five heauyfa#l events have been evaluated by a
comparison of adjusted radar data and spatially interpolated rain gauge data. In spite of the difficult
verification of the observed spatial variability in the radar images, the comparison has confirmedly
shown that he rain gauge data @re not able to reflect the maximum rainfall amounts in the area
well. In addition several of the locally heavy rainfall observations by the weather nades

supported by severe damages such as land slides and flooding.

In a study 6 Einfalt et al. (2004) in several municipalities in Denmark, the application of radar rainfall
data was successfully due to detailed representations of local variability in rairtfelresearchers
studied several extreme events to determine maximum fialrevents resulting in flooding of small
urban catchmentsBased on radar datadjustedwith rain gaugesdetailedrainfallrunoff simulations

of extremely spatially distributed rainfall event®re obtained.

According to Krajewski & Smith (2002), radkinfall estimates are promising for engineering, design

and management applications in small basins. These uses are characterized by a strong dependency
on rainfall rates that can be provided in more detail by radar data than by rain gatdigesver,

important processes during extreme event runoff in densely urbanszedsare still poorly

understood which hamper the controlling abilities (Villarini et al., 2010). To advance the
understanding of these processes, accurate rainfall observations for extesents in small urban

areas are needed. The developments in weather radar techniques in the last decade offer
opportunities to combat the shortcomings of methods using only rain gauge measurements.

1.1.4 Legal and policy framework
Besides the increased recatian of possible benefits of weather radar application, also motivation
for this research is provided by current approaches in governmental legislations.

O
(@)

CNRY (KS LRftAOE daol GSNI YIFIYF3ASYSyld Ay GKS wuwmal
the urban aredrom surface waterss once every hundred yeatdowever, the accepted frequency

of occurrencaegardinginconveniences as a result of heavy rainfall is much highers@wage

system is generally designed to cope with rainfall events witiarn period of two yearswhich

implies the occurrence of water excestuationsevery few years on average. These heavy rainfall

3
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events will cause inconveniences like water at street, more serious inconveniences likgblaicka
arterial roads or damgeto buildings. Furthermore, the quality of surface water is threatened by
sewage overflows. In the prescription of WB21, some gradations have been made for the water task
in the urban area:
A In principal, nuisance because of rainfall events has to bepgedeAn example is the
occurrence of water at streédor short duratiors.
A More serious inconveniences have to be preventElis category includes
inconveniences which disrupt everyday life or for example economic activities.
A Damage as a result of extre rainfall events has to be preventdebr example buildings
and properties should nauffer damage in case of accumulating water flows or
bottlenecks in the urban drainage sgst.

The task for municipalities in the urban sewage tadR@M 2008) is tcact on problems more than

on the norms. Therefore, they have to map locations where the problems occurred in the past.
Municipalitiesshould alsdnvestigatehow the drainage system responds to different rainfall events
with correspondingonsequencef the urban surroundingsEspecially the situation at the surface is
considered to be important for a reduction of bottlenecks in the urban area. On the other hand,
structural measures to the sewage system are less attractive as they require many finesmistes
and cause nuisance for the citizens. Moreover, the latter measure category does not offer optimal
circumstances to enhance both the water drainage and the quality of the urban surroundings.

1.2 Problem description

Based orthe regulations in WB21 athe urban water taskscurrent urban water management has
to focus on observed problems in the urban drainage systfemalysis of bottlenecks or effects of
interventionscould beprovided byrainfallrunoff simulationsof historical heavy rainfall event$his

is supposed to be a very useful tool to support decision making for measures and its corresponding
investments However, ggood understanding of the rainfailinoff processes in the urban area
requires the use of realistic rainfall information faradysis. Tts could be hampered by ¢hgenerally
usedrainfalldata of rain gaugesincetheir measurements arebserved at one point in space
Hereafter, the rain gauge dataappliedfor assessment with spatially uniform rainfall values for a
much widerarea.Alternatively,they may be treated with interpolation techniques to artificially add
spatial variationByignoring considerable local rainfall variationseasures could be implemented
unnecessarily omeasuresouldnot showthe expected effect. @the other side, it is possible that
requiredadjustmentswill not becarried outwhich may imply risky situations. In the latter case, the
risk perception deviates from the real risk of water inconvenienktesontrast, weather radar makes
it possible b represent the rainfall input information with high spatial and temporal resolutions as
shown in previous studies.

Despitethe satisfying representation of local rainfall variations by the radar ftatthe mentioned
studiesin section 1.1.3the effecs on model results ofainfallrunoff simulationshave not been
discussedThese effects have to be examined befeceindimplementation in practicef urban
water managementould beconsidered.The assessmenshould reveal the propagation of spatial
variability and other rainfall characteristicerough the model compad to the commonrly used rain

4
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gauge informationlt is the question whether the representation whter inconveniences is more
obviouswith the use ofradar instead of the rain gauge inpii. addition,the researclis requiredto
find out whether problem®ccurin conjunctionwith specific spatial distributions of rainfall events
With the help of theacquired knowledgeuring this researchapplication of weather radar products
for urban wder managementould appear beneficial his experiencgrovidesthe basis foefficient
andtailor-made solutiongor urban water task issues. However, first oftladl study results are
supposed to contribute to the understandingheavy rainfalcharaderistics with theireffects on
surface unoff and water inconveniences.

1.3 Research conditions

1.3.1 Case study

The assessment of extreme rainfall events is performed for a casetsiatdyould be handled within

the time span of this thesis studyheurbancas study gives the opportunity to analyse the
application of weather radar data for its particulsmallspatial scalesi current project in whickhe
Dutch city of Amersfoort andlydroLogi@re participating has mialy defined the choice for thease
study. For this reason, the urban area of Amersfoort has become subject of a research in which the
rainfall analysis and model executions can be carried out.

1.3.2 Limitations of research

In comparison to the generally long time series of the rain gauge stati@ather radar only

provides information for almost thirteen years in this study. In addition, the temporal and spatial
resolutions are restricted for the radar data from 1998 to 2008 inclusive. However, the observations
of the rain gauge stations fas@milar restrictionswith respect to the availableemporalresolutions.
Moreover, until 2009 measurements of the rain gauges are not available inside the study area. The
mentioned aspects affect the study results and are considered in a discussion. Besdes, th
limitations are also taken into account for the final conclusions.

Secondly, the reliability of the used rainfalinoff model is questionable. This is mainly caused by the
early phase in the development of the model in which this thesis has been aewaldédso the lack

of detailed information with respect tobservations osurface runoff and water inconveniences are
limiting aspects. Nevertheless, some conclusions are drawn since the accurate model results are less
interesting for this research. Mor&tention is given to relativelifferences between the model

resultsfor which sufficient reliability of the model is assumed. The limitations of the model provide
input for the discussion part of the report.
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1.4 Objective
The objective of this thesis described as follows:

Examine theffects of weather radar applicatidn comparison to the use of rain gauge
measurement®n thetotal rainwater volume simulatedwater excesand possible
implicationsfor urban water management

by
selectingand andysingextreme rainfall events order tosimulat water at street situations
in an urban case studyith a rainfallrunoff model for a comparison of spatially distributed
and spatially uniform rainfall data antbnsideringhe resultsn view ofthe urban water
tasks

The objective should be achieved by following the outlines of the research nvduehis
represented imppendix ANext some research questioase defined in order to fulfil the objective.

1.5 Research questions

The guestions in this pagaaphprovide the guidelines to pass througfe stages of the graduation
project. The several questionsill be discussed in the elaboration of this thesis repamt will
explicitlyreturn in the study conclusions.

The main aspect of this study isstbomparison of radar and rain gauge data in raintaioff
simulations Howevet for the comparison othe model esults betweerthe two rainfall data
suppliers also the difference in the rainfall input is essential knowledge. For this purpose, the
following research question has been defined:

1. To what extent des the totalrainwatervolumein the study aredor the identified event®of the
weather radar data and rain gaugata correspond to each other?

In contrast withthe probable variations in rainvi@r volume between weather radar and rain gauge
information, the rainfall data of spatially variable and spatially averaged radar have equal rainwater
volumes by definition. Therefore, a comparison betweentthe differentradarrunsis most

appropriate f only spatial variability is concerngtis results in the next research question:

2. s the spatial distribution in the identified events meaningful for the simulation of water at street
in comparison to a spatially averaged rainfall depth for the whualdysarea?

Subsequently, also the differences between radar and rain gauge results are examined. Besides the
differences concerning spatial distribution of the input data, the following question may also reveal
the effects of the measurement location tife rain gauge:

3. What are the effects of the use of radar rainfall information with its higher spatial resolution on
the simulated water accumulations in the study area in comparisondadbults based on rain
gauges?
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The differences that have been olrted in theabovementioned researclguestion may be ascribed
to other factorsthan the resolution or properties of the data itseffherefore the research question
below is intended t@assesspecific circumstances of the model simulatiortgek could affet the
outcomes:

4. What is the dependency of the model results on dpecificproperties of extreme rainfall events
andinfluencing areatharacteristic®

In the questions below, some issues for discussion are introdigel to the limitations of both th
rainfall data and the rainfallunoff model, the reliability of the study results has to be discussed. The
guestion should contribute to the awareness of possible uncertainties and their consequences for
the model results:

5. What is the meaning dhe modd output differences between weatheadar and rain gauge
consideringeliability of both themodeland the dat&

The model outcomes may show some clear bottlenecks in the drainage of storm Aigteughit is
not a primary goal of this study, short atttion is given to possible measures that can be well
integrated in the urban environmeng&ome experiences with the rainfallnoff model could be
directive for the proposed types of measures. Thereftine nextresearchquestion habeen
defined:

6. Which possible measuresanbe described that correspond to identifiéafluential model
parameters?

Asprescribedn the urban water tasksmunicipalitieshave to focus on local problems in their urban
water management. liithermore they have to analygbe gorm water drainage for various rainfall
events.The following question will provide some insight in the possiblee thatweather radar
applicationmay contribute tathe achievement of the urban water tasks

7. What are the implications of weather radar@jgation on the urban water tasks and daes
use of radar dathold added value for urban water management in general?

1.6 Approach

1.6.1 Global method

For the analysis of model simulatiowith radaror rain gauge datasainfall input of historical events

is required Therefore the weather radar datavill be analysed to abstract some extreme events in

the time span of radar data availability. The consequence is that the amount of extreme rainfall
events in the radar data will be limited and that events Wiltge return periods are most probably

not available. For this reason, the available rainfall events will be selected on the basis of appropriate
extremeness criteria to analyse the urban drainage response. It is assumed that in total about ten
suitable rairiall events will be available.

The gathered rainfall information will be used for implementation PGRasterainfallrunoff
model, which will simulate thesurface runoff andvater excesén the studyarea Before this, the
weather radar data have tbe processed for implementation in the mod&he general behaviour of
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the model is assessed with a sensitivity analygisthermore, the modeis calibrated and validated
as far as this ipossibleby the available informatiorKnowledge of water inconvéences during
historical events by area experts will be directivethe definition ofappropriate parametervalues

As soon as suitable model settings are obtained, the selected rainfall events will be run for spatially
variable radar input, spatialiyniform radar input as well aspatially unifornrain gauge input. The
model results of the case study Amersfoort can be used in two different ways. First, it can clarify the
effect of spatially distributed weather radar data in urban water managementsacdndly it is the

point of departure to draw up efficient measures for improvements in the system. The emphasis in
this thesis report is set on the first mentionedjective For this purpose, a quantitative analysis of

the model results will be executdad determine the volumes and surfaces of water at street. Based
on this information and the type of rainfall input source, the conclusions with respect to the effects
of spatial variability can be drawn. Besides, the inundation maps can be used towaary o

gualitative analysis to consider the general picture of the model results with their differences and
similarities. A discussion at the end of this report covers some aspects of the qropode the
consequences for the urban water tasks and improeats in the urban drainage system. However,
the extensive identification and assessment of suitable measures should be subject of succeeding
studies.

For an overview, the research meth@tepresented in the schematisation Bfgurel-3 below. Also
the relation of the particular stages to the research questions has been included.

Research method . Covered research
guestions per stage

Rainfall events: selection and comparison data sources
Joatially averaged | Fatially variable
radar data radar data

|

Used asinput for model simulations
4 v v
Smulation results: water excessin study area, inundation
maps and water at street volumes

Processing model results

v
Analysis: qualitative comparison of inundation areas and : 234
quantitative comparison of water at street volumes Y

Meaning study results

Rain gauge data

Discussion: consideration of reliability study results and 5,6,7
effects on urban water management

Figurel-3: Schematization of the stages in the research with accomyiag relation to the research questions.
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1.6.2 Outline

An outline forthe structureand global contents of the master thesis repizrgiven as followdn

chapter 2 all the data sources that constitute input for the study are described. Besides, an
introduction to the case study will be presented. Chapter 3 continues on the gathered rainfall data of
the study area in order to select useful events for the modelliitgerefore, mformation of radar and

rain gauge data since 1988e evaluatedand thedifferencesbetween the areatainfall of radar and

rain gaugeare revealed Furthermore the method focomparison for the different rainfall data

sources is explained.

The urban surface runoff model is subject of chapter 4 in which its backgrounds, workings and
assumptions areconsidered Also theimportant, influential parameters of the model are explained.
After the simulation of the rainfall events in the surface runoff model, the results are given in chapter
5. The research questions with respect to the modehglation outcomesand their differencesre

clarified within this chapter.

Hereafter, chapter 6 proceeds wittotableaspects for discussiowhichincludethe reliability of the
study results and the possible implications for urban water managentarally,the answers to the
research questions arummarized in the conclusions cfapter 7 In addition,some
recommendations for urban water management and future study subjeetpaovided within this
chapter.
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2 STUDY AREA & DATA

In this chapter, fist the case study is described and hereafter several data sources for the study
arepresented. This information consists of rainfall data from historical weather radar images as well
as time series of rain gauge stations. Subsequently, the area chdstics are introducedsuch as

the elevation magor the surface runoff modellingrhe last paragraptiescribes thearea expert
information concerning known water at street situations.

2.1 Study area

2.1.1 Urban case study of Amersfoort

To investigate the effcts of weather radar application on the urban water management, the city of
Amersfoort will be used as study area. The most important reason for this choice is the existence of a
OdzNNBy G LINRP2SOG OFffSR WI @8RNR<lapubligptivate Ay gKAOK | &
LI NIYSNEBKALI 60SG6SSy 21 GSNJ . 2FNR WxIftfSA Sy 9SYQ
As a result of heavy rainfall events, the urban area copes with many sewage overflows that need to

be reduced to improve the quality of surlagvaters. However, the reduction of sewage overflows

will not solve the problems of water at street and might even make those inconveniences more

frequent. Therefore, the efficiency of the urban surface drainage needs to be enhanced.

The objective of theooperation in the project is to avoid structural measures, like renewing the
sewage infrastructure, preferably by finding optimization measures above the surface to retain peak
intensities of rainfall. In this way, the investments for the improvementh&urban drainage

system could be more efficient and nuisance as a result of drastic structural interventions could be
spared.Due tothis project, specific knowledge and information is available at HydroLogic and
assistance at the thesis subject candptimal.

The selection for the case study of Amersfoort is further motivated by the elements described below:

A Therainfalkrunoff model for the case is available for use of spatially averaged rain gauge
data. Input of weather radar data is possible withm® model adjustmentd-or the chosen
case study, the basis of thainfallrunoff model is available. However, initially the reliability
of the resultswasquestionable. Therefore, some development of the model is included in
the study andseveral model djustmentsareimplemented.

A Rainfall in the area of Amersfoort is to a great extent determinative for the water
management measures in that area. This is explained by the following aspects:

0 The drainage of storm water in Amersfoort is strongly affectedhapy variations in
altitude within the urban area. This fact in combination with high percentages paved
surface in the urban area often causes inconvenient situations daextrigme
rainfall events. In thee cases, sewage surpluses that appear as watestatet create
flow paths of water to the lowying areas. Here the confluence of water streams can
cause bottlenecks with inconveniences and possible damages.
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o Water inconveniences due to groundwater problems are of little importance in the
model area. Alsadischarges from upstream in the catchment do not affect the city
of Amersfoort.

2.1.2 Model area in Amersfoort -Zuid

A rainfaltrunoff model has been developed for the southern part of Amersf¢ggeFigure2-1). In
this part of the city, most variations in altitude are present whiadncause accumulation of surface
runoff and accompanying water at street situations.

Figure2-1: Thelocationof the study area (black box) in Amérsrt. The surface of the model area is 12.5°%km

Rainfall input information for the surface runoff model will be supplied by rainfall information from
weather radar as well as from rain gauge measurements. In the next paragraphs, these rainfall data
sources will be further explained.

2.2 Weather radar

For the model area in Amersfoort, several rainfall evemesidentified to serve as model input. The
identification has been performed based on the presence of heavy rain@&itewith specified
extremenessin the weather radar data serig¢further explained in paragraph 3.1.1jh the
Netherlands tlese radar dataare available since 1998. Therefore almdsirteen years of rainfall
data havebeenanalysel for this study. In the following paragraph somepmant characteristics of
the weather radar in this period are described.

2.2.1 Spatial and temporal resolutions

The Dutch meteorological institute (KNMI) provides weather radar data from the stations in De Bilt
and Den Helder. Until 2009, the radar rainfafbrmationwasprovided per hour with a spatial
resolution of 2.5 kilometer. This results in the radar grid for the study area as displalyiedHigfure

2-2.
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Sincethe beginning 02009, the temporal resolution has been updea to 5 minutes and the spatial
resolution to 1 kilometre. The implication for the radar grid in the model area is shown rigfgure
2-2. Itis particularly this development that brought weather radar into prominence forruviater
management.

Figure 2-2: The 2.5 km radar grid (left) and the 1 km radar grid (right) for the model area (black box) in southern
Amersfoort.

2.2.2 Availability of corrected radar data

The radar data seriecan beanalyse via softwareof Hydrologic which makes calibrated weather
radar data of the KNMI availabl€his radar data is adjusted with rain gauge information in order to
reduce the error sources in the raw radar ddtaportant aspects with respetb the uncertaintyof

radar observations are describ@d Appendix BThe point measurements of rain gauges are assumed
to be accurate while radars are capable to deliver detailed spatial rainfall structures (Overeem,
2009). For that reason, the distribed radar data of the KNMI have been corrected with rain gauge
data. The methodanakes use o correction field by making a distance weighted interpolation from
daily rainfall depths of rain gauge stations. Subsequently, the correction field is obtaimiddigg

the rain gauge rainfall image by the rainfall image of the raw radar data. In an additional calculation,
the hourly rain gauge stations are used to correct for systematic irothe rainfall image of raw

rain gauge datarhis way, the daily rad rainfall estimate which overlaps the location of the rain
gauge habeen set equal to the corrected value of the gauge itself (Overeem et al., 2009). With this
correction, the spatial variability of the radar data is preserved, while the structuralrastimation

is removed from the data.

The hourly radar data from 1998itil now is available via a software package called HydroNet. This
program has a specific extension in ArcMap to display the radar rainfall maps of the Netherlands and
for smaller aeas like the radar pixel raster of Amersfoort. This visual representation in ArcMap is
suitable to represent the spatial variability of the different rainfall events at a glance.

12
Chapter 2 Study area & Data



The weather radar data for the urban area of Amersfoort since 200®eacquired by means of
HydroNet UrbanAn agreement with HydroLogic gives municipalities the license to acass th

radar rainfall data with information for their own urban area. In this way, the radar data for specific
events of various durations can berneved. HydroNet Urban shows for example maps of the city
with the radar rainfall images of 5 minutes or the cumulative rainfall week.

2.3 Rain gauges

Besides weather radar information, rainfall data from rain gauges is availale rEiin gauge dia
can be divided into measurements from the official measurement stations of the KNMI and rain
gaugef municipalities for local applications. In the next paragraphs atielablerain gauge data
for the surroundings of Amersfoort will be explained.

2.3.1 Automatic rain gauge station of the KNMI

Official rainfall information of rain gauges is provided by the automatic and manual measurement
stations of the KNMI. The 36 automatic stations in the Netherlands, corresponding to approximately
1 station per 1000 k?, provide hourly precipitation informatioKNMI, 2019 Historical rain gauge

data in the surroundings of Amersfoate provided by the automatic stations in De Bilt and
Soesterberg (sekigure2-3). However, nowadays only tlhveeather station in De Bilt is operational as
the automatic station Soesterberg has been out of operation sinceNoigcember 200gKNMI,

2010.

"
Marknesse
|}
Berkhout
n
Lelystad
-
Schiphol
Amt:’
|}
sterberg -
.D )
e Bilt =
Deelen
L}
Cabauw
0 5 10 20 Kilometers
o dl o o]

Figure2-3: Automatic weather stations of the KNMI in the sundings of Amersfoort.
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In addition to the automatic rainfall stations, the KNMI provides rainfall information of manual rain
gaugesAn advantage of the manual rain gauge network, with 325 stations in the Netherlands, is the
ten times higher density inomparison to the automatic rain gauge network. However, the manual
stations only give information of 24h cumulative rainfall. Thereforesgltdataareless appropriate

for the analyses of rainfall events in urban areas with characteristic small timesgate a few

hours. For the period 1998 through 2008, the point measurement data of the automatic rain gauge in
Soesterberg will be used to compare to the weather radar dataonsequence of the large

distances between the available automatic rain gauethe vicinity of Amersfoort, no interpolation
techniques between the measurements of different stations will be applied.

2.3.2 Rain gaugesof municipality Amersfoort

Besides the weather stations of the KNMI, a number of five rain
gauges in Amersfoort lmame operational in autumn of 2008 with a
temporal resolution of 5 minutes. In addition to the data of the KN
theseautomaticrain gauges provide one point measurement of the i

studyarea. However, the reliability of these rain gauges is uncertait, %
as the positioning in the urban area does not meet all the ‘
requirements for accurate measurements (KNMI, 2000). The pictu [
in Figure2-4 shows the stting of rain gauge AmersfoeZuid with its L {,_‘ :
positioning close to an apartment block. The rain gauge is centrally J Sl SN <« .. s
situated in the study area where its location corresponds tarad Figure2-4:

pixel 79 as shown iRigure2-2. Rain gauge Amersfoort Zuid.

A comparison bavailable9 months rainfall depths of therbanrain gauge and several KNMI stations
may provide insight ithe accurateness and reliability of the rain gauge measurements. The results
are presented imable2-1.

Table2-1: Rainfall depths for the period Januarpctober 2009

Rainfall station Rainfall accumulation (mm) Percentage differencevith
respect to gauge Amersfoort Zui

Rain gauge Amersfoort Zuid 624.1 --

Automatic statbn De Bilt 572.5 -8.3%
Automatic station Lelystad 598.3 -4.1%
Automatic station Cabauw 484.9 -22.3%
Manual station Soest 608.3 -2.5%
Manual station Hamersveld 619.4 -0.8%

Based on the table above, it appears that even on the long time span of ninéhspthe range in

rainfall depths can be wide and spatially distributed. The rain gauge stations nearest to Amersfoort,
the manual stations of Soe@pproximately 5 km west of the model area)d Hamersveld
(approximately 1 km east of the model arebh@ve thesmallestdeviating rainfall depths. Their
differences are within 2.5 percent. Therefore, it is concluded that the rainfall observations of the rain

14
Chapter 2 Study area & Data



gauge Amersfoort Zuid are sufficiently reliable at large timescales. In addition it is assumdgkthat t
use of its data can be permitted for short time scales in this study.

2.3.3 Overview of rainfall data sources

InTable2-2, an overview is given of the various sources of rainfall information and the way they will
be compared herafter. This comparison will be done for both the rainfall information in the model
area and the simulated water excess situations in the final model results.

Table2-2: An overview of the rainfall informatn sources that will be used for comparison

Period Radar data Rain gauge data
January 1998 December 2008 Hourly radar data, 2.5 x 2.5 ki Hourly station data
Soesterberg

January 200¢ August 2010 5 minute radar data, 1 x 1 km 5 minute ain gaugelata of
municipality Amersfoort

A further explanation of the method applied for the comparison of radar and rain gauge information
in the rainfaltrunoff model is given in chapter 3.

2.4 Areal data rainfall -runoff model

Next tothe rainfall data, informatin of the model area is required to enable the surface runoff
modelling. Besides the parameters of the sewage system, described in paragraph 2.5, the altitude
and land use are of major importance.

2.4.1 Elevation map

The part of the rainfall thatannot be disharged towards the sewage systésrecognised as water
excess. This amount of wateontributesto the surface runoff which is dependent on the slope of
the surface and thus on thelevationdifferences in the area. These altitudes in the model area are
available from the elevation database of the Netherlands (AHN). It consists of a raster map with
altitude valueswith a resolution o6 * 5 m and will serve aonditionfor the model simulations. In
Figure2-5, the map of the AHN represented for the study area.

Altitude in m + NAP

m
. .

Figure2-5: Elevation map of thenodelarea in the southern part of Amersfoort
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The maximum altitude is 72 above the Amsterdam Ordnance DatuNAPB, which is located on top
2T GKS | NBF &58 . SNB-webters gant af theiniodeliakes The B ljinglargaR & 2 dzil
are siuated in the eastern part of the model area with a minimum altitude of 5 m below NAP.

During the graduation period, the successor of AHN1, Alriid2already been introduced for several
areas in the Netherlandsinfortunately, theupdatedaltitude informaton for Amersfoorthas not

been released on time and could not be used for this study. From 2011, the more acslexatton
maps will become availabl&everal errors existing in AHN1 will be removed or diminished, such as
those from incorrectly represert buildings, viaducts or trees.

2.4.2 Land use map

The infiltration rates of the storm water differ for the various land use types in the urban area.
Therefore a map with nominal land use classes (Amersfoort, 2010) is included in which six different
typeshave been discerned (séggure2-6). This map is coupled to a table in which the infiltration

rates for the land use classes have been defined. The determination of these infiltration rates is part
of the model calibration thaits described in chapter 4.

B suildings
- Surface water

- Paved area, paved roads

I:l Unpaved roads, paths
- Unpaved area, nature

|:| Remaining sueces

Figure2-6: Land use classes for theodelarea

2.5 Area expert information

Detailed information a the capacities and working of the sewage system of Amersfsat
available. Furthermore, some information concerning the prominent water at street locatidghs in
study area are relevant for comparison with model results in order to check its performance.
Therefore, a meeting with two area experts from the city of Amersfa@s$organizedLensink &
£y Wi Y ZIBeit éxSeNdbce anul knowledge prowidaput for the study.

2.5.1 Sewage system characteristics

Initially, the assumptions for the properties of thbembinedsewage system are the general values of
7 mm for the storage capacity and 0.7 mm/h for the sewage discharge towards the waste water
treatment plant (Leidraad Riolering, 200%owever, the sewage system of Amersfoort has a specific
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response which is caused by the variations in altitude and several measures that have been
implemented in the past years.

First of all, the slope of the terraigfi | YR | NP dzy R a5S . SNHé¢ OF dzaSa GKS
discharge quickly to the lower grounds. Pumping is not needed in this area as the water discharges

under free fall in the direction of the city centre before it continues nesstward. In tke low lying

areas the storage capacity of the sewage system is hampered by the large volumes of water from

45S . SNHé¢® ¢KSNBF2NB:zZ (KS Y2aid aSNR2dza ¢ G§SNI SEC
G5S . SNHé® 5dzNAyYy 3 KS lsévage didcHanjefdcdurbulatsgarSihye traas at th& S I dzA
F22G 2F a5S . SNH¢ YR 2F0Sy OFdzasSa 6FGSNI G &idNE
this type of water at street should be separated clearly from tlzatsed by surface runoff, where

only thelatter is subject of this study. In the identification of water at street locations, the area

experts have made the distinction of several causes of water at street as clear as possible. Besides,

the frequency of contaminated water at street from the saygasystenreducedsignificantlyin the

last few years as a result of the construction of additional sewage storages.

2.5.2 Water at street history and implemented measures
The following water at street locations have been indicated by the area experts tedaqire2-7
on the next pagg

1. { dZNNR dzy RAy3a 2F (GKS a{dlFGA2yaLdt SAyé¢ Fa I NB
percentage of paved surfaces.

2. { dZNNR dzy RAy3a 2F GKS a! GNBOKGasSegS3I¢ +d GKS A
location, the railway has been heightened which creates a barrier in the water flow path.
Furthermore, water at street situations as a result of rising manhole covers used to take
place. However, the problems seem to be diminished or even solved by rottres
additional sewage storage and infiltration facilities.

3. { dZNNR dzy RAy3a 2F (GKS a[ SdzaRSNBS3I¢ G GKS Ay
caused by both the surface runoff and sewage system problems. Also at this location, the
inconveniences haveden decreased due to the implemented measures.

4, { dZNNB dzy RAy3a 2F GKS GDSNINR 52dzAdN¥ I ¢ RdzS

5. { dZNNR dzy RAy3a 2F GKS da! GNBOKiGasSgS3I¢ +id GKS A
at street situation is only caused by the rise of watenfrthe manhole covers.
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Measures

A = Locations with additional
sewage storage2R00 )

B = infiltration field (2000 rf)
C= depth infiltration facilities
(1620 )

D = decoupled district

> =Water at streetsituation (approx.10 ha.)

Figure2-7: An overview of water at street locations and measures to the sewage system, as identifiedtdargegsion with area
experts

Since 2000, several measures have been implemented in the sewage system of Amersfoort to
challenge the inonveniences of water at streetspecially those problems caused by contaminated
water at steet from the sewagéave been tackledThe quick discharge of water via the sewage
adaidsSYy FNBY GKS IINBlF a5S . SNBH&FigwR-y): 0S ai2NBR Ay
A ' RRAGAZ2Y T &aS¢l 3S aai(@oodnE®SAay O30 HinknSh 06 YESYN& SliykoS &
(1,200 n? since 2001). Until two days after heavy rainfall events, the area experts have
observed that the additional storage facilities could not be drained on the sewage system,
because the water level in ¢hpipes still have not fallen sufficiently in that area. This should
be taken into account for events that happen in quick succession.
B. A retention basin with infiltration field at the Barchman Wuytierslaa@® ni/ 3,800 nt
since 2004). The water at s&t problems in that area are nowadays supposed to be
negligible as no problems have been reported since then.
C.¢g2 RSSLI AYTFALGNI GA2Yy TFVaOGaimpeisihéatx(1620fahazy R (1 KS ¢
2010). These infiltration facilities are especiallyamito store the storm water discharge
fromi KS RAAGNAOG Ga[ AOKiSYoSNHE ®
D.LY RAAOGNAROG o[ AOKUSYOSNH:¢I (GKS FTNRYyUG &aARSa ¥
decoupled.

The current policy of the city of Amersfoort is to restrict the water at streebf@mms as much as
possible. In general this implies that water at street situations cannot be prevented. Actually, these
water at street situations are not experienced to be very inconvenient as the citizens expect some
degree of water excess during extremsnfall. Nevertheless, serious water incemences and
damages shoulbe preventedsuch asnundation inside buildings.
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