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are further used in modelling of stormwater quantity and quality and planning of stormwater 
structures. A need for the method development of an automatic tool which detects anomalies from 
data series arises from the lack of data validation guidelines and an increasing amount of online 
data. 
 
A tool for automatic outlier detection from online data series was developed by combining different 
methods found in the literature. This study focuses on high-resolution (1 min) rainfall, discharge 
and turbidity data series measured in a small (6,5 ha) urban catchment (62 % impervious) in 
southern Finland during the years 2009-2010.  
 
First, different data assurance strategies earlier studies were recognized. Second, the study site 
and data were analyzed and a collection of tests and a model were chosen as a starting point for 
developing the tool. Third, test algorithms and a rainfall-runoff model were programmed using 
Matlab. The tests comprise a missing data test and a boundary test. The rainfall-runoff model is 
based on a two parameter gamma function which is calibrated to obtain the discharge shape in 
response to effective rainfall event. Finally, the results of the automatic detection of outliers were 
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consistency checks of the measurements were carried out. Turbidity data was used for testing 
internal consistency and two other measurement stations were used to test the spatial consistency 
of rainfall. 
 
Using error boundaries the model could detect erroneous mass balance between rainfall and 
discharge. The suggested method shortens the time needed for data assurance and helps 
predicting the true value. The method can be applied to catchments where rainfall and discharge 
are measured concurrently with a high temporal resolution and a representative collection of rainfall 
events have been measured. This study provides insight into which factors should be considered 
before installing a new measurement station from the data validation perspective. 
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1 INTRODUCTION 

1.1 Background 
The sensor and data logger technologies have improved in recent years. This has made 
automatic measurement possible in multiple environmental monitoring sites for differ-
ent variables. The time resolution of the on-line measurement sensors can be adjusted 
even to one minute. The daily incoming data with one minute time scale has 1440 data 
points per variable. It is not feasible to manually validate this amount of daily data. 
Therefore, there is a need for a data validation tool. These kinds of tools have already 
been developed using different methods (Estevez et al. 2011; Takahashi et al. 2011; 
Kotamäki et al. 2009; Sciuto et al. 2009; Stepanek et al. 2009; Basu and Meckesheimer, 
2006; Upton and Rahimi, 2003; Boukhris, 2001; Menold et al. 1999). However, few 
publications exist which provide an exact methodology to follow (Fletcher and Deletic, 
2008). During this study, different methods are investigated from the previous studies 
and a data validation tool is produced as an application to a small urban catchment.  
 
On-site measurements, for instance precipitation, are used further as input data in envi-
ronmental modelling. For urban hydrological modelling the quality of the input data is 
critical (Krebs et al., 2013). Decision making and design are also based on the meas-
urements received from the environment. The smaller temporal scale of the measure-
ments enables to better catch the extreme values, but does not remove the need for the 
continuous maintenance of the measurement equipment and data validation. Data col-
lection is expensive and relatively large amount of data needs to be collected in order to 
be used reliably for modelling (Niemczynowicz, 1999). This gives a motivation to en-
sure that the measurements are performed in a way that data quality is assured. Moreo-
ver, model developments are dependent on whether hydrological measurements reach 
higher accuracies and are better at hand (Niemczynowicz, 1999). Proper measurement 
and data quality process assurance saves costs. Economic inputs to hydrological data 
collection and data assurance are smaller than that of consequences of inaccurate design 
of stormwater structures (Niemczynowicz, 1999). One motivation for this study is lack 
of guidelines for data quality assurance.  

1.2 Objectives 
The main goal of this study is: 
 
To manually detect and classify typical abnormalities from hydrometeorological data 
measured in urban areas and to develop a tool for verifying the same abnormalities 
semi-automatically.  
 
The manual detection means here plotting graphs in different time scales and also visu-
alizations of the minute data and accumulative graphs. Semi-automatic detection com-
prises two parts: automatic part and manual part. The automatic part tests for the dataset 
and puts the data through a rainfall-runoff model. The manual part is the human quality 
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control, where the data collector or other professional decides whether the data points 
labelled abnormal by the tests and the model are faulty or correct.  
 
The main goal is divided into seven smaller objectives: 

1. To define which kind of outlier types exist in the data 
2. To find existing methods for outlier detection from the literature, evaluate which 

are the most suitable for this site and data and develop new alternative methods 
3. Explore the rainfall-runoff relationship in urban areas and compare it with the 

literature results 
4. Construct a data validation tool based on the chosen method 
5. Explore the response shape and time at the site 
6. Test the suitability of turbidity measurements for testing of internal data con-

sistency 
7. Test how the validation tool performs at different time resolutions 

 
This thesis is focused based on the three different subjects: variable focus, temporal 
focus and spatial focus. 
 
The variable focus means the different hydrometeorological components to be exam-
ined. In the context of hydrology there are multiple variables which could be considered 
such as precipitation, evapotranspiration, wind speed, air temperature, water tempera-
ture, humidity and discharge. This work, however, focuses mainly on precipitation, dis-
charge and turbidity measurements. 
 
Temporal focus is obtained from the convenience to survey only the times of the year 
when there is precipitation generates runoff without retention due to snow accumulation 
or frozen ground. In other words, the winter time is excluded from the focus. 
 
The third focus point comprises the urban catchments. Urban areas differ substantially 
in characteristics and behaviour when compared with natural catchments. The peculiari-
ties which urban catchments offer are recognized and evaluated in this thesis. 
 
  



 
 

11 
 

2 LITERATURE REVIEW 

2.1 Urban hydrology and measurements 
Urban water cycle 
Urban hydrometeorological monitoring has increased in previous years. This is due to 
the increasing amount of urban areas. Also the risk for, for instance, flooding is higher 
in the densely populated areas, which gives a motivation for careful monitoring. Urban-
ization alters the hydrological behaviour of a catchment. Water cycle components, such 
as groundwater formation and surface flow volumes and rates are affected by urbaniza-
tion. The fraction of impervious areas is substantially larger in urban areas than in rural 
areas. Higher imperviousness increases surface flow, reduces infiltration to the soil, 
decreases ground water formation, and decreases the time lag between precipitation and 
discharge from the catchment (Fletcher et al., 2013). As the surface flow rates Surface 
flow volume is further intensified due to land modifications (Akan and Houghtalen, 
2003). The ground is compacted and less porous and the soil is partly disturbed. 
 
The stormwater pipe network affects both water quality and quantity. Pipe networks 
connect urban surfaces to the receiving waters (Fletcher and Deletic, 2008). This con-
nection allows the stormwater to transport pollutant substances fast and effectively to 
the receiving water systems. In the urban surfaces there are lots of pollutants, such as 
residues from traffic, salts from the roads, fallouts from polluted air and wash-off from 
construction sites. Urban runoff is, in fact, stated as one of the worst non-point pollution 
sources for natural waters (Weiner et al., 2003). Flow rates are also higher due to pipe 
networks (Akan and Houghtalen, 2003). The fast catchment response to storm events 
might cause flooding in the downstream of an urban catchment. 
 
As a result of all previously mentioned human actions the shape and size of the runoff 
hydrograph is changed (Goonetilleke et al., 2005). Additionally, less variation in the 
unit hydrograph shape and lag time occur due to urbanization (Sillanpää, 2013). The 
unit hydrograph describes the proportion of effective rainfall turning into discharge rela-
tive to time. The small scale events are more influenced by the urbanization than the 
large ones (Sillanpää, 2013). In terms of total amount of runoff urbanization has affect-
ed warm periods more than cold ones. Sillanpää (2013) reported that during the cold 
period the total runoff volumes do not substantially differ due to urbanization. 
 
A deeper analysis of cause-effect relations in the urban catchment is presented in Ap-
pendix 2. Parts of the water cycle are marked with blue colour and main causes which 
modify water cycle are marked with orange. Additionally, different types of pollutants 
and their sources are presented. It seems that impervious area, land modifications and 
stormwater pipes alter the natural flow paths of water the most. Pollutants which end up 
in receiving water bodies originate from human activities such as gardening, construc-
tion, traffic and accidents. 
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In conclusion, the change of the water cycle in urban area along with the pollutant gen-
eration results in water quantity and quality problems (Fletcher et al., 2013). Those 
problems are for instance increased frequency of flooding and poorer quality of natural 
waters. With careful monitoring of different variables in urban systems, more infor-
mation is gained how different changes affect the amount and quality of storm water.  
 
Catchment response dependency on rainfall intensity  
Research has been conducted to explore how an urban catchment acts during different 
intensities of rainfall. Chiew and McMahon (1999) claim that for small rainfall events 
runoff is produced mainly from the impervious surfaces and that for large events also 
the pervious areas produce runoff. This assumption means that once the rainfall intensi-
ty exceeds the infiltration rate of the pervious areas the pervious areas start producing 
surface flow. Consequently, the runoff coefficient of large events is higher than for 
small events. The size of an event can be defined according to its duration and intensity. 
Here it should be noted that not all pervious areas immediately discharge surface flow to 
the impervious areas. There might be depression storages which create for example 
ponds, although commonly the stormwater sewerage system is planned according to the 
original natural catchment slopes. In this case also the pervious areas discharge to the 
impervious areas and finally into gutters of the stormwater sewerage system.  
 
Kokkonen et al. (2004) found that for small catchments, one from southern Finland (<1 
km2), the dynamics of the catchment response is dependent on rainfall intensity. In other 
words, a clear correlation between rainfall intensity and the shape of the unit hydro-
graph was detected. They did not find the same dependency for large catchments 
(>58km2). The studied catchments were mostly covered with forest and not urbanized. 
 
Sillanpää (2013) studied three small urban catchments in southern Finland (<1km2) and 
found a rainfall depth threshold (17-20 mm) at which the shape of the unit hydrograph 
change is significant. In her study Sillanpää (2013) also concluded that during small 
events the area which contributes to runoff stays constant. 
 
Melanen and Laukkanen (1981) studied whether the peak runoff coefficient is affected 
by the rainfall intensity in urban areas. According to their findings in seven small 
catchments (10-40 ha) it is merely the relative impervious area which defines the peak 
runoff coefficient. 
 
Wainwright and Parsons (2002) showed that as the slope length in the catchment in-
creases the runoff coefficients decrease. They also concluded that different sizes of in-
tensities within a rainfall event control scale dependency of runoff coefficients. Scale 
dependency means that larger areas result in lower runoff coefficients. 
 
Stormwater quality 
Water falling on the polluted surfaces transports pollutants to the receiving water body 
of the catchment. This is the case if there is a separate pipeline for storm water, which is 
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a common practise in the new cities. In old city centres there still are combined sewer-
age systems which transport both storm- and wastewater to the wastewater treatment 
plant. During large rainfall events the capacity of the treatment plant may not be large 
enough to treat all the incoming water. Then the capacity exceeding volume of waste 
water has to be discharged as overflow to the receiving water body without treatment. 
Both systems, the combined and separate systems cause water quality problems to the 
receiving waterbody.  
 
It is known that the longer the water-soluble pollutants are in contact with water the 
more pollutants are dissolved in water (Weiner et al., 2003). Efforts are in action for 
storm water pollution mitigation. These comprise for instance erosion control and re-
vegetation in the construction sites (Weiner et al., 2003). Ground modifications and the 
increased rate of runoff increase erosion. Erosion increases the amount of suspended 
solids into which many pollutants are bound (Akan and Houghtalen, 2003). Moreover, 
photosynthesis of aquatic plants is hindered due to solid particles restricting light (Akan 
and Houghtalen, 2003). Due to these facts the total suspended solids (TSS) is often se-
lected to be an indicator of the storm water quality. Usually, turbidity of the stormwater 
is measured and the correlation functions between TSS and turbidity are used in esti-
mating TSS values (Métadier and Bertrand-Krajewski, 2012).  
 
In storm water pollution mitigation it is important to find out in which kind of condi-
tions the highest pollution loads occur. The first-flush phenomenon is widely accepted 
as an important factor in storm water pollution mitigation (e.g. Li et al., 2007; 
Niemczynowicz, 1999). The phenomenon means that the most of the pollution appears 
in the initial part of the discharge. In the water quality measurements at urban areas the 
highest peak of pollutant concentration is detected just before the highest discharge peak 
(Li et al., 2007; Deletic, 1998). However, this does not describe the proportion of the 
pollution load during the first-flush. Just before the peak flow the flow volume is also 
really small. Li et al. (2007) found that with high intensity rainfalls the lag between the 
pollutant peak and the flow peak is shorter. Li et al. (2007) argue that the first flush 
phenomenon should be the design criterion in controlling storm water quality. On the 
contrary, Goonetilleke et al. (2004) states that there is no evidence about the first flush 
being more polluted than the rest of the washout and that the load matters rather than 
concentration. Li et al. (2007) also found that long dry periods preceding rainfall result 
in larger pollution loads than short ones. In order to effectively reduce storm water pol-
lution, more comprehensive monitoring of the pollutant wash-off properties has to be 
conducted. 
 
Importance of measurements to stormwater system design and modelling 
In Finland the dimensioning of the storm water systems have been partially underesti-
mated, because the calculations are based on the return periods and duration of rainfall 
intensities measured by point rain gauges which often fail to catch the high intensities 
affecting small areas (Aaltonen et al., 2008). Typical dimensioning of the urban storm 
water system is to be able to lead the waters from a 10-minute lasting rain with a 2-year 
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return period (Aaltonen et al., 2008). Flooding in the urban areas can have drastic con-
sequences for both people and infrastructure. The reason for measuring and modelling 
hydrological variables has been in past related to the goals of improving public health 
and sanitation. Recently, issues such as flood protection and state of the environment 
are becoming more important viewpoints (Fletcher et al., 2013). Fletcher et al. (2013) 
argue that there is a stronger need for precise rainfall measurements and predictions in 
urban areas compared to rural areas. The investment costs of one hydrometeorological 
measurement station is estimated to be 25 000 € (Setälä, 2014). Although environmental 
monitoring is expensive, it is an investment to the future in terms of more accurate 
planning and design. The investment is worthwhile if the measurements are performed 
with good maintenance and data quality assurance. 
 
For every stormwater structure a hydrologic risk can be defined. The hydrologic risk is 
defined as the probability of exceeding the design event at least once during the service 
life of the structure (Akan and Houghtalen, 2003). The hydrologic risk is calculated as 
follows: 
 

𝐽 = 1 − (1 − 1
𝑇

)𝑁                       (1)
   

 
where, J is the hydrologic risk, T [a] is the return period of the design event and N [a] is 
the service life of the stormwater structure. Often the design storm with a 2-50 year re-
turn period is used for stormwater design (Akan and Houghtalen, 2003). Figure 2.1 
shows how the hydrologic risk changes according to which return period is chosen if the 
service life of the structure is 50 years. It is noticed that only after a return period of 10 
years the hydrologic risk starts decreasing. In conclusion, inadequate measurements can 
result in an increased hydrologic risk 
 

 
Figure 2.1 Change of hydrologic risk according to the return period of design rainfall, N=50 years 
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In integrated urban water management the long-term as well as the short-term extreme 
events have to be measured and understood (Fletcher and Deletic, 2008). For extreme 
event simulation the temporal and spatial resolutions of measurements have to be high. 
For river basin management coarser resolutions suffice. Remote sensing can be used to 
efficiently obtain higher spatial-temporal resolutions for measurements of rainfall 
(Fletcher and Deletic, 2008).  
 
Reliable rainfall and discharge measurements are also needed for modelling purposes. 
In hydrological models measured rainfall is used as an input and as an output modelled 
discharge is produced. Then modelled discharge is compared to the measured discharge. 
Models are used for simulating the effects of planned storm water structures, for future 
predictions or for estimating missing measurements. Urban area consists of so many 
different elements on which the rain falls and starts flowing that often these elements 
are lumped and effective parameters describing their combined effect are estimated 
(Akan and Houghtalen, 2003). A unit hydrograph is an example of a lumped method 
(Akan and Houghtalen, 2003). In this method all the characteristics of the catchment are 
put into a mathematical shape. For the unit hydrograph method rainfall and discharge 
from the catchment need to be measured and their comparability checked. Validity of 
the rainfall and discharge measurements is a necessity to assure the integrity of any 
storm water model. 
 
To be able to mitigate urban flooding and stormwater pollution in the future, appropri-
ate variables and methods for measurements need to be selected. Common variables to 
be measured are precipitation, discharge and turbidity. These variables do not reveal all 
the interactions in the urban water balance. Other variables, though harder to measure, 
are evaporation, groundwater recharge, infiltration, leaks from the water supply and 
waste water pipes to the ground, leaks form the storm water pipe to the ground or from 
ground to the storm water pipe, infiltration from irrigation sources, and transport of ac-
cumulated snow. Baseflow is often negligible in small urban watersheds (Akan and 
Houghtalen, 2003). Still, for defining return periods of rainfall events and obtaining 
inputs for modelling, rainfall, discharge and quality measurements have a high im-
portance. 
 
This chapter underlined the importance of correct and comprehensive measurements. In 
the next chapter it is explained what kind of issues cause uncertainty to measurements 
and how to manage it. 
 

2.2 Measurement uncertainties 
Uncertainty 
A term uncertainty is used when there is doubt that the measured result is not valid or 
that it does not fully represent the measurand (JCGM, 2008). In other words it can be 
defined that a measurement is always only an estimate and therefore the uncertainty has 
to be stated together with the measurement (JCGM, 2008). Uncertainties exist due to the 
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characteristics of natural processes: they are complex, non-linear and unpredictable 
(Fletcher and Deletic 2008). Also the measurement process into informative data has 
sources of uncertainty (Fletcher and Deletic, 2008). Measurement process here means 
setting up the measurement system, choosing measurement methods and equipment, 
and processing the received data into knowledge. Decision making is often based on the 
data results received from monitoring a phenomenon. Therefore, the data results need to 
be reliable, or at least the uncertainties need to be transparently identified and their 
quantity estimated in order to facilitate decision making. 
 
Quantified estimation of uncertainty is called error (Fletcher and Deletic, 2008). Error is 
defined as the distance between the measurement result and the true value of the meas-
urand (JCGM 2008). Error is divided into random (precision) and systematic (bias) er-
rors (Fletcher and Deletic, 2008). Both types of errors can be reduced but not entirely 
removed. Random error is caused by unpredictable variations in the measurement envi-
ronment. Random error can be reduced by increasing the number of observations. Sys-
tematic error is difference between total error and random error. Systematic errors occur 
due to calibration errors or errors in designing the measurement system (Fletcher and 
Deletic, 2008). 
 
Efforts have been made to quantify measurement uncertainties. For instance, McMillan 
(2010) concentrates on quantifying uncertainties in the river flow measurements. The 
method used was to produce a probability density function in any stage of the flow 
measurement with a confidence interval included. Confidence intervals give a range 
where the true value should lie. 
 
Accuracy of the measurement describes how small the distance is between the measured 
value and the true value (Fletcher and Deletic, 2008). 
 
Representativeness 
Representativeness of measurements is divided into spatial and temporal factors 
(Fletcher and Deletic, 2008). The spatial factors comprise the area of the catchment and 
how well the measurements are able to describe the spatial differences within the 
catchment area. The temporal factors include the total duration of the continuous meas-
urements and the time interval of the successive measurements. 
 
The small catchment size(s) require rainfall measurement at small scales (t<10 min and 
s<10 km) (Berne et al., 2004). Berne et al. (2004) studied how to estimate the temporal 
and spatial scales needed for representative measurements of rainfall and discharge in 
an urban catchment. They defined a minimum time resolution based on a characteristic 
time of the system (Equation 2): 
 

∆𝑡 = 𝑡𝑐
4

                       (2)
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where Δt [min] is the required time step and tc [min] is the characteristic time of the 
system. tc is defined as the lag time of time to peak of a unit pulse. In further research 
Berne et al. (2004) found a relationship between the lag time and the catchment area. 
The relationship follows a power law equation (Equation 3): 
 

𝑡 = 3𝑆0.3                       (3)
  

 
where t is the lag time (min) and S is the surface area of the catchment (ha). The equa-
tion is determined from a limited number of urban catchments and events. Still, Berne et 
al. (2004) suggest that for a high intensity rainfall in an urban catchment this kind of 
relationship is general. The two suggested equations provide a numerical way to com-
bine temporal and spatial scales to the catchment characteristics and give guidelines in 
which order those scales should be. This information might be helpful in the planning of 
a new measurement setup. As soon as there are measurements available the lag time can 
be defined from the data given that the time step is small enough and the lag is not 
smaller than the time step. 
 
In rainfall measurements weak representativeness is a major source of uncertainty (Sev-
erino and Alpuim, 2005). This means that the point measurements are not able to reflect 
the real phenomenon temporally and/or spatially. In addition to problems with repre-
sentativeness the rainfall measurements experience systematic and random measure-
ment errors (Molini et al., 2005). In order to quantify predictive uncertainty it is essen-
tial to first gain information on data uncertainty (Renard et al., 2011). Neglecting error 
sources may result in unsound predictions. Niemczynowicz (1999) argue that point rain-
fall measurements fail to represent temporal and spatial variations of urban rainfall. 
 
To better fulfil the requirements of temporal resolution needed for modelling, it is sug-
gested that in small urban catchments (< 1 km2) the rainfall intensity should be meas-
ured in one minute time scale (Fletcher and Deletic 2008). The measurement interval for 
any variable should be twice the frequency of the phenomenon being observed (Fletcher 
and Deletic, 2008). 
 
The location(s) where measurements are performed is another factor affecting repre-
sentativeness. Fletcher and Delectic (2008) suggest that the measurements should be 
performed at the interfaces between urban water balance components. This includes for 
instance important inlets and outlets of the stormwater sewer. Too few measurement 
spots or unfavourably placed measurement stations might fail to describe the real phe-
nomenon and give biased results. 
 
Tipping-bucket rain gauge 
Tipping-bucket rain gauges (TBRGs) are widely used for precipitation measurement. 
Two buckets of equal volume are inside the gauge and once the other is filled with wa-
ter, the bucket tips and the other bucket starts filling. The tips are recorded per time 
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step. Although this measurement method is common, it experiences lots of uncertainties 
which are explained next. 
 
The accuracy of the TBRG is sensitive to rainfall intensities. The TBRG records too 
low precipitation values with high intensities because during the tipping of the bucket 
an amount of rainfall is lost (Molini, 2005). Therefore, with higher intensities the meas-
urement reliability decreases. Yet, the highest intensities cause often most problems 
such as flooding or erosion. The planning of storm water systems is based on the return 
periods of certain rainfall intensities. A failure to accurately measure the intensities 
leads to underestimation of the capacity of stormwater systems. The high temporal 
measurement resolution required for urban applications increases the magnitude of me-
chanical errors leading to underestimation of 60-100% (Molini, 2005). Fankhauser 
(1998) compared the difference of the data recording method: tips per minute or varia-
ble time step. This showed to have only little influence. 
 
Rainfall gauges have also catching problems due to wind, evaporation, splashing and 
wetting (Molini, 2005). Fankhauser (1998) concluded also that evaporation and wetting 
losses are of small impact. In the urban area the gauges are exposed to vandalism, shak-
ing of the ground and other disturbing activities. 
 
Calibration may cause errors if it is not executed in the measurement context or re-
checked often enough. Sieck et al. (2007) suggest that the TBRGs should be calibrated 
in the field to better respond to different intensities rather than trusting the calibration if 
the manufacturer. Calibration of the rainfall measurement device should be checked 
annually (Molini, 2005). There are different calibration programs: a static calibration or 
dynamic calibration. In the dynamic calibration the device reacts to different rainfall 
intensities. Fankhauser (1998) claims that the dynamic calibration is not that important, 
because it is proportional to the rainfall intensity and affects mostly large intensities, 
which are rare compared with the small intensities. 
 
A partial blockage or total blockage of the gauge results in large errors in the measure-
ments. Blockage can be due to fallen leaves, needles or bird droppings (Kotamäki et al., 
2009). Upton and Rahimi (2003) have developed a method which detects faulty rain 
gauges. Sometimes the TBRGs produce really fast or really slow recordings. Disturb-
ance onto the bucket, wrong positioning or sudden snowmelt can cause fast recordings 
(Upton and Rahimi, 2003). A blockage, such as a fallen leaf, can cause slow recordings 
(Upton and Rahimi, 2003). Partial blockage leads to wrong information on the rainfall 
intensities and durance (Upton and Rahimi, 2003). In case of total blockage the rain 
volume does not reach the measuring device and the event is not recorded (Upton and 
Rahimi, 2003).  
 
In the TBRG there is a cable which transfers the information of the measurements to a 
datalogger. A large amount of information may be lost in case of an electronic or a data 
transfer failure (Upton and Rahimi, 2003).  
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The bucket volume resolution can cause errors to the measurement. Fankhauser (1998) 
concludes that the depth resolution in the TBR systems cause only minor errors and that 
in urban environment a depth resolution of 0.254 mm is acceptable.  
 
The point measurements of rainfall can accurately measure rainfall representing a small 
area. However, often the whole catchment is of interest. In the models for urban catch-
ments assumptions are often made that the point measurement of rainfall represents the 
whole catchment. This assumption causes design errors to the modelling of the urban 
catchments and therefore gives misleading base information for planning. Usage of a 
rain gauge network is recommended compared to one measurement point (Sieck et al., 
2007). Fault detection is easier when there are multiple gauges in the same area com-
pared to having just one gauge (Upton and Rahimi, 2003). Regular maintenance of the 
gauge increases the reliability of the measurements. Upton and Rahimi (2003) conclude 
that a gauge, if well maintained functions approximately 95 % of the time properly. 
 
Radar data 
Using radar data for precipitation measurements is an effort to address the lack of spa-
tial representativeness of point measurements. However, radar measurements do not 
accurately describe rainfall volumes and have a lot of errors (Fletcher, 2013). Urban 
catchments are often small in area and therefore need precise rainfall measurements for 
modelling purposes. It is estimated that if the rain gauge density in the urban area is less 
than one gauge per 16 km2 radar data should be applied (Quirmbach and Schultz, 2002). 
 
On the other hand, weather radars can be used to for defining the spatial scale require-
ments in the planning phase of a rainfall network (Berne et al., 2004). Severino and Al-
puim (2005) suggest that more reliable estimates of precipitation are obtained combin-
ing the point-accurate rain gauges and spatially more representative radar data-sets than 
using either of them separately.  
 
The urban environment causes some problems to radar measurements. Radar is based 
on reflection technology. The reflection values are changed into precipitation intensity 
values. Ground modifications and existing buildings affect the beam of the radar in a 
way that the beam might be blocked or wrong reflection values are measured (Fletcher 
and Deletic, 2008). 
 
Schellart et al. (2012) compared a dense rain gauge network to downscaled precipitation 
intensities of radar. They found radar to underestimate the rainfall clearly. 
 
Discharge measurement 
In the urban environment discharge measurements are often carried out inside a drain-
age pipe. The scope of this study was limited into discharge measurements in an open 
channel. However, the best management practices are increasing as solution for manag-
ing storm water. In some of these management techniques open channel discharge is 
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preferred, and therefore open channel discharge measurements might take place. 
Herschy (2002) has tested the uncertainty quantification method for discharge meas-
urements recommended by the Guide to Expression of Uncertainty in Measurement 
(JCGM, 2008). As a result 6 % of expanded uncertainty was obtained for open channel 
discharge measurements with confidence level of 95 %. 
 
Renard et al. (2011) note that discharge measurements are subject to observational er-
rors such as unsteady flow conditions and temporal changes in the channel environment. 
In a storm water pipe it is unlikely that pipe properties would change much in time, at 
least not in a short time period. Possibly, measurements taken in different decades could 
have differences due to the wear of the pipe, but for a single event temporal changes in 
the pipe properties can be neglected. 
 
Water quality measurement 
Water quality measurements have been increasingly conducted using automatic sensors. 
Water quality issues differ considerably between catchments. In an agriculture-
dominant catchment the interest is often on nutrients and suspended solids (Linjama et 
al., 2008) whereas in the urban catchment waters are also polluted with heavy metals. 
 
Water quality measurements are not simple to conduct successfully. The probes can be 
exposed to ice, foreign matter and contamination (Linjama et al., 2008; Kotamäki.et al., 
2009). Linjama et al., (2008) found that a cleaning system in the probe improved the 
measurement results significantly but did not solve all problems. An automatic cleaning 
of the sensors has been discovered to be a necessity (Kotamäki et al., 2009). The auto-
matic cleaning systems do not take away the need for field visits and maintenance of the 
probe. 
 
Some occasional activities in the catchment area might give abnormal water quality 
results. The data collector should be aware of the actions in the catchment which can 
cause water quality samples to differ significantly from normal conditions. In the winter 
time roads are often treated with deicing chemicals. Those chemicals can be of great 
importance in the annual chemical loads of catchments (Granato, 1996). Spills and acci-
dents of harmful substances might result in a sudden large decrease in water quality, 
which show in data as outliers. 
 

2.3 Inconsistencies and their detection 

2.3.1 Types of inconsistencies 
For the temporal representativeness the measurement time step in the urban environ-
ment typically needs to be small. In a small catchment the time lag between precipita-
tion and discharge can be only few minutes. Large data sets are produced every day by 
the automatic sensors. Efficient processing is needed to detect the informative parts of 
the data (Basu and Meckesheimer, 2006). Furthermore, there should be ways to con-
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stantly check that the incoming measurements have been measured correctly and de-
scribe the real phenomenon. In this chapter a few of these methods are suggested based 
on the previous studies. 
 
Observed data contains missing values and outliers. Missing values are time stamps 
when for some reason the measurement process failed to record the measurement to the 
data logger. Missing values are often caused by failures in data collection and transmis-
sion (Gandin, 1988). Outlier is a recorded, but abnormal, value. Both inconsistencies 
should be detected from the data sets. Of these two, outliers are harder to detect because 
of their various types. 
 
All sensors record sometimes missing values, noise and outliers (Fletcher and Deletic, 
2008). Therefore, the sensors should be regularly inspected, calibrated before use and 
every data point validated through a chosen data validation process. The data validation 
process should be planned before the measurements are started and it should be applied 
daily. Fletcher and Deletic (2008) suggest a two-phase validation process. First the level 
of uncertainty is quantified. Second, the true value is estimated. 
 
Outliers 
Outliers are unusual patterns or data points in the time series (Basu and Meckesheimer, 
2007). When erroneous, the outliers give biased results for the measured phenomenon 
(Takahashi et al., 2011). Outliers can be signs of sensor failures, external disturbances 
or real but extraordinary phenomena. In any case, action should take place to investigate 
what caused an abnormal measurement.  
 
Basu and Meckesheimer (2007) define three different outlier categories which can occur 
separately or at the same time: 
 

1. Additive outlier 
2. Innovative outlier 
3. Level shifts 

 
Additive outliers are caused by external factors. External factors comprise for instance a 
battery failure, breakdown of the measurement device, a tipping-bucket falling down or 
human mistakes. In the data additive outliers are detected as sudden spikes, drops or 
missing values after which the trend returns back to the normal. Innovative outlier is 
detected as a new trend which eventually turns to the normal. An example of this is 
could be an action in the catchment that is causing recordings which seem abnormal. An 
extreme example is a water tower breakdown at the catchment, which would cause a lot 
of external water to flush to storm water pipes without rain being recorded. The trend of 
discharge measurements is then changed for a certain period of time. Level shifts cause 
the trend of the measurements to change permanently. For example, if the optical lens of 
the turbidity probe is fouled, the level of the measurements is permanently shifted until 
lens is cleaned again. 
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Basu and Meckesheimer (2007) emphasize that in outlier detection the outlier time se-
quence has to be recognized from the data together with the outlier type. The outlier 
type gives information about the cause of the outlier. Fletcher and Deletic (2008) rec-
ommend first to detect the anomaly, referred to as detection phase, and then find the 
cause of the anomaly, referred to as diagnostic phase. Local validation, where only one 
variable time series from one spot is evaluated, is often the detection phase. Global val-
idation in which data is compared with different sensors, variables or to model results is 
the diagnostic phase. 
 
Outliers can be classified according to their patterns in the measured data. Takahashi et 
al. (2011) proposed six outlier patterns from meteorological data. First, there are ex-
treme changes during a short time interval. This is also known as a saw tooth pattern 
(Kotamäki et al., 2009). Second, the rate of change is normal but inconsistent compared 
to other sensors. Third, there is an opposite direction of peak than in other sensors at the 
same time. It is likely that nearby sensors detect similar types of changes in the climate 
instead of opposite ones. Fourth, a long term series has a significant change compared 
to historical data. For example, the annual precipitation amount is measured to be sig-
nificantly different from a long term average. Fifth, the same value is recorded for a 
long period. For example, discharge values often have multiple decimals, so it is not 
likely that multiple recordings give exactly same results. Sixth, there are sudden spikes 
in the data. 
 
Kotamäki et al. (2009) state that the automatic measurement sensors require a lot of 
time and effort both maintenance- and data quality assurance wise. In their study Ko-
tamäki et al. (2009) detected three types of data quality problems: spikes, missing re-
cordings and a long sequence having a constant value.  
 
Different studies on outliers resulted in similar types of detected outlier types. Only the 
way to classify outliers was different. However, as the next chapter shows, the ways to 
detect outliers are numerous. 
 

2.3.2 Detection methods 
There is no clear agreement how the data quality process should be performed. This is 
problematic, since the different research results are compared with each other without 
having consistent methods for assuring data quality. Stepanek et al. (2009) tested differ-
ent data quality control methods but found no single method that was adequate when 
used alone. The best results were obtained by combining consistent checks, boundary 
test and testing values for expected values. Stepanek et al. (2009) argue that outlier de-
tection should be performed for the data which is in its original temporal resolution. 
Different approaches for tackling the problem of outliers have been found in the earlier 
studies. 
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A method to detect fast and slow tips 
Upton and Rahimi (2003) suggest a method for detecting too fast tip recordings from a 
TBRG. They define an inter-tip time τk, which is the time elapsed between two succes-
sive tips. A coefficient is suggested which uses a ratio between the inter-tip times and 
reads:  
 

𝜆𝑘 = �log𝑒
𝜏𝑘
𝜏𝑘−1

�         (4) 

 
It is suggested that if lambda is larger than 5 then the recording of time t should be re-
jected. The method works only if both inter-tip values are non-zero. However, a large 
part of data points in the minute scale rainfall measurement are zero. The method is 
based on the assumption that the rain rate at one moment is similar to the one at the next 
moment (Upton and Rahimi, 2003). In a sparser time scale the assumption is questiona-
ble. It has been concluded that the lambda test results in too many false positives (Upton 
and Rahimi, 2003). 
 
Upton and Rahimi (2003) developed a method to detect slow tips caused by partial 
blockage of the gauge. A long sequence where the rainfall intensity slowly diminishes is 
typical in a blockage situation. Blockages in the TBRGs are sometimes hard to detect 
because of the difficult accessibility of the location of the gauge (Upton and Rahimi, 
2003). This gives a motivation for an automatic method. The method tests the inter tip 
times of a long sequence. If the inter tip times constantly increase, say at least twelve 
times, a gauge might be blocked (Upton and Rahimi, 2003). 
 
Methods for rain-gauge networks 
Methods for detecting erratic data points from the rainfall measurements are more avail-
able for rain-gauge networks than for a single rain-gauge. Examples of the methods ap-
plied for networks are median absolute deviation, comparing the inter-tip times and the 
rain intensity pattern comparison (Upton and Rahimi, 2003). These methods require at 
least eight adjacent rainfall measurement stations. 
 
Redundancy approach 
One way to increase the reliability of the measurements is to increase the number of 
sensors which are measuring the same phenomenon (Boukhris et al., 2001). This so 
called hardware redundancy approach is expensive and often not practical to implement 
in urban areas. Alternatively, redundant measurements can be produced by analytical 
models. Boukhris et al. (2001) used a rainfall-runoff model for sensor fault detection in 
an urban watershed. The multi-model is structured according to Takagi-Sugeno fuzzy 
model (Takagi and Sugeno, 1985). The approach produces residuals between redundant 
measurements and a tolerance interval is set around the residuals (Boukhris et al., 
2001).In case the tolerance interval is exceeded five times in continuous time stamps, an 
alarm is raised. 
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Median method 
Basu and Meckesheimer (2007) suggested a median method for detecting outliers. A 
median method is based on the fact that the values with a small temporal distance often 
resemble each other. A window of feasible number of recordings is chosen. The win-
dow length defines how many values before and after the target values are examined. 
Median of the neighbourhood values inside the window is compared to the target value. 
If the difference is larger than a threshold value then the target value is considered as an 
outlier. Basu and Meckesheimer (2007) suggest that the value which is detected as out-
lier by the median method would be replaced by the median value of the neighbour-
hood. One advantage of the median method is that it is simple and generally applicable 
and needs no model (Menold et al., 1999). 
 
One version of this method is the one-sided median method which defines the window 
only from the past values. Advantage of this method is that it can be performed as fast 
as the data is produced. The window width, or amount of data points calculated to the 
mean, and the threshold need to be optimized for obtaining the minimum number of 
false positives or false negatives. False positives occur if the threshold boundary is too 
small and normal values are detected as outliers. False negatives are outliers which were 
failed to be detected by the method. One disadvantage of the method is that when there 
is a long sequence of faulty measurements, after some time the method may not recog-
nize the outliers since the neighbouring values are also faulty. This method is probably 
effective for variables which change gradually in time, such as temperature. 
 
Takahashi et al. (2010) propose a similar method except they compare also whether the 
measurements are consistent with multiple neighbouring measurement stations. In their 
research they used 106 measurement locations in the Tokyo metropolitan area. Such a 
large number of adjacent measurement stations are rarely available. 
 
Menold et al. (1999) present an extension to the median method. They suggest a median 
absolute deviation (MAD) as an alternative for the constant thresholds. It means that the 
median value from the window is obtained and then distances to the median are calcu-
lated and rank ordered. The absolute median deviation is then the median of these dis-
tances. A data-dependent threshold can be defined by setting a multiplication factor to 
the MAD. 
 
Threshold method 
Threshold method has been widely used for automatic quality control. It compares the 
minimum and maximum values of the historic data to the new incoming data and de-
tects when the set minimum or maximum values are exceeded. The limits are obtained 
for example from extremes in the historic data representing the local climate (Kotamäki 
et al., 2009). Estevez et al. (2011) suggest that the thresholds can be fixed or dynamic. 
A dynamic range is defined according to spatial and temporal variations. As an ad-
vantage, this method is applicable for any variable independently and without adjacent 
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stations. Different threshold values can be used for different time scales to check wheth-
er physically impossible values exist in any of the time scales.  
 
Missing data test 
Two different types of missing data occur: occasional and long periods (Kotamäki et al., 
2009). Both types can be tested for and they can be caused by different reasons.  
 
Variation test 
Sometimes there can be a long sequence of the same observed value in the record (Ko-
tamäki et al., 2009). The variation test detects these long flats. For instance, it is not 
likely that temperature would stay in exactly the same value for several hours. The vari-
ation test is also called persistence test. Estevez et al. (2011) suggest calculating the 
mean and standard deviation over one day measurements and if the standard deviation is 
low the data values are under suspicion. 
 
Step test 
Step test is also known as the difference test. The test checks how large the difference in 
the measured value from adjacent time steps is. The difference has to be in certain 
boundaries. Estevez et al. (2011) classifies the step test belonging to time consistency 
validation procedures. Step test and variation tests can be combined: if the difference is 
for a long time zero but the actual measured values are non-zero, a long flat is detected. 
One disadvantage of this method is that some variables, such as rainfall, can change 
really quickly both in time and space and a feasible boundary is difficult to define. 
 
Consistency tests 
Kotamäki et al. (2009) give a recommendation to test for consistencies of variables 
measured from the same station, for example how precipitation and turbidity values 
change according to each other. This is called internal consistency. Internal consistency 
means that the meteorological variables measured from the same location and at the 
same time should be consistent (Estevez et al., 2011). 
 
Another type of consistency is spatial consistency. That is based on the assumption that 
adjacent measurement stations should give approximately the same results. If multiple 
weather stations are close to each other the spatial consistency for each variable sepa-
rately can be tested (Estevez, 2011). However, differences in topography might compli-
cate performing the test.  
 
Neural networks 
Sciuto et al. (2009) propose a neural network procedure for daily rainfall data valida-
tion. The purpose of the neural network is that it is trained to give estimates for the tar-
get station according to the validated historical data from a reference station. In their 
solution Sciuto et al. (2009) test first whether it rained during the target day. If the neu-
ral network estimate and the measurement both indicate that it did not rain, the day is 
considered to be free of rain. In case both indicate rain then a confidence interval ob-
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tained from other stations is applied to check if the amount of rain is within estimated 
boundaries. Reference stations should be chosen according to their distance and eleva-
tion difference. Sciuto et al. (2009) report that 85 % of the data was validated with the 
neural network method. 
 
Summary 
In conclusion, multiple different methods are used for data validation. This is partially 
due to different situations, which can limit the use of some of the tests. Also the non-
linearity and complexity of the phenomenon results in different approaches. On the oth-
er hand, the measurement setup should be planned in a way that as many tests as possi-
ble could be performed for the data. Table 2.1 presents which points should at least be 
considered in the planning of the data validation process. If internal consistency is test-
ed there has to be one or more variables measured from the same spot and there has to 
be a detectable relationship between the variables. In terms of spatial consistency, adja-
cent measurement stations are used mainly to evaluate the climatic variables e.g. precip-
itation and humidity. Large differences in topography and distance between the stations 
decrease the spatial consistency of the measurements. Sometimes a long-term weather 
data, radar data or modelling can be used to increase redundant measurements. Further-
more, information about the catchment properties (e.g. elevation differences, vegetation, 
pipelines) and actions taking place at the catchment are important to consider in the 
planning phase of the data assurance process. 
 
Table 2.1 Points to consider during the planning of the data validation process 
Internal consistency Spatial consistency Other information 
Variables measured at the 
same station 

Adjacent measure-
ment stations 

Availability of long-term 
weather data 

Dependence between 
variables Temporal resolution Radar 

 

Topographic differ-
ences and distance 

Catchment properties 
and actions  

  
Modelling 

    
Validation purpose: 
online or later 
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3  SITE AND DATA DESCRIPTION  

3.1 Study area 
Lahti is a city located in southern Finland approximately 100 km north-east from the 
capital Helsinki (Figure 3.1) and it has approximately 103 000 inhabitants (2013). The 
main data used in this study was received from a Helsinki University research group 
that has carried out measurements in Lahti during the study years 2009-2010 in the 
catchment called Ainonpolku (AP) (Valtanen et al., 2013). Diurnal and hourly precipita-
tion data was received from the Finnish meteorological institute (FMI) from the online 
database (FMI, 2013); (Hutila, 2013). A ten minute interval precipitation data was re-
ceived from the Lahti Science and Business Park (LSB). The locations of all the three 
measurement stations are given in Figure 3.1. The distance between LSB and AP is 3 
km and between FMI and AP 2.5 km. 
 

 
Figure 3.1 A map of Finland (NLS, 2014) and the location of the catchment and the measurement 
stations in Lahti (ESRI, 2013). 
 
The study area is a small urban catchment called AP. There is a measurement station 
which collects precipitation, discharge and water quality data in one minute time resolu-
tion (Valtanen et al., 2009). The AP catchment is the main focus area of this study, 
however, there are also two other catchments nearby where similar measurements were 
conducted. The AP catchment area is 6.5 ha and represents an intermediate land use in 
the Lahti region with imperviousness being approximately 62 % (Valtanen et al., 2013). 
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The catchment area is covered with a few municipal centres and residential buildings. 
Between the housing there are some trees and bushes. Elevation differences in the 
catchment vary from 97-108 meters above sea level (Valtanen et al., 2013), which re-
sults in an elevation difference of 11 meters. 
 
There are two reference measurement stations in Lahti used in this study. The first one 
is the Lahti-Laune station operated by the Finnish Meteorological Institute (FMI). Be-
tween the FMI station and AP there is a ridge called Salpausselkä, which due to its ele-
vation difference can cause weather conditions to change on the different sides of the 
ridge. This is important to note if the precipitation measurements between FMI and AP 
are compared. The FMI station records precipitation cumulatively once a day. The sec-
ond reference station is called LSB, where precipitation is measured with a ten minute 
time resolution. All the precipitation measurements are uncorrected. 
 
Finnish meteorological institute has defined limits for high intensity rainfalls; for exam-
ple 7 mm rain in an hour or 20 mm in a day are classified as high intensity rain events 
(Aaltonen et al., 2008). In Lahti area the long-term mean rainfall sum between May and 
September is approximately 300 mm (Aaltonen et al., 2008). Often the highest intensi-
ties of rain take place in July or August in Finland (Aaltonen et al., 2008). 
 

3.2 Data 
The data used is described in Table 3.1. FMI and LSB stations measure precipitation, 
whereas in the AP catchment also discharge and turbidity are measured. For the meas-
urement period only the months when air temperature stays above 0 °C are considered. 
In Lahti area this means the months from May to October. However, from the data sets 
some of these months were missing. For example, in the year 2010 the measurements 
ended at the AP catchment at the end of August. 
 
Table 3.1 Data used in this study 

Variable Precipitation Discharge Turbidity Time Measurement period 

Unit [mm] [l/s] [FTU] 
 resolu-

tion 2009 2010 
AP   
Catchment x x x 1 min May-Oct May-Aug 
FMI station x 

  
1 day May-Oct May-Aug 

LSB station x     10 min June-Oct May-Aug 
 
The temporal structure of the data is not uniform; the time scales are different and also 
the measurement periods vary between different stations. The FMI and LSB stations are 
used as reference points for the precipitation of the AP catchment. However, since pre-
cipitation has a large spatial variability, the measurements are not fully comparable with 
each other. The reference stations were used for understanding the climate of the region 
and to obtain typical daily and monthly values for precipitation. The reference stations 
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can also be used in case there was a detected abnormality in the AP precipitation meas-
urements. 
 
Radar and satellite data were considered to obtain more comprehensive spatial precipi-
tation. However, based on the findings from previous research (Chapter 2) radar meas-
urements are not useful when catchment area is smaller than 100 ha (Berne et al. 2004). 
 
AP is the only station with one minute time resolution for precipitation. Water quality 
and discharge have also been measured at AP. The catchment is very small (6.5 ha) and 
is highly impervious (62 %) which results in quick responses of precipitation turning 
into discharge. Therefore it is justified to have a one minute time scale for measure-
ments. The whole catchment is equipped with storm water pipelines, which collect wa-
ter into one discharge pipe. The discharge measurements are carried out in this collec-
tion pipe (Figure 3.2). The precipitation measurement device is located next to the dis-
charge measurement point.  
 

 
Figure 3.2 The current discharge and water quality measurement equipment inside the storm water 
pipe (A) and current precipitation measurement device in the AP catchment on the (B). The meas-
urement devices were replaced with new ones after the measurements during 2009-2010. The figure 
shows the new equipment. The measurement location and principles are the same. (Picture: Johan-
na Pajari) 
 
Precipitation measurements are conducted using a tipping bucket Rainew 111 with a 
volume of 0.2 mm (Valtanen et al., 2013). The bucket fills until the volume of 0.2 mm 
is reached and the bucket turns over and the number of the tips per minute is recorded. 
The bucket is placed in the city area where it is exposed to vandalism. The tipping-
bucket system is very sensitive against trembling or not being in the vertical level. In 
the city area it is hard to find a measurement spot which is not easily accessed and close 
to the ground. The data measured by the sensors are collected by the data loggers (Val-
tanen et al., 2013), Campbell CRX10, which are placed in a box above the ground 
(Figure 3.3). 
 

A) B) 
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Figure 3.3 Data loggers ceiled in a water tight and insulated box at the AP catchment (Picture: 
Johanna Pajari) 
 
The flow measurement instrument is Nivus PCM4 (Valtanen et al., 2013). It measures 
flow velocity and flow height separately to produce flow (m3/s). The measurements are 
based on ultrasound reflection from particles in the storm water (NIVUS, 2007). For the 
water level measurement either water-ultrasonic or pressure method is used. In water- 
ultrasonic method the signal is sent from a crystal and reflected back to the crystal when 
it reaches the water surface. The transit time and sound velocity in water are used to 
calculate the height of the water column. The pressure method calculates the height of 
the water column based on the hydrostatic pressure that the sensor detects.  
 
Flow velocity is measured using a cross correlation method. This method sends an ul-
trasonic signal in a declined angle to the water column. The echoes from the dirt parti-
cles and gas bubbles are saved. The same measurement is performed again in a few mil-
liseconds. The distance that each particle travelled can be measured and the particle 
flow velocity, hence the medium flow velocity, is obtained. The velocity is not the same 
through the whole column height which results in a flow profile: higher velocities in the 
surface and smaller at the bottom. The sensors should be cleaned regularly and checked 
once a year by the equipment seller (NIVUS, 2007). 
 
Water quality measurements are performed with Analite NEP9000 series, but accord-
ing to the data collector the probe was not suitable to the measurement environment and 
had continuous breakdowns (Valtanen, 2013). The used probe can measure turbidity up 
to 3000 NTU and has an automatic wipe (Observator, 2014). The turbidity measurement 
principle is based on an infrared light that the objects in water scatter. A small weir was 
installed inside the stormwater pipe (height ~15 cm) to prevent the drying of the probe. 
Because of this installation the water from the latest flow event stays in front of the weir 
and is flushed away at the start of the next event. 
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Theoretical physical limits to the discharge can be defined by the sensor limits (Table 
3.2) and the discharge pipe diameter. The diameter of the discharge pipe is 600 mm 
(Valtanen, 2013). Using the pipe diameter and the maximum measurable flow velocity 
the theoretical maximum flow is obtained: 1.7 m3/s, which in the catchment of 6.5 ha 
corresponds to discharge of 1.6 mm/min. The maximum discharge measured during the 
measurement period is 0.5 mm/min (Table 3.4). At least the measurements are not ex-
ceeding the theoretical maximum flow. If the flow velocity is 1 m/s and the pipe full the 
discharge would be 0.25 mm/min.  
 
Table 3.2 Sensor limits for flow measurement (NIVUS, 2007) 
Measurand Min Max Accuracy Unit Error 
Flow velocity -100 600 

 
cm/s 0.5-1 %** 

Temperature (for flow velocity) -20 60 0.5 °C 
 Water level (ultrasonic) 0* 5 0.2 cm   

*Lowest measurable height is 5cm 
    **0.5% when v<1m/s, 1% when v>1m/s 
     

3.3 Data characteristics 
First, the precipitation data was analysed with different temporal resolutions and com-
pared to other available precipitation data. The precipitation data for all the three meas-
urement stations was imported to Matlab (Mathworks, 2013) and aggregates from dif-
ferent time resolutions were produced into a monthly scale and separately for both study 
years (Figure 3.4, Figure 3.5).  
 
In year 2009 precipitation at AP seems to be constantly lower than at FMI station. All 
the measurement stations have measured July as the wettest month varying between 80-
110 mm. The driest month for AP catchment and FMI station is September. However, 
for LSB station June is driest. The precipitation sum from May to September is 286.5 
mm and 171 mm at FMI and AP, respectively. The sum from FMI is really close to the 
long-term average in Lahti (300 mm). According to the precipitation sum and July be-
ing the wettest month it can be concluded that the warm period of year 2009 was typical 
for its climate. 
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Figure 3.4 Monthly sums of precipitation from the three measurement stations during the year 
2009. 
 
The year 2010 sums seem to be very similar except for June where the difference be-
tween AP and LSB sums is over 30 mm. The driest month of 2010 was July giving less 
than 10 mm of accumulated precipitation. The wettest month was either May or June 
depending on the measurement station. Overall, it can be concluded that the warm peri-
od of 2010 was dry and especially July was exceptionally dry. At FMI station the dif-
ference between 2009 and 2010 July precipitation was over 100 mm. 

 
Figure 3.5 Monthly sums of precipitation from the three measurement stations during the year 
2010. 
 
Diurnal maximum values of precipitation were calculated for each station and for each 
month (Figure 3.6, Figure 3.7). The figures show that monthly sums and maximum dai-
ly values for both years are similar. It seems that the daily maximum contributes con-
siderably to the monthly sum resulting in similar shapes of the graphs. The FMI station 
records more often higher precipitation values than the two other stations. In 2009 AP 
measures most often the lowest values and in 2010 it is LSB. For each month and sta-
tion the minimum day precipitation was 0 mm. 
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Figure 3.6 Maximum daily sum of precipitation for each study month in 2009. 
 

 
Figure 3.7 Maximum daily sum of precipitation for each study month in 2010. 
 
The differences between the stations can at least partially be explained by the distance 
between the stations. Rain is spatially variable and even a few kilometre distances can 
result in different rain volumes. The FMI precipitation measurement equipment has 
wind protection, which might explain the higher monthly sums compared to the other 
two stations. The Salpausselkä ridge between AP and FMI can partially explain why 
FMI has recorded higher precipitation volumes than AP or LSB. The ridge acts as a 
barrier for rainclouds and results in some of the rain clouds not moving to the other side 
of the ridge. 
 
Some key variables were calculated from the raw data (Table 3.3). These values show 
that even though the stations are not far apart the climates vary a lot. For example in the 
year 2009 the percent of days when rain was detected was 47 % at the AP catchment 
whereas in LSB station it was 79 %. The FMI station had most dry days in both years. 
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Table 3.3 Climate of the catchment AP and LSB & FMI measurement stations, daily scale 

Variable 
Rainy 
days Dry days 

Total num-
ber of days Rainy days 

Longest dry 
period 

Maximum 
daily value 

Unit [days] [days] [pcs] [%] [days] [mm] 
AP 2009 87 97 184 47.28 13 20.4 
AP 2010 53 70 123 43.09 11 23.8 
FMI 2009 75 109 184 40.76 7 35.5 
FMI 2010 44 79 123 35.77 10 16 
LSB 2009 116 30 146 79.45 5 27.7 
LSB 2010 69 54 123 56.10 11 14.5 

 
Second, the focus catchment AP was examined. Table 3.4 shows statistics of the meas-
ured variables at the AP catchment. These values are from the minute scale data. Mini-
mum values are zero for all the variables except the 2010 turbidity where there is a neg-
ative value. Simple calculations could point out if the measured values are in the incor-
rect range, in this case negative values. Also the value of 2009 maximum turbidity is 
questionably high and close to the measurement limit of the sensor.  
 
Considering water balance, it is notable that during the study months in 2009 the precip-
itation sum of 202 mm gave 146 mm of discharge, whereas in 2010 approximately 45 
mm less precipitation resulted in circa 90 mm less discharge. This implies that either the 
catchment acts differently to different amounts of precipitation or something in the 
measurements is not correct. According to the measurements in year 2009 72.46 % of 
precipitation turned into discharge and in 2010 the value was 35.3 %. This large differ-
ence is partially explained by exceptionally warm summer in 2010 (Valtanen et al., 
2013), when evaporation and transpiration play more significant role. Moreover, in year 
2009 a large part of precipitation occurred during warm months (Valtanen et al., 2013). 
The uneven distribution of precipitation over the year in 2009 results in wetter condi-
tions in the ground during summer and decreased infiltration capacity. Therefore, the 
pervious surfaces produce more surface flow. Nevertheless, the difference between the 
total runoff coefficients of 2009 and 2010 are considerably large to be explained only by 
weather conditions.  
 
Table 3.4 Statistics of the AP catchment measurements, minute scale 

Variable Precipitation [mm] Discharge [mm] Turbidity [FTU] 
  2009 2010 2009 2010 2009 2010 
min 0 0 0 0 0 -24.68 
max 1.6 4.8 0.4572 0.5114 2799 654.4 
mean 8.57E-04 9.61E-04 4.57E-01 3.15E-04 20.53 195.8 
median 0 0 1.26E-04 0 8.49 148.8 
volume 202 157.4 146.4 55.7051     
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4 METHODS 
The method chosen is to perform first a local validation and then a global validation for 
the data. After these two phases there is still a human quality control (HQC) phase. The 
local validation means that the validity of each variable is separately tested. The global 
validation means that the variable values are compared to each other. Effective rainfall 
produces stormwater discharge and therefore the two variables are linked to each other.  
Turbidity values are also somewhat dependent on effective rainfall. The mass-balance 
between the variables can be compared. HQC is only partially applied in this study, but 
it is a crucial part of the data validation process. The HQC should be performed when 
the measurements are ongoing, because then the source for the abnormal values can be 
detected. The notes from the data collector are used instead, to locate dates when 
maintenance or other visits to the field were made or malfunction of the system was 
detected. That is referred to as context validation.  
 
The first two validation phases are programmed into Matlab® R2013b (Mathworks, 
2013) and are semi-automatic. One advantage of programming in Matlab is that it can 
process large data sets and perform the required analyses to the data fast. In order to be 
able to build the validation phases in a semi-automatic manner, the validation process 
has to be performed first manually. This means detecting inconsistencies from the data 
by plotting graphs in different time scales and producing cumulative plots. After the 
manual part is reported, there is better knowledge which kind of inconsistencies should 
be caught automatically. The hierarchy and data used in the methods are described in 
the Figure 4.1. The cylinder describes the database. 
 

 
 
Figure 4.1 Flow chart of the used methods 
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4.1 Local validation 
The local validation comprises automatic tests applied for the measured data. The 
measurements include precipitation, discharge and turbidity. The local validation is per-
formed for the minute time scale. This part of the validation is conducted to obtain 
knowledge about the quality of the measurements of variables independently. The tests 
used are: statistical analysis, missing data test, difference test and physical boundary 
test. Statistical analysis gives statistics about the data such as minimum, maximum, 
mean and median values for each variable. Already at this phase errors can be detected. 
For instance, a negative minimum is not a possible value with these variables. 
 
Second test is the missing data test. The test reveals how many data points have been 
collected as missing values [%] for each variable. There are multiple reasons why the 
data point could have been collected as missing. The reason for the missing data record-
ings are investigated in the HQC phase. The missing data test also calculates how many 
data points are reported as missing values at the same time for precipitation and dis-
charge. Once the data is accumulated into one hour the missing values are not possible 
to locate any more. This is one of the reasons why the rainfall-runoff model alone will 
not suffice as a data validation tool. The missing data test reports the time stamps where 
missing data points were found. 
 
The third part of the local validation is to set minimum and maximum values for each 
variable. It was chosen for the precipitation to use the boundary test, because precipita-
tion measurement is exposed to many external distractions such as wind, vandalism and 
leaves from the trees. However, the test can be applied also for discharge and turbidity 
if feasible boundaries can be defined.  
 
The minimum value for precipitation is zero at every time scale. The maximum value is 
time scale dependent. The manual data investigation showed that typical precipitation 
intensities are 0.2 0.4 and 0.6 mm/min. Since the measurement resolution of the tipping 
bucket is 0.2 mm, the values which are not multiples of 0.2 are not possible. The sug-
gested maximum limit for minute intensities is 0.8 mm/min. The test is planned to find 
rare or odd data points. However, the picked data points are not necessarily faulty. The 
data collector decides whether the data point is correct or faulty after investigating the 
state of the catchment and the measurement area and compares the precipitation data to 
the surrounding stations if convenient. 
 
An effort was made to perform also a difference test. The test calculates first the differ-
ence according to the Equation 5. All the difference values are saved in a vector. 
 

𝐷(𝑡) = 𝑎𝑏𝑠[𝑓(𝑡 + 1) − 𝑓(𝑡)]                                          (5)
  

 
where t is time [min], D is difference [mm], and f is the variable function. But then the 
maximum difference limit was chosen. Since the maximum rainfall intensity was set to 
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0.8 mm/min and the minimum value is 0 it is trivial that the rate of change per minute 
cannot be higher than 0.8 mm. Therefore for precipitation there is no new information 
gained with this test.  

4.2 Global validation 
The second part of the validation process is the global validation. This is based on con-
structing a simple rainfall-runoff model. The model predicts discharge according to the 
measured precipitation data. The model uses an instantaneous unit hydrograph (IUH) as 
a transfer function from effective rainfall into discharge. The IUH is a two parameter 
gamma distribution (Equation 6). The unit-graph method was first introduced by Sher-
man (1932) and later e.g. by Kokkonen et al. (2004) and Seppälä (2013).  
 

                                       𝐼𝑈𝐻 = 𝛽𝛼

𝜏(𝛼)
𝑡𝛼−1𝑒−𝛽𝑡                               (6) 

 
α is the shape parameter [-], β is the scale parameter [-] and t is time. The time unit de-
pends on the chosen time resolution for the model. τ is the gamma function [-] defined 
according to the Equation 7. 

 
                   𝜏(𝛼) = ∫ 𝑡∝−1𝑒−𝑡 𝑑𝑡∞

0                                                              (7)
                               
 
The parameters are calibrated against the measured discharge values for manually 
picked events using the chosen time scale, for example [mm/h]. As a calibration criteri-
on the sum of squared errors (SSE) is used (Equation 8). The minimum is found with an 
algorithm which uses a quasi-newton method for iteration. Constraints are set for α and 
β: α≥1 and β≥0. 
 

𝑆𝑆𝐸 =  ∑ [𝑄𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑(𝑡) − 𝑄𝑚𝑜𝑑𝑒𝑙𝑙𝑒𝑑(𝑡)]2𝑛
𝑡=0                              (8)

                                      
 
where Qmeasured(t) is the measured discharge at the corresponding time, Qmodelled(t) is the 
modelled value of the discharge at the corresponding time and η is the number of data 
points in the calibrated event. 
 
To obtain the modelled discharge for time t after the start of the event a time convolu-
tion is calculated. This means that the effect of all precipitations on effective rainfall 
until time t is summed together according to their left-over volume (Equations 9 and 
10). 
 
 
 

       𝑄𝑚𝑜𝑑𝑒𝑙𝑙𝑒𝑑(𝑡) = 𝑄0 + 𝑄1 + 𝑄2 + ⋯+ 𝑄𝑡                               (9)
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𝑄𝑚𝑜𝑑𝑒𝑙𝑙𝑒𝑑(𝑡) = ∑ 𝑄𝑥𝑡

𝑥=0                                (10) 
 
Qx is calculated according to the Equation 11. 
  

𝑄(𝑥) = 𝑈(𝑥) ∗ 𝐼𝑈𝐻(𝑡)                                                 (11) 
 

Effective rainfall, U(x), is used in the multiplication with IUH. This is simply obtained 
by multiplying each precipitation data point with the estimated runoff coefficient. The 
runoff coefficient is kept constant. This is justified because of the small size of the 
catchment and the high value of imperviousness. The time delay between precipitation 
and the corresponding discharge is so small that evaporation is neglected. There are 
uncertainties concerning the catchment size for different sizes of events. However, for 
detecting clear outliers from the large data set, constant catchment size and runoff coef-
ficient are assumed. 
 
Mean transit time (MTT) estimates how much time elapses between precipitation and 
half of the effective rainfall passing through the system. MTT can be estimated from the 
IUH parameters α and β (Hrachowitz et al., 2010) as follows (Equation 12): 
 

𝑴𝑻𝑻 = 𝜶𝜷                             (12)
     

 
The model recognizes if the mass-balance between the measured precipitation and the 
measured discharge is not correct. The mass-balance can be evaluated by comparing 
plots between the modelled and the measured discharge. Ideally the graphs are on top of 
each other. For example, if the precipitation is zero but there is a significant measured 
discharge curve: the modelled discharge shows zero and it can be concluded that the 
mass-balance is incorrect between the two measurands. 
 
After the calibration phase the ranges for parameters α and β are obtained. These values 
can then be used for running the model for the data gathered later. The parameter cali-
bration is catchment and time resolution specific and has to be performed again if the 
model is applied for another catchment or for another time resolution. Calibration itself 
causes errors, because the shapes of the different rainfall event IUHs are not the same. 
The calibration error is estimated from the residuals of the SSEs of the different events. 
The error boundary should be adjusted in a way that the calibrated events stay inside the 
boundaries. 
 
The efficiency of the model is evaluated with Nash-Sutcliffe efficiency as follows (Nash 
and Sutcliffe, 1970): 
 

                                   𝐸 = 1 −  ∑ [𝑄𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑(𝑖)−𝑄𝑚𝑜𝑑𝑒𝑙𝑙𝑒𝑑(𝑖)]𝑛
𝑖=1

∑ [𝑄𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑(𝑖)−𝑄𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
∗(𝑖)]𝑛

𝑖=1
                            (13) 
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𝐸 = 1 − 𝑆𝑆𝐸

∑ [𝑄𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑(𝑖)−𝑄𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
∗(𝑖)]𝑛

𝑖=1
       (14) 

 
where E is the Nash-Sutcliffe efficiency [-] and Qmeasured* is the mean measured dis-
charge of the computation period. 

4.3 Context validation 
This part of the validation process is manual. The reason behind each abnormality is put 
into the context of the catchment or the measurement place and equipment. First, the 
decision is made whether the automatically detected abnormal data point is truly an er-
ror or caused by an extreme circumstance in the catchment. Second, the sources of the 
errors are investigated. If the abnormality is that the precipitation data is missing but 
there is discharge, the precipitation data from the neighbouring stations can be used for 
evaluating which one of the variables (or both) is wrong. Alternatively turbidity data 
can be compared to rain and discharge. In this method the erroneous data is not replaced 
with an estimate or interpolate. 
 
The different detected error sources should be carefully reported in order to recognize 
the source of the error when it is present again later. When erroneous phase in the data 
is detected fast, the repair of the measurement system is performed faster and less data 
is lost. The reported malfunction situations help to plan optimal frequency of field visits 
and maintenance. Some of the malfunctions have seasonal patterns. For example in the 
winter the icing or freezing of equipment is likely to occur. Or in the autumn there are 
lots of leaves falling from the trees which can block the tipping-bucket system. 
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5 RESULTS 

5.1 Manual inspection  
Before building a model which semi-automatically recognizes mass-balance and timing 
problems there is a need for finding those abnormalities manually. The performance of 
the model is assessed in terms of its capability to find (at least) the same errors that were 
manually detected. The manual detection takes a lot of time, but it is necessary for the 
model validation. Naturally, the manual inspection has to be done only once for a cer-
tain catchment. The most important part of the manual work is to separate the data into 
convenient events and recognize which ones are faulty and which ones can be used in 
calibration of the model. The event size is one criterion when making the decision 
which events should be used in the calibration. The large events do not occur as often as 
the small events. Therefore, a large data set helps to find also high intensity and long 
lasting events for calibration. The manual error detection was executed using the steps 
presented in the Figure 5.1. 
 
 
 

 
Figure 5.1 Manual inspection execution 
 
 
The minute data for both years 2009 and 2010 were accumulated into hourly data in 
Matlab. From the hourly time scale the events are easier detected than from the minute 
data. 17 events were found from the 2009 data (Table 5.1). All the events were analysed 
and five of them were picked for model calibration (marked grey in the table). The five 
events appeared to be correctly measured in the manual examination. Seven events 
(2,8,9,10,11,12,13) appeared to have inconsistent water balances in the manual detec-
tion. Three of the events (7,16,17) are under suspicion. The rest of the events looked 
normal. 
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The second year, 2010, has eleven manually detected events of which six were selected 
for calibration (Table 5.2). In the year 2010, two events showed to be erroneous (3 & 
11). For example, event 3 has only one large precipitation peak but almost no discharge. 
The event durations vary between 3 and 47 hours. The precipitation sums of the calibra-
tion events vary between 4.4 and 20.4 mm. From this point forward the events are 
marked 1_2009 (event 1 from 2009), 10_2010 (event ten from 2010) etc.  

 
Table 5.1 Events from the year 2009 data, events for calibration marked with grey background. 

Event 
Start 

(date-time) 
Duration 

(h)  P (h) ΣP (mm) ΣQ (m) 
Max 

P(mm/h) 
Max 

Q(mm/h) 
1    3 Jun 00:00 25 22 17.0 8.376 1.8 0.865 
2    8 Jun 09:00 3 1 1.6 0.027 1.6 0.010 
3  27 Jun 13:00 20 9 3.2 1.563 1 0.399 
4    9 Jul 08:00 10 7 20.4 8.972 7.8 3.032 
5  11 Jul 22:00 13 10 21 9.121 5.4 2.860 
6  13 Jul 06:00 20 9 14.6 5.944 4.8 1.923 
7  31 Jul 09:00 24 12 13.8 4.226 4.4 2.384 
8   5 Aug 19:00 5 2 0.4 1.069 0.2 0.992 
9 21 Aug 12:00 3 1 2.4 0.018 2.4 0.007 
10 26 Aug 21:00 10 2 0.4 3.355 0.2 1.686 
11 29 Aug 20:00 21 1 0.2 7.232 0.2 1.940 
12 28 Sep 02:00 8 0 0 1.924 0 0.883 
13    3 Sep 15:00 29 1 0.2 4.788 0.2 1.211 
14  3 Oct 23:00 13 10 13 6.086 4 2.522 
15  7 Oct 05:00 14 10 7.2 2.916 1.8 0.595 
16 17 Oct 22:00 31 16 5.6 2.193 0.6 0.225 
17 13 Jun 21:00 47 11 6.8 5.053 2.6 2.639 

 
 
Table 5.2 Events from the year 2010 data, events for calibration marked with grey background. 

Event 
Start 

(date-time) 
Duration 

(h) P (h) 
ΣP 

(mm) 
ΣQ 

(mm) 
Max 

P(mm/h) 
Max 

Q(mm/h) 
1 23 May 22:00 12 11 12.20 5.667 4.2 2.128 
2 7 May 16:00 18 14 12.2 5.635 1.6 0.674 
3 1 Jun 14:00 3 1 23.8 0.006 23.8 0.003 
4 11 Jun 14:00 14 11 8.8 3.690 4.2 1.904 
5 13 Jun 1:00 12 8 7.8 3.475 2.6 0.986 
6 14 Jun 15:00 12 6 3.6 1.110 1.2 0.358 
7 15 Jun 19:00 8 4 4.4 1.817 2.4 1.119 
8 19 Jun 19:00 12 6 2.4 0.739 0.8 0.191 

9 8 Aug 21:00 6 2 11.8 7.236 10.6 6.721 
10 14 Aug 12:00 6 3 11.2 5.378 7.6 3.822 
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11 24 Aug 14:00 12 9 9 0 5.2 0 
 
 
 
Five types of abnormalities were detected from the suspicious events. First, a situation 
where large precipitation peaks occurred without discharge being measured. Second, 
discharge larger than baseflow values were measured when precipitation recordings 
were zero. Third, precipitation and discharge were measured but with incorrect vol-
umes. Fourth, there were data points which were recorded as missing. Finally, there 
were some physically impossible values. Wrong timing could also be listed as one ab-
normality but it was only discovered in the presence of other abnormalities. Examples 
from all the abnormalities are given next. 
 

5.1.1 Precipitation without discharge 
Several events have a precipitation peak but no detectable discharge disregarding base 
flow. This is the case for 2_2009, 7_2009, 9_2009, 3_2010 and 11_2010.  The reason 
behind this abnormality can be either error in precipitation or discharge measurement or 
both. In some events there is only one peak of precipitation and no discharge at all or 
there is discharge only at some of the precipitation peaks (Figure 5.2).  
 
One large peak 
The events 2/2009, 3/2010 and 9/2009 are all similar with only one precipitation peak. 
The diary entries and FMI and LSB data and AP minute data were compared to identify 
the cause of abnormalities. In the case of 2/2009 the FMI station showed 0 mm of rain. 
During the event 3/2010 there was no precipitation on FMI or LSB stations and minute 
data shows physically impossible values. During the event there was an installation of a 
new precipitation measurement device. The turbidity values are not changing. At the 
time of the event 9/2009 there is no precipitation on FMI or LSB stations. The minute 
data of AP shows one very high minute value (1 mm/min). At the same time the precipi-
tation measurement device was transferred to another location. 
 
The conclusion for all the three events according to other stations, time resolutions and 
notes from the data collector is that the precipitation data was probably incorrect. The 
maintenance on the field could have affected the results. 
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Figure 5.2 Three events where there is precipitation without discharge (a) 7/2009, (b) 2/2009, (c) 
11/2010. 
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Precipitation of several hours 
The events 7/2009 and 11/2010 have precipitation which lasts several hours. 7/2009 has 
first two independent precipitation peaks without discharge and then a longer-lasting 
precipitation with discharge. The LSB and FMI data show different results from each 
other. In the diary notes the precipitation measurement device was on the ground at the 
time of the event. With this information the only conclusion is that the precipitation data 
for this event is not very reliable. 
 
11/2010 has 9 hours of continuous precipitation but no discharge. The minute data of 
AP does not show anything abnormal and the other stations support the amount of pre-
cipitation. There is a turbidity peak during the highest intensities of rain. Conclusion is 
that the discharge data is probably wrong with this event. 

5.1.2 Discharge without precipitation 
The events where significant discharge was measured with no or very little precipitation 
are the following: 12/2009, 11/2009, 13/2009 (Figure 5.3). In the event 11/2009 there is 
7.2 mm discharge but only 0.2 mm rain. The cumulative discharge should not exceed 
the amount of cumulative precipitation. In the FMI and LSB stations there was 16.5 mm 
of rain. The runoff coefficient for the event calculated with 16.5 mm rain and 7.2 mm 
discharge was approximately 0.44. This result is similar to the characteristics of the 
catchment. As a conclusion, the precipitation in this event should be larger, of the order 
of the other stations. 
 
The discharge sum of the event 12/2009 is close to 2 mm, but precipitation sum is zero. 
The discharge is also larger than the base flow. Therefore there should be precipitation 
if the discharge is correct. Other stations show some precipitation during the event 
hours (FMI=0.1mm, LSB=1.4 mm). The precipitation peak at the time of the discharge 
peak should be approximately 3 mm. At the AP station the maintenance was performed 
one day after the event. The longer time there is since the last maintenance the larger is 
the probability that there is something wrong at the station. In this case it is hard to say 
which one is incorrect, precipitation or discharge. However, discharge measurements 
are proven to be more reliable since they are underground and the device is therefore 
better isolated from external factors. 
 
The last example is the event 13/2009, where the discharge sum is 4.8 mm and precipi-
tation only 0.2 mm. Other stations do not provide any help in this case because FMI 
shows some rain but LSB none. During the day of the event some samples were gath-
ered. It is very hard to make any conclusions on this event, except that it is erroneous. 
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Figure 5.3 Example events with discharge peaks but no or very little precipitation (a) 11/2009, (b) 
12/2009 and (c) 13/2009. 
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5.1.3 Precipitation and discharge with abnormal mass-balance 
There are three events in the dataset in which both precipitation and discharge are 
measured but the volumes are clearly wrong in at least one of the variables. Those are 
8/2009, 10/2009 and 17/2009 and their graphs are displayed in  
Figure 5.4. In the first event, 8/2009, there are only two precipitation peaks of 0.2 mm 
but a discharge peak of 1 mm. Outside the snowmelt season it should not be possible 
that the amount of discharge is larger than precipitation. The precipitation in the two 
other stations is of the order to that of AP. With this information the discharge seems to 
be wrong. 
 
In the second event, 10/2009, the precipitation sum is the same as with the previous 
event (0.4 mm). The time lag in the catchment is less than an hour, which means that 
the discharge and precipitation peaks should appear in the same hour. However, this is 
not the case in 10/2009. More importantly, the volume of discharge should be approxi-
mately 50% less than that of precipitation. The two other stations show amounts of rain 
which corresponds to the measured discharge values. This gives a suggestion that the 
precipitation measurements were incorrect. Maintenance took place two days after this 
event. 
 
The last presented event, 17/2009, has the problem that at the same hour there is the 
same volume of 2.8 mm of rain and discharge measured. At the time of the event there 
was 3.5 mm and 4.2 recorded at LSB and FMI stations respectively. The minute data 
shows a normal lag of three minutes between precipitation and discharge. Turbidity 
peak value takes place one minute before discharge, which is also typical. Perhaps the 
precipitation device has recorded too low values or it rained a lot at the catchment but 
the point recording rain gauge failed to catch those intensities. 
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Figure 5.4 Example events with mass-balance faults, (a) 8/2009, (b) 10/2009 and (c) 17/2009 
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5.1.4 Other problems 
Additionally to the previous problems with the data, there were some missing data 
points and some physically impossible values. In the dataset the value -999 is assigned 
to stand for a missing data recording. Understandably, missing values exist in the be-
ginning and in the end of the measurements. However, there are missing values also in 
the middle of the study period of which some occur during prolonged rainfall events. 
An example of that is found in event 6/2009, where in all variables there are two 
minutes in the middle of the event not recorded. If the data records are missing less than 
an hour they are not visible in the hourly scale.  
 
The minute scale event of 6/2009 is presented in Figure 5.5 and the turbidity values ac-
cordingly in the Figure 5.6. Right after the missing values there is a high peak in the 
discharge. In addition to the missing data problem, this event has discharge data which 
is dropping to zero multiple times in an hour, although without a pattern. A better visu-
alization is revealed in the Figure 5.7, where the graph is zoomed to the point where the 
missing values take place. Moreover, the saw-tooth pattern of the discharge data is bet-
ter displayed. The discharge data was faulty in multiple events, which probably caused 
that annual volumes of discharge to be too small and the actual runoff coefficients 
should be higher than now calculated. For this event the runoff coefficient without cor-
recting the data is 0.47. The turbidity data did not react to the peak in the discharge ap-
pearing after the missing values. It might be that the peak is erroneous. However, the 
relationships between discharge and turbidity are not straightforward so the discharge 
peak might as well be real. 
 

 
Figure 5.5 Event 6/2009 in minute scale. Missing data points at the 400th minute. 
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Figure 5.6 Event 6_2009 with discharge and turbidity. 

 
Figure 5.7 Event 6/2009 in minute scale zoomed to the 400th minute 
 

5.1.5 Minute data inspection 
Some errors are not visible in the aggregated hourly data. Therefore a few events in the 
minute scale are under visual inspection as examples. The lag between precipitation and 
first flush of discharge is less than an hour. The mean transit times revealed that even 
for the slowest runoff responses to rain this is the case. Therefore, the time lag has to be 
evaluated with a smaller time scale, in this case the minute scale.  
 
Two examples for the minute scale events are described: 4/2009 and 10/2010. At this 
point the turbidity data was also analysed. Pearson correlation coefficients between 1) 
rain and turbidity 2) discharge & turbidity were produced for the two minute scale 
events. The correlation between rain and turbidity was found to be small and positive 
with both events. With the event 10/2010 the correlation was 0.3653 (N=540, P<0.05) 
and for event 4/2009 R=0.3874 (N=541, P<0.05). Between discharge and turbidity there 
was a stronger correlation 10/2010: 0.7119 (N=540, P<0.05) and 4/2009: 0.5736 
(N=541, P<0.05). Based on these events the discharge explains better the turbidity val-
ues. However, one reason for this can be that the shape of the discharge compared to the 
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0.2 mm precipitation resolution matches better with turbidity. The quickly responding 
event 10/2010 gave a better result for the correlation between discharge and turbidity 
than the slowly responding event 4/2009.  
 
The event 10/2010 was plotted into a minute scale (Figure 5.8; Figure 5.9) as precipita-
tion versus discharge and discharge versus turbidity. There is one detectable abnormali-
ty in the discharge data. There is a sudden drop to zero during continuing rainfall. The 
discharge stays at zero for several minutes. The turbidity or rainfall data do not support 
this drop. In the beginning of the event the turbidity is less than 150 FTU and it recovers 
almost to the same level after the event. The accumulation graph in the Figure 5.10 
looks somewhat correct. 
 

 
Figure 5.8 Precipitation and discharge, Event 10/2010 in minute scale 

 
Figure 5.9 Turbidity and discharge, Event 10/2010 in minute scale 
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Figure 5.10 Accumulation graph of event 10/2010 in minute scale 
 
The minute scale data for 4/2009 shows that there is something abnormal in the dis-
charge data during the entire event (Figure 5.11). Approximately every third value drops 
to zero or close to it. The turbidity data, however, does not show a similar pattern 
(Figure 5.12). The drops in the discharge data explain why the correlation between dis-
charge and turbidity was significantly lower with the event 4/2009 than 10/2010. After 
the dry period in the middle of the event the relative difference between discharge and 
turbidity becomes larger, compared to the difference at the beginning of the event. The 
accumulation graph of the event (Figure 5.13) does not show any inconsistencies. 
 

 
Figure 5.11 Precipitation and discharge, Event 4/2009 in minute scale 
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Figure 5.12 Turbidity and discharge, Event 4/2009 in minute scale 
 

 
Figure 5.13 Accumulation graph of 4/2009 in minute scale 
 
To summarize, the two example events with minute data revealed new inconsistencies 
which were not visible in the hourly data. The inconsistences detected were discharge 
data dropping to zero in both events (in the 4/2009 constantly and 10/2010 once for a 
longer period) and turbidity having level changes upwards after discharge events. The 
turbidity magnitudes are different in the events; 0.3 mm/min discharge results in more 
than 200 FTU in the 10_2010, whereas in 4/2009 the discharge of 0.18 mm/min corre-
sponds to turbidity of over 350 FTU. The antecedent conditions should be studied for 
better understanding of the turbidity values. Around the days of the events there were no 
field visits and nothing abnormal detected. 
 
An example of physically impossible values is event 3/2010 where in the hourly scale 
there is an hour intensity of 23.8 mm of precipitation. Closer look to the minute scale 
data reveals several minute intensities which are suspicious. Five data recordings are 
more than 2 mm/min the highest one being 4.8 mm/min. The highest intensity of this 
event is also the maximum value of the whole study period. This 23.8 mm erroneous 

0

50

100

150

200

250

300

350

400

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18

0.2

1 51 101 151 201 251 301 351 401 451 501

FT
U

 

Di
sc

ha
rg

e 
(m

m
) 

min 

Discharge Turbidity

0

5

10

15

20

25

0 100 200 300 400 500

m
m

 

min 

Precipitation Discharge



 
 

53 
 

precipitation event at the AP explains the difference in the month sum of June of 2010 
compared to the reference stations (see Figure 3.7). 
 

5.2 Calibration of the model 
Time scale 
The model can be applied for any chosen time resolution. However, in the calibration 
phase the decision has to be made in which time resolution the model will be used. The 
calibrated values for the two parameters depend on the time scale. One hour time reso-
lution was chosen because the manual error detection was reasonable to do in an hourly 
scale. Then at least the most obvious abnormalities are detected. It is possible to change 
into the minute scale afterwards but it requires a recalibration of the model. Minute data 
has more noise but on the other hand it describes better the lag between precipitation 
and stormwater generation. Some of the measurement information is lost when the data 
is aggregated. With the study catchment the hydrological response is almost always 
quicker than an hour and therefore the lag is unnoticeable in the hourly data. For better 
information about the response time the minute data should be further examined. A mi-
nute scale for the model was tested, but problems occurred in the form of spikes in the 
measured discharge due to the 0.2 mm resolution of the TBRG. 

5.2.1 Hour scale 
Calibration with one constant IUH  
From the years 2009 and 2010 the twelve normal looking events were selected. The 
consistency of the event was evaluated with visualization of precipitation and discharge 
(mm/h) and accumulation graph. The model in Matlab was modified to calibrate the two 
parameters α and β according to the method presented in Chapter 4. As input for the 
model the normal events were used one by one. The function which minimizes the SSE, 
uses an x0=[α; β] which is a vector containing the initial value for the parameters. It was 
detected that choosing the initial values for α and β had a large influence on the calibra-
tion result. Different initial values gave different SSE values for the same event. Fur-
thermore, with some initial values the optimization algorithm did not iterate. The model 
uses a quasi-newton method for finding the local minimum. The local minimum is 
found with calling the “fmincon” function in the Matlab optimization toolbox. The 
function is meant for nonlinear optimization for multiple parameters. 
 
Uncertainties exist whether the identified local minimum is a global minimum. Fletcher 
(1987) suggests choosing different initial values for parameters to be optimized and 
assuming that the smallest local minimum represents the global minimum. 
 
At first, calibration was conducted only for one event, 1/2009, with multiple starting 
values of parameters. Ten pairs of initial parameter values were chosen which all gave 
the same minimum for SSE. This minimum was assumed to be the global minimum for 
1/2009. The same pairs where then applied for other chosen events, eleven in total. To 
summarize, for all twelve chosen normal events, ten different initial value pairs where 
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used to run the model calibration to obtain minimum SSE for each event. The resulting 
optimized α and β values for each event are presented in Figure 5.14. Already at this 
point it was noticed that the events were divided into fast and slow responses. The fast 
responses had smaller β values than the slow response events. 
 

 
Figure 5.14 Optimized parameter pairs for each event, a fast response and a slow response depency 
are detectable. 
 
Optimized parameter pairs are used to produce IUHs (Figure 5.15). The cumulative dis-
tribution of the IUHs is presented in the Figure 5.16. The cumulative graph shows that 
most of the mass for the fast events is through the drainage system within half an hour 
from the start of the rainfall. For the slow events it takes approximately 1.5 hours. 
 

 
Figure 5.15 IUHs, obtained from the optimized parameter pairs 
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Figure 5.16 IUH cumulative distribution 
 
Explanation for the IUH shapes 
The IUHs show that the shape and scale for the large events 9/2010, 14/2009, 10/2010 
and 4/2010 are different than for the small events. The IUH graph shows how quickly 
precipitation is converted into discharge. When the intensity of precipitation is high (>7 
mm/h), most of the runoff occurs in the first 30 minutes after the precipitation. For the 
smaller events, most of the discharge takes place between 30 minutes and 1 hour after 
rainfall. For most of the events the larger intensity results in larger proportion turning 
into discharge with a small delay. 
 
Mean transit time can be used to estimate how fast half of the effective rainfall passes 
through the system after starting of the rainfall. For the four fastest events MTT varied 
between 12 and 18 minutes. For the slower events the MTT varied between 42 minutes 
and 1 hour.  
 
The event runoff coefficients and runoff coefficient during the peak rainfall intensity 
were calculated for all the calibration events (Figure 5.17). The MTTs are in an increas-
ing order. The rank order of the runoff coefficients did not entirely explain the order of 
the fast and slow IUHs. The event runoff coefficient stays between 0.4 and 0.5 despite 
with the event 9/2010 (0.6). The peak runoff coefficient has more variation (0.25-0.65) 
and is descending as the MTT increases, without a few exceptions. The clear division 
with the MTT into fast and slow events is not visible with the runoff coefficients, mean-
ing that there is no dramatic drop in the runoff coefficients between the fast and slow 
events. 
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Figure 5.17 MTTs, peak runoff coefficients and event runoff coefficients of the calibration events 
 
The results show that event magnitude and the runoff coefficient during the peak precip-
itation influence the IUH of the event. The catchment response during a large event 
(peak and volume) is different than during small scale events. There might be a need to 
divide the events into small and large events and make a separate calibration for both 
event sizes. The runoff coefficient, which was kept constant during the model calibra-
tion, could be adjusted for both small and large events.  
 
Other factor, which affects the runoff coefficient in the same catchment at different 
times, is the length of the antecedent dry period. After a long dry period more rainfall is 
infiltrated into the soil than after a wet period. If the groundwater table is high because 
of the previous events, more rainfall will turn into stormwater. The water falling onto 
the pervious surface will turn into surface flow and discharge to the impervious surfaces 
and further to the drainage system. This phenomenon is the reason why the same 
amount of precipitation can turn into different amounts of discharge. To summarize, 
most important factors in the effective rainfall formation in this system are the peak 
rainfall intensity, the event duration, and the length of the antecedent dry period. The 
change of the runoff coefficient in the same catchment is due to these factors. 
 
Calibration with division into fast and slow response 
During the first phase of calibration, it was detected that better results might be obtained 
if the calibration was conducted to each data point separately rather than averaging the 
IUH over the whole event. In other words, a rainfall intensity threshold where the shape 
of the IUH changes from slow to fast was applied. In the first phase the events were 
divided into fast and slow ones neglecting the fact that within the event there are differ-
ent response times. Further investigation was carried out to find out which are the com-
ponents that affect the shape of the response. For the calibration events a simple regres-
sion analysis was made. The analysis showed that α-values are not very sensitive to 
event size. β-values showed moderate positive correlation (R2=0.5) for the event peak 
precipitation (N=12, P<0.05). 
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The model was modified to calibrate two sets of α and β values: slow and quick ones 
(Figure 5.18, Figure 5.19). The slow ones were chosen if the precipitation intensity was 
less than 4 mm/h. The other set was optimized for hourly intensities larger than or equal 
to 4 mm. This threshold was obtained from the calibration phase 1, where the shapes of 
calibrated IUHs show clear distinction between quick and slow events. One problem 
was that the Event 14/2009 had a peak precipitation of 4 mm and there were multiple 
events which had larger peaks but not as fast type of a response. 
 
For five out of twelve events new type of calibration resulted in a smaller SSE than be-
fore. Results for the rest of the events were the same as previously. This further supports 
the division into fast and slow responses. However, this time the calibrated IUHs did 
not resemble each other in a way that representative fast and slow response IUHs could 
be identified. Especially in the fast response the differences in the IUH shapes were 
large (Figure 5.19). Two events are shown on a different axis because of their larger 
size (9/2010, 10/2010). The slow response events were somewhat similar to each other 
with an average MTT of 53 min. In some of the events peak rainfall the intensity does 
not exceed the 4 mm/h boundary. In that case, only the slow parameters are calibrated. 
In conclusion, one single rainfall intensity threshold does not suffice. Even though bet-
ter results were obtained for several events concerning SSE, there are too large uncer-
tainties in picking one IUH to represent the fast response. The parameter pairs follow 
almost a descending exponential graph (Figure 5.20). 
 

 
Figure 5.18 Calibrated IUHs according to rainfall intensity, slow response events. 
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Figure 5.19 Calibrated IUHs according to rainfall intensity, fast response events. 
 

 
Figure 5.20 Calibration values for slow and fast response IUHs 
 
Of the two different calibration options which were tested the first one is chosen be-
cause of its simplicity. Furthermore, it is relatively easy to pick one fast IUH and one 
slow IUH from Figure 5.15 and test with the model which IUH gives a better result for 
a test event. An average fast response IUH is obtained from the event 10/2010 which 
has α=28.284 and β=0.0091. Event 1/2009 represents an average slow response with 
α=10.9043 and β=0.0738. 
 
Creation of error boundaries 
There is always some error between the measured and modelled discharge. Still, it has 
to be defined which size of error is acceptable. The logic was to define the error caused 
by the calibration and assume that the rest of the error is a measurement error. An aver-
age error per data point was obtained with running the calibrated events with the chosen 
representative slow and fast parameter pairs (IUHs from event 10/2010 and 1/2009). 
SSE of each calibration event was divided by the number of data points of that event 
and an average of all the events was calculated. Finally, a square root was taken to ob-
tain, not the squared errors but the plain error. The model transforms precipitation 
measurements into discharge values so that the two variables, rainfall and discharge can 
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be compared. Therefore, it makes no difference for which variable the boundaries are 
set. In this case, it was chosen that the error boundaries are added for measured dis-
charge and the modelled discharge has to stay inside the error boundaries. Crossing of 
the boundary indicates that one or both of the variables have erroneous values. 
 
The obtained average error per data point for all events was 0.078 mm. The minimum 
and maximum errors per data point were 0.02 mm and 0.12 mm respectively with the 
selected events. Allowable error was adjusted so that all the calibration events were in-
side the boundaries. This resulted in an allowable error of 0.2 mm/h. By coincidence, 
this amount corresponds to the volume of one tip in the tipping-bucket. Next all the 
events are run with the model and the error boundaries. The calibration errors were 
higher in the large intensity rainfall events than in the smaller ones, which might result 
in exceeding of the error boundary at the peaks. For the future development purposes 
the error boundaries should be adjusted to change relative to the discharge volume. 
 
Validation  
The model is validated using events which were not used for calibration. First, a few 
calibration events with the error boundaries are presented. Figure 5.21 presents how the 
modelled and measured discharge and the error boundaries appear with the calibration 
events. Objective is that the green line, representing modelled discharge, stays inside the 
grey boundaries. As expected the modelled discharge stays within the error boundaries 
for these events.  
 
The Figure 5.22 shows the validation events’ performance with the model. More events 
were used for both calibration and validation but only a few examples are shown here. 
The error boundary looks very different in the two validation events due to the different 
sizes of peak runoffs. The validation events are of very different sizes: 3/2009 is almost 
ten times smaller than 5/2009. This proves the model performance for different event 
sizes. 
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Figure 5.21 Modelled discharge with error boundaries for two calibration events 
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Figure 5.22 Validation events, 5/2009 and 3/2009 
 
The Nash-Sutcliffe efficiency (Nash and Sutcliffe, 1970) was calculated for all calibra-
tion and validation events. Efficiency values are presented in Table 5.3. Efficiencies 
varied between 0.80-0.99. The efficiencies were higher for larger events since then the 
SSE relative to the variance in the measured discharge becomes small. This means that 
the model is better at estimating discharge during large events than during discharge 
close to the baseflow values. The efficiency was tested also for some abnormal events 
which gave negative or undefined values for efficiency. 
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Table 5.3 Nash-Sutcliffe efficiencies for calibration (C) and validation (V) events.  
Event NS C/V 
1/2009 0.85 C 
4/2009 0.97 C 
6/2009 0.93 C 
14/2009 0.92 C 
15/2009 0.80 C 
1/2010 0.96 C 
2/2010 0.93 C 
4/2010 0.95 C 
5/2010 0.94 C 
7/2010 0.96 C 
9/2010 0.95 C 
10/2010 0.99 C 
5/2009 0.95 V 
3/2009 0.81 V 

 
 

5.2.2 Ten minute scale 
The hourly calibration showed that with fast response events the MTTs were shorter 
than half an hour and for slow response events shorter than an hour. To obtain more 
information about the lag times a time resolution of less than an hour should be exam-
ined. The minute time scale was tested but it turned out to have problems. The tipping-
bucket resolution of 0.2 mm is visible in the modelled discharge in form of spikes. Also, 
in the small intensities of rainfall the 0.2 mm might accumulate over time period of sev-
eral minutes. 
 
The same as events in Chapter 5.2.1 are used for the calibration of a ten minute model. 
One constant IUH was used for the calibration for each event. The calibrated IUHs look 
different from the hourly scale calibration (Figure 5.23). The IUHs are better lumped 
together. The fastest response discharge (9/2010) is over in 15 minutes from the start of 
the rainfall. This result is the same as obtained in the hourly scale. The slowest events 
take close to 1.5 hours to finish. Despite the fact that the IUHs are better lumped togeth-
er, there is still a division between events which last approximately 0.5 hours and the 
ones which last more than an hour. Event 5/2010 is chosen to represent an hour lasting 
event with MTT of 20 minutes. Event 10/2010 is chosen to represent events which last 
for half an hour with MTT of 10 minutes. The fastest MTT was obtained for the event 
9_2010. This result is same as in the hourly scale. 
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Figure 5.23 IUHs for ten minute scale calibration with one constant IUH. 
 

 
Figure 5.24 Mean transit times of IUHs with different calibration events 
 
Next the threshold is defined for allowable error in the same way as for the hourly scale. 
The time scale is six times smaller than in the hourly scale. Therefore, the absolute al-
lowable error per data point should be also smaller than in the hourly scale. However, 
even the same allowable error, 0.2 mm, is not able to fit all the calibration events inside 
the boundaries. Already this finding supports the conclusion that the hourly scale works 
better for this type of data. On the other hand, the ten minute model contains more data 
points which makes it harder to find IUHs that represent all calibration events. Some of 
the peaks in the calibration events are so far from the allowable threshold that the 
threshold is left at 0.2 mm and calibration examples are presented in Figure 5.25. Stay-
ing inside the boundaries was mostly a problem for high intensity calibration events. 
Two validation events are presented accordingly (Figure 5.26). The event 3/2009 is so 
small that the allowed error is larger than the measured discharge. During the highest 
peak the modelled discharge is smaller than the lower limit during the second validation 
event 5/2009. 
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Figure 5.25 Calibration of the ten minute scale model, example with four events 
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Figure 5.26 Validation of the ten minute scale model, example with two events 
 
 
 

5.3 Detected abnormalities with test algorithms 
In the literature regarding validation of time series many test algorithms were suggested 
for the hydrometeorological data. One objective of this study was to test how applicable 
these different tests are for the online measurements in a small urban catchment. Differ-
ent test algorithms are explained in Chapter 4 and comprised: 
 

1) Missing data test 
2) Boundary test 
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Missing data test 
Missing data means that there was no recording of the specific time stamp. Often the 
missing recordings are assigned with a distinct value, a value that the variable is not 
supposed to have otherwise. The FMI used -1 to assign for a missing precipitation re-
cording and in the AP measurements missing recordings were set the value of -999. A 
high number of missing values tells about malfunctions in the measurement system. The 
problem might be in the measurement device itself or in the data logger. The missing 
data test provides information about dataset quality and measurement performance in 
general. The missing data test can help to detect how often certain problems occur and 
maintenance actions can be more easily optimized. 
 
The results of the missing data test (Table 5.4) show that in the year 2010 the fraction of 
the missing data points was smaller than in the year 2009. Rain and turbidity have the 
same amount of missing data and for discharge there is no data missing. However, in 
the manual examination it was discovered that probably some values that were recorded 
as zero for discharge were not zero. For example, in the middle of a large discharge 
event suddenly one minute is recorded as zero and the next one jumps again to the level 
of the value recorded two minutes before. This suggests that the discharge measurement 
records the missing values as zeroes and not as -999 as is the case for other variables. 
That makes it hard to distinguish when the value is actually zero and when the record 
was missed. In a previous study of Kotamäki et al. (2009) the missing data test was per-
formed and for some stations which measured turbidity, 10 % of data was missing. The 
last column in the table is the percentage of records where either rain or discharge was 
missing. 
 
Table 5.4 Results of the missing data test 
Variable P [%] Q [%] Tu [%] P or Q [%] 
2009 11.07 0 11.07 11.07 
2010 7.54 0 7.54 7.54 

 
Boundary test 
The difference test was neglected because the boundary test can detect the same mis-
takes with these variables. The boundary test was applied to all three variables. The up-
per and lower limits for the three variables are presented in Table 5.5. The minimum 
values are physical boundaries. The precipitation maximum was estimated from the 
definition of the heavy intensity rainfall (RATU, 2008) which is 2.5 mm/5 min and cor-
responds to an average intensity of 0.5 mm/min. A peak-intensity probably results in 
higher values than an average intensity, which makes values of 0.8 mm/min plausible. 
The value for discharge is based on the 50 % of the precipitation maximum because of 
the catchment properties. The turbidity maximum according to the measurement limits 
(Chapter 3) is 3000 FTU. The maximum limit is then set a little lower than the maxi-
mum measurable value. 
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Table 5.5 Limits for the boundary test 

Variable 
P 

[mm/min] 
Q 

[mm/min] 
Tu  

[FTU] 
min 0 0 0 
max 0.8 0.4 2500 

 
For both study years and all variables some values were out of boundaries. The results 
are presented in APPENDIX 1. As a summary, in the year 2009 there were 7 precipita-
tion values out of the boundaries, most assigned with a value 1 mm/min. In the same 
year there were four discharge values exceeding 0.4 mm/min. These values were all 
from the subsequent minutes and during May when there might still be some discharge 
from the melting snow. The test for turbidity gave 6 values out of bounds but none of 
them were very suspicious. The year 2010 gave a lot more values out of boundaries: 17 
for precipitation, 7 for discharge and 42 for turbidity. The turbidity values were negative 
and obviously faulty. All the detected discharge values were again from the same event 
and subsequent minutes. There is something strange in the event because during the first 
precipitation value of the event the discharge is higher than precipitation and there is a 
long antecedent dry period before that rainfall event. Among the detected precipitation 
values there are two values of 4.8 mm/min which are very likely to be erroneously 
measured. 
 
A lot of new information about the minute scale data was gained with the boundary test. 
The boundaries are also easy to change. It seems as well that the years were not uniform 
in terms of data quality, at least not for turbidity. 
 
Summary 
The used test algorithms are meant for testing the integrity of single variable measure-
ment without comparing the relationships of the variables with each other. The tests are 
easy and quick to perform. The efficiency of the boundary test depends on the defined 
minimum and maximum limits for the variables. Before looking at the relationships of 
the variables it is good to gain information about the quality of the variables separately. 
Also before aggregating the data into one hour for the rainfall runoff model it should be 
noted where the missing values have been recorded and not use the events with missing 
values for calibration of the model. 

5.4 Detected abnormalities with the model 
The calibration method which was tested first, the constant IUH, is used for detecting 
abnormalities in the data. The model is run for those events that are not used for calibra-
tion or validation. Detected abnormalities with the model are reported. The best way to 
see if the data quality is good is visual inspection: look at the plot with the allowable 
area and see if the modelled graph stays within boundaries. Then for a more detailed 
investigation of abnormal data points the actual values and time stamps are available. 
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Detection of inconsistencies with the model 
In the manual error detection 7 events in 2009 and 2 events in 2010 were found to be 
erroneous. The model found all events that were detected to be erroneous in the manual 
inspection, and a few other events were out of boundaries as well. The error types were 
listed earlier in the manual part. The new events that the model detected, but which 
were not identified to be erroneous in the manual inspection are given more attention. 
First, there are two examples of erratic events where according to the model there 
should be little or no discharge (Figure 5.27). 
 
Second, there are two events where according to the model there should be discharge 
but it has not been measured (Figure 5.28). In event 7/2009 some discharge is measured 
but it is of incorrect magnitude for most of the time. The event 7/2009 was found suspi-
cious in the manual detection phase and it was confirmed to be erratic by the model. 
 
The purpose of the manual detection was that a comparison can be made whether the 
model is capable of detecting the same mistakes. The model appears to find the same 
erratic events, and additionally it clarifies the behaviour of a few other suspicious 
events. An event is erratic according to the model if the green Qmodelled line is clearly out 
of the grey boundary area as in Figures 5.28 and 5.29. 
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Figure 5.27 Two erroneous events, in which rainfall was not measured but discharge was recorded. 
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Figure 5.28 Two erratic events detected by the model. According to event 11/2010 there was rain 
but no discharge. In event 7/2009 there are two extra discharge spikes, which were not measured. 
 
When the modelled discharge is only little outside the defined boundaries it is not for 
sure whether an event is erratic or not. The reason that the modelled discharge is outside 
of the boundaries can be due to three situations. First, the calibration IUHs are not rep-
resentative for large events. Second, something is wrong with the measurements. Final-
ly, there is an increase in the runoff coefficient during large intensities and therefore a 
larger volume turns into discharge. 
 
It should be diagnosed which of the above three points was the reason for the modelled 
discharge crossing the error boundaries. One event which was used for calibration had a 
significantly higher hourly intensity of rainfall than any of the other events in the meas-
urement period. Two unit hydrographs which were chosen to represent all the responses 
both had slower and lower response than the fastest calibration event 9/2010. The result 
is that the modelled discharge in this event is always underestimated (Figure 5.29). It 
was tested how the result would look like if the runoff coefficient was dependent on 
rainfall intensity. For instance, if hourly intensity was over 10 mm/h the runoff coeffi-
cient from that hour would be 0.6. The result from that is in the Figure 5.30. After the 
change the modelled discharge is almost inside the boundaries. Next task would be to 
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develop a systematic way to change the runoff coefficient. However, it is not that 
straightforward since also the antecedent conditions may affect the amount of surface 
runoff. 

 

 
Figure 5.29 Modelled discharge with a constant runoff coefficient 

 
Figure 5.30 Modelled discharge with a rainfall intensity dependent runoff coefficient 
 

5.5 Behaviour of the water quality measurements 
The water quality was measured in the same place as discharge, inside the stormwater 
pipe. The two year quality data was heterogeneous. Sometimes the measurements are 
reliable and other times they show random results. For example, in year 2010 42 tur-
bidity values, which were below zero, were recorded. However, when the validity of 
precipitation and discharge variables is tested the third variable can help verifying 
which one of the variables is incorrect: precipitation or discharge. The next step in the 
analysis is to compare how the turbidity values are acting during 1) a normal event and 
2) an abnormal event. The normality of the event is evaluated based only on the mass 
balance of water in this case. One question is whether the turbidity can be used to vali-
date the two other variables. 
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5.5.1 Turbidity during normal water balance 
The events which are verified to have normal water balance and timing with the model 
can be used to validate turbidity data or to have further confirmation about the goodness 
of the event. Two examples are given. 
 
4/2010 
This event was used for calibration and no anomalies were detected in the water-
balance. Turbidity graph shows a level shift in the middle part of the event: the values 
drop suddenly from 300 FTU to 150 FTU. One day before the event maintenance was 
executed for all the measurement equipment. One explanation for the level shift is that 
there was a dry period before the event. Water from the previous event stays in front of 
the small weir in the pipe so that the probe does not get dry. When the next event comes 
the old water is flushed away and the probe starts measuring new values.  
 
The dry period before this event lasted 16 days and that whole time the turbidity stayed 
in approximately 300 FTU. At the time of the discharge peak (Figure 5.31) the turbidity 
rises to 280 FTU and returns back to 150-level after the peak. The turbidity peak during 
flow is obtained two minutes before the flow peak. In conclusion, a probable explana-
tion was found to the level shift which is due to the design of the measurement system. 
In this case the level change was easy to detect, but in the sudden flow peak after a long 
dry period it might be harder to recognize when the values are correct. 
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Figure 5.31 Event with a normal water mass-balance (A) and a shifted trend in turbidity (B) 
 
5/2010 
During this event turbidity values seem to behave exactly opposite to the discharge val-
ues (Figure 5.32). Turbidity varies between 100 and 250 FTU. Often the highest turbidi-
ty values are obtained just before the discharge peak. In this case that does not happen. 
The discharge peak is ten times lower than in the previously presented event. It could be 
that the surface flow velocities were not high enough to transport suspended solids, and 
only the dirt accumulated to the impervious surfaces contributes to the turbidity. The 
dry period preceding the event was less than 14 hours which is really short. The wash-
off of accumulated dirt is over after two hours of discharge. With these assumptions it is 
possible that the turbidity values are correct, but there is no certainty of it. 
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Figure 5.32 Event with a normal water mass-balance (A) and opposite direction of turbidity com-
pared to discharge (B) 
 
In conclusion, with some assumptions it is possible to analyse the validity of turbidity 
measurements comparing them to the water balance. However, so many different fac-
tors contribute to the water quality e.g. preceding dry period (accumulation of dirt to the 
surface) and flow velocity (transport of suspended solids) that it is impossible to reliably 
state whether the measurements are correct. 
 

5.5.2 Turbidity during abnormal water balance 
In the cases when the model detected abnormal behaviour of rain or discharge, turbidity 
data can be used to check whether it reacts to the rain or discharge data. This provides 
more information to assess which measurements are incorrect. Very often the model can 
detect that either precipitation or discharge is wrong but it is not clear which one. In 
those cases other variables or other measurement stations could be taken as reference. It 
saves time during the maintenance if the source of error is known. Next some examples 
are given of the events which had water mass-balance problems and it was not sure 
which one of the variables (or both) showed erratic measurements. 
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In Chapter 5.1 the manually detected erroneous events were analysed and the other sta-
tions were compared. For some events any conclusions could not have been made. 
Hopefully, the turbidity data can provide some new information. Examples are from 
events 7_2009, 12_2009 and 13_2009. 
 
7/2009 
The event 7/2009 was detected suspicious in the manual detection, erroneous by the 
hourly model and erroneous by the minute model. Only the middle part of the event has 
a correct mass-balance (Figure 5.33). There are two modelled discharge peaks in the 
beginning of the event caused by the precipitation. The measured peak at the end of the 
event is over two times larger than in the modelled peak. 
 

 
Figure 5.33 Event 7/2009 modelled with minute scale 
 
The first two modelled discharge peaks are caused by the precipitation (Figure 5.34), 
but those peaks are not visible in the measured discharge or turbidity (Figure 5.35). The 
last discharge peak is estimated to be lower by the model and also turbidity is signifi-
cantly lower compared to the previous peak. The turbidity behaviour can be explained 
with the first-flush phenomenon, where most of the accumulated matter on the impervi-
ous surfaces comes through the system before the first discharge peak as is the case also 
in this event. The lag between turbidity and discharge peaks is two minutes. The lag 
between precipitation and discharge is 7 minutes. The discharge is four times higher in 
the last peak compared to the first peak. Despite the very first small turbidity values, the 
turbidity supports the measured discharge with this event. In conclusion, the first two 
precipitation peaks in Figure 5.36 are nonsense and the last precipitation is probably 
recorded too small. The discharge data has constant drops to zero but the shape is still 
easily detectable.  
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Figure 5.34 Precipitation and discharge for event 7/2009 in minute scale 

 
Figure 5.35 Discharge and turbidity for event 7/2009 in minute scale 
 
12/2009 
This event did not have any precipitation during almost a 2 mm discharge. The two oth-
er stations recorded rain of different amounts. The modelled discharge is zero (Figure 
5.36) as expected. The turbidity data is examined to get more information on the phe-
nomenon (Figure 5.37). The turbidity values start rising together with the discharge and 
the turbidity rises significantly just before the discharge peak. As the discharge values 
are descending the turbidity values are as well. The lag between rise in turbidity and 
discharge at the discharge peak is one minute.  
 
It would seem that there was supposed to be rainfall at the catchment. Of course it might 
be that the rain was measured correctly but it rained on the other edge of the catchment. 
What is notable comparing event 12/2009 (Figure 5.38) and the 7/2009 (Figure 5.36) is 
that the same amounts of discharge peaks (~0.05-0.08 mm) resulted in very different 
turbidity values: close to 700 FTU during 7/2009 and around 300 FTU during 12/2009. 
What could have affected the 7/2009 reaching higher values is that there is an instant 
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discharge peak and preceding flows are zero. During 12/2009 (Figure 5.38) the dis-
charge event lasts several minutes before reaching the peak.  
 

 
Figure 5.36 Event 12/2009 modelled in minute scale 
 

 
Figure 5.37 Discharge and turbidity for event 12/2009 
 
13/2009 
This event has significantly more discharge than rain (Figure 5.38). The FMI and LSB 
precipitation measurements were contradicting with each other. The rain sum should be 
approximately 3 mm with this amount of discharge. Since there is no rain the only vari-
able left to compare is turbidity. During this event the turbidity varies between 0 and 
500 FTU (Figure 5.39). In the beginning of the event where there is no discharge the 
turbidity has some variation between 0 and 150 FTU. There can be a partial contamina-
tion in the probe or that the left over water in front of the dam is turbid. The turbidity 
peak is reached again just before the discharge peak. The lag between the variables in 
both of the peaks is one minute. In conclusion, the turbidity measurements support the 
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discharge measurements. It can be assumed that discharge and turbidity measurements 
are correct and that the rainfall recordings are missing. 
 

 
Figure 5.38 Event 13/2009 modelled in minute scale 
 

 
Figure 5.39 Discharge and turbidity for event 13/2009 

5.6 Testing representativeness 
Before setting up a new measurement station spatial and temporal representativeness 
should be evaluated. This evaluation is done in this case after the measurements are 
conducted according to the method of Berne et al (2004) with Equations 2 and 3. The 
characteristic time of the system was found to be 15 minutes for the catchment. The 
required time step according to the Equation 2 is then 3.75 minutes. These measure-
ments were conducted with a time step of one minute, which is close to the estimate of 
the equation. According to this method the temporal representativeness if fulfilled. 
 
Equation 3 suggests a simple relationship between a catchment size and the time lag. 
The observed time lag of the catchment is 3 minutes. The time lag obtained from the 
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equation 3 is 5.3 minutes. With both of the equations the estimates were close to the real 
situation of this site. In conclusion, it seems that the generalizations of Berne et al 
(2004) hold for this catchment. 
 

5.7 Testing the tool with new data 
The test data is from year 2013 and comprises three time series: FMI daily precipitation 
[mm/day], FMI hourly precipitation [mm/hour] and AP discharge [mm/min]. 
 
All the three time series were first aggregated into daily values [mm/day] in order to 
define if the FMI station precipitation data is suitable for the catchment. In the catch-
ment itself precipitation measurement started 22.8.2013 and it was measured as three-
hour accumulations. Three hourly time step is too sparse to detect the dynamics of the 
rainfall-runoff system in a small urban area. The FMI daily data was used as a reference 
to evaluate if the same amount of rainfall was measured in both time resolutions. 
 
There were some problems with the AP discharge measurements and FMI hour precipi-
tation measurements. The discharge data had double values recorded in every 181th 
data point. To be able to proceed with the aggregates the double time stamps were re-
moved. In the FMI hour precipitation there were double values in every 13th hour. In 
both cases the double values were first removed. 
 
After these modifications to the data, all three time series could be plotted into one 
graph (Figure 5.40) 
 

 
Figure 5.40 Validation data aggregated into day values [mm/day] 
 
The figure shows that most of the time the hourly measured rainfall has larger values 
than the measured diurnal values. For the time period May-October 2013 the volume 
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difference between the two precipitations measured in the same place is 70.7 mm. The 
volume difference corresponds to 18.9 % of the total volume of the daily data.  
 
The diurnal data is considered more reliable compared to the hourly data (Hutila, 2013). 
The hourly data has missing values and the recorded values are constantly too large.  
 
The discharge volume for the period May-Oct 2013 is 147.43 mm which results in an 
overall runoff coefficient of 0.35 calculated against the diurnal FMI rainfall. Compared 
to the earlier years this runoff coefficient is quite low. One reason for the changed run-
off coefficient can be explained by the distance of the FMI station to the catchment. 
Running the model will show how well the FMI rainfall can predict discharge in the AP 
catchment. 
 
As input for the model the hourly precipitation and aggregated minute discharge are 
used. The precipitation is scaled according to the more reliable daily values but the dy-
namics are obtained from the hourly data. 
 
Five events were picked from the data series. All of them were tested using the calibrat-
ed α and β values for the hourly scale. No events were found where the modelled dis-
charge would be inside the model boundaries. First, there is an example of an event 
which has the best result (Figure 5.41). The event starts 13th of August 2013 at 6pm. 
The modelled discharge has highest values but also the lowest values compared to the 
measured discharge. 

 
Figure 5.41 An event starting from 13th August 2013 
 
The rest of the examined events have similar results as the second example (Figure 
5.42). The modelled discharge has larger volume, it is shifted with an hour and has a 
different shape at the peak discharge. 
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Figure 5.42 An event starting from 18th July 2013 
 
To conclude, the model was not as well applicable for the new data as for the previous 
data. One reason for the result could be that the precipitation was measured from further 
away and in a different time resolution than in the years 2009 and 2010. The high inten-
sity summer rains can appear in very small areas and are therefore really local. In the 
hourly measurements of the rainfall there was also a different measurement technique: 
an optical rainfall measurement. To add more uncertainties, the two different time scale 
precipitations measured from the same point did not result in the same accumulations. 
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6 DISCUSSION 
 
Performance of the tool 
In the literature automatically measured data series were validated mostly with different 
tests (e.g. Takahashi et al., 2010; Stepanek et al., 2009; Basu and Meckesheimer, 2007; 
Upton and Rahimi, 2003; Estevez et al., 2001; Menold et al., 1999). These tests were 
intended either for independent variables or station networks. Limitation of this study 
was that there were only two adjacent precipitation measurement stations (FMI and 
LSB), which both had a different temporal resolution compared with measurements at 
the catchment. The lack of multiple adjacent measurement stations excluded the usage 
of station network tests. Only a few tests for variables measured in one measurement 
station were presented in the literature. This supported finding a solution which is not 
dependent on the adjacent measurement stations and is still effective in fault detection. 
Boukhris et al. (2001) succeeded in using a rainfall-runoff model for sensor fault detec-
tion in an urban catchment. The small catchment size and high imperviousness makes 
the catchment response moderately easy to predict. Therefore, in this study a simple 
lumped rainfall-runoff model was chosen and it was tested, whether it would be suitable 
for data validation. The model estimates discharge as a function of calibrated IUH pa-
rameters and effective rainfall. Then the modelled and measured discharges can be 
compared. The IUH method has been used in other contexts too (Sillanpää, 2013; Kok-
konen et al., 2004;), but to the author´s knowledge it has not been used for data valida-
tion. This gives originality for this study. Temporally redundant measurements were 
tested for spatial (other stations) and internal (turbidity) consistency. Two different mi-
nute scale tests were applied (missing data and boundary test) because aggregation into 
hourly data in the rainfall-runoff model loses some information. Similarly to Stepanek 
et al. (2009) it can be concluded that no single test on its own suffices for data assur-
ance, but a combination of carefully selected methods gives the best result.  
 
The model was able to detect outliers successfully. Uncertainty of the measurement was 
assessed with applying boundaries inside which the true value should lie. Three differ-
ent time resolutions for the model were tested. Stepanek et al. (2009) claimed that the 
data validation should be conducted in the same temporal scale as the measurements. In 
this study, however, the data validation turned out to be impossible to perform only in a 
minute scale. The data validation tool creation involves a lot of visual inspection, which 
is not very time efficient to do in a minute scale. Another reason why the minute scale 
model was not applicable was the spikes in the modelled discharge data due to the tip-
ping-bucket resolution of the precipitation measurements. In coarser time scales those 
spikes become smoother. Already in the ten minute application this is the case. A prob-
lem with the hourly scale was that the time lag between precipitation and discharge dis-
appeared because the lag is shorter than an hour. Still the hourly scale model found the 
clear outliers efficiently. 
 
The spatial and temporal representativeness were tested as suggested by Berne et al 
(2004). The method consists of two equations (Equation 2; Equation 3) which can be 
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used to define the temporal measurement resolution needed and the lag time between 
rainfall and discharge based on the catchment size. The method gave promising results 
and the results supported the generalization made by Berne et al. (2004). More precise-
ly, the two equations were satisfied in the study catchment. 
 
The result obtained from the missing data test, approximately 10 % for both precipita-
tion and turbidity, is similar to that found by Kotamäki et al. (2009). The result is not 
alarming but a good target for the future is to have less missing values than 10 %.  
 
Uncertainties and problems 
One uncertainty of this study is that data validation was conducted four years after the 
start of the measurements. The best way to assure the data quality is to run the data val-
idation process concurrently as new data is produced. Then it is easier to trace the cause 
of outliers. However, this study was conducted to develop a data validation tool and for 
that purpose a large amount of data was needed. Most of the uncertainties in this study 
are based on the assumptions made during the study. These assumptions include repre-
sentative calibration and validation events, constant runoff coefficient, constant catch-
ment area, neglecting antecedent conditions and baseflow. 
 
Some uncertainties are related to the use of the IUH model. The model assumes that 
rainfall with the same return periods produces always the same shape and amount of 
flow (Mannina and Viviani, 2010). Moreover, a reasonable number of differently sized 
events should be used for the calibration of the model parameters as well as for valida-
tion. It is arguable whether there are enough high intensity rainfall events in the two 
years’ time. On the other hand, as more data is produced the model can be recalibrated 
to include also the rare high intensity rainfall events. 
 
Wainwright and Parsons (2002) have reported that temporally varying rainfall intensity 
accounts greatly for the decrease in runoff coefficients as the slope length increases. In 
this study the runoff coefficient was kept constant even though data showed that during 
large events the runoff coefficient increases. However, the variable runoff coefficient 
was briefly tested and gave promising results. The SSE decreased when a threshold val-
ues for rainfall intensities were applied for a variable runoff coefficient. Since a linear 
relationship between rainfall intensity and runoff coefficient could not have been proven 
a constant runoff coefficient was used. 
 
The model does not take into account the length of the antecedent dry period of the 
event. The antecedent dry period affects the moisture condition of the soil and therefore 
the infiltration capacity. Furthermore, infiltration capacity affects the amount of surface 
flow produced from the pervious areas. In order to study the effects of antecedent condi-
tions multiple same sized events should be compared and the soil moisture conditions at 
the beginning of the events should be known. In the studied data there are events with 
almost the same duration, the same number of precipitation hours, and the same peak 
precipitation intensity, for example events 1/2010 and 4/2010. Still these events have 
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different runoff coefficients (46.4 % and 41.9 % respectively). This difference in the 
runoff volume could be explained by the soil moisture conditions. However, the find-
ings of Sillanpää (2013) state that the antecedent conditions are not very important fac-
tor in event runoff generation at the researched catchments of southern Finland. 
 
The conversion of discharge from [l/s] into [mm] was performed by dividing the vol-
ume by the catchment area. Here it was assumed that the catchment delineation is accu-
rate and constant. It has been shown that during small events in urban areas merely the 
impervious areas contribute to runoff (Chiew and McMahon 1999). Therefore, instead 
of a constant catchment area a runoff contributing area might be more feasible to define. 
The IUHs were found to be almost constant for the small events. The large events expe-
rienced notable differences in their shapes. This result supports the findings of Sillanpää 
(2013) who concluded that the small scale events are more influenced by the urbaniza-
tion compared to the large ones. It seems that when the runoff contributing area is main-
ly the impervious surface the response is well predictable.  
 
In a few previous studies the baseflow was separated from the measured discharge val-
ues. For example, Sillanpää (2013) and (Melanen and Laukkanen, 1981) used a constant 
rate separation of the baseflow. In this study baseflow was neglected as suggested by 
Akan and Houghtalen (2003).  
 
Further development 
During the development of the tool several ideas for future work were identified. These 
points mainly address the uncertainties reported in the previous section and consist of 
the following six points: 
 

1. Developing the model to account for the antecedent dry period or wetness condi-
tions of the soil 

2. Development of the error boundaries to react to the event size (peaks) 
3. Development of the model to react to the changing runoff coefficient 
4. Gathering more data and recalibrating the tool with a more representative collec-

tion of events 
5. Test the model in other catchments 
6. Test the model again with 5-10 minute time resolution after implementation of 

points 1-4 
 
One challenge with the tool is how to keep it simple and yet efficient in detecting outli-
ers. Points 1-3 potentially increase the complexity of the tool. On the other hand, aggre-
gation of the data into one hour loses some of the important dynamics of the catchment 
lag. 
 
Perhaps the most important developing point is number 2. The error boundaries should 
be developed with statistical analysis so that they could be interpreted as confidence 
intervals. The model is better at estimating discharge of small events because of a large 
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number of small events used for calibration and because during the small events the 
runoff contributing area is more likely to be constant. Therefore, the error bars for large 
intensities should be larger than for small intensities. For now it is recommended that 
the hourly model is used for detection of abnormalities and the detected data sequence is 
then analysed in the minute scale. 
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7 CONCLUSIONS 
In this study a method for outlier detection for hydrometeorological data was developed. 
The chosen method for outlier detection was able to recognize all the same outliers au-
tomatically that were manually detected. Additionally, a few suspicious events were 
confirmed as faulty by the model. The suggested data validation procedure provides a 
method which can be used generally whenever precipitation and discharge are measured 
in a sufficiently fine temporal scale. The tool saves time in data processing, reveals glar-
ing outliers and helps optimizing maintenance of the measurement station. The solution 
is simple, which guarantees possible implementations to other catchments. The reliabil-
ity of the tool increases as the amount of collected data increases. The tool advances 
better data quality, which results in more precise future planning and modelling, and 
gives better security for investments made for the stormwater infrastructure. 
 
The model was tested in three temporal resolutions: hour, ten minute and minute. The 
hourly resolution showed to be most efficient and the IUHs were identified with ease. It 
was discovered that the hourly model on its own, however, did not suffice as a data val-
idation tool, because the catchment lag was less than an hour and missing values could 
not be detected from the aggregated data. To identify the missing values the missing 
data test was performed for the minute data. For the detection of physically impossible 
values in the minute scale the boundary test was applied. The catchment lag in the small 
temporal resolution was evaluated manually from the minute data. In the future, a meth-
od for detecting catchment lag problems in a small temporal scale should be developed.  
 
Due to the limitations of the hourly model, the model was tested with other temporal 
scales. The minute data model had too many spikes in the modelled discharge due to the 
precipitation measurement resolution and the optimization was not very efficient with 
such a large amount of data. The ten minute resolution managed to smooth the spikes 
without losing information about the catchment lag but there were problems with the 
identification of the IUHs for large events. For large events the IUHs were so different 
that one IUH could not have been chosen to represent all different responses. With these 
results the hourly model was concluded to be the preferred option. 
 
The usefulness of adjacent stations should not be neglected for spatial consistency. Re-
dundant measurements should be, however, treated with caution since even small dis-
tances between the stations may result in different climatic conditions especially if the 
topography is different. Internal consistency was manually tested in this study with 
comparing turbidity values to rainfall and runoff measurements. It was found that in 
case the model detects inconsistencies between precipitation and discharge the turbidity 
measurements can be used to identify which one of the two variables has more likely 
been erroneously measured. This identification helps to optimize maintenance actions. 
The field actions can then be allocated to the corresponding measurement equipment. 
However, the relationship between discharge and turbidity in urban catchment remains a 
research topic.    
  



 
 

87 
 

The outlier types were identified from the measurements (Section 5.1) and they were 
similar to those found in the literature. The types comprised missing recordings, physi-
cally impossible values, internal inconsistencies and saw-tooth patterns. The detection 
of outliers is possible to perform after the data has been measured. However, the cause 
of abnormality in the data is hard to track a few years after the measurements have been 
conducted. 
 
The method used in this study is a combination of tests found in the literature and a 
simple lumped rainfall-runoff model. One conclusion of this study is that one test or 
model did not suffice alone for data validation, but a combination of multiple approach-
es was needed. Based on this study it is recommended that a data validation process is 
planned before the setup of a new measurement station. 
 
The response shape of discharge from effective rainfall was found to be fairly constant 
during small rainfall events, which is in line with the previous findings that with small 
events only impervious areas contribute to runoff. With larger events the shape of the 
response was not uniform, but the value of the maximum ordinate in the IUH increased 
and the lag time decreased. The rainfall intensity alone could not explain the variance in 
the IUHs. The mean transit times were less than half an hour for large events. For the 
small events the mean transit times varied between 0.8-1 h. 
 
Real-time data is increasingly available for the public as open data. Guidelines should 
be formulated how the data is provided online. In many cases the uncorrected data is 
published and the end user does not possess the information from the measurement con-
text. This knowledge gap can lead to severe consequences if the end user exploits the 
data for planning or modelling. One way to solve this issue is to always provide the 
originally measured data together with the validated data and meta data in a text form to 
explain which changes were made and why. In this way, the data provider gives the 
responsibility to the user together with the best knowledge about the measurement con-
text. 
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Appendix 1. Results of the boundary test 
 
The two tables below show the results obtained from the boundary test. Only the values 
which were detected to be outside the boundaries are reported. In 2009 only the maxi-
mum boundary was exceeded. No values below zero were recorded. For year 2009 the 
number of values outside the boundaries for precipitation, discharge and turbidity were 
7, 4 and 6, respectively. The values exceeding the maximum limit are not necessarily 
faulty, but might be extreme values. 
 
2009 Boundary test results 

PRECIPITATION DISCHARGE TURBIDITY 

min 
mm/mi

n ‰ min 
mm/mi

n % min 
mm/mi

n ‰ 
55274 1.6 2.642 29970 0.43486 0.00151 15611 2759 2.264 
122244 1 

 
29971 0.43966 

 
15615 2667 

 124858 1 
 

29972 0.44742 
 

29921 2799 
 131629 1 

 
29973 0.4572 

 
182081 2711 

 131859 1 
    

182563 2578 
 162006 1 

    
182565 2563 

 219982 1 
 

            
 
 
 
 
Year 2010 had a lot more values outside the boundary limits. For turbidity all the de-
tected values by this test were negative and therefore nonsense. It has to be noted that 
all of those negative values occur at the end of the measurement period when the meas-
urements are about to end. With the precipitation measurements there are two times an 
extreme intensity of 4.8 mm/min which is suspiciously high. The discharge extremes 
are probably correct since they occur together with extreme precipitation values be-
tween minutes 143891 and 143897. 
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2010 Boundary test results 
PRECIPITATION DISCHARGE TURBIDITY 

Minute value ‰ Minute value ‰ Minute value ‰ 
37532 1.8 9.598 143891 0.46036 3.952 154733 -2.618 23.713 
45514 3.2 

 
143892 0.48268 

 
154734 -9.61 

 45515 1.2 
 

143893 0.51136 
 

154735 -15.29 
 45529 1.2 

 
143894 0.50832 

 
154736 -11.13 

 45530 4.8 
 

143895 0.51073 
 

154737 -7.08 
 45531 1.2 

 
143896 0.42313 

 
154738 -6.536 

 45532 2.4 
 

143897 0.40885 
 

154739 -8.75 
 45534 4.8 

    
154740 -10.19 

 45535 2.2 
    

154741 -12.71 
 137666 1 

    
154742 -13.25 

 137667 1 
    

154743 -12.51 
 137668 1.4 

    
154744 -15.89 

 143892 1 
    

154745 -17.27 
 143895 1 

    
154746 -17.89 

 143896 1.4 
    

154747 -17.07 
 143897 1.2 

    
154748 -19.63 

 143898 1 
    

154749 -19.99 
 

      
154750 -20.17 

 
      

154751 -19.39 
 

      
154752 -18.27 

 
      

154753 -15.35 
 

      
154754 -12.65 

 
      

154755 -7.93 
 

      
154756 -7.32 

 
      

154757 -8.59 
 

      
154758 -11.11 

 
      

154759 -10.05 
 

      
154760 -8.35 

 
      

154761 -7.18 
 

      
154762 -3.218 

 
      

154816 -2.998 
 

      
154817 -10.03 

 
      

154818 -12.09 
 

      
154819 -15.61 

 
      

154820 -18.61 
 

      
154821 -21.99 

 
      

154822 -24.06 
 

      
154823 -24.68 

 
      

154824 -23.5 
 

      
154825 -20.15 

 
      

154826 -12.61 
             154827 -0.979 
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Appendix 2. Urban catchment cause-effect relations 
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