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Abstract: The disadvantage of radar measurements is that the obtained rainfall data is imprecise.
Therefore, the use of radar data in hydrological applications usually requires correction. The main
aim of the study was to verify and optimize various methods of estimating the rainfall depths for
single events based on radar data, as well as determining their influence on the values of peak
flow and outflow volume of hydrographs simulated using the SWMM (Storm Water Management
Model) hydrodynamic model. Regression analyses were used to find a relationship between the rain
gauge rainfall rate R and radar reflectivity Z for the urban catchment of the Stuzewiecki Stream in
Warsaw, Poland. Five methods for determining calculational values of radar reflectivity in reference
to specific rainfall cells with 1 km resolution within an event duration were applied. Moreover,
the correction coefficient for data from the SRI (Surface Rainfall Intensity) product was established.
The Z-R relationships determined in this study offer much better rainfall rate estimation as compared
to Marshall-Palmer s relationship. Different scenarios were applied to investigate the stream response
to changes in rainfall depths estimated on the basis of radar data, in which the data both for 2 existing,
as well as 64 virtual, rain gauges assigned to appropriate rainfall cells in the catchment were included.
Relatively good agreement was achieved between the measured parameters of the hydrograph of
flows and those simulated in response to rainfall depths which had been calculated for single events
using the correction coefficient and the determined Z-R relationships. Radar estimates of rainfall
depths based on the tested methods can be used as input data to the SWMM model for the purpose
of simulating flows in the investigated urban catchment.

Keywords: urban catchment; radar reflectivity; rainfall rate; Z-R relationship; SWMM model;
flow simulation

1. Introduction

Monitoring and prediction of rainfall events and their consequences are of primary importance to
hydrology [1-3]. In many small urban catchments, there is a problem with obtaining the rainfall data
necessary for hydrological applications. In the case of taking measurements using rain gauges, there is
often a problem resulting from their low density in the catchment, or as a result of them temporarily
turning off due to failure. Applying data registered at rainfall stations as input data for hydrological
models requires, in the majority of cases, the spatial interpolation of rainfall data [4]. One of the means
of measuring rainfall depth is to make use of weather radar technology. Information obtained on the
basis of weather data provides the most detailed information in regard to the spatial and temporal
distribution of rainfall [5]. These features potentially improve the simulation and forecasting of stream
flows [6-10].

The demand for a better understanding of hydrological processes at different spatial scales requires
the application of more integrated and advanced techniques of rainfall detection and estimation,
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rather than only applying data from conventional networks of ground-based rain gauges [11].
Due to their ability to capture the spatial characteristics of rainfall fields well and their evolution
in time, radar rainfall estimates are playing an increasingly important role in urban hydrological
applications [12-16]. The use of more detailed and distributed models has increased the demand
for good-quality, high-resolution inputs, which promotes the use of radar rainfall data in urban
hydrology [17].

The use of radar data in hydrological applications requires expanding on knowledge of the
topic of the uncertainty of radar data [18]. The main flaw of radar observations is the imprecision
of the obtained rainfall data [19-21], which results from the fact that it is an indirect measurement.
Weather radars do not measure rainfall directly but rather the back-scattered energy from precipitation
particles from elevated volumes, and thus an algorithm should be developed and calibrated against
the rain gauge network [22]. As pointed out in paper [23], in order to quantify the uncertainty on
accumulated rainfall, the authors usually perform either a comparison of different radar products or
compare ground measurements and precipitation estimates on radar pixels where rain gauges are
located [24,25]. Different Z-R relationships used in hydrometeorology imply different properties of
resulting radar rainfall products [26].

Radar users are required to modify, on their own, the radar data by means of rain gauges located
within the target catchment in order to remove the bias [24,27,28]. Relatively few tests of gauge-based
adjustment methods have been conducted on small urban scales and all of them have concluded
that, on these scales, more dynamic and localized adjustments are required [12,29]. In studies carried
out in Northern France for a long, heavy rainfall event that resulted in flooding and heavy damage,
strong underestimation of the estimated rainfall total based on radar data was observed, despite
considerable improvement in radar technology and algorithms [30]. In an analysis carried out in
Malaysia using hourly rainfall data, more than 80% of data obtained from the radar were overestimated
when compared to rain gauge observations [31]. As described in the work [23], when comparing the
C-band and X-band rainfall totals to those resulting from tipping bucket rain gauges, one may note that
the X-band radar tends to underestimate, while C-band radar generally overestimates them. In spite
of the greatly improved quality of the operational C-band radar estimates, the average differences
between the radar estimates (without calibration with gauges) and ground observations vary between
28% and 54%, increasing with distance [32].

The relationship between radar reflectivity and rain rate (Z-R relationship) is not the same
everywhere and has high variability [33,34]. The results of the analysis carried out by [22] shows
that it is possible for different Z-R relationships to be calibrated into the radar system which could
improve the rainfall estimations. The Z-R relationship can be calibrated in different ways. One such
approach is to determine the relationship directly by matching the measured radar reflectivity and
rainfall [35]. This approach is associated with errors due to the difficulty in exactly selecting a volume
in the atmosphere corresponding to ground measurements and also differences in temporal resolution
between the techniques [33].

The Z-R relationship derived by Marshall and Palmer, used especially for the summer period
dominated by rain-type precipitation, does not correlate well with radar-derived precipitation
measurements of temporal readings of nearby gauges [36]. As also described in this paper, referring
to the results of a study carried out in Warsaw by other authors [37], the existence of only statistical
agreement between gauge-readings and radar-estimates at sub-hourly time scales reduced the potential
usability of radar in hydrology, especially in urban hydrology. The calibration using local gauges
should increase accuracy of estimating radar rainfall relative to the theoretical Marshall and Palmer
relationship [38].

For a small urban catchment, large differences are observed in the peak flows simulated by radar
and rain gauges due to the inherent uncertainties from both rainfall estimates [14]. For some events,
radar data input resulted in better flow simulations whereas for other events, the rain gauge data
input resulted in better flow simulations [39]. As described in the paper [40], it appears that the
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uncertainty on the simulated peak flow in reaction to rainfall depth estimated using radar data is
significant, reaching for some conduits in the small urban catchment of Cranbrook (London), 25%
and 40% respectively for frontal and convective events. The quality of radar-derived precipitation
data without gauge-adjustment is insufficient for use in flood risk management [41]. Adjusting radar
data son that it more closely resembles the observations of rain gauges will consequently improve the
results obtained with distributed simulation models [42]. Moreover, numerous studies showed a strong
influence of rainfall spatiotemporal variability on model response, especially in urban areas, where
response times are shorter due to high levels of imperviousness and smaller catchments [23,43—46].

Keeping the above in mind, one of the aims of the studies undertaken in this work was to establish
the correction coefficient for radar data obtained from the SRI (Surface Rainfall Intensity) product
made available in Poland by the Institute of Meteorology and Water Management—National Research
Institute. Next, an attempt was made to establish a new Z-R relationship which offers better rainfall
rate estimation in the investigated catchment as compared to that of Marshall-Palmer. In this analysis,
in order to establish the calculational values of radar reflectivity at individual time intervals of rainfall
duration for each of the analyzed events in relation to the points in the catchment corresponding to the
locations of the 2 rainfall stations, five different methods were applied. The aim of this analysis was
to determine whether the accuracy of estimating rainfall depth for individual events is significantly
dependent on the applied method for establishing representative values of reflectivity.

The another aim of the studies in the Stuzewiecki Stream catchment was obtaining information
on whether the methods applied to calculate rainfall depth for the analyzed events, making it possible
to obtain simulation errors for parameters of the hydrograph of flows lower than the assumed limit
value of the relative error equal to 25%. In this analysis, carried out using the hydrodynamic SWMM
(Storm Water Management Model) model, an important question pertained to whether relatively
high or low values of the error of estimating rainfalls determine adequate values of the error of
estimating peak flow and outflow volume. The next aim of the study was obtaining information on
the influence that applying rainfall depths estimated on the basis of radar data from just 2 existing rain
gauges (the rainfall inputs were assumed to be uniformly distributed over the two areas) and from
66 rain gauges in the catchment (cells with 1 km resolution) has on the values of simulation errors of
hydrograph parameters.

In the analyzed urban catchment, even small rainfall events may cause local flooding. As a result
of this, technical works aimed at reducing the risk of flooding are undertaken within it. Developing a
hydrodynamic model for this catchment that incorporates radar rainfall data ought to lead to increasing
the precision of simulating hydrograph parameters, which could be used in engineering practice.

2. Materials and Methods

2.1. Description of the Studied Area

In quantitative rainfall analysis, data registered at the Okecie and Ursynow rainfall stations,
located in the area of the analyzed Stuzewiecki Stream catchment in Warsaw, were applied. In the
quantitative analysis regarding the flows, hydrographs measured in the Klobucka and Rosola
cross-sections were used (see Figure 1).
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Figure 1. Drainage and measuring system of the Stuzewiecki Stream catchment in Warsaw;
cross-sections (outlet-profiles) and rainfall stations: (1) Rosota, (2) Kfobucka, (3) Okecie, (4) Ursynéw.

The area of the subcatchment for the Klobucka cross-section is 16.5 km?, with a share of effective
impermeable surfaces (hydraulically connected with storm sewers) equal to approx. 23%. Warsaw Chopin
Airport, from which rainwaters are directed to the Stuzewiecki Stream by a storm water drainage system,
occupies the vast majority of the area of this catchment. The Stuzewiecki Stream, in the segment from its
source to the Klobucka cross-section (6.5 km in length), is closed along almost the entire length. In the area
of the airport, retention tanks with a total capacity of 42,490 m? are found, which have a large influence
on the transformation of flows in the watercourse.

The area of the subcatchment to the Rosola cross-section is 43.0 km?. The share of effective
impermeable surfaces is approx. 26.0%. A part of this catchment, which is drained by the Grabowski
Drainage Ditch, is mainly agricultural and forest-type land. The remaining part of the catchment,
drained by a drainage system, is used for industrial, commercial, transportation and multi-family
residential development purposes. It is characterized by a large share of impermeable surfaces.
The average slope of the Stuzewiecki Stream is approx. 1.5%o, and slopes of the areas in the catchment
are usually less than 1%.

Rainfall depths at the Okecie and Ursynow rainfall stations were registered in an ongoing manner
using SEBA electronic tipping bucket rain gauges. The first of them is controlled by the Institute
of Meteorology and Water Management—National Research Institute (Polish: IMGW—PIB), while
the second—by the Division of River Engineering in Warsaw University of Life Sciences—SGGW.
Water levels on the basis of which flows were calculated were registered using a hydrostatic sensor of
the “Diver” type.
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2.2. The SWMM Model for the Studied Area

To stimulate flow in the analyzed catchment in response to single rainfall events, version 5.0.022
of the SWMM (Storm Water Management Model) was applied. The SWMM is a fully dynamic
rainfall-runoff model, as well as being a fully distributed deterministic model, intended for simulating
water and contaminant runoff in response to single or continuous (long-term) rainfalls mainly in
urbanized catchments. The model, designed by the U.S. Environmental Protection Agency (EPA), is
characterized by a large number of parameters, which are mainly physically measurable characteristics
of the catchment and hydrometeorological conditions. Two calculation procedures of processes taking
place in the hydrological and hydraulic system of the catchment can be distinguished in the structure
of the described model. SWMM can be used to model several different hydrological processes, such as:
time-varying precipitation, rainfall interception from depression storage (initial abstraction), infiltration
of rainfall into unsaturated soil layers, or nonlinear reservoir routing of overland flow. The processes
occurring within the hydraulic system of SWMM include, among others: external inflow of surface
runoff, unsteady, non-uniform flow routing through different objects of the hydraulic system, various
flow regimes (such as backwater, surcharging, reverse flow and surface ponding), and flow regulations
via pumps, weirs and orifices.

The hydrological calculation procedure of the model is based on the set of subcatchments with
given attributes and parameters (which usually constitute homogeneous areas with various types
of land use, chosen from the catchment in order to account for the spatial variation of the modelled
hydrological processes), in which the rainfall being the input to the model is transformed into surface
runoff. The user assigns a rain gauge created in the model to each of the subcatchments, in which the
rainfall depth is given in the form of a time series. SWMM uses a nonlinear reservoir model to estimate
surface runoff produced by effective rainfall over a subcatchment, which is a part of the total rainfall
remaining after the deduction of infiltration, initial abstraction, and evaporation (the last of these
mentioned processes is negligibly small in relation to single events). Runoff from the subcatchment
area occurs when the water depth exceeds the maximum possible retention. The infiltration rate
for pervious areas is determined using several methods included in the SWMM: Horton formula,
the Green-Ampt, and the Curve Number method. The effective rainfall rate for impervious areas is
calculated as the difference between the total rainfall depth and the initial losses depth (depression
storage depth). The SCS (Soil Conservation Service)}—CN (Curve Number) method was used to
calculate infiltration rate for pervious areas. The CN is the parameter which takes values in the range
from 0 to 100 and mainly depends on the soil type that is assigned to one of four hydrologic soil
groups, type of land use, and the antecedent moisture condition. The value of this parameter as
well as depression storage depth have been chosen according to values tabulated in the manual [47].
The produced runoff in a given subcatchment is then carried over to a neighboring area or to a
hydraulic system of catchments, which consists of a network of storm sewer pipes connected using
junctions (nodes), as well as a natural watercourses and man-made trenches (channels), retention
tanks, etc. Surface runoff is calculated in the SWMM model from Manning’s equation. The course of
transformation of the hydrographs of flows in the hydraulic system of the catchment is described in
the SWMM model by equations of conservation of mass and momentum (the user of the model can
choose one of three options: “steady flow”, “kinematic wave” and “dynamic wave”). The dynamic
wave model (uses the Saint-Venant equation) was used in order to calculate the transformation of
flows in the investigated catchment. An extensive description of the SWMM model can be found in
the manual [47]. Numerous examples of its application for simulating flow in urbanized catchments
can be found in the scientific publications of various authors [48-52].

The adaptation of the SWMM model for the analyzed catchment relied on creating objects in the
model which represent the physical elements of the actual hydrological and hydraulic system of the
catchment, and next—on determining the values of their parameters and calibration of the model on
the basis of rainfall-runoff events measured in the analyzed catchment. In order to assess and identify
the parameters of the objects in the model, the authors used characteristics of real objects measured in



Water 2018, 10, 1007 60f18

field and identified based on the available studies, as well as values of parameters recommended in
the tables of the manual [47]. The calibration process relied on determining such model parameters to
minimize the differences between measured values of peak flow and outflow volume of a hydrograph
and simulated values at the assumed level of accuracy. The second stage of model adaptation for the
Stuzewiecki Stream catchment was its verification. In model calibration and verification, a value of
25% was assumed as the limit of permissible deviation from “perfection”. In these procedures, the
hydrographs of flows were simulated in the Rosota and Klobucka cross-sections of the Stuzewiecki
Stream catchment.

In order to calibrate the model for the subcatchment to the Klobucka cross-section, the two
hydrographs of flows measured in this cross-section for which rainfalls recorded at the Okecie rainfall
station were available, as well as water levels in storm sewer pipes located before/behind valves
(used to regulate flow) working together with the retention tanks in the area of the Warsaw Chopin
Airport and water levels in one of the closed tanks were used. Three rainfall-runoff events for which
corresponding rainfall data recorded at two rainfall stations in the investigated catchment were
available were used to calibrate the model for the subcatchment to the Rosola cross-section.

The values of one of the most important parameters in hydrological analyses, i.e., the percentage
of impervious areas, were determined for each of the 22 types of land use which had been distinguished
in the investigated catchment on the basis of an orthophotomap (aerial map), using ArcGIS tools.
The values of the width of the overland flow path (ranging from 12 to 200 m, most often 100-150 m)
were determined for individual objects in the model following the recommendation given in the
manual [47], namely by dividing the area of the subcatchment by the average maximum length of
the overland flow path for sheet flow runoff in the same subcatchment. The average surface slopes
(ranging from 0.75 to 2.5%) were determined based on data obtained from a numerical terrain model.
Manning’s roughness coefficient for conduits was assumed to be 0.011 s-m~1/3,

Values of the model parameters which were determined based on the calibration:

o  The values of Manning’s coefficient for impervious and pervious surfaces (N-Imperv and N-Perv)
were found to be, in most cases, equal to 0.012 and 0.13 s-m /3, respectively (in relation to areas
used as forest and arable land, they were 0.25 and 0.15, respectively);

e  The values of the depression storage depth for impervious and pervious areas (Dstore-Imperv
and Dstore-Perv) were equal to 1.5 and 2.5 mm (only for forest areas and arable land was the
surface retention depth 5.0 mm).

e  For the parameter of %Zero Imperv (percent of impervious area with no depression storage), we
chose the value of zero.

e The dimensionless parameter CN associated with the maximum potential retention of the

catchment was equal to 77 for forest areas, while for other types of land use, it was characterized
by CN = 87.

The values of relative error (RE) that were calculated in the calibration procedure for the
hydrographs of flows in the Ktobucka cross-sections ranged from —6.3 to 7.8% and —8.8 to 10.5%,
respectively, in relation to peak flows and outflow volumes. The RE values obtained in this procedure
for events analyzed in the Rosola cross-section ranged from —4.4 to 0.3% and —13.4 to 1.3%,
respectively, for the above-mentioned parameters. The values of relative error calculated for the
hydrographs in the Klobucka cross-sections in the verification procedure (based on six independent
rainfall-runoff data) ranged from —13.9 to 20.5% and —13.2 to 24.3%, whereas the RE values calculated
for the events analyzed in the Rosota cross-section ranged from —23.7 to 5.2% and —19.9 to 14.9%,
respectively, in relation to peak flows and outflow volumes. The obtained degree of agreement between
the results from the model and measurements was satisfactory and qualified the model for conducting
simulations using radar rainfall data.

The following objects were accounted for in the SWMM model that had been adapted for the
analyzed catchment (see Figure 2):
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e the existing rain gauges at the Okecie and Ursynow rainfall station (assigned to two rainfall
cells with an area of 1 km?, which correspond to appropriate pixels on the map in the SRI radar
product);

e  virtual rain gauges, in which the rainfall depths were estimated on the basis of radar data (assigned
to 64 rainfall cells covering the area of the catchment);

e  subcatchments, which had been distinguished in the catchment in order to account for the spatial
diversity of land use in the catchment and the share of impermeable surfaces connected with this
(4565 objects);

[ ]

open channels, watercourses and drainage pipes (2271 objects);
e road culverts and bridges;

retention tanks, pumps and valves used to regulate flow, working together with the tanks.
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Figure 2. The storm drainage system, subcatchments and rain gauges (two existing and 64 virtual
objects) in the SWMM (Storm Water Management Model) model for the studied area.

2.3. Methods of Radar Data Analysis

Upon processing values of radar reflectivity registered by the radar, we obtain different
meteorological and hydrological products. One of these products is SRI (Surface Rainfall Intensity),
which presents a picture of rainfall intensity R in a layer characterized by a constant height above the
surface of the ground [53]. The Institute of Meteorology and Water Management—National Research
Institute, which carries out measurements in Poland using radars and makes SRI products available,
when calculating precipitation (rainfall) rate R on the basis of registered radar reflectivity Z, makes
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use of Equation (1), presented in inverse order, i.e., expressing Z by R, based on a and b coefficients
determined by Marshall and Palmer [54], which are equal to 200 and 1.60, respectively [31].

7 =aR? 1)

where Z is radar reflectivity (mm®-m~3), R is the rainfall rate (mm-h~1), 2 and b are constants.

The work used the SRI product obtained as a result of processing reflectivity data derived from
the C-Band Doppler radar located approx. 30 km north of the Okecie and Ursynéw rainfall stations
(in the town of Legionowo). The applied SRI product presents values of rainfall intensity in the area
covered by the radar in a layer located at a height of 1 km above the surface of the ground, with 1-km
resolution and 10-min intervals.

A specialized program—RAPOK (developed at the IMGM—PIB)—was used to analyze the values
of rainfall intensity on the basis of the SRI product, making it possible to generate radar data in the
form of a file compatible with the Microsoft Excel format for the area covering the analyzed catchment
(fields in a shape close to a square, containing 156 pixels with 1 km resolution). From data for 156 pixels,
values of rainfall intensity for 66 pixels located in the Stuzewiecki Stream catchment were selected
and used for analyses in accordance with the scope of the present work. Figure 3 shows a sample SRI
product map in the RAPOK program, corresponding to one of the analyzed rainfall events, which
occurred on 2 July 2007 at 21:40. On the basis of rainfall intensity values R derived from the SRI
product for 66 pixels, the corresponding values of radar reflectivity Z were calculated for each of the
analyzed events (at individual time intervals of rainfall duration). The calculations were carried out
on the basis of Equation (1) and based on a and b coefficients determined by Marshall and Palmer
amounting to 200 and 1.6, respectively.
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Figure 3. SRI (Surface Rainfall Intensity) product (map of rainfall intensity) and area covering the
analyzed catchment (156 pixels).

Next, regression analyses were applied in an effort to establish the values of parameters a and b
in the Z-R relationship (Equation (1)) for the investigated catchment area of the Stuzewiecki Stream
in Warsaw. The analysis was carried out on the basis of values of rainfall intensity measured at the
Okecie and Ursynow rainfall stations for 18 events and corresponding values of radar reflectivity.
A regression line in a logarithmized variable logZ and logR set was obtained. In this analysis, in
order to establish the calculational values of radar reflectivity for each of the events in relation to the
points in the catchment corresponding to the locations of the Okecie and Ursynéw rainfall stations,
five different methods were applied. They differed in terms of the number of data (ranging from 1 to
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4 values of radar reflectivity, corresponding to nodes in pixels in which rainfall stations are located)
on the basis of which the calculational values of radar reflectivity were established at individual time
intervals of rainfall duration. To establish these, the following were considered: (1) one value of radar
reflectivity obtained in two pixels for the node located nearest with regard to the point where the
given rainfall station is located; (2) the lowest value of reflectivity for nodes in a given pixel; (3) the
highest value of reflectivity; (4) the average value of reflectivity calculated on the basis of data for four
nodes; (5) the value of the median for data from four nodes in corresponding pixels. The influence of
each of these methods on the values of parameters a and b in Equation (1) was analyzed, and thus,
the compatibility of the estimated rainfall totals for the analyzed events with the corresponding data
measured at rainfall stations. The application of various methods to establish the calculational values
of radar reflectivity resulted from the fact that, due to the different location of the pixel nodes and
point at which the given rainfall station is found on maps, it cannot be clearly indicated which value of
radar reflectivity in one of the four nodes will be accounted for in the regression analysis. Another
reason for applying various methods in this analysis was the fact that values of reflectivity differed
significantly in each node of the pixel in reference to individual time frames of rainfall duration.

Rainfall depths measured using rain gauges, as well as those obtained on the basis of the SRI
product for 18 rainfall events, were used to establish the ratio of these data in individual time intervals
of rainfall duration (10 min), and next, their values of the average (correction coefficient) for all data.
The established value of the correction coefficient, which amounted to 3.6, was used to calculate rainfall
depths for the analyzed events on the basis of data from the SRI product, which were compared with
data measured using rain gauges.

3. Results and Discussion

3.1. Radar Reflectivity-Rainfall Rate Relationships

The Z-R relationship (Equation (1)), with coefficients derived by Marshall and Palmer, is
commonly used for radar rainfall estimation. In a further part of the work, it was indicated that
rainfall totals calculated for the analyzed events using this relationship were much lower than those
measured using rain gauges. As a result of this, an attempt was made to establish Z-R relationships
which offer better rainfall rate estimation in the investigated catchment area as compared to that
of Marshall-Palmer. Eighteen rainfall events, which were measured simultaneously at the Okecie
and Ursynow rainfall stations (6 and 12 events respectively), as well as using a weather radar, were
accepted for this analysis. The events were characterized by different rainfall totals, ranging from
8.6 t0 52.6, and 6.2 to 43.6 (see Table 1), registered respectively at the Okecie and Ursynow rainfall
stations. Five various methods of establishing calculational values of radar reflectivity for each of the
events in reference to the points in the catchment corresponding to the location of the Okecie and
Ursynow rainfall stations which had been described in the previous chapter were used. Five Z-R
relationships (differing in terms of the values of a and b coefficients) were obtained in reference to each
of the rainfall stations. On the basis of these relationships and calculational values of radar reflectivity,
the rainfall depths (totals) for the analyzed events were estimated and compared with corresponding
data measured at the rainfall stations. The application of Equations (2) and (3), established using only
12 events measured at the Ursynow rainfall station was found to result in the highest compatibility
of these data in reference to all analyzed events. The relationships were characterized by correlation
coefficients amounting to 0.84 and 0.83 respectively. The significance test of regression coefficient
confirmed that the relationship between variables in Equations (2) and (3) is statistically significant.
The values of the F ratio of explained variance to unexplained variance amounted to 156.90 and 143.90
respectively, with the critical value of F = 4.00 at the level of significance of 0.05 and degrees of freedom
equal to 1 and 63. These relationships were assumed for calculating rainfall depth on the basis of radar
data corresponding to the Okecie and Ursynow rainfall stations.
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Z = 64R" 3 2)
Z = 66RM 3)

Symbols designated as in Equation (1).

Equations (2) and (3) were obtained using two methods in which the calculational values of radar
reflectivity were established respectively on the basis of one value of reflectivity (determined for the
node located nearest in terms of the point where the Ursynéw rainfall station is located), as well as
the value of the median for data from four nodes of the pixel in which the Ursynéw rainfall station is
located. Z-R relationships, which were established applying three remaining methods (in reference to
events measured at the Ursynow rainfall station), were characterized by correlation coefficients in the
range of 0.80 to 0.85. Values of a and b parameters in these relationships, which were established on
the basis of the lowest value of reflectivity for nodes at a given pixel, the highest value of reflectivity
and the average value of radar data for four nodes in the pixel, were a =42 and b = 1.17, a = 86 and
b=1.32,a=65and b =1.25 respectively. The significance test of the regression coefficient confirmed
that these relationships are statistically significant (the values of F amounted to 114.12, 163.62 and
153.12 respectively, with the critical value of F = 4.00).

Table 1. Rainfall totals using rain gauges and SRI product data.

Average Intensity (mm-h~1) Rainfall Totals (mm)
Relative Error (%)
Date of the Event Rain Gauges Rain Gauges SRI Product

o1 U? o U o U o U
1 October 2006 17.8 14.0 14.8 7.0 3.3 1.6 —77.7 —77.7

6 August 2006 6.6 - 52.6 - 17.6 - —66.5 -
2 July 2007 5.7 6.6 8.6 11.0 19 3.6 —-77.8 —67.6
22 July 2007 18.8 21.8 9.4 14.5 3.6 3.1 —62.2 —78.4
2 August 2008 8.8 5.3 8.8 6.2 2.1 15 —76.6 -76.3
15 August 2008 9.8 119 22.8 43.6 6.6 10.1 —-71.0 —-76.9
16 August 2008 - 13.0 - 15.2 - 2.5 - —83.6
30 May 2009 - 9.0 - 13.5 - 5.0 - —62.7
16 June 2009 - 4.5 - 10.5 - 2.6 - —75.0
23 June 2009 - 39 - 7.8 - 34 - —56.9
25 June 2009 - 14.6 - 414 - 10.1 - —75.6
5 July 2009 11 a.m. - 26.2 - 21.8 - 2.3 - —89.6
5 July 2009 1 p.m. - 13.4 - 33.6 - 7.8 - -76.9
Median value 9.3 12.5 12.1 14.0 34 3.2 —73.8 —76.6

Note: 12: Rain gauges: O—Okecie, U—Ursynow.

In the literature, there is high variability of the Z-R relationship (Equation (1)) coefficients.
The value of coefficients a and b, established in many analyses in different regions of the world,
fall within ranges from 16.6-730 and 1.16-2.87, respectively [53]. The values of parameter a can change
from a few dozen to a few hundred, whereas values of parameter b are usually limited to the range of
1 <b < 3[55-57]. According to other data [22,58], values of a and b fall within the respective ranges of
31-500 and 1.1-1.9. The values of coefficients established in this study are within the ranges obtained
by other authors.

3.2. Comparison of Radar Estimates with Rain Gauge Measurements

Rainfall totals for 18 events which were obtained directly from the SRI product (in which the
values of rainfall rate were calculated based on parameters a and b determined by Marshall and
Palmer), as well as being calculated by applying correction coefficient for data from the SRI product
(equal to 3.6) and estimated on the basis of Z-R relationships (2) and (3) established in this work,
compared with corresponding data measured using rain gauges at the Okecie and Ursynéw rainfall
stations (see Tables 1 and 2).



Water 2018, 10, 1007 11 0f 18

Table 2. Rainfall totals using rain gauges and SRI product data.

Rainfall Totals (mm) Relative Error (%)
Date of the Event Equation (2) Equation (3) SRI 3.6 Equation (2) Equation (3) SRI 3.6
o1 U? o U o U o U o U o U
1 October 2006 15.8 5.0 16.5 44 119 4.2 6.7 —29.0 116 —-36.7 —19.7 —40.6
6 August 2006 61.6 - 62.1 - 63.5 - 17.1 - 18.1 - 20.6 -
2 July 2007 5.6 12.6 6.3 11.7 6.9 12.8 —352 142 —27.3 6.2 —20.1 16.5
22 July 2007 20.1 14.9 19.6 15.5 12.8 11.3 114 3.0 109 6.8 36.1 —22.3
2 August 2008 7.0 4.2 7.4 5.7 7.4 5.3 -202 -329 -—155 77 —-157 -—147
15 August 2008 24.7 37.2 30.2 35.6 23.8 36.2 8.1 —14.6 325 —18.3 44 —-17.0
16 August 2008 - 10.7 - 12.0 - 9.0 - —294 - —20.9 - —41.1
30 May 2009 - 20.7 - 21.0 - 18.2 - 53.0 - 55.3 - 34.5
16 June 2009 - 8.1 - 8.3 - 9.5 - —23.2 - —20.8 - —-9.8
23 June 2009 - 10.5 - 10.8 - 12.1 - 34.0 - 38.5 - 54.9
25 June 2009 - 46.1 - 53.7 - 36.3 - 11.3 - 29.7 - —-12.3
5 July 2009 a - 10.1 - 12.5 - 8.2 - —53.7 - —42.6 - —62.6
5 July 2009 b - 31.2 - 271 - 27.9 - 7.1 - —-194 - —16.8
Median value 18.0 11.6 18.1 12.3 12.3 11.7 18.7 26.1 22.7 20.8 19.9 19.7

Note: 12: Rain gauges: O—Okecie, U—Ursynéw.

Compatibility assessment of the rainfall totals for the analyzed events obtained on the basis of
radar data and measured using rain gauges was carried out with the use of values of relative error
(Equation (4)). A value of 25% was assumed as limiting for acceptance. The results were further
assessed using the Nash-Sutcliffe Efficiency coefficient—INSE [50,51,59]. Model performance can be
evaluated as satisfactory if NSE > 0.50, good if NSE > 0.65 and very good if NSE > 0.75 (with NSE =1

being the optimal value) [60].
X — X0

RE = -100% @)

X0
where RE is the relative error, x is the calculated value, x( is the measured value.

A total of 18 rainfall events were accepted for the analysis, for which both data measured using
rain gauges at 2 rainfall stations in the analyzed Stluzewiecki Stream catchment and weather radar,
registered in the period 2006-2009, were available. The main characteristics of the events measured
using rain gauges have been compiled in Table 1. The rainfall totals, as well as the values of average
intensity for these events varied significantly, both in regards to the 2 rainfall stations as well as
individual events. The rainfall totals registered at the Okecie station ranged from 8.6 to 52.6 mm,
whereas in at the Ursynéw rainfall station, the values varied from 6.2 to 43.6 mm. The values of
the median calculated on their basis were 12.1 and 14.0 mm respectively. Values of average rainfall
intensity for events measured at the Okecie and Ursynéw stations were between 5.7 and 18.8 mm-h~!
(value of median = 9.3 mm-h 1), as well as 3.9 and 26.2 mm-h~! (median = 12.5 mm-h 1), respectively.

Rainfall totals for the analyzed events which were determined directly from the SRI radar product
(for the pixel node closest to the points at which the rainfall stations are located) were much lower than
corresponding data measured using rain gauges (see Table 1). In respect to the 18 events at the Okecie
and Ursynow rainfall stations, the values of the median of relative error were —73.8 and —76.6%,
respectively. The estimation accuracies of rainfall totals using SRI radar product, as assessed by the
NSE values, were —0.19 and —0.89, respectively, for data at the Okecie and Ursynow rainfall stations.
These values indicate an unacceptable level of performance. The results of this analysis indicate that a
calibration step that compares radar predicted rainfall to “true rainfall” is still needed.

Values of the median of relative error determined on the basis of the sum of rainfall measured
using rain gauges and calculated using Z-R relationship (Equation (2)) for the analyzed events at the
Okecie and Ursynow rainfall stations amounted to 18.7 and 26.1% (calculated for absolute values of
relative error), respectively (see Table 2). The estimation accuracies of rainfall totals using this equation,
as assessed by the NSE values, were, in both cases, 0.85. This value indicates a very good level of
performance. The values of the median of the relative error, established in the analysis using Z-R
relationship (Equation (3)) for events at the Okecie and Ursynéw rainfall stations, were 22.7 and 20.8%
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respectively. The NSE coefficients were 0.82 and 0.78. For this statistic, model performance can be
evaluated as very good. The established Equations (2) and (3), the application of which requires the
identification of calculational values of radar reflectivity on the basis of data for one and four nodes in a
given pixel, offer better rainfall rate estimation in the investigated area compared to Marshall-Palmer’s
relationship. Using three other Z-R relationships, which were established on the basis of the lowest
value of reflectivity for data in nodes in a given pixel, the greatest value of reflectivity and the average
value for data in four nodes of a pixel (described in greater detail in the previous chapters), the
values of the median of relative error for events at Okecie and Ursynéw rainfall stations of 27.6 and
27.9%, 28.0 and 26.6% and 23.8 and 23.4% were obtained. The values of the median of relative error
established using the correction coefficient for data from the SRI product (SRI 3.6) were 19.9 and 19.7%,
respectively, for the Okecie and Ursynéw rainfall stations. The obtained values of NSE, i.e., 0.90 and
0.80, indicate a very good level of performance. In this study, carried out using various methods, both
underestimation and overestimation of the estimated rainfall total based on radar data was observed.
The highest agreement between the rainfall totals estimated for the analyzed events based on radar
data and by using rain gauges was noted when the correction coefficient for data from the SRI product
was used and upon applying Z-R relationships (Equations (2) and (3)).

3.3. Simulation of Flow Using Different Rainfall Data

Rainfall depths measured at rain gauges and estimated from weather radar data for two selected
events were applied to simulate hydrographs in two cross-sections of the Stuzewiecki Stream using
the SWMM model. Rainfall events occurring on 2 July 2007 and 15 August 2008 were used for these
analyses. One of the reasons behind their selection was the fact that they were registered at both
analyzed rainfall stations and, at the same time, the rainfall totals for these events varied significantly.
The rainfall event from 15 August 2008 was characterized by the highest total of those measured at
the Ursynéw station. The events chosen for this analysis were characterized by different values of
relative error, which were established on the basis of rainfall totals measured using rain gauges and
estimated on the basis of radar data using various methods. This fact was used in the analysis, the aim
of which was determining whether the errors of estimating rainfall totals determine adequate errors of
simulating the parameters of a hydrograph.

Values of peak flow and outflow volume of direct hydrographs measured for two selected events
in the Ktobucka and Rosota cross-sections (see Figure 1) are given in Table 3. The table also contains
values of hydrograph parameters obtained as a result of simulations using the SWMM model in
reaction to rainfalls measured for these events at the rainfall stations and relative errors calculated
on the basis of measured and simulated data. Compiled in Table 4 are the results of simulations of
hydrograph parameters obtained using rainfall totals estimated for the analyzed events according to
various methods on the basis of radar data and the relative values calculated for them.

Table 3. Results using rainfall depths measured at rain gauges.

Measured Values Simulated Values Relative Error (%)
Peak Flow Volume Peak Flow Volume
Date of the Event @3-s—1) (m3-10%) (m3-s—1) (m3-10%) Peak Flow Volume
R1 K? R K R K R K R K R K
2 July 2007 6.06 0.76 46.0 14.7 4.95 0.80 44.8 16.8 —18.3 5.3 —-25 14.5
15 August 2008 21.51 1.31 369.2 69.5 20.84 1.44 342.6 74.5 —-3.2 9.7 —-7.2 7.2

Note: 12: Cross-sections (outlet-profiles): R—Rosota, K—Klobucka.
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Table 4. Results using rainfall depths estimated from radar data.

Simulated Values Relative Error (%)
Date of the Event Peak Flow (m3.s~1) Volume (m?3-10%) Peak Flow Volume
R1 K? R K R K R K
Scenario 1
2 July 2007 0.82 0.10 6.0 1.6 —86.5 —87.5 —87.0 —88.9
15 August 2008 2.48 0.78 47.4 16.9 —88.5 —40.2 —87.1 —75.7
Scenario 2
2 July 2007 5.83 0.82 52.4 14.5 —3.8 8.4 14.0 —-0.9
15 August 2008 22.03 1.66 394.2 90.3 2.4 26.4 6.8 29.9
Scenario 3
2 July 2007 5.35 0.77 50.2 15.5 —-11.7 1.7 9.1 5.7
15 August 2008 19.68 1.64 331.8 82.2 -85 25.3 —10.1 18.3
Scenario 4
2 July 2007 5.21 1.00 56.0 19.1 —14.1 31.7 21.8 30.4
15 August 2008 22.95 1.85 441.3 94.8 6.7 40.8 19.6 36.5
Scenario 5
2 July 2007 5.55 0.70 46.3 12.6 -85 -75 0.7 —14.3
15 August 2008 17.35 1.58 273.5 71.6 —-194 20.8 —25.9 3.0
Scenario 6
2 July 2007 5.40 0.78 46.6 149 —-10.9 34 1.3 1.6
15 August 2008 16.90 1.55 261.0 69.3 —214 18.2 —29.3 —-0.2

Note: 2: Cross-sections (outlet-profiles): R—Rosota, K—Klobucka.

Assessment of the agreement between measured (observed) and simulated values of parameters of
the hydrograph was carried out using relative error (Equation (4)), recommended by ASCE (American
Society of Civil Engineers) [61] for single events. A value of 25% was assumed as the cut-off level for
model acceptance [62].

The values of relative error (RE) calculated for the analyzed events in two cross-sections of the
Stuzewiecki Stream in response to rainfall depths measured at two rain gauges (uniformly distributed
over two adequate areas in the catchment) ranged from —18.3 to 9.2% and —5.5 to 14.5% (see Table 3),
respectively, in relation to peak flows and outflow volumes. The simulated values of parameters
of the hydrograph obtained from the SWMM model were lower than the assumed level of model
acceptance (25%).

Different scenarios were applied to investigate the stream response to changes in rainfall depths
estimated from radar data for the analyzed events. Six scenarios in which rainfall depths for two
single events (in individual time intervals of the rainfall duration) were established according to the
following methods:

e  Scenario 1: directly on the basis of data from the SRI radar product (values of the intensity of
rainfall in a given node of a pixel which had been calculated based on the a and b coefficients
determined by Marshall and Palmer) for 66 rain gauges, which correspond to the pixels on SRI
product maps (including for 64 virtual and 2 existing rain gauges at the Okecie and Ursynow
rainfall stations, located in cells with a surface area of 1 km? covering the area of the analyzed
catchment);

e  Scenario 2: upon applying Z-R relationship (Equation (2)) and calculational values of radar
reflectivity for 66 rain gauges (obtained for one specified node in 66 pixels, the location of which
in each pixel corresponded to that established in two pixels for nodes located closest in terms of
the points at which the Okecie and Ursynéw rainfall stations are located);

e  Scenario 3: on the basis of data from the SRI product for 66 rain gauges and correction coefficient
amounting to 3.6;

e Scenario 4: upon applying Z-R relationship (Equation (3)) and calculational values of radar
reflectivity for 66 rain gauges (values of the median established in 66 pixels on the basis of data
for four nodes in each pixel);

e Scenario 5: upon applying Z-R relationship (Equation (2)) and calculational values of radar
reflectivity (established in two pixels for the node located nearest to the points at which the
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existing rainfall stations are located) for rain gauges in Okecie and Urysnow rainfall stations
(the point rainfall depths established for these rain gauges were uniformly distributed over two
adequate areas in the catchment);

e  Scenario 6: on the basis of data from the SRI radar product for 2 rain gauges at existing rainfall
stations and a correction coefficient amounting to 3.6 (the rainfall inputs were assumed to be
uniformly distributed over two areas).

Values of peak flow and outflow volume in the Rosota and Ktobucka cross-sections obtained
using the SWMM model in simulations carried out on the basis of data from the SRI radar product
(Scenario 1) were much lower than the respective values measured in these cross-sections. In response
to the above-mentioned hygrogram parameters, the values of relative error were from —88.5 to —40.2%
and from —88.9 to —75.7%, respectively (see Table 4). The results of flow simulations for the five
above-mentioned scenarios in which the Z-R relationships established in this work, along with the
correction coefficient, were applied are described in a subsequent part of the work.

Upon applying rainfall depths estimated on the basis of Z-R relationship (Equation (2)) and
calculational values of radar reflectivity (established on the basis of radar data for a single given node
in each pixel), peak and total flow values obtained from the SWMM model were, in most cases, similar
to the measured values. The values of relative error calculated in scenario 2 ranged from —3.8 to
26.4% and from —0.9 to 29.9%, respectively. For two out of eight cases, the errors were higher than
the value of 25%, which had been assumed as the limiting value for acceptance. Good agreement
between measured and simulated values of parameters was also obtained in reference to Scenario 3,
in which the values of rainfall were calculated on the basis of data from the SRI product for 66 rain
gauges, accounting for the correction coefficient. The relative error was higher than 25% in only one
case. In the analysis for Scenario 4, carried out applying rainfall depths estimated on the basis of the
Z-R relationship (3) and calculational values of radar reflectivity (established on the basis of radar data
for four nodes in each pixel), a lower agreement between the measured and simulated values of the
parameters of the hydrograph were obtained than for Scenario 2 (in which the calculational values
of reflectivity were established only on the basis of data from one node in each pixel). The values of
relative error ranged from —14.1 to 40.8% and 19.6 to 36.5%, respectively, in regard to peak flows and
outflow volumes. In four cases, the errors were higher than 25%.

In the analysis carried out for Scenario 5, in which the Z-R relationship (2) and calculational
values of radar reflectivity established for pixels in which the Okecie and Ursynéw rainfall stations
were located (calculated point rainfalls were uniformly distributed over two adequate areas) were
applied to calculate rainfall depths, high agreement between simulated and measured peak flow and
outflow volumes was obtained. The values of relative error were found to be from —19.4 to 20.8% and
from —25.9 to 3.0%, respectively. Only in one case was the relative error slightly higher than 25%. In a
respective analysis carried out for Scenario 2, in which the calculational values of radar reflectivity
were determined for 66 pixels (applied to calculate the amount of rainfall for 66 rain gauges), similar
results of the simulation were obtained—the relative errors were higher than the level of acceptance in
two cases. Good agreement between the analyzed parameters of the hydrograph was also obtained in
regard to Scenario 6, for which the rainfall depths were calculated on the basis of data from the SRI
product for 2 rain gauges and the correction coefficient. Only in one case was the relative error higher
than the value marking the level of acceptance. The obtained relative errors (compiled in Table 4)
indicate that the results of this analysis are comparable to those obtained for corresponding Scenario 3,
in which radar data for a much higher number of rain gauges in the analyzed catchment were used to
carry out the simulation.

4. Conclusions

Different methods were applied to estimate rainfall depths (totals) from radar data for 18 analyzed
single events. Calculated rainfall totals were compared with corresponding data measured using rain
gauges at two rainfall stations located in the analyzed urban catchment. The hydrodynamic SWMM
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model was used to simulate peak flow and outflow volume of hydrograph in two cross-sections of
the Stuzewiecki Stream in response to radar rainfall depths estimated for two selected events using
six methods.

The conducted analyses enable the following conclusions to be drawn:

1.  Rainfall totals for the analyzed events obtained directly from the SRI radar product (in which the
values of rainfall rate are calculated based on parameters a and b determined by Marshall and
Palmer) were much lower than the rainfall totals measured for these events at rainfall stations.
The values of the relative error ranged from —89.6 to —56.9%. The results of this analysis indicate
that a calibration step that compares radar estimated rainfall and rain gauge rainfall is necessary.
Respective values of relative error, ranging from —88.9 to —40.2%, were calculated for parameters
of the hydrograph simulated in response to rainfall depths obtained from the SRI product.

2. Based on rainfall depths measured at rainfall stations and obtained from the SRI radar product for
the analyzed events (in individual time intervals of rainfall duration), an average value of the ratio
between these data amounting to 3.6 was determined. Rainfall totals calculated for individual
events applying this correction coefficient and data from the SRI product were characterized by
an absolute value of the relative error median of 20%. The obtained values of the NSE coefficient
indicate a very good level of performance.

3.  The Z-R relationships (2) and (3) determined in this study, the application of which require the
identification of calculational values of radar reflectivity on the basis of data in one and four
nodes of a given radar map pixel, offer better rainfall rate estimation in the investigated area as
compared to Marshall-Palmer’s relationship (the values of coefficients a and b determined by
Marshall and Palmer differ significantly from those established in this work). The values of the
median of relative error, determined in the analysis using these relationships for events in two
rainfall stations, were between 11.6% and 18.1%, respectively. The calculated rainfall totals were
both underestimated and overestimated.

4.  Relative errors, which were obtained in a similar analysis using three other Z-R relationships
(established on the basis of the lowest and highest values of radar reflectivity as well as the
average value for data in four nodes of a given pixel), were significantly higher than those
calculated in the analysis applying Z-R relationship (Equations (2) and (3)). The absolute values
of the median of the relative error calculated on the basis of rainfall totals for events analyzed at
individual rainfall stations ranged from 23.4 to 28.0%. As the values of relative error indicate, the
method applied to determine the calculational values of radar reflectivity was important.

5. Insimulations carried out using the SWMM model in reaction to rainfall depths calculated for
the analyzed events using the correction coefficient for data from the SRI product and estimated
on the basis of the determined Z-R (Equation (2)) relationship, relatively good agreement was
achieved between the measured and simulated peak flow and outflow volume values. The values
of the relative error were, in most cases, lower than the assumed cut-off level of model acceptance
(25%). In this analysis, about 56% of peak flow and outflow volume values obtained from
simulations were overpredicted when compared to flow gauge observations. For some events,
radar data input resulted in better flow simulations than using rain gauge data input.

6.  The estimation errors of hydrograph parameters in some cases were not in agreement with values
of errors which had been calculated for respective rainfall totals, e.g., when rainfall total error
was relatively large and negative, the respective peak flow error was small and positive.

7. Using rainfall depths estimated from radar data for only 2 existing rain gauges (cells with 1 km
resolution) as well as 66 (including 64 virtual) rain gauges in the catchment, a similar range of
relative error values for simulated peak flows and outflow volumes was found, but different
values of errors in individual corresponding cases were obtained.
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