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9 Abstract: In this study, regression analyses were used to find a relationship between the rain gauge
10 rainfall rate R and radar reflectivity Z for the urban catchment of the Stuzewiecki Stream in
11 Warsaw, Poland. Rainfall totals for 18 events which were measured at two rainfall stations were
12 used for these analyses. Various methods for determining calculational values of radar reflectivity
13 in reference to specific rainfall cells with 1-km resolution within an event duration were applied.
14 The influence of each of these methods on the Z-R relationship was analyzed. The correction
15 coefficient for data from the SRI (Surface Rainfall Intensity) product was established, in which the
16 values of rainfall rate are calculated based on parameters a and b determined by Marshall and
17 Palmer. Relatively good agreement between measured and estimated rainfall totals for the
18 analyzed events was obtained using the Z-R relationships as well as the correction coefficient
19 determined in this study. Rainfall depths estimated from radar data for two selected events were
20 used to simulate flow hydrographs in the catchment using the SWMM (Storm Water Management
21 Model) hydrodynamic model. Different scenarios were applied to investigate the stream response
22 to changes in rainfall depths, in which the data both for 2 existing as well as 64 virtual rain gauges
23 assigned to appropriate rainfall cells in the catchment were included.

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

26

27 1. Introduction

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

38 The demand for a better understanding of hydrological processes at different spatial scales
39  requires the application of more integrated and advanced techniques of rainfall detection and
40  estimation rather than applying only data from conventional networks of ground based rain gauges
41  [11]. Due to their ability to capture the spatial characteristics of rainfall fields well and their

42 evolution in time, radar rainfall estimates are playing an increasingly important role in urban
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43 hydrological applications [12-16]. The use of more detailed and distributed models increased the
44  demand for good quality, high resolution inputs, which promotes the use of radar rainfall data in
45  urban hydrology [17].

46 The use of radar data in hydrological applications requires expanding on knowledge on the
47  topic of the uncertainty of radar data [18]. The main flaw of radar observations is the imprecision of
48 the obtained rainfall data [19-21], which results from the fact that it is an indirect measurement.
49  Weather radar do not measure rainfall directly but rather the back scattered energy from
50  precipitation particles from elevated volumes, and an algorithm should be developed and calibrated
51  against the rain gauge network [22].

52 This research uses regression analyses to compare the relationship between the rain gauge
53  rainfall rate R and radar reflectivity Z to find a proper Z-R relationship for the investigated
54 catchment area of the Stuzewiecki Stream in Warsaw, Poland. The analysis was carried out on the
55  basis of rainfall data which were registered at 2 rainfall stations in the analyzed catchment for a few
56  single rainfall events as well as obtained as a result of processing radar data. On the basis of the
57  established Z-R relationship, the rainfall depth for the analysed events was calculated and compared
58  with respective data measured using rain gauges. Such a comparison was also carried out on the
59  basis of data established directly from the SRI (Surface Rainfall Intensity) as well as data calculated
60  upon applying an established value of the correction coefficient.

61 Rainfall depth for two selected events which were obtained on the basis of radar data using
62  various methods and registered using rain gauges were applied to simulate flows in the analysed
63  catchment with the use of the hydrodynamic SWMM model. The values of peak flow and outflow
64  volume, which were calculated for the analysed rainfall-runoff events were compared with
65  respective parameters of the hydrograph measured in two cross-sections of the Stuzewiecki Stream
66  (located at two subcatchment outlet profiles).

67 As described in the paper [23], it appears that the uncertainty on the simulated peak flow is
68  significant, reaching for some conduits in the small urban catchment of Cranbrook (London) 25%
69  and 40% respectively for frontal and convective events. For some events, radar data input resulted in
70 better flow simulations whereas for other events, the rain gauge data input resulted in better flow
71  simulations [24].

72 2. Materials and Methods

73 2.1. Description of the studied area

74 In quantitative rainfall analysis, data registered at the Okecie and Ursyndw rainfall stations,
75  located in the area of the analysed Stuzewiecki Stream catchment in Warsaw, were applied. In the
76  quantitative analysis regarding the flows, hydrographs measured in the Klobucka and Rosota

77  cross-sections were used (see Figure 1).

78
79
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80 Figure 1. Drainage and measuring system of the Stuzewiecki Stream catchment in Warsaw;
81 cross-sections (outlet-profiles) and rainfall stations: 1 - Rosota, 2 - Klobucka, 3 — Okecie, 4 — Ursynéw.
82 The area of the subcatchment for the Klobucka cross-section is 16.5 kmz?, with a share of effective

83  impermeable surfaces (hydraulically connected with storm sewers) equal to approx. 23%. Warsaw
84  Chopin Airport, from which rainwaters are directed to the Stuzewiecki Stream by a storm water
85  drainage system, occupies the vast majority of the area of this catchment. The Stuzewiecki Stream, in
86  the segment from its source to the Klobucka cross-section (6.5 km in length), is closed along almost
87  the entire length. In the area of the airport, retention tanks with a total capacity of 42,490 m3, which
88  have a large influence on the transformation of flows in the watercourse, are found.

&9 The area of the subcatchment to the Rosota cross-section is 43.0 km2 The share of effective
90  impermeable surfaces is approx. 26.0%. A part of this catchment, which is drained by the Grabowski
91  Drainage Ditch, is mainly agricultural and forest-type land. The remaining part of the catchment,
92  drained by a drainage system, is used for industrial, commercial, transportation and multi-family
93  residential development purposes. It is characterized by a large share of impermeable surfaces. The
94 average slope of the Stuzewiecki Stream is approx. 1.5%., and slopes of the areas in the catchment
95  are usually less than 1%.

96 Rainfall depths at the Okecie and Ursynéw rainfall stations were registered using electronic
97  tipping bucket rain gauges. The first of them is controlled by the Institute of Meteorology and Water
98  Management — National Research Institute (Polish: IMGW-PIB), while the second — by the Division
99  of River Engineering in Warsaw University of Life Sciences — SGGW. Water levels on the basis of

100  which flows were calculated were registered using a hydrostatic sensor of the “Diver” type.
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101 2.2. The SWMM model for the studied area

102 To stimulate flow in the analysed catchment in response to single rainfall events, version 5.0.022
103 of the SWMM (Storm Water Management Model) was applied. SWMM is a fully dynamic
104  rainfall-runoff model, as well as being a fully distributed deterministic model. The model is
105 characterized by a large number of parameters, which are mainly physically measurable
106  characteristics of the catchment and hydrometeorological conditions. An extensive description of the
107  model can be found in the manual [25]. Numerous examples of its application for simulating flow in
108  urbanized catchments can be found in the scientific publications of various authors [26-30].

109 The adaptation of the SWMM model for the analysed catchment relied on creating objects in the
110 model which represent the physical elements of the actual hydrological and hydraulic system of the
111 catchment, and next - on determining the values of their parameters and calibration. In order to
112 assess and identify the parameters of the objects in the model, the authors used characteristics of real
113

objects measured in field and identified based on the available studies, as well as values of
114  parameters recommended in the tables of the manual [25].
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115 Figure 2. The storm drainage system, subcatchments and rain gauges (two existing and 64 virtual
116 objects) in the SWMM model for the studied area.
117

The following objects were accounted for in the SWMM model, which had been adapted for the
118  analysed catchment (see Figure 2):

119 o  the existing rain gauges at the Okecie and Ursynow rainfall station (assigned to two rainfall

120 cells with an area of 1 km?2, which correspond to appropriate pixels on the map in the SRI radar
121 product);


http://dx.doi.org/10.20944/preprints201806.0006.v1
http://dx.doi.org/10.3390/w10081007

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 June 2018 d0i:10.20944/preprints201806.0006.v1

50f17

122 e  virtual rain gauges, in which the rainfall depths were estimated on the basis of radar data

123 (assigned to 64 rainfall cells covering the area of the catchment);

124 e  subcatchments, which had been distinguished in the catchment in order to account for the
125 spatial diversity of land use in the catchment and the share of impermeable surfaces connected
126 with this (4,565 objects);

127 e  open channels, watercourses and drainage pipes (2,271 objects);
128 o  road culverts and bridges;
129 e  retention tanks, pumps and valves used to regulate flow, working together with the tanks.

130 2.3. Methods of radar data analysis

131 Upon processing values of radar reflectivity registered by the radar, we obtain different
132 meteorological and hydrological products. One of these products is SRI (Surface Rainfall Intensity),
133 which presents a picture of rainfall intensity R in a layer characterized by a constant height above the
134 surface of the ground [31]. The Institute of Meteorology and Water Management - National Research
135  Institute, which carries out measurements in Poland using radars and makes SRI products available,
136  when calculating precipitation (rainfall) rate R on the basis of registered radar reflectivity Z, makes
137  use of Equation (1) - presented in inverse order, i.e. expressing Z by R, based on a and b coefficients
138  determined by Marshall and Palmer [32], which equal 200 and 1.60 respectively [31].

Z =aR?, )
139  where Z is radar reflectivity (mmém-3), R is the rainfall rate (mm-h-!), 2 and b are constants.
140
141 The work used the SRI product obtained as a result of processing reflectivity data derived from

142 the C-Band Doppler radar located approx. 30 km north of the Okecie and Ursynéw rainfall stations
143 (in the town of Legionowo). The applied SRI product presents values of rainfall intensity in the area
144 covered by the radar in a layer located at a height of 1 km above the surface of the ground, with 1 km
145  resolution and 10-minute intervals.

146 A specialized programme — RAPOK (developed at the IMGM-PIB) was used to analyse the
147  values of rainfall intensity on the basis of the SRI product, making it possible to generate radar data
148  in the form of a file compatible with the Microsoft Excel format for the area covering the analysed
149 catchment (fields in a shape close to a square, containing 156 pixels with 1 km resolution). From data
150  for 156 pixels, values of rainfall intensity for 66 pixels located in the Stuzewiecki Stream catchment
I51  were selected and used for analyses in accordance with the scope of the present work. Figure 3
152 shows a sample SRI product map in the RAPOK programme, corresponding to one of the analysed
153 rainfall events which occurred on 02.07.2007 at 21:40. On the basis of rainfall intensity values R
154  derived from the SRI product for 66 pixels, the corresponding values of radar reflectivity Z were
155 calculated for each of the analysed events (at individual time intervals of rainfall duration). The
156  calculations were carried out on the basis of relation (1) based on a and b coefficients amounting to

157 200 and 1.6, respectively, determined by Marshall and Palmer.

158
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159 Figure 3. SRI product (map of rainfall intensity) and area covering the analyzed catchment (156
160 pixels).
161 Next, regression analyses were applied in an effort to establish the values of parameters a and b

162  in Z-R relationship (Equation (1)) for the investigated catchment area of the Stuzewiecki Stream in
163 Warsaw. The analysis was carried out on the basis of values of rainfall intensity measured at the
164  Okecie and Ursynéw rainfall stations for 18 events and corresponding values of radar reflectivity. A
165  regression line in a logarithmized variable logZ and logR set was obtained. In this analysis, in order
166  to establish the calculational values of radar reflectivity for each of the events in relation to the points
167  in the catchment corresponding to the locations of the Okecie and Ursyndw rainfall stations, five
168  different methods were applied. They differed in terms of the number of data (ranging from 1 to 4
169  values of radar reflectivity, corresponding to nodes in pixels in which rainfall stations are located) on
170  the basis of which the calculational values of radar reflectivity were established at individual time
171  intervals of rainfall duration. To establish them, the following were assumed: 1) one value of radar
172 reflectivity obtained in two pixels for the node located nearest with regards to the point where the
173 given rainfall station is located; 2) the lowest value of reflectivity for nodes in a given pixel; 3) the
174 highest value of reflectivity; 4) the average value of reflectivity calculated on the basis of data for
175  four nodes; 5) the value of the median for data from four nodes in corresponding pixels. The
176  influence of each of these methods on the values of parameters a and b in Equation (1) was analysed,
177  and thus, the compatibility of the estimated rainfall totals for the analysed events with the
178  corresponding data measured at rainfall stations.

179 Rainfall depths measured using rain gauges as well as obtained on the basis of the SRI product
180  for 18 rainfall events were used to establish the ratio of these data in individual time intervals of
181 rainfall duration (10 minutes), and next, their values of the average (correction coefficient) for all
182  data. The established value of the correction coefficient amounting to 3.6 was used to calculate
183  rainfall depths for the analysed events on the basis of data from the SRI product, which were

184  compared with data measured using rain gauges.

185
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186 3. Results and discussion
187  3.1. Radar reflectivity-rainfall rate relationships
188 The Z-R relationship (Equation (1)), with coefficients derived by Marshall and Palmer, is

189  commonly used for radar rainfall estimation. In a further part of the work, it was indicated that
190  rainfall totals calculated for the analyzed events using this relationship were much lower than those
191  measured using rain gauges. As a result of this, an attempt was made to establish Z-R relationships
192 which offer better rainfall rate estimation in the investigated catchment area as compared to that of
193 Marshall-Palmer. Eighteen rainfall events, which were measured simultaneously at the Okecie and
194 Ursyndéw rainfall stations (6 and 12 events respectively) as well as using a weather radar, were
195 accepted for this analysis. The events were characterized by different rainfall totals, ranging from 8.6
196  to 52.6, and 6.2 to 43.6 (see Table 1), registered respectively at the Okecie and Ursyndéw rainfall
197  stations. Five various methods of establishing calculational values of radar reflectivity for each of the
198  events in reference to the points in the catchment corresponding to the location of the Okecie and
199  Ursynéw rainfall stations which had been described in the previous chapter were used. Five Z-R
200  relationships (differing in terms of the values of 4 and b coefficients) were obtained in reference to
201  each of the rainfall stations. On the basis of these relationships and calculational values of radar
202 reflectivity, the rainfall depths (totals) for the analysed events were estimated and compared with
203  corresponding data measured at the rainfall stations. The application of Equations (2) and (3),
204  established using only 12 events measured at the Ursyndw rainfall station was found to result in the
205  highest compatibility of these data in reference to all analysed events. The relationships were
206  characterized by correlation coefficients amounting to 0.84 and 0.83 respectively. These relationships
207  were assumed for calculating rainfall depth on the basis of radar data corresponding to the Okecie

208  and Ursyndw rainfall stations.

7 = 64R1'23, (2)
Z = 66R%3,
®)
209  Symbols designated as in Equation (1).
210
211 Equations (2) and (3) were obtained using two methods in which the calculational values of

212 radar reflectivity were established respectively on the basis of one value of reflectivity (determined
213 for the node located nearest in terms of the point where the Ursynéw rainfall station is located) as
214 well as the value of the median for data from four nodes of the pixel in which the Ursynow rainfall
215  station is located. Z-R relationships, which were established applying three remaining methods (in
216  reference to events measured at the Ursynéw rainfall station), were characterized by correlation
217  coefficients in the range of 0.80 to 0.85. Values of 4 and b parameters in these relationships, which
218  were established on the basis of the lowest value of reflectivity for nodes at a given pixel, the highest
219  value of reflectivity and the average value of radar data for four nodes in the pixel, were a = 42 and
220 b=1.17,a=86and b=1.32,a=65 and b = 1.25 respectively.

221 In literature, there is high variability of the Z-R relationship (Equation (1)) coefficients. The
222 value of coefficients a and b, established in many analyses in different regions of the world, fall
223 within ranges from 16.6-730 and 1.16-2.87 respectively [31]. The values of parameter a4 can change

224  from a few dozen to a few hundred, whereas values of parameter b are usually limited to the range
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of 1<b >3 [33-35]. According to other data [36, 22], 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 were calculated 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 Ursynow rainfall
stations (see Table 1-2).

Compeatibility assessment of the rainfall totals for the analysed 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 - NSE [37, 28-29]. 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) [38].

X — X
RE = 9

-1 0
o 100%, (4)

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

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

Date of the Rainfall totals (mm) Relative error
event Rain gauges SRI product (%)
(y-m-d) O! Uz (@) 8) (@) 8)
2006-10-01 14.8 7.0 3.3 1.6 -77.7 777
2006-08-06 52.6 - 17.6 - -66.5 -

2007-07-02 8.6 11.0 1.9 3.6 -77.8  -67.6
2007-07-22 9.4 14.5 3.6 3.1 -62.2  -784
2008-08-02 8.8 6.2 2.1 1.5 -76.6  -76.3
2008-08-15 22.8 43.6 6.6 10.1 -71.0  -76.9

2008-08-16 - 15.2 - 2.5 - -83.6
2009-05-30 - 13.5 - 5.0 - -62.7
2009-06-16 - 10.5 - 2.6 - -75.0
2009-06-23 - 7.8 - 3.4 - -56.9
2009-06-25 - 414 - 10.1 - -75.6
2009-07-05a - 21.8 - 2.3 - -89.6
2009-07-05b - 33.6 - 7.8 - -76.9

Median value  12.1 14.0 3.4 3.2 73.8 76.6
1,2 Rain gauges: O — Okecie, U - Ursynéw

Rainfall totals for the analysed 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

d0i:10.20944/preprints201806.0006.v1
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247  lower than corresponding data measured using rain gauges (see Table 1). In regards to 18 events at
248  the Okecie and Ursyndéw rainfall stations, the values of the median of relative error were 73.8 and
249  76.6% respectively (calculated for absolute values of relative error). The estimation accuracies of
250  rainfall totals using SRI radar product, as assessed by the NSE values, were -0.19 and -0.89,
251  respectively for data at the Okecie and Ursynéw rainfall stations. These values indicate an
252 unacceptable level of performance.

253 The results of this analysis indicate that a calibration step that compares radar predicted rainfall
254  to “true rainfall” is still needed. Radar users are required to modify, on their own, the radar data by
255  means of rain gauges located within the target catchment in order to remove the bias [39-41].
256  Relatively few tests of gauge-based adjustment methods have been conducted on small urban scales
257  and all of them have concluded that, on these scales, more dynamic and localized adjustments are
258  required [12, 42]. In studies carried out in Northern France for a long, heavy rainfall event that
259  resulted in flooding and heavy damage, strong underestimation of the estimated rainfall total based
260  onradar data was observed, despite considerable improvement in radar technology and algorithms
261  [43]. In an analysis carried out in Malaysia using hourly rainfall data, more than 80% of data
262  obtained from the radar were overestimated when compared to rain gauge observations [44]. As
263  described in the work [45], when comparing the C-band and X-band rainfall totals to those resulting
264  from tipping bucket rain gauges, one may note that the X-band radar tends to underestimate, while

265  C-band radar generally overestimates them.

266

267 Table 2. Rainfall totals using rain gauges and SRI product data.
Date of the Rainfall totals (mm) Relative error (%)

event Eq. (2) Eq. 3) SRI- 3.6 Eq. (2) Eq. 3) SRI- 3.6
(y-m-d) o1 U?2 O U O U O U O U O U

2006-10-01 158 50 165 44 119 42 6.7 -290 116 -36.7 -19.7 -40.6
2006-08-06  61.6 - 62.1 - 63.5 - 17.1 - 18.1 - 20.6 -
2007-07-02 56 126 63 117 69 128 -352 142 -273 6.2 -20.1 165
2007-07-22  20.1 149 196 155 128 113 114 3.0 109 6.8 36.1 -223
2008-08-02 7.0 42 7.4 5.7 7.4 53 -202 -329 -155 -77 -157 -147
2008-08-15 247 372 302 356 238 36.2 8.1 -146 325 -183 44 -17.0
2008-08-16 - 10.7 - 12.0 - 9.0 - -29.4 - -20.9 - -41.1
2009-05-30 - 20.7 - 21.0 - 18.2 - 53.0 - 55.3 - 34.5
2009-06-16 - 8.1 - 8.3 - 9.5 - -23.2 - -20.8 - 9.8
2009-06-23 - 10.5 - 10.8 - 121 - 34.0 - 38.5 - 54.9
2009-06-25 - 46.1 - 53.7 - 36.3 - 11.3 - 29.7 - -12.3
2009-07-05a - 10.1 - 12.5 - 8.2 - -53.7 - -42.6 - -62.6
2009-07-05b - 31.2 - 27.1 - 27.9 - -7.1 - -194 - -16.8
Medianval. 18.0 11.6 181 123 123 11.7 187 26.1 227 208 199 197

268 1,2 Rain gauges: O — Okecie, U - Ursynéw

269 Values of the median of relative error determined on the basis of the sum of rainfall measured

270  using rain gauges and calculated using Z-R relationship (Equation (2)) for the analysed events at the
271  Okecie and Ursynéw rainfall stations amounted to 18.7 and 26.1% respectively (see Table 2). The
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272 estimation accuracies of rainfall totals using this equation, as assessed by the NSE values, were, in
273 both cases, 0.85. This value indicates a very good level of performance. The values of the median of
274  the relative error, established in the analysis using Z-R relationship (Equation (3)) for events at the
275  Okecie and Ursynéw rainfall stations, were 22.7 and 20.8% respectively. The NSE coefficients were
276  0.82 and 0.78. For this statistic, model performance can be evaluated as very good. The established
277  Equations (2) and (3), the application of which requires the identification of calculational values of
278  radar reflectivity on the basis of data for one and four nodes in a given pixel, offer better rainfall rate
279  estimation in the investigated area compared to Marshall-Palmer's relationship. Using three other
280  Z-R relationships, which were established on the basis of the lowest value of reflectivity for data in
281  nodes in a given pixel, the greatest value of reflectivity and the average value for data in four nodes
282  of a pixel (described in greater detail in the previous chapters), the values of the median of relative
283 error for events at Okecie and Ursynéw rainfall stations of 27.6 and 27.9%, 28.0 and 26.6% and 23.8
284  and 23.4% were obtained. The values of the median of relative error established using the correction
285  coefficient for data from the SRI product (SRI - 3.6) were 19.9 and 19.7% respectively for the Okecie
286  and Ursynow rainfall stations, The obtained values of NSE, i.e. 0.90 and 0.80, indicate a very good
287  level of performance. In this study, carried out using various methods, both underestimation and
288  overestimation of the estimated rainfall total based on radar data was observed. The highest
289  agreement between rainfall totals which were estimated for the analyzed events based on radar data
290  and using rain gauges were noted when the correction coefficient for data from the SRI product was

291  used and upon applying Z-R relationships (Equation (2) and (3)).

292 3.3. Simulation of flow using different rainfall data

293 Rainfall depths measured at rain gauges and estimated from weather radar data for two
294  selected events were applied to simulate hydrographs in two cross-sections of the Stuzewiecki
295  Stream using the SWMM model. The results of simulations of peak flows and outflow volumes,
296  obtained in the Klobucka and Rosota cross-sections (see Figure 1), have been compiled in Tables 3
297  and 4. Rainfall-runoff events occurring on 2 July 2007 and 15 August 2008 were used for these
298  analyses. The events are characterized by diverse values of parameters. The rainfall totals for these
299  events were 8.6 and 22.8 mm and 11.0 and 43.6 mm, which were measured respectively at the Okecie
300  and Ursyndéw rainfall stations. Values of peak flow and outflow volume of direct hydrographs

301  measured in the Klobucka and Rosota cross-sections have been given in Table 3.

302
303 Table 3. Results using rainfall depths measured at rain gauges.
Measured values Simulated values Relative error (%)
Date of
Peak flow Volume Peak flow Volume
the event Peak flow Volume
(m3s) (m3-109) (m3s) (m3-109)
(y-m-d)
R! K?2 R K R K R K R K R K
2007-07-02 6.06 076 460 147 495 080 448 168 -183 53 -25 145
2008-08-15 21.51 1.31 3692 695 2084 144 3426 745 -32 97 72 72
304 1.2 Cross-sections (outlet-profiles): R — Rosota, K — Ktobucka
305 Assessment of the agreement between measured (observed) and simulated values of

306  parameters of the hygrogram was carried out using relative error (Equation 4), recommended by
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307  ASCE [46] for single events. A value of 25% was assumed as the cut-off level for model acceptance
308  [47].

309 The values of relative error (RE) which were calculated for the analyzed events in two
310 cross-sections of the Stuzewiecki Stream in response to rainfall depths measured at two rain gauges
311  (uniformly distributed over two adequate areas in the catchment), ranged from -18.3 t0 9.2% and -5.5
312 to 14.5% (see Table 3) respectively in relation to peak flows and outflow volumes. The simulated
313 values of parameters of the hydrograph obtained from the SWMM model were lower than the
314  assumed level of model acceptance (25%).

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

319 e Scenario 1: directly on the basis of data from the SRI radar product (values of the intensity of

320 rainfall in a given node of a pixel which had been calculated based on the a and b coefficients
321 determined by Marshall and Palmer) for 66 rain gauges, which correspond to the pixels on SRI
322 product maps (including for 64 virtual and 2 existing rain gauges at the Okecie and Ursynéw
323 rainfall stations, located in cells with a surface area of 1 km? covering the area of the analysed
324 catchment);

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

329 e Scenario 3: on the basis of data from the SRI product for 66 rain gauges and correction
330 coefficient amounting to 3.6;
331 e Scenario 4: upon applying Z-R relationship (Equation 3) and calculational values of radar
332 reflectivity for 66 rain gauges (values of the median established in 66 pixels on the basis of data
333 for four nodes in each pixel);

334 e Scenario 5: upon applying Z-R relationship (Equation 2) and calculational values of radar

335 reflectivity (established in two pixels for the node located nearest to the points at which the
336 existing rainfall stations are located) for rain gauges in Okecie and Urysnow rainfall stations
337 (the point rainfall depths established for these rain gauges were uniformly distributed over two
338 adequate areas in the catchment);

339 e Scenario 6: on the basis of data from the SRI radar product for 2 rain gauges at existing rainfall
340 stations and a correction coefficient amounting to 3.6 (the rainfall inputs were assumed to be

341 uniformly distributed over two areas).

342
343
344
345
346

347
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348
349 Table 4. Results using rainfall depths estimated from radar data.
Date of Simulated values Relative error (%)
the event Peak flow Volume Peak flow Volume
(m>s) (m>10°)
(y-m-d)
R K2 R K R K R K
Scenario 1
2007-07-02  0.82  0.10 6.0 16 -865 -875 -870 -889
2008-08-15 248 078 474 169 -85 -402 -871 -75.7
Scenario 2
2007-07-02 583 082 524 145 -38 8.4 140  -09
2008-08-15 22.03 1.66 3942 903 2.4 26.4 6.8 29.9
Scenario 3
2007-07-02 535 077 502 155 -11.7 1.7 9.1 5.7
2008-08-15 19.68 1.64 3318 822 -85 253 -101 183
Scenario 4
2007-07-02 521 1.00 560 191 -141 317 21.8 304
2008-08-15 2295 1.85 4413 94.8 6.7 408 19.6 36.5
Scenario 5
2007-07-02 555 070 463 126 -85 -75 07 -143
2008-08-15 1735 158 2735 716 -194 208 -259 3.0
Scenario 6
2007-07-02 540 078 46.6 149 -109 34 1.3 1.6
2008-08-15 16.90 1.55 2610 693 -214 182 -293 -02
350 1.2 Cross-sections (outlet-profiles): R — Rosota, K — Ktobucka
351 Values of peak flow and outflow volume in the Rosota and Klobucka cross-sections obtained

352  using the SWMM model in simulations carried out on the basis of data from the SRI radar product
353 (Scenario 1), were much lower than respective values measured in these cross-sections. In response
354  to the above-mentioned hygrogram parameters, the values of relative error were from -88.5 to
355  -40.2%, and from -88.9 to -75.7% respectively (see Table 4). For a small urban catchment, large
356  differences are observed in the peak flows simulated by radar and rain gauges due to the inherent
357  uncertainties from both rainfall estimates [14], which is confirmed by the results of this analysis. As
358  described in the work [48], the quality of radar-derived precipitation data without gauge-adjustment
359 s insufficient for use in flood risk management. Adjusting radar data son that it more closely
360  resembles the observations of rain gauges will consequently improve the results obtained with
361 distributed simulation models [49]. The results of flow simulations for five above-mentioned
362  scenarios in which the Z-R relationships established in this work along with the correction
363 coefficient were applied are described in a further part of the work.

364 Upon applying rainfall depths estimated on the basis of Z-R relationship (Equation 2) and
365  calculational values of radar reflectivity (established on the basis of radar data for a single given
366 node in each pixel), peak and total flow values obtained from the SWMM model were, in most cases,

367  similar to the measured values. The values of relative error calculated in scenario 2 ranged from
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368  -3.8t026.4% and from -0.9 to 29.9%, respectively. For two out of eight cases, the errors were higher
369  than the value of 25%, which had been assumed as the limiting value for acceptance. Good
370  agreement between measured and simulated values of parameters was also obtained in reference to
371  Scenario 3 in which the values of rainfall were calculated on the basis of data from the SRI product
372 for 66 rain gauges accounting for the correction coefficient. The relative error was higher than 25% in
373  only one case. In the analysis for Scenario 4, carried out applying rainfall depths estimated on the
374  basis of the Z-R relationship (3) and calculational values of radar reflectivity (established on the basis
375  of radar data for four nodes in each pixel), a lower agreement between the measured and simulated
376  values of the parameters of the hydrograph were obtained than for Scenario 2 (in which the
377  calculational values of reflectivity were established only on the basis of data from one node in each
378  pixel). The values of relative error ranged from -14.1 to 40.8% and 19.6 to 36.5% respectively in
379  regards to peak flows and outflow volumes. In four cases, the errors were higher than 25%.

380 In the analysis carried out for Scenario 5, in which the Z-R (2) relationship and calculational
381  values of radar reflectivity established for pixels in which the Okecie and Ursyn6w rainfall stations
382  were located (calculated point rainfalls were uniformly distributed over two adequate areas) were
383  applied to calculate rainfall depths, high agreement between simulated and measured peak flow and
384  outflow volumes was obtained. The values of relative error were found to be from -19.4 to 20.8% and
385  from -25.9 to 3.0% respectively. Only in one case was the relative error slightly higher than 25%. In a
386  respective analysis carried out for Scenario 2, in which the calculational values of radar reflectivity
387  were determined for 66 pixels (applied to calculate the amount of rainfall for 66 rain gauges), similar
388  results of the simulation were obtained — the relative errors were higher than the level of acceptance
389  in two cases. Good agreement between the analysed parameters of the hydrograph was also
390  obtained in regards to Scenario 6, for which the rainfall depths were calculated on the basis of data
391  from the SRI product for 2 rain gauges and the correction coefficient. Only in one case was the
392 relative error higher than the value marking the level of acceptance. The obtained relative errors
393 (compiled in Table 4) indicate that the results of this analysis are comparable to those obtained for
394 corresponding Scenario 3, in which radar data for a much higher number of rain gauges in the

395  analysed catchment were used to carry out the simulation.

396 5. Conclusions

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

402  selected events using six methods.

403 The conducted analyses enable the following conclusions to be drawn:

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

411 product.


http://dx.doi.org/10.20944/preprints201806.0006.v1
http://dx.doi.org/10.3390/w10081007

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 June 2018 d0i:10.20944/preprints201806.0006.v1

412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448

449
450
451

452

453

454
455
456
457
458
459
460
461

14 of 17

2. Based on rainfall depths measured at rainfall stations and obtained from the SRI radar product
for the analysed events (in individual time intervals of rainfall duration), the average value of
the ratio between these data amounting to 3.6 was determined. Rainfall totals which had been
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 requires 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 a2 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 (Equation (2) and (3)). The absolute values
of the median of the relative error calculated on the basis of rainfall totals for events analysed 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. In simulations carried out using the SWMM model in reaction to rainfall depths which had
been calculated for the analysed 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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