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Abstract: Recent studies have highlighted the need for high resolution rainfall measurements for better
modelling of urban and peri-urban catchment responses. In this work, we used a fully-distributed
model called “Multi-Hydro” to study small-scale rainfall variability and its hydrological impacts.
The catchment modelled is a semi-urban area located in the southwest region of Paris, an area
that has been previously partially validated. At this time, we make some changes to the model,
henceforth using its drainage system globally, and we investigate the influence of small-scale rainfall
variability by modelling three rainfall events with two different rainfall data inputs: the C-band
radar data provided by Météo-France at a 1 km X 1 km X 5 min resolution, and the new X-band
radar (recently installed at Ecole des Ponts, France) data at a resolution of 250 m x 250 m x 3.41
min, thereby presenting the gains of better resolution (with the help of Universal Multifractals).
Finally, we compare the Multi-Hydro hydrological results with those obtained using an operational
semi-distributed model called “Optim Sim” over the same area to revalidate Multi-Hydro modelling,
and discuss the model’s limitations and the impacts of data quality and resolution, observing the
difficulties associated with semi-distributed models when accounting the spatial variability of weather
radar data. This work concludes that it may be useful in future to improve rainfall data acquisition,
aiming for better spatio-temporal resolution (now achieved by the weather dual-polarized X-band
radars) and data quality when considering small-scale rainfall variability, and to merge deterministic,
fully-distributed and stochastic models into a hybrid model which would be capable of taking this
small-scale rainfall variability into account.

Keywords: small scale; rainfall variability; X-band radar; fully-distributed model; multi-hydro; multifractals

1. Introduction

The urban population in 2014 accounted for 54% of the total global population [1]; by the
deadline of the new Sustainable Development Goals (SDGs [2]) in 2030, 60% of all people will reside
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in cities, proportionally twice that of 1950 [3]. Some of the changes in many extreme weather and
climate events have been linked to human influences, including the number of heavy precipitation
events in a number of regions [4]. This growing urbanization, which typically creates impervious
surface areas with hydraulically efficient drainage results in much faster drainage than in natural
areas [5,6], and consequently, has the potential to produce huge floods, threatening human security
and infrastructure integrity [7-11]. In order to manage its impacts and their consequences, continuous
simulations are required [12,13].

The study of water flows in urbanized catchments is crucial to saving human lives and for
environmental protection and infrastructure safety, and has clearly been gaining in importance
over the past few decades [11-19]. However, the high heterogeneity of urban areas, difficulties in
measuring the physical parameters and defining the limits of the catchment, and the interaction of
hydrological processes on various spatio-temporal scales make hydrological modelling a complex
task [11]. Even with the recent increases of computational power and resolution of distributed data,
such as altitude, precipitation and land use, understanding hydrological behavior remains a challenge.

In addition, as fine spatio-temporal resolution of rainfall data becomes mandatory for accurate
model validation and exploitation [11,18,19], weather radar data have been increasingly applied to
hydrological models due to their ability to spatio-temporally estimate rainfall fields, compared to the
common sparseness of rain gauge networks. Although they do not directly measure precipitation rates
(as rain gauges do), meteorological radars provide spatiotemporal precipitation estimates. However,
these estimates, initially based on the reflectivity, have some significant uncertainties. To reduce these
uncertainties, especially for high rainfall intensities, recent dual polarization technology has been used
to directly estimate rainfall intensities through specific differential phase (KDP) values [20-22].

Furthermore, there are different types of hydrological models; those dealing with urban stormwater
are usually characterized as semi-distributed or fully-distributed models [23,24]. The former generally
comprizes conceptual models divided in sub-catchments requiring careful calibration. The latter,
usually physically based and generally more realistic, are two-dimensionally-discretized with a land
use unit being attributed to each surface pixel. Considering developments in computer capabilities
and the availability of remote sensing data, the use of distributed hydrological models to better take
into account rainfall variability is becoming more widespread [11].

This work presents a hydrological study of the Jouy-en-Josas catchment, a 3 km? semi-urbanized
arealocated in the southwest region of Paris. Firstly, we took the hydrological modelling of this case study
previously calibrated by Gires et al. [25] using the Multi-Hydro model [24,26,27], a physically-based,
fully-distributed model currently under development at Ecole des Ponts ParisTech which is able to
account for the high heterogeneity of urban and semi-urban regions and rainfall spatio-temporal
variability on different scales. Then, we made some improvements to the model and obtained new
hydrological simulations for three more recent events, comparing C- and X-band radar rainfall data
with the help of a statistical analysis using Universal Multifractals [28]. We can subdivide this work
approach into three main parts. The first consists of improving the generation of rainfall rates
introduced into the model; the second comprizes considering the totality of the sewer system of the
catchment (Gires et al. [25] had previously considered only 60% of it); and the third is an analysis of
the hydrological impacts of small-scale rainfall variability using X- and C-band radar data at different
resolutions. Finally, we compared the results of the Multi-Hydro hydrological simulations at the outfall
of the Jouy-en-Josas catchment to those obtained using operational software (Optim Sim) managed by
the SIAVB (“Syndicat Intercommunal pour 1’Assainissement de la Vallée de la Bievre”, a local authority
in charge of the upper Bievre River catchment) to revalidate the totality of the catchment sewer system.
This comparison highlights the models’ limitations and the impacts of data quality and resolution,
bringing into the discussion the difficulties associated with semi-distributed models when considering
the spatial variability of weather radar data.

This paper is organized as follows. Section 2 presents the case study, selected storm events and
rainfall data, and a statistical analysis of the rainfall data is performed with the help of Universal
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Multifractals. In Section 3, the hydrological modelling is detailed. Finally, a discussion is presented in
Section 4.

2. Materials and Methods

2.1. Case Study

The site of Jouy-en-Josas is a sub-catchment of the Bievre catchment, located in the South-West
of the Paris region at the convergence point of three counties: Essone, Yvelines and Hauts-de-Seine.
The Bievre is a 33 km-long river and an tributary of the Seine River. The first 18 km upstream
(from Saint-Quentin-en-Yvelines to Antony) is open, before being channeled into the SIAAP
(“Syndicat Interdépartemental pour 1’Assainissement de 1’Agglomération Parisienne”, a French
public administrative institution that manages metropolitan Paris sewer system) network with outflow
limited to 12 m®/s by convention. The Biévre catchment has an area of approximately 110 km? and
currently houses around 130,000 inhabitants. It encompasses the 18 km upstream part of the Bievre
River and another 15 km of its tributaries, and has been related to the main floods of the Seine River
in the past century. The most well-known occurred in January 1910, when hundreds of streets were
flooded and over 14,000 buildings were affected in Paris [29]. In the Bievre Valley specifically, there
were two other major floods with catastrophic consequences: 1973 and 1982. In the latter, in only
three hours, 110 mm precipitation was recorded over the Bievre Valley, of which 80 mm occurred in
just 40 minutes. At that time, it was estimated that 10 million m? of water left as run-off, 2 million
m? discharged downstream, 500,000 m> was stored in ponds and 7.5 million m? invaded the valley.
The Jouy-en-Josas sub-catchment modelled in this paper with Multi-Hydro has an area of 3.017 km?,
and borders the Biévre River (mostly on its left bank and with a small portion on its right). Figure 1:
on the bottom, the Biévre catchment divided into 27 sub-catchments; on the top, the Jouy-en-Josas
area, which is mostly composed of the JOUY2 sub-catchment and a smaller woodland area of the
JOUY1 sub-catchment.

JOUY 1

Input of
Bassin des | ‘
\_{./, Bas Pres e
~ Pont de
Pierre |

Figure 1. Representation of the Biévre catchment divided into 27 sub-catchments with six rain gauges
represented by red dots (bottom) and the Jouy-en-Josas area (top).
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2.2. Storm Events and Rainfall Data

In this work, we chose three rainfall events for study: 12-13/09/2015, 16/09/2015 and 05-06/10/2015.
In the months following the inauguration of the X-band radar at Ecole des Ponts (9 June, 2015 [30]),
there was a protracted dry period. Nevertheless, in September 2015, two distinct weather phenomena
arrived in France. The first and strongest (up to 389 mm was measured in Ardeche in 48 h) was a
Mediterranean type episode, occurring on the 12-13 September 2015 (data source: Météo-France).
The second (with 34.2 mm registered in Fontainebleau), occurring on 16 September 2015, caused
particularly strong winds and storms around the Lyon region during the “Henri” cyclone (data
source: Météo-France). We analyzed these two rainfall events, as well as another one which occurred
on 5-6 October 2015; all three were chosen taking into account their hydrological impact on the
SIAVB-Bievre catchment in order to cover the most common meteorological situations in the region,
combining stratiform and convective rainfall occurrences [31]. Additionally, these rainfall events lasted,
in total, almost 90 h, and were deliberately not divided into several successive rainy periods, as this
would artificially increase their numbers. This means that the chosen rainfall events are sufficiently
representative for the purposes of this study.

Two different weather radar rainfall data were analyzed. One of them was from the Météo-France
C-band radar located at Trappes, France. Météo-France provides a radar mosaic which covers the
entire country, being a product initially of the Aramis project [32], and later, of the PANTHER project
(Aramis New Technologies Hydrometeorology Extension and Renewal). The latter is, in fact, a network
of 29 radars (Figure 2). However, as the farthest part of the studied catchment is about 25 km from the
Trappes radar, we can consider that this one alone will contribute to the analyzed data.

= X-band
= S-band
C-band

= X-band - Leopard

{1 partner radar

not included in the

- radar mosaic
D Métdo-France - Sources ;| IGN, Mélég.France - f T T I 1

Réaksation : DSO/CMRERF - 11/07/2017 0 S0 100 a0 100 sookm| dpol : dual polarisation

Figure 2. The Météo-France radar network (courtesy Météo-France).
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This mosaic product has a temporal resolution of 5 min and a spatial one of 1 km. The data is
obtained as reflectivity (dBZ) and then, after applying some filters and other post-treatments, it is
transformed into rainfall intensity (R, in mm/h) using the Marshall-Palmer Z-R equation [33] with
fixed parameters: a = 200 and b = 1.6.

Z =aR? (1)

In addjition, a real-time calibration is performed over the Météo-France C-band radar data, based
on a comparison between local rain gauges and collocated radar pixels from the last 12 h, adjusting the
5-min radar rainfall accumulation field [34,35].

The second mentioned type of rainfall data to be analyzed was obtained from the Ecole des
Ponts’ recently installed X-band radar, located at Champs-sur-Marne, France. This was processed
using software developed by Selex, called Rainbow (Selex copyright). There are a number of different
products, but in this work we used the DPSRI (Dual Polarization Surface Rainfall Intensity) (see
Figure 3 for illustration).

. DPSRI (dBR)
p* 12:41 / 16-Sep-2015
= 50DX ENPC Paris

| —
»

»100.0 mm/h
» 25.1 mm/h
» 6.3 mm/h
» 1.6 mm/h
» 0.4 mm/h
0.1 mm/h

" Pdf File: DPprime_50km_15hm_A150_B130_400pix.dpsri
" Clutter Filter: 1IRDoppler 6
4 Time sampling:4096
PRF: 1200 Hz
Range: 50 km
5 Resolution: 0.250 km/pixel
Alg type: SRI
SRI H: 1.5 km
Data: Radar Data
Rainbow® Selex ES GmbH

i

Figure 3. Icon of the standard Rainbow software (Selex copyright): DPSRI product of rainfall intensity.

The spatio-temporal resolution is variable, mainly due to two factors: pulse width and angle step.
Given the chosen parameters, the temporal resolution is 3.4 min and the spatial resolution is 250 m.
In contrast to the C-band radar product, the DPSRI is obtained in rainfall intensity (R, in mm/h). In fact,
for very low intensities, it is generated from dBZ (then the Z-R relationship is applied), while for higher
intensities, it is generated from dual-polarization data (the Specific Differential Phase KDP) [36].

R =19.63 |Kpp|®®®,  for Z > 35 dBZ and Kpp > 0.3° /km )

A summary of the characteristics of the selected storm events and the studied radar data is
presented in Table 1. Figure 4 displays the temporal evolution of the average rain rate and cumulative
depth over the Jouy-en-Josas area, and Figure 5 presents the accumulated rainfall depths by radar pixels
over the catchment area for the Météo-France C-band radar product and the ENPC X-band DPSRI.

Table 1. Characteristics of selected storm events and radar rainfall data.

Space Time Space Grid Time .

Events Radar Rest))lution Resolution DIi’mension Duration Time Steps
12/13-09-2015 C-band 1 km 5 min 64 X 64 44 h 528
12/13-09-2015 X-band 250 m 3.41 min 256 x 256 44 h 773

16-09-2015 C-band 1 km 5 min 64 X 64 11.3h 136
16-09-2015 X-band 250 m 3.41 min 256 x 256 11.3h 199
5/6-10-2015 C-band 1 km 5 min 64 x 64 31h 372

5/6-10-2015 X-band 250 m 3.41 min 256 x 256 31h 545
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Figure 4. Time evolution of rain rate (top) and cumulative depth (bottom) over the whole Jouy-en-Josas
sub-catchment area for the two data types (C-band, in green; and X-band, in blue) for the three events:
12-13 September 2015 (left), 16 September 2015 (centre) and 5-6 October 2015 (right).

For the 12-13 September event, the second peak of the total rainfall series (approximately 12 h after
the beginning of the event) was higher for the X-band radar data. Nevertheless, the cumulative rainfall
series are very similar for both radars (with the X-band one being even slightly higher). Additionally,
with regard to the accumulated rainfall depths, one may verify the spatial intermittency of the pixel
values for both radar data types (much more noticeable on the X-band ones). For the 16 September
event, the C-band cumulative rainfall series was higher than the X-band one. At between 3 and 4 h
into this event, the peak total rainfall series was higher for the C-band radar data. However, the peak
at around 7 h was just slightly higher for the X-band radar data. Furthermore, there was a higher
intermittency for the X-band accumulated rainfall depths. For the last event, there was an important
difference in the beginning of the event in the cumulative rainfall series, with a cumulative depth that
was approximately 6 mm higher for the C-band radar data, increasing to 8 mm at the end of the event.
Nevertheless, the last three peaks in the total rainfall series were higher for the X-band radar data.
Once again, the intermittency of the accumulated rainfall depths was more remarkable for the X-band
radar data.

Additionally, unlike the work previously developed by Gires et al. [25], there were no more local
measurements at the Pont de Pierre (see Figure 1) for the period of these three selected events. So,
in order to compare the hydrological simulations, an operational software called Optim Sim (see
Section 3.1.2)—managed by Veolia for the SIAVB in Massy (a small town inside the Bievre Valley in
the south of Paris region)—was used to simulate the same three events with the C- and X-band radar
data and two other types of rainfall data: the SIAVB network of six rain gauges (Figure 1), and the
CALAMAR (“CAlcul de LAMes d’eau a I’Aide du Radar” (Calculating Rain with the Aid of Radar))
product [37,38]. The latter is a system developed by RHEA SAS Company for treating (by gauge
adjustment) and diffusing the radar data produced by Météo-France. The image calibration is done in
such a way that a rain gauge and its corresponding radar image pixel show approximately the same
rainfall value. The operational spatio-temporal resolution is 1 km? and 5 min. It provides real-time
measurement sand also enables a rainfall event to be reconstructed through its off-line mode [39].
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Figure 5. Accumulated rainfall depths by radar pixels over the Jouy-en-Josas sub-catchment area for

both the C-and X-band radar data for the three studied events.

For the Bievre River catchment, the CALAMAR images are firstly calibrated in a broader area (left
side of Figure 6) and then recalibrated in real-time using the six SIAVB rain gauges over the Bievre
catchment area (right side of Figure 6). Furthermore, it is important to point out that the operational
software Optim Sim has been calibrated over the whole Bievre catchment using the CALAMAR (which
will be used in this work as reference for the comparison of hydrological results in Section 3.2) and

SIAVB rain gauge rainfall data.
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Figure 6. Illustration of a CALAMAR image (©Veolia) over the Ile-de-France region (left) and zoomed
in over the Bievre catchment (right).

2.3. Multifractal Analysis

Rainfall has been widely analyzed as a multifractal field [17,28,40-53]. Schertzer and Lovejoy [28]
used an approach introducing the formalism of turbulence (modelling the rainfall variability by a
multiplicative cascade process, assuming the transfer of energy from larger to smaller scales, similar to
what happens in turbulence models) and developed the Universal Multifractal (UM) model.

Considering ¢,, a multifractal field at the resolution A (= Ly defined by the ratio between the outer
scale of the phenomenon and the observation scale, the statistical moment of its gth power exhibits
scaling behavior [28]:

(1) ~ AKW ®)

where K(gq) is the scaling moment function, < > denotes the mathematical ensemble average, and ~
means asymptotic equivalence.

In the framework of universal multifractals (UM), the K(gq) function is convex [54], and for
conservative fields ((¢,) = 1, i.e.,, K(1) = 0) is described by just two independent UM parameters:
a and Cy. «a € [0,2] is the Levy index measuring the degree of multifractality (i.e., the deviation
from multifractality), where a = 0 corresponds to a monofractal field and @ = 2 to the extreme
log-normal case. C; € [0,d], with d being the dimension of the support (d = 2 in this case), is the mean
intermittency of the field (C; = 0 for a homogeneous field). K(g) is given by:

:{a%(q"‘—q), a#l @
Ciqlog(q), a=1

The parameters « and C; are estimated by using the double trace moment (DTM) technique [55].

This technique is particularly valuable in the framework of UM, based on the fact that the scaling

moment function K(g, 1) of the field sgr’), obtained by degrading the nth power of the field at the finest

resolution, is easily expressed in terms of a:

<(€§\n))q> ~ AK(@m) — 11°K(9) (5)
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Thus, @ can be estimated as the slope of the linear part of the log-log graphic of K(g,7) by n
for fixed ¢ [42]. Finally, considering that K(g,1) is the intersection of the slope with log(n) = 0, it is
possible to determine C.

In this section, we estimated the UM parameters a and C; over a 64 km x 64 km area for each of
the three events from both the C- and X-band radar data studied in this work independently, by using
the DTM method on ensemble analysis over the entirety of the rainfall events (with each time step
being considered as an independent realization) (Table 2).

Table 2. UM parameters o and C1.

Events Radar o C1
12/13-09-2015 C-band 1.249 0.217
12/13-09-2015 X-band 1.536 0.184

16-09-2015 C-band 1.022 0.116
16-09-2015 X-band 1.431 0.108
5/6-10-2015 C-band 1.577 0.152
5/6-10-2015 X-band 1.787 0.153

As displayed in Table 2, the multifractality of « is considerably lower for C-band than for X-band
radar data per event, for all three events. This indicates that the X-band radar rainfall fields present
greater peaks than the C-band ones, reinforcing the idea that enhancement of the radar data resolution
improves the ability to detect high rainfall intensities. On the other hand, the mean singularity C;
estimates are very similar for both the C- and X-band radar data per event, which would mean similar
rainfall cumulus over the 64 km X 64 km area. However, the lower rainfall cumulus, especially for the
last two events, for the X-band compared to the C-band radar data, might be related to a difference in
linear pre-factors, as suggested by Alves de Souza et al. [56].

3. Results
3.1. Hydrological Modelling

3.1.1. Multi-Hydro Description and Implementation

Multi-Hydro is a fully-distributed model which is under development at Ecole des Ponts [24,26,27].
It is an interface platform that allows interaction to occur between four open source packages (surface,
ground, drainage and rainfall modules) that simulate different parts of the water cycle in urban
catchments. The TREX (Two Dimensional Runoff Export, [57]) surface module is used, a model
developed at the Colorado University. The ground module employed is the VS2DT (Variably Saturated
2-Diimensional flow and Solute Transport, [58]) model, developed by USGS (the United States
Geological Survey). The drainage module is based on SWMM (Storm Water Management Model, [59]),
developed by the US Environmental Agency.

Finally, the rainfall module enables Multi-Hydro to work with different types of rainfall data (rain
gauges, radar and downscaled radar data). However, the VS2DT model was not connected for this
study because of its time-consuming computation.

The Jouy-en-Josas case study was modelled with a 10-m spatial resolution; the land use area
(Figure 7) was generated by considering only the priority rule [24,56]. The storm water sewer system
(Figure 8) is discharged into the Bievre River, which was also modelled as a pipe. Additionally,
in contrast to the primary work of Gires et al. [25] that considered the measurement point of water
depth at the “Pont de Pierre” (which has been disabled since 2014), the outlet of the catchment was
taken here as the comparison point. This therefore validates the whole catchment at this time, and not
only the previous 60% of it, as was the case in Gires et al. [25].
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Figure 7. Land use of Jouy-en-Josas area [25].
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Figure 8. Sewer system network of Jouy-en-Josas area.
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Finally, there is a major modification in the rainfall generation code compared to that used by
Gires et al. [25]. We identified that the mosaic C-band data [34,60] furnished by Météo-France (the
French national meteorological service) has an irregular spatial distribution (see Figure 9), despite
the fact that each data pixel has a 1 km X 1 km square shape and is North-South oriented. The finer
the model resolution, the greater the impact of this pixel spatial offset; therefore, we generated the
rainfall rate input files by getting intersection contributions of the C-band radar data pixels to the
10 m x 10 m-sized model pixels (as in Equation (6)).

NA

Zi]kmrj]km [Rilkm/jlkrn '(Ail(]m rlem ilk;n/jlkm )]

Rilomem = AA

(6)
Zilkm; Jikm (Ai10n1/j10m ilkmrjlkm)

where, R is the rainfall rate that we want to calculate for each Multi-Hydro 10 m X 10 m-sized

ilOmJlOm
pixel; R;, i 18 the rainfall rate of each pixel of the C-band radar data; A

Multi-Hydro pixel; and A

inom j1om 18 the area of each

i 1o 19 the area of each pixel of the C-band radar data.
ms)1km

_ | |

N = —

Figure 9. C-band radar data pixels distribution.

Thus, to generate the X-band radar rainfall rate files, a process of getting intersection contributions
to the aforementioned 10 m X 10 m-sized model pixels was applied. Nevertheless, in Equation (6),
we changed R by R and A by A , due to the resolution of the X-band
radar data.

ko J 1k 1250m,j250m ko 1km 1250m,J250m

3.1.2. Optim Sim/InfoWorks and the Bievre Catchment

The SIAVB cooperates with Veolia in managing the whole Bievre catchment, by using an operational
(previously calibrated with CALAMAR and SIAVB rain gauge rainfall data) semi-distributed model
called Optim Sim [53]. It is an “offline” (disconnected to the system) simulation model which mimics
the operation of the real-time optimization tool, and couples it to InfoWorks, matching its nodes
and lines with InfoWorks’ nodes and pipelines. Using the “simulation test mode”, it is possible to
replay past events with four rainfall data types (C-band radar data, X-band radar data, CALAMAR
data or SIAVB rain gauge data) and to simulate each sub-catchment hydrological contribution for the
whole catchment.

In this work, given the recent lack of local measurements at the Pont-de-Pierre, we used the flood
depth contributions of the sub-catchment JOUY2 (corresponding to the Jouy-en-Josas fully-distributed
sub-catchment) to compare to (and revalidate) those obtained with Multi-Hydro.

3.2. Hydrological Simulations

After preparing all the input data, Multi-Hydro was employed to simulate the three events
using both C- and X-band radar rainfall data. Then, the hydrological results of the Multi-Hydro
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simulations without amount inflow were compared to the results of the Optim Sim simulations over
the sub-catchment JOUY2, using the C- and X-band radar data, the CALAMAR product data and the
SIAVB network of six rain gauges at the outlet of the catchment (Figures 10-12).
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Figure 10. Comparison of Multi-Hydro water heights at the catchment outlet using X- (solid blue
line) and C-band radar (solid green line) data compared to Optim Sim simulations with X-band radar
(dashed blue line), C-band radar (dashed green line), CALAMAR (solid black line) and rain gauges
(dashed black line) rainfall data for the 12/13-09-2015 event.
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Figure 11. Comparison of Multi-Hydro water heights at the catchment outlet using X- (solid blue
line) and C-band radar (solid green line) data compared to Optim Sim simulations with X-band radar
(dashed blue line), C-band radar (dashed green line), CALAMAR (solid black line) and rain gauges
(dashed black line) rainfall data for the 16-09-2015 event.
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Figure 12. Comparison of Multi-Hydro water heights at the catchment’s outlet using X- (solid blue
line) and C-band radar (solid green line) data compared to Optim Sim simulations with X-band radar
(dashed blue line), C-band radar (dashed green line), CALAMAR (solid black line) and rain gauges
(dashed black line) rainfall data for the 05/06-10-2015 event.

One may note that the temporal evolution of the main peaks of the simulated water height is
mostly in agreement for both models and for all data types. Given the lack of local measurements,
and the fact that the semi-distributed model Optim Sim of the Bievre catchment has been calibrated,
these results seem to partially validate the fully-distributed model Multi-Hydro over the whole case
study area. Nevertheless, the Multi-Hydro simulations present significantly higher variability, with a
characteristic smoothing of the Optim Sim simulations, especially for the event of the 16 September
2015, which was expected because of the intrinsic averaging process for the rainfall data in the case of
the semi-distributed model.

Furthermore, in order to statistically compare the hydrological results, we used three
standard metric parameters: the correlation coefficient (Corr € [-1,1]), the Nash-Sutcliffe Efficiency
(Nash € (—o0,1]) and the Root-Mean-Square Error (RMSE). Figure 13 presents the statistical analysis
of all simulations for the three events, taking those performed with the CALAMAR rainfall data
as references.

For the event of the 12-13 September 2015, the simulations using Multi-Hydro were very similar
for both C- and X-band radar data, following the tiny difference of the total rainfall series (see Figure 4).
By comparing to the Optim Sim simulations (especially those using the same C- and X-band radar
data as Multi-Hydro), it was determined that in the first water height peak (from 6 to 10 h of the
event duration) the Optim Sim simulations were higher than the Multi-Hydro ones; in the second
peak (from 11 to 15 h of the event duration), the Optim Sim X-band simulation was closer to the
Multi-Hydro one, while the Optim Sim C-band and pluviometers simulations were similar to each
other and higher than both Multi-Hydro simulations; finally, the Optim Sim CALAMAR simulation
was the highest one. In the third and last peak (from 28 to 35 h of the event duration), all the
Optim Sim simulations were similar and slightly higher than the Multi-Hydro ones. This analysis is
corroborated by the statistical one when the Optim Sim CALAMAR simulations are taken as the basis
of comparison. Both Multi-Hydro simulations present medium values of correlation (0.6 < Corr < 0.8),
Nash-Sutcliffe Efficiency (0.2 < Nash < 0.3) and Root-Mean-Square Error (0.25 < RMSE < 0.3). On the
other hand, the statistical comparisons for the other three Optim Sim simulations (using X- and



Water 2019, 11, 1273 14 of 19

C-band radar and rain gauge rainfall data) obtained better values (0.85 < Corr < 1; 0.7 < Nash < 1
and 0.09 < RMSE < 0.17); this was expected, since these simulations were performed with the same
hydrological model as that used as a basis.

Correlation Nash
1 - 1
o b 9 4 o 3
° ° v
0.8 8 °
0.54 o
o a o
0.6 . °
O 4
0.4 1
-0.51
0.2
0 T T T -1 T T T
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Events Events
RMSE
0.3
a
0.25 O Multi-Hydro: X-band data

Multi-Hydro: C-band data
Optim Sim: X-band data

0.2 1 Optim Sim: C-band data
Optim Sim: pluviometers data
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Events

Figure 13. Statistical analysis of all hydrological results, with respect to the simulations using the
CALAMAR rainfall data for the three studied events.

For the 16 September 2015 event, the Multi-Hydro simulations match each other very well along
the whole event, with a slight difference in the first peak (between 3 and 4 h of the event duration)
where the simulated water height was a bit higher for the C-band than for the X-band (following the
total rainfall difference; see Figure 4). When comparing with the Optim Sim simulations, there was
a greater difference between both C-band water heights compared to the X-band ones. In addition,
compared to the Optim Sim simulations obtained using CALAMAR and pluviometers data (for which
the model was calibrated), the Multi-Hydro simulations were more coherent than the Optim Sim ones
using C- and X-band radar data. Furthermore, between the first two Optim Sim water height peaks
(from 3 to 8 h of the event duration), the Multi-Hydro simulations present intermediary peaks (which
is in agreement with the total rainfall series presented in Figure 4), whereas they were smoothed
by the Optim Sim simulations, which highlights the higher capacity of the fully-distributed model
Multi-Hydro to take into account rainfall spatio-temporal variability. When taking the Optim Sim
simulations using CALAMAR rainfall data as a reference for the statistical comparison, one may note a
high overall correlation (Corr > 0.8) and small Root-Mean-Square Errors (0.04 < RMSE < 0.12) in all
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simulations. Nevertheless, the Nash-Sutcliffe Efficiency estimated for the Optim Sim simulation using
the C-band radar data was very small (Nash = —0.9), whereas the other simulations presented better
values (0.25 < Nash < 0.9).

Finally, for the event of 5-6 October 2015, the Multi-Hydro simulated water heights are slightly
higher on average for the C-band radar in the first peak, which is also related to the need of a better
choice of the a-b parameters for low intensities in the X-band radar data (see the total rainfall difference
in Figure 4), whereas the last peaks are marginally higher for the X-band radar data. In comparing to the
Optim Sim simulations, in the first water height peak, the Optim Sim simulations were a bit higher than
the Multi-Hydro ones, with both X-band simulations matching better to each other than the C-band
ones. At the end of the event (second and third peaks), the simulated water heights were comparable
between both models with great matching, alternating which one was providing the highest values,
except for the rain gauge simulations between 20 and 23 h, which are a bit higher than the others.
The statistical analysis of these hydrological simulations, taking those using CALAMAR rainfall data
as basis of comparison, confirms the presented results. Similar to the first event, the Multi-Hydro
simulations also displayed intermediary values of correlation (0.6 < Corr < 0.8) and Nash-Sutcliffe
Efficiency (0.2 < Nash < 0.5). Nevertheless, the Root-Mean-Square Error obtained (0.13 < RMSE < 0.17)
was significantly better than that of the first event. Furthermore, the other three Optim Sim simulations
(using X-band radar, C-band radar and rain gauge rainfall data) presented better statistical values
(0.9 < Corr < 1;0.7 < Nash < 0.9 and 0.06 < RMSE < 0.09), as expected.

4. Discussions

The Jouy-en-Josas catchment, a 3 km?2, semi-urbanized area located in the southwest region of
Paris, was modelled with the physically-based, fully-distributed model Multi-Hydro using as rainfall
inputs both Météo-France C-band radar data, ata 1 km X 1 km X 5 min resolution, and the ENPC
dual-polarized X-band radar data, at a resolution of 250 m x 250 m x 3.41 min. The results were then
compared to the hydrological simulations obtained with the operational hydrological software Optim
Sim (based on the conceptually-based semi-distributed model InfoWorks) using four different sources
of rainfall data: the Météo-France C-band radar data, the ENPC X-band radar data, the CALAMAR
C-band radar product and the SIAVB network of six rain gauges. The main objectives in this paper
were: (i) to find a way to compare the fully-distributed physically based Multi-Hydro model and the
semi-distributed conceptually based Optim Sim model, over a semi-urban area with steep slopes; (ii) to
improve and revalidate the Multi-Hydro modelling of the catchment by considering the totality of the
catchment sewer system; and (iii) to analyze the impact of rainfall spatio-temporal variability using C-
and X-band radar data at different resolutions.

The difficulties associated with performing really accurate hydrological modelling were evident in
this work, mostly due to model limitations and data quality and resolution. Two types of deterministic
hydrological models were studied here. Semi-distributed conceptual models (represented here by
Optim Sim/InfoWorks) present evident difficulties when taking into account the spatial variability
of weather radar data, averaging them over big (sub-catchment) areas and consequently smoothing
the hydrological results. Furthermore, they need exhaustive calibrations to be performed after each
modification of the sub-catchment division or of the sewer system, or even after important land-use
changes. Additionally, the size (and/or number) of the sub-catchments is questionable, relative to
the type and resolution of rainfall data used as the input to the model [31]. On the other hand,
fully-distributed physical models (e.g., Multi-Hydro) can better consider the spatial variability of
the rainfall data, as they use information (such as topography, land use etc.) distributed in pixels,
making spatial resolution adaptation possible, and take advantage of the use of physical measurable
parameters to enhance the calibration process. Nevertheless, preparation of the input data requires
complete information, especially for a complex sewer system. In this work, after performing the
Multi-Hydro simulations considering the totality of the catchment’s sewer system, and comparing
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with the Optim Sim simulations, it was possible to note higher intermittency and faster responses of
the Multi-Hydro simulated heights.

Moreover, the rainfall data play a big role in the reliability of the hydrological simulations.
The spatio-temporal resolution, the choice of the best products and data treatment are some of the
factors that have an impact on the hydrological results. Throughout this paper, it was also possible
to note that the Multi-Hydro simulations using the X-band radar rainfall data sometimes performed
better, measuring higher peaks of rainfall rates and generating, in most cases, higher water heights,
even without any absolute calibration, highlighting the advantages of better resolution. Furthermore,
the X-band radar data simulations were able to generate water heights which were closer in both
hydrological models, whereas the simulations using C-band radar data induced more differences
between the models, which corroborates the impact of higher rainfall data resolutions. This was
confirmed by the statistical analyses performed with the help of Universal Multifractals, where the
estimated multifractality value a was considerably higher for the X- than for C-band radar data for all
three events. However, there is an urgent need to study the best a-b parameters (see Equation (1)) to be
used in each situation, as they directly impact low intensity estimates.

Finally, a different approach may be taken in the future: to merge deterministic (e.g.,
the fully-distributed physically-based Multi-Hydro model) and stochastic models (also named
“empirical models”, they directly relate the input data with the output results via a statistical way),
would yield a hybrid model.
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