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Abstract

For accurate flash flood forecasting and effecsitegmwater planning and management in
urban areas, it is necessary to model not only#teral channel systems but also the large and
complex networks of storm drains. In this work, aescribe a modular storm drain model that
can easily be coupled with existing gridded distréal hydrologic models for real-time flash
flood forecasting, and stormwater planning and rgansent for large urban areas (> 100°km
A salient feature of our approach is the use oktipgivalent storm drain network (ESDN) which
approximates the actual network on the same griasf the distributed hydrologic model,
thereby rendering coupling simple and modularhiihtegrated model, storm-drain flow occurs
through the simplified network coarsened to thelkgsn of the distributed hydrologic model
without full 1D-2D dynamics or very detailed mandeastructures and features modeled. The
integrated model is applied to a 144.6%area of five urban catchments in the Cities of
Arlington and Grand Prairie in Texas, US. Comparssat selected locations using kinematic-
wave flow simulations show that the ESDN approxasahe flow through the original network
very well with attendant savings in computatiomabant and reduction in modeling
complexities. The impact of the storm drain netwigrkssessed via a combination of simulation
experiments, sensitivity analysis and limited corigma with observed flow. It is shown that the
storm drain network in highly urbanized catchmentthe study area is very effective in
reducing surface flow at most locations for abdutr@n following onset of significant rainfall,
that the existing stormwater infrastructure wouwlgd effectiveness for approximately 30% of the
study area with a 15% increase in imperviousndasive to the current conditions, and that
significant uncertainties exist in partitioningsafrface flow into storm drain and natural channel

flows due to sensitivity to inlet flow modeling. Wigreatly reduced computing cost and
2
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modeling complexity, the proposed approach offgrsaatical solution for integrated stormwater
modeling for large urban areas for a wide rangapplications. The proposed approach cannot,
however, resolve flow at sub-grid scales and hé&noet appropriate for very detailed modeling

for small areas.

Keywords: equivalent storm drain network, distributed hydgiomodeling, integrated

modeling, flash flood forecasting, stormwater plagrand management.

1 Introduction

Flooding is one of the most significant naturatdrals in urban areas and a significant cause
for economic loss and inconvenience to the resgddrm mitigate hazards and to reduce negative
impacts of flooding, urban municipalities operat@s drain networks of varying capacity and
complexity. Whereas the conveyance capacitiesoofrstirain systems are generally much
smaller than those of the natural channel syst&afdeinasab et al. 2015), storm drain
networks may significantly alter the severity afdting and other negative impacts depending
on the location of flooding and the magnitude affictll. For accurate flash flood forecasting in
urban areas, it is therefore necessary to modedmgtthe natural channel systems but also the
large and complex networks of storm drains (Hénetial. 2010). Such a capability is also
important for planning and management of stormwiafeastructure which has traditionally
been designed on a site-by-site basis with the @fdeteping the post-development peak flow
from flooding events the same as before. Such ipedtowever, does not reduce the runoff or
the total volume of stormwater and may still proglfiooding downstream. Also, with site-by-
site design, it is not possible to fully accountd$patiotemporal variations of runoff and flow

through natural and man-made hydrologic and hydraystems or spatiotemporal variability of
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precipitation beyond the site scale. As such, ¢ésailting stormwater system may not work
effectively at larger watershed scales. Indeed, M8((1979) and Emerson et al. (2005) showed
that an unplanned system of site-based stormwatd#rat measures or best management
practices can actually increase flooding on a vgaet scale owing to the effect of many
facilities discharging into a receiving water badyan uncoordinated fashion - causing the very
flooding problem the individual basins were builtsolve (NRC 2008).

The ability to model the natural channel and stdrain systems jointly for large urban
areas also allows objective assessment of perfaenainstormwater infrastructure from heavy-
to-extreme precipitation under changing conditidviany researchers have assessed the impacts
of climate change on urban drainage systems angzacbspecific impacts on different small
urban areas (e.g., Watt et al. 2003; Mailhot e2@06a; Guo 2006; Denault et al. 2006;
Arnbjerg-Nielsen et al. 2013). Increase in intgnaitd frequency of heavy-to-extreme rainfall
events may cause increase in sewer overflows dahudlooding (Mailhot et al. 2006; Willems
et al. 2012; Nazari et al. 2016). While the resudisy depending on the urban catchment’s
response to such rainfall, most conclude that udavaas are subject to increased probability of
surcharge and resulting flooding. As such, a @itieed exists in stormwater planning and
management for capability to assess the performaineege storm drain networks under heavy-
to-extreme rainfall, changing land cover conditiansl climate change (Norouzi et al. 2018).

Integrated modeling of flow through natural chdarand storm drains for small urban areas
is not new (Bonnifait et al. 2009; Kim et al. 20N&kal et al. 2012; Schumann et al. 2013;
Nguyen et al. 2015,Guidolin et al. 2012, GiresleR@15, Simdes et al. 2011). Approaches such
as 1D storm drain-2D surface flow modeling (Leanetral. 2009) have gained wide popularity

and acceptance in recent years. Many urban hydranddels of varying levels of sophistication
4
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currently exist, such as HEC-1 (USACE 1985), TRaf@l TR-55 (SCS 1983, 1986), MOUSE
(DHI 1995), InfoWorks ICM (Integrated Catchment Mdidg, Innovyze 2012 MIKE URBAN
(Andersen et al., 2004), and Stormwater ManageiMede! (SWMM) (EPA 1971, Huber and
Dickinson 1988), just to name a few. For real-tapplications over large areas (> 100°%km
however, such approaches quickly become impradieeshuse of modeling complexities and
extremely large computational requirements (Pirel.€2016, Chen et al. 2012, Duncan et al.
2011, Leitdo et al. 2010). Distributed hydrologiodels (Reed et al. 2004, Smith et al. 2004),
on the other hand, are more suitable for real-ap@ication over large areas (Koren et al. 2004,
Gochis et al. 2014) but are intended to simulatmipaurface flows. In order to add ability to
model storm drains to distributed hydrologic modatsintegration with hydraulic models is
needed.

The objective of this work is to develop a storraidmodel that can easily be integrated
with the existing gridded distributed hydrologic dets for real-time simulation of flow through
both natural channels and storm drains for largpamareas. The specific research questions
addressed are: 1) How to reduce the geometric @xitylof a storm drain network into a
simpler “equivalent” network?; 2) How to partitistorm runoff into pipe and overland flow?
What are the largest sources of uncertainty iratheve partitioning?; 3) How does the storm
drain network alter the hydrologic response of arbatchments? How does the response vary
according to the size of the contributing areagllaover and rainfall magnitude?; and 4) What is
the relative importance of natural channels andstirains in stormwater management and
flood control at different spatiotemporal scale$® iew and significant contributions of this
research are: 1) development of an integrated neagble of simulating flow through both

natural channels and storm drains for real-timdiegon for large urban areas; 2) development
5
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of an automatic algorithm for derivation of equeval storm drain network (ESDN) for direct
coupling with existing gridded distributed hydroiognodel; and 3) advances in understanding
of hydrologic response of urban catchments to héagxtreme rainfall from site to catchment
scales.

The rest of this paper is organized as followstiSe@ describes the approach and method
for integrated modeling. Section 3 describes thdysarea and data used. Section 4 presents the

results. Section 5 summarizes the conclusions andef research recommendations.

2 Integrated moddling of natural channelsand storm drain networ ks

The general approach adopted in this work is t@ldg a storm drain module that can be
coupled with the existing gridded distribute modeig minimum changes to the latter. The
gridded distributed hydrologic model used in thizrkvis the U.S. National Weather Service’s
(NWS) Hydrology Laboratory Research Distributed kojdgic Model (RDHM) (Koren et al.
2004, NWS 2009). The RDHM has been used in margarek and operational applications
(Moreda et al. 2006; Reed et al. 2007; Nguyen.e2l2; Fares et al. 2014; Habibi et al. 2016)
and is recognized as one of the best performinglalised hydrologic models (Reed et al. 2004,
Smith et al. 2012; Moreda et al. 2006). The RDHMrapes on the rectangular Hydrologic
Rainfall Analysis Project (HRAP) projection grid r€ene and Hudlow 1982) which has a
resolution of approximately 4 ke#l km in mid-latitudes. Whereas the a priori pararseare
available for the continental US at 1 HRAP resolutonly, the RDHM can operate at higher
resolutions of 1/2, 1/4, 1/8, 1/16 HRAP, etc. listhork, the 1/16 HRAP resolution, or about
250 m, is used throughout. The RDHM uses the Saamtormodel (SAC, Burnash et al. 1973)

for rainfall-runoff modeling and the kinematic wanv®del (Chow et al. 1988, Koren et al. 2004)
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for hillslope and channel routing. Surface runeffouted within each cell through conceptual
hillslopes that drain into the conceptual channahing through the same grid cell. Subsurface
runoff from the SAC is drained directly into thenceptual channel.

In developing the storm drain module, modulaiynplicity and computational efficiency
are of great importance so that it may easily begirated with the existing distributed models
with gridded hillslope and channel routing. By aérg the storm drain module on the same
grid as the gridded hydrologic model, one only seedpartition runoff into natural channel and
storm drain flows at each grid box, route the flegparately, and discharge the storm drain flow
into the natural channel at outfall locations.Histway, adding the storm drain module to the
gridded distributed model amounts only to addirsin& to the existing channel routing model if
the grid box contains inlets, and a source if theé lgox contains outfalls. Fig 1 shows the
schematic of this approach in the context of theHRD The above modelling approach entails
significant simplification of the relevant processhie, e.g., to the coarse resolution of 250 m
employed. As such, the proposed approach is nabppate for certain applications which may
require very high-resolution modeling. The spatdle of the modeling domain of interest in
this work is 100 to 1,000 times larger than thatypical 1D-2D application (Gires et al. 2015,
Simdes et al. 2011).The proposed approach henoesesygs a set of modeling choices carefully
selected from the array of elements in storm daaith distributed hydrologic modeling toward an
operational viable solution for large urban areas.

With the ESDN approach, the storm drain modelBIQN) takes the following steps: 1)
Determine the model resolution; 2) Derive the ESi¥h the actual storm drain network to the
resolution of the RDHM; 3) Run the SAC to determsinieface and subsurface runoff for all grid

cells; 4) Partition the surface runoff betweenBHS8DN and the natural channel network for all
7



160 grid cells; 5) Route the storm drain flow througle ESDN using a pipe-flow approach and

161 discharge into the natural channels at outfall-amig grid cells, 6) Route the natural channel
162 flow through the natural channel network; and 7p&s Steps 3 through 6 for all time steps. The
163 following describes the storm drain module andntsgration with the RDHM (Steps 2 through

164  6) in detail.

165 2.1 Hilldoperouting

166 The water depth over the conceptual hillslopesaich grid cell is modeled via kinematic

167 wave routing (Koren et al. 2004):

168 E + Lh 9x = RS (1)
169 qy, = - h¥/35Y/2 = 2D~ pS/3s1/2 @)

170 where h denotes the water depth on the hillslopgsRs denotes the surface runoff rate (m/s),

171 g, denotes the total discharge per unit area frorhildlopes in the grid box (m/sl;, denotes

172  the hillslope length (m) given by the area of algell (nf) divided by the total width of the

173 hillslopes over which surface flow occurs (1I8)enotes the slope of the hillslopes

174  (dimensionless) denotes the hillslope Manning roughness coefftaiefm'’™), D denotes the
175 drainage density (i), a parameter for subdividing a cell into equalised overland flow planes,
176 and t denotes time (s). The drainage density, [@resents the reciprocal of the characteristic
177  length scale of a hillslope within a cell and astamt value of 2.5 (ki) is assumed in this work.
178 The identity ofl/L,=2D in Eq.(2) stems from the assumed symmetry of tmeeptual hillslopes
179 draining into the natural channel that runs inrttiddle of the grid box. For further details of the

180 model and estimating parameters, the reader igeefféo Koren et al. (2004).
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2.2 Channd routing

With the inclusion of storm drain flow, the RDHMuting model for natural channels

(Koren et al. 2004) is modified to the following:

a_A 6_Q = (Rg+th)fC _ Qintet , Qoutfall
at = ox Le Le + Le (3)
Q = Q4™ @

where A denotes the wetted cross section of theralathannel (1), Q denotes the flow though
the natural channel {is), Ry denotes the subsurface runoff rate from SAC (mjs)denotes the
overland flow rate per unit area at the hillslopdlet (m/s) (see Egs.(1) and (2))genotes the
grid cell area (), L. denote the channel length within a grid cell (@)« denotes the total

flow into the storm drains within the grid box i), Qourai denotes the total flow through all
outfalls within the grid box (fs), m denotes the exponent parame@edenotes the specific
discharge (m/s), anth denotes an exponent parameter. In Eq.(3), theflotainto the storm
drain network through the inlets in the grid celhoot exceed the total flow generated from the
hillslope at that grid cell or the total flow geatzd from the pavement area of the grid €@

(see Subsection 2.4), i.&,,, < min{ q, f.,Q,

VI

_} - The a priori parameter grids Qf andm are

available from the NWS for the continental US (COB)UWased on the 30-m resolution National
Elevation Dataset from the NHDPIlus Version 2 (NHIE¥M2, David et al. 2011). The cell-to-
cell connectivity is derived with the Cell-Outletaing-with-an-Area-Threshold algorithm
(Reed, 2003). In this work, the routing model pagters and the channel connectivity are
rederived at 1/16 HRAP resolution using the NWSeligped programs. With Eq.(3), storm
drain modeling amounts to modeling time-varylpges andQouan at all grid boxes which is

described below.
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2.3 Equivalent storm drain network (ESDN)

The purpose of the ESDN is to represent the aatetalork with a hydraulically equivalent
virtual network that has only a single virtual pipeesach grid box. In this way, one may couple
the storm drain module to the gridded distributextiet only by adding sink and source terms in
the existing channel routing model as shown in&gRQeriving the ESDN amounts to
coarsening the real storm drain network such thefdrmer approximates the mass and
momentum balance of the latter within acceptabteiiacy. Pipe networks generally consist of
series and parallel pipes. All such configuratioray be combined and converted into a simple
equivalent pipe (Jeppson 1974). Multiple approaehxést for modeling equivalent pipe systems
of series and parallel pipes under steady statdudintbw conditions (Anderson et al 1995;
Larock et al 2000). Most approaches are based jostaty the diameter, and length or
roughness of the pipes while keeping the othergntags unchanged. The resulting equivalent
network produces the same pressure heads anddssad las the original network for all flow
rates. The main limitation with the above simp#tion is that, although the resulting network is
hydraulically equivalent to the original networkdbes not preserve travel time due to the
steady-state assumption. To approximate both tHealjics and the travel time for series and
parallel pipes, Raczynski et al. (2008) developedhtydraulic and travel time-equivalent
technigue which is used in this work as describsdv. To determine the equivalent pipe, the
equivalent diameter of the aggregated pipes isdetermined using the average total travel time
of series and parallel pipes. The average totatlriame across a set of series pipes is the sum of
the travel times in each pipe. For parallel piples,total travel time is determined by discharge-
weighted average travel time. Whereas the compedadralent length ensures that the travel

time in the equivalent pipe will equal to the serme parallel pipes, it does not ensure that the
10
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system will be hydraulically equivalent. To maimtéydraulic consistency between the original
and equivalent systems, pipe roughness is detednfiom equivalent pipe relationships derived
using conservation of energy across a set of pipparallel or series. In this work, the
expression derived from the Manning’s equationsisduto calculate the equivalent length
(Habibi 2017, Raczynski et al. 2008).

For derivation of the ESDN, it is necessary ficstietermine the flow directions of the real
network. For this purpose, an automatic algorittas been newly developed in R. The program
inputs the GIS layers of inlets, junctions, outkatsl pipe identifiers and coordinates, and outputs
flow directions in the real storm drain network.eTégorithm starts from the most downstream
point of the network and moves upstream in thewilhg sequence of operations:

1. Select an outfall from the outfall GIS layer;
2. ldentify all pipes that drain to the selected ditfa
3. Determine the flow direction for each pipe idewrtifiin Step 2 based on elevation; and
4. Locate the immediate upstream point and repeas&emd 3.
The flow directions derived above for the actualmst drain network are used to derive the
equivalent network using a second automatic algariieveloped in R which is described below:
1. Select an outfall in the real network and read ftbections for the branch of the actual
network that drains to the outfall;
2. Select the most upstream grid box in the branchsaadch for any connecting pipes;
3. Calculate the equivalent pipe characteristics;
4. Repeat Steps 2 and 3 until the actual pipes wittergrid box are reduced to a single

equivalent pipe;

11



248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

5. Repeat Steps 2 through 4 for all grid boxes thatain the branch until the outlet is reached,;
and

6. Repeat the above steps for all branches withimg&kenetwork.

For the algorithmic details, the reader is refetgeiabibi (2017). Figs 2a and 2b show the
original storm drain network and the resulting egient network for the five urban catchments
on a 250 m grid, respectively. In these catchméhése are about 22,000 storm drain pipes and
open channels in the actual network which are redite about 2,000 in the equivalent network.
Some storm drain open channels are self-containédie not connected to any other structures.
Such channels are considered as natural chanreeklsxatuded in the construction of the ESDN.
To check the goodness of the equivalent networkatnagl the routing results using the full and
equivalent networks for the Johnson Creek Catchifseet Fig 3) are compared in Fig 4 at the
outfalls of six branches of the equivalent netwdidt routing, kinematic wave model is used for
both networks using the same inflows (see Subsegt). Fig 4 shows that the hydrographs
from the equivalent network are very close to tHose the original network. The comparisons
are similar for the other catchments and are notveh The above results indicate that the
equivalent network represents the storm drain netwery well.

The ESDN identified in this way is then connedi@the natural channel network by
mapping the former in HRAP coordinates and assggoell numbers that are common to both
the natural channel and the equivalent storm draiworks. Missing values of slope and
diameter for storm drains exist in the storm ddatabase provided by the Cities of Arlington
and Grand Prairie. In this work, they are filledwestimates according to the following rules. If

the pipe diameter is unknown, the pipe size iscsetbbased on the standard pipe size chart and
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the sizes of the up- and downstream pipes. If ity@esof the pipe is unknown, the ground slope

is used.

2.4 Flow into storm drains

Flow into the ESDN is determined by modeling irfletvs under the following assumptions:
1. Runoff generated on the inlet-bearing roadwaysgréist into the ESDN, based on head-
discharge inlet equations and provided that theesestwork is not full,
2. If the storm drain network is full, the runoff dnaiinto the natural channel in that grid box,
and
3. All inlets in the same grid box share the same cipa
There are four types of inlets typically usedddsan drainage: curb opening, grate, and
combination (of curb opening and grate) inlets lmehr drains (Akan and Houghtalen 2003,
TxDOT 2016). In the study area, curb opening intEtsiinate. It is therefore assumed that all
inlets are of this type. Weir or orifice equatidresrze been used by many researchers to
determine flow rate into a curb inlet. Fig 5 shdts flow rate as a function of water depth for
three different inlet lengths (see Subsection dr4tfe choice) for the same inlet height and
discharge coefficient based on Leandro et al. (RG0fRen et al. (2003), Gallegos et al. (2009)
and TxDOT (2016). Changing the inlet height or daage coefficient has the same effect as
changing the inlet length (see Egs.(5) and (6)wElds such, Fig 5 depicts the sensitivity to
inlet height or discharge coefficient as well. Tigaire indicates that significant variations exist
among different models, and that TXDOT (2016) cveslthe most with the other models. In
this work, TXDOT (2016) was used as described bel@lvgging is accounted for by

fractionally reducing the number of inlets in adgiox (see Subsection 4.4). Other factors that

13



292 may also modify inlet flow (see, e.g., Leitdo et2116) are not considered in this work for
293 simplicity.

294 If the depth of flow in the gutter is less tharegual to 1.4 times the height of the inlet
295 opening, the inlet is assumed to operate as a(WePOT 2016). If there arBl,, such inlets in
296 the grid cell, the total flow into the ESDN at tlygid box is given by (TXDOT 2016):

297  Quner = NWCylLyy3? if y<14d (5)
298 whereQine denotes the flow into the ESDMiE/s), C,, denotes the weir coefficient of

299 1.6(m°%5/s), Ly denotes the length of the curb inlet opening §ndenotes the water depth at
300 theinlet opening (m), and d denotes the heiglth@finlet opening (m). If y > d, the inlet is

301 assumed to operate as an orifice. Note that therwapth y in Eq.(5) reflects the slope of the
302 pavement from which the pavement flow drains ih@inlet (see Egs.(8)). The total flow

303 through N such orifices is given by (TxDOT 2016):

304 Qinier = NoCodLony2gy  if y>d (6)
305 whereC, denotes the orifice coefficient of 0.68%, denotes the circumference of the orifice (m),
306 and g denotes the gravitational accelerationqmfg depths between 1.0 and 1.4 times the
307 opening height, flow is in a transition stage andetermined based on the smaller of the weir
308 and orifice flows.

309 To determing in Egs.(5) and (6), water depth on the pavemeatth grid box was

310 modeled using kinematic wave routing analogousaob for hillslope routing in Egs.(1) and (2):

Ohyym 0dpym .
311 R L o = )
1 1
312 Gpyme = —— hols S (8)

Lpymt Npvme

14
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wherehpne denotes the water depth on the pavementi(dgnotes the rain rate for the grid cell

(m/s), v denotes the flow on the pavement per unit ares)(i denotes the pavement
length (m) assumed to q;éf_c (m) and pym: denotes the Manning’s roughness coefficient fer th

pavement. The total flow from the pavement areagnid box,Qpm (m*/s), is given by

wheref,m denotes the pavement ared)estimated from the GIS layers. The

Q pvmt = q pvmt fpvm
water depth on the pavemehy,, is used for y in Egs.(5) and (6).Qf« is larger tharQpym,

Qinlet Is set tQpme. If @, is smaller than the total hillslope flow into tbieannel,q, 1, the

remaining roquh f.-Q,, ISassumed to drain into the natural channel agstin Eq.(3). In

the highly unlikely case of . > de, for Qua is set toth f. . In reality, the curb-opening inlets
intercept gutter flow whereas Egs.(7) and (8) matielet flow. Also, a number of parameters in
the routing and inlet flow models is subject tongfigant uncertainties. To assess the impact of
the parameters to partitioning of surface runatd ifiow into the storm drain network and that
into the natural channels, a sensitivity analysas warried out with respect to the key inlet flow

model parameters (see Subsection 4.4).

2.5 Storm drain flow modeling

Flow through the ESDN is modeled based on singaliion of the continuity and

momentum equations under the kinematic wave assomffZhow et al. 1988):
dV/dt = Qin — Qout )
whereV denotes the volume of water in the pip€)(r®;, denotes the inflow rate (s) andQuu

denotes the outflow rate ffs). If the upstream end of the pipe represenislat(s), we have

15
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Qir=Qinet. If the downstream of the pipe represents an bigfawe haveQou=Qoutal- The above
simplification is valid if the variations in the tgograph are gradual enough to result in a quasi-
steady flow for each pipe (Motiee et al. 1996) #malpipe is not surcharged. The momentum

equation can be expressed via the Manning’s equasdChow et al. 1988):

23\ *®
Ap = (s—/) Qo (12)
whereA, denotes the wetted cross-sectional area of thee(pif), n, denotes the Manning
coefficient for the pipeR, denotes the wetted perimeter of the pipe (m),S&bknotes the slope
of the pipe. In Eq.(11)A, andP, are computed from the downstream water depthttfeor
flowchart of the integrated model operation, theder is referred to Habibi (2017). Note that,
while multiple elements have been newly added asrieed above, the only change necessary

to the RDHM code itself is adding the source amnét g8rms in Eq.(3).

3 Study area and data used

The study area includes five urban catchmentsédrCities of Arlington and Grand Prairie
in the Dallas-Fort Worth (DFW) area of TX with ancbined area of 144.6 Knfsee Fig 2). The
size and time-to-peak at the outlet of each catclwery from 3.4 to 54.6 kfrand from 0.5 to
2.5 hrs, respectively (Rafieeinasab et al. 2018)) tike storm drain network and topography in
the study area and the percent impervious covemgader is referred to Rafieeinasab et al.
(2015). The average percent impervious cover vémes 31% in the Fish Creek Catchment to
48% in the Johnson Creek Catchment.

For the RDHM, a total of 11 a priori parametenstiee SAC are available for the CONUS at

1 HRAP resolution based on soil and land cover ftaerson et al., 2006; Zhang et al., 2011).
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355 In this work, the SAC parameters were derivedratsalution of 1/16 HRAP for the study area
356 (Norouzi 2016) using the computer program develdpethe NWS (Zhang et al. 2011). The soil
357 and land cover data used are from the Soil Sunegg@&phic (SSURGO) database and the
358 National Land Cover Database (NLCD) for 2001, 2806 2011, respectively. In addition to the
359 11 a priori parameters, PCTIM (Permanently Impargidrea) was also derived for the study
360 area at 1/16 HRAP resolution for the SAC which asssithat all rain that falls on the

361 impervious area runs off without interception stara

362 To evaluate the performance of the integrated mgstleamflow simulations were

363 compared with observations. For the study basiasemevel observations from pressure

364 transducer sensors are available every 15 min fhenmigh water warning system operated by
365 the Cities of Arlington and Grand Prairie. Thessaations were used previously to validate
366 streamflow simulations (Rafieeinasab et al., 2016&)g rating curves derived via 1-D steady
367 state non-uniform hydraulic modeling (Kean and &rid05, 2010; Norouzi et al. 2015).

368 High spatiotemporal-resolution Quantitative Préaipon Estimation (QPE) is essential for
369 prediction of urban flash floods. For the studysatee DFW Demonstration Network of the
370 Collaborative Adaptive Sensing of the AtmospherA$%®) Program consisting of high-

371 resolution X band radars provides high resolute®0(m, 1 min) QPE (Chen and Chandrasekar
372 2015) which also utilizes the Next-Generation Rq8EEXRAD). Rafieeinasab et al. (2014,

373 2015) carried out comparative evaluation of diffen@adar-based QPE products for the study
374 area. They showed that, in general, the CASA QR&oi® accurate for larger precipitation

375 amounts whereas the Multisensor Precipitation Egobm(MPE, Seo et al. 2010) estimates are
376 more accurate for smaller amounts. In this workhllbe CASA and MPE QPE products are

377 used.
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4 Resaults

This section presents the results in four pajtsoinparison of the simulated flow at
catchment outlets against observations to assesility of the model to well represent real
flows in the natural channels; 2) analysis of titegrated model results with and without storm
drain modeling from site to catchment scales tessthe contributing area-dependent impact of
storm drains to surface flow; 3) assessment oirtipact of storm drains on peak flow under the
existing land cover conditions and under a 15%sase in imperviousness; and 4)assessment of
the impact of the initial conditions of the stormaith flow model and the sensitivity of the
conveyance volumes in the natural channel and stioam networks to selected inlet flow

model parameters.

4.1 Comparison with observed flow at catchment outlet

The ESDN modeled in this work include not only sherm drainage pipes but also the open
channel to which storm drainage pipes are connegleédther man-made open channels, not
including roadways, are considered as part of gtaral channel network. One may hence
expect the conveyance capacity of the ESDN to lla¢gively modest compared to that of the
natural channel network. Rafieeinasab et al. (2@idigated that full-capacity open channel
storm drains can convey several times more flow tb#-flow storm drain pipes in the study
area, and that, for a large event such as Trofitwaim (TS) Hermine in 2010, the natural
channels convey about 3 and 15 times as much fiotheafull-capacity man-made open
channels and pipes, respectively. TS Hermine predid60 mm of rainfall over a 24-hr period

in the study area which corresponds to a returiogef about 25 years. In the study area, water
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level observations are available only at the catafitroutlets where the discharge represents the
combined flow through both the natural channelsstodm drains. As such, comparison of
streamflow at the outlets of sizable catchmentsidikely to reveal the impact of storm drains.
On the other hand, one may still compare the natinannel flow simulations with and without
storm drain modeling with the observed flow to asghe quality of the integrated model
simulation at the catchment scale. The premisec somparison is that, if the model can
simulate outlet flow realistically, it is likely tbe able to simulate flows from smaller
contributing areas. It is important to note thatihis assessment, we are not necessarily
interested in the absolute accuracy of the simardagiven the various sources of error. Instead,
our primary interest is in ascertaining whetherrtiadel response is realistic at the catchment
scale relative to the observed flow so that the ehossponse at smaller spatial scales is likely to
be realistic.

Figs 6a and 6b show the hyetographs (top) andithelated vs. observed hydrographs
(bottom) for two events occurred in late Novembet Becember of 2015, respectively, in the
14.4 knf Cottonwood Creek at Carrier (Outlet 6363). Thaltainfall amounts are 120 mm
over a 24-hr period for the Nov event (Fig 6a) 88dnm over a 48-hr period for the Dec event
(Fig 6b) which correspond to return periods of agpnately 5 and 2 years, respectively. Fig 6¢
shows the comparison of simulated flow vs. obsewatér level for the Jan 2017 event shown
in Fig 10a (see Subsection 4.2) at three additiontét locations of 6043 (Arbor Creek at
Tarrant), 6083 (N Fork Cottonwood at GSWP) and 6s$h Creek at GSWP); the contributing
areas are 4.1, 8.4 and 31.2%nespectively. The rainfall data used is the CASRE at 1/8
HRAP and 1-min resolution. The RDHM resolutionidA6 HRAP. Figs 6a and 6b indicate

that the model simulations are able to capturetieats quite well, but that they are not able to
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pick up very fast-varying streamflow responses weell. In addition, the model simulation for
the late Dec event exhibits flow magnitude-dependeaors. The errors present in these
simulations are not at all surprising in that tlaeg based solely on the a priori model parameters
for both soil moisture accounting and routing aalibration was attempted in this work.
Overall, it is seen that the model is capable oflpcing realistic streamflow responses to
significant rainfall events albeit with a mix ofthcamplitude (Seo et al. 2009) and phase (Liu et
al. 2011) errors of varying magnitude. Comparisbstieamflow simulations with (red dashed
line) and without (blue dashed line) storm draindelong in Fig 6a indicates that the differences
between the two are indistinguishable for the lai@v event, but that, for the smaller Dec
event, the peak flows at the outlet have increa$ightly with storm drain modeling. Fig 6c,
which only allows qualitative comparison of flow.\sage, generally supports the above
observations. Fig 6c¢ indicates that, for Outlet®®hich is associated with the largest
contributing area among the four, significant hydgac uncertainty exists which is likely to
override the effects of storm drain modeling exqegrhaps for the most upstream areas. As
explained above, discharge at the catchment aeflects both the natural channel and storm
drain flows and hence is not very useful in assgstie impact of storm drains. To assess
performance at much smaller spatial scales, af $efrosimulation experiments were carried out

which is described below.

4.2 Impact of storm drains at different scales of contributing area

In the DFW area, the design of stormwater infrattire calls for 25-yr 24-hr design rainfall
for conveyance, and for 100-yr 24-hr design ralrftalflood mitigation (NCTCOG 2015). In

this work, we apply spatially uniform 100-yr 5-mand 24-hr rainfall of constant rates to assess
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the impact of storm drain network on channel flowasponse to impulse- and step-function
forcings of rainfall, respectively. We then applyotactual events for additional assessment. Fig
7 shows the simulated hydrographs of channel flatlv (ved solid line) and without (blue solid
line) SDM at all grid boxes in the Johnson CreekcBment (Outlet 6033, 40.4 Kjrdue to a
spatial uniform rainfall pulse of 280.7 mm/hr lasti5 min. Because the hydrographs shown in
the figure represent the response of the contrigureas to what is essentially an impulse, they
may be considered as scaled unit hydrographs. psoted, the smaller the contributing area, the
faster the hydrologic response. Though difficulsé in this figure, there are numerous
hydrographs near the origin representing the respohvery small contributing areas. To help
discern the hydrographs associated with storm slifaimm those without, Fig 8 shows the box-
and-whisker plots of the surface flow in logaritlerscale at all grid boxes as a function of time
elapsed with and without SDM. In the figure, th@epand lower ends of the box represent the

75" and 28' percentiles, the line in the box represents theiame and the ends of the whiskers

represent mediah158><IQR/\/N where IQR denotes the inter-quartile range anéhbtes the

sample size. It is seen that the storm drainsignddtchment reduce surface flow in the median
sense for about 30 min, and that at a number atilarcs the reduction persists well past 30 min.
For Outlet 6133 of the Fish Creek Catchment (543 kot shown), it was observed that the
storm drains reduce flow at most locations onlytfa first 10 min or less, and that between 15
and 40 min or so there is a noticeable increaflewnwith storm drains modeled. The above
observations suggest that the Fish Creek Catchmaybe susceptible to downstream flooding
due to storm drains upstream. To track the imphstarm drains on surface flow at each grid
box during the course of the catchment responsaifirig an impulse rainfall, Fig 9 plots the

ratio of the flow with storm drains to that withaattall grid boxes in the Johnson Creek
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486

Catchment due to 100-yr 5-min rainfall. A ratiole$s or greater than unity is an indication that
the storm drains reduce or increase surface flawadtlocation, respectively. Note in the figure
that the storm drains reduce flow significantly govery short duration at almost all grid cells,
that the flow remains reduced for the entire doratit many of the above locations, but that
there are locations where the storm drains incréaaebetween 5 to 50 min. The results for
other catchments are qualitatively similar andraseshown. Figs 10a and 10b show the
hyetographs and box-and-whisker plots of the hya@nolgs with and without SDM for the
Johnson Creek Catchment (GP6033) for the Jan 16, 20d May 29, 2015 events, respectively.
Also shown are the rainfall maps based on the CA®A. The 2017 event, a fast-moving
convective front which also spawned tornadoes, ywed up to 100 mm of rain in about 6 hours
in parts of the catchment. The 2015 event, whickh tha largest in DFW during the wettest ever
May of that year, produced up to 130 mm in abolburs in large parts of Arlington and Grand
Prairie. For the Jan 2017 event, it is seen tlestbrm drains reduce surface flow significantly,
and that at many locations the reduction perdmstaughout the event. For the May 2015 event,
which had a return period of over 300 years for @ration (Norouzi 2016), the storm drains
had a very small impact as the extreme rainfall wigespread and quickly filled almost the
entire storm drain network (Fig 10b). For stormwal@nning and management, the locations
where surface flow increases due to storm dra@®fparticular interest. The following
subsection describes how such areas may be idgehlifi spatially mapping the changes in peak

surface flow from the integrated model.
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4.3 Impact of storm drainson peak flow

To ascertain the locations where storm drains imergase or decrease peak surface flow,
the ratio of the peak flow with storm drains totthéthout is calculated at each grid cell and
mapped over the entire catchment. This ratio isrrefl to herein as the peak flow ratio (PFR).
Fig 11 shows the map of the PFR for a 100-yr 2daimfall amount of 280.7 (mm) for the entire
study area. Note in the figure that the PFR istleas unity for most cells (i.e. storm drains
reduce peak flow), and that the ratio is smallemfany grid cells where a large number of inlets
exist. Fig 12 shows the map of the PFR exceediity bat only for those cells that do not
contain outfalls. In this way, we exclude the céitsn consideration where the increase in peak
flow is due to direct discharges from storm dralhs likely that some of the colored cells
shown in Fig 12 contain higher-order natural stredon which the performance of storm drain
systems may not be of concern. All other colordts @e Fig 12 may be considered as not being
served well by the existing stormwater infrastruetin the sense that peak flow has increased
due to storm drains compared to the storm draismdesditions.

In the DFW area and elsewhere, continuing urb#éioizas expected to alter the hydrologic
response of urban catchments. Analysis of the NL&@id cover of 2001, 2006 and 2011 for the
area indicates that imperviousness increased hytddopercent between 2001 and 2011
(Norouzi 2016). Fig 13 is the same as Fig 11 betgak flow with storm drains under the
existing condition (i.e., the denumerator in th&llpRas been replaced with that under a uniform
15% increase in imperviousness in all catchments$e that, with the increase in
imperviousness, the size of the area of the PFReshig unity has increased by about 30%,

indicating that in many areas the existing storairdr would no longer be adequate.
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4.4 Senditivity toinitial conditions of storm drain flow and inlet flow parameters

Because the residence time of stormwater in trenstirain network is only of the order of
10 hours or less for the study catchments, in mitghtions one may safely initialize the ESDN
with no-flow conditions. As the event progressesyéver, the accuracy of the model state may
deteriorate due to the growth of simulation errotime. It is hence necessary to assess the
impact of the initial flow conditions in the ESDM dime-to-peak and peak flow. To that end,
comparisons of time-to-peak and peak flow were nimdeeen the two bounding conditions of
completely empty and full storm drains followind.@0-yr return period rainfall of 5-min
duration. The results indicate that the accuraahefstate variable in the storm drain modgl, A
in Eq.(11), may impact the quality of simulatiogrgficantly, particularly when the storm drains
may undergo successive cycles of filling and dragrirom successive short-duration pulses of
rainfall.

Although flow through storm drain systems is waiblerstood, its modeling entails
significant uncertainties (Pappenberger et al. 28@tovan and Todini, 2006). In this work,
inlet flows are determined based on uniform kinecraave water depth over the paved areas in
each grid cell assuming either weir or orifice fl(see Subsection 2.4). In reality, inlet flow is
partitioned from gutter flow whose depth is typlgdarger than the uniform water depth over
the entire pavement. In inlet design, inlet flovdetermined by the interception rate, or the
efficiency of the inlet, which depends on the guti@wv (TXxDOT 2016). In this work, we assess
the impact of selected inlet parameters to paniiig of hillslope runoff into inlet and channel
flows by evaluating the sensitivity of weir flow Eq.(5) to the inlet length,,. Because

changing the number of inlets in the grid cell,dNthe weir coefficient, ¢ has the same effect
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as changing.,, analysis of sensitivity oh,, amounts to that of all three paramet&sC,, and

Lw, For this reason, we chose a wide range of valuds,fto encompass possible variationNin
andC,, as well. In the study area, both curb-openingdemtessed curb-opening inlets exist for
which the weir discharge coefficient,ds 0.374 and 0.286, respectively. A typical curb-
opening inlet has a length of 2.5 m in the studadut, at many locations, the inlets are doubled
to a length of 5.0 m. Inlets may be clogged whiduld effectively reduc& and/orL,,. In inlet
design, clogging factors of 0.12 and 0.08 are ssigglfor one and two units of curb-opening
inlets (Guo and MacKenzie 2012) which effectivedgucesN in Eq.(5) to 0.88l and 0.98,
respectively. From the above, one may arrive atdwer and upper bounds fbiC,L,, of 0.63N
and 1.8W, respectively. To encompass approximately the albange of possible variations,
L,~=1.7, 2.5 and 5.0 (m) were chosen without redubirand keeping.,,=0.374. Then.,,=10.0
(m) and 50.0 (m) were added to assess the asympavior. Fig 14 shows the volume of
stormwater conveyed by the natural channels vssttiren drains from spatially uniform 100-yr
return period 5-min rainfall over the five catchrteerThe uppermost dotted black line denotes
the total stormwater volume conveyed both by themhand storm drain networks. Different
colors represent different nominal inlet lengthst €ach color, the solid and dashed lines denote
the stormwater conveyed by the natural channelstorth drains, respectively. The solid and
dotted lines of the same color hence partitiorntote stormwater volume into natural channel
and stormwater flow volume. The following obsergas may be made in Fig 14. The
stormwater volume conveyed by storm drains witlominal inlet length of 2.5 and 5.0 m is
approximately 22 and 38%, respectively, of theltataoff volume for both 5-min and 24-hr
rainfall of 100-yr return period. The limiting coayance volume by storm drains is reached at

the nominal inlet length of 50 m where over 60%haf surface runoff is conveyed by storm
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drains. As expected, the rate of increase in theffwolume conveyed by storm drains
decreases as the nominal inlet length increagesthere is diminishing marginal value in
increasing the inlet capacity. The above resuligcate that significant uncertainties exist in
partitioning surface runoff into natural channedlatorm drain flows, and that rigorous
uncertainty analysis is necessary for compreherssgessment. With greatly reduced modeling
complexity and computational requirements, thegrated modeling approach proposed in this
work makes such analysis readily possible. Curyesimulation of a 24-hr event for the study
area of 144.6 kfat a 250-m resolution with 1-min rainfall inpukés about 3 hours (or about
12.5 seconds per time step) on a 6 Intel® Xeon® EBL2620 v2 @ 2.10GHz core computer
with 65 GB memory. The current version of the stainain model has very large room for
improvement in computational efficiency. It is exfedl that multi-fold and significant reduction
in computing time is readily achievable with andheut parallelization, respectively, a task left

as a future endeavor.
5 Conclusions and futur e resear ch recommendations

For accurate flash flood forecasting and effecsiteemwater planning and management in urban
areas, it is necessary to model not only the niathi@nnel systems but also the large and
complex networks of storm drains. Whereas therstemany 1D-2D models, most are not well-
suited for real-time operation or large-area immatation due to extremely large computational
and modelling requirements (Noh et al. 2018). Higolution distributed modelling, on the
other hand, is now a common operational practiceveder modelling and forecasting for large
areas (>100 kA) around the world (see, e.g., the National Wated& (NWM) in the US,

http://water.noaa.gov/about/nwm). In this work, prepose a modular storm drain model which
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576 may be easily coupled with existing gridded disitéal hydrologic models. The proposed

577 integrated model is applied to a 144.6%amea consisting of five urban catchments in the€i
578 of Arlington and Grand Prairie in Texas, US. Wherda above domain is large by the

579 stormwater modeling standards, it represents osiypall fraction of the large cities in DFW. For
580 reference, the Cities of Dallas, Fort Worth, Arlioig and Grand Prairie which comprise the mid-
581 section of DFW have a combined area of about 293kitf. The storm drain module described
582 in this work is aimed at eventual operation forfslarge areas. A salient feature of the proposed
583 approach is the use of the equivalent storm draiwark (ESDN) which approximates the actual
584 storm drain network on the same grid as the disteith hydrologic model, thus rendering

585 coupling of the storm drain module and the disteldumodel extremely simple. The ESDN uses
586 the equivalent systems method of Raczynski eRGD&) which has also been used by a number
587 of researchers and practitioners for modelling ftavough pipe networks (Mohammad and

588 Ahmad 2011, Gad and Mohammad 2014, Choi and Ka®§)2The gridded distributed

589 hydrologic model used in this work is the NWS’s RIAHThe main findings are as follows.

590 The ESDN represents the real storm drain netwerl well. At the catchment scale, the
591 impact of storm drains is not readily discernaldeduse streamflow at the catchment outlet
592 integrates both the natural channel and storm di@is. For smaller catchments, it is seen that
593 storm drain modeling increases peak flow at théebatightly for significant events. To assess
594 the impact of the storm drain network at all looa8, twin simulation experiments were carried
595 out in which the integrated model was run with aithout the storm drain module using

596 impulse- and step-function design rainfall. Thaulessshow that the storm drains are very

597 effective in reducing surface flow for a short dioa at almost all grid cells in the study area,

598 and that, at many locations, the flow remains redudor the entire duration. For the highly
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urbanized Johnson Creek Catchment (Outlet 6038)stiirm drain network reduces surface flow
at most locations for about 30 min, and that tlieicEion persists well past 30 min at many
locations. For the least impervious Fish Creek Ragent (Outlet 6133), on the other hand, the
storm drain network reduces surface flow only fa first 10 min or less at most locations, and
increases noticeably between 15 and 40 min. Theeafioggests that the Fish Creek Catchment
may be susceptible to downstream flooding duedorstrain flow from upstream. The
simulation results also reveal that there are lonatin the Johnson Creek Catchment where the
existing storm drain network may increase peak ftampared to the storm drain-less
conditions, and that, with a 15% increase in imjmersness relative to the current conditions, the
existing stormwater infrastructure would lose efifeaness for approximately 30% of the study
area. The above results demonstrate the poteotiapof the integrated model for real-time
flash flood forecasting as well as planning and age@ment of stormwater infrastructure for
large urban areas.

The integrated model simulations also show thatife study area the stormwater volume
conveyed by storm drains with a nominal inlet léngt 2.5 and 5.0 m is approximately 22 and
38%, respectively, of the total runoff volume fath 5-min and 24-hr rainfall of 100-yr return
period. As expected, the rate of increase in theffwolume conveyed by storm drains
decreases as the nominal inlet length of the intgeases, indicating diminishing marginal value
in increasing the inlet capacity. The sensitivaythe inlet flow parameters indicates significant
uncertainties in partitioning surface runoff intatural channel and storm drain flows. Whereas
rigorous uncertainty analysis for stormwater infinasture for a large area using 1D-2D
modeling would be extremely expensive for modedind computationally-wise, the integrated

modeling approach proposed in this work makes sneltysis possible even for very large areas.
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Due to the coarse resolution and simplificatiorsyéver, the proposed approach cannot resolve
flow at sub-grid scales and hence is not suitatneéry detailed modeling for small areas.
Validation of simulation results at sufficientlgnall spatial scales remains a large challenge
due to lack of ubiquitous streamflow sensing. hased that water level sensors are being
deployed at small urban streams in the study ardasewhere in DFW (Habibi et al. 2017) and
the crowdsourcing app, iSeeFlood (Choe et al. 26tt{@;//ispuw.uta.edu/nsf/8-1-
1description.html), have also been launched twalidation as well as real-time forecasting.
The NWS has recently implemented NWM (Graziand.€2@l7), a hydrologic model that uses
the Weather Research and Forecasting Model Hydoalbgnodeling system (WRF-Hydro,
Gochis et al. 2014), to forecast streamflow areohydrologic variables over CONUS.
Though WRF-Hydro and RDHM have significant diffeces in routing operations, it is
expected that the storm drain module developehiswork can also be integrated with WRF-

Hydro with a modest amount of effort (David Goclgsyrsonal communication, May 2017).
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Fig 1.

List of figure captions

Schematic of the one-way coupling of the storm drain module and the natural channel

routing module of RDHM.

Fig2a Actua storm drain network for the five urban catchments overlaid on a 250 m grid.

Fig 2b. Same as Fig 2a but for the equivalent storm drain network.

Fig 3.

Fig 4.

Figb.

Fig 6a.

Fig 6b.

Fig 6¢.

Fig7.

Five urban catchments in the Cities of Arlington and Grand Prairie used in the

integrated modeling.

Comparison at selected outfall locations of flow hydrographs from the actual and

equivalent storm drain systems.

Comparison of the inlet flow-vs.-water depth relationship from four different weir and

orifice equations for three different inlet lengths.

Observed vs. simulated streamflow with and without SDM at GP6363 for the

November 2015 event. The rainfall forcing used is the CASA QPE.

Same as Fig 6a but for the December 2015 event.

Comparison at selected locations of observed water level vs. simulated flow with and

without SDM for the January 16, 2017, event.

Simulated hydrographs of channel flow with and without SDM at all grid boxes for the

Johnson Creek Catchment (Outlet GP6033) due to 100-yr 5-min rainfall.



Fig8. SameasFig 7 but box-and-whisker plot representation the hydrographs in logarithmic

scale.

Fig9. Ratio of the simulated flow with SDM to that without at each grid box in the Johnson

Creek Catchment (Outlet 6033) due to 100-yr 5-min rainfall.

Fig 10a. Box-and-whisker plots of the hydrographsin logarithmic scale at all grid boxes with
and without SDM for the Johnson Creek Catchment (Outlet GP6033) for the January

16, 2017, event.

Fig 10b. Same as Fig 10a but for the May 29, 2015, event.

Fig11l. Map of the peak flow ratio (PFR), i.e., the ratio of the peak flow with SDM to that

without for 100-yr 24-hr rainfall for the entire study area.

Fig12. SameasFig 11 but only for those cells that do not contain outfalls and with PFR > 1.

Fig13. SameasFig 11 but under auniform 15% increase in imperviousness in all catchments.

Fig 14. Volume of stormwater conveyed by natural channels (solid line) vs. storm drains
(dashed line) for five different inlet lengths due to spatially-uniform 100-yr 5-min
rainfall. The total volume (dotted black line) is the same as the sum of the two volumes

represented by solid and dashed lines of a same color for each inlet length.
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Fig 5

Flow (CMS)
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Fig 6a _ _
Observed and simulated flow using CASA (GP6363)
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Fig 6b
Observed and simulated flow using CASA (GP6363)
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Fig 6C
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Fig 7
Flow for 100-yr 5-min rainfall (GP6033)
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Fig 8

Flow (CMS)
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Fig 9

Flow ratio for 100-yr 5-min rainfall (GP6033)
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Total rainfall over DFW

Simulated flow for Jan 16 2017 (GP6033)
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Total rainfall over DFW

Simulated flow for May 29 2015 (GP6033)
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Fig 10b

(VAvIV]

048
0v8
oi8
084
062
02
069
099
0€9
009
0.5
0%S
0ls
08y
0sy
0cy
oee
09€e
oee
00g
0/e
0ve
0le
081
0st
oct
06

09

0e

D

.

N

|

E3 with SDM
1e+021 B8 Without SDM

l

1e+00
1e-02

(SWD) mol4

| 08€ 1
| 0S€EL
L 0CE}
0621
092}
| 0E2L
L 00¢
L 0LLL
0L
(OLLL
0801
| 0S01
| 0201
| 066
| 096
| 0E6
L 006
048
L 0¥8
(018
L 082
L 0GL
|02
| 069
| 099
| 0€9
L 009
L 04S
L 0¥S
L 01S
| 08
| 0S¥
L 0cv
| 06€
L 09€
| 0EE
L 00€
| 042
L 0v2
 0le
L 081
L 0S1
L 0C
| 06
109

| 0€

Time (min)



[]0015-0.2
4 [10.201-04
7 [10401-08
[]0601-08
0801 -1
m101-12
m1l21-14
M141-16
M161-18
] M1&1-2
+  Storm Drain Intels I N ilom eters - [
G601 -18

| |1/16 HRAP Resolution
+  Storm Drain Qutfalls 25 1.25 0 25




Fig 12
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Fig 14
Volume from 100-yr 5-min rainfall
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