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Storm velocity (i.e., direction and speed) and structure (i.e., shape and intensity) play a critical role in
streamflow response. These characteristics determine the timing and magnitude of precipitation fluxes across
the watershed that drive runoff generation and conveyance along the river network. While previous efforts
have used spatially explicit hydrologic models to assess the role of storm properties in streamflow magnitude,
their computational demand significantly limits the range of scenarios that can be explored, hindering our
ability to systematically identify critical conditions leading to extreme events. To address this technical gap,
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b/Directional-UH

Keywords: we introduce the Directional Unit Hydrograph (Directional-UH) model, a parsimonious approach based on
Directional unit hydrograph the classic theory of the Unit Hydrograph. The Directional-UH extends the original theory by relaxing the
Width function

assumption of spatial uniform rainfall and incorporating storm direction and speed into the unit hydrograph
function. The model conceptualizes storms as rectangular structures with constant intensity moving along
a linear trajectory with constant speed. We verify and validate our conceptualization by comparing with
simulations, based on observations of extreme rainfall events, of the distributed hydrological model Hillslope-
Link-Model (HLM) in the Turkey River basin in Iowa, USA. Then, the Turkey River basin is used as a testbed
to illustrate three practical applications of the Directional-UH model. First, we identify the storm trajectory
that produces the highest peak flow response. Second, we determine the storm characteristics that maximize
the peak flow response by synchronizing storm motion and flood wave; we refer to this as the resonance
condition. Third, we systematically explore the compounding effects of consecutive storm events with different
trajectories to identify critical combinations that exacerbate the peak flow magnitude. The results on our
testbed demonstrate that storm velocity has the potential to increase by a factor of two the peak flow magnitude
when compared to stationary storm events. Overall, the parsimonious nature of the Directional-UH model offers
a unique and valuable tool for modeling, predicting, and interpreting rainfall-runoff dynamics through the lens
of storm direction, speed, and structure.

Storm motion
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1. Introduction Kaspi, 2017). Furthermore, analysis of historical rainfall data in the
contiguous United States shows that a large proportion of the eastern

Empirical observations and global climate model projections show United States has seen a clockwise trend in the dominant direction of

that the intensity, duration, frequency, and spatial extent of rainfall
events are being affected by changes in atmospheric circulation pat-
terns, with a high potential impact on storm trajectories. For example,

precipitation (Goodwell, 2020). This evidence is significant in flood
prediction because laboratory experiments (de Lima and Singh, 2003)
and model-driven simulations (Gao and Fang, 2019; Seo and Schmidt,

climate models project a poleward shift of storm tracks at the end
of this century (Mbengue and Schneider, 2013; Tamarin-Brodsky and

2013) show that storm trajectories can change drastically and affect the
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magnitude and duration of flood events. As climate change disturbs typ-
ical patterns of storm trajectories, catchments are likely to experience
new rainfall forcing, leading to unseen extreme responses. A transition
that will be reflected in individual events and the statistics of peak
flows. Understanding how these potential changes in forcing will affect
hydrologic response is critical for designing resilient flood protection
infrastructure under future climate scenarios.

Process-based hydrological models serve as a platform to test and
validate conceptualizations of hydrological processes and quantify how
flood magnitudes will change due to natural and anthropogenic per-
turbations in the hydrological system. For instance, previous efforts
have used distributed hydrological models to evaluate the effect of
storm direction on streamflow generation (e.g., Gao and Fang, 2019;
Ghimire et al., 2021; Perez et al., 2021), finding significant changes
in the mechanisms generating runoff and flood wave propagation. In
particular, Perez et al. (2021) used a distributed hydrological model
to evaluate how changes in preferential storm trajectory will affect
the probability distribution of peak flows, not just individual events.
Using a 20,000 km? agricultural basin in the Midwest USA as a testbed
and thousands of simulations for individual storms, they show that
the 100-year flood can increase up to 25% due to changes in storm
direction.

The modeling efforts highlighted above require the implementation,
calibration, and validation of distributed hydrological models with
many parameters (ranging from tenths to even hundreds), signifi-
cant computational resources, and a high level of modeling expertise.
These modeling requirements limit the ability of researchers to explore
a broad range of scenarios and preclude widespread application by
practitioners. To overcome this challenge, parsimonious hydrological
models have been used as an alternative to complex distributed hy-
drological models. Parsimonious hydrological models focus on critical
processes and only require a few model parameters. Given their sim-
plicity, these models have been widely adopted by researchers and
practitioners to assess hydrological systems by focusing on model struc-
tures that are transferable and reproducible. For example, the Unit
Hydrograph (UH) (Sherman, 1932) model is one of the most common
parsimonious conceptualizations for rainfall-runoff transformation. The
UH is a clear example of how a simple, elegant, and robust model
formulation can permeate to practitioners to become a fundamental
tool for predicting peak flow magnitudes in engineering design (Singh
et al., 2014; Bhunya, 2011).

In the spirit of these parsimonious modeling approaches, the main
objective of this work is to present a transferable and reproducible
hydrological model for streamflow that explicitly represents storm
velocity (direction and speed) and structure (shape and intensity): the
Directional Unit Hydrograph (Directional-UH). In simple terms and from
a conceptual perspective, the Directional-UH computes hydrographs
by simplifying observed storm structures into equivalent rectangular
moving storms (see Fig. 1). The following sections show that the
Directional-UH extends the UH approach while maintaining conceptual
simplicity and computational efficiency.

After formulating the Directional-UH model, we use a higher-
complexity hydrologic model to verify and validate its predictions in
a testbed watershed. Then, we illustrate the Directional-UH potential
by addressing three fundamental questions. First, what storm direction
and speed maximize the peak flow response? Second, what physical
conditions are required to trigger a resonance effect between the storm
motion and the flood wave propagation that maximizes the peak flow
response? And third, given two consecutive storm events, what is
the combination of storm trajectories that maximizes the peak flow
response? The modest computational demand of the Directional-UH
makes it particularly well suited to answer these questions given the
need to explore many combinations of storm structure and velocity and
initial hydrological conditions (e.g., antecedent soil moisture, initial
streamflow), which are evolving in space and time (Singh et al., 2014;
Perez et al., 2019a).
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2. The foundation: The Unit Hydrograph

If a watershed behaves linearly, the Unit Hydrograph (UH) rep-
resents the direct runoff response at its outlet resulting from a unit
volume of effective rainfall applied uniformly throughout the entire
domain at a constant rate over a specific duration (Sherman, 1932).
It is further assumed that the UH is time-invariant and does not change
with the characteristics of rainfall or watershed properties. In the limit,
for an infinitesimally small rainfall duration, we refer to the UH as the
Instantaneous Unit Hydrograph (IUH), which describes the hydrologic
response to a unit volume of effective rainfall applied instantaneously
throughout the watershed. Again, assuming that the watershed behaves
as a linear system, the outlet’s streamflow response (Q(¢); [L’T~']) at
any time ¢ is estimated as the convolution of the input function rate
(J,(t); [LT~1]) and the IUH (g(?); [T~'1) (Dooge, 1973):

t
o = A/ J (D)g(t — 1) dr, @
0

where A [L?] is the watershed drainage area and J,(f) represents the
effective rainfall intensity that is assumed to occur spatially uniform
throughout the watershed. The effective rainfall, J,(r), is defined by
rainfall characteristics (intensity and duration), soil properties, and
antecedent soil moisture conditions. The IUH function, g(¢), which is
also commonly referred to as the transfer function or the kernel func-
tion, encapsulates the runoff generation mechanisms within the water-
shed. Several strategies have been proposed to estimate it (Bernard,
1935; Snyder, 1938; Taylor and Schwarz, 1952; Murphey et al., 1977;
Rodriguez-Iturbe and Valdés, 1979; Croley, 1980; Gupta et al., 1980;
Aron and White, 1982; Singh, 1964; Bras and Rodriguez-Iturbe, 1989;
Yen and Lee, 1997; Bhunya et al., 2009; Patel and Thorvat, 2016; Guo
and Asce, 2022; Guo, 2022; Huang and Lee, 2023; Yi et al., 2022),
and among those approaches, the ones that link the watershed’s mea-
surable geomorphological and hydraulic characteristics have become
particularly popular (Snell and Sivapalan, 1994; Rigon et al., 2016).
For example, the Geomorphological Instantaneous Unit Hydrograph
(GIUH), first proposed within a probabilistic framework by Rodriguez-
[turbe and Valdés (1979), generalized by Gupta et al. (1980) and
formalized by Rinaldo and Rodruiguez-Iturbe (1996), connects g(t)
with the watershed’s morphology and channel hydraulics using the
Horton-Strahler ordering technique, offering simple predictive expres-
sions for the magnitude and timing of peak flows. In the same vein,
the Width Function Instantaneous Unit Hydrograph (WFIUH) (Kirkby,
1976) relaxes the assumption of a theoretical probability distribution
for g(¢) and instead uses an estimated travel time distribution based on
isochrones calculated from drainage paths derived from digital eleva-
tion models. This empirical representation better captures the physical
processes that dominate runoff generation and streamflow channel
routing with widely available data. These isochrones, under some
hydrodynamic assumptions, can be derived from the width function
(W (x); [L™1]) of the watershed. The W (x) denotes the number of sites
at the distance x [L] to the outlet of the watershed, where the distance
x is calculated along the surface flow path. In general, it is convenient
to represent W (x) as a probability distribution, and therefore, W (x)
is normalized so that its integral equals unity. The width function
has been used in different studies as a fundamental morphological
descriptor of watershed hydrology with particular controls on runoff
generation and peak flow response (Moussa, 2008a,b; Perez et al.,
2019a, 2018).

Within the WFIUH framework, we can distinguish between travel
times in channels and hillslopes by replacing W (x) with the rescaled
width function, W, ,(x) [L-1], which is obtained by rescaling distance
as

u,
=x,+ —xp, (2)
Up

/
xc,h

where u, [LT-1] is the hillslope flow celerity, u, [LT™1] is the channel
flow celerity, x,, [L] is the hillslope distance along the surface drainage
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Fig. 1. Illustration of the transformation from observed storms (top panels) to rectangular moving storms (bottom panels) for different storm trajectories. The direction of the

storm trajectory is represented by 6,. The circular plots in the right panels illustrate the peak flows, Q

direction, 6, (angle).

path to the closest channel, and x, [L] is the channel distance to the out-
let of the watershed (Rinaldo et al., 1995). Because the hillslope flow
celerity is significantly lower than the channel celerity, this rescaled
width function significantly improves the physical representation and
predictability of the WFIUH (Botter and Rinaldo, 2003; Grimaldi et al.,
2010, 2012; Di Lazzaro and Volpi, 2011). Fig. 2C-D highlights the
differences between W (x) (panel C) and W, ,(x) (panel D) for our
testbed watershed. In this case, W, ,(x) is smoother due to the effect
of longer travel times for water particles starting their journey on
hillslopes.
For the WFIUH model, g(¢) is estimated as

LmlIX
gn= / W) f(t]x)dx 3
0

where f(t|x) [T~1] is the travel time distribution for a path of length x
and L, [L] is the longest drainage path under the rescaled distance
x! - When the effects of hydrodynamic dispersion are negligible, the
water is subject mainly to advection (kinematic wave), and the proba-
bility distribution of the travel time for a rainwater particle falling at
a distance x from the outlet is

f(tlx):uch(t— %) 4

c

with §(-) the Dirac delta function. Substituting Eq. (3) into Eq. (4)
provides an expression for the IUH:

&(n) = u, W, p(uch). ()

At a higher level of complexity, the formulation of f(¢|x) can
include the effects of flow response smoothing caused by hydrodynamic
dispersion (Mesa and Mifflin, 1986; Rinaldo et al., 1991; van de Nes,
1973):

o) = x (x — u.t)? ®)
f(lx)—\/mew[— D1 ]

where D [L>T7!] is the hydrodynamic dispersion coefficient. In this
case, the IUH is given by

Lnax X W, 5, (x) [ (x— uct)z]
exp|— dx.

X
0 V4z DB 4Dt

The kinematic case can be obtained from Eq. (7) when D — 0.
Finally, the streamflow at the watershed outlet using the kinematic and
hydrodynamic dispersion approach is given by

)

g =

1
o0 = A/ J (@u W, j(u (t - 1)) dr ®
0

(radius), at the outlet of the watershed as a function of the storm

‘max

and
t Lyax w. — — 2
o) = A/ JG(T)/ Wen) exp[— (x —u (t = 7)) ]dxdr. 9
0 0 \4zD(t - 1) 4D(t - 7)

Here, it is important to highlight two crucial assumptions implicit
in Egs. (8) and (9). First, the parameters u,, u,, and D are assumed
constant for the watershed. However, in natural systems, flow celerities
and dispersion vary in space and time with channel geometry, surface
roughness, and flow magnitude (Beven, 2020); therefore, these param-
eters would be considered effective for the system. Second, rainfall is
assumed uniform, which misrepresents the spatial-temporal dynamics
of observed rainfall fields. These assumptions allow for a parsimonious
model but can hinder the ability of the UH to describe and predict
hydrologic response for storms evolving in space and time.

To relax the latter assumption, previous studies incorporated the
effects of spatially distributed rainfall into the UH (Naden et al., 1999;
Smith et al., 2005; Emmanuel et al., 2015). In general, this is done
replacing W, ;,(x) by the rainfall width function, Wx(x,) [L1], defined
as

Wa(x,t) = .l}(x, 1)

e

We () 10)

where J,(x,t) [LT™1] is the average effective rainfall intensity at time
t falling at a location with a surface flow path distance x from the
watershed outlet, and J,(7) [LT~1] is the mean value of the effective
rainfall intensity within the watershed at time 7.

Unlike W, ,(x), the rainfall width function Wx(x, t) is time-dependent
and must be recalculated for every rainfall event, making its use
difficult in practice. To overcome this obstacle, Andrieu et al. (2021)
proposed the Event-WFIUH by assuming that the spatial and temporal
effects of effective rainfall can be isolated as

J,(x,1) = W,(x)J, (1) an

where W,(x) [L~1] is the event width function. This function is time-
independent and estimated from inverse techniques by finding the best
representation of W,(x) that reconstructs the observed hydrograph for
a specific rainfall-runoff event. In particular, since that W,(x) is esti-
mated from inverse techniques using streamflow observations, W,(x)
is suitable for the characterization of rainfall-runoff signatures for a
given observed flood event but not specifically useful for analyzing and
predicting the effects of storm dynamics on streamflow response.
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Turkey River
Basin

1 1.5 2 25
x: Distance to outlet [m] x10°
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Fig. 2. (A and B) Location of the Turkey River basin. (C) Width function W (x) and (D) rescaled width function W, 4(x) using u, = 0.02 m/s, and u, = 1.5 m/s. The strip areas in
panels C and D are associated with a specific distance to the basin outlet. The yellow triangle shows the location of the watershed outlet.

3. The Directional Unit Hydrograph

As the previous section shows, the WFIUH model has evolved
significantly from its original formulation to represent spatially dis-
tributed rainfall and differentiate between travel times in hillslopes
and channels. However, the WFIUH’s current formulation still ignores
critical storm characteristics such as velocity (i.e., direction and speed)
and structure (i.e., shape), hindering its ability to capture the complex
spatiotemporal dynamics of hydrologic response. With this in mind,
we present a new formulation of the WFIUH: the Directional Unit
Hydrograph (Directional-UH).

First, we discretize the landscape into hydrologic response units
(HRUs) where the parameters and states are assumed spatially uniform.
For simplicity, we use squared elements of length Ax to represent HRU,
and the centroid of a given HRU ; is denoted by the coordinates (x;, y;).
Second, we parameterize storm motion and structure characteristics.
In this case, we use the following assumptions to simplify the storm
dynamics (Fig. 3A):

1. The storm is generated outside the modeling domain and tra-
verses the watershed without changing shape.

2. The storm has constant intensity i, [L] and rectangular area with
length I (storm front length, [L]) and width w, (lateral storm
length, [L]). Moreover, the rectangular storm front, [, is larger
than the diameter of the circumscribed circle of the watershed
boundary.

3. The rectangular storm moves along a linear trajectory perpen-
dicular to the storm front with constant speed v, [LT~'] and
direction ¢,. The angle 6, is measured in a counterclockwise
direction from the line defined by points (x,, y,) and (0, y;) to
the line defined by points (x,, y,) and (x,, y,). Here, the point

(xp, yp) is the watershed centroid, and the point (x,, y,¢) is the
center point of the storm front at the beginning of the event.

The assumptions above provide a significant degree of flexibility to
represent storm dynamics while maintaining the mathematics tractable
and the implementation numerically inexpensive. The are two main
benefits of conceptualizing the storm structure as a rectangular moving
storm with constant velocity. First, the travel time for the storm front to
reach any HRU can be easily calculated. More specifically, the distance
from the initial location of the storm front line to any HRU j, X5,
is given by the perpendicular euclidean distance between the HRU’s
centroid (x;, y;) and the storm front line at the initial location (x,, y; )
(see Fig. 3A). Then, given that the storm moves with constant speed v,
the time required for the storm front to reach the HRU j is calculated as
X, /Us- Second, although each HRU receives rainfall at different times,
the time of rainfall duration (D, = w,/v,; [T]) is the same for all
HRUs, and therefore, all HRUs receive the same rainfall volume (and
intensity). Here, D represents the period of time during which an HRU
receives rain from the rectangular storm event, and it should not be
confused with the time it takes for the rectangular storm to cross the
entire watershed. In summary, the hietogram for any HRU j can be
easily predicted as a function of x, , v,, 6,, D,, and i,.

We incorporate the storm dynamics for this rectangular storm into
the WFIUH model by adding the travel time of the storm front to each
HRU, which propagates into the watershed’s width function. To this
end, the distance x, is incorporated as a rescaled distance in the width
function estimation. Then, similar to the distinction of travel times
between hillslopes and channels, the Directional-UH is constructed by
accounting for the arrival time of the rectangular storm event to each
HRU within the watershed with a rescaled distance
X =X+ u—cxh + u—cxs. 12)

Y Up U
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Rescaled Distance
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Fig. 3. (A) Key components characterizing the rectangular moving storm used in the Directional-UH. (B) Rescaled distances accounting for storm distance and hillslope distance.

Maps with (C) the channel distance, x,, (D) the hillslope distance, x,, and (E) the storm distance, x

and its corresponding rescaled width function, W, ,, ((x) [L1]. Here, it
is important to highlight two important aspects of the rescaled distance
definition in Eq. (12). First, note that the distance x; depends on the
initial location of the storm front (x; ., y,,) and the storm direction, 6,,
as a result the distance x/ .5 Also depends on the storm properties v; and
0,. Second, Eq. (12) uses the storm speed v, and not celerity, because
celerity is only considered in the domain where the flood wave travels,
which in this case occurs only over hillslopes (u,) and channels (u.).

The IUH resulting from replacing W (x) in Eq. (3) by W, (x)
is termed as the Instantaneous Directional Unit Hydrograph (IDUH).
Formally, the IDUH represents the streamflow response due to an
instantaneous unitary rainfall intensity pulse from a rectangular storm
moving with constant speed, v,, along a linear trajectory described by
the storm direction, 6,. The IDUH already incorporates the travel time
for the storm front to reach every HRU. Furthermore, because each
HRU receives the same rainfall intensity i; during time D, the effective
rainfall, J, (1), is defined as

L= RC - i
R

where 1, is the storm starting time at the initial storm front point
(x50s¥50) and RC is the spatially uniform runoff coefficient represent-
ing the proportion of rainfall becoming runoff. Then, replacing the
new rescaled width function and the effective rainfall into Egs. (8)
and (9), we obtain the Directional-UH model for the kinematic and
hydrodynamic dispersion cases with uniform runoff coefficient:

for ty <t <ty+ Dy 13)
otherwise

t
o =4 / T (@) u, W, (0, (t = ) de a#
0
i Lo xW, (%) (x — u(t - r))z]
nN=A/[ J — - dxd
Q( ) /0 e('r)</0 471,’D(T — T)3 [ 4D(I - T) xdr
(15)

where in this case L

max 1S the longest rescaled distance xi’

h,s*®

5o

In this model, J,(¢) is a function of i; and D, and W, (x) is a
function of the landscape, river network and the storm parameters v,
and 6,. The latter relationship is illustrated in Fig. 4, where W, (x)
was estimated for different values of 6; with a v, of 3 m/s. The changes
in the rescaled width function highlight the significant differences for
storm trajectories traveling downstream (Fig. 4B) versus those traveling
upstream (Fig. 4D). These changes in W, , (x) will be reflected in
significantly different peak flow magnitudes (see Section 5.3.1).

Finally, we propose three variations of the Directional-UH model
formulation to represent a broader range of hydrological scenarios.
First, spatially variable runoff coefficients can be incorporated by su-
perposing the streamflow response from individual IDUHs calculated
for HRUs associated with a specific class of runoff coefficient. Mathe-
matically, this can be expressed as

Ngc t
o =Y A / J, (1) gt — 1) dr (16)
k=1 0
RC, -i;, forty<t< D
Je ) = Kl orfy <t <ty+ D an
k 0 otherwise

where Ny [-] is the number of runoff coefficient classes, A, [L2] is the
drainage area of the HRUs within RC class k, g, () [T~] is the IDUH
calculated from the HRUs within runoff coefficient class k, J, o, (D [LT-1]
is the effective rainfall for runoff coefficient class k, and RC is the
runoff coefficient for class k.

A second model variation is to incorporate temporal changes in
rainfall intensity. This can be done by replacing the constant rainfall
intensity i, with a hyetograph i(f) representative of the temporal
variation of rainfall at the initial storm location (x;, y,)- In this case,
each HRU will observe the same hyetograph but shifted by a time
xsj/vs. A third variation is to use storm fronts, /;, smaller than the
diameter of the circumscribed circle of the watershed boundary. This
is of particular interest for modeling storm events partially covering
the watershed, which is commonly expected in large river basins. To
achieve the effect of partial storm coverage in the Directional-UH,
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Fig. 4. Examples of the rescaled width function, W, ,, for storm angles of 6, = 45° (A), 6, = 135° (B), 6, = 225° (C), and 6, = 315° (D). The rescaled distances were calculated
using v, =3 m/s, u, = 1.5 m/s, and u, = 0.02 m/s. The black lines represent the rescaled width function, W, ,, which does not consider the storm directions. Note that for
comparison purposes, the rescaled width function, W, ,, was translated to the first value of W, that is different from zero.

the width function W, (x) must be calculated from only the HRUs
receiving rain, and the drainage area, A, must reflect only the sum of
the area that encompasses these HRU locations. The general approach
to implement the Directional-UH model includes the following steps. (i)
Estimate the width function at the relevant basin outlet. (ii) Calibrate
and validate the model parameters using observed data (details in
section 4.3). (iii) Set parameter ranges representing storm dynamics
(i.e., extent, intensity, duration, and velocity) based on realistic storm
structures. (iv) Use the Directional-UH model (Egs. (14) or (15)) to sys-
tematically explore the dynamics of streamflow response as a function
of the storm’s characteristics.

4. Case study and methods

We use the Turkey River watershed (Fig. 2A-B) in Iowa, USA, as a
testbed to assess the strengths and limitations of the Directional-UH
model for the case of constant runoff coefficients. This agricultural
watershed, with a drainage area of 4385 km?, has been extensively
studied in the context of changes in peak flow dynamics resulting from
spatial and temporal patterns of storms (Zhu et al.,, 2018), seasonal
changes in snowmelt and soil moisture (Yu et al., 2019), global climate
projections (Yu et al., 2020), and, in particular, changes in storm direc-
tion (Perez et al., 2021). All these previous studies make this watershed
an ideal candidate for expanding the understanding of physical controls
on flood generation, specifically in terms of storm structure and velocity
(direction and speed).

To implement the Directional-UH model within the Turkey River
watershed, we define HRUs and their hydrological connectivity (flow
direction) using a 30-m digital elevation model (DEM) from the Na-
tional Hydrography Dataset (NHDPlus Version 2.1 accessed on Jun
1, 2021.). This definition implicitly assumes that a spatial resolution
of 30 m can capture the spatial-temporal evolution of rainfall fields.
Also, we use Stage-IV radar rainfall data (Du, 2011) (more details in
Section 4.1) to parameterize the rectangular moving storms needed for
the Directional-UH implementation.

In the following subsections, we describe the four components of
our approach to assessing the assumptions and performance of the
Directional-UH model. The first component focus on estimating equiv-
alent parameters to define rectangular moving storms from observed
radar rainfall fields. The second component uses the distributed hydro-
logical model Hillslope-Link-Model (HLM) to estimate and compare the
hydrographs resulting from the observed storms and their equivalent

rectangular representations defined by the first component. The third
component focuses on the calibration and validation of the Directional-
UH model. Lastly, the fourth component uses the Directional-UH to
explore the watershed response dynamics, emphasizing critical trajec-
tories and compounding storms that exacerbate peak flow magnitude.

4.1. Estimation of equivalent rectangular storm parameters

This section describes the procedure to select storm events from
observations and the processes to transform such events into equivalent
rectangular storms (i.e., going from the top row to the bottom row in
Fig. 1). This is a critical step to verify if actual storm events can be
represented with rectangular moving storms and how these assump-
tions impact our estimates of the hydrologic response. This component
is subdivided into two steps: (i) identify the storm events that could
occur within the Turkey River watershed and (ii) characterize the storm
properties by tracking the migration of the identified storms.

We use the RainyDay software (Wright et al., 2017) to identify the
storm events from the Stage-IV radar rainfall dataset with an approx-
imate spatial resolution of 4km by 4km, and a temporal resolution
of one hour from 2002 to 2020 (Du, 2011). A detailed description of
the procedure for storm selection with RainyDay from gridded rainfall
datasets can be found in Wright et al. (2017). Here, we synthesize the
procedure into four main steps. First, the user must define a spatial
boundary domain to search for storm events. In our case, we used a
domain that covers the entire state of Iowa (latitudes 40.2°N-45°N and
longitudes 90.2°W-96.7°W); therefore we can select storm events that
are outside the Turkey River watershed (see Fig. 3B). The selection
of storm events outside the watershed is reasonable in this case be-
cause Iowa’s state can be considered a meteorologically homogeneous
region (Wright et al., 2017) where similar storm events can occur any-
where within the region. Second, the user must define a time threshold
to calculate the accumulated precipitation within the watershed; we
used 72 h, which is close to the mean hydrologic response time of the
Turkey River watershed. Third, the user must define a boundary where
rainfall is accumulated. We used the watershed boundary polygon.
Fourth, and focusing on extreme storm events, RainyDay searches
within the analysis domain (Step 1) for independent storm events
with the highest accumulated precipitation during the prescribed time
threshold (Step 2) and over the spatial extension defined by the polygon
(Step 3). Using these steps, we identified 350 storm events. It should be
noted that previous studies used these same storm events to evaluate
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flood frequency estimates at the outlet of the Turkey River basin Wright
et al. (2017), Yu et al. (2019) and Perez et al. (2019b).

Once the rainfall events are identified, we used the storm identifica-
tion, tracking, analysis, and nowcasting (TITAN) storm characterization
algorithm (Dixon and Wiener, 1993) and the object-based storm iden-
tification algorithm proposed by Davis et al. (2006) to characterize the
storm properties (e.g., extent, velocity, intensity, duration, and trajec-
tory) for each event. We emphasize that storm cells that move across
the watershed have individual velocities, with complex development
cycles and dissipation over space and time (Singh, 1997). Because we
are describing the overall spatial structure of the storm event and
not individual storm cells, our storm characteristics must be seen as
descriptors representing the average spatial-temporal evolution of the
storm event. Using the properties of each storm event, we estimate
the equivalent parameters to represent rectangular moving storms that
closely resemble the average properties of the observed storm charac-
teristics. In other words, we define rectangular moving storms that, on
average, have the same storm extent, intensity, duration, speed, and
direction as those observed by the storm events detected with Rainy-
Day. The Appendix section presents additional details for transforming
observed storms into rectangular moving storms.

4.2. Verification of the rectangular storm assumption

We adopted a model-driven approach to assessing whether equiv-
alent rectangular storms can be used to represent rainfall-runoff dy-
namics from observed storms. In this case, we used a distributed
hydrological model to estimate the hydrographs resulting from the
observed storms and their equivalent rectangular representation. Then,
the appropriateness of the rectangular assumption is assessed by a
pairwise comparison of the modeled hydrograph.

We used the distributed hydrological model Hillslope-Link-Model
(HLM) to estimate the hydrologic response to the 350 storm events
detected with RainyDay. The Iowa Flood Center (IFC) developed this
model, which has been validated for the state of Iowa (Quintero et al.,
2019). Even though different surface and subsurface conceptualiza-
tions and channel routing approaches can be incorporated into HLM.
The HLM version that the IFC uses for operational purposes in flood
prediction incorporates a non-linear channel routing and includes evap-
oration, infiltration, water ponding on the surface of the hillslope,
the effective depth of water in the upper soil layer, and the effective
depth of water in the subsurface of the hillslope (Quintero et al.,
2019). We use the HLM model version that uses spatially uniform
runoff coefficient. By doing this, we remove the effect of the spatial
distribution of infiltration processes in the reference hydrographs, effec-
tively making overland flow the dominant process for flood generation.
Although it is not conducted in this study, the simplification of the
constant runoff coefficient can be relaxed by using HLM versions that
include a more realistic representation of infiltration processes, such as
the one presented by Jadidoleslam et al. (2022), which incorporates
Richard’s equation into the HLM formulation. A detailed description of
the constant runoff HLM model can be found in Velasquez et al. (2022).
Finally, because not all of these storms occur within the Turkey River
watershed domain, we spatially transposed each storm to ensure that
the main storm core crosses the centroid of the watershed.

4.3. Calibration and validation of the Directional-UH model

To calibrate and validate the Directional-UH model, we use rainfall-
runoff simulations from a hydrological distributed model with a higher-
fidelity process-based representation of runoff generation mechanisms
and channel routing. We refer to these simulations as the reference
simulations. The HLM model with constant runoff coefficient, briefly
described above, is used in this case — more details about this imple-
mentation can be found in Velasquez et al. (2022). Once the reference
simulations are obtained, they are used to calibrate the Directional-UH
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parameters u,, u,, and D. These parameters are storm dependent and
must be calibrated for each event.

Previous HLM modeling efforts in the Turkey River watershed allow
us to reduce the dimensionality of this inverse problem. Quintero et al.
(2019) and Ghimire et al. (2022) have shown that a hillslope celerity of
0.02 m/s is representative of hillslope overland flow and can reasonably
capture peak flow response . With this in mind, we assume a u, =
0.02 m/s, reducing the number of unknown parameters to two (u, and
D). Similar approaches to reduce the number of parameters have been
used by other authors. For example, Grimaldi et al. (2012) proposed an
empirical relationship between u;, and local landscape slope. Here we
use the following procedure to calibrate u, and D:

1. Create a catalog of synthetic stationary storm events. In this case,
we create 35 storm events by combining spatially uniform storm
intensities i, € [0.25,0.5,0.75,1,2]mm/h and storm durations
D, €1,3,6,12,24,48,72] h.

2. Create reference simulations. We create the reference simula-
tions by forcing the HLM model with the storm catalog from
Step 1. A uniform runoff coefficient of one is used for all sim-
ulations. Therefore, the storm intensities defined in Step 1 are
also effective storm intensities.

3. Estimate the parameters u, and D for each rainfall-runoff event.
In this case, we use the Nelder-Mead simplex algorithm (La-
garias et al., 1998, as implemented in MATLAB) to estimate the
values of u, and D that minimize the sum of the squared root
difference between the reference hydrograph obtained in Step 2
and the Directional-UH hydrograph predictions.

As we mentioned before, the model parameters u, and D must be
estimated for each storm event, which is inconvenient for streamflow
prediction when a reference hydrograph is unavailable and the model
cannot be calibrated. To address this issue, we propose surrogate mod-
els (i.e., a fitted function) that relates u, and D to the rainfall properties
i, and D;. These models are fitted with the calibration dataset. The
rationale behind this simplification is that u, and D characterize the
migration of a flood wave that strongly depends on channel geometry
and streamflow magnitude (Beven, 2020). Because storm duration and
intensity are closely related to streamflow magnitude, it is reasonable to
expect a functional dependence between the model parameters u, and
D and the storm duration and intensity. Once the surrogate models for
u, and D are defined, we used the following procedure to validate the
Directional-UH model:

1. A storm catalog of moving storm events is created for validation.
This storm catalog was created using 144 moving storm events
based on the combination of rectangular storm parameters with
D, € [1,3,6,12,24,48,72]h, RC=0.2, i, € [5,10,15]mm/h, v, €
[1,2,5,10,15,20] m/s, and 6, = 0°.

2. Hydrographs resulting from the previous storm catalog are cal-
culated with the HLM model and the Directional-UH model. The
model parameters for the Directional-UH model are calculated
using surrogate models from the calibration procedure.

Note that the surrogate models for u, and D are constructed from
stationary storm events. Therefore, validating whether such equations
can be used for rectangular moving storms is critical for implementing
the Directional-UH model.

4.4. Evaluation of hydrologic system dynamics

Once the Directional-UH model is calibrated and validated, we
conducted systematic simulations to understand and quantify the effect
of storm velocity (speed and direction) and storm structure in peak flow
magnitude. We focus our analysis on three main components. First, we
identify the storm trajectory that maximizes the peak flow response.
To this end, we quantify peak flows by predefining synthetic moving
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storms with storm intensities associated with a 10-year return period
and storm directions ranging from 0° to 350° with a 10° interval.
Ideally, and similar to the extraction of Watershed-IDF curves, radar
rainfall observations could be used to estimate the Intensity-Duration-
Velocity-Frequency (IDVF) curves associated to a rectangular moving
storm, where a new dimension, storm speed, is added to estimate
rainfall intensity in a rectangular moving block as a function of storm
duration, storm velocity, and probability of recurrence. Unfortunately,
estimating IDVF curves is an unexplored field, and IDVF curves are
not available. To address this situation, we used the watershed-IDF
curves extracted from RainyDay (Wright et al., 2017) as a proxy of
the IDVF curves to define the rainfall intensities in the rectangular
storm associated to a 10-year return period. Note that another option
to define the storm intensity, i, is to use Point-IDF estimates, such as
those offered by Atlas-14 (Bonnin et al., 2006). This, however, requires
us to use area reduction factors to account for the reduction of average
rainfall intensities as the watershed area increases. The use of Point-
IDFs with area reduction factors do not necessarily capture the average
intensities observed from distributed rainfall datasets (Wright et al.,
2014; Kim et al., 2019). As a result, when possible, we recommend
using the Watershed-IDF extracted from gridded rainfall datasets such
as those provided by RainyDay (Wright et al., 2017). We envision future
studies focusing on estimating IDVF curves to be implemented in the
Directional-UH model.

The second analysis focuses on the effect of storm speed on peak
flow magnitude. This was done by exploring the emergence of reso-
nance conditions, which we define as the conditions when the com-
bined effects of storm motion and flood wave migration maximize the
peak flow response. For this purpose, we use the Directional-UH to find
the combination of v, and 6, that maximizes the peak flow response for
given values of i and D,. Finally, the third analysis focuses on the effect
of compound storm events on flood generation. To this end, we evaluate
the peak flow dynamics resulting from two consecutive storm events
separated by a time window 4r. We show that the Directional-UH
model can easily be used to systematically evaluate compound storm
trajectories between two independent storm events. This is of particular
interest for analyzing peak flow dynamics in large river basins, where
flood events are commonly the result of compound storm events.

5. Results and discussion
5.1. Transformation to rectangular storm events

We selected 273 storm events from the 350 detected by RainyDay.
The selected events have the highest accumulated rainfall and well-
defined storm cores, allowing us to characterize the motion of the main
storm core. The remaining 77 storms have the lowest accumulated
rainfall with scattered spatial patterns of intensity and without well-
defined storm cores. We estimated the parameters v,, 6,, D,, and
i; for each of these 273 storm events (see Fig. 5C-G). Then, based
on these average storm characteristics (see Appendix), each observed
storm was transformed into its equivalent rectangular moving storm
representation (e.g., Fig. 5A, B). We found that v, ranges from 0.8
to 20m/s, with a mean value of 4.2m/s, and a standard deviation of
2.8 m/s (Fig. 5C). The i, ranges from 5.9 to 15.8 mm/h, with a mean
value of 9.1 mm/h and a standard deviation of 1.9mm/h (Fig. 5D).
The D, ranges from 1 to 95 h, with a mean value of 18 h and a
standard deviation of 14 h (Fig. 5F). In this case, D, was calculated
as the pairwise ratio of w, (Fig. 5H) and v, (Fig. 5C). This means
that although the storm catalog was extracted from a time window
of 72 h, very low values of v, in combination with large values of
w, may provide D, values longer than 72 h. Consistent with previous
empirical analyses (Perez et al., 2021; Prein et al., 2020), storm cores
travel preferentially with an east to west path (histogram modes near
6, = 0° or 6, = 360°); however, we observed storms across the full
spectrum of direction, they just occur less frequently (Fig. 5G).
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Fig. 5. Example of the transformation from an observed storm event (A) to a
rectangular moving storm (B). The storm in panel A is from August 9, 2006, 08:00:00
to August 9, 2006, 14:00:00 GMT+0000. Histograms for v, (C), i; (D), D, (E), 8, (F), I,
(G), and w, (H). The histograms are calculated using 273 storm events. We use a bar
in the variable names to indicate that these values were estimated from observations.

Regarding the spatial extent of the storms, the Directional-UH model
assumes /; is larger than the diameter of the circumscribed circle of
the watershed. As a result, it is important to quantify how many of
the observed storm events can satisfy this condition. The diameter
of the circumscribed circle of the Turkey River boundary is 145km,
which is comparable with the median /; value of 106 km (Fig. 5E).
With this diameter, about 30% of the observed storm events have the
potential to completely cover the Turkey River watershed for any storm
direction. However, it should be noted that the exact /; required to
cover the entire basin depends on the storm direction. For example,
when 6, = 45° or 6, = 225°, I, must be larger than 145km to cover
the watershed domain. On the other hand, when 0, = 160° (storm
moving in the downstream direction) or #, = 340° (storms moving in
the upstream direction), an /, of 45 km is sufficient to cover the entire
watershed. When we consider this directional dependence, about 95%
of the observed storm events satisfying this the Directional-UH model
assumption.

To the best of our knowledge, this is the first study to propose a
coherent framework to transform observed storm events into rectangu-
lar events for the efficient simulation of rainfall-runoff response. Our
procedure (see Appendix) assumes a relatively simple representation
of shape and intensity to satisfy the assumptions behind the current
version of the Directional-UH model. However, future implementations
could relax this assumption to improve the spatiotemporal represen-
tation of the storm events, for example, by including multiple storm
blocks of varying intensities.



G. Perez et al.

Journal of Hydrology 627 (2023) 130422

<
()
=1
=
o
V)
=
o
=]

uoneiqeD

1 L KGE = 0.81
w @
% )
E 3
g0 €
4 2 % 05 0 o0s 1
= KGE 50 100 150
b x4
z (4 KGE = 0.91
2 10’ co °
*
3 e 0000 4 E I N | H-X------------
e HLM-StagelV
° HLM-Rec
10°
10° 10' 10?
Peak flow HLM-StagelV [m®/s]
10°} &
i
7 B
@ 2
E |8
I g2t 2
510
o
3
k]
s 10!
3
a
°
10°
10°
g 100 e =0.79
103} & is mm/hr]
- 5 5 s
= 3 D, = 3[hr
E g
T |2
5 10%
o 50 100
2 N
s KGE =092 KGE =095
x iv = 2mm/hr] = 2fmm/hr]
i 000 i
g0 2[hr] D, = 24[hr]
0

10° 10! 10° 10° 0
Peak flow HLM-Rec [m®/s]

uofepliep

50 100 0 50 100
Time [hr] Time [hr]

Fig. 6. Verification, calibration, and validation of the Directional-UH model. The scatter plot in the verification panel compares peak flows estimated from the HLM model using
the rainfall dataset Stage-IV (Peak flow HLM-StagelV) versus equivalent rectangular moving storms (Peak flow HLM-Rec). 273 storm events selected from 2002 to 2020 were used
for the verification, with peak flows ranging from 3 to 780m?/s. Four arbitrarily selected hydrographs from Stage-IV and equivalent rectangular moving storms are presented in
the verification panel. The scatter plot in the calibration panel compares peak flows from stationary storms using the HLM model (Peak flow HLM-Rec) against the Directional-UH
model (Peak flow D-UH). The blue hydrographs (D-UH,,,) are obtained by calibrating u. from the HLM hydrograph. The red hydrographs (D-UH;) are obtained by estimating u,
based on the regression Eq. (18). A total of 35 synthetic stationary storm events are used in the calibration process, with peak flows ranging from 2 to 2250 m?/s. The scatter plot
in the validation panel compares peak flows resulting from moving rectangular storms using HLM (Peak flow HLM-Rec) and the Directional-UH (Peak flow D-UH). 144 rectangular
moving storms are used in the validation process, with peak flows ranging from 9 to 3400m?/s. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

5.2. Verification, calibration, and validation

To verify the validity of our rectangular storm representation, we
compare peak flows obtained from HLM simulations forced with ob-
served rainfall events and their equivalent rectangular representation
(see the Verification panel in Fig. 6). Hydrological model performance
can be conducted using various approaches (e.g., Burgan and Aksoy,
2022). In our study, we assess model performance using the Kling-
Gupta efficiency (KGE) performance metric, where KGE values of one
indicate perfect correspondence between simulations and reference
values, and values close to zero mean that the model simulations
have the same explanatory power as the mean of the reference values.
Overall, the results show that the rectangular storm assumption is a
reasonable representation to capture the streamflow dynamics from
observed rainfall events, with 95% of the storm events having a KGE
value greater than 0.8.

The agreement between hydrographs resulting from rectangular
storms and observed storms suggests that total rainfall amounts (en-
capsulated in i;, w,, and /) and the storm motion characteristics
(encapsulated in v, and 6,) are first-order controls for the peak flow
response at the scale of the Turkey River watershed. At this scale, the
spatial variability in storm cores is likely to play a less dominant role in
the peak flow response (Zhu et al., 2018; Singh, 1997). We hypothesize
that the spatial variability in storm cores will play a more significant
role in shaping peak flow response for smaller watershed scales. There-
fore rectangular moving storms will likely introduce biases in their
estimates. It is important to note the presence of other confounding
factors that could be important in assessing the rectangular storm
assumption. For example, the benchmark model used in this study, the
HLM model, uses a constant runoff coefficient, limiting our ability to
assess the role of spatial variability of subsurface processes and an-
tecedent soil moisture conditions. While this is out of our scope, future

applications can increase the complexity of the model to fully assess the
strengths and limitations of the rectangular storm conceptualization.

For individual stationary storm events, the Directional-UH model
with calibrated parameters u, and D replicates the hydrographs from
the reference model HLM (see Fig. 6, Calibration panel). We found
that for a stationary storm event the following expression can be used
to estimate the expected channel celerity, . (in m/s), as function of
the storm effective intensity, i, (in mm/h), and storm duration, D, (in
hours).

i, = 0.5947 {0377 pO2737, (18)

Eq. (18) was fitted in logarithmic space, and the linear regression
has a Rid. = 094 and a RMSE = 0.13m/s. We found that the
dispersion coefficient D was insensitive to the rainfall characteristics
i, and D,; therefore, we define D as equal to 1 m?/s for all simulations.
Because D introduces a smoothing effect, its impact will be more promi-
nent in systems smaller than the Turkey River watershed. In particular,
Eq. (18) states that for a stationary storm event of a duration of one
hour and an effective rainfall intensity of one millimeter per hour, the
average value of u, is 0.59m/s. It can also be observed from Eq. (18)
that the exponent related to i, is 0.37, and for D, is 0.27, this means
that u, increases more rapidly with increasing i, than D,. Finally, we
remark that Eq. (18) captures the hydrodynamics embedded within the
HLM model and is only valid for the analysis of the flow at the outlet
of the Turkey River watershed. From a broader perspective, similar
regression analyses for a diverse set of watershed scales and hydro-
logical domains will be critical to facilitate the implementation of unit
hydrograph models when streamflow observations are not available for
model calibration.

Regarding the validation of the Directional-UH model, we found
that the Directional-UH model with u, estimated from Eq. (18) can
reproduce the streamflow response from the reference model HLM. In
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Fig. 7. Hydrographs obtained from the Directional-UH using a storm speed v, = 5m/s and different values of storm direction, 6, storm duration, D, and storm intensity, i;. The
storm duration and storm intensity are defined based on the 10-year return period defined from the Watershed-IDF curve obtained from the Stage-IV radar rainfall dataset and
RainyDay. The circular plot on each panel depicts the peak flow magnitude (radius) as a function of the storm direction (angle), 6,. The effective storm intensity, i, is calculated by
assuming a spatially uniform runoff coefficient of 0.2. The red start indicates the storm direction where the peak flow is maximum. The yellow start indicates the storm direction
where the peak flow is minimum. Note that in panel D, the peak flow is independent of the storm direction because the storm duration is larger than the basin hydrologic response
time. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

particular, most of the rainfall-runoff event simulations have a KGE
higher than 0.5 (see Fig. 6, Validation panel). This agreement for
moving storms is a significant result that highlights the potential of
our parsimonious approach to capture complex storm structure and
velocity patterns, especially considering that Eq. (18) was constructed
from stationary storm events.

In summary, the verification, calibration, and validation results
demonstrate that the Directional-UH model reasonably approximates
the reference model HLM for rainfall-runoff simulations in the Turkey
River watershed. Therefore, the Directional-UH model can be used as
an effective tool to systematically explore the effect of storm properties
such as storm direction and speed in peak flow magnitude.

5.3. Connecting peak flow response to storm dynamics

5.3.1. Critical storm trajectories

We use the Directional-UH model to identify the critical storm direc-
tion that maximizes peak flow response for the Turkey River watershed.
To this end, the system was forced by moving rectangular storms with
6, 12, 24, and 72 h duration and rainfall intensities extracted from the
Watershed-IDF associated with a 10-year return period (Wright et al.,
2017). In addition, the storm speed was set to 5m/s, which is close
to the average velocity of 4.2m/s estimated from the observed storms
(Fig. 5C), and /; = 145km was used for all simulations (Fig. 5E) to
satisfy the assumption of the Directional-UH model.

The results of this numerical experiment are summarized in Fig. 7.
In this case, peak flows are shown as a function of storm direction
0, using circular plots, where the angle represents 6,, and the radius
represents the peak flow magnitude. For the storm events of 6, 12,
and 24 h, the peak flow magnitude reaches a maximum when the
storm travels in the downstream direction (6, ~ 160°) and a minimum
when the storm travels in the upstream direction (6, ~ 340°). This
relationship between storm trajectory and basin orientation is well
documented in the literature (Smart and Surkan, 1967; Foroud et al.,
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1984; Ngirane-Katashaya and Wheater, 1985; Watts and Calver, 1991;
Singh, 1997, 2002; Perez et al., 2021). The smooth oval pattern for the
peak flow magnitude in Figs. 7A-C are explained by the predominant
orientation of the Turkey River network that flows in the southeast
direction. However, we hypothesize that for watershed systems where
the main river stem has abrupt changes in river orientation along the
watershed (e.g., in an L-shaped watershed, with the upstream network
draining from north to south and the downstream section draining from
west to east), irregular patterns will emerge. Finally, the magnitude
of the peak flow also depends on the storm’s duration, intensity,
and speed (Singh, 1997). Therefore, storm trajectories along the main
axis of the watershed do not always coincide with the minimum and
maximum peak flows. For example, peak flow is independent of storm
direction for the 72-h storm duration (Fig. 7D).

For the Turkey River watershed, we summarize some key points on
the relation between storm motion and peak flow magnitude. (i) With
increasing D, the effect of 6; on peak flow decreases. For instance,
the storm motion becomes irrelevant for a long-duration storm event,
similar to a stationary storm event. (ii) With increasing v,, the effect
of 0, on peak flow decreases. From a physical perspective, at high v,
values (e.g., 20 m/s), rainwater is delivered along the watershed faster
than the speed at which water moves in hillslopes and channels (e.g., u,
around 2my/s). (iii) Peak flow is maximum when the storm travels in
the downstream direction parallel to the main river channel. (iv) Peak
flow is minimum when the storm travels in the upstream direction.
And (v) when the storm travels in the downstream direction, there is
a resonance effect once the v, equals to the flood wave speed (Volpi
et al., 2013).

The parsimony of the Directional-UH model allows us to investigate
the patterns described above in detail and with a reasonable computa-
tional burden. Fig. 8 summarizes hundreds of numerical experiments
used to explore the parameter space D, v,, and 6,. In these figures,
we describe peak flow as a function of v, and D, for different 6,
values when i; = 9.65mm/h and a RC = 0.2. Furthermore, to aid
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Fig. 8. Scaled peak flow for different storm directions, 6,, as a function of storm speed, v, and storm duration, D,. The peak flow is scaled by the peak flow that would result
from a stationary storm event. Red colors correspond to cases where peak flow is underestimated by assuming stationary storms. Blue colors correspond to cases where peak flow
is overestimated by assuming stationary storms. All simulations assume a storm intensity of 9.65mm/h and a runoff coefficient of 0.2. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)

interpretation, peak flows are normalized by the peak flow resulting
from a stationary storm with the same rainfall intensity and duration.
In other words, values near one correspond to cases where the storm
motion properties (v, and 6,) do not significantly affect the magnitude
of peak flows. In contrast, values larger (smaller) than one represent
conditions where the peak flow magnitude is higher (lower) than
expected when the system is forced by a stationary storm, highlighting
the conditions where storm dynamics plays a critical role in the peak
flow magnitude.

When 6, = 160° (Fig. 8A), we found significant fractions of the
parameter space v, and D, that result in peak flows higher (red areas)
and lower (blue areas) than the peak flow resulting from a stationary
storm. A similar behavior is seeing for 6, = 135° (Fig. 8C). Now, when
0, = 315° or §; = 45°, which are values close to angles that minimize
peak flow (6, = 340°), the whole parameter space is characterized by
peak flow values lower than one (blue areas) (Fig. 8B,E). Finally, for
0, = 225°, most of the parameter space results in peak flow magnitudes
similar to the ones obtained with a stationary storm (white areas in
Fig. 8D).

The previous results are particularly relevant to identify the condi-
tions for which using a stationary storm provides a reasonable estimate
of the peak flow response. Similarly, the results serve as a reference to
identify conditions that will lead to overestimation or underestimation
of peak flow magnitudes due to misrepresentation of storm structure.
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5.3.2. Resonance conditions for hydrologic response

Spatiotemporal synchrony between the flood wave and the storm
core amplifies the hydrologic response, significantly increasing peak
flow magnitude (Ngirane-Katashaya and Wheater, 1985). This syn-
chronization can happen when the storm travels along the main river
direction at a speed comparable with the flood wave. Here, we refer to
this condition as resonance. Previous studies had focused on quantifying
peak flow magnitudes for resonance conditions (Volpi et al., 2013; Seo
et al., 2012; Ghimire et al., 2021). In particular, the propagation of the
flood wave (characterized by channel celerity) depends on the channel
discharge, which also depends on the effective rainfall intensity. This
correlation means that the occurrence of resonance also depends on the
rainfall intensity and antecedent soil moisture conditions.

As a proof of concept, we use the Directional-UH model to explore
the genesis of resonance conditions in the Turkey River watershed. In
this case, we find the storm speed (v,) that equals the channel flow
celerity (u,) for a given storm duration (D) and effective intensity
(iy). For instance, for a D, 5h and i; = 1.85mm/h, the storm
speed that maximizes peak flow response is v, = 1.3m/s (Fig. 8A).
This speed is close to the channel flow celerity u, = 1.15m/s obtained
from Eq. (18). Note that for this case, the resonance condition has
the potential to increase by a factor of 2 the peak flow magnitude
when compared to stationary storm events. The Directional-UH model
can identify storm characteristics, particularly v, and 6,, resulting in a
resonance condition.
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Although resonance conditions are plausible in hydrological sys-
tems, their probability of occurrence is expected to be relatively low,
given the number of concurrent conditions needed. As a taught experi-
ment to illustrate the likelihood of extreme resonance conditions, we
will explore events with a 500-years return period, which serves as
a proxy for the most extreme storm events occurring in the Turkey
River watershed. In this case, we use the Watershed-IDF (Wright et al.,
2017) to estimate the storm intensities for durations ranging from 1
to 72 hours. These intensities are then converted to effective intensities
assuming a runoff coefficient of 0.8, mimicking the high soil moisture
content conducive to an extreme flood response. Then, using the re-
sulting (i;, D,) pairs and Eq. (18), we predict that a maximum channel
celerity u, = 2.6m/s would occur for D, = 24h and i; = 7.24mm/h.
Therefore, for these conditions, only storms with v, less than 2.6 m/s
could resonate with the flood wave, assuming that also D, and i are in
the adequate ranges. From the observed storm events (Fig. 5C), about
30% of the events meet this condition.

From a practical perspective, quantifying how far or close the
hydrological and meteorological conditions are from the resonance
conditions is critical to our interpretations of physical mechanisms
leading to extreme hydrologic response. For instance, storm patterns
observed from the Stage-IV dataset from 2002-2020 show that all storm
directions in the state of Iowa could meet the resonance requirements
(Fig. 5G), with preferential storm directions from west to east (with
0, ~ 0°). Connections between the distribution of the frequency of
storm directions observed from rainfall datasets and their control on
flood generation can provide information on the processes shaping
extreme peak flows, particularly heavy tails of peak flow distribu-
tions (Merz et al., 2022). We hypothesize that extreme flood responses
shaping the right tail of the peak flow distribution could result from
storms traveling along critical trajectories. Furthermore, exploring the
entire spectrum of peak flows resulting from all directions provides
a fundamental basis for understanding and quantifying the potential
effects of shifts in storm trajectories driven by changes in atmospheric
patterns. For example, most flood events in the Turkey River watershed
are mainly the result of storms coming from the preferential direction
0, ~ 0°. Then, using the circular plots in Fig. 7, we infer that a
counterclockwise shift of storm directions in the region will produce
an increase of peak flow magnitudes and, on the contrary, shifts in a
clockwise direction will cause the peak flows to decrease.

5.3.3. Compound storm events

Peak flows resulting from consecutive storm events are one of the
leading causes of catastrophic flood events (Smith et al., 2013). Two
mechanisms can explain the intensification of peak flows by consecu-
tive storm events. First, the initial storm event increases the antecedent
soil moisture conditions, and as a result, later rainfall events produce
larger runoff amounts. Second, although the runoff signature for each
storm event can differ in space and time, the runoff can be aggregated
along the river network. An example of this aggregation effect is the
case of an initial storm producing runoff in the upstream region of a
watershed followed by a later storm in the downstream area. The runoff
response from these events results in an amplified signal (see, for an
example, simulations in Perez et al., 2021).

Identifying the characteristics of two or more storm events (com-
pound storms) that lead to the most extreme peak flow response is
not a trivial problem because of the countless combinations of storm
characteristics that can result in an extreme hydrologic response. In
other words, exploring all the possible combinations of storm inten-
sities, durations, speeds, and directions between two or more events
can result in an untractable computational problem. Here, we tackle
this problem with the Directional-UH model, taking advantage of the
linearity of the model, which in turn allows us to use the superposition
principle to calculate the hydrograph resulting from consecutive storm
events separated by a time 4rg,,,,,.
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To illustrate this analysis, we conducted systematic rainfall-runoff
simulations to calculate the peak flow resulting from two consecutive
storm events (storm 1 and storm 2) separated by a time 4tg,,,,, of 1,
6, 12, and 24 h. For simplicity, we assume the first storm event is
characterized by iy = 31.24mm/h, D, = 1 h, v, = 5m/s, 6§, = 320°, and
a RC = 0.2. The second event, which arrives a 4rg,,,,, time later than
storm 1, is characterized by iy = 4.82mm/h, D, = 12h, v, = 5m/s,
0, = 90°, and a RC = 0.3. For storm 2, we used a higher runoff
coefficient to reflect the increase in soil moisture content caused by
storm 1.

The peak flows from all possible combinations of storm direction
are presented in Fig. 9D-G. These results allow us to identify critical
combinations between two storm trajectories that maximize peak flow.
In particular, because storm 2 is the event that produces the highest
individual peak flow response (green hydrograph in Fig. 9C), 6, = 160°
is consistently the critical storm trajectory for storm 2 independent
of Atg,,.,. On the other hand, because storm 1 produces the lower
individual peak flow, the critical 8, for storm 1 with the maximum
value of the compounded peak flow varies with 4r,,,,,. For instance,
for Atg,,,,, = 1h, the maximum peak flow occurs for the combination
of (Og/opm = 160°, 050 = 160°), for Atg,,.,, = 6h the critical angles
are (Ogiormi = 150°, Og,0mmo = 160°), for Azg,,,,, = 12h the critical angles
are (Og;ppm = 140°, 05, = 160°), and for Atg,,.,, = 24h the critical
angles are (Ogiprmi = 340° 0g/0rm2 = 160°). To summarize, although
the critical trajectory of 6, = 160° dominates the highest peak flow
magnitude from a single storm event in the Turkey River watershed,
this analysis of compound storm events demonstrates that other storm
trajectories are critical to correctly identify potential combinations that
lead to the most extreme flood events.

In this systematic analysis, the two storms we used were designed
for illustrative purposes. However, a deep understanding of the com-
pounding effects of consecutive storms in peak flow response will
require a more exhaustive analysis, including larger combinations of
storm intensities, durations, and velocities. We envision future appli-
cations of the Directional-UH model where compounding storm effects
are evaluated with catalogs of storm structures that resemble possible
combinations from radar rainfall datasets.

Analyzing consecutive storm events to understand flood genesis
is critical for large river basins. Along these lines, the storm condi-
tions prescribed by the Directional-UH model are unlikely to occur in
large river basins because rainfall intensities within storm cores are
likely to change drastically across long trajectories, and the size of
the storms will be small compared to the modeling domain, violating
two of the fundamental assumptions behind our approach. However,
as described in Section 3, the Directional-UH model can be modified to
account for smaller storms and spatially variable storm intensity. Over-
all, although the increase in spatial heterogeneity and possible flow
controls (e.g., dams and reservoirs) in large river basins prevents the
implementation of the current version of this parsimonious framework,
future modifications to the Directional-UH model can overcome these
limitations and become a valuable tool to address the longstanding and
challenging problem of flood prediction in large river basins.

6. Conclusions

This study introduced the Directional-UH model, a parsimonious
hydrological model, to assess the effect of storm structure and velocity
on hydrograph response. This model simplifies storm fields into rectan-
gular moving storms, incorporating storm shape, speed, and direction
into the instantaneous unit hydrograph function. We called this new
function the Instantaneous Directional Unit Hydrograph (IDUH). The
IDUH represents the streamflow response due to an instantaneous
unitary intensity pulse from a rectangular storm moving with constant
speed, v,, along a linear trajectory described by the storm direction, 6,.

The verification, calibration, and validation conducted in the Turkey
River watershed demonstrated that the Directional-UH model can
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reproduce rainfall-runoff responses similar to those estimated from
observed radar rainfall fields. Although flood dynamics results from
complex hydrological processes that are evolving in space and time and
do not come from ideal rainfall simplifications, our results prove that
the Directional-UH model can be a valuable tool to analyze peak flow
dynamics by systematically varying storm characteristics.

The parsimonious nature of the Directional-UH model allows us to
explore complex problems with minimal computational burden. For
example, the tool can be used to

1. Identify the critical storm trajectory that maximizes peak flow
magnitude.

2. Establish the storm characteristics leading to resonance condi-
tions. That is when synchrony between the storm motion and
the flood wave creates the most extreme peak flow response.

3. Determine the implications for runoff response of approximating
moving storm events with equivalent stationary ones.

4. Quantify the changes in peak flow magnitudes caused by shifts
in storm trajectories.

5. Identify the combination of consecutive storm events that create
the most extreme peak flow response.

From a mechanistic perspective, the Directional-UH model can char-
acterize the well-established relationship between storm motion char-
acteristics and peak flow dynamics. This relationship was illustrated
for our testbed, the Turkey River watershed. For this system, we found
that (i) with increasing storm duration, the effect of storm direction
on peak flow diminishes, with no discernible effect for storm durations
exceeding three days; (ii) with increasing storm velocity, the effect of
the storm direction on peak flow decreases, with no discernible effect
for storm velocities exceeding 6 m/s; (iii) the peak flow is maximum
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when the storm travels in the downstream direction (160° measured in
a counterclockwise direction from the east-west axis) parallel the main
river channel; (iv) the peak flow is minimum when the storm travels in
the upstream direction (340°) parallel to the main river channel; and
(v) when the storm travels in the downstream direction and the storm
velocity is equal to the flood wave, there is a resonance effect that has
the potential to increase the peak flow magnitude by a factor of two
when compared to a stationary storm.

The Directional-UH model, as developed and implemented in this
study, assumes rectangular moving storms of constant intensity forcing
a watershed with a spatially uniform runoff coefficient. We demon-
strate that the current version of the model captures the hydrologic
response for the testbed scenarios explored. However, these assump-
tions can be relaxed further to improve the mechanistic fidelity of
the Directional-UH model. Future improvements on the Directional-UH
model are expected to provide a broader array of storm characteristics,
encompassing:

1. Spatial variable runoff coefficients,
2. Variable rainfall intensity in the rectangular storm, and
3. Partial storm coverage.

The flexibility of the Directional-UH model makes it a hydrological
tool with the potential to expand our interpretations of rainfall-runoff
dynamics and shape our engineering practices by improving peak flow
estimations while accounting for essential storm characteristics such as
storm structure, direction, and speed. Furthermore, storm characteris-
tics will likely change under future climate, making parsimonious tools
such as the Directional-UH model more pertinent to guide engineering
practices for adaptation and flood preparedness.



G. Perez et al.
CRediT authorship contribution statement

Gabriel Perez: Conceptualization, Methodology, Software, Valida-
tion, Formal analysis, Investigation, Writing — original draft. Jesus D.
Gomez-Velez: Conceptualization, Methodology, Writing — review &
editing, Project administration, Funding acquisition. Xingyuan Chen:
Validation, Project administration, Writing — review & editing. Tim-
othy Scheibe: Validation, Project administration, Writing — review &
editing.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability

The scripts to implement the Directional-UH are publicly availale at
https://github.com/gomezvelezlab/Directional-UH.

Acknowledgments

This research was funded by the U.S. Department of Energy, Office
of Science, Biological and Environmental Research. This work is a
product of two programs: (i) Environmental System Science Program,
as part of the River Corridor Scientific Focus Area project at Pacific
Northwest National Laboratory, the Watershed Dynamics and Evolution
(WaDE) Science Focus Area at Oak Ridge National Laboratory, and the
IDEAS-Watersheds project, and (ii) Data Management Program, as part
of the ExaSheds project. Additional support was provided by the Na-
tional Science Foundation, USA (awards EAR-1830172, OIA-2020814,
and OIA-2312326). This research used resources of the Compute and
Data Environment for Science (CADES) at the Oak Ridge National
Laboratory, which is supported by the Office of Science of the U.S.
Department of Energy under contract no. DE-AC05-000R22725. Oak
Ridge National Laboratory is managed by UT-Battelle, LLC, for the
DOE under contract no. DE-AC05-000R22725. The scripts to imple-
ment the Directional-UH are publicly available at https://github.com/
gomezvelezlab/Directional-UH.

Appendix. Procedure for estimating equivalent rectangular storm
parameters

The TITAN storm tracking algorithm (Dixon and Wiener, 1993) with
the object-based storm identification algorithm presented by Li et al.
(2020) is used to identify the storm trajectory and storm properties
at each time step for the 350 storm events detected by RainyDay. In
particular, this algorithm can detect multiple storm cores in a given
time, 7. For a given 7, we focused on the main storm core with the
highest intensity, and limit our analysis to storm events that display
spatially congruent storm cores of at least 4 h of development. We
conducted a visual verification of each storm track to remove storm
events distorted by artifacts caused by radar measurements. This last
condition filtered the number of events to 277 storm events. The
transformation of an observed storm event into a rectangular moving
storm was conducted as follows:

1. The geometry of the main storm core at each time, ¢, is extracted
from the storm tracking algorithm. The main storm core geom-
etry consists of an ellipse with orientation «, [°], with a major
axis, R, [L], a minor axis, r, [L], and with a center point with
coordinates (x, . y,)-

2. The average linear direction, 0, and the linear trajectory of the
moving storm are estimated from a regression line using the
center points (x,,, ¥, )-
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3. The average storm velocity is estimated from the change in
position of the center points (x,,,y.,) during the storm event.
Therefore, the average storm velocity v, is calculated as

N-1

0= 57 2 Vet =P+ O = v a1
where At [T] is the time resolution of the storm event, and N
[-] is the number of time steps within the storm event.

4. Each ellipse, at each time 7, is transformed into a rectangle with
sides R, and r, preserving the same orientation «,.

5. Each side R, and r, are categorized and redefined as a parallel
side (Side, [L]) or perpendicular side (Side,; [L]) depending
on its relative orientation to the linear storm trajectory.

R, R, is the side closer to a parallel orientation to

Side, | = the linear storm trajectory
r, r, otherwise
(A.2)
R, R, is the side closer to a perpendicular orientation to
Side, | = the linear storm trajectory

r, r, otherwise
(A.3)

6. The sides Side,| and Side, | at each time step  are used to
estimate an unique equivalent rectangle with sides

N
o1 ,
0, = ; Side,), (A.4)

- 1 .
Iy = ~ Side, | (A.5)

M=

t=1

7. The intensity, i, of the rectangular storm event is calculated so
that the rainfall accumulation by the rectangular moving storm
matches the total accumulated precipitation, P [L], that is
observed in the basin from the radar rainfall dataset. This is done

by
- U
iy = S’TwTA (A.6)
s
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