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Abstract  24 

In this study, we investigate the directional influence of storm movement on catchment 25 

flood peak response using the synthetic circular basin.  Due to the complexity in defining storm 26 

movements that require meteorological modeling, we adopt a novel approach of combining the 27 

basin rotation method (BRM) with a circular basin construct.  A systematic basin rotation 28 

approach provides a proxy for the storm direction relative to the river network topology to study 29 

its hydrologic response.  Using Stage-IV rainfall with 4-km by 1-hour resolution for 16 years 30 

period from 2003 to 2018 in Iowa, U.S., we systematically analyze consequent flood peak 31 

response due to storm directions (basin rotations) using a distributed hydrologic model called the 32 

Hillslope-Link Model (HLM).  HLM has demonstrated the ability to reproduce observed 33 

streamflow for real river basins studied in Iowa.  The hydrologic simulation results show that the 34 

BRM can quantify the relationship between the rainstorm direction and catchment hydrologic 35 

response.  Also, the maximum flood peak response is strongly dependent on the interaction of 36 

the peak of the rainstorm with the peak of the width function.  The results indicate significant 37 

differences in runoff volume and runoff peak and their interannual variability due to rainstorm 38 

direction.  The study has important implications for flood frequency predictions and developing 39 

flood resilience and watershed management strategies, particularly due to changing storm tracks 40 

under a warming climate.  41 
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1. Introduction 42 

The change in storm dynamics due to climate change is one of the most studied topics in 43 

recent years.  Comprehensive climate models such as Global Circulation Models (GCM) along 44 

with observational data have indicated a poleward shift of storm tracks under a warming climate 45 

(e.g., Bengtsson et al., 2006; Mbengue and Schneider, 2013; Tamarin-Brodsky and Kaspi, 2017).  46 

Such a change in storm tracks has implications for pronounced changes in the regional climate 47 

and hydrological cycle.  Therefore, understanding the interaction between the storm movement 48 

and the catchment hydrologic response provides important insights on flood risk and water 49 

resources management.  It has been understood for a long time that storm movement has an 50 

impact on the shapes of hydrographs and peak hydrologic response.  Numerous previous studies 51 

(e.g., De Lima et al., 2003; Foroud et al., 1984; Lee et al., 2015; Mizumura and Ito, 2011; Wu 52 

and Kurihara, 1996) have shown the impact of storm movement characteristics such as storm 53 

direction, intensity, and velocity on catchment hydrologic consequence.  Here we provide 54 

insights into consequent streamflow response, particularly for both historical and potential future 55 

storm directions in a new framework.   56 

To evaluate the impact of storm movement on hydrologic response, several approaches have 57 

been used.  The most commonly used approaches are analytical (e.g., Jensen, 1984; Marcus, 58 

1968; Singh, 2002, 1997), numerical (e.g., De Lima et al., 2003; Foroud et al., 1984; Liang, 59 

2010; Nicótina et al., 2008; Niemczynowicz, 1991; Nunes et al., 2006; Surkan, 1974), and 60 

experimental (e.g., Black, 1972; De Lima et al., 2003; Marcus, 1968; Yen and Chow, 1969).  61 

These studies acknowledge that there is often a preferred storm direction for basins.  For 62 

example,  Foroud et al. (1984) studied the effect of rainstorm movement on flood runoff 63 

characteristics using a hypothetical rainstorm of 50 years return period, 75 mm depth, and 4 64 
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hours duration on a natural (real) watershed.  Niemczynowicz (1984) investigated the 65 

relationship among storm movement characteristics such as storm duration, intensity, velocity, 66 

and direction and its impact on the catchment peak discharge. He referred to this impact as a 67 

directional bias.  Using a conceptual catchment with meticulously designed geometry, he showed 68 

that the bias can even reach several hundred percent.  Further, Ogden et al. (1995) explored the 69 

impact of rainfall movement on streamflow response in terms of the dimensionless hydrologic 70 

similarity parameters.  Their results on a one-dimensional runoff plane show that the resulting 71 

peak flow effect is the maximum when the storm moves in the downslope direction with a 72 

dimensionless speed of 0.5.  Also, they show that the conclusion holds for a complex natural 73 

topography.  Liang (2010) and Volpi et al. (2013) investigated the rainstorm conditions in terms 74 

of direction, size, and velocity that lead to the enhancement of peak flow.  Magnification of the 75 

peak flow also referred to as the resonance condition, occurs when the storm of size smaller than 76 

the basin moves along the main channel with the same speed as the flood wave (e.g., Ngirane-77 

Katashaya and Wheater, 1985; Volpi et al., 2013).  Volpi et al. (2013) in particular, illustrated 78 

that storm sizes much smaller than the dimension of the catchment result in a complete 79 

resonance effect irrespective of the combinations of the direction and speed of the moving 80 

rainstorm.  Seo (2012) and Seo et al. (2012) explored the effect of storm movement on the runoff 81 

response of urban drainage networks considering cases of hypothetical rainstorms moving in 82 

upstream and downstream directions with varying speeds.  Seo and Schmidt (2013) followed this 83 

study by investigating the relationship between channel sensitivity of hydrograph to rainstorm 84 

kinematics, including storm speeds, directions, and sizes adopting a circular synthetic catchment. 85 

These studies essentially demonstrate that the storm size smaller than the basin size traversing 86 
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down the main channel with the velocity equal to the average channel flow velocity results in the 87 

largest increase in the peak flow. 88 

Many previous studies have used either synthetic catchment and/or rainstorms.  Hence, 89 

generalizing our understanding of catchment hydrologic response from a single catchment or a 90 

rainstorm system is difficult.  The notion behind using synthetic basins arises from the difficulty 91 

to manipulate the direction and speed of a real storm event (De Lima et al., 2003).  Wright et al. 92 

(2014, 2013), for instance, advanced the methodology of stochastic storm transposition (SST) to 93 

produce realistic synthetic storms using temporal resampling and spatial transposition of selected 94 

storms derived from gridded datasets corresponding to the domain of interest.  They used it to 95 

overcome the limited records of radar-based rainstorms in statistical studies of flood frequency.  96 

An alternative novel and simple to implement approach, the basin rotation method (BRM), was 97 

proposed by Lee et al. (2015) to investigate the directional influence of rainstorms on hydrologic 98 

response through its application to historical storm events on real drainage networks.  Perez et al. 99 

(2019) used a similar approach to investigate a physics-based approach to flood frequency 100 

estimation.  Most recently, Perez et al. (2021) have used both SST and BRM in their studies of 101 

flood frequency.  However, Ghimire et al. (2021) among others, highlighted that basin rainfall 102 

volume bias is the single most important rainfall characteristic affecting catchment hydrologic 103 

response.  Therefore, to isolate the storm directional effect and to generalize our understanding 104 

of the relationship between the rainstorm direction and catchment hydrologic response, 105 

particularly flood peak, an approach that allows rainfall volume conservation is needed.  In this 106 

paper, we present such a framework that is novel, yet simple to implement even in real-world 107 

basins and discuss insight gained from its application.   108 
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We investigate two key questions: (1) Can BRM describe the relationship between rainstorm 109 

direction and catchment runoff (flood) response?  (2) How does rainfall difference due to the 110 

directional influence of rainstorm propagate to the streamflow (peak) response?  We answer 111 

these questions by organizing the paper as follows.  In Section 2, we discuss the data used for 112 

this study.  Section 3 describes the methods used to address our research question.  In Section 4, 113 

we present key results from our analysis and the relevant discussion.  Finally, Section 5 114 

summarizes and lists some conclusions and limitations of this work. 115 

2. Data  116 

2.1 Synthetic catchment generation 117 

When the same storm is passed over the same basin but rotated with respect to some 118 

arbitrary center of rotation, the storm volume affecting the basin changes, and thus the response 119 

differs.  Therefore, it is difficult to distinguish the effect of the rotation from that of the changed 120 

volume.  However, if the basin is circular and rotated about its center, there is no change in the 121 

volume under rotation.  While there are no perfectly circular basins in nature, we can generate 122 

one synthetically to gain insights into the effect of the rotation. 123 

We constructed a synthetic circular basin using the landscape evolution model developed by 124 

Campforts et al. (2017) and implemented it in TopoToolbox (Schwanghart and Scherler, 2014).  125 

The scheme is called TopoToolbox Landscape Evolution Model (TTLEM).  Here we placed the 126 

basin (i.e., its center) at the center of the Cedar River basin near Cedar Rapids, Iowa (Fig. 1).  127 

The circular basin area is about 22,000 km2, i.e. comparable to the Cedar River basin (20,800 128 

km2).  TTLEM solves stream power river incision model using a flux-limiting finite volume 129 

method.  TTLEM can account for three geological processes:  tectonic deformations, river 130 



7 

 

incision, and hillslope processes.  For our study, we adopted TTLEM parameter ranges provided 131 

by Campforts et al. (2017) and followed their methodology.  Table 1 provides a summary of the 132 

TTLEM parameters used in our study.  For more details on the processes, their numerical 133 

solutions, and parameter ranges, readers are referred to Campforts et al. (2017). 134 

We generated a circular Digital Elevation Model (DEM) with 80 km radius.  The spatial 135 

resolution of the DEM is approximately 70 m.  The initial DEM for generating the circular basin 136 

is a surface with a linear gradient towards the outlet of the basin with an elevation difference of 137 

180 m between the highest elevation and the outlet elevation.  The minimum elevation of the 138 

initial surface is given as 1000 m to allow the evolution of processes.  We perturbed the initial 139 

elevations by additive noise drawn from a normal distribution with a zero mean and standard 140 

deviation of 50 m.  For tectonic deformation, we used a spatially uniform vertical uplift rate (U) 141 

of 10-7 m/yr.  We selected an implicit finite difference method to solve the river incision process 142 

in TTLEM using a spatially uniform erodibility parameter (K) of 3×10-7.  For hillslope processes, 143 

we used an implicit linear scheme with a threshold drainage area of 0.5 km2, diffusivity 144 

parameter (D) of 0.03 m2/year, and threshold slope (Sc) of 0.5 m/m.  We evolved the perturbed 145 

DEM for 20 million years and subtracted the evolved surface elevation with the outlet’s final 146 

elevation to have an elevation range from 0 to 300 m. The result is the synthetic DEM shown in 147 

Fig. 2a.  We used this synthetic circular DEM to extract the river network and hillslopes. A 148 

drainage area threshold of 0.5 km2 was used for generating the stream network.   149 

2.2 River network topology and width function (WF) 150 

The consequent drainage network (stream order > 5) from a synthetic circular basin shown 151 

in Fig. 2b looks almost symmetrical about the basin outlet with similar hillslope areas.  The 152 

system of hillslopes and streams (links) thus derived is an integral component of the Hillslope-153 
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Link Model (HLM) modeling framework which we discuss later.  The average hillslope area of 154 

the basin is about 0.65 km2. There is a strong connection of flow aggregation, transport and 155 

hence hydrologic response with the spatial distribution of a drainage network characterized by its 156 

width function (e.g., Ghimire et al., 2020; Lee and Delleur, 1976; Perez et al., 2018a; Rodriguez-157 

Iturbe and Rinaldo, 1997).  The width function (WF) is the distribution of the number of links at 158 

a flow distance x from the outlet of the basin.  In a discrete case, WF is given by (e.g., Perez et 159 

al., 2018a), 160 

𝑊(𝑥) = ∑ 𝐼𝑖(x)
𝑛

𝑖=1
  (1) 161 

where I(x) is an index function.  I(x) is defined as 162 

𝐼𝑖(𝑥) = {
1, 𝑥 − ∆𝑥 < 𝐷𝑖 < 𝑥
0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

     (2) 163 

where Di is the distance of the ith link to the outlet of the basin, x is the distance to evaluate WF 164 

and Δx is the discretization interval of x.  If the water in the drainage network travels to the outlet 165 

with the same (constant) velocity and the flow is not attenuated (e.g., Moussa, 2008), the width 166 

function can be interpreted as the distribution of travel times.  We illustrate the drainage network 167 

in terms of Di in Fig. 2b.  The consequent WF illustrated in Fig. 2c shows a peak of W(x) at 168 

about 275 km with a base of about 350 km.  In hydrologic terms, the travel time of this synthetic 169 

circular basin is about 6 days assuming a constant channel velocity of 0.7 m/s.  170 

One could test if the river network topology of a synthetic circular basin depicts some 171 

properties of natural stream networks.  Also, the demonstration of our concept does not 172 

necessarily require real river networks.  Here we test Horton laws for stream numbers, mean 173 

stream length, and mean basin area (refer to e.g., Scheidegger, 1968; Kirchner, 1993; Maritan et 174 

al., 1996 for details).  The Horton ratios for stream numbers (RB), mean stream length (RL), and 175 
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mean basin area (RA) for a circular basin are 1.99, 1.01, and 3.94, respectively (see Fig S1, 176 

supplementary information).  The typical values of Horton ratios observed for natural stream 177 

networks are 3 ≤ RB ≤ 5, 1.5 ≤ RL ≤ 3, 3 ≤ RA ≤ 6 (Kirchner, 1993).  The values of RB and RL for 178 

the synthetic basin are in the lower bound of the limit.  Further, the Horton plots for each ratio 179 

show strong linear dependence in a log-linear space (Fig. S1) depicting Hortonian “laws” 180 

(Kirchner, 1993) reported for natural river networks.  Perhaps the most important is the behavior 181 

of the area ratio as this is what controls the water volume from smaller to larger areas.  Thus, a 182 

synthetic circular basin considered here suffices to explore the goals of this study, i.e. 183 

dependence of basin response on storm direction.  184 

2.3 Basin rotation method (BRM) 185 

A rainstorm can pass through a basin in several pathways.  For most basins, however, there 186 

could be preferential (most frequent) pathways of rainstorms based on weather patterns, regional 187 

topography, and season.  For instance, the most preferential pathway for the rainstorm in Iowa is 188 

the West-East (e.g., Perez et al., 2021).  Fig. 3 demonstrates one such example.  The catchment 189 

hydrologic response can vary depending on how rainstorm direction interacts with the basin WF.  190 

Such investigation requires meteorological simulation at high computation cost.  Also, finding 191 

the center of the storm is a difficult task for such simulations.  Hence, BRM (Lee et al., 2015) 192 

can be a much easier alternative to such an investigation, in which a catchment is rotated instead 193 

of a rainstorm.  For example, rotating the basin in Fig. 2 at 90º in a counterclockwise direction is 194 

similar to the rainstorm passing through this basin from the North to South direction.  In other 195 

words, it is the case of a rainstorm traversing downstream the basin.  Further, BRM can provide 196 

insight on distinguishing the effect of radar or climate on the basin hydrologic response (peak).  197 

In this study, we rotate the basin about its center at every 15º in a counterclockwise direction 198 
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from 0º to 360º i.e. we have 24 different rainstorm pathways interacting with the drainage 199 

network.  200 

2.4 Rainfall data 201 

For our analysis, we used 4-km hourly resolution Stage-IV rainfall data for Iowa as this is 202 

the longest available radar-rainfall record.  Stage-IV is the mosaicked national product at 203 

National Center for Environmental Prediction (NCEP) from the regional hourly multi-sensor 204 

(radar and gauges) precipitation analyses (MPEs) produced by the 12 River Forecast Centers 205 

(RFC) over CONUS (NCEP, 2020).  We employed Stage-IV rainfall data for years 2003-2018 206 

for our investigation i.e. our analysis encompasses results from 16 years of hydrologic 207 

simulations.  The rainfall forcing (i.e., Stage-IV rainfall) to HLM using the circular basin scheme 208 

is illustrated in Fig. 1. 209 

2.5 Hydrologic model 210 

To investigate the relationship between rainstorm movement (directional influence) and 211 

runoff characteristics, we performed hydrologic simulations using HLM. HLM is the non-linear 212 

physics-based distributed rainfall-runoff model, used by the Iowa Flood Center (IFC) for real-213 

time state-wide streamflow forecasting (e.g., Krajewski et al., 2017; Quintero et al., 2020, 2016).  214 

This streamflow (flood) forecasting model conceptualizes landscape decomposition into a system 215 

of hillslopes (areas) and links (stream segments) and has its roots in the scaling properties of 216 

river networks (e.g., Ghimire et al., 2020; Gupta et al., 2015, 2010; Mantilla and Gupta, 2005).  217 

Accordingly, the rainfall-runoff conversion process takes place at hillslopes and hence generated 218 

flows route through corresponding links.  HLM comprises four storage components to model 219 

each hillslope-link system: channel storage q(t) (m3/s), pondage on the surface Sp(t) (m), soil top 220 
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layer storage St (t) (m), and subsurface storage Ss(t) (m).  Mathematically, it represents a system 221 

of non-linear ordinary differential equations, which is solved using a numerical solver (Small et 222 

al., 2013).  HLM uses a non-linear velocity formulation for water transport and aggregates water 223 

from upstream links.  HLM, with its origin in the scaling properties of the river network, enables 224 

us to perform scale-based analyses.  Apart from being relatively simple to implement and not 225 

calibrated in a traditional sense to any scale or rainfall product, HLM has shown skill in 226 

reproducing observed runoff hydrographs across scales (e.g. Quintero et al. 2020).  The 227 

operational HLM uses a set of global parameters that work well on average across Iowa.  228 

Because we collocate the circular basin at the center of the Cedar River basin in Iowa as a 229 

testbed, using the same set of parameters across basin rotations (i.e., for storm directions) is a 230 

reasonable choice. Refer to Krajewski et al. (2017), Quintero et al. (2016, 2020), and Ghimire et 231 

al. (2020), among others for more details on the non-linear model structure of HLM. 232 

3. Methods 233 

To make sure that we capture the effect of direction, we study the basin response for 24 234 

angles of basin rotations, and for each, we used the same Stage-IV data as a rainfall input.  For 235 

the sake of brevity, we demonstrate in Fig. 3 the interaction of rainstorm with river network of 236 

circular basin for every 45º rotation angle in the counterclockwise direction.  The rainfall shown 237 

here corresponds to the accumulation over September 2016.  We use the rotation angle 0º, 238 

defined here as the outlet of the basin pointing South, as the reference direction for the 239 

evaluation of catchment streamflow response.  This corresponds to the preferential West-East 240 

storm direction in Iowa.  As alluded to before, basin rotation of 90º is equivalent to the rainstorm 241 

moving in the North-South direction.  We provide these aspects for context only as in the study 242 

we investigate directions on the full circle.  The illustrations in Fig. 3 depict the interaction of 243 
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rainstorms with the WF of the drainage network rotated every 45º.  They illustrate how 244 

streamflow aggregation occurs through the river network and propagates to the basin outlet due 245 

to the directional influence of rainstorms.  For example, one can guess with reasonable certainty 246 

that the largest and delayed streamflow peak response might occur at the basin outlet for the 247 

reference direction.  We derive this insight from the fact that if the peak of the rainstorm (red 248 

color pixels) interacts with the peak of the WF that might result in the maximum peak flow 249 

scenario.  We present a detailed discussion of results from more extensive simulations in the next 250 

section.   251 

For our main analysis, we forced HLM with Stage-IV rainfall on annual basis from 2003 to 252 

2018, for each of 24 angles.  In total, we perform 384 hydrologic simulations.  Further, the 253 

analysis of 16 years of simulation allows us to distinguish the implications for streamflow 254 

response between radar (e.g., algorithm changes, calibration strategies) and climate.  We 255 

performed hydrologic simulations for warm months i.e. from April 1 to December 1 for each 256 

year.  It is to avoid issues of snowstorms and snowmelt; HLM shows the best performance 257 

during these months.  For each year, we kept the initial conditions (for April 1) of hydrologic 258 

simulations the same across all 24 basin rotations i.e., the storm directions.  We investigated both 259 

the streamflow (peak) response at the basin outlet for each direction of the rainstorm and the 260 

behavior of runoff response relative to that of the reference direction.  This reference allows us to 261 

quantify the directional effect of rainstorms.  We will generalize it more in the next section.  We 262 

quantified the relative rainfall difference in terms of rainfall volume difference (RFVD) and 263 

runoff difference in terms of runoff volume difference (RVD), and peak difference (PD).  Details 264 

of their computation are presented in Appendix A.  We evaluated these relationships across three 265 

different time scales: annual scale, annual peak event scale, and multiple-events scale over the 266 
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threshold.  The annual peak event corresponds to the rainfall-runoff associated with the annual 267 

maximum flow.  We adopted a threshold equivalent to a two-year return period flood at the 268 

Cedar River basin outlet (~350 m3/s) to qualify multiple peak events for each year of simulation.  269 

The flow chart presented in Fig. 4 summarizes the entire procedure adopted in this study. 270 

4. Results and Discussion 271 

In this section, we present the key results from the application of BRM demonstrating the 272 

relationship between rainstorm movement (directional influence) and streamflow (flood) 273 

response.  First, we show in Fig. 5 the simulation hydrographs at the basin outlet across different 274 

basin orientations for a clear demonstration of understanding the streamflow (flood) response to 275 

rainfall shown in Fig. 3.  The hydrographs correspond to a major flood event in the period of 276 

September 15 - October 15, 2016.  The simulation hydrographs show that the maximum flood 277 

peak occurs for the reference direction.  The streamflow (peak) response is the result of the 278 

interaction of rainstorm direction illustrated by angles of rotation with the drainage network or 279 

the WF.  Along the reference direction, the rainstorm peak (red color pixels in Fig. 3) moves 280 

West-East through the peak of the WF interacting with a large number of hillslopes.  Also, note 281 

the delayed timing of this peak as the rainstorm center is most distant from the basin outlet.  The 282 

response is not that different for 315°.  Also, note the unimodal and bimodal peaks across basin 283 

rotations.  For instance, rotation angles 45°, 90°, 135°, and 180° result in bimodal peaks.  For 284 

these directions, the rainstorm peaks (see Fig. 3) interact with the WF at a significant distance 285 

from each other.  The resulting runoff peak is the lowest for the 90º rotation angle i.e. when a 286 

rainstorm is moving North-South.  It is because the peak of a rainstorm (red color pixels in Fig. 287 

3) interacts with a smaller number of streams, which are a shorter distance from the basin outlet 288 

i.e. less than the distance to the peak of the WF.  The peak of the rainstorm in Fig. 3 passes 289 
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through the hillslopes (streams) at the shortest distance from the basin outlet at the 135º rotation 290 

angle, hence the earliest peak (see Fig. 5).  The timing of this peak is not that different for 180°.  291 

The difference in magnitude of the peak between the two emanates from the interaction of the 292 

peak of the rainstorm with a larger number of hillslopes despite their similar spatial distribution.  293 

The results presented here are in qualitative agreement with the findings from previous studies 294 

(e.g., Black, 1972; De Lima et al., 2003; Foroud et al., 1984; Lee et al., 2015). 295 

In addition to the utility of BRM in investigating the relationship between the interaction of 296 

rainstorm movement with WF and streamflow response, it is of interest to the hydrologic 297 

community to gain insights on the propagation of rainfall difference to the streamflow response.  298 

Fig. 6 presents the percentile plots of relative differences in rainfall-runoff across 24 different 299 

basin orientations evaluated at an annual scale.  The essence of the percentile plot is similar to 300 

the boxplot, showing the interannual variability over 16 years (2003-2018).  Each color code 301 

depicts a range of percentiles.  It represents the interannual variability conditional on the basin 302 

rotation angle (i.e., the storm direction).   For instance, the range [75, 25] demonstrates the 303 

interquartile range (Fig. 6).  The median and interquartile range of rainfall volume difference 304 

(RFVD) across basin rotations is close to 0 (see Fig. 6a).  It suggests that, as expected, the 305 

rainfall volume is preserved in the basin rotation process.  The small differences are due to the 306 

border effects (note that the Stage IV grid is not Cartesian; see the grid in Fig. 1).  In Figs. 6b and 307 

6c, we show the consequent runoff volume difference (RVD) and runoff peak difference (PD), 308 

respectively.  Clearly, both metrics on runoff characteristics show a systematic pattern with 309 

storm directions.  The median RVD (i.e., the solid dark line) does not depart significantly from 310 

the zero line while the largest interquartile range is about 10% at 105º (285º) rotation angle (see 311 

Fig. 6b).  It is to suggest that the largest variability of RVD occurs when the rainstorm moves at 312 
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105º clockwise (285º) relative to the reference (i.e., most frequent storm direction in Iowa, West-313 

East).  314 

Fig. 6c shows that the largest median PD is about 20% at 285º (median PD at 105º is ~15%) 315 

while the largest interquartile range is about 45% at the rotation angle of 105º (285º).  The results 316 

show that the peak runoff shows the largest difference as well as interannual variability among 317 

the three.  Though it is difficult to distinguish the complex interaction of directional influence 318 

with the non-linear structure of the hydrologic model, one can at least gain credible insight into 319 

the pattern of flood peak response.  Note that there are few outliers (not shown) in the runoff 320 

characteristics beyond the 90-percentile range.  For instance, the maximum PD as large as 321 

~150% results from the storm direction effect.  Interestingly, these outliers correspond to the dry 322 

years in Iowa in the study period, including 2003, 2006, and 2011.  Fig. S2 (supplementary 323 

information) demonstrates the directional effect for two such representative years: 2011 324 

(relatively dry) and 2016 (relatively wet).  For both years, the pattern is similar but a significant 325 

difference in magnitude.  The largest difference in 2011 i.e., for ~105° (285°) is the case of 326 

smaller storm size traversing the basin.  It is hard, however, to determine whether this resulted in 327 

the resonance condition.  Overall, despite negligible interannual variability of RFVD (Fig. 6a), 328 

the significant increase in the median and variability in RVD and PD suggests the contribution 329 

from the spatial variability of rainfall due to storm direction.  We used a large ensemble of real 330 

rainstorms with varying size, intensity, duration, and velocity over 16 years, which lead to the 331 

interannual variability.  Even for a single storm direction, these characteristics interact in 332 

complex ways with the basin characteristics (such as storm velocity with the channel flow 333 

velocity).  Also, radar-rainfall uncertainty contributes to the interannual variability, particularly 334 

for the drier period.  As alluded to before, somewhat of the periodic behavior in Fig. 6 is due to 335 
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the interaction of rainstorms with different portions of the WF.  In the process, when they affect 336 

a larger number of hillslopes despite being at a similar distance from the outlet, they result in 337 

larger peaks, hence the difference across basin rotations (i.e., storm directions).  It is, however, 338 

difficult to distinguish whether any of these rainstorm conditions lead to a resonance condition 339 

for the synthetic basin. 340 

Evaluating the interaction between storm direction and streamflow (flood) response requires 341 

one to investigate the dependence across timescales, which helps to generalize our results. 342 

Therefore, In Fig. 7 we present the results of a similar analysis as in Fig.6 but for the annual peak 343 

event.  The median RFVD is close to 0 and the corresponding variability (i.e., interquartile range) 344 

is about 10% (Fig. 7a).  The consequent median RVD is about 15% while the corresponding 345 

variability is about 20% for the rotation angle of 105º (Fig. 7b).  Likewise, the resulting median 346 

PD is about 25% with the corresponding variability of about 40% when the storm moves at 105º 347 

clockwise relative to the reference direction (Fig. 7c).  Likewise, Fig. 8 presents the results for 348 

multiple peak events above a threshold (~350 m3/s).  Clearly, this definition generates the largest 349 

sample of flood peak events across 16 years. The consequent runoff characteristics (both RVD 350 

and PD) follow a similar pattern in terms of median values as well as their interannual 351 

variability.  The periodic pattern here is clear, which we can attribute to the definition of events 352 

over a threshold.  The results from 16 years of the analysis presented in Figs. 6-8 show a similar 353 

relationship between rainfall characteristics i.e. RFVD and consequent runoff characteristics i.e. 354 

RVD and PD.  The pattern of runoff response due to storm direction is similar to those reported 355 

previously, for example, the most recent work by Perez et al. (2021) using Iowa as a testbed.  356 

This experiment uses the synthetic basin commensurate with the scale of storm size to implement 357 

our framework.  For such scenarios, we demonstrated that runoff response, particularly flow 358 
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peak is significantly affected by storm direction.  One could also investigate the effect on basin 359 

scales in this framework.  Studies (e.g., Ogden et al., 1995; Perez et al., 2021; Volpi et al., 2013) 360 

show that basins much smaller (or much larger) relative to the storm size result in a minimal 361 

directional effect.  Thus, we argue that the scale of the synthetic basin adopted for this study 362 

suffices to demonstrate insights into directional effect using the framework.    363 

5. Conclusions 364 

In this paper, we investigated the relationship between the rainstorm direction and the 365 

catchment hydrologic response using a synthetic circular basin.  We used a novel approach 366 

called BRM in which we rotated the basin instead of the storm.  We used 16 years of Stage-IV 367 

rainfall data from 2003 to 2018 for Iowa.  The rainfall was forced to HLM on an annual basis 368 

across 24 basin orientations between 0º and 360º at every 15º.  Our hydrologic simulation 369 

experiment demonstrates that BRM can quantify the relationship between the rainstorm direction 370 

and the consequent hydrologic response.  The method is simple to implement and obviates the 371 

need to perform a large number of meteorological simulations at a much-reduced computational 372 

cost. 373 

Our results show that the peak flow response is strongly dependent on the interaction of the 374 

peak of the rainstorm with the peak of the WF.  The runoff characteristics, including RVD and 375 

PD at all three-time scales of annual, event, and multi-event scales due to the directional effect of 376 

rainstorms show virtually a periodic pattern.  The results show the largest median PD of up to 377 

25% with a corresponding interquartile range of up to 40%.  In other words, the directional effect 378 

on peak flow response is significant particularly for basin scales commensurate with the storm 379 

size.  The results of this paper have important implications for streamflow (flood) predictions, 380 
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best management practices, and flood mitigation efforts.  The results are pertinent as the 381 

scientific community recognizes that storm tracks may be changing under a warming climate.  382 

One should be cautious in understanding the value of these differences, particularly from the 383 

flood protection structures’ design standpoint.  For instance, the largest PD of ~50% in 2016 is 384 

more relevant than the largest PD of ~150% in 2011 (see Fig. S2) as the flood in 2016 is about   385 

15 times as large.  Nonetheless, the result is significant considering the difference can be 386 

attributed mostly to the directional effect of the rainstorm.  Also, this approach can provide an 387 

easier framework for performing the hydrologic simulation-based experiment for flood 388 

frequency analysis, which typically does not account for the storm direction effect on peak flow 389 

distribution (e.g., Perez et al., 2021).  390 

This study is not without some limitations.  To be able to distinguish the error in runoff 391 

response from rainfall volume bias and directional effect, we adopted a construct of the synthetic 392 

circular basin.  The total rainfall volume is preserved under rotation for the circular basin.  Its use 393 

demonstrates the effect of storm direction on the response due to the interactions of the storm 394 

patterns with the width function of the basin.  However, although the total rainfall volume is 395 

directionally invariant for the entire basin, this is not true for the numerous sub-basins.  This 396 

implies that there is a limited benefit of the circular basin concept for studies of peak flow 397 

scaling (e.g., Ayalew et al., 2014; Mantilla, 2007; Menabde et al., 2001) and regional flood 398 

frequency analysis (e.g., Gupta and Dawdy, 1995; Perez et al., 2019a, 2019b, 2018a, 2018b).  399 

Moreover, we assume that the radar-rainfall characteristics, including retrieval algorithms, and 400 

quality control stayed the same over the 16 years of the analysis period.  Therefore, using the 401 

BRM framework for a large ensemble of storms with varying speed, size, intensity, and spatial 402 
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footprint across a range of real-world basins could provide a more comprehensive insight into 403 

storm-basin interaction studies in the future.   404 
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Appendix A 405 

We compute relative differences of rainfall and runoff across angles of rotation of basins for 406 

our hydrologic simulations.  Our reference hydrograph corresponds to the reference scenario of 407 

storm traversing in the most frequent direction of West-East in Iowa (rotation angle = 0º).  The 408 

subscripts ‘r’ and ‘s’ refer to the reference and simulated (other rotation angles) variables, 409 

respectively.  We compute rainfall volume difference (RFVD) as, 410 

𝑹𝑭𝑽𝑫 =
(𝒓𝒇𝒗𝒔−𝒓𝒇𝒗𝒓)

𝒓𝒇𝒗𝒓
× 𝟏𝟎𝟎 (A.1) 411 

where rfv is the rainfall volume.  Likewise, runoff volume difference (RVD) is given by, 412 

𝑹𝑽𝑫 =
(𝒓𝒗𝒔−𝒓𝒗𝒓)

𝒓𝒗𝒓
× 𝟏𝟎𝟎 (A.2) 413 

where rv is the runoff volume.  The peak difference (PD) is given by, 414 

𝑷𝑫 =
(𝒑𝒆𝒂𝒌𝒔−𝒑𝒆𝒂𝒌𝒓)

𝒑𝒆𝒂𝒌𝒓
× 𝟏𝟎𝟎 (A.3) 415 

where peak refers to the streamflow peak.  We similarly compute these three metrics for three-416 

time scales: annual scale, annual peak event scale, and multiple-events scales over a threshold. 417 
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List of Tables 571 

Table 1: TopoToolbox Land Evolution Model (TTLEM) parameters used for generating the 572 

synthetic circular basin. 573 

Parameter Unit Selected 

Initialization 

Initial Surface - Linear gradient 

Uplift Pattern - Uniform 

Uplift rate m.yr-1 10-3 

Spatial Step m 70 

Boundary Conditions 

Boundary Condition Type - Dirichlet 

Computational Parameters 

Timespan yr 20 x 106 

Outer time step yr 1 x 106 

Domain shape - Circle 

Drainage area threshold m2 5x106 

Drainage network - Variable 

River Incision 

K m1–2m .yr−1 3x10-7 

m  0.5 

n  1 

Hillslope Response 

D m2. yr-1 0.03 

Sc  m.m-1 0.8 

Numerical Schemes 

River incision - Implicit FDM 

CFL - 0.95 

Hillslope Diffusion - Implicit linear with threshold slope 

  574 
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List of Figures 575 

Figure 1: Demonstration of a synthetic circular basin, the centroid of which is collocated with the 576 

centroid of the Cedar River basin.  The solid white boundary represents the state of Iowa, which 577 

is overlooked by seven NEXRAD radars for continuous rainfall observation.  The circles around 578 

these radars correspond to the range of 150 km. The underlying grid represents the Stage-IV 579 

rainfall. 580 

Figure 2: River network geometry of the synthetic circular basin.  (a) Synthetic digital elevation 581 

model (DEM) (b) Hillslopes overlain by river network corresponding to the DEM in (a).  The 582 

minimum stream order shown here is 5. The color code represents the distance in kilometers to 583 

the basin outlet. (c) Width function (WF) of the river network in (b).  The horizontal axis 584 

corresponds to the distance to the outlet while the vertical axis corresponds to counts.  The color 585 

code complements that of (b). 586 

Figure 3: Demonstration of the interaction of rainfall with the river network.  The rainfall shown 587 

here corresponds to the accumulation over September 2016.  Each panel shows the interaction of 588 

rainfall with the river network of the circular basin upon rotation at every 45º in the 589 

counterclockwise direction, respectively.   590 

Figure 4: Flow chart depicting the methodology adopted in the study.  591 

Figure 5: Illustration of simulation hydrographs at the basin outlet for the major event in 592 

September 2016.  The color code corresponds to the streamflow hydrograph for different angles 593 

of basin rotation (refer to the labels in the figure). 594 

Figure 6: Percentile plots showing the relationship of rainfall-runoff metrics with angles of basin 595 

rotation evaluated at an annual scale.  Each color code represents percentiles of interannual 596 
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variability over the years 2003-2018 with every 5-percentile interval.  For instance, [95,5] 597 

represents the range between 95th and 5th percentiles, [75,25] represents the range between 75th 598 

and 5th percentiles (i.e., interquartile range), and so on. (a) Rainfall volume difference (RFVD) 599 

(b) Runoff volume difference (RVD), and (c) Peak difference (PD). 600 

Figure 7: Percentile plots showing the relationship of rainfall-runoff metrics with angles of basin 601 

rotation evaluated for the annual peak event.  Each color code represents percentiles of 602 

interannual variability over the years 2003-2018 with every 5-percentile interval.  For instance, 603 

[95,5] represents the range between 95th and 5th percentiles, [75,25] represents the range between 604 

75th and 5th percentiles (i.e., interquartile range), and so on.  (a) RFVD (b) RVD, and (c) PD. 605 

Figure 8: Percentile plots showing the relationship of rainfall-runoff metrics with angles of basin 606 

rotation evaluated for multiple peaks over the threshold.  Each color code represents percentiles 607 

of interannual variability over the years 2003-2018 with every 5-percentile interval.  For 608 

instance, [95,5] represents the range between 95th and 5th percentiles, [75,25] represents the range 609 

between 75th and 5th percentiles (i.e., interquartile range), and so on.  (a) RFVD (b) RVD, and (c) 610 

PD.  611 
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Figure 1: Demonstration of a synthetic circular basin, the centroid of which is collocated with the 613 

centroid of the Cedar River basin.  The solid white boundary represents the state of Iowa, which 614 

is overlooked by seven NEXRAD radars for continuous rainfall observation.  The circles around 615 

these radars correspond to the range of 150 km. The underlying grid represents the Stage-IV 616 

rainfall. 617 
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 618 

Figure 2: River network geometry of the synthetic circular basin.  (a) Synthetic digital elevation 619 

model (DEM) (b) Hillslopes overlain by river network corresponding to the DEM in (a).  The 620 

minimum stream order shown here is 5. The color code represents the distance in kilometers to 621 

the basin outlet. (c) Width function (WF) of the river network in (b).  The horizontal axis 622 

corresponds to the distance to the outlet while the vertical axis corresponds to counts.  The color 623 

code complements that of (b).  624 
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 625 

Figure 3: Demonstration of the interaction of rainfall with the river network.  The rainfall shown 626 

here corresponds to the accumulation over September 2016.  Each panel shows the interaction of 627 

rainfall with the river network of the circular basin upon rotation at every 45º in the 628 

counterclockwise direction, respectively.   629 
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 630 

Figure 4: Flow chart depicting the methodology adopted in the study.   631 
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 632 

Figure 5: Illustration of simulation hydrographs at the basin outlet for the major event in 633 

September 2016.  The color code corresponds to the streamflow hydrograph for different angles 634 

of basin rotation (refer to the labels in the figure). 635 
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 636 

Figure 6: Percentile plots showing the relationship of rainfall-runoff metrics with angles of basin 637 

rotation evaluated at an annual scale.  Each color code represents percentiles of interannual 638 

variability over the years 2003-2018 with every 5-percentile interval.  For instance, [95,5] 639 

represents the range between 95th and 5th percentiles, [75,25] represents the range between 75th 640 

and 5th percentiles (i.e., interquartile range), and so on. (a) Rainfall volume difference (RFVD) 641 

(b) Runoff volume difference (RVD), and (c) Peak difference (PD).  642 
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 643 

Figure 7: Percentile plots showing the relationship of rainfall-runoff metrics with angles of basin 644 

rotation evaluated for the annual peak event.  Each color code represents percentiles of 645 

interannual variability over the years 2003-2018 with every 5-percentile interval.  For instance, 646 

[95,5] represents the range between 95th and 5th percentiles, [75,25] represents the range between 647 

75th and 5th percentiles (i.e., interquartile range), and so on.  (a) RFVD (b) RVD, and (c) PD.  648 
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 649 

Figure 8: Percentile plots showing the relationship of rainfall-runoff metrics with angles of basin 650 

rotation evaluated for multiple peaks over the threshold.  Each color code represents percentiles 651 

of interannual variability over the years 2003-2018 with every 5-percentile interval.  For 652 

instance, [95,5] represents the range between 95th and 5th percentiles, [75,25] represents the range 653 

between 75th and 5th percentiles (i.e., interquartile range), and so on.  (a) RFVD (b) RVD, and (c) 654 

PD. 655 
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