
River-valley morphology, basin size, and flow-event magnitude
interact to produce wide variation in flooding dynamics

MOLLY VAN APPLEDORN ,1,�MATTHEW E. BAKER, AND ANDREW J. MILLER

Department of Geography and Environmental Systems, University of Maryland Baltimore County, 1000 Hilltop Circle,
Baltimore, Maryland 21250 USA

Citation: Van Appledorn, M., M. E. Baker, and A. J. Miller. 2019. River-valley morphology, basin size, and flow-event
magnitude interact to produce wide variation in flooding dynamics. Ecosphere 10(1):e02546. 10.1002/ecs2.2546 [Correc-
tion: article updated on January 8, 2019, after initial online publication: The year of publication in the suggested citation
for this article was changed from 2018 to 2019.]

Abstract. Inundation dynamics are a key driver of ecosystem form and function in river-valley bottoms.
Inundation itself is an outcome of multi-scalar interactions and can vary strongly within and among river
reaches. As a result, establishing to what degree and how inundation dynamics vary spatially both within
and among river reaches can be challenging. The objective of this study was to understand how river-val-
ley morphology, basin size, and flow-event magnitude interact to affect inundation dynamics in river-val-
ley bottoms. We used 2D hydraulic models to simulate inundation in four river reaches from Maryland’s
Piedmont physiographic province, and qualitatively and quantitatively summarized within- and among-
reach patterns of inundation extent, duration, depth, shear stress, and wetting frequencies. On average,
reaches from confined valley settings experienced less extensive flooding, shorter durations and shallower
depths, stronger gradients of maximum shear stress, and relatively infrequent wetting compared to reaches
from unconfined settings. These patterns were generally consistent across flow-event magnitudes. Patterns
of within-reach flooding across event magnitudes revealed complex interactions between hydrology and
surface topography. We concluded that valley morphology had a greater impact on flooding patterns than
basin size: Inundation patterns were more consistent across reaches of similar morphology than similar
basin size, but absolute values of inundation characteristics varied between large and small basins. Our
results showed that the manifestation of out-of-bank flows in valley floors can vary widely depending on
geomorphic context, even within a single physiographic province, which suggests that hydrologic and
hydraulic conditions experienced on the valley floor may not be well represented by existing hydrologic
metrics derived from discharge data alone. We thus support the notion that 2D hydraulic models can be
useful hydrometric tools for cross-scale investigations of floodplain ecosystems.
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INTRODUCTION

Inundation dynamics are believed to be the
master variable driving the structure and function
of floodplain ecosystems (Junk et al. 1989, Ward
et al. 2002). Overbank flood events drive vertical,

lateral, and longitudinal exchanges of material
and energy (Ward 1998, Amoros and Bornette
2002), ultimately affecting patterns of edaphic
conditions, sediment deposition and scour, vege-
tation dispersal and forest succession, and biogeo-
chemical cycling through space and time (Frye
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and Quinn 1979, Hupp and Bazemore 1993,
Megonigal et al. 1997, Tabacchi et al. 1998, Olde
Venterink et al. 2006, Noe and Hupp 2009, Kaase
and Kupfer 2016). As a result of such interactions,
floodplain ecosystems are characterized by pro-
nounced spatial (Scown et al. 2015) and temporal
heterogeneity (Nakamura et al. 2007), making
them among the most biophysically diverse
ecosystems and both a high conservation and a
restoration priority (Gregory et al. 1991, Malan-
son 1993, Naiman and Decamps 1997, Tockner
and Stanford 2002, Bernhardt et al. 2005).

Flooding itself is an outcome of multi-scalar inter-
actions among climate, landscape physiography,
river-valley morphology, and local channel hydrau-
lics. At broad scales, catchment size, shape, and
land cover patterns constrain the availability and
routing of water (Black 1997) that interplay with
finer-scale controls on valley-bottom attenuation in
complex ways (Woltemade and Potter 1994, Turner-
Gillespie et al. 2003, Baker and Wiley 2009). For
example, high upstream transport efficiency can
produce frequent flooding if a given river-valley
reach (i.e., a segment expressing relatively uniform
valley morphology) is incapable of efficiently propa-
gating the flood wave, or energetically intense
floods if reach slope or valley width promotes
deeper flow depths. Limited upstream conveyance
combined with a reduced capacity for transport
through the local reach can result in prolonged
flooding. Thus, inundation dynamics may vary
widely among reaches with different river-valley
morphologies and contributing areas, even if they
are from the same basin (Baker andWiley 2009).

Inundation dynamics can also vary strongly on
valley bottoms within a single reach. Interactions
and feedbacks between surface and subsurface
hydrology, biological organisms, topographic vari-
ation, and relative positioning on the valley floor’s
surface can produce within-reach gradients of
inundation frequency, duration, and intensity
(Miller 1995, Mertes 1997, Sparks and Spink 1998,
Hupp 2000, Corenblit et al. 2011). Combinations of
flooding attributes are expected to vary across dif-
ferent geomorphic features such that floodplains,
ridges, swales, scroll bars, backswamps, and ter-
races experience inundation at different frequen-
cies, at different depths, and for a range of
durations. Valley-bottom landforms have been
used extensively in the ecological literature as sur-
rogates for hydraulic and hydrologic attributes in

an effort to explain shifts in vegetation composition
within river-valley reaches (Johnson et al. 1976,
Osterkamp and Hupp 1984, Hupp and Osterkamp
1985, Tabacchi et al. 1990, 1998, Gregory 1992,
Naiman et al. 1993, Pautou and Arens 1994,
Marston et al. 1995, Bravard et al. 1997, Davies-
Colley 1997, Hughes 1997, Bendix and Hupp 2000,
Nakamura and Shin 2001, Gurnell and Petts 2003).
Floodplain classifications have offered a way to
reconcile reach-scale heterogeneity with broader
physical constraints by associating geomorphic fea-
tures on the valley-bottom surface with river-valley
settings (e.g., Nanson and Croke 1992, Brierley and
Fryirs 2005, L�oczy et al. 2012). However, existing
classifications, including those that are process-
based, have not explicitly described how within-
reach distributions of inundation frequency, dura-
tion, depth, and shear stress relate to broader con-
straints of valley morphology and basin size. Our
ability to develop expectations about how local
eco-geomorphic relationships within a local river
valley may translate to other valleys—even within
the same river system—thus remains a challenge
in floodplain ecology (Vaughan et al. 2009).
Recent advances in computing power and the

proliferation of high-resolution topographic data-
sets have driven a shift toward more quantitative
descriptions of fluvial geomorphic processes (Viles
2016), transforming scientists’ abilities to map and
quantitatively describe patterns of floodplain inun-
dation. Two-dimensional (2D) hydraulic models,
in particular, show promise as hydrometric tools
for applications in floodplain ecology because of
their ability to model complex flows and dynamic
wetting and drying processes, capability of pro-
ducing spatially continuous measures of flood-
plain inundation, and appropriateness in a wide
range of scales and physical settings (Horritt and
Bates 2002, Jowett and Duncan 2012). For example,
2D hydrodynamic models have been used to
quantify hydrologic connectivity patterns among
forest patches for the purposes of environmental
flow regulation (Kupfer et al. 2015, Meitzen and
Kupfer 2015) and to reveal hydrologic and
hydraulic drivers of floodplain sedimentation
dynamics that would have been difficult to ascer-
tain by other approaches (Kaase and Kupfer 2016).
The objective of this study was to characterize

the range of flooding dynamics observed in four
river reaches of contrasting river-valley morphol-
ogy (relatively unconfined vs. confined river-valley
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settings) and size (large vs. small contributing
areas) to understand how reach-scale patterns of
inundation may be influenced by interactions
between reach morphology and basin size. In
particular, we asked: (1) How do inundation
attributes vary among and within river reaches?
(2) What is the relative importance of river reach
morphology and basin scale on within-reach dis-
tributions of inundation attributes? and (3) How
do these relationships change, if at all, across a
gradient of flow-event magnitudes? We focused
on describing patterns of five inundation attri-
butes believed to be important in the structure
and function of floodplain ecosystems: inunda-
tion extent, duration, depth, frequency, and shear
stress. We expected that the patterns of inunda-
tion attributes will differ across river-valley set-
tings such that valleys of relatively unconfined
settings will experience a greater proportion of
surface area wetted, but have relatively uniform
distributions of duration, depth, frequency, and

shear stress. We expected smaller inundation
extents and more variable distributions of other
inundation attributes in relatively confined valley
settings. We also hypothesized that these patterns
would remain consistent across basin sizes, but
that absolute values of inundation extent, dura-
tion, depth, frequency, and shear stress would be
greater in large basins than in small basins, and
also increase with increasing flow-event magni-
tude. Here, we used 2D hydrodynamic models to
qualitatively and quantitatively describe ecologi-
cally relevant inundation patterns in response to a
gradient of relatively small to large overbank flow
events.

METHODS

Physiographic setting and study reaches
We examined floodplain inundation dynamics

from basins located in the Maryland Piedmont
physiographic province of the Chesapeake Bay

Fig. 1. The four study reaches are located in Maryland river basins from the Piedmont physiographic province
of the Chesapeake Bay Watershed. Although climatically similar, the reaches differ in contributing area and
river-valley morphology.
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Watershed (Fig. 1). The Maryland Piedmont is
characterized by rolling hills of moderate topog-
raphy, typically 30–100 m in local relief, dissected
by dendritic stream networks (White 2001). A
variety of bedrock underlies the region including
metamorphic rocks, shales, limestones, and sand-
stones. Legacy sediments from post-European set-
tlement-era damming and agricultural land
clearing are stored in floodplains and are believed
to influence the functioning of contemporary bot-
tomland ecosystems (Jacobson and Coleman
1986, Walter and Merritts 2008, Donovan et al.
2015). Piedmont stream channels are often incised,
exposing a relatively thick layer of fine-grained
settlement-era sediments overlying a Holocene
organic-rich, hydric soil. Channel incision has
resulted in contemporary “valley flats” that are
believed to be at a greater elevation than associ-
ated with bankfull discharge (Leopold 1994). Val-
ley flats have been interpreted as both floodplains
(Wolman and Leopold 1957, Jacobson and Cole-
man 1986) and abandoned terraces (Walter and
Merritts 2008, Merritts et al. 2011). Depositional
bars, levees, backswamps, and terraces are land-
forms typically found in Maryland Piedmont river
valleys. For the purposes of our analysis, we refer
to the valley floor as all geomorphic features in
valley-bottom settings that have the potential to
be affected by inundation events, even if rarely,
within the contemporary hydrologic regime.

We identified four U.S. Geological Survey
(USGS) streamgages that spanned gradients of
flood frequency and intensity observed in the
Maryland Piedmont: Seneca Creek at Dawsonville
(01645000), Patapsco River at Hollofield (01589000),
Patuxent River at Unity (01591000), and Little Gun-
powder Falls (01584500) (Appendix S1: Fig. S1).
Valleys were scouted up and downstream of the
streamgages to locate reaches that were (1) proxi-
mal to the streamgage, (2) comprised relatively
undisturbed ecosystems, and (3) exhibited evidence
of within-reach gradients of inundation dynamics.
The resulting four reaches were located within the
Piedmont, well above the boundary with the
Coastal Plain physiographic province (Fig. 1).
Reach lengths ranged from 0.4 km (Little Gunpow-
der Falls) to 3 km (Seneca Creek) (Table 1). The cur-
rent valley floors of all four sites have aggraded to
a level higher than the pre-settlement valley floor.

The reaches represent contrasting river-valley
confinement, stream gradients, and basin scales

(Table 1). Seneca Creek and the Patuxent River
reaches had relatively wide river valleys com-
pared to their respective channel widths, whereas
the Patapsco River and Little Gunpowder Falls
reaches had relatively constrained valley widths.
Hereafter, we refer to Seneca Creek and the
Patuxent River reaches as “unconfined” because
virtually all of the river bank length is in contact
with the alluvial plain. We refer to the Patapsco
River and Little Gunpowder Falls reaches as
“confined” because the river banks are in contact
with the alluvial plain between 10% and 90% of
their length. These definitions are similar to the
terms “laterally unconfined channels” and
“partly confined channels” Brierley and Fryirs
(2005) and Rinaldi et al. (2013) used to describe
river-valley settings. Stream gradients for the
Patuxent River (2.2 9 10�3) and Little Gunpow-
der Falls (2.3 9 10�3) are approximately twice as
steep as Seneca Creek (1.3 9 10�3) and the Patap-
sco River (8.9 9 10�4; Table 1). The contributing
areas of the Seneca Creek (261 km2) and Patapsco
River (650 km2) reaches are over twice as great as
the contributing areas of either the Patuxent River
(90 km2) or Little Gunpowder Falls (93 km2).
Thus, our study design sought to maximize the
potential to detect a range of inundation dynam-
ics both within and among study reaches, with
comparisons among the four reaches giving
insight into the relative influence of river-valley
morphology and basin scale on flooding patterns.

2D hydraulic model development
We used the U.S. Army Corps of Engineers’

Hydrologic Engineering Center’s River Analysis
System two-dimensional hydraulic modeling
software (HEC-RAS 2D, version 5.0.3, Septem-
ber 2016, U.S. Army Corps of Engineers, Hydro-
logic Engineering Center, Davis, California,
USA) to characterize surface water inundation
dynamics in each study reach. HEC-RAS 2D is a
high-resolution numerical model that can per-
form hydrodynamic flow routing on an unstruc-
tured computational mesh. Developing a 2D
hydraulic model for each study reach required
four primary data inputs: a terrain model com-
prising terrestrial and bathymetric surfaces, flow
resistance parameters, downstream boundary
conditions, and inflow hydrographs. We devel-
oped a terrain model from high-resolution air-
borne LIDAR surveys collected between 2008
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and 2013 and channel cross sections in 2017;
temporal changes in geomorphology (and
hydrologic regime) were assumed to have negli-
gible effect on model output at the scale of anal-
ysis. We assigned Manning’s n value for river
channels (n = 0.03) and floodplains (n = 0.06)
following the recommendations of Chow (1959)
and defined downstream boundary conditions
by normal depth, estimated as the average slope
of five down-channel elevation profiles extracted
from the topo-bathymetric data using a geo-
graphic information system. Input hydrographs
for model development and evaluation were
derived from instantaneous discharge data of
observed inundation events occurring in 2015
and 2016. We generated an unstructured
computational mesh for each study reach that

initially comprised a simple, uniform grid of
3.66 m 9 3.66 m cell size and was subsequently
modified to account for sharp changes in topog-
raphy using breaklines. The resulting mesh com-
prised a range of cell configurations, though the
majority of cells remained in uniform grids. The
modeling framework employs a subgrid routine
that allows for accurate representation of the
underlying terrain even if mesh cell size is large.
When compared to empirical measures of flood-
ing attributes, model runs using these initial
parameters, boundary conditions, input hydro-
graphs, and meshes produced ecologically rea-
sonable estimates of inundation extent, depth,
and duration for the purposes of our study.
Details of model development and evaluation
may be found in Van Appledorn (2016).

Table 1. Summary of physical attributes of study reaches and the associated streamgages used in this analysis.

Attribute Seneca Creek Patapsco River Patuxent River Little Gunpowder Falls

Streamgage name Seneca Creek at
Dawsonville

Patapsco River at
Hollofield†

Patuxent River at
Unity

Little Gunpowder Falls
at Laurel Brook

USGS streamgage 01645000 01589000 01591000 01584500
Drainage area (km2) 261 650 90 93
Study reach length (km) 3 1.6 2 0.4
Study reach area (km2) 0.45 0.11 0.15 0.01
Channel width:valley
width

Low High Low High

Study reach position Immediately
downstream of
streamgage

Near Woodstock,
MD; 9 km upstream
of Hollofield
streamgage†

Immediately
upstream of
streamgage

Immediately upstream
of streamgage

Upstream
impoundments (year)‡

Clopper Lake (1975);
Little Seneca Lake
(1984)

Liberty Reservoir
(1956)

None None

Nearest documented
historic milldam

8 km downstream 8 m downstream At streamgage At study reach

Dominant geology§ New Oxford Formation
and Marburg Schist

Baltimore Gneiss Wissahickon
Formation

Lower Pelitic Schist

Percent forest¶ 31.7 30.5 39.1 26.6
Percent impervious¶ 14.3 7.2 2 5
Stream slope (ft/mile)¶ 15.1 7.7 30.1 21.7
Study reach slope (%)# 0.131 0.089 0.22|| 0.23
Mean basin slope (%)¶ 0.08 0.09 0.1 0.08
Flood frequency††, ‡‡ 0.28 0.06 0.21 0.02
Flood intensity††, §§ 1.59 1.95 1.14 1.1

† Hydrograph correction assessment in Van Appledorn (2016) and Van Appledorn et al. (unpublished manuscript) for
hydrograph correction assessment.

‡ Years in parentheses are years of initial operation.
§ Maryland Geological Survey (1968).
¶ Thomas and Moglen (2010) and Ries et al. (2010).
# Slope calculated along thalweg of the river reach using the terrain models developed for HEC-RAS simulations.
|| Slope upstream of road culvert = 0.25 and downstream of the culvert = 0.16.
†† Appendix S1.
‡‡ Flood frequency is the number of events per year of record.
§§ Flood intensity is calculated as median Qmax/Qb, where Qmax = maximum discharge observed during an overbank event,

Qb = bankfull discharge.
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Flood regime simulations
We used a series of five unsteady model simu-

lations per study reach to characterize inunda-
tion regimes on the valley floors of the study
reaches. The goal of the simulations was to
understand the variability of inundation dynam-
ics in response to a range of flood-event magni-
tudes represented in the hydrologic record. Each
simulation was driven by a different input
hydrograph derived from aggregated flood
events identified in the instantaneous discharge
record (Fig. 2). To develop the hydrographs, we
first estimated bankfull discharge at each stream-
gage as the upper confidence interval of a 1.5-yr
flow using PeakFQ (USGS 2007), a software
package that implements the Bulletin 17B Flow
Frequency Analysis (Interagency Advisory Com-
mittee on Water Data 1982). We qualitatively
compared these estimates to the results of 2D

hydraulic model simulations of observed inun-
dation events occurring in 2015 and 2016
reported in Van Appledorn (2016) to assess
whether the upper confidence interval of the 1.5-
yr discharge was an appropriate estimate of
bankfull discharge. Bankfull discharges were
estimated from the simulation by stepping
through the time series results to find when
flows were not confined to the channel but over-
topped the banks in at least two positions along
the length of the river channel. We proceeded to
use the PeakFQ estimate of bankfull discharge in
subsequent analyses because it was never more
than 8.21 cms (290 cfs) greater than the bankfull
estimate derived from the 2D simulations for Pat-
apsco River, Patuxent River, and Little Gunpow-
der Falls. At Seneca Creek, the upper confidence
interval of the 1.5-yr flow (112.93 cms or
3988 cfs) overestimated bankfull discharge
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Fig. 2. Quantile hydrographs used in simulating inundation dynamics in four study reaches: Seneca Creek (a),
Patapsco River (b), Patuxent River (c), and Little Gunpowder Falls (d). Five hydrographs were developed per
study reach representing the 90th, 75th, 50th, 25th, and 10th quantiles of observed instantaneous discharges.
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compared to 2D simulations; thus, we adjusted
the estimate of bankfull discharge to 75.12 cms
(2653 cfs) based on simulation results.

The bankfull discharge estimate was compared
to the historical instantaneous discharge record at
each streamgage to identify individual flood
events, sequential discharges that met or exceeded
the bankfull threshold. Flood events were
extracted (including a period of 2 d prior and 2 d
following the sequence of flows at bankfull or
greater), and their peak discharges were tempo-
rally aligned, yielding an aggregate series of flood
events for each study reach (Appendix S1:
Table S1, Table S2, Fig. S2). We then computed the
10th, 25th, 50th, 75th, and 90th quantiles of instan-
taneous discharge at each 15-min time step across
all flood events. These sequential discharges thus
defined a series of five “quantile hydrographs”
for each river reach. The quantile hydrographs are
idealizations of historic flood hydrographs that
reduce the idiosyncratic nuance of individual
storm events in the hydrologic record, allowing
for more general inferences of flooding behavior
across study reaches. We subset the quantile
hydrographs into 30-min time steps to serve as
2D model input. Coarsening the temporal resolu-
tion of the hydrographs did not produce numeri-
cal instability in the simulations and did not
result in a loss of hydrologic variation or hydro-
graph integrity as the minimum and maximum
discharge values and total event volumes were
maintained. In order to characterize the magni-
tude of quantile hydrograph discharges in more
familiar terms, we identified the recurrence inter-
val of the maximum discharge observed in each
quantile hydrograph by referencing the results of
the PeakFQ analysis (Appendix S1: Table S3). Fur-
ther details of quantile hydrograph development
may be found in Appendix S1.

We ran five simulations per study reach, one
simulation for each of the streamgage-specific
quantile hydrographs. Models for Seneca Creek
and the Patapsco River used the parameterization
schema from validation events described in Van
Appledorn (2016). We calibrated and parameter-
ized models for the Patuxent River and Little
Gunpowder Falls to approximate field observa-
tions of flooding extent and depth following
inundation events in 2015 and 2016 and flooding
descriptions from the NOAA NWS Flood Fore-
casting Center. Although no formal evaluation

procedure was completed for these reaches, we
expected that any differences in flooding dynam-
ics between the two reaches due to contrasting
river-valley morphology should be greater than
any modeling errors due to uncertainty in model
parameterization. We therefore included the
results of the Patuxent River and Little Gunpow-
der Falls to make relative comparisons of flood
regime among all four reaches. All simulations
were run using a 10-sec computational time step;
mapped output was generated at 5-min intervals.

Data analysis
The HEC-RAS modeling software produces

both qualitative and quantitative results that
may be used to characterize flooding dynamics
within and across study reaches. First, we used
the software’s visualization tools to qualitatively
describe the nature of dynamic inundation pro-
cesses within and among reaches. We paid par-
ticular attention to spatial patterns of wetted
extent, relative timing of inundation, and flow
velocities because these attributes can be used to
infer how surface topography, reach geomor-
phology, and hydrology interact to influence
wetting and drying processes. We also examined
dynamic mapped output to characterize tempo-
ral patterns of inundation. For each simulation,
we calculated the time to peak wetted extent
(TTPWE) as the length of time from initial
observations of out-of-channel flows to the time
the maximum wetted extent was achieved,
expressed as the proportion of the total duration
out-of-channel flows. We also calculated the time
to peak discharge (TTPQ) for each input hydro-
graph as the length of time from initial bankfull
discharge to peak discharge, expressed as a pro-
portion of the total duration the hydrograph
achieved or exceeded bankfull discharge. To
match the temporal resolution of dynamic simu-
lation output, we linearly interpolated between
the 15-min time steps of the original quantile
hydrographs to identify when bankfull discharge
would occur at 5-min intervals.
Second, we quantified five ecologically rele-

vant attributes of flooding within the valley mar-
gins of each study reach using model output:
inundation extent, duration, depth, shear stress,
and frequency. We defined the valley margins
morphologically as the transition between the
relatively flat, low elevation areas and the
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relatively steep hillslopes (sensu Fryirs et al.
2016). Areas within the valley margins include
the active (genetic) floodplain and other valley
floor landforms such as terraces (Fryirs et al.
2016) and are expected to exhibit different envi-
ronmental conditions (e.g., sediment characteris-
tics, hydrology, soil depth) than hillslope areas
because of their morphology and position within
the landscape. We delineated valley margins by
examining distributions of slope and curvature
measures of LIDAR-derived elevations, with
shifts in slope and curvature values distinguish-
ing steep hillslopes from relatively flat valley
floors; orthoimages were used as supplementary
information to confirm the location of the valley
margin. We expected our results would be robust
to the delineations due to the magnitude of topo-
graphic relief observed between the valley bot-
tom and hillslopes during site visits to the study
reaches and geospatial analyses. We extracted
the time series of modeled water depths for each
computational mesh cell within the valley floor
from the HEC-RAS simulations. To minimize the
effects of any minor wetting remaining from the
model spin-up process, we excluded depths
<2.5 cm from the depth time series. We then
identified and summed the area of cells experi-
encing submergence at any point during a simu-
lation and calculated the proportion of valley
floor inundated by dividing this value by the
total valley floor area. We calculated inundation
duration for each valley floor mesh cell as the
total length of time a mesh cell was submerged.
We reported patterns in inundation depth as the
maximum water depth achieved over the length
of a simulation; exploratory analyses revealed no
substantive differences in our results when maxi-
mum depth was used to characterize submer-
gence patterns compared to mean or median
depth values. We also extracted estimates of
maximum shear stress for valley floor mesh cells
from each simulation. We summarized patterns
of duration, depth, and shear stress within and
among reaches using cumulative relative fre-
quency distributions. Statistical summaries were
completed using R statistical software (R Devel-
opment Core Team, 2016).

We also mapped patterns of inundation fre-
quency for every mesh cell using a method that
allows for standardized comparisons within and
among reaches. For every valley floor mesh cell,

we identified the time of first inundation exceed-
ing 2.5 cm in depth during the 90th quantile
event simulation, and identified the discharge
value occurring in the simulation at that time
step from the input hydrograph. The discharge
was then related to the results of the PeakFQ
flow frequency analysis to extract the flow’s
annual exceedance probability, expressed as a
percentage. Thus, exceedance probabilities were
mapped for each valley floor mesh cell by refer-
encing results from the hydrologic analysis of the
annual maximum flood series. The resulting map
was a spatially explicit depiction of the probabil-
ity that the discharge necessary to inundate a
particular mesh cell is equaled or exceeded in a
given year. We used cumulative relative fre-
quency distributions to summarize inundation
frequencies across reaches.

RESULTS

Qualitative flooding attributes
Reaches with similar morphologies exhibited

qualitatively similar patterns of flooding dynamics
despite differences in basin scales. Flood events at
Seneca Creek (Videos S1–S5) and Patuxent River
(Videos S11–S15) were characterized by extensive
valley floor inundation, even during the 10th quan-
tile hydrograph event in which maximum dis-
charges corresponded to 1.3-yr and 1.8-yr events,
respectively. Flooding at Seneca Creek initiated at
the lower portion of the reach, on the left bank,
where back-flooding quickly expanded over the
internal portion of the floodplain surface in an
up-valley direction (Fig. 3). Within the right bank,
flow from the channel overtopped the banks and
followed an internal drainage network in both
up- and down-valley directions. Eventually, all
flow was routed down-valley and the full extent of
inundation was subsequently achieved. In the mor-
phologically similar Patuxent River reach, patterns
of valley-floor inundation also appeared to be a
function of back-flooding, overbank flows, and
internal drainage processes. These processes were
influenced by the presence of a road embankment
in the middle of the study reach that contributed to
backwater effects and relatively longer durations
of inundation upstream of the road crossing,
whereas relatively high-velocity flows were
observed immediately downstream of the culvert.
These dynamic patterns were observed particularly

 ❖ www.esajournals.org 8 January 2019 ❖ Volume 10(1) ❖ Article e02546

VAN APPLEDORN ET AL.



during simulations of the 10th and 25th quantile
hydrographs.

Compared to the unconfined Seneca Creek or
Patuxent River reaches, flooding was not as
extensive and generally constrained to be near
the channel for the Patapsco River (Videos
S6–S10) and Little Gunpowder Falls (Videos
S16–S20) reaches during any given quantile
event. The confined reaches lacked any internal
drainage networks, and flooding tended to occur
along the banks, point bars, and topographic

lows via direct fill. Back-flooding was not as
prominent a process as it was at the Seneca Creek
and Patuxent River reaches, though it did occur
locally (Fig. 4).
Unconfined reaches took longer than their con-

fined counterparts to achieve maximum wetted
extent as a proportion of the total duration of
out-of-channel flows (Table 2). Maximum extents
were achieved around the total duration mid-
point at Seneca Creek for the 50th quantile event
and larger (TTPWE: 0.42–0.46) and for all event

Fig. 3. Time series of model stills from 10th quantile hydrograph event as examples of distinctive flooding pat-
terns in Seneca Creek. Darker blue indicates deeper water depths. White lines indicate velocity and direction of
flow: Longer lines indicate faster velocities; blunter end indicates forward direction. Overbank inundation in the
left bank floodplain is initially caused by back-flooding as the river valley narrows and channel turns sharply
(bottom of left panel). Within 20 min, the right bank floodplain is rapidly inundated when overbank discharge
proceeds down-valley through existing secondary channels and standing surface water and reconnects with
channel mainstem; back-flooding on left bank floodplain still occurs, but velocity begins to slow likely due to
upstream, right bank storage. Within approximately 1 additional hour, the maximum extent of inundation is
achieved and the direction of flow on the right bank becomes entirely down-valley.
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magnitudes at the Patuxent River (TTPWE: 0.48–
0.56) (Table 2). Simulation TTPWE values aver-
aged to be within 76% and 94% of hydrograph
TTPQ values across all event magnitudes for

Seneca Creek and the Patuxent River, respec-
tively. At Seneca Creek, differences between sim-
ulation TTP and hydrograph TTP were greatest
in low-magnitude events, indicating the potential

Fig. 4. Time series of model stills from 10th quantile hydrograph (left, middle) and 90th quantile hydrograph
(right) models as examples of typical flooding patterns in Patapsco. Darker blue indicates deeper water depths.
White lines indicate velocity and direction of flow: Longer lines indicate faster velocities; blunter end indicates
forward direction. Early inundation occurs in topographically low depressions nearest to the channel (left panel,
circled region). At the hydrograph maximum, the right bank floodplain experiences slight inundation due to
back-flooding, but it is minimal in extent and very brief. During the flood peak (middle panel), the majority of
the valley bottom remains dry with only minor wetting in other topographic lows (upper and lower circles) and
a flow-through depression (middle circle). The majority of the floodplain is inundated at the hydrograph
maximum for the 90th quantile event, and all flow is down-valley (right panel).

Table 2. Summary of observed time to peak discharge (TTPQ) as derived from hydrologic inputs compared
to time to peak wetted extent (TTPWE) as derived from simulation results for study sites of contrasting valley
confinement (U = unconfined, C = confined) and basin size (L = large, S = small).

Time to peak metric

Quantile hydrograph

10th 25th 50th 75th 90th

Seneca Creek (U, L)
Hydrograph TTPQ 0.81 0.55 0.39 0.5 0.48
Simulated TTPWE 0.29 0.3 0.45 0.46 0.42

Patapsco River (C, L)
Hydrograph TTPQ 0.47 0.43 0.56 0.3 0.23
Simulated TTPWE 0.31 0.14 0.13 0.15 0.15

Patuxent River (U, S)
Hydrograph TTPQ 0.65 0.62 0.52 0.52 0.52
Simulated TTPWE 0.56 0.56 0.52 0.48 0.55

Little Gunpowder Falls (C, S)
Hydrograph TTPQ 0.39 0.59 0.5 0.48 0.51
Simulated TTPWE 0.25 0.37 0.39 0.45 0.34

Notes: TTPQ for hydrologic inputs is calculated as the length of time from initial bankfull discharge to peak discharge,
expressed as a proportion of the total duration the hydrograph achieved or exceeded bankfull discharge. For simulation results,
TTPWE is calculated as the length of time from initial observations of out-of-channel flows to the time the maximumwetted extent
is achieved, expressed as the proportion of the total duration out-of-channel flows were observed in dynamic modeling results.
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for storage effects of the valley bottom to be
greater for low flows. In the confined reaches,
lateral connectivity lasted longer during the
recession period compared to hydrologic inputs:
TTPWE values of the simulations were within
46% and 72% of hydrograph TTPQ values across
all event magnitudes for the Patapsco River and
Little Gunpowder Falls, respectively (Table 2). In
these reaches, drainage of topographic lows and
point bars near the channel was slow (Videos S6–
S10; S16–S20), likely influencing the simulated
TTPWE values.

Inundation extent
Patterns of flooding extent were fundamen-

tally different between reaches of contrasting
morphologies: Unconfined reaches experienced
consistently more extensive flooding for any
given flood magnitude compared to confined
reaches of similar scale. At least 47% of the valley
floor surface was inundated during the 10th
quantile simulation at Seneca Creek and Patux-
ent River reaches, but no >17% of the valley floor
surface was inundated during similar events at
either the Patapsco River or the Little Gunpow-
der Falls reaches (Table 3). Proportionally more
of the Seneca Creek floodplain was inundated
during the largest event magnitude compared to
the Patapsco River floodplain (97% vs. 84%)
despite the fact that the peak discharge observed
during simulations represented a 4.8-yr flow at
Seneca Creek and 10.8-yr flow at Patapsco River
(Appendix S1: Table S3).

The relationship between inundation extent
and flood magnitude appeared to be a function
of basin scale. Reaches from larger basins experi-
enced a step change in the proportion of valley
floor inundated between the 50th and 75th

quantile events. Inundated areas of the Seneca
Creek and Patapsco River floodplains increased
by nearly 45% and 90% between the 50th and
75th quantile flood events, respectively. In con-
trast, inundation extents increased by only 5%
and 18% between the 50th and 75th quantile
flood events for the Patuxent River and Little
Gunpowder Falls reaches, respectively.

Inundation duration
Inundation duration was longer and more uni-

formly distributed throughout the valley floor
surface in the unconfined Seneca Creek and
Patuxent Rivers compared to their morphologi-
cally different counterparts (Fig. 5). Over 20% of
the Seneca Creek valley floor surface was inun-
dated for the entire duration of each simulated
event (Fig. 5b; Appendix S1: Fig. S3), and median
durations were at least three times greater than
those of the Patapsco River (Fig. 5a). Steep
increases in the cumulative relative frequency dis-
tribution at short durations for the Patapsco River
valley floor followed by gradual increases indi-
cate that a relatively small proportion of the floor
was briefly inundated, and an even smaller pro-
portion inundated for periods longer than 50 h,
with very little area submerged for 15–50 h
(Fig. 5b). Median flood durations were also gen-
erally longer for the Patuxent River reach than for
the Little Gunpowder Falls reach, the latter which
experienced median durations of 0 h due to rela-
tively large proportions of the valley floor never
becoming wetted (Fig. 5c). The range of duration
values was more limited in valley floors from
unconfined river-valley settings compared to con-
fined reaches, a pattern that was consistent when
considering the entire valley floor or only areas
wetted during an event (Appendix S1: Fig. S4,
Table S4). In addition, the interquartile range of
durations for only wetted cells ranged from 1.4 to
2.4 times greater for Little Gunpowder Falls than
for the Patuxent River for any given simulation;
the interquartile ranges for wetted areas of the
Patapsco River were greater than those of Seneca
Creek for the 10th–50th quantile events.
Inundation lasted longer at reaches with

greater contributing areas than for those in smal-
ler basins (Fig. 5). Median durations were up to
3.9 h longer at the Patapsco River compared to
the Little Gunpowder Falls valley floor across all
quantile events. The Patapsco River and Little

Table 3. The proportion of floodplain inundated dur-
ing five simulated event magnitudes for study sites
of contrasting valley confinement (U = unconfined,
C = confined) and basin size (L = large, S = small).

Study site

Quantile hydrograph

10th 25th 50th 75th 90th

Seneca Creek (U, L) 0.55 0.62 0.72 0.95 0.97
Patapsco River (C, L) 0.14 0.27 0.43 0.79 0.9
Patuxent River (U, S) 0.6 0.7 0.79 0.83 0.84
Little Gunpowder
Falls (C, S)

0.17 0.18 0.28 0.33 0.38
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Gunpowder Falls reaches had median durations
of 0 h during smaller magnitude events, how-
ever, because large proportions of the valley floor
did not experience any wetting (Table 3). Median
duration was up to 12 h longer at Seneca Creek
than at the Patuxent River for the 25th, 50th, and
75th quantile events. In the 10th and 90th quan-
tile events, the median duration at the Patuxent
River was greater than that at Seneca Creek
(though never by more than 3 h).

Maximum event depth
Unconfined reaches experienced greater inun-

dation depths than in confined reaches for most
events (Fig. 6). Median values of maximum
depth achieved during the 10th–50th quantile
events ranged from 0.01 to 0.12 m over the entire
Seneca Creek valley floor, while median depths
were zero for the same magnitude events at the
Patapsco River. During larger events, the Patap-
sco River valley floor experienced greater depths

Fig. 5. Inundation duration on the valley floor surface by quantile hydrograph event for large basins (Seneca
Creek = S, Patapsco River = P; panels a and b) and smaller basins (Patuxent River = X, Little Gunpowder
Falls = L; panels c and d) expressed as absolute values (a, c) and cumulative relative frequency distributions
(b, d). Horizontal lines in a and c indicate median values; points falling outside the whiskers are >1.5 times the
interquartile range. Distributions are for both unwetted and wetted areas of the valley floors; for distributions
summarizing only wetted areas, see Appendix S1.
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(median values of 1.06–1.46 m) than Seneca
Creek (median values of 0.63–0.81 m). Median
values of maximum event depths were greater in
the Patuxent River valley floor (0.07–0.69 m)
compared to the Little Gunpowder Falls (0 m)
across all five events, but were likely influenced
by the road embankment along the Patuxent
River (Videos S11–S15).

Reaches with greater contributing areas experi-
enced shifts in the distribution of inundation

depths between the 50th and 75th quantile
events that were not evident in reaches from
smaller basins (Fig. 6). Sequential increases in
median and maximum values were greatest
between the 50th and 75th quantile events for
Seneca Creek and Patapsco River floodplains.
For example, the median depth of the 75th quan-
tile event at Seneca Creek was over five times lar-
ger than that of the 50th quantile event (0.12 m
vs. 0.63 m), and median depth increased from

Fig. 6. Maximum inundation depth on the valley floor surface by quantile hydrograph event for large basins
(Seneca Creek = S, Patapsco River = P; panels a and b) and small basins (Patuxent River = X, Little Gunpowder
Falls = L; panels c and d) expressed as absolute values (a, c) and cumulative relative frequency distributions
(b, d). Horizontal lines in (a) and (c) indicate median values; points falling outside the whiskers are >1.5 times the
interquartile range. Distributions include wetted and unwetted valley floor areas; for distributions summarizing
only wetted areas, see Appendix S1.
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0 m to 1.06 m at the Patapsco River for the same
interval (Appendix S1: Table S6). In contrast,
reaches from smaller basins did not exhibit peak
changes in the median and maximum depths
between the 50th and 75th quantile events.
Rather, increases in distribution medians and
maxima with increasing event magnitude
remained modest compared to shifts observed in
reaches from larger basins (Appendix S1:
Table S5).

Maximum shear stress
Confined reaches experienced greater variabil-

ity in maximum event shear stress than their
unconfined counterparts across all event magni-
tudes and averaged greater maximum shear stress
for most event magnitudes (Tables 4 and 5 and
Fig. 7). Standard deviations of maximum event
shear stress were at least 3.5 times as great in Pat-
apsco River reach compared to Seneca Creek
when comparing the entire valley floor surface

Table 4. Median and standard deviation of event maximum shear stress (N/m2) across five simulated event mag-
nitudes for study sites of contrasting valley confinement (U = unconfined, C = confined) and basin size
(L = large, S = small).

Summary statistic

Quantile hydrograph

10th 25th 50th 75th 90th

Seneca Creek (U, L)
Median 1.44 1.82 2.25 8.04 9.96
SD 2.83 2.94 3.25 4.75 5.31

Patapsco River (C, L)
Median 8 8.71 6.85 18.39 23.94
SD 11.91 13.02 14.76 16.65 19.11

Patuxent River (U, S)
Median 3.8 6.03 11.11 15.37 16.09
SD 10.26 10.17 10.37 10.59 10.73

Little Gunpowder Falls (C, S)
Median 0 0 0 0 0
SD 7.9 7.98 9.11 10.07 10.6

Note: Values summarize shear stress across all valley floor mesh cells, including those remaining dry throughout the
duration of the simulation.

Table 5. Median and standard deviation of event maximum shear stress (N/m2) across five simulated event mag-
nitudes for study sites of contrasting valley confinement (U = unconfined, C = confined) and basin size
(L = large, S = small).

Summary statistic

Quantile hydrograph

10th 25th 50th 75th 90th

Seneca Creek (U, L)
Median 1.77 2.11 2.44 8.04 9.96
SD 2.88 2.99 3.26 4.74 5.31

Patapsco River (C, L)
Median 8.14 9 7.04 18.67 24.04
SD 11.92 13.03 14.81 16.56 19.07

Patuxent River (U, S)
Median 3.88 6.08 11.11 15.37 16.14
SD 10.33 10.2 10.35 10.56 10.71

Little Gunpowder Falls (C, S)
Median 8.24 8.47 7.28 8.24 8.62
SD 15.29 15.22 14.19 14.39 14.73

Note: Values summarize shear stress across only mesh cells experiencing inundation during a given event.
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and only the wetted portions. In wetted portions
of the valley floor, the median floor shear stress
was always at least twice as great in Patapsco
River compared to Seneca Creek, even approaching
five times greater in Patapsco River (8.14 N/m2)
compared to Seneca Creek (1.77 N/m2) during
low-magnitude events (10th and 25th quantile
hydrograph simulations). The wetted portions of
the confined Little Gunpowder Falls valley floor

had median shear stress values over twice as
great as the unconfined Patuxent River during
low-magnitude events, but the Patuxent River
valley floor experienced greater shears than Little
Gunpowder Falls in simulations using the
50th–90th quantile hydrographs (Table 5).
The two large reaches both experienced a

noticeable shift in the distribution of event maxi-
mum shear stresses from the 50th to 75th

Fig. 7. Spatial distributions of shear stress modeled during a low-magnitude flood event (10th quantile hydro-
graph event) and a high-magnitude flood event (90th quantile hydrograph event).
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quantile events that was not apparent in the
smaller reaches. Median values ranged from 2.65
to 3.58 times greater during the 75th quantile
event compared to the 50th quantile event in
both large reaches, with the greater shifts appar-
ent in Seneca Creek, while other increases in
median values across event magnitudes were
always less than a factor of 1.3 (Tables 4 and 5;
Appendix S1: Fig. S5). No such shifts were
observed for the two smaller reaches, where
median shear stresses remained steady (Little
Gunpowder Falls) or experienced relatively

steady increases with increasing event magni-
tudes (Patuxent River).

Inundation frequency
Valley floors in unconfined river-valley reaches

had greater proportions of their areas likely to
become inundated in any given year than valley
floors in confined river-valley reaches (Fig. 8;
Appendix S1: Fig. S6). Half of the Seneca Creek
valley floor area was expected to be inundated
during flows recurring at least every 1.2 yr
(1.4 yr for the Patuxent River). In contrast, flows

Fig. 8. Spatial distributions of annual exceedance values for the four study reaches (a = Seneca Creek, b = Pat-
apsco River, c = Patuxent River, and d = Little Gunpowder Falls) and their cumulative relative frequency distri-
butions of annual exceedance values (SEN = Seneca Creek, PAT = Patapsco River, PAX = Patuxent River, and
LGF = Little Gunpowder Falls). Blue locations are more likely to be wetted in any given year; red locations are
where inundation is rare. Note that areas with exceedance values equal to zero (red) may become inundated dur-
ing events larger than those simulated in this analysis.
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recurring approximately every 6 yr were neces-
sary to inundate half of the Patapsco River valley
floor. Even under the largest simulated event
magnitude, an event with an annual recurrence
probability of 6.3 yr, less than half of the valley
floor area of the Little Gunpowder Falls reach
was wetted. Internal drainage networks in
unconfined river-valley reaches tended to
become wetted at very low discharges and were
expected to carry flow annually, if not more often
(Fig. 8a, c). Basin scale appeared to be less
related to patterns of inundation frequency than
the degree of valley confinement because no
clear trends in inundation frequencies were
noticeable across reaches of similar size.

DISCUSSION

The importance of river-valley morphology
River-valley morphology had a greater impact

on flooding patterns than basin size in our study
reaches. This finding is consistent with the idea
that the hydraulic geometry of a reach—both
channel and valley-bottom morphology—di-
rectly affects the distribution of flow extent and
depth for any given discharge (Leopold and
Maddock 1953). As functions of streamflow
regimes, inundation regimes result from com-
plex, multi-scalar interactions among biophysical
attributes (Woltemade 1994, Woltemade and Pot-
ter 1994, Baker and Wiley 2009, Fryirs and Brier-
ley 2013) and anthropogenic impacts on
hydrology via direct regulation (e.g., Karim et al.
2015, Stone et al. 2017), land use (e.g., Foufoula-
Georgiou et al. 2015), and engineered structures
in the floodplain (e.g., Munoz et al. 2018). Our
results support the notion that valley morphol-
ogy, a meso-scale physical constraint, plays a key
role in modulating biophysical interactions
across scales, ultimately impacting how inunda-
tion patterns are manifested in the river-flood-
plain valley and the development of valley
landforms (Nanson and Croke 1992, Miller 1995,
Jain et al. 2008, Fryirs and Brierley 2010, Thayer
and Ashmore 2016, Cienciala and Pasternack
2017).

Wide river-valley settings can confer a high
potential for flood pulse storage, particularly
during moderate flows (Woltemade and Potter
1994, Turner-Gillespie et al. 2003), but peak flow
attenuation can be comparatively lower during

valley-filling stages as the volume of floodwater
reaches depths to overcome floodplain frictional
resistance (Turner-Gillespie et al. 2003). In our
reaches, flooding resulted from interacting back-
water effects, flow through internal drainage
networks, and direct overbank wetting. We
observed shorter times to peak for lower magni-
tude events in Seneca Creek and Patuxent River
compared to higher magnitude events, and both
study reaches were also characterized by fre-
quent inundation, longer flood durations, and
deeper surface water depths that would indicate
high potentials for flood pulse storage.
Relatively confined river-valley settings have

less capacity for attenuation of a flood wave,
ceteris paribus (Woltemade and Potter 1994,
Baker and Wiley 2009). Flooding dynamics at the
confined Patapsco River and Little Gunpowder
Falls reaches were largely due to direct wetting
of topographic lows adjacent to the channel with
little backwater filling. Reductions in the
observed time to peak wetted extent in the Patap-
sco River and Little Gunpowder Falls reaches
were consistent with other indicators of compar-
atively low storage capacity such as limited inun-
dation extents, shorter average duration, and
shallower depths. However, temporal evidence
for flood-wave attenuation in these reaches was
likely influenced by our decision to include point
bars and topographic lows in the definition of
out-of-channel flows. These areas were slow to
drain and conveyed little water volume as a pro-
portion of total flood volume; thus, their inclu-
sion led to inflated recession period estimates in
our temporal analysis.

The role of basin scale
Conceptual models of river systems that are

based on continuously varying physical proper-
ties, such as the River Continuum Concept (RCC,
Vannote et al. 1980), are inconsistent with our
results. The RCC predicts proportionally greater
material and nutrient subsidies from terrestrial
areas in reaches with smaller contributing areas
compared to larger contributing areas (Vannote
et al. 1980), but our results demonstrate that large
proportions of the valley-bottom surface can
become hydrologically connected to the river
channel in reaches with both large and small con-
tributing areas. Instead, our results are consistent
with hydrogeomorphic patch or functional
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process zone perspectives in which geology,
tributary junctions, and historical effects vary dis-
continuously throughout a basin (sensu Poole
2002, Benda et al. 2004, Thorp et al. 2006). Longi-
tudinal patterns in the degree of lateral hydro-
logic connectivity can have implications for the
functioning of both aquatic and floodplain
ecosystems by influencing the downstream trans-
fer of nutrients and organic materials, sediment
storage dynamics, and sourcing and dispersal of
organisms (Rice et al. 2001, Amoros and Bornette
2002, Bornette et al. 2008, Tabacchi et al. 2005,
Fryirs et al. 2007, Ward 1998). Thus, it is impor-
tant to recognize that basin scale alone may not
necessarily be predictive of certain ecological pat-
terns.

Although the relative distributions of flooding
attributes were a function of river-valley mor-
phology, the absolute values of duration, depth,
and shear stress appeared more consistent across
reaches of similar contributing areas rather than
shape. In general, durations were shorter, depths
were shallower, and shear stresses were more
variable in valley bottoms from smaller basins.
The maximum duration experienced on a valley
bottom is limited by the overall duration of the
event hydrograph, which is shorter in smaller vs.
larger basins for similar rainfall events due to
reduced flow storage, shorter times to flow con-
centration, and typically steeper channel slopes
(Black 1997). Inundation depth is limited by the
total volume of water available, which interacts
with the surface topography of the valley bottom
to determine the distribution of water depths
during a flood event. In our simulations, smaller
basins had lower peak discharges than in larger
basins for any given quantile hydrograph
(Appendix S1: Table S3), and as a result, less
water was available to be distributed across the
valley-bottom surface in smaller basins than in
larger basins.

We observed a phase-shift change in the nature
of flooding between the 50th and 75th quantile
events for reaches with large contributing areas
that was not observed in the reaches from smal-
ler basins. Substantial changes in inundation
extent, depth, and shear stress may be more
related to the increase in peak flow discharges of
the simulations than basin scale alone. Peak dis-
charges during the 75th quantile event were 1.86
and 1.96 times greater than during the 50th

quantile event for Seneca Creek and Patapsco
River, respectively, while other increases between
quantile events were almost always <1.25
(Appendix S1: Table S3). In contrast, changes in
peak discharge between the 50th and 75th quan-
tile events were smaller for the Patuxent River
and Little Gunpowder Falls (128% and 151%
increases, respectively), with greater shifts
observed between the 25th and 50th quantile
events (Appendix S1: Table S3). Additional simu-
lations that have consistent increases in peak dis-
charges across event magnitudes may be able to
further isolate the relative role of basin size com-
pared to event magnitude, but such an analysis
was beyond the scope of this study.

The relationship between event magnitude and
inundation dynamics
Patterns of within-reach flooding across event

magnitudes revealed complex interactions between
hydrology and surface topography that differenti-
ated by valley type. In confined reaches, valley
topography was relatively varied and over half of
the valley surface remained dry during low-magni-
tude events (10th–50th quantile hydrographs).
Distributions of inundation depth became more
variable across the Patapsco floodplain surface
during high-magnitude events (75th–90th quan-
tile hydrographs) when stages were substantial
enough to exceed bankfull stage along heavily
incised channels. Duration was also highly variable
at these reaches due to small proportions of the val-
ley bottom becoming wetted and the presence of
ponding near valley walls, particularly in the Little
Gunpowder Falls reach. In contrast, valley surfaces
in unconfined settings were relatively flatter and
dissected with internal drainage networks that led
to fundamentally different inundation dynamics.
The dominant direction and nature of flooding in
unconfined valleys shifted across flood event mag-
nitudes: During low flows, inundation occurred
primarily through backfilling and preferential rout-
ing through distributary drainage networks, and
as discharge increased, the channel and floodplain
acted as a single unit with flow in the down-valley
direction to accommodate greater flood volumes.
During recession, the internal drainage networks
activated and routed flow off the floodplain sur-
face, conveying water when discharges were less
than bankfull flow. Our observation of the chang-
ing role of the internal drainage network is
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consistent with the findings of Knight and Shiono
(1996) who documented convergence in inunda-
tion depth and velocities across the floodplain and
channel as flood magnitudes increased. However,
the origins, evolution, and geomorphic and ecolog-
ical functions of the internal drainage networks in
our study reaches are underdescribed in the litera-
ture. Their prominence in our study reaches sug-
gests that future work to describe their
morphodynamics and ecohydrologic roles would
contribute to a fuller understanding of unconfined,
frequently inundated valleys in the Maryland Pied-
mont and elsewhere.

In addition to event magnitude, hydrograph
shape can have a strong influence on peak flow
attenuation (Woltemade and Potter 1994), a phe-
nomenon observed in the Patuxent River reach.
Low to intermediate magnitude events had shal-
lower rising limbs, resulting in a low-energy
flood wave that initiated valley-wide backfilling
in the upper reach behind a road embankment;
downstream of the embankment, inundation
was not as extensive. Lateral connectivity in the
downstream reach increased with event magni-
tude to result in shorter average durations with
increasing quantile event. Only during the 90th
quantile event did both upper and lower flood-
plain reaches experience similar durations.

Contribution of 2D hydraulic modeling to
understanding floodplain ecosystems

Our results show that the manifestation of out-
of-bank flows in valley floors can vary widely,
even within a single physiographic province.
Measures of frequency, duration, timing, and rate
of change in streamflow records are used to char-
acterize likely habitat conditions and disturbance
regimes for aquatic endpoints (Poff 1996), to
derive hydrologic classifications for ecological
applications (Poff 1996, Harris et al. 2000, Monk
et al. 2006, Kennard et al. 2010, Olden et al. 2012,
McManamay et al. 2014), and to develop envi-
ronmental flow standards for watershed manage-
ment (Arthington et al. 2006, Kennen et al. 2009,
Poff et al. 2010). Our results suggest that hydro-
logic and hydraulic conditions experienced on
the valley floor surface during out-of-bank flow
may not be well represented by existing hydro-
logic metrics derived from discharge data alone.
Additional tools are therefore needed to describe
spatially explicit inundation regimes within the

broader hydrologic and geomorphic contexts and
assess potential responses to management activi-
ties (Bond et al. 2014, Brewer et al. 2016, Kozak
et al. 2016).
The ability to map inundation dynamics

consistently within and among river reaches is a
fundamental step in developing predictive rela-
tionships in floodplain ecosystems (Vaughan
et al. 2009). Inundation has been measured
in situ using instruments such as piezometers
(e.g., Jacinthe et al. 2015, Rybicki et al. 2015),
water level recorders (Kroes et al. 2015), and
temperature sensors (Dietrich et al. 2015). Such
methods provide precise characterizations of
local inundation dynamics over relatively brief
time spans, but are often labor-intensive and can
limit biophysical inferences to the area and time
span of data collection. In an attempt to general-
ize flooding dynamics to broader areas and
longer time spans, hydrogeomorphic variables
such as landform type (Osterkamp and Hupp
1984, Hupp and Osterkamp 1985), positioning
within the river-valley bottom (Poole et al. 2002,
Turner et al. 2004), and morphology of river
reaches (Baker and Wiley 2009) have been used
as surrogates for multiple hydro-physical attri-
butes. Such variables are extractable from spa-
tially continuous topographic datasets, but can
mask interactive physical variables and may not
translate well across multiple reaches or under
different hydrologic regimes.
Our maps of recurrence interval are a novel

application of unsteady 2D hydraulic modeling
that addresses a long-standing need in floodplain
ecology: a standardized way to characterize inun-
dation patterns consistently both within and
among reaches. In their seminal quantitative
investigation into floodplain forest dynamics,
Hupp and Osterkamp (1985) recognized the chal-
lenge of describing inundation dynamics consis-
tently across floodplain landforms and suggested
that assigning hydrologically defined flood fre-
quencies to geomorphic features as an appropriate
solution. Other studies have used steady hydraulic
models to map a subset of design flow recurrence
intervals across valley surfaces (e.g., Theiling and
Burant 2013, Marks et al. 2014, Edwards et al.
2016), an approach also used in the development
of flood hazard maps (NRC 2007). Inundation fre-
quency has also been characterized by examining
wetting and drying patterns resulting from
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hydrodynamic modeling, with frequency summa-
rized as occurrences of wetting events or as per-
centages of time inundated (Stone et al. 2017,
Whipple 2018). Our maps of recurrence interval
result from combining two important analytical
tools: unsteady 2D hydraulic models, which are
better suited to account for complex flow dynam-
ics in river-valley settings represented in our study
than 1Dmodels (Horritt and Bates 2002), and stan-
dard flow frequency analysis, which is a funda-
mental tool for characterizing hydrology across
sites (Interagency Committee on Water Data
1982). By linking the two approaches, we are able
to extend the ideas of Hupp and Osterkamp
(1985) to assign hydrologic measures of inunda-
tion at scales finer than the landforms themselves,
which can be important for understanding how
organisms interact with environmental conditions
across a range of spatial resolutions. The resulting
maps offer a standardized method of hydrologic
comparison that is meaningful within and across
study sites and, when combined with other sum-
maries of flooding patterns (e.g., duration, depth,
shear stress), allow for a comprehensive under-
standing of inundation regimes.

Maps of hydraulic model outputs such as
flood depth, duration, and shear stress can pro-
vide other important descriptors of flooding
dynamics that are comparable across reaches
when the models have similar error levels
(Wright et al. 2016) and can be useful for ecologi-
cal investigations. Previous studies using 2D
model output to characterize physical constraints
on floodplain forests have successfully described
linkages between river hydrology, lateral hydro-
logic connectivity, and forest composition (Meit-
zen 2011, Kupfer et al. 2015, Meitzen and Kupfer
2015) and predicted forest succession processes
in response to physical gradients associated with
flooding such as flooding depth, duration, and
shear stress (Benjankar et al. 2012, Garci�a-Arias
et al. 2013, Rivaes et al. 2013, 2014). Recent appli-
cations of 2D hydraulic models have described
how flooding regimes may shift in response to
direct anthropogenic regulation of hydrology, cli-
matic forcings, and their interactions (Karim
et al. 2015, Whipple 2018), including changes in
mass fluxes between the channel and floodplain
(Stone et al. 2017).

Our models of unsteady flows revealed impor-
tant differences in the role of backwater filling,

internal drainage networks, and within-reach
shifts in dominant flow direction through time.
Flooding dynamics such as these may have
important implications for biophysical interac-
tions such as sediment dynamics, primary pro-
duction, and organic matter transport (Irion
et al. 1997, Galat et al. 1998, Sparks et al. 1998,
Tockner et al. 2000). Without the use of unsteady
hydraulic models, however, such dynamics
would be difficult to characterize or quantify.
At the same time, hydraulic models, including

the 2D HEC-RAS model employed in this study,
may have limitations in ecological applications. In
particular, without coupling to models of ground-
water or precipitation, HEC-RAS is limited to
modeling surface flow; other mechanisms of inun-
dation such as groundwater inputs, overtopping
of tributaries adjacent to the floodplain, direct
rainfall or hillslope contributions (Mertes 1997)
are not explicitly captured. Thus, hydraulic mod-
els that account for only surface water dynamics
may predict a more limited range of inundation
dynamics for reaches like Seneca Creek, where we
observed evidence of groundwater seeps near the
hillslope and flow in secondary channels through-
out the year. The distinction between Seneca
Creek and the Patapsco River is likely to be even
greater due to underestimates of inundation fre-
quency. At the Patuxent River, the distribution of
fresh, coarse-grained sedimentary deposits fol-
lowing storm events suggests that flows from
intermittent lateral tributaries onto the valley floor
may also contribute to inundation dynamics. The
model as applied here was not intended to cap-
ture these processes. Additional data or analyses
may be needed to bolster output from hydraulic
models when linking to ecological data. Nonethe-
less, spatially explicit hydraulic models offer a
promising approach to documenting spatial pat-
terns and processes of flooding for ecological pur-
poses (Meitzen et al. 2013). Our results, along
with previous studies that have used similar mod-
els to describe inundation dynamics for ecological
purposes, indicate that there is great potential for
2D hydraulic models to advance process-based
knowledge of floodplain ecosystems.
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