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Abstract We present a novel approach for detecting surface water flows over flooded terrain. The
approach requires a minimum of three stage measurements and can be applied to any inundated surface,
across a range of temporal and spatial scales. This method creates new and robust opportunities for field
observation and for validation of numerical simulations and remote sensing analyses. In this proof-of-
concept study, we found that floodplain free surface gradients were particularly variable during sub-
bankfull inundation, including abrupt current reversals. Also, flow direction varied with stage and the
rate of change in stage. The “triangular facet” approach provides a new type of mesoscale insight of flow
processes over inundated landscapes, highlighting flow complexity. Moreover, the approach provides
information on floods that represent a compromise between point velocimeter measurements and satellite
remote sensing and it can provide substantial benefits to society by aiding in flood hazard and mitigation
assessment and planning.

Plain Language Summary We present a new approach for estimating flow direction

and speed over a flooded terrain using sets of three water level recorders arranged in a triangular
configuration. The approach can be applied to any inundated surface and scaled as needed. The triangular
facet method provides valuable field observations that can be used to assess the performance of numerical
models or remote sensing data. In our application over an inundated floodplain, the approach revealed
complex flow patterns in space and time, and it shows that flow configurations for a given water stage are
not necessarily repeatable. In particular, during lower inundation depths, the flow directions were highly
variable, including abrupt changes in flow direction. This work helps fill a knowledge gap with respect to
circulation during floods that is critical to understanding hazard planning and mitigation, material cycling
and floodplain processes, and functions and habitat sustainability.

1. Introduction

Low-relief and low-gradient landscapes, particularly along some continental margins, are increasingly sus-
ceptible to flooding, and this view is especially relevant given the role of modern climate change in com-
pound flooding (IPCC, 2021). Floodplains are a distinct type of low-relief and low-gradient landscape with
a land cover that can range from dense urban centers to largely uninhabited. Although floodplain floods
may be considered natural hazards that affect many people at great cost, it has been shown that floodplains
and floodplain processes provide substantial benefits to society (e.g., Jakubinsky et al., 2021; Mazzoleni
et al., 2021; Rak et al., 2016). Therefore, detailed insight on water circulation over inundated areas and the
processes that facilitate inundation and drainage can aid in, for example, flood hazard and mitigation anal-
yses and in maintaining floodplain ecosystems and water quality (e.g., Fischer et al., 2019; Funk et al., 2020;
Osterkamp & Hupp, 2009). Moreover, despite their limited extent of ~0.5-1% of land area worldwide (e.g.,
Sutfin et al., 2016), they have a disproportionately large role in the global carbon cycle largely driven by
cycles of inundation (e.g., D'Elia et al., 2017; Lininger et al., 2019; Sutfin et al., 2016).
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Remote sensing of inundated floodplains reveals extensive temporal and spatial variability in water surface
elevation and current direction (D. Alsdorf et al., 2007; D. E. Alsdorf et al., 2007; Mertes, 1997). The flow
complexity is largely associated with spatially variable inundation that arises from a disequilibrium with
the water surface of the main channel and the floodplain (D. E. Alsdorf et al., 2007). For instance, Filguei-
ra-Rivera et al. (2007) show that elevations of the free surface between the main river and floodplain differ
by up to 0.12 m, giving rise to complex flow patterns. Also, Girard et al. (2009) show that water surface
elevation gradient across a river-floodplain system varied by a factor of ~9. Further, numerical simulations
of floodplain inundation suggest that the timing and pattern of flows are strongly influenced by the local,
albeit low-relief geomorphic features (e.g., Czuba et al., 2019; Pinel et al., 2020).

Analyses of floodplain topography (David et al., 2017; Lindroth et al., 2020) and hydrodynamic modeling
(Czuba et al., 2019) reveal that floodplain inundation occurs in the absence of overbank flow. These studies
contrast with the typical view of inundation by overbank flows. In particular, sub-bankfull flows give rise to
frequent, low-magnitude inundation (Czuba et al., 2019; Kaase & Kupfer, 2016; Park & Latrubesse, 2017).
These observations are important because sub-bankfull flows facilitate a persistent hydraulic connectivity
in floodplains (Passalacqua, 2017; Wohl et al., 2019) without overbank floods. Therefore, understanding
floodplain inundation during low-frequency overbank inundation and high-frequency, but low-magnitude,
sub-bankfull inundation is essential to understanding floodplain sustainability.

Although the above studies provide details on inundation pathways and dynamics, there remains a dearth
of information on in situ flow paths at a scale suitable for the characterization of inundation and drainage
processes. Therefore, advancements in understanding floodplain flow dynamics ultimately require detailed
insight on floodplain inundation processes and pathways, and the hydraulic framework that drives them.
Currently, gaining in situ knowledge on flow patterns and pathways requires the deployment of multiple
velocimeters across the floodplain with the hope of measuring the dynamics of an anticipated flood event.
However, despite the availability of fully autonomous current measuring devices, such as acoustic current
profilers, the literature is completely devoid of such observations over floodplains. Part of the problem is
likely related to the high cost of these devices (~20 times the cost of sensors used here) and the research-
er's limited ability to predict floodplain inundation events. Also, in deploying an autonomous device, the
researcher must do an informal cost-benefit analysis that includes vandalism when the device is subaerial.
This notwithstanding, acoustic devices have been used to show highly complex flow patterns for tidal inun-
dations over salt marshes (e.g., Torres & Styles, 2007) and they reveal the important role of topography to
inundation and drainage flow processes of an intertidal “floodplain.” However, these approaches offer only
point measurements and given the potential for acoustic interference by accumulations of large and small
woody debris or sediment covering the acoustic sensor heads, the data may or may not be representative of
actual floodplain flow conditions.

The work presented here introduces a low-cost, robust, in situ approach to estimating maximum free sur-
face gradients that can help fill a knowledge gap on floodplain flow dynamics. Hence, this work is a proof-
of-concept study for gaining mesoscale (~0.01 km?) insight on inundation that can help improve our under-
standing of flooding, circulation, and drainage processes over a complex, but low-relief and low-gradient
floodplain. However, the approach can be applied to any inundated surface, at any field location and over
a large range of spatial scales (e.g., >>0.01 km?). We hypothesize that interactions of decimeter scale relief
and water stage collectively impart complex flow patterns onto floodplain circulation, across a range of
spatial and temporal scales. This hypothesis will be tested by analyzing maximum free surface gradient
data from a range of inundation levels. In the following narrative, we use “gradient,” “flow,” and “vector”
interchangeably for “the maximum free surface gradient” determined by the “triangular facet” approach.

2. Study Region and Hydrologic Conditions

The study site is a river-floodplain system of the southeastern North American coastal plain (Figure 1a), the
Congaree River, SC, USA, in the Congaree National Park (CNP). The densely forested study site is 18.8 km
long, and up to 5.9 km wide with a total area of 93 km?2. Mean floodplain valley elevation declines from
35.0 to 24.5 m giving an average valley gradient of 4 x 10~* (Xu et al., 2020). The floodplain is bound by the
Congaree River to the south and southwest and by bluffs to the north (Figure 1a).
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Figure 1. Study site. (a) Lidar DEM of the floodplain. Light green symbols show the location of water level sensors. Blue symbol is the United States Geological
Survey (USGS) Gadsden station (#02169625). The inset map shows the location of Congaree National Park (CNP). (b) Subarea of the DEM showing the detailed
topography around the sensors. The elevation within the subarea declines from 31.9 to 27.3 m.

The main channel along the CNP boundary is 39.1 km long with a gradient of 1.5 x 10~*. Xu et al. (2020)
showed that the bank elevation profile has a highly variable levee/bank crest height, thereby facilitating
irregular along-channel inundation patterns. In particular, the levees in the upstream reach require a high-
er river stage for overbank inundation and therefore favor through-bank inundation, while in the down-
stream reach, the levees are lower and overbank inundation occurs at lower river stages (Xu et al., 2020).
The locations for sub-bankfull inundation are the 32 well-developed through-bank channels, channels that
cut through the local bank or levee, with mouth widths ranging from 7 to 30 m and some through-bank
channels extend several kilometers into the floodplain interior. Hence, for a single discharge, floodplain
inundation can occur by a combination of sub-bankfull and overbank flows (e.g., Lindroth et al., 2020).

The United States Geological Survey (USGS) Congaree River station in Columbia, SC (#02169500), provides
the nearest long-term discharge record, 38 river kilometers upstream of the study site. Discharge from 1984
to 2020 range from 30 to 4,200 m3/s with a median value of 146 m3/s. Water levels at the USGS Gadsden
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station (#02169625, Figure 1a) at the upstream park boundary show that the local stage (discharge not re-
ported) varies by 8 m. We estimate that sub-bankfull inundations based on the Gadsden gauge occur 11% of
the time, while overbank inundations occur at 5%.

3. Methodology

Water depths on the floodplain were measured using Onset HOBO U20 absolute pressure transducers (here-
after “sensors”) set to record at 0.25-hr intervals. Sensors were deployed in protective enclosures, mounted
to ~1 m long stakes, and installed 2-3 km inland of the main channel, in subtle depressions (Figure 1a).
Individual sensors have a typical accuracy of 0.004 m. The pressure readings were compensated for atmos-
pheric pressure with an identical sensor deployed as a barometer. The resulting pressure readings were
converted to water depth using the Onset HOBOware Pro software suite.

Each set of three sensors was arranged into a triangular configuration with the assumption that three sen-
sor values define an average free surface plane; the triangle sites are French Pond (T;) and Kingsnake (T;
Figure 1a). The instrument accuracy has implications for the minimum detectable free surface gradient,
and thus it influences the minimum distance between vertices of a triangle. Three sensors combined have
a maximum error of 0.0069 m. To measure expected water surface slopes of ~10~* (e.g., the regional flood-
plain gradient) or larger, and accounting for propagation of uncertainty (Andraos, 1996) related to instru-
ment accuracy and sensor deployment (e.g., GPS accuracy), we determined that the sensors must be placed
a minimum of 123 m apart, giving an area of ~0.0075 km? for an equilateral triangle. Error analyses show
that these factors give rise to a maximum error of ~1078 for a free surface gradient of ~10~*. The distances
between sensors (Figure 1b), starting from the north, in an anticlockwise direction for T are 171, 210, and
170 m, respectively, with area and mean elevation of 0.018 km” and 27.82 m, respectively; meanwhile for T,
the values are 330, 231, and 172 m and 0.014 km? and 28.79 m, respectively.

Computing free surface orientation requires that the corresponding depth data be referenced to a common
vertical datum. After several field excursions, we determined that the forest canopy precludes the acquisi-
tion of high-precision GPS measurement of sensor elevation, even during winter, or “leaf-off” months. To
circumvent this problem, we account for differences in elevation between sensors by referencing sensors
of each triangle to a local static water surface. Here, we defined the steady-state stage for a “zero” elevation
as an interval with maximum variations of 0.005 m over a period of 6 hr. We went on to determine the
maximum free surface gradient magnitude and direction over specific inundation intervals. To enhance the
visualization of graphical representations of results, vector thinning was applied to the 0.25-hr data; thus,
we present one vector per 2-hr interval instead of eight (Figure 2).

This “triangular facet approach” is a novel application for defining inundation water free surface orienta-
tion, but it is identical to applications used to visualize groundwater flow dynamics (e.g., Freeze & Cher-
ry, 1979) and coastal ocean gradients (Yankovsky, 2003). The main goal of our efforts is to capture the
free surface gradients and maximum gradient direction every 0.25 hr as they vary with synchronous water
level fluctuations at the vertices of the triangles. We assume that the inferred flow directions taken as the
maximum gradient direction can be used to shed light on flow dynamics. Free surface gradients were only
calculated when all sensors per triangle and corresponding areas were fully inundated.

Estimates of the free surface gradient allowed us to infer velocities computed with the Manning formula
(e.g., Harvey et al., 2009). Note, however, that the computation of velocity is performed as a validation of
the triangular facet approach to determine if the computed gradients give velocity values that are consistent
with those in the literature. Application of the formula requires estimates of the hydraulic gradient and
the Manning coefficient. We estimated the hydraulic radius as mean depth within a triangular array (e.g.,
US Department of Agriculture-Natural Resources Conservation Service, 2007). Roughness parameters are
estimated based on the USGS (Arcement & Schneider, 1989) and we use n = 0.11 s/m'/3, well within the
range (0.015-0.40 s/m'/?) reported in the literature (e.g., Czuba et al., 2019; Juez et al., 2019; Liu et al., 2019).
Finally, rainfall-induced floodplain inundation is not considered here and its effects were excluded from all
analyses of flow dynamics. The pluvial style of inundation generates a “bathtub-style” filling of the basin
(e.g., Williams & Liick-Vogel, 2020) as opposed to a wave advancing over the floodplain (e.g., Gonzalez-San-
chis et al., 2012), the latter being the main focus of this work.
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Figure 2. Flow dynamics of sub-bankfull inundation at T, (a, b for different stages), sub-bankfull inundation at T, (c, d for different stages), and overbank
inundation at T, (e) and T, (). The black line indicates the maximum stage hydrograph observed within a triangular facet. The horizontal dashed lines indicate
average depression height containing the triangular arrays. The horizontal dashed-dotted line indicates a threshold stage. Gray vectors indicate magnitude and
direction, with north at the top. Note that due to thinning of the data, each vector represents a 2-hr interval.

Analyses of free surface gradients, flow directions, and velocity estimates were performed for sub-bankfull
and overbank flow conditions. River water depth measurements and bank elevations at six locations along
the main channel were collected and converted to a common vertical reference using a high-precision GPS
(horizontal and vertical accuracy £0.015 and 0.025 m, respectively). Bank elevations and water level read-
ings were combined to determine the occurrence of sub-bankfull or overbank flow conditions. Sub-bank-
full flow conditions occur when water levels at the Gadsden gauge are between 29.95 and 31.54 m, while
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overbank flow occurs when water levels exceed 31.54 m. Field observations indicate that the area around
the sensors is fully submerged at stages that exceed ~1.0 m (Figure 1b).

4. Results

Free surface gradients range from 0.1 to 2.27 X 10, and the inferred flow directions reveal several levels
of complexity, from subtle reorientations with stage to complete current reversals. We elaborate on these
findings by evaluating the stage hydrographs in response to two sub-bankfull inundation intervals for local
water depths reaching 1.0-1.1 m (Figures 2a-2d). In both cases, stage increases at approximately the same
rate from September 14 to 17 before reaching a single peak of ~1.0 m. Thereafter, a concave-up recession
occurs, although a break in slope on September 20 is not apparent in both (Figures 2a-2d). The April 6-30
hydrographs are similar showing the stage increasing from about 0.5 to 1.1 m, and with three peaks several
days apart (Figures 2b and 2d), followed by a much steeper recession rate.

4.1. Sub-Bankfull Inundation

For T stages <29.58 m, one sensor is subaerial and the data are not analyzed (Figure 2a). Above 29.58 m,
the sub-bankfull inundation flow paths are initially eastward but become directed northward, with a slight
component in the down valley direction (Figure 2a). Within this general trend are approximately day-long
intervals where the free surface gradients develop a greater downslope component or 20°-30° rotation east-
ward. The gradient magnitude generally increases with stage. It has a mean of 0.23 x 107 £ 0.084 x 10~*
and a maximum of 0.49 x 10~*. Note that maximum gradients precede maximum stage by about 1 day
(Figure 2a). Flow paths directed northward occur once the stage exceeds ~29.62 m, the elevation of the
northern edge of the local depression (Figure 1b). On the other hand, at a slightly higher sub-bankfull
stage, the time series of T, flow vectors (Figure 2b) differ substantially from the lower hydrograph stage. At
stages >30.08 m, flow directions shift between northerly and southerly trends, and each cycle persists for
>1.5 days (Figure 2b). In particular, during the rising stages of the three peaks, the flows are to the north,
while during recession they are to the south (Figure 2b). Gradients associated with the falling limbs are
slightly larger than during the rising limb, with a mean of 0.11 X 10~ + 0.069 X 10~ and a maximum of
0.43 X 1074,

At T,, for stages of about 27.98-28.76 m, flow directions are largely to the southeast, with occasional ro-
tations to the east-southeast (Figure 2c). The gradient values vary within a range of 1.1 x 10~ and seem
independent of stage and rate of change in stage. However, as the stage approaches 28.76 m, the vectors
become proportional to stage height, but peak stage occurs about one half-day after peak gradient. On the
other hand, for the slightly higher hydrograph of April, flows differ substantially for stage >28.76 m (Fig-
ure 2d). From April 6 to 11, weak flows are to the south, but on ~April 11, there is a short-lived factor of 3
increase in southerly gradient that precedes a current reversal (Figure 2d). From April 11 to 20, flows are
to the northeast and gradients appear strongly correlated with stage, and the cycle is repeated. Flow paths
are directed northeast when stage exceeds bank elevation (Figure 1b). This is in stark contrast to flow paths
for stages <28.76 m (Figure 2c), where flow paths continue southeast, even after the stage exceeds the local
bank elevation. Mean and maximum gradients during lower stages are 0.1 X 10™*+ 0.061 X 10~*and a max-
imum of 0.36 x 10~%, which are substantially smaller than observed during higher, albeit sub-bankfull flow,
where gradients have a mean 0.39 X 10™* £ 0.32 X 10~* and maximum 1.1 X 10™*.

In summary, the sub-bankfull inundation process gives rise to temporally and spatially complex flow
patterns identified through analyses of free surface gradients. The flow system complexity is exemplified
through current reversals that occur in response to a threshold in stage. On the other hand, at lower levels
of inundation, flows tend to have a preferred orientation, mostly to the south. Also, hydrograph peaks have
a maximum gradient that is not correlated with maximum stage; in one example, it precedes the maximum
and in the other it occurs after the peak has passed.
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4.2. Overbank Inundation

Overbank flows are apparent as a ~2 m rise in stage at both T, and T (Figures 2e and 2f), and gradient mag-
nitudes have a mean of 0.80 X 10~* + 0.62 X 10~* and a maximum of 2.18 x 10~* During November 12-15,
the gradients are initially low, but they double within a day before declining to below the initial values by
November 14.5. Thereafter, they steadily increase and attain peak values that correspond with the peaks
in the hydrographs at ~31.39 m on November 18. The gradual increase is accompanied by a ~20° easterly
rotation before returning to due south on November 21 when the stage is at 30.20 m. Overall, for site T, the
response is substantially subdued relative to the sub-bankfull responses (Figures 2a and 2b).

As with T, the gradients for T, are initially small, the lowest gradients directed southward (Figure 2f).
After 2 days, the vectors rotate >90° resulting in north-northeasterly flows, and they increase with stage,
reaching a maximum value at less than halfway along the rising limb. As stage continues to rise, flows ro-
tate to the east and gradients decline; hence, the peak gradient precedes peak stage by nearly 4 days. As the
stage continues to rise, the flows become more easterly until November 20 when the falling limb stage is at
~29.49 m. Thereafter, the gradients are to the northeast with a declining stage (Figure 2f). Overall, gradients
are not directly associated with stage, with a maximum of 2.72 x 10~ and gradients do not acquire similar
magnitudes during the falling as for the rising limb, for the same stage. The mean gradient is 1.31 X 10~
+ 0.57 X 107*. The occurrence of the magnitude maximum during early increase in stage is different from
observed gradients during sub-bankfull inundation and for T, (Figure 2e), where gradients appear to be
proportional to stage.

In summary, inundation by overbank flow leads to inconsistent maximum gradient responses between
sites. In one case, maximum gradient is directly proportional to stage, while in the other the relationship
is the inverse. Moreover, despite the higher overbank stage, the maximum gradients are associated with
sub-bankfull flow. On the other hand, flow reversals are limited to sub-bankfull conditions, although there
is substantial flow vector reorientation for bankfull.

4.3. Flow Velocity

At site T, for stages <30.08 m, maximum flow velocity of 0.06 m/s occurs at a stage of 30.03 m on the rising
limb, and it is northward, while average velocity is 0.03 + 0.01 m/s (Figure 2a). For depths >30.08 m, but still
sub-bankfull, the largest velocities occur at a stage of 30.21 m, reaching 0.06 m/s, while the mean velocity
is 0.02 = 0.01 m/s (Figure 2b). For overbank inundation, a velocity maximum of 0.23 m/s occurs, while it
averages 0.10 £ 0.06 m/s, and the largest velocity is obtained at a stage of 31.13 m prior to the maximum
stage (Figure 2e).

For site T, at <28.76 m stage, flow is limited to 0.04 m/s with a mean of 0.01 + 0.001 m/s. Maximum veloc-
ity of 0.04 m/s occurs at a stage of 28.61 m, during falling stages and is toward the southeast (Figure 2c). For
the slightly higher hydrograph, depths >28.76 m result in a maximum velocity of 0.11 m/s with an average
of 0.05 £+ 0.03 m/s (Figure 2d); maximum velocity precedes maximum stage. Overbank inundation results
in an average velocity of 0.13 £+ 0.06 m/s with a maximum of 0.22 m/s. The magnitudes of velocity appear
to be related to stage, with the maximum velocity occurring at maximum depth, likely resulting from the
effects of increased depth in the Manning expression. Overall, these estimated velocities compare favorably
with those reported from floodplain field studies giving a range of 0.01-0.67 m/s (Arcement & Schnei-
der, 1989; Girard et al., 2009; Harvey et al., 2009).

Overall, we apply a technique novel to floodplain research to show that floodplain flows can be predictably
simple and highly complex in time and space. We found that the controlling factors on flow dynamics are
largely a function of stage and rate of change of stage, where the rate of change is largely controlled by the
style of inundation. In particular, we show that sub-bankfull inundation and overbank inundation influ-
ence the rate and magnitude of changes in stage and these, in turn, impart distinctly different features to the
prevailing flows (Figures 2a-2d vs. Figures 2e and 2f).
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5. Discussion and Interpretations

To glean deeper insight into processes governing the wetting, circulation, and draining of inundated land-
scapes, we present a method that is a compromise in spatial scale between point measurements from
acoustic devices and satellite remote sensing of water surfaces, the two most common approaches of direct
measurement. Given the minimum surface area of individual sensor deployment triangles, we propose
that the triangular facet provides “mesoscale” observations of average flow conditions. Moreover, in assess-
ing system flow dynamics, these free surface measurements can be considered, at times, superior to point
measurements from velocimeters as acoustic signals can be degraded by large and small floating debris or
sediment accumulation on acoustic sensor heads. In these cases, the pressure sensors are only marginally
affected. Also, the facet data provide a tremendous advance over satellite remote sensing in that the latter
may be complicated by forest canopy or are acquired over a large spatial scale. Finally, the facet data can be
acquired every few minutes, much more frequently than satellite passes. Overall, the facet approach creates
new research opportunities for inundated landscape hydrodynamics. Also, the facet approach has inherent
flexibility in that any number of pressure sensors can be arranged in any number of configurations, and
within each configuration occurs multiple sets of adjacent triangles. Hence, the facet approach can promote
the creation of new knowledge on local to broader scale flow dynamics over inundated landscapes.

Although the facet method does not provide direct point measurements of water velocity, or velocity pro-
files, as with autonomous acoustic devices, it could be used to augment such measurements over larger
spatial scales. Additionally, acoustic devices that record velocity data at the 0.25-hr interval of this study
will have a limited battery life of ~0.1 year, whereas the pressure transducers used here can record data for
~1.5 years before running out of memory. This notwithstanding, we propose that a combination of acoustic
and facet field data can be expected to more fully represent complex flow systems or system dynamics, and
thereby shed greater light on, for example, floodplain hydraulic connectivity, a topic of increased interest
requiring transdisciplinary approaches over small and large temporal and spatial scales (e.g., Passalacqua
et al., 2017; Wohl et al., 2019).

At our floodplain study site, the gradients computed at T, and T, for sub-bankfull flows show that local flow
dynamics are threshold dependent. The threshold is governed by the elevation at which flows in floodplain
networks merge and inundate the local topography, similar to the initiation of infiltration excess overland
flow that occurs with the infilling of local storage (e.g., Horton overland flow). Further, field observations
reveal that channel networks at each site become connected at different stages and flow during low stages
the connections occur through channel networks. When the stage exceeds the threshold, the free surface
gradients of the rising limb may be nearly opposite or perpendicular to directions observed on the falling
limb. Meanwhile with stage below the threshold values, the flow orientations are approximately uniform
(Figure 2). Therefore, we infer that the channel network-linking determines and limits potential flow path-
ways, and thus control directional variability.

Moreover, we demonstrate the utility of the triangular facet approach to estimating flow direction and speed
that are representative of mesoscale flows averaged over ~0.01 km?2 This approach and corresponding re-
sults are not limited by the uncertainties of decimeter or small-scale point measurements of acoustic de-
vices, nor the impediments to acquiring remote sensing data. The facet approach provides new knowledge
with respect flow dynamics. Further, this mesoscale insight provides a foundation for an improved under-
standing of floodplain dynamics and hydraulic connectivity of a floodplain (e.g., Wohl, 2017) at a much
higher temporal frequency than can be acquired with satellite remote sensing, and at a much finer spatial
resolution.

Overall, we show that flows and currents estimated with the facet approach shed light on understanding
flow processes, and can be used to help guide the development of hydrodynamic models, and help target
questions to be addressed through simulations. For example, the approach can identify locations where
a highly resolved computational domain of subtle topographic features may be necessary to detect and
understand the role of complex mesoscale hydrodynamic processes in floodplain hydraulic connectivity,
ecosystem responses, and floodplain sustainability. Further, the corresponding stage, gradient, and flow di-
rection data provide a robust data set necessary to effectively assess a model’s capability of resolving spatial
variation floodplain hydrodynamics. We contend that the combination of multiple pressure readings and

STEEG ET AL.

8of 10



| Y d N |
ra\“1%
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2021GL094190

Acknowledgments

This work was initiated with NSF RAP-
ID award 1604063 and later supported
by NASA SC EPSCoR award NNX-
16AR02A and NSF CBET 1751926.

corresponding flow directions and inferred velocities that all arise from the application of the facet method
can enhance validation of numerical simulations and thereby improve their representation of actual field
conditions (e.g., Czuba et al., 2019; Kupfer et al., 2015). Hence, the “triangular facet” approach to assessing
inundated landscape flow dynamics helps fill a knowledge gap regarding inundation-drainage processes
and it provides multiple data sets for model and remote sensing validations.

6. Conclusions

An in situ three-point approach for the estimation of mesoscale (~0.01 km?) free surface gradients and
flow directions for inundated landscapes is presented as the “triangular facet approach.” Analyses of the
maximum gradient data acquired at, and averaged over, 0.25-hr intervals show that floodplain flows can be
predictably simple or complex, for different water stages and between locations, and the effects are largely
controlled by inundation process. Flows during sub-bankfull inundation are particularly variable, including
multiple abrupt flow reversals, while overbank inundation gives a more subdued response with slow ~90°
rotations. During sub-bankfull inundation, the local relic geomorphic structures influence flows that are
routed through the floodplain interior. However, with higher overbank flows, the rate of change of stage is
a more important driver of flow complexity than local relief. Overall, the triangular facet approach provides
robust information on flow dynamics that can greatly enhance the utility of data from satellite remote sens-
ing and acoustic current measuring devices, and numerical simulations of flow.

Data Availability Statement

The lidar data set are available from NOAA Digital Coast website at https://chs.coast.noaa.gov/htdata/li-
darl_z/geoid18/data/4815/. The river stage and discharge records at the USGS stations are available at
https://waterdata.usgs.gov/sc/nwis/uv?site_no=02169625 (Congaree River at Columbia, SC) and at https://
nwis.waterdata.usgs.gov/nwis/inventory/?site_no=02169625 (Congaree River at Congaree National Park
near Gadsden, SC). All water depth data are available at https://doi.org/10.4211/hs.eab35a0af8104d-
d5921ef3ebbefddd87. All URLs were accessible as of August 15, 2021.
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