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Ru Wang'
Helena C. Brown'

!School of Earth & Environment, University of Leeds, Leeds, UK

Abstract Turbidity currents are destructive flows that are hazardous to critical seafloor infrastructure on
submarine slopes because run-up heights can be 10-100s of meters, as their relative density is 2-3 orders of
magnitude lower than terrestrial flows. Currently, risk analysis is hindered by poor prediction of run-up heights
that are mainly derived from confined 2D experiments, and/or numerical models, and are restricted to a specific
configuration whereby the flow strikes topographic barriers orthogonally. Here, a new analytical model is
presented, informed by and validated against physical experiments, which predicts run-up heights for flows
encountering three-dimensional slopes as a function of any slope angle, and incidence angle, of the impinging
turbidity current. This has important implications for reducing geohazards by informing routing and positioning
of seafloor infrastructure, and for more accurately interpreting submarine landscapes and their deposits.

Plain Language Summary The planet's seafloor, including submarine slopes, is increasingly
instrumented with critical infrastructure. These regions are at risk from destructive underwater “avalanches”
that have the potential to run-up topography for long distances. Currently, our estimates of run-up height are
restricted to a specific scenario: flows orthogonal to slopes. Here, we present a new analytical model validated
by a suite of physical experiments that accounts for a wide range of flow-slope interactions to improve
predictions of run-up height. The model can be applied during planning for future seafloor developments,
informing revised risk assessments of existing infrastructure.

1. Introduction

Critical seafloor infrastructure installations are rapidly increasing across the planet, including on submarine
slopes. This infrastructure, such as hydrocarbon pipelines and telecommunication cables (e.g., Bricheno
et al., 2024), is at risk from damage by destructive turbidity currents, which are gravity-driven, sediment-laden
flows (e.g., B. Kneller & Buckee, 2000). Turbidity current dynamics are strongly influenced by seafloor
topography (e.g., B. Kneller et al., 1991; B. C. Kneller et al., 1997), which alters flow velocity, sediment con-
centration profiles, and therefore sediment transport capacity (e.g., Edwards et al., 1994). Due to their low excess
density—2-3 orders of magnitude smaller than rivers—turbidity currents can ascend topographic slopes several
times their flow thickness (i.e., superelevation). However, existing predictive models used to estimate run-up
height are either derived from 2D flume experiments and/or numerical simulations (B. Kneller & McCaf-
frey, 1999; Lane-Serff et al., 1995; Muck & Underwood, 1990; Rottman et al., 1985), assuming orthogonal flow-
slope interactions. Therefore, different physiographic configurations, such as flow incidence angle onto the slope
and slope gradient, are not accounted for in these estimates.

Here, we introduce a new analytical model, informed by and validated against 3D physical experiments, which
predicts the maximum run-up height of turbidity currents across a spectrum of slope gradients and flow incidence
angles. This model provides improved accuracy for natural configurations and can inform submarine geohazard
assessments and develop more robust design criteria for the routing and placement of seafloor infrastructure.

2. Existing Models on the Estimation of Maximum Run-Up Height

Two-dimensional flume experiments demonstrate that the body of density currents encountering a frontal
topography may run up 1.5-2.5 times flow thickness (Rottman et al., 1985). A simplified numerical model by
Muck and Underwood (1990), assuming a full conversion of kinetic energy to potential energy and frictional

WANG ET AL.

1 of 10


https://orcid.org/0000-0002-5503-4086
https://orcid.org/0000-0002-2390-3339
https://orcid.org/0009-0007-7640-8909
https://orcid.org/0000-0002-1607-8297
http://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-9011.GEOHAZARDENVIRO
http://agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)2169-9011.GEOHAZARDENVIRO
mailto:earrwa@leeds.ac.uk
https://doi.org/10.1029/2025GL118812
https://doi.org/10.1029/2025GL118812
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2025GL118812&domain=pdf&date_stamp=2026-01-31

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL118812

Project administration: Ru Wang, David
M. Hodgson

Resources: Ru Wang, Ed Keavney,
Helena C. Brown, Gareth M. Keevil
Software: Ru Wang

Supervision: Jeff Peakall, David

M. Hodgson

Validation: Ru Wang, Mia Hughes
Visualization: Ru Wang, Mia Hughes
Writing — original draft: Ru Wang
Writing — review & editing: Ru Wang,
Mia Hughes, Jeff Peakall, David

M. Hodgson

dissipation, predicted a maximum run-up height of 1.53 times flow thickness, validated by saline density current
experiments. B. Kneller and McCaffrey's (1999) model is the most widely used method to estimate maximum run-
up height, which incorporates density stratification and vertical velocity variations. In this model, the maximum
run-up elevation A, of a fluid parcel of the current at initial height z is the sum of its initial elevation and its

2 - . . . . . .
height gain, given by h,,, = z + % where u, is velocity normal to the slope at height z, g is gravitational
acceleration, p, and Ap_ are flow density and density contrast with ambient fluid, respectively, and E represents
proportion of frictional energy loss relative to the initial kinetic energy. The overall maximum run-up height,

H,.x, is the maximum of all A&, values.

3. Physical Experiments

Eighteen experiments were undertaken in a 10 m long, 2.5 m wide, and 0.6 m deep tank, to assess the run-up of
low-density (0.3% excess bulk density), turbulent, subcritical, saline-driven gravity currents interacting with a
planar ramp (1.5 m wide and 3 m from the inlet), as a function of ramp gradient (between 20 and 40°) and
incidence angle (15-90°) (Text S1 and Figure S1 in Supporting Information S1; Keavney et al., 2025; Wang
et al., 2025a). Such flow densities, and criticality, are typical of natural turbidity currents (e.g., Konsoer
etal., 2013; Peakall & Sumner, 2015). The impinging three-dimensional flows were unable to surmount the ramp.
Maximum run-up elevations were recorded using four high-resolution video cameras. The experiments reveal that
maximum run-up height, H,,, (cf. Edwards et al., 1994; Pantin & Leeder, 1987), increases strongly with greater
incidence angles, but is a markedly non-linear function of slope gradient (Figures 1a and 1b). The most extreme
height reached across all experiments was 3.3 times flow thickness. The height in the frontal experiments was ca.
2.5-2.7 times flow thickness, markedly more than the highest values predicted by B. Kneller and McCaf-
frey (1999) (Text S2 in Supporting Information S1) and Muck and Underwood (1990) methods (2.1 and 1.53
times flow thickness, respectively), and slightly higher than the upper limit of the prediction range (1.5-2.5) by
Rottman et al. (1985) (Figure 1a). The observed relationships demonstrate that previous work greatly under-
predicts maximum heights, and that orthogonal slopes are a very poor guide to run-up heights at other incidence
angles. In addition, they demonstrate that slope gradient has a complicated relationship with maximum run-up
height, where 30° slopes typically have higher run-up heights than either 20° or 40° slopes (Figure la). The
experiments show that a predictive model of this phase space is required for the application of maximum run-up
height modeling for risk assessment.

4. Analytical Modeling
4.1. Derivation of the Analytical Model in 3D Unconfined Setting

The experimental data (Figure 1a) challenges existing 2D methods for estimating upslope run-up heights. We
propose a new analytical model that incorporates the effects of slope gradient (0) and flow incidence angle ().
The model develops the B. Kneller and McCaffrey (1999) approach based on energy balance principles, ac-
counting for kinetic energy, potential energy, work done by pressure, as well as frictional and turbulent dissi-
pation (Allen, 1985; see Text S3 in Supporting Information S1 for details on the predictive model derivation).
Like the Kneller-McCaffrey method, this model considers a fluid parcel at initial height z upon reaching the slope,
approximating the fluid parcel as retaining its density and structure throughout its journey up the ramp. This
models the fluid parcel as a classical point particle (cf. B. Kneller & McCaffrey, 1999). These broad approxi-
mations circumvent the need to solve nonlinear hydrodynamic equations.

We assume an initial velocity U= (uZ,O,O) for each parcel of fluid meeting the ramp, with the x, y, and z axes
aligned with the downstream, cross-stream and vertical directions, respectively (Figure S3a in Supporting In-
formation S1). The flow velocity u, is averaged over all horizontal locations, with the subscript denoting its
remaining dependence on vertical position z. The predicted run-up height for a fluid parcel at initial height z is

L p.u? sin? g(cos? 0 + S sin? 0) + AE g, "
A/)Z g + Five

sin a

hax(2) = 2+

The z subscripts refer to the density and velocity at height z. In the above equation, AE,,;, models the energy

gained from internal pressure and interactions of the fluid parcel with neighboring fluid parcels; S is a
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Figure 1. Polar diagram (a) and plots (b) illustrating the observed and predicted values of normalized maximum run-up height
upslope in 18 ramp experiments. The best-fit values of AE,;, and F,. with the observed experimental data points used in our
analytical model prediction in (a) are derived on the condition that H,,,, (Slope 30°) > H,,,, (Slope 40°) > H, .. (Slope 20°) (The
overbar on H,,, denotes the averaged value of the corresponding quantity) whereas the values in (b) are chosen when the
condition is more relaxed. In (a), the radial axis represents magnitude of (normalized) run-up height and the angular axis is flow
incidence angle relative to the slope. Run-up heights for obtuse incidence angles are displayed symmetrically to measured acute
values. (c, d) Contour maps of modeled normalized maximum run-up height, H,,,,/h, across the full flow incidence angle onto
the slope (¢), and slope gradient (¢) parameter space, with the input variables set to constants and optimized AE,;, and Fyy..
Gray square in (d) represents the Muck and Underwood (1990) prediction.
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dimensionless collision factor ranging from O to 1, characterizing the fraction of kinetic energy associated with the
normal component of the initial velocity that contributes to H,,,,, likely a function of flow properties and
topographic slope substrate; F,,. is average dissipative force per unit volume, due to frictional and turbulent
dissipation, acting in the direction opposed to the fluid parcel's velocity. Its approximate magnitude can be

estimated as F,

we = MN, where u is the frictional coefficient and N is the normal contact force from the ramp,

which should be equal to the component of the weight (per unit volume) normal to the ramp: N = pg’ cos 0.
Angle a = tan~'(sin ¢ tan @) represents the “effective slope” of the ramp in the downstream (x) direction in the
vertical (x,z) plane (Figure S3d in Supporting Information S1).

The overall H,,, is the maximum value of /,,,(z) over the interval 0 <z < h, where £ is the flow thickness of the
current body. This maximum occurs when

d Lo u? sin? ¢ (cos? 0+ S sin? 0) + AE,;
a Z+2p” 2 40( - ) gain | _ 2)
dz Ap, g+ b

or, where no local maximum exists, the global maximum occurs infinitesimally close to the top of the flow. In the
latter case, the second term in Equation 1 is negligible, and the maximum run-up height is almost equal to the flow
thickness h.

To facilitate comparison to natural turbidity currents, we normalize A, (z) by the flow thickness h:

hnax(2) 2 + %pzuz2 sin? @ (cos2 0+ S sin? 9) + AEgq 3)

sin a

If a local maximum exists then H,,,,/h is the value at this maximum, otherwise H,/ 1 iS hy.(h)/h = 1, in which
case the flow makes negligible up-ramp progress.

Note that the collision factor S, average dissipative force F,,., and energy gain from the surrounding fluid AEg;,
are at this stage unknown variables, each requiring their own estimation, and are likely themselves to depend on
the initial velocity, density and the angles ¢ and 6. In the present study, they are approximated at zeroth order and
treated as constants.

4.2. Comparison of Analytical-Model Predictions With Observed Experimental Data

The validity of the analytical model is tested by comparing run-up height predictions with the observed values for
the 18 experiments, to approximate the dependence of (normalized) maximum run-up height on flow incidence
angle and slope gradient. The purpose is to provide a first-order method of run-up estimation for all slope-
incidence angle configurations. Given the approximations made in the model and the turbulent nature of the
flow (Re =~ 3000), only a loose fit to the data is expected. A full Computational Fluid Dynamics simulation would
be too computationally heavy and require similar input uncertainties.

In experiments, the dilute head of the density current is the main contributor to the maximum run-up height
(Figure S2 in Supporting Information S1). Therefore, input values representative of those measured in the
physical experiments in the first 5 s after the current head were substituted into the model (z = 0.045 m,
P, =999.8 kg m™>, Ap, = 0.22 kg m ™, u, = 0.0243 m s~ '; note Uy, position at z = 0.04 m; the flow height, 4,
was 0.11 m). The time-averaged downstream velocity profile from the UVP measurements, and density profile of
the experimental density currents at 3 m downstream from the channel mouth along the channel-basin centerline
were obtained by averaging measurements over 5 s, after the current head (Figure S2a in Supporting Informa-
tion S1). We then split the vertical profiles into 27 regularly spaced fluid parcels (0.005 m), and substituted into
the model. The values of density and velocity at z = 0.045 m is ultimately used herein, which represent the
combination of z, Ap,_ and u, values that typically leads to the maximum run-up height H,,,,,. However, values for
the energy gain AE,,,, averaged dissipative force F,,. and collision factor § were not measured in the physical
experiments. For simplicity, S is assumed to be 0, meaning none of the kinetic energy associated with the
component of the velocity normal to the ramp was converted into gravitational potential energy. The best-fit
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values with the observed experimental data points for the remaining two parameters were AEy,;, = 0.432] m™3
and F,,, = 0.248 N m™3 if parameters are chosen such that Hy,, (Slope 30°) > H,,, (Slope 40°) > H,, (Slope
20°) (or AEg,, = 0.526 ] m~3 and F,,. = 0.440 N m~ if the condition is more relaxed; Figures 1a and 1b,

respectively). Note that the initial guess for F,, is set to be upg’ when looking for the best-fit values, whereby

1 = 0.004, typical in plexiglass experiments (Davarpanah Jazi et al., 2020). Figures 1c and 1d are contour maps of
modeled normalized H,,,./h, as a function of flow incidence angle onto the slope (¢) and slope angle (6), using
the input values above, respectively.

The analytical model (Figure 1) captures the first-order dependence of normalized H,,,/h as a function of flow
incidence angle and slope gradient. When the slope gradient is constant, the predicted H,,,,/h increases with a
higher flow incidence angle, approximately reproducing the observed positive relationship between values
H,,../h and the flow incidence angle in the physical experiments (Figures la and 1b). The model (Figures lc
and 1d) predicts a critical slope gradient (6 = 34.5° or 28.0°), at which H,,,./h reaches its maximum of 2.66. This
trend is approximately consistent with the experimental observations in an oblique setting of higher H,,,,/h for a
slope of 30° compared to 20° and 40° (Figure 1a). However, the maximum H,,,,/h is lower than the observed
maximum (ca. 3.3 times flow thickness in Experiment 630° ¢75°). This discrepancy in maximum H,,,,/h might
be attributed to: (a) underprediction of S, reflecting a fraction of the kinetic energy associated with the component
of the velocity normal to the ramp being converted into gravitational potential energy in the experiment; (b) lateral
variability of the maximum run-up line in the experiments (Wang et al., 2025a) likely led to some fluid parcels
having particularly large up-slope velocity components, and a higher H,,,, value than modeled predictions; (c) the
frictional coefficient, = 0.004, may have been overestimated, and therefore a lower normalized H,,,,/h pre-
dicted; and (d) in some cases, an H,,,, is not reached at z = 0.045 m, and therefore the maximum run-up height
might be achieved at a different height within the flow. See further discussion in the Sensitivity Analysis
(Section 4.3).

4.3. Evaluation of the Analytical Model by Field Data

To simulate the normalized maximum run-up height of a natural turbidity current, we assume a dilute flow
(p, = 1,060 kg m~>; Ap,=30kg m™>) that has an initial downstream velocity of 5 m s~! and flow height of 39 m
(u=5ms~'; h =39 m). Here, for simplicity, constant values are used, due to the absence of coupled velocity and
density profiles for unconfined turbidity currents recorded in the field (only velocity profiles exist; Lintern
etal., 2016; Hill & Lintern, 2022). The energy gain from the internal pressure of the nearby fluid parcels is poorly
known. AE,;, = 9,600 m~2 is chosen as it is tested to yield a realistic output of (normalized) maximum run-up
height similar to the experimental results (Figure 1). Here F,,. varies from 0 to 3 N m~3, approximately corre-
sponding to the case whereby the friction coefficient y = 0, 0.001, 0.005, and 0.01, respectively. These input
quantities are within observational ranges from field-scale turbidity currents (e.g., Azpiroz-Zabala et al., 2024;
Lamb et al., 2008; Symons et al., 2017). In particular, the friction coefficient is demonstrated to vary from 10~ to
1072 (Davarpanah Jazi et al., 2020; Parker et al., 1987), although y ~ 5 x 1073 is used for field-scale turbidity
currents (e.g., Parker et al., 1986; Pirmez & Imran, 2003).

We conducted sensitivity analysis to explore the effect of different input variables incorporated in Equation 3 on
the normalized H,,,,/h for a specific topographic configuration (6 = 45° and ¢ = 90°) with the above-mentioned
input variables set as a base case and S equal to 0.5 (Figure 2a). Increasing the excess density difference or
averaged dissipative force F,,. reduces H,,,,/h, whereas increasing the remaining input parameters such as S or
AE, increases Hy,y/h. Initial downstream flow velocity U and excess density difference Ap,/p, are the most
influential factors affecting H,,./h, collision factor S and energy gain from internal pressure of nearby fluid
parcels AE,,;, are moderately sensitive while the averaged dissipative force F,,. has the least impact.

We explored the effect of flow incidence angle onto the slope (¢) and slope gradient (¢) on (normalized)
maximum run-up height with covarying averaged dissipative force Fy,. (Figures 2b—2e). Taking F,,, = 1.5 N m~3
(Figure 2d) indicates that an increase in flow incidence angle with the same slope gradient leads to a higher
H,../h. This is because higher flow incidence angles correspond to better alignment between the average flow
velocity and the updip direction. However, the impact of the angle of the topographic slope is more complicated
when the flow incidence angle is kept uniform. For zero average dissipative force F,,, (Figure 2b), when the
friction or turbulent dissipation is negligible, a steeper slope gradient leads to lower H,,,,/h. For non-zero average
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Figure 2. (a) Sensitivity analysis of the impact of initial downstream flow velocity U, excess density difference Ap,/p,,
collision factor S, energy gain from internal pressure of nearby fluid parcels AE,;, and the averaged dissipative force Fy,. on
the normalized maximum run-up height. (b—e) Analytical model results for normalized H,,,,,/h of turbidity currents interacting
with a topographic slope with averaged dissipative force F,,. varying from 0 to 3 N m™ approximately corresponding to cases
where the frictional coefficient y = 0, 0.001, 0.005 and 0.01, respectively. In each panel map, contours of normalized maximum
run-up height, H,,./h, as a function of the flow incidence angle onto the slope (¢), and slope angle (), with other variables set
to constants typical of field-scale turbidity currents. For all panel maps, S = 0 assuming a maximal collision model and
AEg, = 9,600 J m™.
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dissipative force F,,. (Figures 2c—2e), a critical slope gradient 6 exists, whereby the normalized H,,,,/h achieves
its maximum, that is, increasing the slope gradient for a given flow incidence angle results in an increase then
decrease in the normalized H,,,,/h. Crucially, the critical slope gradient 0, increases with rising F,,..

5. Discussion
5.1. Comparison With Existing 2D Predictive Models

The greater maximum run-up heights of density currents observed in our laboratory experiments compared to 2D
predictive models (Figure 1a) challenge the validity of existing approaches in natural settings. Potential reasons
for the discrepancy include: (a) the fluid parcel that reaches H,,,, is pushed forward by the flow behind it (and the
pressure gradient due to the density gradient between the saline and ambient water); and (b) in an unconfined
turbidity current setting, the downstream velocity and the vertical and cross-stream velocity components
contribute to the initial kinetic energy, which leads to a greater final potential energy and consequently
comparatively higher upslope run-up heights. Critically, a fluid parcel that reaches H,,,, must receive additional
energy from the force of the flow behind it, and from the pressure gradient at the boundary between the saline and
ambient water, allowing it to reach a greater elevation than the B. Kneller and McCaffrey (1999) approach
predicts. Our analytical model addresses this issue by adding a contribution to the energy density, AEg;p,
modeling the zeroth order effect of pressure gradients in the fluid.

In contrast to previous 2D models that only addressed the orthogonal flow-slope interaction, our new
analytical model, validated against large-scale 3D physical experiments, highlights the importance of both
topographic slope angle and flow-slope incidence angle on the run-up height. The effect of these two pa-
rameters is considered via modeling their contribution to both the available and dissipated energy of a fluid
parcel reaching H,,,,, which is mainly achieved by incorporating the trigonometric decomposition of initial
velocity (Figures S3b—S3d in Supporting Information S1) and modeling the energy losses to friction and/or
turbulent dissipation.

5.2. Influence of Slope Gradient and Flow Incidence Angle on the Magnitude of Maximum Run-Up Height

Our model predicts a highly non-linear dependence of run-up height on slope angle, due to its direction-dependent
modeling of the available kinetic energy, in addition to assuming energy dissipation increases with the distance
traveled by each fluid parcel. Without these two considerations, the predicted maximum run-up height would be
independent of slope angle (Allen, 1985; Pantin & Leeder, 1987). In contrast to previous models, our predictions,
informed by and validated against our laboratory experimental results (Figures 1 and 2b—2e), reveal a critical
slope gradient 6, for non-zero average dissipative force F,,., with 8, increasing with rising F,.. This complicated
6 dependence is ascribed to competing effects of: (a) increasing 8 decreases alignment between the average flow
direction and the up-dip direction, lowering the run-up height (Figures S3b and S3c in Supporting Informa-
tion S1); and (b) increasing € reduces the distance to travel on the slope surface to achieve the same vertical run-up
height, meaning less energy is lost to friction or turbulent dissipation, increasing the run-up height. In the regime
0 < 6. with the same flow incidence angle relative to the slope, the influence of the average dissipative force
dominates and thus a steeper slope gradient is associated with higher H,,,./h. In the regime 6 > 6. with the same
flow incidence angle relative to the slope, the influence of the collision factor dominates and thus a steeper slope
gradient is associated with lower Hy,,,/h.

The flow incidence angle has a marked impact on maximum run-up height. Our analytical model and labora-
tory experiments (Figures la and 2b—2e) show more oblique flow interactions with the topographic slope (e.
g., 15°-45° incidence angles) tend to have lower maximum run-up heights because of less topographic
containment and therefore reduced up-dip velocity component (e.g., Snyder et al., 1985; Straub et al., 2011). In
contrast, near-perpendicular interactions (e.g., 75°-90°) allow more initial kinetic energy to be converted into
gravitational potential energy. Our experimental results (Figures 1a and 1b; Figure S4 and Text S4 in Supporting
Information S1) also indicate that a critical flow incidence angle ¢, exists at less than 90° at which there is a
pronounced boost in superelevation, leading to the highest run-up height. This is likely a consequence of vari-
ations in the cross-stream velocity component, which effectively changes the local incidence angle of the fluid
parcel relative to the ramp. A change in the incidence angle by some amount A¢ results in a maximum when
@ =90° — Ag, as opposed to when ¢ = 90°.
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Figure 3. Polar plot illustrating how density stratification affects local run-up heights, showing the predicted normalized
maximum run-up heights for three excess density values, at flow heights, z = 0.01, 0.04, and 0.045 m. Based on the analytical
model prediction from the laboratory experiments. See Text S5 in Supporting Information S1 for further details.

5.3. Influence of Density Stratification on Run-Up

The effects of density stratification on run-up, at different heights within the experimental flow, are shown in
Figure 3. The densest, basal components have low run-up heights, whilst run-up heights are greatest just above the
velocity maximum (Figure 3). Sediment-laden flows typically exhibit enhanced stratification relative to saline
flow experiments (Dorrell et al., 2014; Wells & Dorrell, 2021), thus will likely produce greater variation in run-
up, with height in the flow. Experimental turbidity currents show that the velocity maximum can coincide with
greater densities than in saline flows (Wells & Dorrell, 2021, their Figure 3), suggesting they should exhibit
higher maximum run-up. However, turbidity currents also undergo sedimentation as they interact with slopes. As
noted earlier, there is a lack of coupled velocity-density profiles for natural unconfined turbidity currents. Once
such profiles become available, the model will enable run-up heights to be directly compared to saline flows,
assuming conservative flow.

5.4. Implications for Reconstructing Submarine Landscapes

Reconstructing the configuration of ancient submarine landscapes requires excellent understanding of the de-
posits of flow-topography interactions. Our new analytical model for calculating flow run-up heights on different
slope orientations can be applied to outcrop and subsurface data sets to better constrain basin physiography
(gradient and aspect) at the time of deposition. We show that relatively minor changes in slope gradient and
incidence angle have a substantial influence on run-up height, and therefore depositional patterns, which might
help to explain the complicated onlap geometries documented in many confined basin-fills (e.g., Bakke
et al., 2013). We recommend attempting to apply our model in ancient outcrop settings where bed-scale sedi-
mentology, paleoflow directions, and stratal geometry can be documented with three-dimensional control (e.
g., Soutter et al., 2019).

5.5. Implications for Seafloor Geohazards

Destructive particulate turbidity currents pose a serious hazard to high-value seafloor infrastructure, particularly
in submarine slope settings where mitigation, rerouting or repairs are costly (e.g., Bricheno et al., 2024). The
systematic underestimation of run-up heights by 2D models (Figure 1a) suggests that existing geohazard as-
sessments substantially underpredict the spatial extent of turbidity current impact (Figure 3). Our new analytical
model, incorporating gradient, incidence angle, and flow density stratification, provides a more accurate basis for
evaluating the interaction of turbidity currents with seafloor topography (Figure 3). Identifying a critical slope
gradient that maximizes run-up height (Figures 2c—2e) enhances predictions of increased hazard potential. The
strong sensitivity of run-up to flow incidence angles (Figures 1 and 2b—2e) highlights the importance of 3D
bathymetric mapping and flow path modeling in routing infrastructure away from areas of increased risk from
turbidity currents. The framework to estimate run-up height on 3D topographic slopes in this work provides an
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improved tool for forecasting the spatial extent of turbidity current impacts. Future integration of our model
prediction with 3D reliability analysis (e.g., Wu et al., 2025) can aid the quantitative assessment of the infra-
structure failure probabilities under complex flow-topography interactions. Further coupling with machine
learning-based early warning systems (e.g., Zhang et al., 2022) may enable real-time geohazard mitigation for
submarine cables and pipelines.

6. Conclusions

Existing predictive models based on 2D confined turbidity currents interacting with topography are shown to
substantially underestimate run-up heights. Consequently, existing predictive model estimates are not fit for
purpose when forecasting run-up heights during risk assessments at a time when critical seafloor infrastructure is
rapidly expanding. A new analytical model that incorporates trigonometric decomposition of initial velocity,
energy gain from the pressure gradients in the fluid, and modeling of energy loss to friction and/or turbulent
dissipation, captures the key dynamics of low-density turbidity current interactions with topography in 3D set-
tings. This analytical model, validated against 3D physical experiments, provides a more accurate predictive
framework for run-up heights across all slope gradient and flow incidence angle configurations. A critical slope
gradient exists whereby the maximum run-up height reaches its highest value compared to both gentler and
steeper slopes. Run-up can also be examined as a function of the density stratification within a flow. Results can
be applied to inform the routing and installation of seafloor infrastructure to mitigate seafloor geohazards, and for
more accurate interpretation of submarine landscapes and their deposits.
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