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Short Summary
This research works built on a seven-scenario Marmara Sea tsunami model using GeoClaw and a 20-lane source/model
comparison. The final runups match historical benchmark values with all absolute percent errors below 2.4%, giving traceable

inputs for coastal-hazard and bridge-response studies.

Highlights

e A 22-event Marmara earthquake-tsunami source catalogue was reduced to seven publication-grade benchmark scenarios
using historical runup evidence.

e A labelled LO1-L20 lane system documents 19 completed comparison lanes plus one closed-loop experimental branch.

e Selected best lanes’ runups reduce MAE from 1.93 m diagnostic mismatch to 0.019 m and MAPE to 1.1% across all 7-
events.

e The paper connects source deformation, basin-scale propagation, arrival/peak timing, benchmark gauges, and bridge-
ready NTHA time histories.

e The main novelty is not a single tuned scenario, but a transparent scenario-selection ladder from historical narratives to
validated numerical hazard products.

e This study does not propose another tsunami simulation. Instead, it proposes a reproducible framework for selecting
physically plausible historical tsunami scenarios under sparse observational constraints.

Abstract.

The Marmara’s Sea with its near-field tsunami complications in Europe and the eastern Mediterranean, is paradoxically
surrounded by a densely urbanised, infrastructure-rich coastline and positioned above the North Anatolian Fault system with
historical earthquake events, submarine slope processes and narrow-basin resonance that impact coastal water levels. This fact
motivated the current study presenting a benchmark-consistent GeoClaw modelling roadmap on seven historical Marmara
tsunami scenarios selected from 22-event source catalogue with numerical comparison through 20-lane. The lanes represent
exclusively, different source-construction, turning strategy, comprising earthquake-only, earthquake-plus-landslide, adaptive
sampling, hybrid site-blend, and close-loop correction variants. From the first lane to the final selected best lane of the
simulations set, the benchmark error across all seven events could be reduced from maximum 1.93 m to 0.019 m in MAE

(Mean Absolute Error) and 2.26 m to 0.024 m in RMSE (Root Mean Square Error), with all seven events cases remaining
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below 10% error and the largest absolute percent error is 2.4%. After target-based scenario selection, the corresponding outputs
such as gauge-history, travel-time, and bridge-ready hydrodynamic outputs, providing a reproducible chain from historical
source interpretation to infrastructure demand inputs are extracted. The workflow is designed for regions where instrumental
tsunami records are sparse, but historical runup constraints, bathymetry, mapped faults, and scenario logic can be combined

transparently.

Keywords

Marmara Sea; tsunami hazard; GeoClaw; historical runup; benchmark scenario selection, bridge-ready NTHA time histories.

1. Introduction

Research studies related to tsunami hazard assessment has evolved considerably over the last two decades. Generally,
regional studies focus on several assessment methods based on deterministic sources and describe tsunami water elevation,
maximum water levels, and arrival-time maps (Gupta, 2008; Thein et al., 2009; Wu, 2012). However, recent simulation studies
also integrate source uncertainty, numerical propagation, field validation, real-time warning, exposures, vulnerability, and
structural asset consequence analysis. This global view is evident in the NHESS tsunami literature itself. Typically, Tanioka
and Seno (2001) and Satake and Kanamori (1991) applied a waveform analysis approach to revisit the 1946 Aleutian
earthquake tsunami, Gailler et al. (2013) described operational tsunami forecasting systems for the French warning centre, and
Ulutas et al. (2012) evaluated web-based early-warning calculations for the 2010 Mentawai tsunami event. Moreover, some
studies also explain tsunami catalogues treatments, tide-gauge detections (Bernardi et al., 2015; Bressan et al., 2013; Bressan
and Tinti 2012, 2011), while others detailed inundation model validation Akoh et al. (2017), and landslide induced tsunami
generation as well as fragility or vulnerability assessments (Dao and Tkalich, 2007; Dominey-Howes et al., 2007; Egorov,
2007; Fuentes et al., 2019; Gailler et al., 2013).

These published studies bring a clear view on the current scientific works, specifically on how a strong tsunami
contribution should not only run hydrodynamic model, but also detail how source were selected, how model outputs were
validated and inevitably how the obtain hazard results could contribute to risk assessment and management.

The Marmara’s Sea called Sea of Marmara constitute an exceptional site-case for implementation of such integrated
approach. It’s a small, semi-enclosed basin intersected by North Anatolian Fault (NAF) system and enclosed by a dense urban
development, transport corridors, ports, industrial zones, bridges and historically important coastal districts. Its bathymetry is
controlled by deep basins, embayment, shelves, steep margins, and narrow coastal geometries that can focus or delay tsunami

energy (Fig. 1.).
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Figure 1. Bathymetry/topography field, showing the basin structure that controls wave propagation and coastal
amplification (Created using GEBCO 2024 bathymetry/topography grid).

By combining fault interactions, rupture dynamics, fault geometry, slip deficit, seismic recurrence, and active deformation
beneath the basin, many studies analysed the tectonic background of the NAF and Marmara pull-apart system (Gasperini and
Polonia, 2023; Pondard et al., 2007; Utkucu et al., 2009) including the broader Marmara seismic-hazard and deformation
studies that support the requirement for scenario-based source testing (Aksoy et al., 2020; Ates, 1982; Ergiin et al., 1995;
Karabacak et al., 2021, 2022; Kaya-Eken et al., 2026; McHugh et al., 2014; Meghraoui et al., 2022; Nakano et al., 2015;
Oglesby and Mai, 2012; Oncel and Wilson, 2006; Ozener et al., 2020; Parsons, 2004). The problematic modelling of the
Marmara’s tsunamis remains more than a fact: it constitutes a near-field natural-hazards laboratory where tectonic uncertainty
and coastal exposure must be handled together.

The difficulty of getting historical hazard data remained evident, particularly where the hazards are mostly pre-
instrumental, spatially uneven such as Marmara tsunamis which are most tied to historical place names or narrative reports
rather than modern tide gauges (Roger et al., 2026). This is not unusual in tsunami science. Dao and Tkalich. (2007), Behrens
(2026), Dimova et al. (2019), and Meral Ozel et al. (2011) have used historical catalogues and reported evidence to assess
tsunami potential in the Black Sea, Azov Sea, eastern Mediterranean, and other regions where direct instrumental records are
limited. Historical tsunami runups are better interpreted as targets constraints with location, sources and narrative uncertainties
than being used as if they were perfect point measurement. This means, in any cases such as Marmara, numerical model must

preserve the historical benchmark values while also making clear how a simulated gauge response, a coastal proxy point, or a
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selected runup value was associated to the reported observation. This is the case of this study where runups selections were
treated in a transparent manner than a hidden adjustment.

Understanding tsunami numerical modelling, means understanding the physical relations between earthquake or landslide
source hypotheses and coastal water-level response (Bryant, 2014; Nosov and Skachko, 2001). Commonly, the modelling
basis follows the depth-average shallow-water equations framework, that constitute the main algorithm applied in this study
through the GeoClaw software, where mass and momentum arrangements are solved over bathymetry with wetting and drying
at the coastline. The GeoClaw tool with its main core equations (the depth-average shallow-water equations), apply a finite-
volume and adaptive tsunami modelling principles (Berger et al., 2011; LeVeque et al., 2011). It’s well adaptable in this case
study as it combines finite-volume methods, Riemann solvers, adaptive mesh refinement, moving-topography source terms,
and gauge-outputs functionality. Its source-deformation side obey to the common tradition of elastic dislocation modelling
presented by Okada (1985) and related source-parameter scaling such as of Wells and Coppersmith (1994).

Particularly in the Mediterranean, many near-field tsunami scenarios are demonstrated to be unambiguous (Paulatto et
al., 2007; Roger and Hébert, 2008; PAPADOPOULOS et al., 2010). Others particular examples are: an inundation model
validated against Catania case study completed by Tinti and Tonini (2013), a propagation-model sensitivity investigated by
Dao and Tkalich (2007); a worst-credible tsunami scenario analysis for Catania used by Tonini et al. (2011); and the modelling
of the 2003 Boumerdes-Zemmouri tsunami and filed observations compared with numerical results by Sahal et al. (2009).
These studies demonstrate that the same basin can produce different hazard results conditional on source geometry,
bathymetry, resolution, and validation metric Omira et al. (2013). In the Marmara Sea, the same problem appears in the choice
between earthquake-only sources, earthquake-plus-landslide sources, NHESS-family historical source branches, adaptive
sampling candidates, paper-fit lanes, and closed-loop diagnostic branches. The present manuscript therefore does not claim
that one deterministic source solves the Marmara tsunami problem. Instead, it documents how a broader catalogue and a 20-
lane comparison were pointed to a selected seven-scenario publication subclass.

When earthquake or climate induced tsunami affects coats, the surrounding bridges and transports systems are the main
infrastructures that are affected, specifically by the water depth, velocity, momentum flux, uplift, debris impact, duration, and
the timing of peak hydrodynamic demand. Post-event studies and design-oriented work have also revealed that bridge decks,
shear keys, bearings, abutments, and approach roads can be vulnerable to tsunami loading and earthquake-tsunami sequence
effects. The American Society of Civil Engineers (2017) demonstrated this evidence by analysing tsunami loads on slab
bridges, examining reinforced-concrete shear-key performance under earthquake-tsunami actions, and discussed tsunami
design loads for coastal structures Omira et al. (2013). NHESS has also published infrastructure and vulnerability-oriented
tsunami work (Reese et al., 2007), including transportation vulnerability and human vulnerability indicators (Gonzalez-
Riancho et al., 2015; Williams et al., 2020). These studies motivate the bridge-ready component of the Marmara workflow:
selected GeoClaw gauges are retained not merely for validation, but also as hydrodynamic demand histories that can be passed

to nonlinear time-history analysis.
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The frequent weakness in historical tsunami simulation is that concluding papers habitually report only preferred scenario
and a set of resulting maps, while the rejected alternatives evaporate. This restriction is addressed in this study by reporting all
scenarios, modelled through 20-lane workflow targeting historical site-runups. L01-L03 define the baseline earthquake-plus-
landslide and NHESS-family backbones; L04-L13 test rerun, rollback, paper-fit, tuned, balanced, tiny-lift, last-pass, and sitefix
branches; L14-L17 are adaptive sampling candidates; L18-L19 are inverse paper-fit and hybrid site-blend diagnostic lanes;
and L20 is a closed-loop experimental branch. This language is deliberately practical, since reproducibility in a thesis-to-
publication workflow depends on being able to identify exactly which run generated which gauge histories, source maps,
maximum-height fields, and validation values. The approach follows the broader movement in tsunami modelling toward
transparent scenario databases, sensitivity testing, and explicit model validation (Aranguiz et al., 2018; Davies and Griffin,
2018; Galan Pérez et al., 2026; Hébert et al., 2016; Tonini et al., 2011).

From 22-Earthquake catalogues reported to have generated tsunami events, seven-events scenarios set claimed with runup
benchmarks is built: EQ1, EQ2, EQ3, EQ4, EQ7, EQS8, and EQ18 (Fig. 2). All seven-events have passed the 20-lane
simulations and the best scenarios that felled within the +/-0.25 m difference to the reported runups (Altinok et al., 2011), and
from the combinations of the 20-lane for each event are selected. The final validation table reports the reported runup, selected
simulation values, the gauge distance to the historical target, the residual, and error metrics. This is consistent with the caution
in historical and numerical tsunami studies that runup is a site response rather than a simple offshore water-level sample
(Synolakis, 1987; Titov and Synolakis, 1998).

The contribution of this study is therefore threefold. First, it provides a reproducible GeoClaw workflow for historical
Marmara tsunami scenarios, including bathymetry, source deformation, gauges, maximum-height fields, travel-time
diagnostics, and runup validation through multiple lanes simulations. Second, it introduces a labelled 20-lane history that
separates physically preferred event backbones from diagnostic site-fit and closed-loop branches. Third, it prepares the selected
benchmark-consistent tsunami outputs for bridge nonlinear time-history analysis by preserving gauge histories and timing
windows.

With exception to the instruction, this paper is structured in sections: sect 2 presenting the study area and Historical
Benchmark, source characteristics geometries, sect 3 describing the data and methods comprising of the GeoClaw setups and
core equations that site inside its resolutions, sect 4 presenting the results outputs such as travel-time, runup-validation,
residual, and benchmark-gauge figures and sect 5 putting the work in the NHESS and broader tsunami literature and explains

how the approach can be transferred to other data-sparse near-field basins and followed by conclusion.

2. Study Area and Historical Benchmark Set

The domain section subject to the case study convers the Sea of Marmara and its surrounding coasts from Ganos-Saros
region in the west to Izmit Bay/Kocaeli segment in the east. It present a narrow basin with a short near-field travel times
(Bulkan et al., 2020; Gasperini et al., 2022). With a high complexity of its geometry, comprising of source location, bathymetric

focusing, basin margins, and coastal embayment that strongly affect local water. The Fig. 2 bellow describe the study domain,
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with a source catalogue of 22-historical earthquake events from which seven events with numeric historical tsunami-runup
targets suitable for benchmark validation (EQ1, EQ2, EQ3, EQ4, EQ7, EQ8, and EQ18), and nearest mapped Marmara fault
segment (Gasperini et al., 2022). The identified seven events sample western Ganos-Saros, Cinarcik Basin, Izmit-Istanbul,
Yesilkoy/Yenikapi reference sites Gokasan et al., (2001), with moment magnitudes ranging from Mw6.6 to Mw7.4 with
source-type codes H1, H2, H12, or event-specific earthquake-plus-landslide logic (Watts et al., 2003).
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Figure 2. Regional setting of the Marmara Sea source catalogue, fault branches, and the seven historical runup-validation

events used in the final benchmark set.

3. Data and numerical simulation workflow

This section details the numerical model, input data, source assignment, source-lane selection logic and gauge-output
extraction employed to reconstruct the historical Marmara tsunami scenarios. The workflow connects historical runup
evidence, physically plausible earthquake or earthquake-plus-landslide source input, GeoClaw simulations, and post-processed
hydrodynamic outputs used for the final seven-scenario benchmark set.

3.1 Numerical model set up
GeoClaw, a variant of Clawpack for geophysical flows is applied to solve the depth-averaged shallow-water equations on
latitude-longitude grid with adaptive refinement, moving topography sources, as well as wetting and drying inputs.

Conservative variables are defined as:
U = (h, hu, hv)T @Y

with h, the water depth and u,v the depth-averaged velocity components.
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The free surface is given by:

n=h+B (2)
with B, the bed elevation relative to the vertical datum. In Cartesian notation, the governing equations used for

interpretations are:

oh  9(hu)  O(hw)

at 0x dy 0 ®
2,1 2
a(hu)+6(hu +39h )+6(huv) 0B \
Jt 0x ay g dx p )
2,1 2
o) oGuv) d(mP+391) 0B 1 :
Jat 0x dy -4 dy p ®)

with g, the gravitational acceleration and 7, , T, represent bottom-friction stresses when friction is active. With Manning
friction, the stress term can be written in proportional form as:
T 2 q -
—=gn°lql—,  with q = (hu, hv) (6)
P h3
GeoClaw tool, Clawpack Development Team (2026) assesses these equations on mapped latitude-longitude grids with
robust Riemann solvers (George, 2008; LeVeque et al., 2011) and automatically treats dry cells at shorelines, which is essential

for runup and inundation modelling.

Initial and boundary conditions were defined from bathymetry/topography (Fig. 1.), sea level, and event-specific dtopo

files. The pre-event water column was initialized as:

h(x,y,0) = max[0,1o — Bo(x,y)] @
with zero initial discharge:
hu(x,y,0) = hv(x,y,0) =0 (8)
For each event, source deformation Okada, (1992) is entered as a moving-bottom perturbation:
B(x,y,t) = Bo(x,¥) + ABexy.) €))

where AB is the earthquake-only or earthquake-plus-landslide deformation field assigned to the event lane. The

e(x,y,t)
model therefore converts co-seismic or combined deformation into a free-surface response while preserving shoreline wetting-

drying behaviour. The time step follows a Courant-Friedrichs-Lewy (CFL) condition:

n+1 n At At
urtty = 0% — (H) (Fiz1/205 — Fica/29) — <E) (Gij41/2— Gij—1/2) + At Sy (10)
At < Cmi < Ax i ) (11)
< Cmin ,
lul +gh [vl+,gh
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Adaptive refinement was used to resolve wave fronts, shoreline changes, benchmark gauges, and bridge-relevant coastal

zones without forcing the full Marmara basin to the finest grid.

3.2 Source data, benchmark constraints, and gauge outputs

The focal-mechanism properties of the seven simulated benchmark scenarios are summarized in Table 1, with source-
geometry references to (Armijo et al., 2005; Hébert et al., 2005), and historical runup references to Altinok et al. (2011). The
corresponding seismic-source geometries are shown in Fig. 3. The sources were assigned using a distance-based logic-tree
method. For each event, the nearest mapped Marmara fault segment was labelled H1, and the second-nearest plausible segment
was labelled H2. A 15 km epicentral-location uncertainty was used to weight the alternatives with a Gaussian distance-decay
function. When H1 and H2 were too close to distinguish robustly, the events were treated as ambiguous and labelled H12.
Thus, H1, H2, and H12 are source-assignment classes rather than new focal mechanisms.

Table 1. Focal mechanisms (FM) of the simulated tsunamis.

. . Reported
Event Date Mw | Segment [S;:ll;e ﬁll(l: | Eltk; Runups FM
g g gl (NHESS)

EQI - 1912 Ganos-Saros 2.70 m at b
Miirefte-Ganos 9 Aug. 1912 74 (NAF west)-H2 68 & 213 Yesilkoy ‘t’
EQ2 - 1332 Cinarcik Basin 3.20 m at )
Istanbul-Marmara 17 Jan. 1332 6.6 (N. MMF)-H2 20 85 180 Yenikapi y
EQ3 - 989 Carcik Basin 1.50 m at A
Istanbul-Marmara 25 Oct. 989 7.3 (N. MMF)-H1 20 85 180 Yenikapl ,
EQ4 - 478 .
Yalova-lzmit- | 25Sep.478 | 7 %“idrcﬁ‘p?f‘g{‘z 90 |85 | 180 | 1.00mat %
Istanbul ’ Yenikapi

1.00 m at
EQ7 - 557 Gulf of Cmarcik Basin . 2
Izmit-Istanbul 14 Dec. 557 7 (N. MMF)-H12 90 85 180 Theodosian y

Harbour

3.20 m at
EQS - 1754 Izmit- . Cinarcik Basin . )
Istanbul 02 April 1754 | 7.3 (N. MMF)-H1 90 85 180 Yenikapi y

coast
EQ18 - 740 .
Istanbul- 26 Oct. 740 | 6.7 8\1]“"1‘\?;}[‘}7?3}51‘; 90 85 180 | 1.00mat g
Mudanya-Thrace ' i Yesilkoy
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Figure 3. Geometry of the selected seismic sources.

The modelling process used the GEBCO-driven Marmara bathymetry/topography grid shown in Fig. 1, event-specific
combined deformation files, gauge definitions at benchmark and bridge-relevant locations (Fig. 4), and saved fort.q/fort.t
frames for post-processing. The resulting outputs from each scenario comprise positive free-surface crests at selected gauges,
spatial maximum water heights, first-arrival times, peak-response times, and event-specific gauge histories. The nearest wet-
gauge crest was used only as a diagnostic comparison, while the final selected simulation refers to the event/lane output
retained for benchmark agreement with the reported historical locality.
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Figure 4. The position of virtual tide gauges for postprocessed tsunami history outputs for structural analysis (created
with the GEBCO 2024 grid and defined virtual gauge positions).
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3.3 Source-lane simulation workflow and scenario selection

In this study, a “lane” denotes a traceable source/model configuration used to test alternative representations of a historical
tsunami event. The lane structure does not represent 20 independent historical events; rather, it provides a systematic
framework for comparing alternative source constructions and modelling choices against the available historical benchmark
constraints.

The modelling and simulation work started with a 22-event Marmara earthquake-tsunami source catalogue screened to
identify seven events with reported historical runup targets, plausible source locations, and benchmark localities well defined
for numerical comparison. Each of the selected seven events were assigned different nearest Marmara fault-source branches
labelled H1, H2 and H12 as detailed in the Sec 3.2, while earthquake-only and earthquake-plus-submarine-landslide source
options were prepared as event-specific deformation inputs. Then follow a candidate source inputs organization into a 20-lane
source/model comparison framework. Each lane represents a standard modelling choice, such as the base earthquake source,
alternative fault-branch assignment, earthquake-source scaling, earthquake-plus-landslide contribution, adaptive sampling,
hybrid locality-based selection, or closed-loop correction. The purpose of the lanes was not to tune a single tsunami scenario
arbitrarily, but to compare physically plausible source/model variants against the reported historical runup targets and to retain
the scenario that best preserved both benchmark agreement and basin-scale plausibility. Later, each compiled lane then entered
the GeoClaw simulation engine using the GEBCO-based Marmara bathymetry/topography grid, event-specific moving-bottom
deformation files, wetting-drying shoreline treatment, and virtual gauge locations at historical benchmark and bridge-relevant
coastal sites. The raw model outputs were then post-processed to extract positive free-surface crests at gauges, maximum
water-height fields, first-arrival times, time to maximum response, flow-speed proxies, momentum-flux proxies, and gauge-
level tsunami time histories. These outputs provide both the historical validation layer and the bridge-demand input layer used
in the wider multi-hazard workflow.

Finally, the selected seven-scenario set was obtained through a hierarchical screening rule. Candidate lanes first had to
satisfy physical and numerical plausibility, including stable wetting-drying behaviour, usable gauge histories, and consistency
with mapped source geometry. The remaining candidates were scored against the historical runup targets using absolute
residuals and summary error measures, including MAE, RMSE, and MAPE across all seven events. Lanes that improved a
local runup match while reducing source plausibility or basin-wide consistency were retained as diagnostic branches rather
than as final selected scenarios. The resulting workflow, source tables, lane matrices, processed outputs, and reproduction
scripts are documented in the archived code/data package cited in the Code and data availability section.

4. Results

After all lanes test simulations per the 7 events, the mean absolute residual of the best lanes/scenarios resulted in MAE =
0.019 m, RMSE = 0.024 m, MAPE = 1.1%, and maximum absolute residual = 0.048m. in addition, all seven events remain
below 10% absolute percent error, with maximum absolute percent error of 2.4% across all 7-events. These multiple lanes test
was very important for events whose raw positive crest at nearest gauge was small because the direct gauge crest alone did not
represent the site-level runup target. That’s why no lanes were treading as hidden numerical amplification; but documented as
gauge-matched best selection step that supports the chosen physical scenario with historical reference values.

The selected best seven-scenario outputs also produce arrival and peak-response timing diagnostics. Benchmark-gauge
first arrivals span 2-6 min, while peak-response times span 2-10 min as summarised in the Table 2. These timings are not
merely map products: they define the hydrodynamic windows used to select gauge histories for the bridge nonlinear time-

history analysis.

10
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The selected seven-event set shows that the best agreement with historical run-up targets is not obtained from a single
universal lane for all scenarios. Most benchmark cases are reproduced by the L.0O3 lane, while selected events require a different
source construction, notably the LO1 earthquake-plus-landslide configuration. This supports an event-aware source-selection

strategy, in which the retained scenario is constrained by both run-up agreement and physical consistency of the source

mechanism.
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Figure 5. Best selected seven-event run-ups and agreement-with-historical-run-ups, and their residuals with distance to

Altinok et al. (2011)’s locations.

Table 2. Best selected seven-scenario validation set.

Bench. Selected Arrival | Peak
Event Date Mw | Lane lerr| (m)
runup (m) | runup (m) min min
EQ1-1912
9 Aug. 1912 7.40 | LO3 | 2.70 2.652 0.048 2.00 10.00
Miirefte-Ganos
EQ2-1332
17 Jan. 1332 6.60 | LO3 | 3.20 3.211 0.011 2.00 2.00
Istanbul-Marmara
EQ3-989
25 Oct. 989 7.30 | LO3 | 1.50 1.464 0.036 2.00 4.00
Istanbul-Marmara
EQ4-478 Yalova-
25 Sep. 478 7.00 | LO3 | 1.00 0.994 0.006 2.00 2.00
Izmit-Istanbul
EQ7-557 Gulf of
14 Dec. 557 7.00 | LO3 | 1.00 0.989 0.011 2.00 2.00
Izmit-Istanbul
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EQ8-1754 Izmit-
Istanbul
EQ18-740

02 Apr. 1754 | 7.30 | LO1 | 3.20 3.187 0.013 2.00 2.00

26 Oct. 740 6.70 | LO3 | 1.00 1.009 0.009 6.00 6.00
Istanbul-Mudanya

To measure how the insertion of submarine-landslide element modifies the source amplitude envelope relative to the
earthquake-only case, the deformation ranges were compared across events before examination of the spatial source fields. As
can be seen from the Fig. 6, the EQ+LDS cases commonly increase the deformation range compared with the EQ-only sources,
nevertheless the increase is not uniform across events. This indicates that the landslide contribution acts as an event-specific
perturbation rather than a simple global amplification of the earthquake deformation field. Additionally, Fig. 7 and Fig. 8
show-cases representative source-deformation maps for EQ1 and EQ7 (landward colours represent coseismic ground
deformation with the deformation overlapping offshore or shoreline wet—dry cells that contributes to the initial tsunami
disturbance.), examined to distinguish the broad coseismic deformation field from the localized submarine-landslide
contribution. It’s obvious that the EQ-only fields are controlled by the regional coseismic uplift—subsidence pattern, while the
EQ+LDS fields preserve this regional structure, introducing localized anomalies associated with the submarine-landslide
source. This behaviour is consistent with the expected contrast between broad tectonic deformation and compact landslide-
induced disturbance.

Deformation range per event, zoomed view; out-of-frame maxima labelled

EQ18 -

EQ8

EQ7

EQ4

EQ3 -

EQ2

EQ1 -

m— EQ-Only range === EQ+LDSrange @ Mean Median

-4 -2 o 2 q
Vertical deformation (m): clipped view for readability

Figure 6. Event-wise deformation ranges for EQ-only and EQ+submarine-landslide sources.
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Figure 7. Representative EQ-only and EQ+submarine-landslide source-deformation fields for EQ1 (from GeoClaw
simulation outputs using GEBCO 2024 bathymetry/topography).
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Figure 8. Representative EQ-only and EQ+submarine-landslide source-deformation fields for EQ7 (from GeoClaw

simulation outputs using GEBCO 2024 bathymetry/topography).

After the source deformations are generated, GeoClaw compile them along with the bathymetry/topography, still-water
hydrodynamic equations (Eq. 1 to Eq. 10), finite-volume Riemann-solver fluxes, wetting-drying treatement, boundary
conditions and adaptive mesh refinement, and convert them into initial tsunami elevations and propagated through the Marmara
basin to obtain maximum tsunami-induced water-height fields as displyaed in the Fig. 9 and Fig. 10 bellow for EQ1 and EQ7

events respectively. As infered from both Fig. 9 and Fig. 10, the maximum water-heights do not simply replicate the initial

13
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water form, simply wave propagation, local bathymetry, coastal geometry and basin reproductions redistribute the initial source
signal, constructing spatially variable maximum responses around the Marmara Sea. At the same time, the chronological
behaviour of the selected scenarios was evaluated using first arrival and peack-response time fields as shown in Fig. 11 for
EQ1 and Fig. 12 for EQ7. Both figures show that first arrival and maximum response do not necessarly occur at the same time.

290 In some locations, the first noticeable tsunami waaves early, while the largest response occurs later due to wave reflection,
basin resonance, focusing and repeated interactions within the semi-enclosed Marmara basin.
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Figure 9. Initial tsunami elevation and maximum tsunami-induced water height for EQ1 (from GeoClaw simulation outputs

using GEBCO 2024 bathymetry/topography).
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Figure 10. Initial tsunami elevation and maximum tsunami-induced water height for EQ7 (from GeoClaw simulation outputs

using GEBCO 2024 bathymetry/topography).
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Figure 11. Travel time to first tsunami arrival and to maximum tsunami response for EQ1 (from GeoClaw simulation

300 outputs using GEBCO 2024 bathymetry/topography).
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Figure 12. Travel time to first tsunami arrival and to maximum tsunami response for EQ7 (from GeoClaw simulation

outputs using GEBCO 2024 bathymetry/topography).

To examine the local hydrodynamic response at target locations and connect the spatial fields with time-dependent

305 tsunami demand, we extracted gauge-level time histories for gauges displayed in the Fig. 4 and display for typical gauges of
the EQ1 (Fig.13 to Fig. 17) and EQ7 (Fig. 18 to Fig. 22). The gauge histories confirm that sea-surface anomaly, total water
depth, flow speed and momentum flux are not essentially maximized simultaneously. This is imperative for infrastructure
applications because bridge and coastal-structure demand depend not only on water elevation but also on flow velocity,

momentum flux and directionality.
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Figure 13. Representative benchmark-gauge hydrodynamic histories for EQ1.

Considering hydrodynamic histories variations across gauges (gauges locations presented in Fig. 4), ensemble responses
were plotted for EQI as displayed in the Fig. 14 to Fig. 17 and Fig. 19 to Fig. 22 for EQ7. These figures demonstrate how sea
surface anomaly envelopes, strongly vary among gauges. The near-zero median does not imply absence of tsunami response;
rather, it indicates that positive crests and negative drawdowns occur at different locations and partly cancel in the median
summary (Fig. 14 and Fig. 19). Regarding the water depth displayed in the Fig. 15 and Fig. 20, it mirrors the bathymetric
setting of the retained gauges and globally represent the full water column above the seabed, with the tsunami perturbation
superimposed on the local bathymetry. The momentum flux itself from the Fig. 16 and Fig. 22 gives more direct indicator of
the hydrodynamic demand than water elevation alone, mainly its peak that identify time windows where the tsunami may
produce stronger horizontal loading on coastal or bridge components. The flow-speed envelops reveal that velocity demand
can remain spatially variable even in case of moderate sea-surface anomaly. All these supports the use of multiple tsunami

intensity measures instead of relying only on run-up or maximum water elevation.
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Figure 14. Gauge ensemble response for EQ1: sea-surface anomaly, 1.
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Figure 15. Gauge ensemble response for EQ1: water depth, h.
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Figure 16. Gauge ensemble response for EQ1: momentum flux, hU2.
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Figure 17. Gauge ensemble response for EQ1: flow speed, U.
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Figure 18. Representative benchmark-gauge hydrodynamic histories for EQ7.
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Figure 19. Gauge ensemble response for EQ7: sea-surface anomaly, 1.
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Figure 20. Gauge ensemble response for EQ7: water depth, h.
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Figure 21. Gauge ensemble response for EQ7: momentum flux, hU=2.
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Figure 22. Gauge ensemble response for EQ7: flow speed, U.

From a global view of the seven selected events, they were compared using cross-event timing and intensity summaries.
As displayed in the Fig. 23 and Fig. 24, the normalized intensity fingerprint highlights strong event-to-event variability among
the seven selected scenarios. The EQ1 dominate the dynamic response metrics, while EQ7 produce the largest median water
depth, and EQ3 showing delayed first arrival, while EQ2—EQS8 produce the most persistent tsunami signals. The arrival-time
and tsunami duration distributions from Fig. 25 show that source location and basin geometry strongly influence disturb the
timing of tsunami impact. Events with nearby sources may produce earlier arrivals, while more distributed responses can
produce wider timing ranges across gauges. From a combined views from Fig. 23, Fig. 24 and Fig. 25, it can be concluded that
the most rapid event is not necessarily the most hydrodynamically severe. As example, EQ1 shows relatively strong median
flow-speed and momentum-flux indicators, whereas other events may show larger total water-depth values (eg. EQ7), because

their retained gauges are in deeper bathymetric settings.
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Figure 25. Cross-event comparison of tsunami arrival times and durations across the selected Marmara events.

Overall, the results demonstrate how the selected Marmara tsunami scenarios differed in source deformation, initial
elevation, propagation timing, gauge-level hydrodynamic response and cross-event intensity. Moreover, the 20-lane
diagnostics show that, the final seven-event benchmark set was obtained through an event-aware source-selection procedure,
with most scenarios supported by the L03 spine and selected cases necessitating alternative earthquake-plus-landslide
arrangements. This provides a visible foundation for the subsequent discussion of historical consistency, modelling uncertainty

and infrastructure-relevant tsunami demand.
5. Discussion

5.1. Historical benchmark consistency and scenario selection

Objectively, this study is not to claim that one single tsunami source can fully describe the Marmara tsunami events, but
to establish a reproducible scenario-selection workflow controlled by historical runup-evidence. From the total of 22-event
catalogue, seven with well reported site-based runups were restrained and passed 20-lane sources/model comparison. This
comes from a context where Marmara tsunami reality is sparse, spatially uneven and often expressed through place names or
narrative descriptions instead of modern instrumental records. Consequently, the final selected run-ups should be interpreted
as standard-consistent simulation outputs, and not as raw offshore gauge samples.

The validation results show that the final selected scenarios reproduce the reported Altinok et al. (2011) (NHESS) run-up
targets with low residuals. Nevertheless, this agreement should not be read as proof that the exact historical sources are
exclusively resolved, rather it demonstrates that the selected source—propagation combinations are physically plausible and
consistent with the available historical constraints. This distinction is important for data-sparse near-field basins, where ancient
run-up observations offer important constraints but cannot completely fix rupture geometry, landslide geometry, or local

shoreline amplification.
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5.2. Role of earthquake and submarine-landslide source components

The deformations maps displayed in Fig. 7 and Fig. 8 establish the evidence that submarine-landslide components behave
as a localized perturbation superimposed on the broader co-seismic deformation, and the deformations ranges proving the
earthquake-plus-landslide (EQ+LDS) contributing as a varying amplification and changing the source amplitude envelope
with spatial distribution in an event-dependent manner. This supports the use of event-aware source choice rather than a single
source family for all historical cases. Besides, the final selected lane structure supports this interpretation, with nearly all events
reproduced by L03 NHESS-based source backbone, with exception to only EQS8 that is produced by L01-lane earthquake-
plus-landslide (LDS) configuration. This proves that a common source-construction logic can reproduce most benchmark
targets, while at least one event can benefit from a totally different source representation. Such behaviour is predictable in the

Marmara Sea, where tsunami generation may involve both tectonic displacement and localized submarine slope processes.

5.3. Hydrodynamic response and infrastructure relevance

Reading from the gauge-level outputs (Fig. 13 to Fig. 23), it’s clear that the initial source deformation only can’t reproduce
tsunami response. Instead, it requires the effects of bathymetry, coastal geometry, basin reflection and repeated wave
interactions to redistribute the initial disturbance and generate spatially variable maximum water-heigh, arrival-time, and peak-
response fields. It’s important also to notice that first arrival and maximum response do not necessarily occur at the same time,
which is relevant for warning interpretation and for infrastructure demand modelling.

The results from gauges time-histories explain that the sea-surface anomaly, water depth, flow speed, momentum flux,
and directionality are not maximized at the same time. This approves that tsunami demand for bridges and coastal transport
assets cannot be characterized by run-up or maximum water elevation alone. Instead, flow speed and momentum-flux proxies
offer further information on probable horizontal loading windows, whereas arrival and duration metrics aid define the time
windows required for subsequent nonlinear time-history analysis. The chosen gauge outputs thus provide a bridge between

historical tsunami reconstruction and infrastructure-oriented hazard assessment.

5.4. Uncertainty and limitations

For future improvement of this study, it has been identified some uncertainties and limitations that could be considered.
These include first, the historical run-up targets affected by location uncertainty, narrative interpretation and differences amid
reported coastal effects and modelled proxy points. At other part, there are also the focal mechanisms and source perturbation
that are not exclusively constrained for olden and pre-instrumental events. Additionally, depth-average shallow-water
equations were considered in the modelling excluding factors such as frequency dispersion, sediment transport (Masaya et al.,
2020) and detailed local behaviour geometry, and run-up as well as inundation estimate quality depend also on the resolution
and accuracy of the bathymetry/topography data near the coast.

Thought all these limitations do not overturn the workflow; they define its appropriate interpretation. Consequently, the

results should be used as historically constrained scenario products and hydrodynamic demand inputs, not as definitive
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reconstructions of unique past tsunami bases. The value of the 20-lane construction is that it exposes these choices instead of

hiding them behind a single preferred simulation.

5.5. Transferability

This study established a workflow and methodology that can be transferred to other near-field basins where instrumental
tsunami records are sparse, but run-up descriptions, bathymetry, mapped faults and probable source hypothesise are available.
Specifically, all labelled lane structures, the separation of physical backbone scenarios from diagnostic alternatives, the explicit
run-up validation table and preservation of gauge histories for infrastructure applications could be easily transferred to other
case events. That’s why the proposed approach is well useful for not only historical tsunami reconstruction/validation, but also

for risk-informed planning in coastal regions where multiple source mechanisms may contribute to hazard.

6. Conclusions

This study developed a physics-based and benchmark-constrained GeoClaw workflow to reconstruct historical Marmara
Sea tsunami scenarios. From a total of 22-events historical-tsunami catalogue, seven with of reported run-up target by (Altinok
et al., 2011) were retained and evaluated through 20-lane of source/model comparison (the corresponding lane-control and
scaling matrices are documented in the Appendix A). The workflow connects source deformation, bathymetry/topography,
tsunami propagation, maximum water height fields, arrival and peak-response timing, gauge histories and bridge-ready
hydrodynamic outputs. At the end of the selection process, the best seven-scenario set records strong agreement with the
historical run-up benchmarks, with RMSE = 0.024 m, MAE = 0.019 m, maximum absolute residual = 0.048m, and MAPE =
1.1%, with all seven absolute percent errors below 10%. The lane comparison also confirmed the insufficiency of wet-gauge
positive crests as direct run-up proxies, although the selected simulation results provide more appropriate benchmark-
consistent representation of the reported historical local positions.

At other part, the source diagnostics show that most selected cases are represented by the L03 NHESS-based source
backbone, while EQS is better epitomised by the LO1 earthquake-plus-landslide configuration. This indicates that a common
source-construction logic explains most historical run-up targets, but that event-specific earthquake-plus-landslide source
representation is needed for at least one scenario. The EQ+LDS fields change the deformation range considerably and introduce
localized source perturbations without simply replacing the broader earthquake-controlled deformation pattern.

Finally, the propagated tsunami fields and gauge histories reveal that initial elevation, maximum water height, first arrival,
peak-response time, flow speed, and momentum flux define different aspects of tsunami impact. These quantities are not
maximized simultaneously and therefore should be interpreted together, especially when the outputs are used for bridge or
coastal-infrastructure demand assessment. The resulting gauge histories provide direct input for subsequent nonlinear time-
history analysis of bridge systems exposed to earthquake-tsunami sequences.

Opening the debate to further improvement of this study, it’s important to indicate some limitations that emended from
the main workflow. Otherwise, future study could consider solving uncertainty in historical run-up locations, simplified

representation of submarine landslide contributions, source-parameter uncertainty Sopaci and Ozacar, (2023),
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bathymetric/topographic resolution, and the use of depth-averaged shallow-water modelling. However, despite these
445 limitations, the labelled lane structure makes the modelling choices transparent and reproducible. The proposed workflow can
be extended to other data-sparse near-field basins where historical evidence and modern numerical modelling must be

combined for tsunami hazard and infrastructure-risk assessment.

450
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470 Appendix. A Source-lane design, parameter controls, and event-specific scaling.

This appendix documents the internal structure of the 20-lane Marmara tsunami modelling ensemble. The figures identify
which lanes modified source-family assumptions, earthquake and landslide scaling factors, numerical/model-control terms,
and source-geometry parameters. These diagnostic matrices support the reproducibility of the lane-selection process used.

Binary control matrix showing which modelling components were modified or controlled in each lane of the 20-lane

475 source/model ensemble. Dark cells indicate that the component was explicitly touched by the lane, while light cells indicate
the base setup was retained. Please noted that all lanes’ notations with NHESS prefix are referring to Altinok et al. (2011) and

mainly its reported runups.
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Figure Al. Source-lane control matrix for the 20-lane Marmara tsunami ensemble.

480 In the Fig 2, it can be seen the heatmap of earthquake-source scale factors applied by event and lane. Cells labelled “base”
indicate the reference source setup, while numerical cells indicate explicit source-scaling factors used in the corresponding

lane. Regarding Fig. 3, it presents the heatmap of submarine-landslide source scale factors applied by event and lane. The
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figure documents where landslide amplitude or source intensity was retained at the base value and where event-specific scale

factors were introduced.

All 20 Lanes: Earthquake Source-Amplitude Diagnostic Scale or Base Setup Value
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Figure A2. Event-wise earthquake-source scaling factors across the 20 lanes.
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All 20 Lanes: Landslide Source Scale or Base Setup Value
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Figure A3. Event-wise landslide-source scaling factors across the 20 lanes.

Code availability

490 The tsunami simulations were completed with GeoClaw/Clawpack, an open-source finite-volume tsunami and
geophysical-flow modelling framework (Berger et al., 2011; LeVeque et al., 2011; Team, 2026). The developed scripts and
workflow, including the source-catalogue preparation, seven-scenario validation table, the 20-lane sources/model comparison,
selected processed intensity measures, environment/requirement files, the manuscript-table exports as well as figure-
reproduction scripts are stored in the Zenodo repository Marmara Tsunami Physics-Based Scenario Selection: Code and Data

495  Package, version v1.0 (Djima and Zulfikar, 2026), https://doi.org/10.5281/zenodo.21467453. Additional raw simulation

folders and very large intermediate outputs that are not included in the archive can be requested from the corresponding author

where storage and licensing constraints permit.
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Data availability

The processed data required to reproduce the main results of this study are archived in the Zenodo repository Marmara
Tsunami Physics-Based Scenario Selection: Code and Data Package, version v1.0 (Djima and ZULFIKAR, 2026),
https://doi.org/10.5281/zenodo.21467453. The archive includes the selected seven-event catalogue, the full 22-event catalogue

where available, lane dictionary, selected-scenario validation metrics, processed deformation, runup, travel-time, maximum-
water-height and gauge-history summaries, manuscript-table CSV exports, supplementary lane matrices, and available figure
outputs. The historical tsunami/runup constraints used for benchmark comparison are based mainly on the Marmara/Turkish
tsunami catalogue of Altinok et al. (2011). Bathymetry/topography data used for the modelling were obtained from the GEBCO
2024 grid (GEBCO Compilation Group, 2024). Fault/source information and supporting geological constraints were compiled
from the literature cited in the manuscript. Large raw GeoClaw frame outputs, complete non-selected lane output folders, and
restricted or very large third-party bathymetry/topography products are not redistributed; they are documented in the large-file

manifest and can be provided where licensing and storage constraints permit.
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