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ABSTRACT 
Here we show a slip model for the 2021 M7 Acapulco, Mexico, earthquake produced by inversion of strong 
motion, GNSS, tide gauge, and InSAR data. The earthquake occurs within the Guerrero gap, identified as 
a region of concern for its seismogenic potential and paucity of large events. We find that rupture was 
compact, constrained to depths between 10 and 20 km and consistent of two main slip patches. The slip 
model leaves a broad swath of the megathrust unbroken. Whether the event signals a reactivation of large 
earthquakes in the region remains unknown. We find that tide gauge recordings inside Acapulco Bay for 
the M7 1962 earthquake and the 2021 event are strikingly similar, we interpret this as weak evidence that 
2021 is a repeat of 1962. We also produce a high resolution hydrodynamic model of the resulting tsunami 
using the slip model as initial condition and place special emphasis in understanding the long duration (~17 
hr) of waves inside the bay. We find that simple bay resonance alone does not account for the features of 
the event. Rather it is a complex interaction with shelf modes and edge waves which continuously re-excite 
the bay resonance that leads to the protracted tsunami disturbances. Furthermore, we find that significant 
currents in excess of 1 m/s occur in localized portions of the bay even when wave amplitudes remain small.  
KEY POINTS 

• We analyze the earthquake source and tsunami propagation of the Acapulco earthquake 
• We find that the event rupture only a small portion of the Guerrero gap 
• We establish that tsunami amplification is due to bay resonance, edge waves, and shelf modes 

INTRODUCTION 
On September 8th 2021 1:47:47 UTC an Mw7.0 (M0 = 3.5x1019 N-m) earthquake with hypocenter ~5 km 
offshore the city of Acapulco struck the southern Mexican Pacific coast (Figure 1A). This region of the 
country is a subduction zone where the Cocos plate subducts beneath North America at ~6 cm/yr with a 
slightly oblique convergence direction (e.g. Kazachkina et al., 2020). The margin is seismically quite active, 
with many large ~M7-M8 events in pre- and instrumental times (Castro et al., 2016; Sawires et al., 2019; 
Suarez et al., 2020). However, the ~250km long part of the megathrust that lies roughly between –101.2° 
and –99° has been relatively quiet since 1962 when two large (Ms6.7 and Ms7.0, Figure 1) took place in 
quick succession (Ortiz et al., 2000). For this reason, this part of the subduction system that lies offshore 
the state of Guerrero is known as the “Guerrero gap”.  

The 2021 earthquake is thus important because it signals a potential reactivation of large events in the 
region. Here we will present a slip inversion calculated from regional strong motion, high-rate global 
navigation satellite system (HR-GNSS), tide gauge, and interferometric synthetic aperture radar (InSAR, 
Figure 1). We will show that the slip model for the Acapulco earthquake is quite compact and leaves plenty 
of the Guerrero gap still unbroken. The event is also of significant interest because it ruptured immediately 
underneath Acapulco bay (Figures 1A, 1B). Its crustal deformation, both inferred from the InSAR data 
(Figure 2B) as well as modeled from the slip inversion (Figure 2B) show ~15-20 cm of widespread uplift of 
the bay. This led to an almost instantaneous tsunami which was recorded by the ACAP tide gauge inside 
the bay and which also clearly shows ~16cm of uplift (Figure 3A,B). 



 
Figure 1. (A) Regional context slip inversion results. Strong motion, GBNSS, and tide gauge stations sued 
are shown with inverted triangles. Dashed lines are 10 km depth contours from the slab 2 model (Hayes et 
al., 2018). White star is the hypocenter location from the SSN. Focal mechanisms are for the two events of 
the 1962 doublet (Ortiz et al., 2000). (B) Close-up of Acapulco bay showing the location for the ACAP tide 
gauge and bathymetry contoured at 20 m intervals. 

 

 
Figure 2. (A) InSAR line of sight deformation from time series analysis. Positive is motion towards the 
satellite. (B) Predicted vertical deformation from the slip inversion in Figure 1A. 

The history of tsunami recordings inside Acapulco bay is extensive (e.g. Sanchez & Farreras, 1993; Geist 
& Parsons, 2006). As detailed by Zaytsev et al. (2016) and Ortiz-Huerta et al. (2018) it is well established 
that far field tsunamis, which have small amplitudes outside the bay, are amplified within it, they have near 
monochromatic behavior (period ~ 30 min), and can have long durations. However, little is known about 
how regional events will behave in the bay. Ortiz et al. (2000) analyzed analog tide gauge records (Figure 
3C) of the Ms7.5 1957 and Ms7.0 1962 earthquakes in an effort to constrain the source areas of those 
events. However, no significant attention was paid to understanding the hydrodynamics of amplification. 
For this purpose the 2021 provides an excellent opportunity to analyze the response of the bay and the 
region to forcing by local events. 

Specifically three phenomena are of interest: resonance of the semi-enclosed bay, shelf modes, and edge 
waves. Oscillations in bays are well understood - tsunami excitations are trapped by the enclosed shoreline 
and have periods dependent on the shape, dimension, and depth of the bays. This trapping leads to long 



duration events with waves of very specific periods (Rabinovich, 2010). For Acapulco we expect behaviors 
similar to those already identified from far-field events (Ortiz-Huerta et al., 2018). Shelf modes are resonant 
phenomena as well. Because tsunami wave speeds depend on the square root of depth, abrupt changes 
in bathymetry are analogous to impedance contrasts in seismology. Tsunami waves can become trapped 
in the low velocity continental shelf between the coast, which acts like a reflecting boundary, and the deep, 
high velocity, trench. Edge waves meanwhile are analogous to surface waves in seismology. Trapped by 
refraction along the “rigid” boundary that is the shoreline, these oscillations travel along strike of the fault 
and always in the near-shore environment. For regional events shelf modes and edge waves contribute to 
the protracted duration of hazardous waves and currents (e.g. Yamazaki & Cheung, 2011; Cortes et al., 
2018). In Mexico, Melgar & Ruiz-Angulo (2018) previously identified significant contributions from both shelf 
modes and edge waves to a very long duration (~48 hr) tsunami produced by the 2017 M8.2 Tehuantepec 
earthquake east of the Acapulco region. There, however, the Gulf of Tehuantepec is extremely flat and 
broad and ideal for both phenomena to be well-expressed. Meanwhile in the Guerrero region the shelf is 
very short - the coast gives way almost immediately to the continental slope (Figure 1,2). So, a priori, one 
would expect a more muted contribution from shelf modes and edge waves.  

 
Figure 3. Tsunami observations at the Acapulco tide gauge. (A) Raw observations and tidal model. (B) 
Tsunami after removing the tides. Dashed lines show a drop in water level corresponding to coseismic uplift 
of ~16cm. (C) Comparison between the 2021 and 1962 tsunami records. 

Within this context we will use the earthquake source model inverted from regional geophysical data as the 
initial condition to produce a high resolution hydrodynamic model of the 24 hrs following the onset of the 
tsunami. The goal is to understand the mechanisms of amplification. We will show, somewhat counter-
intuitively, that while simple resonance of the enclosed bay is certainly important, the duration of excitation 
has a significant contribution from edge-waves and shelf modes. While very short, the continental shelf 
between –103° and –98° is still capable of producing these two phenomena. They are long lasting, confined 
to the near-shore region, and continuously feedback into and “re-excite” the bay resonance. If these were 
absent the duration of the tsunami in the bay would be far shorter. We also find that because the bay (and 
the coast) undergoes uplift, for the first ~ 30 mins after the onset of the event, the tsunami currents are 



directed out of the bay, effectively flushing it, even when tsunami waves are propagating into it. These 
currents achieve significant speeds in excess of 1 m/s in localized parts of the bay and are potentially quite 
hazardous (e.g. Lynett et al., 2014). Finally, we note that the phenomena is of interest beyond the sphere 
of academic research. The city of Acapulco, which surrounds the bay (Figure 1B) is home to ~800k people 
and most of the economic activity of the region is tied in some way to the bay. Deepening the understanding 
of the physics underpinning the peculiar tsunami hazards of the bay is of fundamental importance towards 
increasing resilience of the region. 

DATA AND METHODS 
Geophysical Observations and Processing 
In order to produce a model of the slip on the fault we rely on high-rate GNSS, strong motion, InSAR line 
of sight (LOS) data, and the coseismic offset from the ACAP tide gauge (Figure 1). For validation of the 
tsunami model we rely on the time-varying tide gauge recording. Processing applied to each of these is 
detailed below. 

Crustal deformation 

We processed InSAR data from ascending track 78 of the Copernicus Sentinel 1 satellites (Figure 2B). 
Single interferograms for this track have substantial atmospheric noise that partly obscured the coseismic 
signal and cause large errors in estimating the coseismic displacements. To ameliorate this, we processed 
a series of interferograms that span a month and a half before and after the earthquake. Using InSAR time-
series analysis (Yunjun, et al., 2019), we estimated a step function at the time of the earthquake. Prior to 
inversion a ramp was removed to further correct for any remaining long wavelength biases and the 
interferogram was down sampled using the QuadTree approach (Figure 4, Lohman & Simons, 2005). 

Seismological 

Time-dependent information of the elastic wavefield was used for inversion as recorded by two separate 
sets of instruments. First, four three-component accelerometers operated by the Instituto de Ingenieria, part 
of the Universidad Nacional Autónoma de México (See data and resources), (Figure 1A,4) were used. 
These were integrated from acceleration to velocity, decimated with an anti-alias filter from 100Hz to 5Hz, 
and bandpass filtered between 20 s and 0.4 Hz.  

 
Figure 4. Data fits for the slip inversion. (A) Fits to the HR-GNSS. Red is modeled, black is observed. 
Numbers indicate the peak amplitudes of each waveform. (B) Same as (A) but for the strong motion data. 
(C) Down sampled InSAR LOS  used in the inversion. (D) Predicted InSAR LOS from the inversion. 

Next, three component displacements from three HR-GNSS sites (Figure 1A,4) were estimated. We use 
the relative positioning code TRACK (Herring et al., 2018) with International GNSS Service final clocks and 



orbits. Displacements are computed at 5 Hz with respect to station UTON outside Puebla, Mexico. We 
window the time series such that no ground motion at the reference station will be propagated into the sites 
used in the inversion. The displacements are then low-pass filtered to 0.5 Hz and inverted without 
decimation. For inversion the vertical channels were down-weighted by a factor of three to account to the 
well-known higher noise levels in this direction of motion (e.g. Melgar et al., 2020) 

Tsunami 

A single tide gauge recording at station ACAP inside Acapulco Bay (Figure1B,3) is of critical importance for 
validating the hydrodynamic model. The device records water levels at 1 minute intervals. We estimated 
the tide time series at the location of the gauge using the Tide Model Driver package (Egbert and Erofeeva, 
2002), which implements the fully global solution TPX09-atlas (Figure 3A). The tides were then removed 
from the record (Figure 3B) revealing that, in addition to the tsunami there is a coseismic drop of ~16 cm in 
water level. This is consistent with uplift of the tide gauge relative to the datum of mean sea level. We use 
this offset in the slip inversion as well. We calculated the background noise level of the sensor using 6 hrs 
of pre-event noise and estimated the waveform envelope using the Hilbert transform (Figure 1C). The 
envelope provides a simple way of measuring the time it takes the record to decay back to its pre-event 
condition and thus estimate the duration of the tsunami.  
Additionally, to analyze the time-frequency behavior of the tsunami observations (and later of the model 
output) we use the Hilbert-Huang transform (HHT) (Huang et al., 1998; Huang & Wu, 2008). The HHT relies 
on empirical mode decomposition of the time series into a user-defined number of intrinsic mode functions 
(IMFs). These IMFs are themselves time series which are guaranteed, by construction, to contain only a 
single frequency component at any instant in time. The approach then consists of applying the Hilbert 
transform to each IMF in order to estimate the instantaneous frequency of each as a function of time. The 
HHT provides the same information as a spectrogram (frequency content as a function of time), familiar to 
most geophysicists. Traditionally this has been estimated using Fourier analysis of overlapping windows of 
the original time series – but, the HHT has the added benefit of much higher precision in the time-localization 
of when each frequency component occurs. Details of this superior performance over traditional Fourier, 
and even wavelet techniques, are in Huang et al. (1998). We chose this approach because the slow 
sampling of the tide gauges and the long period of the tsunami oscillations made it challenging to use 
traditional Fourier techniques.  
Earthquake Source Model Inversion 
To invert for the time history of slip, we use the MudPy slip inversion code (Melgar & Bock, 2015). This is a 
linearized approach which uses the multi-time window method for estimating the amount of slip and its 
onset times across the fault. We assume the megathrust geometry from the Slab 2 database of subduction 
zones (Hayes et al., 2018) . This is very well constrained for the Guerrero region. In addition to being 
informed by focal mechanisms, here the geometry includes constraints from receiver functions and 
tomography from dense deployments of temporary networks (Perez-Campos et al., 2008). The 3D fault 
geometry is discretized into 256 triangular subfaults (Figure 1A) using a finite element mesher. 

Static and elastodynamic green functions for the InSAR, HR-GNSS, and strong motion data are calculated 
using the frequency wavenumber approach of Zhu & Rivera (2002). We assume a 1D layered Earth 
structure obtained by taking a vertical profile at the epicentral region through the 3D model for Mexico of 
Spica et al. (2016). We allow slip to occur on five 50% overlapping triangle slip rate functions. Each slip 
rate function has a rise time of 1 s. This value was chosen because it is roughly consistent with what’s 
expected from rise time-magnitude scaling laws derived from worldwide events (Melgar & Hayes, 2017) 
We also test several allowable rupture speeds ranging between 2.8 and 4.6 km/s. To nucleate rupture we 
assume the hypocenter provide by the national network of the Servicio Sismológico Nacional (SSN) which 
is located at (-99.93°, 16.77°, 13.7 km). This is approximately 20 km southwest of the hypocenter reported 
by the U.S. Geological Survey (USGS). This is a well-known bias in USGS locations for Mexico (e.g. 
Hjorleifsdottir et al., 2016). The inversion is regularized using a minimum-norm, or zeroth-order Tikhonov, 
approach. We enforce non-negative slip by limiting the possible rake angles to a window between 45° and 
135°. 
Tsunami Propagation Modeling 



We use GeoClaw for modeling tsunami propagation. It solves the non-linear depth-averaged shallow water 
equations using a finite volume approach (Berger et al., 2011). GeoClaw is widely used and has undergone 
careful validation (e.g. Arcos & LeVeque, 2015). Bottom friction is enforced using a Manning-type 
parametrization. In our simulations we held the friction coefficient fixed at 0.025. GeoClaw also has a 
moving boundary condition at the shoreline which allows cells in the model to transition between wet and 
dry states and be inundated. We did not study inundation in this work. Numerical convergence is ensured 
using the Courants-Friedrichs-Lewy (CFL) condition which we held at 0.75 and ran the propagation model 
for a total of 24 hrs of model time. 

GeoClaw uses adaptative mesh refinement (AMR) and allows bathymetry grids of different resolutions to 
be used depending on the evolution of the tsunami wavefield. This greatly reduces computational time by 
only refining regions of the model where significant activity is taking place at any point in time. We used six 
levels of refinement. These range from an outer coarser grid (AMR1) where cells are 5 arcmin (~10 km) in 
size, down to the highest level (AMR6) where cells are 1 arcsec (~30 m) in size. We use several different 
resolution combination bathymetry/topography grids, including SRTM30+ for AMR levels 1 and 2, and 
SRTM15+ for AMR level 3 (Farr et al., 2007; Tozer et al., 2019). For AMR levels 4-6 we combined digital 
nautical charts purchased from a private company (see Data and Resources) along with the SRTM1 
topography-only dataset. These higher resolution grids are only used in the vicinity of the bay (Figure 1B) 

In addition to the water level perturbations, η, we also study the horizontal currents, vh, produced by the 
tsunami. We also estimate the energy budget for the tsunami ET which is the sum of the potential and kinetic 
energies such that 

ET = EP + EK .        (1) 

The tsunami potential energy, EP, at a particular point in time is obtained from 

𝐸!(𝑡) = ∫ ∫ 𝜂(𝑥, 𝑦, 𝑡)𝜌𝑔 
 

 
   𝑑𝑥𝑑𝑦,      (2) 

Where ρ is the density of seawater and g the acceleration due to gravity. x and y are the two horizontal 
coordinates and the integral is taken over the offshore area that experiences perturbations to η. Meanwhile 
the kinetic energy, EK, as a function of time can be calculate from 

𝐸#(𝑡) = ∫ ∫ 𝜚(𝑣$[𝑥, 𝑦, 𝑡])%
 
 

 
  𝑑𝑥𝑑𝑦,      (3) 

Where once again, the surface integral is taken only over the offshore region undergoing tsunami 
perturbations. For the tsunami models we perform this calculation as a function of time analyzing the energy 
content at each time step. 

RESULTS AND DISCUSSION 
The Earthquake Source 

The final earthquake slip model is shown in Figure 1A. Its seismic moment is M0=3.92x1019 (Mw7.0) and it 
is characterized by two predominant asperities, one up-dip of the hypocenter with peak slip of 1.5 m and 
one down-dip of the hypocenter with peak slip of 2.3 m. This leads to two distinct patches of coseismic uplift 
(Figure 2B), one partly onshore and offshore with a maximum of 20 cm and another further offshore with 
~10cm of peak uplift. The bulk of the slip is neatly contained between the 10 and 20 km depth contours. To 
determine whether these features are well resolved we performed  jackknife analysis following the 
methodology proposed by Kim & Dreger (2008). We randomly removed 20% of the input data into the 
inversion and reinverted. We replaced the data and removed another random 20%. The process was 
repeated 200 times. The results are shown in Figure 5. As expected, the mean slip model is nearly identical 
to the slip in Figure 1A. The standard deviations of slip (Figure 5B) can be used as proxies for uncertainty 
and are of the order of 0.2-0.5 m for the larger slip asperities. Meanwhile, the coefficient of variation (CV, 
Figure 5C) which is the ratio of the standard deviation of slip to the mean slip identifies areas that are poorly 
resolved. A large CV is indicative of portions of the slip model that change wildly in amplitude depending 
on which data is removed in the jackknifing process. The two main slip asperities have relatively low CVs 
indicating that they persist and are required by the data. 



 
Figure 5. Inversion sensitivity analysis using a jackknife approach after removing with replacement 20% of 
the data. (A) mean slip model (B) Standard deviation of slip and (C) Coefficeint of variation (ratio of mean 
to standard deviation). (D) Sensitivity of each data type used in the joint inversion to the maximum allowed 
rupture speed. In all panels the white star is the event hypocenter and dashed lines are the slab depth 
contours from Hayes et al. (2018) at 10km intervals 

The down-dip limit of slip for this event is well constrained thanks to the on-shore InSAR in particular (Figure 
2A,4C). It is shallower (~20km) than what is observed in the 1995 M7.3 Copala and 2012 M7.5 Pinotepa 
earthquakes ~100km to the east. For those events, slip is imaged to extend closer to ~25km in depth 
(Courbouleux et al., 1997; UNAM Seismology Group, 2013). Whether there is residual deeper slip left to 
be used in future events is not possible to ascertain at this point. Although geodetic coupling models suggest 
the potential for this - they image meaningful coupling at least to 25-30 km depths in this region (Rousset 
et al., 2016, Maubant et al., 2022) 

Whether the up-dip limit of slip for the event is reliable is important. It has been shown that, unlike in strictly 
static inversions, where offshore slip occurs is uniformly difficult to pin down, the use of time-varying data 
such as HR-GNSS and strong motion data greatly ameliorates this. The pulses of velocity and displacement 
happen at specific times in the records, those can only originate from certain parts of the assumed rupture 
geometry and thus serve as strong constraints on offshore slip. A good example of this can be found in the 
resolution analysis of the 2015 Illapel, Chile earthquake (Melgar et al., 2016). For this reason, and given 
the jackknife results, we argue that 10 km up-dip limit is likely a real feature. 

Indeed, this upper limit of slip this is broadly consistent with large earthquakes in this part of the subduction 
zone. Immediately due east of this event the 1995 M7.3 Copala, 2012 M7.5 Pinotepa, 2018 M7.2 
Ometepec, and 2020 M7.4 La Crucecita earthquakes all have up-dip limits of slip at ~10km (Courbouleux 
et al., 1997; UNAM Seismology Group, 2013; Li et al., 2018; Melgar  et al., 2021). This up-dip limit seems 
persistent for large M7+ events in the region and the open question remains of whether slip between 10 km 



depth and the trench is possible in Mexico. Geodetic coupling models identify at least modest coupling 
(~0.4) at these shallow depths (Maubant et al., 2022), and Singh et al. (2016) also found evidence of near-
trench seismicity being depleted in high-frequencies, essentially behaving like small “tsunami earthquakes” 
(e.g Newman et al. 1998). In aggregate, this suggests that shallow slip is mechanically feasible. However, 
it is understood that there is room for uncertainty, coupling models, because they are based on on-shore 
quasi-static observations alone, struggle with imaging offshore. Data from offshore geophysical 
deployments (Cruz-Atienza et al., 2018) have been analyzed and been used to identify episodic shallow 
tremor and potentially slow slip events (Plata-Martinez et al., 2021). Yet, full characterization of mechanical 
coupling remains elusive. The question is of fundamental importance for tsunami hazards - geologic 
evidence of tsunami deposits up to ~5 km inland produced by the 1787 M8.6 San Sixto earthquake 
(Ramirez-Herrera et al., 2020) immediately east of the 2021 source region suggest that during extremely 
large events shallow slip is certainly a possibility. 

Spatially the event is quite compact and the same is true from a kinematic standpoint. It is short in duration 
(~18 s) and the data themselves prefer a fast rupture velocity. This can be seen in Figure 5D, a maximum 
velocity of ~ 4km/s produces the lowest root mean square (RMS) misfits to the data. At the depths where 
the majority of slip occurs the 3D velocity model (Spica et al. 2016) has shear wave speeds of 3.7-4.0 km/s. 
We note that in the multi-time window slip inversion approach we have used here this rupture speed is the 
maximum allowed. Slower propagation is permitted and would be reflected by meaningful moment release 
in later time windows. As a result, the rupture velocity results of Figure 5D do not necessarily imply that 
rupture is super-shear, although they do suggest strongly that it is fast, likely propagating close to local 
shear-wave speeds. In this analysis we varied the allowed maximum rupture speed and considered the 
RMS misfits to all of the data types used in the inversion. Evidently, static data, such as InSAR has no 
intrinsic sensitivity to kinematics. However, as the time-varying data (HR-GNSS and strong motion) 
accommodate the changes in rupture speed this impacts the quality of the fits to the static data as well. For 
this reason we prefer to analyze the impact of varying rupture speeds to all data types simultaneously rather 
than by inverting them independently. 

Within a broader context it is interesting that the 2021 earthquake ruptures very close to, or in the same 
source region, as a doublet of events that occurred in 1962. Two earthquakes with magnitudes Ms6.7 and 
Ms7.0 occurred within 7 days of each other (Figure 1A). We digitized the analog mareogram from the larger 
event (Ortiz et al., 2000) recorded at the same site within Acapulco Bay (Figure 1C) and de-tided it using 
the same procedure as that for the 2021 record. The two recording are strikingly similar. The onsets of the 
first perturbations are almost identical, and, while we only have the first 6 hrs for the 1962 recording, it is 
apparent that its coseismic offsets is also very similar. As we will show in the next section, the bay acts 
essentially as a filter for tsunami energy, preferring to resonate at a very specific period (~30 min) 
irrespective of the source. As a result any tsunami occurring within it will likely always have a very similar 
behavior. So, it is hard to ascertain from this comparison alone that the 2021 earthquake is a repeat of 
1962, however, the suggestion is there, and the prospect of it is tantalizing. 

Analysis of Tsunami Behavior in the Bay 

Since the ACAP tide gauge is the only hydrodynamic observation of the event within the bay, to validate 
the model, it is important to match it well. Figure 6A shows very good fits between the model and the 
observation for the first ~6 hrs after origin time (OT). Afterwards the waveforms continue to be very similar 
but a phase shift begins to manifest – the modeled waveform shows a slight delay and by ~12hrs the 
waveforms are offset by about ¼ of a wavelength. We only have higher resolution bathymetry for the bay 
so it is most likely that this delay introduced by imperfect resolution of the bathymetry outside it introducing 
artificial delays (e.g. Romano et al., 2015). Nonetheless the waveforms shapes are a close match, and their 
temporal evolutions otherwise similar, as noted by the waveform envelopes (Figure 6B). The tsunami is 
observed above the noise in the envelopes up to ~15 hrs after OT.  

Their data and model agree very well in the frequency domain as well (Figure 6C,D). The observations 
have a narrow spectral peak in the ~20-40 min period range, with most of the energy split into two sub-
peaks at ~29 and 32 mins. The model captures this, albeit with slightly less power. One area of divergence 
is at short periods, here, the model has slightly elevated spectral content at ~5-10 min periods which is not 
seen in the observations. The spectrograms for the observations (Figure 6C) suggest that there is noise 
potentially obscuring this. 



 
Figure 6. (A) Comparison between observed and modeled tide gauge records inside Acapulco Bay. (B) 
Comparison of observed and modeled waveform envelopes constructed from the Hilber transform of each. 
(C) Spectrogram of the observed data and integrated amplitude spectrum constructed using the empirical 
mode decomposition approach (D) Same as (C) but for the modeled tsunami record. 

The above discussion suggests that the hydrodynamic model is very reliable, at a minimum inside Acapulco 
bay, and captures many of the details of the tsunami. Figure 7 shows the snapshots of the hydrodynamic 
model that feature the resonant behavior of the bay in the first hour after origin time. The ~30 min period of 
oscillation is clear, albeit with some interesting complexities. For example, the interactions between the 
main part of the bay and the smaller Puerto Marquez bay to its southeast is such that each of these 
resonates out of phase with the other. This is also clear in Figure 8A where we have plotted the dominant 
period of the tsunami and the differences in the oscillation frequencies of the two bays are clear.  

Also of note is that for the first ~15 minutes the tsunami currents (Figure 7) are directed out of the bay, even 
when the tsunami waves are inbound to it. Recall that the entire bay is uplifted by ~15-20 cm (Figure 2B), 
so, this initial stage of the tsunami reflects the uplifted waters of the bay being flushed out as the water 
levels relax down to mean sea level. Indeed the currents can be quite strong. Figure 8B shows the maximum 
current observed for the full 24 hrs of propagation time. These peak in some regions in excess of 1 m/s. 
Although it is not until currents reach 3-6 m/s that significant damages are expected, currents like the ones 
in Figure 8B while, still modest, begin to enter the range where they are considered hazardous to 
infrastructure (Lynett et al., 2014).  

The nature of amplification: bay resonance, shelf modes, and edge waves 
Long duration oscillations and hazardous currents are to be expected. After all, Acapulco is an enclosed 
bay. However, the nature of the long duration of the event is not as straightforward as simple resonant 
phenomena. Numerical experiments of tsunami amplification of bays in Alaska and New Zealand led Belloti 
et al. (2012) to conclude that shelf modes and edge waves contributed to amplification by continuously re-
exciting the bay resonance. We find that to be particularly true for Acapulco – consider Figure 9 where we 



show snapshots of tsunami propagation for the first 6 hrs and for ~700 km of coast along-strike of the 
trench. The continental shelf in this part of Mexico is both steep and short. These conditions are not 
favorable for development of shelf-modes and trapping of edge waves (e.g. Geist, 2013). Nonetheless  the 
modest shelf between –103° and –98° still manages to trap waves and we see vigorous tsunami activity 
between the coast and the 1000 m depth contour. It stands to reason then, that when the edge waves in 
particular, traverse the entrance to the bay they re-excite the resonance, in effect injecting new energy and 
re-invigorating the tsunami in the bay. 

 
Figure 7. Snapshots at 6 min intervals of tsunami propagation inside Acapulco bay for the first hour after 
origin time. The colors denote the sea surface elevation while the arrows denote the direction of the tsunami 
current. Grey contours are bathymetry at 20 m intervals and topography at 100 m intervals 

 

 
Figure 8. (A) Predominant period of the tsunami oscillations for the full model propagation time defined as 
the largest amplitude peak in the spectra. (B) Maximum current observed in the model. Grey contours are 
bathymetry at 20 m intervals and topography at 100 m intervals 



 
Figure 9. Oblique view and snapshots of edge waves trapped in the continental shelf. Bathymetry is shown 
at 1000 m contours. The barbed line is the Middle America Trench. 

 

To test this idea we ran a second tsunami model using the same initial condition but with an added 
restriction. We set up the mesh refinement conditions such that all areas outside of the bay were restricted 
from any refinement. In practice, this means that only very coarse resolution bathymetry is allowed 
everywhere outside the bay, while within the bay the full resolution bathymetry is used. The effect of this is 
to numerically dampen, and almost altogether discourage, the formation of shelf modes and edge waves 
while still allowing the bay resonance to occur as before. Figure 10A shows the results of this at the ACAP 
tide gauge. Here we can see that, for the model with no edge waves or shelf modes, the amplitude decay 
after the first maximum is near-monotonic and like a decaying exponential. This is what would be expected 
for a dampened resonator such as a bay. Meanwhile in the full model, where the bay resonance occurs 
alongside shelf modes and edge waves, the oscillations last many more hours and have a more complex 
decay behavior. The period of the main oscillation is identical (~30 min, Figure 10B) but it is clear that there 
is a lot of spectral content missing from the model with no edge waves or shelf modes. A better view of this 
is in Figure 10C, here we calculated the tsunami energy as a function of time integrated over the entire bay 
using EQs1-3. For the first ~4hrs the decays are similar, but after that, the model with no edge waves or 
shelf modes remains well over half an order of magnitude smaller, in terms of energy content, than the full 
model. In fact, one can see energy peaks at ~6 and ~12 hrs in the full model where the tsunami is re-
energized most likely as a result of edge waves travelling along the shelf (Figure 9).  

CONCLUSIONS 
The earthquake source 
The 2021 M7 Acapulco earthquake occurred within the Guerrero gap, a region long identified as a source 
of concern for its seismic potential. It had a very compact rupture, between 10 and 20 km depth, with two 
predominant asperities. The slip model shows that there is plenty of megathrust left to break. There is 
debate as to whether all of the gap is seismogenic, as there is evidenced of reduced geodetic coupling 
(Maubant et al., 2022). Nonetheless, there have been numerous past events in this portion of the margin 
(Suarez et al., 2020), but, whether the 2021 Acapulco earthquake signals a reactivation of the gap since 
the last period of activity in 1962 (Ortiz et al., 2000), remains to be seen. Of note, the tsunami records 



between the 1962 and 2021 events are nearly identical. Interpretation of this fact is complicated by the 
amplification effects of the bay, but this can be taken as weak evidence that 2021 is a repeat of, or at least 
very similar, to the 1962 earthquake. It is also interesting that the up-dip limit of the event (~10 km) is 
consistent with what has been seen in slip models of other large earthquakes of the last 30 years. While 
there are paleoseismic reasons for believing co-seismic slip shallower than this is possible in Mexico, this 
has not yet been seen in a contemporaneous megathrust event.  

Figure 10. (A) Synthetic records at the ACAP tide gauge. Comparison between the model with full resolution 
bathymetry versus the model with low resolution bathymetry outside of the bay which precludes edge wave 
trapping. (B) Power spectra for the waveforms in (A). (C) Temporal evolution of tsunami energy integrated 
over all of the inside of Acapulco Bay for both models. Thin lines are the 30 s sampled results, thick line is 
the 30 min. moving average. 

 

Tsunami behavior and hazards 
The tsunami had a protracted duration (~15 hrs). This was at first blush, unsurprising, given the shape of 
the bay and its known ability to act as a resonator, trapping, and amplifying tsunami energy. However, a 
detailed analysis of the hydrodynamic model reveals that the bay alone is not responsible for the long 
duration of the event. Edge waves and shelf modes, which represent tsunami energy trapped in the near-
shore environment, are, somewhat surprisingly, expressed well in the short shelf offshore Guerrero. These 
two phenomena also produce long duration oscillations lasting many hours, and, as a result, continuously 
reinvigorate the bay resonance. It is the interplay between these three phenomena that is the mechanism 
responsible for Acapulco Bay’s peculiar amplification characteristics. The hydrodynamic model also 
revealed that currents can be quite meaningful, even when water level disturbances are modest. For 
hazards, this suggests that when considering long-term assessments in probabilistic frameworks for the 
region (e.g. Salazar-Monroy et al., 2021) it is important to include long-duration modeling, and a wide 
aperture geographic domain to allow these features to be expressed in the numerical model. Further we 
stress that amplitudes alone are insufficient to characterize the full extent of the tsunami threat in the region, 
currents, and duration of disturbances must be quantified as well. 
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