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Abstract We present a field survey and a number of simulations of the local Persian Gulf
tsunami of 19 March 2017 at Bandar Dayyer, Iran, which resulted in one death, five
persons missing and significant damage to the port. The field survey defined the inundated
area as extending ~ 40 km along the coast, with major effects concentrated on an ~ 8 km
stretch immediately west of Dayyer, a maximum run-up of 3 m and maximum inundation
reaching 600 m. In the absence of significant earthquakes on that day, we first test the
possibility of generation of a landslide; however, our simulations for legitimate sources fail
to reproduce the distribution of run-up along the coast. We prefer the model of a meteo-
rological tsunami, triggered by Proudman resonance with a hypothetical weather front
moving at 10 m/s in a NNW azimuth, which could be an ancillary phenomenon to a major
shamal wind system present over the Persian Gulf on that day. More detailed simulations
of the Dayyer tsunami would require an improved bathymetric grid in the vicinity of the
relevant coastal segment.
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1 Introduction

On 19 March 2017, a series of waves from the Persian Gulf inundated significant parts of
the Port of Dayyer on the southern coastlines of Iran (Fig. 1), some time between 8:00 and
8:20 AM local time (4:30—4:50 GMT). It resulted in one death and five people missing,
and reportedly capsized about 300 boats and caused ~ $10 million of damage. According
to Iranian state media, water progressed as far as ~ 1 km in land and video footage
recorded by local individuals or seasonal travelers reveals surges of up to ~ 2 m in a
relatively calm, cloudy morning, even though a significant thunderstorm had occurred a
few hours earlier. Local news outlets place the largest extent of destruction at Seyyed-Safa,
a neighborhood close to the cruise port (Fig. 2).

Such accounts of the event lack the quantitative nature necessary for a scientific
understanding of the phenomenon. First, the initial reports of the tsunami do not reveal the
full extent of inundation as they only provide descriptive—albeit very valuable—accounts
of the surge at Dayyer. In particular, it is not clear whether the surge was indeed focused on
Dayyer, or was simply reported there due to the presence of people and infrastructure.
Second, although the maximum run-up was reported to reach 2 m, it is also unclear if it had
been the highest value through the entire extent of inundation. Such information is critical
in determining the type of tsunami source as well as its energy (e.g., Okal et al. 2002; Okal
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Fig. 1 Bathymetry (GEBCO; Fisher et al. 1982) of the Persian Gulf and major population centers at the
coastlines. Major rivers are shown with white lines. The red star represents the port of Dayyer
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Fig. 2 Map view of the port of Dayyer. The Seyyed-Safa neighborhood is depicted by a filled red rectangle.
Numbers correspond to the survey points as listed in Table 1

and Synolakis 2004; Ten Brink et al. 2009). Third, the number of the incoming waves was
not clear from the few remarks about a multitude of waves in the available video footage
from the event. This is potentially a valuable piece of data especially when dealing with
phenomena such as dispersion, source polarity and basin effects (e.g., Rabinovich 1997;
Okal et al. 2009; Fritz et al. 2012). Finally, although a significant storm (see Sect. 3.3.1.1)
preceded the surge, there were indications of calm weather during the event in some of the
footage. This could play a critical role in reconstructing the event by studying it as a
meteorological phenomenon. In this general context, it was decided to perform a sys-
tematic survey of the effects of the 2017 event in and around Dayyer to obtain a quanti-
tative database allowing hydrodynamic modeling.

Any study of this type of wave must be carried out in the more general framework of the
history of tsunamis in the Persian Gulf. The latter consists of only a few events mentioned
in either archeological or seismological records of the region (e.g., Whitehouse 1968;
Ambraseys 1982), and remains vague and probably incomplete due to the lack of sys-
tematic paleoseismic and paleotsunami studies in the area. Information on historical tsu-
namis is usually found in existing earthquake catalogs (Ambraseys 2008) which although
useful, often provide few details about the precise nature of the waves, and can also involve
a degree of speculation.

Perhaps the only detailed account of a tsunami in the Persian Gulf is given for the 1008
A.D. Siraf event. According to historical accounts (e.g., Ambraseys 1982), an earthquake
(M =~ 6.5) with about 10,000 casualties created a surge at the ancient port of Siraf (near
today’s city of Siraf, about 45 km southeast of Dayyer; see Fig. 1) which sank a number of
ships and damaged the city’s main port. There is an ongoing debate about the occurrence of
this tsunami as well as the destruction of Siraf by this event. For instance, based on
submarine archeological findings, Tofighian (2014) attributes the decline of the then major
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Table 1 Results from the field survey on 17 May 2017

No. Location Lon. Lat. Run-up  Inund. Evidence
(m) (m)
1 Motaf Park 51.58194 27.84417 Z0.3 N/A Water overtopped (due north) a
@ ~ 1.3 m ridge; sand and salt
deposits on the northern side of the
ridge
2 Motaf Park 51.59367 27.84400 N/A N/A Deposited salt on land
an
3 Motaf Park 51.60296 27.84821 Z 1.3 N/A Water has overtopped the ridge
(I1D)
4 Motaf Park 51.60628 27.85233 N/A N/A Water inundating a plain by the sea
av
5 Kali 51.65871 27.84307 1.5 40-50 Utility pole collapsed; boats rocks
(1.42) 41 moved inland; flooding has

exposed tree roots; only one wave
was observed

6 Demigez (I) 51.68288 27.83206 1.8 110-120  Western side of the jetty damaged;
(119) distinct salt deposits across the
plain; boats moved and damaged
7 Demigez (II) 51.72643 27.83347 N/A N/A Timbers and rocks moved on a large
scale
8 Bibi- 51.80413 27.84660 >2.0 600 Salt deposits across the plain; utility
Khatoon poles along the coast were soaked,

leaving distinct marks; fishing nets
and tools were displaced and
damaged; pieces of timber and
rocks moved due north inland

9 North Oli 51.90383 27.83300 ~ 3.0 230 Water overtopped the rocky jetty
(along
channel)
10 Dayyer 51.93079 27.83073 2.5 60 Water inundated the city; Eastern
(fishing side of the fishing jetty was
jetty) damaged; three dhows docked at

the jetty sank; three waves (one
large and two smaller) were

observed
11 Dayyer 51.93736 27.83329 2.5 170 Jetty demolished; boats damaged
(municipal from striking the seawalls while
jetty) being washed into the city
12 Dayyer 51.94269 27.83504 2.5 190 The seawall partly destroyed; Coastal
(coast) shops demolished/displaced;

windows of shops further inland
were broken; rocks deposited on

land

13 Bardestan 51.98526 27.84687 >1.0 140 Water reached the shrimp farms

Estuary along the channels, but did not pour

into pools.

14  Banak Park  52.01888 27.84243 0.1-09 10 Water did not transgress the park due

(@) to its relative higher altitude (by

~ 3 m)

15  Kangan 52.05185 27.83608 O 0 No significant surge

@ Springer



Nat Hazards (2018) 90:1277-1307 1281

-100 -80 -60 -40 -20 -10 -5 0 10 25 50 100 200 400 600 800 1000 1200 1400
Topography (m)

Fig. 3 The interview points from the survey are marked with vertical columns where the height of the
column corresponds to the measured run-ups. The white star represents Dayyer

port of Siraf to erosion of the port’s infrastructure. Several other studies (e.g., Lamb 1964;
Whitehouse 1968) attribute the city’s decline to an earlier earthquake in 978 A.D.
(M =~ 5.3; Ambraseys 1982), which resulted in aftershocks lasting for seven days and
destroyed the harbor (e.g., Whitehouse 1968).

2 Field survey

The survey along the Iranian coastline of the Persian Gulf in the vicinity of Dayyer was
conducted on 17 May 2017 to gather quantitative data regarding the 19 March 2017
tsunami. The survey started from Motaf Park in the west and was concluded in Banak Park
in the east (Fig. 3), over a total of ~ 50 km of coastline. Some portions of the coastline
could not be covered in the survey due to logistical issues.

The data were collected through routine methods of post-tsunami surveys (e.g., Abe
et al. 1993; Synolakis et al. 1995; Okal et al. 2002) by interviewing more than 30 eye-
witnesses and making measurements of the evidence left from the surge. Results are listed
in Table 1 and Fig. 3.

We recall that run-up is defined as the elevation above sea level of the point of max-
imum penetration of the wave, flow depth as the height of the water flowing over an
initially dry point of reference (usually the coastline), and inundation as the horizontal
distance of maximum penetration from the coastline.

Measuring run-up and/or inundation at some of the points in Table 1 was not possible
due to the lack of definitive geological evidence or credible accounts from the locals; we
have then listed other useful evidence at these locations.

2.1 Field evidence

Because at the time of the survey, 2 months had already passed since the tsunami, some of
the physical evidence from it was displaced or eroded. The amount of the remaining
evidence and the effects of the surge according to the testimonies of eyewitnesses
increased as the team moved east toward Dayyer. While such evidence was limited to
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Fig. 4 Evidence from points 1-7 of the survey. a The ridge at Motaf which was allegedly overtopped by the
surge. b The fishing jetty at Kali with its western side damaged as a result of the surge. ¢ Salt deposits and
wrecked boats from the surge

possible sand deposits in the west, the size of the debris moved by the event increased
significantly as we moved to the east.

The tsunami occurred between 8:00 and 8:20 AM (local time) on 19 March 2017, which
was close to high tide at Dayyer (6:00 AM; Rodis 2017). Therefore, all the measurements
in the survey were done relative to the sea level at high tide.

e At the Motaf Park (points 1-4 in Table 1), deposits were limited to sand and salt.
Although the salt deposits might have been accumulated over time, this seems unlikely
due to the presence of a 1.3 m ridge along the coastline (Fig. 4a); any event causing
these deposits must have created waves large enough to overtop the ridge, and
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~600 m

Fig. 5 Evidence for run-up and inundation at Bibi-Khatoon (point 8). Red marks on the utility poles depict
flood level. Port of Dayyer can be seen in the background to the East

Fig. 6 Tsunami destruction at the city of Dayyer. a The northeast-southwest wall was damaged by the
March 19 event. Debris from the wall along with rocks and sand from the surge as accumulated by the sea.
b Coastal shop destroyed and moved by the surge. ¢ Dhow sunk at the fishing jetty in Dayyer
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obviously such an event would not have happened unnoticed. We found a variety of
debris (plastic bottles, small pieces of wood, etc.) inland, but we could not resolve if
they were indeed left by the surge in question.

e At Kali, a small village ~ 30 km west of Dayyer (point 5), and according to the
testimony of eyewitnesses, the surge had uprooted utility poles (put back in place after
the event) and exposed roots of small trees. While much of the damage caused by the
event had been repaired over the intervening 2 months, damaged building bricks and
sand deposits were still visible in the village.

e At Demigez (points 6 and 7 in Table 1), a fishing area 23 km west of Dayyer, the
survey found evidence of damage to the western side of the jetty (Fig. 4b). This is
suggestive of a surge either from the west or with a strong westerly component as the
destructive force. There were also damaged boats and broken timber along with salt,
deposited at the time of inundation on land in Demigez (points 6—7; Fig. 4c).

e Bibi-Khatoon was perhaps the location where we encountered the most classic
evidence of run-up and inundation. Utility poles along the east—west coastal road at a
distance of ~ 400 m from the sea had, almost uniformly, distinct marks from the
flooding. There were debris by the roadside along with a boat displaced from the sea.
The survey also found widespread salt deposits from the surge across the plain (Fig. 5).

e The highest run-up (3 m) was documented at North Oli (point 9 in Table 1), a fishing
village ~ 4 km to the west of Dayyer. According to the locals, the waves from the
surge overtopped the harbor (9 in Fig. 2) and progressed in land up to 230 m along a
channel by the village, but did not transgress the village.

e The city of Dayyer (points 10—12 in Table 1) was most affected by the tsunami. Waves,

up to 2.5 m high, capsized the boats and moved them into the city while damaging the
coastal walls (Fig. 6a). A long wall with a predominantly north-side trend was partly
damaged closer to the sea, while many east-west, albeit smaller, walls were still
standing. During the surge, water inundated the city up to 190 m, and demolished or
moved the coastal shops by several meters (Fig. 6b), shattering the windows of more
inland, south-facing stores. Piles of boulders, rocks and smaller debris from the event
were still noticeable by the time of the survey. According to eyewitnesses, three waves
attacked the port sinking three dhows that had docked at the fishing jetty at the time of
the event (Fig. 6¢). These waves were described as a large wave followed by two
smaller ones.
Up to this point (city of Dayyer), local fishermen unanimously recalled calm, cloudy
weather with a gentle breeze at the time of the event. From Bibi-Khatoon to Dayyer,
however, we documented accounts of slightly stronger landward winds. Among the
witnesses interviewed during the survey, none gave any accounts of either rain or
strong wind at the time of the event.

e At ~ 3 km east of Dayyer, the Bardestan estuary (point 13 in Table 1) was inundated
by the tsunami. Water had reached the shrimp farms (see Fig. 2) ~ 500 m from the sea
along a channel, but had not made it into the pools which are > 1 m above the high
tide level, and thus, the waves were at most 1 m high at this location. Witnesses told the
survey of heavy rain and strong wind at the time of the tsunami at Bardestan. However,
we did not find any conclusive accounts about the timing of the surges and witnesses
may have mistaken storm disturbances with the main surge.

e Although Banak Park (point 14, ~ 8 km east of Dayyer) had experienced some waves,
they were small and we were not able to obtain any consistent testimony from the local
witnesses about their heights. Based on their accounts, waves ranged between 10 cm,
barely touching the coastal benches, and 90 cm, large enough to move a few rocks and
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Fig. 7 Earthquakes recorded by IRSC on 19 March 2017 are shown with white circles. The background
black dots represent the IRSC events during 2006-2016. Dayyer and Siraf are shown with white star and
triangle, respectively. Red inverted triangles are IRSC stations

leave them on the shore. In the absence of definitive geological evidence to measure
run-up, it is very difficult to estimate wave heights, especially due to the rainy
weather—along with a gentle breeze—at this location.

e Finally, the tsunami was not noticed at Kangan Port, ~ 12 km east of Dayyer. There
was an unconfirmed report from Nakhl-Taghi, a city ~ 80 km to the south, near
Assalooyeh, of a boat having moved ~ 100 m in land by a rogue wave; however, we
found no confirmation of such an incident as no other witnesses knew about it.

2.2 Former events?

We interviewed Mr. Bagher Sohooli, age 85, who recalled the occurrence of a similar
event in Dayyer ~ 40-50 years ago, which he had personally experienced. We docu-
mented similar, albeit second hand, accounts of such an event in Kangan (point 15 in
Table 1). However, Ali Sohooli, a fisherman, in North Oli had never experienced such a
surge before.

We were not able to find more details about events in the past, and no other witnesses
farther away from Dayyer had experienced or heard of such an incident which suggests that
any potential former similar surges may only have affected Dayyer.
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Fig. 8 a Slope map of the Persian Gulf calculated as the gradient of the GEBCO (Fisher et al. 1982)
bathymetry with gray lines as permanent rivers. b Marine slope regime of the Dayyer area. The white stars
in both figures depict Dayyer

2.3 Survey summary

As we can see in Table 1, noticeable inundations from the tsunami took place on a ~ 40
km stretch of coastline with highest values of run-up focused on a ~ 5 km band at and
around the city of Dayyer, and the highest value of 3 m documented at the village of Oli, to
the west of Dayyer. This is, more or less, in agreement with the initial reports of the surge
from news outlets. However, the highest documented run-up (Oli) occurred at a ~ 4 km
distance from the main group of survey locations and constitutes an apparent outlier in the
general trend of run-up values (i.e. gradually increasing from west and approaching
Dayyer); it might be explained as a seiching effect created by the harbor structure (e.g.,
Borrero et al. 2015; Synolakis et al. 2016) at Oli (9 in Fig. 2).

We found extensive deposits from the tsunami extending from Motaf Park to Dayyer.
The deposits range from salt and sand in the west to ~ 1 m boulders in the east, with the
majority of the destruction at Dayyer in the form of demolished kiosks and shops, wrecked
dhows, damaged or capsized boats, and collapsed walls. The intensity of damages
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decreased moving further to the east from Dayyer, as no surge was observed in the Kangan
Port, ~ 8 km away.

3 Modeling efforts
3.1 Earthquake?

In this section, we first rule out the possibility of an earthquake source for the Dayyer
tsunami. In view of the generally high seismicity rate of southern Iran, it would be
legitimate to raise the question of a seismic source for the 19 March 2017 tsunami.
However, no moderate to large earthquakes capable of generating a tsunami with such run-
ups as those documented during the survey were recorded by any seismological agencies
on the day in question. As shown on Fig. 7, the largest earthquakes recorded by the Iranian
Seismological Center (IRSC) occurred on land and none were large enough to create a

50.8° 51.2° 51.6° 52° 52.4° 52.8°
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S 2 )
T
¥—\0\,
28.4° / 28.4°
/ /
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Fig. 9 Seismicity of Dayyer region. While the marine events from the USGS catalog are shown with color
coded circles (according to their magnitudes), the black dots represent the smaller events from the local
IRSC catalog (e.g., Mirzaei et al. 2002). The beach balls are focal solutions from the Harvard CMT catalog
(Dziewonski et al. 1981; Ekstrom et al. 2012). Hexagons are the historical events from Ambraseys and
Melville (1982). Red lines show the known on-land faults. Dayyer is shown with a white star
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tsunami. According to seismic scaling laws (e.g., Geller 1976), these earthquakes of
magnitudes M, <3 would feature fault dislocations of ~ 1 cm, resulting in possible run-
ups of the same order (e.g., Platker 1997; Okal and Synolakis 2004) for a generally linear
coastline and in the absence of bays (e.g., Abe 2005), about a hundred times less than
observed. Additionally, their origin times grossly mismatch the arrival time of the tsunami.

3.2 Landslide

The local nature of the tsunami along with the relatively calm weather during which it took
place suggest that the surge may have been caused by of a submarine landslide. Such
phenomena have been extensively documented and studied (e.g., Synolakis et al. 2002;
Okal and Synolakis 2003; Ma et al. 2013; Weiss et al. 2013; Miller et al. 2017).
Submarine landslides follow the direction of steepest descent of the bathymetry (e.g.,
Okal and Synolakis 2004; Salaree and Okal 2015) and tend to occur at slopes between ~ 3
and ~ 6%, but can also take place on slopes as low as ~ 1% in very shallow waters (e.g.,
Skempton 1953; Prior et al. 1982; Brunsden and Prior 1984). The Persian Gulf has a more
or less flat bathymetry with a gentle seaward slope of 0.01% (Sarnthein 1972), but there are
subtle small-scale slopes near the northern coastlines (Fig. 8a), especially in the vicinity of
Dayyer, which are mainly due to river channels (e.g., Evans 1966) as can be seen in
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/ 7
- ’ \
28.5° —— 9285
/
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Fig. 10 Peak ground acceleration field calculated for the earthquakes in the IRSC catalog (2006-2017). The
white star represents Dayyer. Known fault systems are shown with red lines. Note accelerations reaching
0.6¢ in immediate vicinity of coastline
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.

March 19

Fig. 11 The shamal system of 18-21 March 2017 from NASA Worldview (2017). The panels a—d show
satellite images of the Persian Gulf in 24-h snapshots. The pink and yellow dashed lines represent the front
and back of the system, respectively. The shamal a entered the Gulf on March 18 at a ~ 70° azimuth and b
by the same time the next day, it had travelled ~ 500 km along the Gulf’s main axis, suggesting a speed of
~ 6 m/s. ¢ After another 24 h, the back of the system entered the Persian Gulf at an azimuth of ~ 50°, d it
completely exited the region. The red dot represents the port of Dayyer. The dashed black line connects
Dayyer to Bahrain at an azimuth of ~ 40°

Fig. 8b. Sediments from permanent and seasonal rivers at the northern coastline have built
up complex, potentially unstable bathymetry and coastal plains consisting of alluvial,
estuarine, deltaic, intertidal mud flat, and beach ridge environments (Evans 1966; Sarnthein
1972). Ross et al. (1986) have also observed a semi-eroded layer adjacent to the Iranian
coastlines.

The landslide model can explain some of the observations about the tsunami in ques-
tion. First, it addresses the more or less calm weather following the storm, especially to the
west of Dayyer as suggested by both the field survey and the meteorological reports (e.g.,
Iran Meteorological Organization, IRIMO 2017). Second, the landslide model may explain
why the tsunami was felt only in the close vicinity (a ~ 40 km band of coastline) of
Dayyer as suggested by the field survey.
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Fig. 12 Atmospheric pressure record sampled at 10-min intervals compiled from 18 meteorological stations
across Qatar (personal comm. with Hamad Bin Khalifa University). While the red band marks the
occurrence of tsunami in AST (+ 3:00 GMT), the blue band highlights the recorded ~ 12 mbar pressure
jump which takes place ~ 13 h later

3.2.1 Landslide triggers

Submarine landslides occur following disturbances in either the pore pressure or viscosity
of sediments. Although the triggering process is highly nonlinear and complex, seismic
events (e.g., Keefer 1984) and/or storms and rainfall (e.g., Moore 1961) can cause
landslides.

3.2.1.1 Seismic trigger The high rate of background seismicity around the northern
coastlines of the Persian Gulf (Fig. 9) can cause a high degree of shaking in the region,
with seismic hazard assessed locally as moderate to high levels (e.g., Tavakoli and
Ghafory-Ashtiany 1999; Giardini et al. 1999). Indeed, Mirzaei et al. (1999) have included
Dayyer as well as much of the Bushehr province in a seismic zone with the potential for
earthquakes with 6.5 <M <7.5.

We used the algorithm by Campbell and Bozorgnia (2003) to compute the peak ground
accelerations for the earthquakes in the IRSC catalog, which includes 2086 events from
2006 to 2017, ranging between My = 1.3 and 6.3 for this region. Since the majority of these
earthquakes have M; <4.0 and therefore no accurate focal geometries, we use a generic
unknown focal mechanism for all events, following Campbell and Bozorgnia (2003). We
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Fig. 13 a Slope map of the Persian Gulf in the vicinity of Dayyer; b the area inside the white square in
a. The designed slide dipoles for the larger grid. Size and direction of the arrows represent relative length
and azimuth of the dipoles. The white stars in both figures show the location of Dayyer

also applied a moving average window to smooth the results in order to make up for any
possible distortions rising from finite sources.

Figure 10 shows the maximum calculated peak acceleration values from all of these
earthquakes. As we can see in Fig. 10, accelerations reach ~ 0.6 g on the sea floor, a value
well in excess of the triggering threshold as proposed by Keefer (1984). In principle, this
level of shaking may have added, during past events, to the slope instability which would
eventually have failed on 19 March 2017.
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Fig. 14 Maximum amplitudes from landslide dipoles at the coarse grid across all the 16 scenarios. Dayyer
and Siraf are shown with yellow star and triangle, respectively. Small dots show the locations of virtual
gauges

3.2.1.2 Pressure gradient as trigger In the framework of a landslide-triggered tsunami,
the lack of seismicity on and around the event’s day suggests that another phenomenon,
perhaps the storm on March 19 and the day before (Fig. 11), finally tipped the force
balance and resulted in the mass failure causing the tsunami. Although such a statement is
only valid in retrospect, we can still apply this model as a tsunami source, due to the highly
nonlinear landslide triggering process, the timescale of which may vary from seconds to
thousands of years (Weaver and Kuijpers 1983; Masson et al. 2006).

The occurrence of landslides as a result of storm-induced changes in air pressure has
been the subject of several studies (e.g., Moore 1961; Larsen and Simon 1993; Baum et al.
1998; Lantuit and Pollard 2008). Although we can analytically study the mechanism of the
pressure gradient itself (e.g., Taylor 1948), prediction of the timing of the following mass
failure is very difficult and is usually done through statistical methods (e.g., Westen et al.
1997).

Susceptibility of the Persian Gulf region to storms and atmospheric anomalies regularly
exposes its coastlines to significant atmospheric pressure perturbations (e.g., Perrone 1979;
Reynolds 2002). These atmospheric disturbances occur on both local to regional scales, of
which the March 18-21 “shamal” storm detailed below (Sect. 3.3.1.1) is a good example.
These systems are usually accompanied by large pressure gradients (e.g., Bitan and
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Fig. 15 Maximum computed values of surface elevation at the virtual gauges in Fig. 13a for each of the

scenarios shown in Fig. 13b. The curves are color coded to match the arrows in Fig. 13a. The shaded area
represents the segment of coastline with maximum observed run-ups
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Fig. 16 The interpolated bathymetry grid with resolution of 10 m. The grid boundaries are marked with a
large rectangle in Fig. 2

Sa’Aroni (1992)), as readily observed on the March 19 barometric record at Qatar shown
on Fig. 12 (=~ 12 mbar), although the signal trails the tsunami by ~ 12 h.

3.2.2 Simulation

Here, we use the block model approach for landslides as proposed by Synolakis et al.
(2002) and Okal and Synolakis (2004). In this approach, submarine landslides are modeled
as simultaneous hydrodynamic dipoles mirroring the shapes of the initiation and terminal
points of the slump. The initial and final points of the slump are reconstructed as,
respectively, negative (trough) and positive (hump) hyperbolic trigonometric functions
(e.g., Okal et al. 2009; Salaree and Okal 2015).

We simulated the landslide source using the threshold-type MOST—Method Of
Splitting Tsunami—algorithm (e.g., Titov and Synolakis 1995, 1998) which has been
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Fig. 17 An example of (bottom) the calculated field of maximum amplitudes in the grid and (top) the
maximum amplitudes at the virtual gauges plotted against longitude. The purple bars are measurements from
the survey

extensively validated and applied in tsunami field studies (e.g., Titov et al. 2016). In this
context, and in the absence of detailed bathymetry maps, we stop the calculation at a depth
of 2 m close to the coastline.

3.2.2.1 Natural bathymetry Given the generally small scale of acceptable slides in the
Persian Gulf around Dayyer (Fig. 13), we used a grid with a resolution of 9 arc-seconds,
interpolated from GEBCO (Fisher et al. 1982), which, to our knowledge, is the best
representation of the local bathymetry. This was done to satisfy the sufficiency conditions
for the MOST algorithm in terms of the number of grid points in a wavelength, as pre-
scribed e.g., by Shuto et al. (1986) and Titov and Synolakis (1995, 1997). We then
designed 16 different slide scenarios according to the slope field of the bathymetry (e.g.,
Salaree and Okal 2015) as shown in Fig. 13b.

Finally, we used time steps of Az = 2 s (considering the very shallow bathymetry of on
average ~ 20 m) in order to satisfy the CFL condition (Courant et al. 1928), and per-
formed the simulations for 4-h time windows. Maximum amplitudes at each grid point
across all the 16 scenarios are shown in Fig. 14. Time series of surface elevations were
computed at 27 virtual gauges shown in Fig. 13a. The maxima of these records for each of
the 16 scenarios in Fig. 13b are shown in Fig. 15.

Although our simulations reproduce locally high amplitudes around Dayyer, they either
do not predict the highest amplitudes at Oli and Dayyer (gauges 13 and 14), or compute
high amplitudes at other places, contradictory to the survey measurements.

3.2.2.2 Considering the infrastructure Because our results with the 9 arc-second reso-
Iution do not mirror the observations from the survey, we added small-scale man-made
infrastructure to our grid. This may be warranted due to the small dimensions of our
dipoles (Titov and Synolakis 1997). Since these structures were built only on a small scale
(10-100 m), we built a grid with resolution of ~ 10 m and superimposed them as high
altitude blocks with no slopes (Fig. 16). We chose to close the engulfed harbor in Fig. 2 in
our simulations due to lack of credible observations from the survey and also to avoid
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nonlinear harbor resonance (e.g., Borrero et al. 2015; Synolakis et al. 2016), as such
measurements are not necessarily representative of conditions along exposed coasts (e.g.,
Merrifield et al. 2005). The new grid mainly included the area shown in Fig. 2 since we
were considering small-scale dipoles and bathymetry around Dayyer. Finally, we moved
the limit of simulation to a depth of 1 m.

We designed six scenarios with different dipole sizes and lengths and conducted the
simulations with a time step Az = 0.3 s satisfying the CFL condition (Courant et al. 1928).
To accommodate the smaller grid size, we use a shorter time window of only 1 h, sufficient
to adequately model the interaction with the coastline.

However, as shown in Fig. 17 in the case of one of our scenarios, we still face the issue
of run-up concentration. Although the new simulations locate the maximum run-up in
Dayyer, they cannot reproduce the distribution of amplitudes around the city, and also

-6000 -4000 -2000 0 2000 4000 6000

Fig. 18 Topography of the Middle East from the ETOPO1 model (Amante and Eakins 2009). Highlands
that create the temperature gradient and channel the wind into the Persian Gulf are marked with red. The
black arrows show the paths of cold air into the upper Euphrates valley. The yellow arrow depicts the shamal
(modified from Perrone 1979)
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completely miss the high amplitudes to the west of Dayyer, especially the 3-m run-up at
Oli.

In conclusion, the modeling of the tsunami by an underwater landslide source remains
largely unsatisfactory.

3.3 Meteotsunami

The failure of our efforts at modeling the Dayyer tsunami with geological sources, along
with the reported atmospheric disturbance, i.e. the storm preceding the event, suggests to
treat the surge as a meteotsunami (e.g., Rabinovich and Monserrat 1998; Monserrat and
Rabinovich 2006; Pattiaratchi and Wijeratne 2015), the concept of tsunamis being excited
by meteorological disturbances going back to Chrystal and Murray (1907). This is made
possible in very shallow basins (the Persian Gulf barely approaches 90 m at its deepest
point, and averages 34 m) where water gravity waves are slow enough to allow a resonance
with the occasional fast-propagating atmospheric disturbance, known as the “Proudman
resonance” (Proudman 1929), a model successfully used to explain a number of intriguing
tsunamis. Notable among them are the events of 1954 in Lake Michigan, which killed at
least 7 people in Chicago (Ewing et al. 1954; Platzman 1958), 1969 in Dwarskersbos,
South Africa (Okal et al. 2014), 1992 in Daytona Beach (Churchill et al. 1995; Sallenger
et al. 1995), and 2007 in the Georgia Straits, B.C. (Thomson et al. 2009). In several cases,
the atmospheric disturbance travelled over large maritime basins, triggering meteotsunamis
over hundreds of km and time windows of several days, e.g., in 2014 in the Mediterranean
Basin (Sepié et al. 2015), and in 2011 from Portugal to the English Channel (Tappin et al.

Table 2 Maximum wind speeds recorded at the IRIMO stations, sorted with respect to longitude increasing
from top to bottom (data from IRIMO 2017; accessed on 3 April 2017)

Lon. Lat. Station Date Speed (m/s) Azimuth
48.250 30.367 Abadan 18/3/2014 70 90
49.150 30.550 Bandar Mahshahr 26/10/2008 15 330
49.733 30.283 Hendijan 29/8/2007 23 320
50.167 30.050 Bandar Daylam 20/10/2012 22 210
50.323 29.261 Khark 25/11/2014 13 10
50.817 28.967 Bushehr 26/1/2004 17 290
50.817 28.900 Bushehr (coastal) 29/11/1979 12 150
51.933 27.833 Bandar Dayyer 29/9/1993 13 280
52.367 27.817 Jam Tohid 31/3/1992 12 170
52.735 27.384 Assalooyeh 27/1/2001 12 320
53.383 26.800 Lavan 18/5/2008 20 270
53.983 26.500 Kish 28/2/1983 21 290
54.483 25.883 Siri 24/12/2014 15 280
54.833 26.533 Bandar Lengeh 30/5/2014 30 90
54.833 25.833 Abu Musa 16/3/2014 12 300
55.585 26.955 Bandar Khamir 28/12/2014 26 200
55.917 26.917 Qeshm 27/1/2004 18 210
56.367 27.217 Bandar Abbas 30/7/1986 15 160
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2013). In this context, the 2017 Bandar Dayyer tsunami may be most comparable to the
Adriatic Sea meteotsunami of 21 June 1978, described in detail by Orli¢ et al. (2010), and
which wrought considerable damage in the Croatian city of Vela Luka.

An important aspect of meteotsunamis is that the atmospheric disturbance creating them
need not be of otherwise significant amplitude; in other words, the phenomenon can take
place during weather conditions traditionally described as “calm” by the population. Such
was the case in 1954 in Chicago, where victims were fishing on a pier; in 1992 in Daytona,
where witnesses were celebrating the National Holiday on the beach; in 2007 on Van-
couver Island; and in 1969 in Dwarskersbos where a storm of perfectly seasonal charac-
teristics had occurred the night before. In this context, and because they can take place
under unsuspected conditions, meteotsunamis constitute an underrated natural hazard
(Pattiaratchi and Wijeratne 2015).

3.3.1 Shamal winds

“Shamal winds”, the most prominent large-scale meteorological disturbances in the Per-
sian Gulf, are seasonal northwesterly winds that occur during winter and summer (e.g.,
Perrone 1979; Thoppil and Hogan 2010). The winter shamals occur mainly from
November through March and are considered to be relatively rare events with less than 5%
exceeding 10 m/s. The summer shamals, however, occur from early June through mid-July
and are more frequent but weaker (Perrone 1979). Winter shamals can last anywhere
between 24 h to 5 days (Reynolds 2002).

The main reasons for shamal winds are elevation and temperature contrasts in the region
(Fig. 18). During the winter months, the high mountains of Turkey, Georgia and Iran
channel the cold air from higher latitudes as natural barriers into the low-lying Mesopo-
tamia and Persian Gulf (black arrows in Fig. 18). This results in shallow northwesterly
shamals of occasionally extreme strength (up to 70 m/s; IRIMO 2017) creating
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Fig. 19 Wind speed and barometric records from the Dayyer meteorological station sampled at every 3 h
(GMT) during 16-23 March 2017 (IRIMO 2017; accessed on 3 April 2017). The thick gray lines represent
the arrival time of the tsunami
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Fig. 20 Schematics of the hypothetical conditions of overpressure. The pressure has non-zero values at the
areas shown in yellow, increasing linearly (in the form of a ramp with width L) from P = 0 at the front (solid
black line) to Py at the maximum. The pressure system moves at a uniform velocity v (red arrows)
perpendicular to the front with azimuth of ¢

thunderstorms and advecting dust and sand over the Persian Gulf region (Table 2), which
continue until the low pressure trough slowly exits the Strait of Hormuz and is replaced by
local sea breezes (Perrone 1979).

On average, shamal winds have celerities between 7 and 10 m/s, insufficient to elicit
resonance with gravity waves in most of the Gulf, but values of 15-20 m/s are common
along the southern coastlines. The area of Lavan Island (southeast of Dayyer) and the
northern vicinity of Qatar can feature winds 5—7 m/s faster than average (Perrone 1979).
Maximum recorded speeds at the Iranian meteorological stations on the Persian Gulf are
given in Table 2. The pressure gradient between Saudi Arabia and Iraq can range from 5 to
15 mbar. If the shamal lasts for more than 2 days, speeds of 17-22 m/s may result in the
southern Gulf where the pressure gradient is strongest (Perrone 1979).

As a result of the shamals, short period (~ 12 h) sea level rises of ~ 3-4 m occur.
However, such sea rises take the form of long lasting surges rather than short-lived waves.
In areas with stronger winds such as the southern coastlines, the sea level rises happen
more quickly and are ~ 1 m higher (Perrone 1979). Following the end of 3—-5 day shamals,
swells may persist for up to three days.

3.3.1.1 The 19 March 2017 storm system We were able to investigate the weather
conditions around the time of the Dayyer tsunami based on meteorological data, which
however remain fragmentary. NASA Worldview daily satellite imagery (Fig. 11) suggests
a strong northwesterly shamal system moving across the Gulf at an average speed of ~
7-8 m/s over an interval of three days. In addition, we obtained pressure and wind speed
data at Qatar (Fig. 12) and at IKUWAIT22 (Kuwait) and IJASRA?2 (Bahrain) stations,
showing jumps in pressure of 6 to 12 mbar on March 19, around 20:00, 15:15 and 19:15
(GMTH+3), respectively. Wind speed and pressure records were also obtained at Dayyer
proper (Fig. 19), but they show no significant signals on the 19th, in agreement with the
generally smaller expression of the shamal systems on the Iranian side of the Gulf. Note,
however, the extremely coarse sampling of the Dayyer data (one point every 3 h) which
does not lend them to meaningful data processing.

The records from the Bahraini and Qatari stations are particularly important. Given the
orientation of the shamal system on the 19th, the weather front should have arrived at
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Fig. 21 Time series at the 25 gauges for the two scenarios with maximum calculated amplitudes in the
vicinity of Dayyer. The top and bottom scenarios correspond to Fig. 22a, b, respectively. Gauges 13 and 14
are depicted with thick curves

Dayyer about 2 h earlier than in Bahrain, and 3 h earlier than in Qatar, and thus about 10 h
after the tsunami, violating causality for the latter’s generation.

This would suggest that any possible atmospheric disturbance responsible for the tsu-
nami must have been of an ancillary nature to the main shamal; consequently, we will
perform our simulations of the event on a local scale.

3.3.2 Simulation
Following the approach by Platzman (1958), we consider a squall with the cross-section of

a ramp, moving at a given velocity perpendicular to the front (Fig. 20). We then solve the
shallow-water version of the Navier—Stokes equation for an incompressible flow as
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Fig. 22 Maximum calculated amplitudes at (bottom) each grid point and (top) the virtual gauges when
a gauge 13 (west of Dayyer) and b gauge 14 (east of Dayyer) reach their respective maximum wave
amplitudes across all simulations
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where g is the acceleration of gravity. In Eq. (1), D and & are the depth of water column

and the vertical displacement at any given point, while M is the volume transport vector
(velocity integraled over depth),

h
i = / Jdz 2)
-D

and F = — % is the atmospheric pressure gradient force. In writing Egs. (1) and (2), we

have used the conditions for the “Proudman resonance” where the gravity waves move at
the speed of the pressure gradient (e.g., Proudman 1929; Orli¢ 1980; Sepi¢ et al. 2009;
Okal et al. 2014). We consider only linear terms and assume the pressure to be purely
hydrostatic. We also neglect the Coriolis force and lateral frictions (Dean and Dalrymple
1991).

A finite difference algorithm was used to solve Egs. (1) and (2). We used an interpolated
version of GEBCO bathymetry data (Fisher et al. 1982) for the water depth and time steps
of ot = 30 s to satisfy the CFL condition in 10 h time windows. The pressure step of the
front was taken as 15 mbar. By varying its ramp length, L, from 0 to 100 km at 5 km
increments, wind celerity, v, from 10 to 30 m/s with 1 m/s increments, and propagation
azimuth, ¢, between 0° and 359° with 1° steps, we conducted a total of 158,760 simula-
tions to find the ideal conditions for maximum amplitude in the vicinity of Dayyer.

Time series of water level values were also recorded at 25 virtual gauges along the
coastline, as presented in Fig. 21a, b. These figures suggest that a larger wave, mixed with
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Fig. 23 Maximum calculated amplitudes at Dayyer as a function of propagation azimuth (0°-359°), and
wind celerity (10-30 m/s) at a ramp length of 10 km

a few (perhaps two) smaller signals, would arrive at Dayyer in a maximum amplitude
scenario.

Our simulations predict the maximum amplitudes at gauges 13 and 14—at both sides of
Dayyer—to occur for (L= 10km, ¢ =356°, v=10m/s) or (L =5km, ¢ = 332°,
v = 10m/s), respectively (Fig. 22a, b). More generally and as shown in Fig. 23, almost no
high amplitudes are created at Dayyer for an azimuth of ~ 130°, i.e. the direction of the
shamal, but rather amplitudes are concentrated at Dayyer for wind systems propagating in a
generally northward direction.

Although the simulations predict ~ 30-40 cm of amplitude in the vicinity of Dayyer,
the maximum calculated amplitudes are concentrated at the promontory to the west of
Dayyer as can be seen in Fig. 24 which shows maximum amplitudes at each grid point
across all the simulations. This could be due to the abrupt changes in bathymetry near
Motaf (points 1-4 in Table 1) which causes the waves to increase in size. However, the
absolute maximum at Oli is not reproduced.

There remains the issue of causality, the Dayyer tsunami preceding the main barometric
signals from the Shamal winds at the relevant longitudes by ~ 11 h. While this negates a
direct Proudman resonance with them, the model we propose here is that of a Proudman
resonance with a smaller and precursory system, propagating Northwards, and which
would have been ancillary to the main Shamal system.
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Fig. 24 Maximum calculated amplitudes at (bottom) each grid point and (top) 25 virtual gauges (from west
to east) across all the 158,760 simulations. Dayyer and Motaf are depicted by a star and a triangle,
respectively. The circles show the virtual gauges where water level fluctuations are recorded

In summary, our meteorological simulations provide a generally more acceptable fit to
our surveyed dataset.
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4 Discussion and conclusion

Following the singular event at Bandar Dayyer on 19 March 2017, our field survey has
resulted in a database, summarized in Table 1 and Fig. 3, whose principal features are an
inundated segment of coastline extending ~ 40 km around the city of Dayyer, with the
highest values concentrated over a much narrower ( ~ 8 km) stretch of the coast, from the
village of Oli in the West to the city of Dayyer in the East. This distribution constitutes the
main feature to be fit by any modeling attempt; it suggests a small and local structure as the
origin of the tsunami.

A seismic source for the Dayyer tsunami can easily be ruled out based on the absence of
sufficiently large earthquakes on that day (Fig. 7), leaving either landslides or meteoro-
logical disturbances as viable sources for the event.

The possibility of an underwater landslide as the source of the tsunami is controlled by
the presence of a sufficient slope in the field of the gradient of bathymetry. However, based
upon presently available models of bathymetry, the locations of the only legitimate such
sources predict a distribution of tsunami amplitude significantly displaced eastwards (by
about 20 km) with respect to Dayyer (Figs. 14, 15). This could be due to the use of
inaccurate small-scale bathymetry, obtained by interpolating the GEBCO grid to satisfy the
small-scale requirements of our calculation; this interpolation process, although mathe-
matically accurate, may not reproduce actual, subtle, variations in depth, and because it is
in the nature of a smoothing agent, could particularly affect the gradient of bathymetry in
the form of the size, length and azimuths of the potential slides, which in turn directly
affect our simulations (e.g., Salaree and Okal 2015). We note, however, that our attempt to
model the influence of recently built port infrastructure has failed to significantly improve
the fit of our simulated run-up profiles to the results of our survey.

An underwater landslide could conceivably have been detected by hydroacoustic sta-
tions inside the Gulf, or by seismic stations deployed in the immediate vicinity of
shorelines in the geometry of the so-called “T-phase stations” (Okal 2001, 2003).
Unfortunately, both the stations of the Iranian national network (LMD1 and QIR1) and the
lone IRIS-GSN station in the region (UOSS, UAE) are located more than 100 km from the
shorelines; we know of no accessible regional records from either hydrophone or island
stations. In addition, we note that the water column in the Gulf does constitute a low
velocity waveguide, but its very shallow character (at most 70 m or roughly ten times less
than the typical SOFAR channel in the world’s oceans) will only trap waves of very high
frequency (20 Hz or higher), which are poorly generated by landslide sources systemati-
cally red-shifted with respect to their seismic counterparts (Okal 2003), and would not
propagate onland after conversion at a receiver shoreline. Thus, the prospects of inde-
pendently identifying an underwater landslide as the source of this tsunami appear bleak.

In general terms, we prefer the atmospheric model, since it provides a generally better
fit to the distribution of tsunami amplitudes obtained in our survey (generally west of
Dayyer) than predicted by the landslide models (generally east of Dayyer); the predictions
for Motaf Park remain, however, too large.

It is also noteworthy that meteotsunami simulations at gauge 14 (west Dayyer) predict a
dominant wave superimposed by two smaller signals (Fig. 21a) as described to us during
the survey. At gauge 13 (eastern coast of Dayyer), however, we only see one wave in our
simulations as shown in Fig. 21.

In addition, the atmospheric models suffer from the fact that the concentration of the
wave along an approximately East—-West coastline at Dayyer requires coupling with a
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weather system moving in the 332° or 356° azimuths, i.e., essentially North—South, while
the major weather system observed at the time, the shamal, was propagating along
~ N135°E. This requires that the parent weather system for the tsunami be a secondary or
ancillary effect of the shamal which, while legitimate, remains undocumented.

Finally, we address the possibility of the Dayyer tsunami being an instance of a
“sneaker wave”. Such phenomena, of which a number were described, e.g., by Diden-
kulova et al. (2006), are generally considered to be the result of nearshore shoaling of
deep-water “rogue waves” (Soomere 2010). We regard this interpretation as unlikely,
given that the Dayyer tsunami featured a series of at least three waves, whereas rogue
waves usually consist of a single one (Kharif and Pelinovsky 2003) and are generated in
much deeper water than the Persian Gulf, and that to our knowledge, no rogue wave with
the potential of fostering a sneaker wave on the Iranian coast was documented on 19 March
2017 inside the Persian Gulf, an area well known for its heavily travelled shipping lanes.

In summary, neither geological nor atmospheric sources can perfectly explain the dis-
tribution of amplitudes as obtained in our field survey. While we prefer the meteorological
model, we suggest that its remaining misfits may be due to imprecisions in small-scale
bathymetry and that future studies of the 19 March 2017 tsunami would warrant the use of
a better bathymetry model for the region.
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