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Abstract: Sand spits are common in wave-dominated environments; with enough sand supply,
they can evolve to affect circulation and navigation in channels or inlets. The focus of this paper
is on the navigation channel of the Sisal Port, located on the northwestern Yucatan Peninsula (YP)
coast, where a sand spit grew and was monitored from its formation (June 2018) until navigation
was practically blocked (November 2018). The YP coast is characterized as being microtidal, with
significant wave heights ranging from 0.1 to 0.4 m (April to September), and in the presence of high
energy events (cold fronts and storms), waves can reach heights of up to 2.5 m offshore at 10 m
depth (October to February). Prior to the beginning of UAV surveys, we used photos (June–July 2018)
from a stationary field camera and hydrodynamic data from models (WaveWatch III for waves and
MARV software for tidal levels) to generate a qualitative description of the sand spit in the channel.
Combining products from UAVs flights (DEMs) and hydrodynamic measurements (wave energy
flux), we characterized the behavior and response of the sand spit, from its formation near the jetty
head, through its consolidation in October 2018, to when a cold front with HS ∼2.5 m breached
it in mid-November. The results show that spit formation takes place during calm conditions
(e.g., periods dominated by sea breezes), and depending on the energy threshold of high energetic
events, this new spit will consolidate or be breached. Migration of the spit is related to overwash
events and changes in wave direction. The presented methodology provides a well-rounded tool
for characterizing the morphological behavior of spits on a shallow coast, which can be useful for
improving coastal management.

Keywords: sand spit; UAV; inlet; harbor

1. Introduction

The feedback between hydrodynamics and morphology shapes the coast. Continuous
positive feedback can develop coherent sand structures, while negative feedback tends
to diffuse them. These can be observed above water level (e.g., dunes, spits), at the
shoreline (e.g., cusps, megacusps, shoreline sand waves), and below water level (e.g.,
ripples, sandbars) at different space and time scales [1,2].

Spits are common when the coastline presents abrupt changes and longshore transport
has a dominant direction creating a converging sediment zone, e.g., downdrift from a jetty
or tidal inlet [3,4]. Sand spit growth and evolution are driven by many factors, including an
underlying geological framework [5], wave processes [6–8], wave approaching angle [9–11],
swash bar welding [12,13], tidal currents [13], longshore sediment drift [3,14], and overwash
events [15,16]. Each process leads to a specific development (or degeneration, e.g., overwash
events) of spit geometric characteristics.
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The presence of a sand spit can have negative effects; for example, Wiegel [17] and
Komar and Moore [18] mentioned possible negative effects of sand spit development
between jetties, which results in waterway blockage, thus affecting navigability and fishery
capability, increasing the residence water time, and reducing water quality. Considering
the problems a spit can cause, an analytical solution was developed by Kraus (1999) [3] for
port channels and tidal inlets, considering spit elongation. In addition, inlet closure by spit
was considered by Ogawa (1984) [19] and Tanaka (1995) [20].

Monitoring changes in sand spits, together with the varying hydrodynamic conditions,
helps develop a better understanding of the sand structure dynamics and improve coastal
management. The classic way of monitoring the beach is through in situ measurements
(e.g., on-foot or vehicle DGPS single-antenna systems), which are accurate but limit the
spatiotemporal scale of the monitoring. Technological advancements have allowed us to
use noninvasive techniques (e.g., satellites, unmanned aerial vehicles, or fixed field cameras
and GPS measurements), covering large areas but sacrificing accuracy. A combination of
both systems has been employed with encouraging results (e.g., [21]). Duy et al. [22] used
40 satellite images to monitor a sand spit over 44 years, having coarse pixel resolution (i.e.,
mainly 60 and 30 m/pixel). Sasaki and Sato [23] monitored the morphological changes of a
sand spit using a field camera and obtained one image every 120 s over 14 months, capturing
changes in the sand spit during normal and storm conditions. These two studies were
conducted in river mouths. Long et al. (2016) [24] used three UAV surveys over 5 months
to monitor changes in a tidal inlet, in which the development of a sand spit occurred.

In the last 30 years, 12 small ports have been developed in the Yucatan Peninsula;
these were developed without considering the morphological effects due to wave and tidal
climate [25]. The aim of this paper is to evaluate the growth and evolution of the sand spit at
the port of Sisal using (a) fixed-camera and orthorectified UAV imagery compared to on-foot
DGPS measurements, (b) the cumulative wave energy flux, and (c) cumulative longshore
sediment transport during the study time periods. In Section 2, we present how and when
we measured the sand spit and the hydrodynamic conditions while the spit was present,
as well as the type of equipment we used. Section 3 presents the evolution of the spit and
how it is linked to the current hydrodynamic conditions, which helps in understanding
morphological changes (e.g., enlargement, decrement, migration, and changes during
storm conditions). In Sections 4 and 5, discussions and conclusions are presented.

2. Materials and Methods
2.1. Study Site

The northern coast of the Yucatan Peninsula (YP), located between the Caribbean
Sea and the Gulf of Mexico (Figure 1a), is characterized as having a shallow continental
shelf up to 250 km wide, with a consistent smooth slope of around 0.001 (i.e., a depth of
~10 m is found 10 km offshore), over which the Yucatan current flows [26]. A net longshore
sediment transport (LST) towards the west is present [27,28]. The northern YP has 12 small
shelter ports (with one channel and widths over 70 m protected by two jetties) that are
intended for fishing activities and tourism. To the authors’ knowledge, these ports all suffer
from sand blockage. This has been reported by Franklin et al. (2021) [25] for the port of
Sisal where siltation is a problem since there are no robust preventive coastal management
plans, and the channel is dredged until navigation and ecological problems are generated
due to this blockage.

The northern coast of Yucatan is a barrier island with a length of approximately 350 km.
Freshwater is discharged to the coast via the confined aquifer groundwater in the form of
submarine springs [29], as well as springs in coastal lagoons and wetlands [30]. The port of
Sisal, located on the northwestern side of the Yucatan Peninsula (Figure 1b), was built with
two jetties in 1987 [31] to maintain a ~66 m wide waterway (Figure 1c).
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Figure 1. Study site location maps. (a) Global location; (b) Gulf of Mexico and the Yucatan Peninsula; 
red star marks the study site area in (a,b); (c) Sisal port (nearly 95,000 m2), Sisal community (orange 
polygon); the red circle is the camera system tower location and the black triangle is the position of 
the anemometer; the red lines are (from west to east) West Jetty, East Jetty, and Sisal Pier; the black 
line represents the coastline (sea to the north, wetlands to the south of the barrier island); (d) wind 
speed rose; (e) wave height rose (ADCP location is 10 km offshore of Sisal at 21°16.475′ N, −90°3.045′ 
W). 

The northern coast of Yucatan is a barrier island with a length of approximately 350 
km. Freshwater is discharged to the coast via the confined aquifer groundwater in the 
form of submarine springs [29], as well as springs in coastal lagoons and wetlands [30]. 
The port of Sisal, located on the northwestern side of the Yucatan Peninsula (Figure 1b), 
was built with two jetties in 1987 [31] to maintain a ~66 m wide waterway (Figure 1c). 

The beach has a mild slope [26] and an azimuthal angle of 70°, the surf zone is char-
acterized by a sediment grain size ranging from 0.2 to 2.0 mm [32], and the predominant 
wave direction produces a net westward sediment transport [33]. The eastern and western 

Figure 1. Study site location maps. (a) Global location; (b) Gulf of Mexico and the Yucatan Peninsula;
red star marks the study site area in (a,b); (c) Sisal port (nearly 95,000 m2), Sisal community (orange
polygon); the red circle is the camera system tower location and the black triangle is the position of the
anemometer; the red lines are (from west to east) West Jetty, East Jetty, and Sisal Pier; the black line
represents the coastline (sea to the north, wetlands to the south of the barrier island); (d) wind speed
rose; (e) wave height rose (ADCP location is 10 km offshore of Sisal at 21◦16.475′ N, −90◦3.045′ W).

The beach has a mild slope [26] and an azimuthal angle of 70◦, the surf zone is
characterized by a sediment grain size ranging from 0.2 to 2.0 mm [32], and the predominant
wave direction produces a net westward sediment transport [33]. The eastern and western
jetties in Sisal have lengths of 350 m and 220 m, respectively, and the beach reached the
eastern (longer) breakwater head on 17 June 2018 [33].

Spring and neap tidal ranges in the Yucatan peninsula are 0.80 m and 0.10 m, respec-
tively, with a mixed regime and a diurnal predominance [33,34]. In addition, the monthly
average mean sea level (MSL) fluctuates throughout the year, reaching its peak in October
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and its lowest value in July [33,35,36]. To calculate residual tide, the MARV software [37]
was implemented, and an astronomical tide from the nearest point was predicted and
subsequently subtracted from the measured tide.

In the study zone, there is a prevalence of local winds (sea and land breezes). Sea
breezes have the most energetic conditions, with their daily peak reaching 10 m/s, and
a predominant direction from the NE. Winter cold fronts (Central American cold surges
(CACSs)), referred to locally as nortes, occur from September to March and bring dry
polar air to the peninsula from the NNW–N, maintaining high-speed winds of more than
10 m.s−1 for more than 24 h during each event [28,38,39]. In the YP, sea breezes are present
all year round, during which waves have an incident angle of ~45◦ and significant wave
height below 0.8 m, with peak periods ranging from 3 s to 5 s. A CACS produces waves
with an incident wave angle of −15◦ to 0◦, a significant wave height over 2 m (data from
an instrument at 10 m depth), and a peak period over 10 s.

The wetland in the back barrier, which in the area of Sisal is very shallow (20–30 cm
depth), is mostly dry during the dry months and has a negligible water exchange with
the port throughout the year. Given the small dimensions of the Sisal port water body
(9.5 ha) and its shallow depth (1 m on average), the flood and ebb currents are weak
on this microtidal coast, and therefore their impact on sediment transport and channel
morphodynamics was not considered in this study. In addition, due to the frequent
formation of sand deposits in the channel—sometimes in the form of spits like the one
studied here—corrective (not preventive) dredging occurs in the channel and some also on
the beach east of the channel (often months after the navigation becomes critical) to partially
restore the jetty functionality in terms of retaining the westward longshore transport.

2.2. Waves and Alongshore Sediment Transport Characterization

Morphological changes in the coast are an effect of combined wind and water level
oscillations and wave conditions. Atmospheric and oceanographic conditions are constantly
monitored by the Laboratorio de Ingenieria y Procesos Costeros (LIPC) in the area [40]
(data can be accessed through the web page http://ocse.mx/ accessed on 10 March 2022).

Wave and tidal conditions were measured using an RDI Sentinel Acoustic Doppler
Velocimeter (ADCP; Manufacturer: RD Instruments, Poway, CA, USA) 12 km offshore of
the Port of Sisal at 10 m water depth (Figure 1b), measuring significant wave height (HS),
peak period (TP), peak wave direction (θW), and still water level (η) every 60 min. The
ADCP did not measure wave direction during 5% of the study period (end of July 2018 to
November 2018), and these gaps were filled with data from the WaveWatch III model (see
red lines for HS and TP in Figure 2a,b and red circles in Figure 2c); data from this model were
selected because they have previously shown a good correlation with measured data [41].
Wave data can be found at https://polar.ncep.noaa.gov/ accessed on 23 September 2019.
To calculate the residual tide, we extracted the astronomical tidal signal from a nearby
tide gage in Puerto Progreso (Lat: 21◦18.20′, Lon: −89◦40.00′), and then we subtracted
this signal from the actual measured tide. Values obtained are presented in Figure 2d
(red continuous line). Finally, wind data records were obtained from the meteorological
station (Manufacturer: Campbell Scientific, Barcelona, Spain) of the National Autonomous
University of Mexico (www.ruoa.unam.mx, accessed on 8 January 2019).

Offshore waves on the northwest coast of the Yucatan Peninsula show their lowest
height and period from April to mid-September (HS < 0.5 m and 4 s < TP < 6 s) with waves
coming from the NE, characteristic of sea breeze conditions, increasing to HS > 0.6 and
TP > 6 s from mid-September to March [33]. The Central American cold surge (CACS)
season (or norte season) occurs from September to March (HS > 2 m, TP > 10 s, and increase
in MSL); CACSs are synoptic-scale events that arrive at the peninsula and last more than
24 h, driven only by cold and dry polar air [39]. Throughout these extreme events, the
wave direction encompasses the NW–N sector.

http://ocse.mx/
https://polar.ncep.noaa.gov/
www.ruoa.unam.mx
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Offshore waves on the northwest coast of the Yucatan Peninsula show their lowest 
height and period from April to mid-September (HS < 0.5 m and 4 s < TP < 6 s) with waves 
coming from the NE, characteristic of sea breeze conditions, increasing to HS > 0.6 and TP 
> 6 s from mid-September to March [33]. The Central American cold surge (CACS) season 
(or norte season) occurs from September to March (HS > 2 m, TP > 10 s, and increase in 
MSL); CACSs are synoptic-scale events that arrive at the peninsula and last more than 24 
h, driven only by cold and dry polar air [39]. Throughout these extreme events, the wave 
direction encompasses the NW–N sector. 

To characterize the dominant wave conditions for each period (between surveys), 
waves were propagated using linear wave theory until breaking, considering the beach 
azimuthal angle of 70°. Subsequently, we calculated the cumulative cross-shore and 
alongshore component of the wave energy flux (Equations (1) and (2)) and the longshore 
sediment transport (LST) from CERC (Equation (3)), and the wave height and weighted 
average wave direction and peak period were computed at breaking point (see Table 1). 
LST from CERC [42] was calculated (m3/year) with hourly wave conditions, and then the 
values were accumulated by day to be subsequently divided by the measurement period 
to obtain the period mean value. 

Fୠୡ = 2ହ ସ⁄8 ∗ 𝑔ଷ ଶ⁄ඥ𝛾௕ ∗ 𝜌𝐻௕ହ ଶ⁄ cos 𝜃௕ (1)

Fୠ୪ = 2ହ ସ⁄8 ∗ 𝑔ଷ ଶ⁄ඥ𝛾௕ ∗ 𝜌𝐻௕ହ ଶ⁄ sin 2𝜃௕ (2)

Figure 2. ADCP wave and tidal conditions. Offshore significant wave height (a), peak wave period (b),
peak wave angle (c), and surface water level (d) during the study. For panels (a–c), red continuous
lines are WaveWatch III data, and black lines are measured data. The blue stars correspond to the
survey dates, and the numbers correspond to each “period” analyzed. In panel (d), the astronomical
tide is shown from June to the end of July; the black continuous line (August to November) is the
measured SWL, and the red continuous line is the residual tide (=SWL − astronomical tide).

To characterize the dominant wave conditions for each period (between surveys),
waves were propagated using linear wave theory until breaking, considering the beach
azimuthal angle of 70◦. Subsequently, we calculated the cumulative cross-shore and
alongshore component of the wave energy flux (Equations (1) and (2)) and the longshore
sediment transport (LST) from CERC (Equation (3)), and the wave height and weighted
average wave direction and peak period were computed at breaking point (see Table 1).
LST from CERC [42] was calculated (m3/year) with hourly wave conditions, and then the
values were accumulated by day to be subsequently divided by the measurement period to
obtain the period mean value.

Fbc =
25/4

8
∗ g3/2
√

γb
∗ ρH5/2

b cos θb (1)

Fbl =
25/4

8
∗ g3/2
√

γb
∗ ρH5/2

b sin 2θb (2)

Ql = k
ρ
√

g
16
√

γb(ρs − ρ)(1− p)
H5/2

b sin 2θb (3)

where g is the gravitational acceleration; γb is the breaker index; ρ and ρs are the fluid and
sediment density, respectively; and p is the porosity. Hb and θb are the wave height and
wave angle at breaking.
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Table 1. Duration (time elapsed between measurements), wave conditions (TPB and θWB are weighted
averages, as a function of Hb), longshore and cross-shore components of wave flux, and cumulative
sediment transport (using CERC formula).
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2.3. Morphological Measurements

The sand spit, located in the waterway of the Sisal Harbor, was formed approximately
20 m to the south of the east breakwater head and was first surveyed on 1 August 2018,
before which we used snapshot images from a fixed field camera (Manufacturer: Allied
Vision, Stadtroda, Germany; see location in Figure 1c), allowing us to see the creation and
evolution of the spit, as well as its response to different forcings.

To survey the spit, we used images from UAV flights (Manufacturer: DJI, Shenzhen,
China) that were corrected with ground control points (GCPs) measured with real-time
kinematic Differential Global Positioning System (RTK-DGPS; Manufacturer: Leica Geosys-
tems, Gallen Switzerland). In total, eight UAV surveys were performed during the spring
low tide during a period of four months. The digital elevation model (DEM) and ortho-
mosaic for each survey were built with the software Pix4Dmapper [43] (Figure 3), and a
system of reference was defined with the origin situated at the head of the west breakwater
(Figure 3, red asterisk), from which the growth and migration of the sand spit were mea-
sured. Interestingly, seagrass removed from the seabed by the norte of 14 November can be
seen stranded over the spit in the last image.

For each survey, (i) an elevation point cloud was computed, and then (ii) a contour
for Z = −0.2 m was drawn, and (iii) we used the elevations inside this contour to calculate
the volume and used the contour to calculate the area and length of the spit. The length
of the spit was calculated from its base (attached to the jetty) to its southernmost location
following the central midline of the spit (red lines in Figure 3). Prior to this, we compared
DEM elevation and on-foot measurements; the averaged root-mean-squared error obtained
from all comparisons was 7 cm with a correlation coefficient > 0.90.

To calculate the position (XP, YP) and displacement of the spit, we calculated its center
of mass by weighting X and Y coordinates of the entire point cloud of each survey with
their corresponding elevation Z. Computed values were referenced to the first survey (this
reference point is indicated as a black dot in Figure 3, first panel of 1 August), using the
westernmost and southmost points (xini, yini), by means of the following expressions:

XP =
∑(xi − xini)(zi − zmin)

∑(zi − zlow)
(4)

YP =
∑(yi − yini)(zi − zmin)

∑(zi − zlow)
(5)

where (xi, yi, zi) are the spit coordinate values for each point, and zmin is the lowest
elevation point in each survey.
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Figure 3. UAV images showing the evolution of the sand spit. The numbers are month/day of 2018.
The red asterisk is the reference point. Crosses in each panel are 50 m apart in XY direction. The red
lines show the center (midline) of the spit, and the black dotted lines correspond to the elevation
Z = −0.2 m. The black dot in the first panel is a reference point used to compute the spit position
and displacement.

The displacement between two surveys is the difference in the center of mass position
of these surveys. A positive displacement in X corresponds to the spit moving towards the
east breakwater, and a negative displacement in Y corresponds to an onshore migration.
The results are discussed in Section 4.
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3. Results

Net longshore sediment transport can lead to the development of sand structures at
the entrance of ports, which impede the circulation of both water and boats, eventually
translating to environmental and/or socioeconomic impacts. Continuous monitoring of
wave conditions, water levels, and morphology allows us to understand the formation and
evolution of these structures. An analysis of the morphological response of the sand spit is
presented below.

3.1. Description of Wave Conditions

To investigate the relationship between the spit evolution and the wave conditions,
mean wave conditions, cumulative wave energy flux, and cumulative LST for the eight
periods (between each survey) at the breaking zone are shown in Table 1 for the entire
length of each period (“EP” columns) and during overwash, i.e., when SWL was higher
than the spit height (“OP”, grey columns). June (Table 1, first row) showed relatively high
wave conditions, which decreased in the next three months (periods 1 to 4). From October
to November (periods 5 to 8), wave heights are the largest. Wave direction in the breaking
zone also varies, generally decreasing throughout the study period, which is associated
with the increase in cold fronts coming from the NNW.

In 2018 there were three cold fronts and two stationary fronts in November. The
strongest cold front occurred on November 14 with waves coming from the NW–NE
reaching heights of 2.8 m with peak periods of 12 s at the ADCP instrument location
(10 m depth). The stationary fronts produce waves with longer periods (TP > 8 s) and
0.7 > HS > 1.0 m. October showed an atypical 72 h event with waves coming from the north,
TP > 15 s, and Hs < 1 m, which was a possible consequence of hurricane Michael crossing
the Yucatan Strait and traveling northwards into the Gulf of Mexico (7–12 October). A
stationary front was located in the Gulf of Mexico from 16 to 25 October, and then it became
the first cold front of the season, reaching the Yucatan shore on 29 October.

3.2. Qualitative Description of the Sand Spit in Its Early Stages

The spit formation was also captured with a video monitoring system. Due to the
camera orientation and elements obstructing the view, these images are only used to
qualitatively describe the initial morphological behavior (20 June to 31 July).

The spit was initially observed above MSL on 20 June 2018, approximately 15 m
onshore from the east breakwater tip, as shown in Figure 4a. The previous month showed
dominant westward sediment transport with waves coming predominantly from the NE
(Table 1) producing saturation of the east breakwater. The consolidation period (1–13 July)
was characterized by a notorious growth of the sand structure (Figure 4b). This was the
least energetic period of the whole study and had the highest wave angle. On 14 July,
Tropical Storm 15 produced energetic waves (HS ~0.82 m) that moved the spit onshore,
especially the part attached to the breakwater (Figure 4c). Subsequently, on 19 July, another
spit appeared (Figure 4d), although a submerged structure was already observed in the
aftermath of the storm. The distance between the crests of these two spits was small, but it
took almost two more weeks for them to merge (Figure 4e).

3.3. Seabreeze-Dominated Period

The UAV high-resolution surveys started on the first of August 2018 (Figure 3).
The morphological characteristics (Table 1) were derived from digital elevation models
(Figure 5). In the first survey, the spit had an average width of 5 m and was rounded at the
tip; the structure reached 55 m in length and 20 cm above MSL with an area of 596 m2 and
a volume of 135 m3.
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Figure 4. Array of snapshot images from the video monitoring system (location in Figure 1c) from
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The digital model of 15 August exhibits two sand bodies separated by ~50 m. The
drone mosaic (Figure 3) suggests that the most offshore body was newly formed and the
original structure migrated onshore. The digital model could not capture this because a
large part of the original structure was submerged. By extracting a profile that follows a
path of the highest elevations of the surveys (Figure 6), it can be seen that the elevation of
the original spit lowered, and the tip migrated onshore 15 m. In addition, the base of the
new spit was located further onshore than the base of the original one. By August 27, the
new spit gained length and height and had a shape strikingly similar to the original spit.
Moreover, the whole original spit was underwater at this point and remained undetected
by the digital elevation model. This remnant roughly maintained its position and was
gradually absorbed by the new spit by 28 September.



J. Mar. Sci. Eng. 2022, 10, 600 10 of 17

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 10 of 17 
 

 

3.3. Seabreeze-Dominated Period 
The UAV high-resolution surveys started on the first of August 2018 (Figure 3). The 

morphological characteristics (Table 1) were derived from digital elevation models (Fig-
ure 5). In the first survey, the spit had an average width of 5 m and was rounded at the 
tip; the structure reached 55 m in length and 20 cm above MSL with an area of 596 m2 and 
a volume of 135 m3. 

 
Figure 5. Spit evolution throughout the study. Upper panels: contours (black line) and center of the 
spit (red line); starting on 15 August, each upper panel presents the centerline of the previous spit 
(blue dashed line). Wave direction between surveys is shown with a black arrow next to the spit. 
Lower panels: spit elevation, used for the volume calculation. XY values are in meters, measured 
from the west jetty head (red star in Figure 3). 

The digital model of 15 August exhibits two sand bodies separated by ~50 m. The 
drone mosaic (Figure 3) suggests that the most offshore body was newly formed and the 
original structure migrated onshore. The digital model could not capture this because a 
large part of the original structure was submerged. By extracting a profile that follows a 
path of the highest elevations of the surveys (Figure 6), it can be seen that the elevation of 
the original spit lowered, and the tip migrated onshore 15 m. In addition, the base of the 
new spit was located further onshore than the base of the original one. By August 27, the 
new spit gained length and height and had a shape strikingly similar to the original spit. 
Moreover, the whole original spit was underwater at this point and remained undetected 
by the digital elevation model. This remnant roughly maintained its position and was 
gradually absorbed by the new spit by 28 September. 
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spit (red line); starting on 15 August, each upper panel presents the centerline of the previous spit
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Lower panels: spit elevation, used for the volume calculation. XY values are in meters, measured
from the west jetty head (red star in Figure 3).

In Figure 7, we present a summary of the geometric characteristics of the spit and the
daily rates of change per period. The gradual absorption (merging) of the two spits was
manifested by a fast growth in length of the new spit (from 27 August to 28 September
in Figure 7). In addition, the maximum spit height increased from 0.37 m to 0.51 m. This
process occurred during the least energetic periods of the study (periods 2 and 3; see Table 1).
During period 5 (between 28 September and 12 October), the area, width, and height grew,
while the length remained constant. We consider this as a period of consolidation of the
spit. Interestingly, this was the period with more wave energy before the nortes started.

3.4. Extreme Event Period or Norte Season

Generally, Central American cold surges (CACSs) arrive on the Northwestern side of
the Yucatan Peninsula (locally known as nortes) from November to February. However,
these events can also occur outside this period.

A stationary front was observed in the Gulf of Mexico by the end of October (period 6).
As a result, the spit gained considerable amounts of sand, with a 70% growth in volume,
28% growth in area, 25% growth in length, and maximum height of 0.75 m. During this
period, the cumulative longitudinal wave-energy flux reached its maximum (to the east,
see Table 1).

The first cold front arrived on the peninsula on the second of November (period 7).
This period was characterized by a similar wave height and period as the previous two,
indicating that the cold front was mild. As a result, the spit grew in length and volume
but maintained its maximum height given that no significant wave runup or storm surge
occurred. Moreover, part of the sediment was redistributed towards the tip.
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The most energetic cold front arrived on 14 November and lasted over 48 h, after
which the spit was breached. This event exhibited the largest wave heights of the whole
study period, reaching 2.5 m. In addition, this was the only period that had the dominant
longitudinal wave flux with an opposite direction. In consequence, the area and volume
were reduced by 45% and 75%, respectively. The spit elevation was reduced by 30%,
reaching a maximum height of 0.51 m.
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4. Discussion
4.1. Main Drivers of Spit Morphology

In recent years, there has been a surge in the use of UAVs to measure dynamic
structures. Their main advantage is the high spatial and temporal resolution that can be
achieved efficiently. Obtaining a topography over an area of 0.25 km2 with a UAV can be
completed in less than an hour (considering GCP mandatory acquisition). The orthomosaic
is another important output from UAVs (Figure 3). The shallow and clear waters of Yucatan
allow observation of submerged sand structures, as well as vegetation and debris, that
are not captured by the DEM. The combination of DEMs and the orthomosaic allows
the analysis of complex morphological changes (e.g., sand spit merging). In this study,
the observed spit behavior can be classified into (a) formation, (b) growth, (c) migration,
(d) multiple spit interactions (merging), and (e) breaching.

(a) Formation: The formation conditions are shown in Table 1. The east breakwater of
the port of Sisal imposes a discontinuity in the coastline which retains sediments,
particularly from March to November (outside the norte season) when NE sea breeze
waves dominate. Once the eastern breakwater was saturated (i.e., the eastern beach
reached its tip) on 17 June, the magnitude of the littoral transport deposited in the
port’s navigation channel increased and rapidly formed a coherent sand structure.

(b) Growth: The spit grew in length and width under different conditions. The spit elon-
gated faster with larger LST rates, responding to waves coming from ENE/NE. This
occurred because the littoral transport fed the spit, and the breakwater reduced the
energy of waves that could produce diffusion. The width increased with longer wave
periods under moderate wave energy because a moderate increment in runup had the
capacity to transport sand to the spit top. Furthermore, the morphological response
of the spit not only depended on waves but also on the previous morphological state
(e.g., if the spit is starting to form, or if it is consolidated). Some aspects that help us
to determine the spit resistance are spit elevation and width. For example, the first
cold front (5 November 2018) did not damage the structure. On the contrary, the spit
grew in length and width, mainly because the previous morphological state of the
spit was consolidated (spit height over 0.65 m), meaning that the energy threshold to
breach the spit needed to be higher (HS > 1.2 m).

(c) Migration: Figure 8 shows the position and displacement of the spit throughout
the study. Displacements in X are small (less than 10 m) except after a breach-
ing/destruction event. The relatively stable X position throughout the study period
suggests that the input sediment is well distributed along the spit. The Y displacement
is mostly onshore and is related to overwash events during high tide. The largest
onshore migrations (periods 5 to 7) are related to an inversion in the direction of
the longshore wave energy and a slight increase in the wave height magnitude (see
Table 1, grey columns, where wave conditions were calculated for when the spit
was below the MSL, i.e., during overwash). During destruction events, the apparent
migration is offshore; is due to spit breaching, with the tip of the spit being detached
and eroded by the waves (moving the sediment below sea level) and the attached zone
of the spit retaining more sediment due to the protection provided by the breakwater,
which causes the center of mass to move northeast.

(d) Multiple spit interactions (merging): The formation of a second spit can first be ob-
served in the orthomosaic of 15 August, and two spits can be seen until 28 September
(Figure 3). The next survey (27 August) shows that the older spit migrated onshore
and the new spit grew. The first spit cannot be detected by the DEM because it is
underwater. After 27 August, its position remains stable, while the second spit mi-
grates gradually onshore. This occurs because the new spit absorbs the wave energy,
protecting the spit vestige. The growth rate of the spit is accelerated by a merging
process until the merging is completed on 12 October.
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Figure 8. Position (black stars) of spit center of mass with respect to first survey minimum XY values,
and displacement (red stars), which is the difference between each survey position. The position
calculations were performed using accumulated weighted elevation (see Section 2.2) with X (upper
panel) and Y (lower panel) coordinates. Black stars (position) show where the highest center of mass
moves with respect to the first spit. Positive values represent east (in X) and north (in Y). For example,
in the second survey, the spit center of mass moves to the east (positive X value in the upper panel)
and to the north (positive Y value in the lower panel).

(e) Breaching: Breaching is the result of the increase in wave energy and the sea level
surge during nortes (see period 8 in Table 1). The mean wave height in the break
zone was 0.88 m, with a corresponding direction of Db ~−7.35◦. From Table 1 (grey
columns) we observe that the time during which the spit is submerged in this period
is 66% (i.e., 7.21 out of 10.92 days). Main changes are observed in the center of the spit,
where a breach occurs (Figure 5). Maximum height is observed near the sheltered
region (east jetty), while the center of the spit was below our measurement range,
and at the same moment over 50% of the total area measured was near our lowest
elevation (Z ~−0.20 m).

In addition to the above, recent studies [44–47] have suggested that infragravity
waves (IGs) can have an impact on cross-shore sediment transport and therefore on the
morphodynamics of inlets, mainly during storm conditions. In our study, storm conditions
were present between surveys 6 and 9, generating significant cross-shore wave flux energy
(Table 1, grey columns), especially when the spit was covered by water (MSL > highest spit
elevation), producing 20 and 40 m displacements of the spit (Figure 8, surveys 7 and 8).
Unfortunately, our instrument sampling setup did not resolve for IGs. However, to the best
of our knowledge, the only recent study performed in a microtidal environment [47] reports
that the IG wave energy represented only 4% of the maximum offshore storm energy, which
might suggest that the impact of IGs may be small when the tidal amplitude and currents
are small (microtidal coast), as is the case in our study site. In any case, a more in-depth
study is necessary to evaluate the relevance of infragravity waves on the morphodynamics
in the mixed-energy microtidal environments of the northern YP coast.

4.2. Importance of Morphological Monitoring in the Yucatan Harbors/Inlets

Although spits can occur in high-current macrotidal environments [7,13], sand spits
are common on the north coast of Yucatan because of the combination of (a) interrup-
tions in the coastline (by port channels or natural inlets opened mainly by hurricanes),
(b) the alongshore sediment transport being predominantly westward most of the year,
and (c) weak tidal currents (in a microtidal environment). In this area, sand spits can have
a detrimental effect on the coastal socio-ecological systems. In particular, they affect the
economy of the 12 fisher towns when the channels close, the water quality of the lagoons
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due to an increase in residence times and eutrophication, and eco-tourism activities that
often rely on the quasi-pristine conditions of these environments (e.g., La Carbonera lagoon
15 km west of Sisal).

Monitoring in other sites has shed light on the cyclic nature [13] and on the corre-
lation between run-up and morphological changes of a spit (being negative when the
run-up exceeds the crest of the tongue and positive with longer periods and lower wave
heights) [23]. Escudero et al. (2019) [8] conducted a study for a period of 31 years on a sand
spit located at a beach 330 km west of the port of Sisal, where the orientation breaks at
almost a 90◦ angle. They also found that the spit retreats after a synoptic-scale event (e.g.,
nortes and hurricanes), and the spit grows in fair weather conditions.

In Sisal, we observe that the saturation of the jetty is a prerequisite for spit formation,
which occurs during summer, together with mild wave conditions. In addition, once the
spit is consolidated, even though typical winter storms can reverse the alongshore sediment
transport direction, they do not have the strength to diffuse the sand structure and, on the
contrary, can accelerate the blockage of the port entrance.

Beach/sand structure monitoring is arduous with traditional techniques due to the
difficulty that fieldwork represents, from remote sites to massive land areas to cover by
a small group of people, as well as dynamic changes in short periods of time that make
it difficult for researchers to calculate migration speed and observe phenomena such as
spit destruction [48,49]. In that sense, the monitoring of spit morphology through drone
surveys allows for an easy and cost-effective operation and a better understanding of the
morphodynamics, consequently allowing for effective and timely management [13,21–23].

Observing the spit evolution characteristics and the spit volume before the storm
season, we can recommend three main actions: (a) performing timely preventive dredging
operations targeting the sand accumulation in the dry beach east of the jetty, rather than
corrective dredging when the closure of the channels are imminent [17]; (b) implementing
sand bypass systems across the port channels [50,51]; and (c) redesigning the jetties to
promote a more efficient bypass of the sand without mechanical systems. This would
hinder the spit growth potential and allow the typical winter storms to overcome the spit
and diffuse the accumulated sand.

Furthermore, given that the Sisal port geometry (the length and orientation of jetties
and the depth of the entrance) is different from that of other Yucatan ports (e.g., Chelem),
expanding the monitoring to these ports would allow us to understand the influence of
port geometry on spit development and, therefore, improve port design and management.

5. Conclusions

The evolution of a sand spit in the entrance of Sisal’s port was characterized using
UAV surveys. Simultaneous measurements of waves and sea level were used to identify
the mechanisms that drive the growth, migration, merging, and breaching of the sand
spit. In particular, wave direction and overwash events played an important role in the
spit evolution. Initial spit formation takes place during calm conditions (e.g., periods
dominated by sea breezes), and according to the energy threshold of high energetic events,
this new spit will consolidate or breach. Migration of the spit is related to overwash events
and changes in wave direction.

The Sisal port channel is restricted by two jetties (like many other small ports of
Yucatan); due to constant westward high energy wave flux, sand accumulates on the
east jetty (updrift), and when the accreting coastline reaches the jetty head, the sand
accumulation extends to the port channel. Since there is no preventive coastal management
plan, this process can lead to channel blockage. When a sand spit forms in the access channel
and when high energetic events occur (e.g., storms or norte cold fronts), extreme wave
conditions and higher water levels move the sand spit further into the channel and diffuse
it, obstructing navigation and water flow circulation, thus generating socio-ecological
problems; it is at this moment when dredging occurs.
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Constant monitoring of the coast, including hydrodynamic measurements and UAV
flights over the zone, is recommended to observe the development of morphological fea-
tures in the fishing ports. For a community that relies on fisheries, a lot can be lost if a port
channel is closed by a sand structure. Thus, highlighting the importance of frequent mea-
surements and a dredging plan is essential for these communities and local governments.
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