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Abstract: Economic costs associated to coastal erosion are projected in 45 sandy beaches in Chilean
coasts. We compare mid-century (2026-2045) and end-of-century projections (2081-2100) of wave
climate and sea-level rise (SLR) with a historical period (1985-2004) using several General Circula-
tion Models for the RCP 8.5 scenario. Offshore wave data are then downscaled to each site, where
shoreline retreat is assessed with Bruun rule for various berm heights and sediment diameters. Re-
sults indicate that mid-century retreat would be moderate (>13 m) while larger end-of-century pro-
jections (>53 m) are explained by SLR (0.58 + 0.25 m). A small counterclockwise rotation of long
beaches is also expected. To assess the costs of shoreline retreat, we use the benefit transfer method-
ology by using adjusted values from a previous study to the sites of interest. Results show that, by
mid-century, beach width reduction would be between 2.0% and 68.2%, implying a total annual loss
of USD 5.6 [5.1-6.1] million. For end-the-century projections, beach width reduction is more signif-
icant (8.4-100%), involving a total annual loss of USD 10.5 [8.1-11.8] million. Additionally, by the
end-of-century, 13-25 beaches could disappear. These costs should be reduced with coastal man-
agement practices which are nevertheless inexistent in the country.
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1. Introduction

In recent years, coastal erosion has been aggravated worldwide due to climate vari-
ability, climate change, and anthropogenic factors [1-3], generating uncertainty in local
and regional economies dependent on sun and beach tourism. Sandy beaches are essential
social-ecological elements and therefore reflect the health of the coastal system. Therefore,
their loss and/or width reduction could discourage tourists from returning for vacation
[4]. Bird [5] pointed out that different climatic factors were responsible for approximately
70% of the beaches receding between 1976 and 1984. Furthermore, a recent study pre-
dicted that 67% of beaches could ultimately erode by 2100 in southern California [6]. Lui-
jendijk et al. [7] also established that 24% of the world’s sandy beaches are eroding at rates
greater than 0.5 m/y. The possibility of mid-century extinction of half of the world’s sandy
beaches [8] has motivated interdisciplinary research aimed at understanding the complex
causes of erosion at local and regional scales [9].
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While SLR has been a primary concern in several studies [8-10], urbanization has
often triggered coastal erosion in areas of high tourist demand [11]. Since beach tourism
involves many industries, it has become a focal point in coastal areas [12] and a major
concern of scientific and non-governmental organizations. Still, many places in the world
suffer from coastal erosion due to an inadequate management, or where management is
non-existent.

Silvestri [13] characterized beach tourism as a market in which the demand corre-
sponds to a supply given by the availability of the shoreline area, using the carrying ca-
pacity as an indicator. This concept was defined as the number and type of visitors that
can be accommodated on the beach without unacceptable social consequences or negative
environmental impacts [14,15]. However, the proliferation of indicators to assess the qual-
ity of a beach reflects the need to measure the different dimensions of what is considered
suitable for a particular type of tourism. Such dimensions include litter presence, water
quality, leisure infrastructure, accessibility, distance to urban centers, coexistence of uses,
safety, aesthetics of the beach, and the local environment [16-22].

A recent study [23] found that sites with erosion were associated with a lower density
in accommodation and lower daily rates on Brazilian beaches. Thus, a direct relationship
was found between the income of the local tourism sector and beaches experiencing ero-
sion [23]. Conversely, Spencer et al. [24] found that, under a high emissions scenario (RCP
8.5), SLR would lead to 39% and 47% reductions in hotel rooms and direct tourism reve-
nues in Caribbean islands, respectively. In another study, Ruiz-Ramirez et al. [25] esti-
mated a loss of USD 330 million for coastal resort towns in the Mexican Caribbean, con-
sidering a 1 m SLR. Along with the impacts on the increasingly expanding coastal tourism
[26], erosion alters other ecosystem services associated with the interactions with the im-
mediate landscape, such as wetlands and dune fields. Thus, the impact on the beach is
only part of a more significant problem. Furthermore, the intense development of mass
tourism, involving the construction of infrastructure and buildings, causes erosion and
deterioration of the quality of a beach, affecting the tourism industry [27,28].

In the last decades, coastal storms have triggered unprecedented erosion rates [29]
and structural damage in several cities along the Chilean coastline [30]. The effects of these
events have sometimes been aggravated by earthquakes, which in turn trigger tsunamis
and changes in land elevation. The combination of these geophysical, climate, and anthro-
pogenic driven hazards has placed Chilean sandy shorelines on a vulnerable condition.
This study aims to project coastal erosion on 45 Chilean beaches according to IPCC’s RCP
8.5 climate change scenario, and to evaluate the associated economic losses. These beaches
constitute a representative sample of the nearly 1172 beaches in Chile [31]. Such new
knowledge is expected to guide the decision-making process to promote the sustainability
of affected sandy coastlines.

2. Study Sites

The study analyzes 45 sandy beaches covering nearly 1960 km (20.23° 5-37.88° S)
along the Chilean coast (Figure 1). During the last four decades, 80% of these sites have
eroded, 7% accreted, and 13% remained stable [29] (p. 6). Except for Anakena in Easter
Island, these sites are located on an eminently rocky coast with alternating projections,
inlets, beaches, and dune systems [32]. Links to maps of each site are provided in the Sup-
plementary Materials while some of their attributes are listed in Table 1.

The morphology of the continental sites is defined by a tectonically active margin,
where subduction earthquakes often occur. Indeed, in recent years, three large subduction
earthquakes with magnitudes greater than 8.0 and the succeeding tsunamis (2010, 2014,
and 2015) have caused severe morphological changes in the region. For example, beaches
in Tubul and Llico (#41,42 in Table 1) experienced a severe accretion following a coseismic
uplift during the 2010 Maule Earthquake while several others were eroded because of
coastal subsidence [29]. Coseismic changes in the study sites, however, are highly variable
in space, as discussed in Martinez et al.’s [29] Table A3.
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Table 1. Selected beaches and principal attributes. Type is classified as urban (U), periurban (PU),
rural (R), and industrial (I). A range of angles for the orientation are included when there were
significant changes within a beach. For sediment size (Ds,) and berm height (B), the symbol *

means beaches no information was available.

Lat Lon Length  Width Area Orientation

# Beach ©S) W) Type Shape (mg) (m) Ds, B (m?) ©N)

1 Cavancha 20.23 70.15 U Embayed 940 56-110 x x 78,020 240°

2 Brava 20.24 70.15 U Rectilinear 2795 62-117 x x 250,153 80°

3 Hornitos 2292 70.29 R Embayed 6400 39-147 012 x 595,200 281°

4 Chanaral 26.30  70.65 U Embayed 5147 24-35 x x 151,837 220°

5 Caldera 2710 7086 U, PU Embayed 6181 47-98 x x 448,123 300°

6 Huasco 28.33 7117 R Embayed 3570 44-74 x x 210,630 275°

7 La Serena 2996 71.32 U Embayed 18,850  44-108  x x 1,214,620 266°-330°

8 La Herradura 2998 71.36 U Embayed 1574 26-95 x x 78,800 325°

9 Guanaqueros 3029 7153 U,PU Embayed 5900 25-86 x x 382,596 325°

10 Tongoy 30.19 7140 U Embayed 11,630 28-32 x x 367,625 337°
11 Los Vilos 31.87 71.50 PU Embayed 2780 53-70 x x 170,970 65°
12 Pichidangui 3212 7151 PU Embayed 2996 20-61 x x 122,252 315°
13 Los Molles 3224 7151 PU Embayed 1460 20-80 x x 42,245 199°
14 Pichicuy 3234 7145 PU Embayed 2184 10-120 % x 129,128 228°
15 La Ligua 3236 7143 PU Embayed 5800 30-50 x x 232,000 230°
16 Papudo 3249 7143 U Embayed 2129 30-50 x x 85,160 310°
17 Maitencillo 3259 7145 U Embayed 224 13-25 x x 3483 335°
18 Quintero 32.78 7150 I Embayed 7360 13-85 x x 215,458 252°-340°
19 Concon 32.86 7151 R, PU Rectilinear 10,392 10-132 x x 504,547 264°-270°
20 Cochoa 3296 71.55 U Embayed 160 11-46 x x 3214 315°
21 El Encanto 3296 71.55 8] Rectilinear 232 9-26 x x 5494 257°
22 Refiaca 3297 71.55 U Rectilinear 1300 20-70 0.50 3.54 70,488 264°
23 Las Canitas 3298 7155 PU Embayed 185 13-28 x x 4193 275°
24 Las Salinas 3299 7155 U Embayed 190 20-40 0.63 2.74 7324 290°
25 Los Marineros 33.00 7155 U Rectilinear 2680 25-68 0.75 4.54 125,889 278°-300°
26 Miramar 33.02 71.57 U Embayed 147 14-21 x x 1517 325°
27 Caleta Abarca 33.02 71.57 U Rectilinear 420 18-33 x x 11,570 312°
28 Caleta Portales 33.03 71.59 U Rectilinear 633 0-83 042 337 11,718 330°
29 Torpederas 33.02 71.64 U Embayed 95 38-38 0.50 3.00 3460 333°
30 Tunquén 3329 71.66 R Embayed 2184 10-68 x x 71,252 241°
31 Algarrobo 33.36 71.66 U Embayed 2484 39-97 x x 153,137 275°
32 El Quisco 33.39 71.69 U Embayed 1050 43-107  x x 65,410 295°
33 Las Cruces 3347 71.65 PU Embayed 376 47-53 x x 14,161 224°
34 Cartagena 3352 7161 U,PU Embayed 4456 10-90 x x 193,372 230°-266°
35 St. Domingo 33.69 7165 U,PU  Rectilinear 21,807 10-88 x x 513,612 285°-305°
36 Pichilemu 3443 72.04 PU Embayed 4201 10-90 x x 230,996 287°-333°
37 San Vicente 36.76 7314 I,PU Embayed 5460 6-41 x x 133,622 313°-348°
38 Escuadrén 3695 7317 U,PU Rectilinear 8555 25-40 x x 278,347 286°
39 Playa Blanca 37.03 73.15 PU Embayed 1790 20-107  x x 92,248 293°
40 Tubul 3723 7344 PU Embayed 1227 9-52 x x 41,250 50°
41 Llico 37.18 73.56 R Rectilinear 2257 25-44 x x 70,510 25°
42 Arauco 3724 7331 U,PU  Rectilinear 12,658 49-86 x x 696,862 322°
43 Bahia de Lebu 3759 73.65 PU Embayed 2862 68-126  x x 270,026 310°
44 Lebu-Tirta 37.88 73.54 R Embayed 4283 43-130 0.60 6.50 349,227 264°
45 Anakena 27.07 109.32 R Embayed 241 12-40 x x 7273 344°
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Figure 1. Location of the 45 beaches analyzed in this study.

The climate in the region is controlled by the South Pacific subtropical anticyclone
and the circumpolar band of low-pressure migratory systems sometimes associated with
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frontal systems. The climate in the northern portion of the study region (18° 5-30° S) is
desertic and shifts towards a Mediterranean climate in the central and south regions (30°
5-38° S). Wave climate is characterized by swells forming from extratropical cyclones be-
tween 40° S and 60° S. Offshore waves are mild in the north, with a mean annual signifi-
cant wave height of Hs = 2.0 and mean periods of Tm = 9.2 s in the northernmost site
analyzed, slightly increasing in energy towards the south, where the height increases to
Hs=2.4 m and the period is reduced to Tm =9.0 s [33] (p. 25). During coastal storms, wave
heights have reached values of up to Hs = 4.7 m and Hs = 8.6 m in the northern and south-
ernmost extremes of the study region [33] (pp. 41,77), respectively, while periods are usu-
ally below Tm = 16 s. In recent decades, there has been an increase in the frequency of
extreme events in the region [34]. Tides are mixed semi-diurnal, with ranges of ~1.6 m on
the continental coast and of ~0.8 m on Easter Island [35], while storm surges and mete-
otsunamis are relatively minor in the region, with amplitudes below 1 m [36].

In terms of demography, the study area is characterized by the sparsely inhabited
Atacama Desert and large metropolitan areas in Central and South Chile. Population and
economic activities are concentrated in three main coastal conurbations, namely Concep-
cién, Valparaiso, and La Serena-Coquimbo, where several of the analyzed beaches are lo-
cated. From the 45 beaches under scrutiny, 20 (44%) are urban, 10 (22%) are periurban, 6
(13%) are rural, and 9 (20%) combine rural, periurban, or rural features (Table 1). Addi-
tionally, Quintero and San Vicente are situated in heavily industrialized bays. Several of
the urban sites analyzed herein have experienced an increment in tourism following the
implementation of new infrastructure, which has nevertheless caused their deterioration
as planning has been focused on economic development rather than environmental pro-
tection [37]. However, well-documented studies analyzing this phenomenon on a local
level are scarce and found, for example, in Coquimbo Region [28,37].

3. Methodology

The methodology consists of mid-century (2026-2045) and end-of century (2081-
2100) projections of wave climate and SLR which, combined with morphological and sed-
iment characteristics on each beach, provide information to project shoreline retreat with
respect to a historical period (1985-2004) and the associated costs of erosion.

3.1. Projections of Wave Climate

Wave climate was characterized using a Pacific-wide model in WAVEWATCH III [38],
forced with 3-hourly wind data and daily ice coverage from six General Circulation Mod-
els (GCMs) from CMIP5 [39]. The computation was conducted for the historical period,
mid-century, and end-of-century projections. Four GCMs (ACCESS 1.0, HadGEM2-ES,
MIROC5, MRI-CGM3) were selected based on the model performance for the southeast
Pacific Ocean region [40], while two others (EC-EARTH, CMCC) were used due to their
high resolution. These data are available in [41].

The numerical domain covered between 135°E-65°W and 75° S-60° N, with a resolu-
tion of 1°. Bathymetric data were obtained from ETOPO2v2 [42] on a 2 x 2 min grid, and
the coastline built from the GHHSGVIII database [43]. Wave spectra were resolved with
32 frequencies, a directional resolution of 15°, the ST4 parametrization to model wave
growth and dissipation [44,45] and the Discrete Interaction Approximation [46] to model
the nonlinear energy transfer. These parameterizations adequately characterize multi-
modal wave conditions off Chile’s coasts [47]. Time series of wave spectra and statistical
parameters (H, Ty,, 0,,) were then computed every 3 h, from which, temporal medians
for 20 years of statistical parameters were computed for each GCM and then assembled.
Figure S1 summarized this process, proposed by Winckler et al. [48].

Transformation of wave climate from deep waters to each beach was accomplished
by means of two methods, depending on the availability of high-resolution bathymetric
charts. In sites where these charts were available (Hornitos, Renaca, Las Salinas, Los Mar-
ineros, Caleta Portales, Torpederas, and Bahia de Lebu), the spectral wave model SWAN
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[49] was used to compute wave climate at 20 m depth. Offshore wave spectra were trans-
formed for each combination of frequency and direction [50], considering the processes
waves experience on irregular bottoms (shoaling, refraction, diffraction, and breaking).
For each GCM, the time series of statistical parameters (H;, T,,,, 6,,,) were inferred for the
historical period and the projections. Next, empirical Gumbel quantile mapping EGQM
bias correction method [51] was applied to exceedance probability curves of H; to com-
pute the significant wave height exceeding 12 h a year (Hs;,), a parameter used to com-
pute beach erosion. This correction used the wind reanalysis CFSR [52] as a benchmark
for the historical period.

Where high-resolution bathymetric charts were unavailable, propagations were con-
ducted using small amplitude wave theory and Snell’s Law [53]. In these sites, only shoal-
ing and refraction were considered.

3.2. Projections Sea-Level Rise

The projection of SLR at the 45 beaches under scrutiny was computed from the en-
semble mean of 21 GCMs corresponding to the RCP 8.5 scenario in the entire Pacific basin,
already presented in IPCC’s AR5 [54]. A 1° x 1° resolution dataset was available between
2007 and 2100 relative to the baseline period 1986-2005 in Hamburg University’s Inte-
grated Climate Data Center.

We used raw data corresponding to the mid-century and end-of-century projections
and interpolated new data on each beach. These projections include several effects,
namely, global thermal expansion and atmospheric loading, ice sheet mass changes from
surface mass balance and from ice dynamics, glacier mass changes, changes in land water
from ground water extraction and reservoir impoundment, and glacial isostatic adjust-
ment due to the response of the solid Earth, the gravitational field, and oceans to the
changes in the global ice sheets. Detailed calculation methods of each of these components
can be consulted in [55].

3.3. Projections of Shoreline Change

The projections of shoreline change were conducted for 44 beaches in continental
Chile, and in Anakena, Easter Island. Table 1 details the selected beaches and attributes
such as the latitude, longitude, type (urban, periurban, rural, and industrial), shape (em-
bayed, rectilinear), length, width, area, and orientation. Embayed beach refers to those
enclosed between headlands (natural or artificial) [56], otherwise they are considered rec-
tilinear.

Shoreline changes were estimated for mid-century and end-of-century with respect
to the historical period projections using Bruun rule [57]. This rule states that beaches
would translate upward and landward, maintaining their shore-normal geometry when
subjected to a SLR. The shoreline retreat (R) is expressed as:

R=1L(S/[B+h, (1)

where L is the width of the active profile, S the sealevelrise, B the berm height, and h*
the depth of closure [58], computed as:

k" = 1.75Hyy, — 57.9(H4,/9Ts%), ()

where Hgq, is the significant wave height that is exceeded twelve hours per year and T
is the peak period associated with Hy;,. The width of the active profile was computed
using Dean’s profile as L = (h*/A)/?, where the scale parameter of the equilibrium pro-
file, in m™%3, was computed as A = Kw®**, with K = 0.51, and the fall velocity of grain
particles, in m/s, was computed as w = 273D for grain diameter between 0.1 <D < 1
mm [59]. For a few beaches, sediment sizes and berm heights were measured (Table 1)
while for those beaches with no information, shoreline retreat was calculated for three
typical sediment sizes (D5, = 0.15, 0.3 and 0,8 mm) and four berm heights (B = 1, 2, 3, 4
m).
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3.4. Projections of Economic Losses Due to Beach Erosion

Beaches, like other ecosystems, provide services valuable to society. One of these eco-
system services is the provision of recreational space [60,61]. Due to beach erosion,
changes in the quantity or quality of these services will affect the value they generate.
Earlier studies have used environmental economics valuation methods to measure this
value change. In the case of beach erosion, the economic analysis has focused on tech-
niques that use the value of properties near beaches, the travel costs of visitors, and con-
tingent questions to users [62-66]. In the present study, we applied the benefit transfer
methodology that uses adjusted values from a previous study to the sites of interest [67].
In this case, we explored the literature for studies that estimate a per-trip willingness to
pay (WTP) for changes in beach width. Such an approach was undertaken because the
information available on beach users was based on the number of trips, and the hazard
analysis presented herein was expressed in terms of changes in beach reduction. The per-
centage of beach reduction (AR) was calculated as the ratio between the average beach
reduction (R) and the average of the historical minimum and maximum beach width
(W) included in Table 1.

AR = R/W, 3)

where R was computed as the projected minimum beach width reduction (associated to
Dsy = 0.8 mm and B = 4 m) and maximum beach width reduction (associated to Ds, =
0.15mm and B = 1 m),

R(Dso= 0.8 mm,B= 4 m) + R(Dsoz 0.15 mm,B= 1m) (4)
> )

This type of approach is consistent with extant travel cost studies, which use the cost
of traveling to represent the price paid to access recreational sites usually having no en-
trance fee. These studies are based on a demand function estimated using this price, num-
ber of trips, and beach characteristics, from which a WTP for the feature of interest (beach
width) is obtained. Due to its similarity to the present case, Parsons et al.’s [65] study was
adapted, as they combine travel cost and contingent behavior questions in a survey of
visitors to seven beaches in Delaware; the travel cost component describes actual past be-
havior (revealed preferences) while the contingent behavior captures potential trip
changes due to changes in beach width (stated preferences). Combining revealed and
stated preference information has provided good estimates for benefit transfer [68].

The WTP per trip and change in beach width from Parsons et al. [65] was adjusted by
inflation from the year of the study to 2019 and converted to Chilean pesos using the
World Bank’s PPP exchange rate. The values were then adjusted using each country’s ratio
of PPP-corrected GDPs for that year and unitary elasticity. Since Parsons et al.’s [65] esti-
mations are based on proportional changes (increase and decrease) in beach width, a lin-
ear function was estimated to obtain a value for the increase and decrease in one meter of
beach width.

The number of trips was taken from the National Survey of Trips in Chile 2018 [69].
In beaches where no data were available, the entire communal trips were divided by the
number of beaches. In addition, the number of trips was projected using the historical rate
of tourism growth in Chile, calculated by the National Tourism Service [69]. This rate was
reduced by an eighth for each decade of the projections (from 2019 to 2100). Finally, each
beach’s economic benefit change was calculated by multiplying the change in width, the
unit value of WTP, and the number of visits for the mid- and end-of-century projections.

R =
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4. Results
4.1. Projections of Wave Climate

Figure 2a shows the spatial patterns of Hgy, in the Pacific Ocean, and the almost neg-
ligible changes between the mid-century (Figure 2b) and end-of-century projections (Fig-
ure 2c) with respect to the historical period in the study sites. The temporal and model
median of this parameter ranges between H;, = 4.0 and 7.8 m in the northernmost beach
(Cavancha, 20.23° S) and southernmost beach (Lebu-Tirta, 37.88° S), respectively (Figure
3a). The values obtained from the 6 GCMs of Hgy, = 3.3-4.3 m and Hy, = 6.4-9.4 m for
both sites show a large range of expected responses. The mean period ranges from T, =
11.5 s [10.8-11.8] in Cavancha to T,, = 10.5 s [10.3-10.7] in Lebu-Tirtia (Figure 3b). Fi-
nally, the mean direction ranges from 6,, = 215° [212°-217°] to 240° [237°-242°] at both
sites (Figure 3c). The latitudinal gradients are explained by the variable distance to the
wave generation zone [70]. However, for mid-century projections, Hg;, would remain rel-
atively constant except for the southernmost region (>35°), where AHg;, < —0.25m. At the
same time, an almost negligible increase in the mean period of AT, =+ 0.15 s (Figure 3b)
and southward rotation in the offshore wave direction of Af,, = -2°, especially between
35° S and 45° S (Figure 3c), are expected.

(a) (b) (©)
60°N 60°N ¢ »,
,,,-..-, \
-y,
30°N | 30°N jpgl Y
- 3
o° 0° g,
bR o L
30°5 30°5 . .
L
40 60°5 :
160°E 160°W 120°W  80°W 160°E  140°W 120°W  BOPW 140°E  160°W 120°W  80°W

Hs12 (m)
1985-2004

8 10 -1 -0 -1 - -0 5
AHs12 (m) AHs12 (m)
2026-2045 2081-2100

Figure 2. Wave climate projections in the Pacific Ocean, as obtained from 6 GCMs. (a) Model and
temporal ensemble median of the significant wave height exceeded 12 h a year (Hy;,) in the Pa-
cific Ocean from 6 GCMs for the historical period (1985-2004). (b,c) show changes in Hg;, be-
tween the RCP 8.5 mid-century (2026-2045) and end-of-century projections (2081-2100) with re-
spect to the historical period (1985-2004), respectively.
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Figure 3. Wave climate projections offshore continental Chile, as obtained from 6 GCMs. (a,b), and
(c) show the significant wave height exceeded 12 h a year (Hy;,), the mean period (T;,,) and the
mean direction (6,,) along the Chilean coastal zone. Plots on the left show the temporal median
of each of the 6 GCMs in dashed colored lines and the model median in black lines for the histori-
cal period (1985-2004). Central and right plots show the differences between the mid- and the end-
of-century projections with the historical period.

For the end-of-century projection, the spatial patterns of these variables” changes are
similar to the mid-century projection but enhanced in terms of magnitude. For example,
the significant wave height is reduced by as much as AHg;, = —0.5 m and the mean period
increases to AT, = +0.25 s. In contrast, the southward rotation in the offshore wave direc-
tion reaches A@,, = —6° in the southernmost end of the study region. The projected spatial
changes in wave climate could be attributed to the strengthening, expansion, and pole-
ward migration of the Southeast Pacific Subtropical Anticyclone already observed in re-
cent decades [34,71], which is expected to evolve in the next few decades [72].

Overall, changes in wave height and period, which play a role in the definition of the
depth of closure, seem to be minor along the continental margin and Easter Island. The
relatively minor changes in the mean direction, however, could trigger the pivoting of
relatively long beaches [73] in microtidal environments (i.e., with tidal range below 2 m)
dominated by waves [74].
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4.2. Projections Sea-Level Rise

Figure 4 shows the mid-century and end-of-century projections of SLR with respect
to the historical period, based on 20 GCMs in Valparaiso, as an example. SLR is relatively
homogeneous within the study area, as shown in Winckler et al.’s [75] p. 234. In Valpara-
iso, mean sea level is expected to increase 0.14 m [0.09-0.20 m] for the mid-century pro-
jection and 0.58 m [0.36-0.85 m] for the end-of-century projection with respect to the his-
torical period. These values are consistent with those of Albrecht and Shaffer [76], who
projected a SLR between 0.34 and 0.74 m by the end of this century along the Chilean
coast.

END-OF-CEMTURY
PROJECTION

0.7
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E 05 +0.55 mm———
g 0.5 |
o 04t :
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Figure 4. RCP 8.5 mid-century (2026-2045) and end-of-century (2081-2100) projections of mean sea
level for the historical period (1986-2005), based on 20 GCMs, in Valparaiso. The gray line corre-
sponds to the median and the gray shade encloses the range of GCMs. The model and temporal
medians are shown in red lines. The temporal medians of the upper and lower envelopes of the
projections are depicted in red-dotted lines.

4.3. Projections of Shoreline Change

Projections of shoreline retreat for the mid-century and end-of-century projections
with respect to the historical period for a grain size of D5, = 0.3 mm are shown in abso-
lute values and as a percentage of the beach width (0% and 100% corresponding to no and
total erosion, respectively) in Figures 5 and 6, respectively. Additional plots for grain sizes
of D5y = 0.13 and 0.18 mm are included in Figures S2 and S4. The analysis shows that
retreat would range between 2 and 13 m for the mid-century projection, values which are
equivalent to an annual erosion rate of between 0.05 and 0.33 m/y (Figure 5a, center), de-
pending on the berm height. For the end-of-century projection, the retreat would range
between 10 and 53 m, corresponding to an annual rate between 0.25 and 1.33 m/y (Figure
6a, center). There is a mild latitudinal gradient, with smaller values in the north and larger
in the south. Additionally, shoreline retreat is larger for small grain sizes, such as in Horn-
itos (22.92° S), where D5, = 0.12 mm (Table 1).
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Figure 5. Projection of shoreline retreat in continental beaches for the RCP 8.5 mid-century projec-
tion (2026-2045) with respect to the historical period (1985-2004) in both meters and as percentage
of the historical average beach width, as shown in Table 1. Retreat per location is shown in (a)
while the corresponding histograms are shown in (b). Plots are calculated for a grain size of Dsy =
0.3 mm and berm heights of B = 1, 2, 3, and 4 m. Pink diamonds represent beaches where sedi-
ment size and berm height were measured in situ. Colored diamonds represent Hornitos (22.92°

S), where only sediment size was measured. Main cities or sites are included in the map.
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Figure 6. Projection of shoreline retreat in continental beaches for the RCP 8.5 end-of-century pro-
jection (2081-2100) with respect to the historical period (1985-2004) in both meters and as percent-
age of the historical average beach width, as shown in Table 1. Retreat per location is shown in (a)
while the corresponding histograms are shown in (b). Plots are calculated for a grain size of Dso =
0.3 mm and berm heights of B = 1, 2, 3, and 4 m. Pink diamonds represent beaches where sedi-
ment size and berm height were measured in situ. Colored diamonds represent Hornitos (22.92°
S), where only sediment size was measured. Main cities or sites are included in the map.

Results for the mid-century projection show that no beach would completely disap-
pear (Figure 5a, right), while the majority would show erosion below 30% of its present
width (Figure 5b, right). For the end-of-century projection, 28-55% of beaches (13-25 for
assumed grain sizes of 0.3 and 0.8 mm, respectively) could experience total erosion, and
the majority would experience a significant retreat (Figure 6, right). According to Rangel
et al. [77], all cases fall under the categories of erosion when considering shoreline retreat
(>0.2 m/y). It is worth noting that this analysis excludes the capacity of non-urban beaches
to migrate to higher elevations as sea-level increases [9].

Because of the southward rotation in the offshore wave direction of A6, = —2° (Fig-
ure 3c), sandy beaches are expected to turn counterclockwise (Figure 7). The magnitude
of this rotation is smaller, in magnitude, than the rotation of offshore waves, due to wave
refraction. The rotation is also dependent on the orientation of each beach (Table 1). Figure
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6 shows, as an example, the projection of beach rotation for the RCP 8.5 mid-century pro-
jection. Generally, the counterclockwise rotation of beaches is smaller than 0.5°, with neg-
ligible effects in pocket beaches or those with small lengths. Long beaches, however,
would experience erosion at their southern ends and accretion at their northern ends. For
a beach of, for example, 1 km, a gyre of 0.5° would generate an average accretion of ~5 m
at the northern end and an erosion of the same order at the southern end of the beach.
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Figure 7. Projection of shoreline rotation in continental beaches for the RCP 8.5 mid-century pro-
jection (2026-2045) with respect to the historical period (1985-2004) in degrees. Main cities or sites
are included in the map.

4.4. Projections of Economic Losses Due to Beach Erosion

Table 2 shows the calculation of the WTP for the change in the beach width per trip
per household for a 1% increase and decrease in beach width on short and long trips per
household, using Parsons et al.’s methodology. Note that a long trip is defined as one
lasting more than four nights. As expected, WTP for increases (decreases) in beach width
is larger (smaller) for long trips than for short trips. Therefore, for a reduction of beach
width, WTP is negative and represents a loss of economic benefits, or a situation in which
households would need to be compensated for a change in width to remain equally satis-
fied.



Sustainability 2023, 15, 5883

14 of 23

Table 2. Willingness to pay (WTP) values adjusted for changes in proportional beach width per
trip per household.

Type of Trip Change in Beach Width Adj Ti;;dD;NTP
Short trip 1% Decrease -0.84
1% Increase 0.46
Long trip 1% Decrease -2.07
(more than four nights) 1% Increase 1.14

This per-trip per-household WTP was multiplied by the proportional width change
for the 45 beaches for the mid-century and end-of-century projections. Since the modeling
of beach erosion only resulted in shoreline retreat, only the WTP calculated for the de-
crease in beach width was used. The total losses, including the sum of all short and long
trips to each beach, are shown in Tables 3 and 4 for the mid-century and end-of-century
projections, respectively. For the mid-century, beach width reduction is between 4.3% (Ba-
hia de Lebu) and 41.4% (Miramar) and results in a total annual loss of USD 5.6 million,
with maximum and minimum values of USD 6.1 and USD 5.1 million, respectively. For
the end-of-century projection, the range of beach width reductions is larger (23.5% in Los
Marineros to 100%) and the total annual loss is USD 10.5 million, with maximum and
minimum values of USD 8.1 and USD 11.8 million, respectively.

Table 3. Costs associated with the percentage of beach reduction (AR) for mid-century projection
(2026-2045). Maximum (D5o = 0.15 mm and B = 1 m) and minimum values of AR (%) (Dso = 0.8
mm and B = 4 m) are also included.

Beach Reduction Costs
AR (%) Thousands of USD/y

# Beach Min Mean Max Min Mean Max
1 Cavancha 11.1 6.7 2.2 120.0 115.2 110.3
2 Brava 10.3 6.2 2.0 139.1 133.8 128.5
3 Hornitos 124 10.3 8.2 8.8 8.7 8.5

4 Chanaral 36.1 21.7 7.3 72.5 64.9 57.2
5 Caldera 14.9 9.0 3.0 61.2 58.0 54.9
6 Huasco 18.6 11.2 3.8 9.2 8.7 8.1

7 La Serena 14.9 9.0 3.1 439.0 416.5 394.0
8 La Herradura 18.7 11.3 3.9 151.2 141.8 132.3
9 Guanaqueros 20.6 12.4 4.3 153.6 143.2 132.9
10 Tongoy 38.3 23.1 8.0 176.1 156.8 137.5
11 Los Vilos 19.2 11.6 4.0 30.2 28.3 26.4
12 Pichidangui 29.2 17.7 6.2 32.8 29.8 26.9
13 Los Molles 23.7 144 5.0 37.4 34.6 31.8
14 Pichicuy 18.2 11.1 3.9 35.8 33.6 31.4
15 La Ligua 29.7 18.0 6.3 39.2 35.7 32.2
16 Papudo 29.7 18.0 6.3 219.3 199.5 179.7
17 Maitencillo 62.6 37.9 13.3 2749 233.2 191.5
18 Quintero 24.3 14.7 5.2 210.2 194.0 177.8
19 Concon 16.8 10.2 3.6 1144 108.0 101.5
20 Cochoa 41.9 25.4 8.9 139.0 122.9 106.7
21 El Encanto 68.2 41.3 14.5 164.8 138.5 112.2
22 Refaca 8.4 8.4 8.4 106.2 106.2 106.2
23 Las Canitas 58.2 35.3 124 155.0 132.6 110.1
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24 Las Salinas 11.6 11.6 11.6 109.3 109.3 109.3
25 Los Marineros 5.5 5.5 5.5 103.4 103.4 103.4
26 Miramar 68.2 41.4 14.6 164.8 138.6 112.3
27 Caleta Abarca 46.8 28.4 10.0 143.9 125.8 107.8
28 Caleta Portales 10.5 10.5 10.5 108.3 108.3 108.3
29 Torpederas 10.5 10.5 10.5 108.3 108.3 108.3
30 Tunquén 30.6 18.6 6.5 351.9 319.5 287.1
31 Algarrobo 17.5 10.6 3.8 316.7 298.1 279.5
32 El Quisco 15.9 9.7 34 312.3 295.5 278.6
33 Las Cruces 23.9 14.5 5.1 333.7 308.5 283.2
34 Cartagena 23.8 14.5 5.1 333.7 308.5 283.2
35 St. Domingo 24.3 14.8 5.2 334.9 309.2 283.5
36 Pichilemu 45.5 27.7 9.8 175.5 154.0 132.5
37 San Vicente 24.6 15.0 5.5 419 38.7 35.5
38 Escuadrén 52.7 32.3 11.8 51.4 44.5 37.6
39 Playa Blanca 38.2 23.4 8.6 46.5 41.5 36.5
40 Tubul 19.6 12.0 4.4 27.0 25.3 23.6
41 Llico 40.8 25.0 9.1 31.8 28.3 24.7
42 Arauco 36.1 22.1 8.1 30.8 27.6 24.4
43 Bahia de Lebu 4.3 4.3 4.3 23.6 23.6 23.6
44 Lebu-Tirta 12.6 7.7 2.8 25.5 24.4 23.2
45 Anakena 12.5 7.5 2.5 34.0 325 31.0
Total 6099 5618 5136

Table 4. Costs associated with the percentage of beach reduction (AR) for end-of-century projec-

tion (2081-2100). Maximum (D5 = 0.15 mm and B = 1 m) and minimum values of AR (%)

(Dsp = 0.8 mm and B = 4 m) are also included.

Beach Reduction Costs
AR (%) Thousands of USD/y

# Beach Min Mean Max Min Mean Max
1 Cavancha 52.0 29.5 9.1 215.8 183.9 154.8
2 Brava 47.8 27.2 8.4 244.8 210.7 179.6
3 Hornitos 58.9 47.8 37.3 16.4 15.3 14.2
4 Chanaral 100.0 100.0 32.4 140.0 140.0 92.7
5 Caldera 71.6 40.3 12.8 120.2 98.2 79.0
6 Huasco 93.5 51.7 16.2 19.8 155 11.9
7 La Serena 71.5 40.4 13.0 861.6 705.0 567.3
8 La Herradura 94.2 52.1 16.4 325.2 254.6 194.9
9 Guanaqueros 100.0 58.0 18.1 334.9 264.5 197.8
10 Tongoy 100.0 100.0 35.1 334.9 334.9 226.1
11 Los Vilos 96.6 53.3 16.9 65.5 51.1 39.0
12 Pichidangui 100.0 87.2 26.4 66.6 62.3 42.1
13 Los Molles 100.0 68.0 21.2 79.5 66.8 48.2
14 Pichicuy 90.7 50.4 16.2 75.8 59.8 46.2
15 La Ligua 100.0 88.8 26.9 79.5 75.1 50.5
16 Papudo 100.0 89.1 27.0 4444 420.1 282.3
17 Maitencillo 100.0 100.0 61.6 444 4 444 4 359.1
18 Quintero 100.0 70.2 21.9 444 4 378.2 271.0
19 Concon 82.1 46.1 14.9 234.5 188.1 148.0
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20 Cochoa 100.0 100.0 394 257.6 257.6 179.6
21 El Encanto 100.0 100.0 68.4 257.6 257.6 216.9
22 Renaca 37.0 37.0 37.0 176.4 176.4 176.4
23 Las Canitas 100.0 100.0 57.0 257.6 257.6 202.2
24 Las Salinas 52.8 52.8 52.8 196.8 196.8 196.8
25 Los Marineros 23.5 23.5 23.5 159.1 159.1 159.1
26 Miramar 100.0 100.0 68.6 257.6 257.6 217.1
27 Caleta Abarca 100.0 100.0 44.7 257.6 257.6 186.3
28 Caleta Portales 474 47 .4 47 .4 189.8 189.8 189.8
29 Torpederas 474 474 47.4 189.8 189.8 189.8
30 Tunquén 100.0 92.6 28.2 708.2 682.2 453.9
31 Algarrobo 86.6 48.4 15.7 660.8 525.5 409.7
32 El Quisco 77.0 43.4 14.2 626.7 507.8 404.3
33 Las Cruces 100.0 68.8 21.7 708.2 597.7 430.8
34 Cartagena 100.0 68.8 21.7 708.2 597.6 430.8
35 St. Domingo 100.0 70.4 222 708.2 603.4 432.6
36 Pichilemu 100.0 100.0 444 317.2 317.2 229.0
37 San Vicente 100.0 73.0 23.8 88.4 76.5 54.7
38 Escuadrén 100.0 100.0 54.7 88.4 88.4 68.4
39 Playa Blanca 100.0 100.0 38.2 88.4 88.4 61.1
40 Tubul 100.0 56.1 18.8 59.4 46.4 35.3
41 Llico 100.0 100.0 41.2 59.4 59.4 419
42 Arauco 100.0 100.0 36.0 59.4 59.4 40.4
43 Bahia de Lebu 27.4 27.4 27.4 37.9 379 37.9
44 Lebu-Tirta 60.2 34.9 12.1 47.6 40.1 33.3
45 Anakena 58.4 33.2 10.6 63.0 53.0 44.0
Total 11,778 10,549 8127

5. Discussion

Beach erosion can be due to human activities or caused by oceanographic, geophys-
ical, and hydrologic phenomena [78]. Natural processes include changes in the frequency,
direction, and intensity of waves, SLR, coseismic, post-seismic and inter-seismic vertical
changes in the Earth’s crust, consolidation of alluvial deposits, and glacial isostatic re-
bound. Human activities include urban expansion, land reclamation, sand mining, build-
ing of coastal structures, extraction of algae fields, and groundwater production, among
others, which altogether can reduce sediment supply from rivers to the coastal system.
Some of these processes, and the expected response of the shoreline are depicted in Figure
8. In this study, we thus focus only on beach erosion due to changes in mean wave direc-
tion and SLR.
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Figure 8. Sketch showing some of the relevant processes and the expected response of the shore-
line (not on scale). Patterns of typical wave direction are depicted.

Determining the possible causes of beach erosion in a region covering nearly 1960
km of the Chilean coastal zone is extremely challenging, as there are several concurring
agents acting on the physical system. Special attention needs to be devoted to vertical land
changes due to the seismic cycle. Indeed, coseismic uplift and/or subsidence (and inter-
seismic changes to a lesser extend) determine the fate of shoreline changes: while subsid-
ence boosts beach erosion, uplift has shown to induce accretion. This cannot be disre-
garded in the tectonically active Chilean coast. For example, the M8.8 Maule earthquake
[79] produced a maximum coseismic uplift of 3.44 m (and minor subsidence is some ar-
eas), value which is comparable to centuries of SLR. However, 2010-type earthquakes have
a mean recurrence rate of 300 to 350 years [80], for which the probability of occurrence
within the mid-century projection is rather small (i.e., between 0.9% and 7.1% for the years
2026 and 2045, respectively). For the end-of-century projection, however, the encounter
probability should not be disregarded (i.e., between 15.3% and 22.6% for the years 2081
and 2100, respectively). Additionally, smaller earthquakes triggering vertical changes
comparable to SLR are more probable within the projected horizons. For example, the
M?7.7 2007 Tocopilla earthquake, with a recurrence period of ~35y [80], produced an uplift
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of 0.35 m [81]. Novel probabilistic approaches combining the occurrence of earthquakes
and SLR [82] should be therefore adopted to estimate shoreline retreat in this tectonically
active coast.

5.1. Projections of Shoreline Change

Shoreline evolution in the RCP 8.5 scenario for the mid-century projection suggests
that beaches located between Iquique and Lebu-Tirtia would experience average retreats
of up to 12 m, depending on the grain size and berm height of the beach. Beaches with
fine sediment size (e.g., Hornitos and those located in the bay of Valparaiso; inset in Figure
1) would experience a larger retreat than those with coarse sands, while beaches with
lower berm heights would erode more than those with higher berm heights. By the end
of the century, a shoreline retreat of up to 50 m is expected, resulting in total erosion of a
significant number of beaches (13-25 out of 45) driven by SLR (0.58 + 0.25 m). These results
are consistent with previous studies that projected long-term shoreline retreat under the
RCP 8.5 scenario [8]. Additionally, a mild rotation of offshore wave climate driven by the
poleward migration of the Southeast Pacific Subtropical Anticyclone could enhance (re-
duce) the erosion in the southern (northern) ends of long sandy beaches.

The present calculations are based on Bruun Rule, which has generated considerable
debate, Cooper and Pilkey’s paper [83] being one of the most skeptical of its use. The crit-
icism is based on the lack of a rigorous mathematical derivation and some of its assump-
tions, namely, no existence of a net longshore sediment transport, the use of a depth of
closure beyond which no cross-shore sediment transport occurs, a closed sediment
budget, the availability of unlimited sand sources, and the idea that SLR always results in
retreat. Cooper and Pilkey’s criticism, however, has been questioned for providing no
meaningful alternative [84]. In addition to the above-mentioned limitations, Bruun Rule
neglects vertical changes in the Earth’s crust, which are relatively normal in Chile, and
neglects the adaptive capacity of non-urbanized beaches—20% of the analyzed cases—to
evolve or migrate towards land with SLR, given that sedimentary sources are not altered
[9]. Toimil et al. [85] mentioned that despite all its limitations, Bruun Rule can still provide
first-order estimates of shoreline erosion in uninterrupted coastlines. Admitting all these
limitations and the considerable effort required to conduct site specific studies in the 45
beaches analyzed herein, we assume that Bruun Rule provides a first-order estimate of the
shoreline retreat, which could be later improved by considering sediment budget balances
and process-based models to account for sediment transport processes at each site.

In addition, our projections are embedded in intrinsic uncertainties such as the use
of the RCP 8.5 scenario and the associated GCMs, as well as the simplified transformation
used to compute local wave climate on each beach, which, in turn, is highly dependent on
the bathymetry [86]. Furthermore, the uncertainty also stems from the lack of in situ data
available, which was addressed by a sensitivity analysis of the berm height and sediment
grain size. Further improvements could thus be achieved with a systematic characteriza-
tion of the bathymetry, topography, and sediment characteristics of each beach under
study.

Finally, this study omits the adaptative capacity of beaches to face erosion caused by
SLR, as evidenced by Cooper et al. [9]. Although many beaches migrated landward since
the last glaciation, most sandy beaches are nowadays urban or periurban. In such condi-
tions, their ability to migrate landward is impeded by coastal infrastructure and the lim-
ited availability of sediments. These conditions are met by several beaches analyzed in
this study.

5.2. Projections of Economic Losses Due to Beach Erosion

Projected economic losses for each beach differ according to beach erosion and the
number of visitors. Thus, it is not necessarily the case that the most visited beaches have
the highest losses. Nevertheless, there are important differences in projected losses be-
tween beaches; some have mean losses below ten thousand dollars a year while others
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over half a million. This mismatch is important to consider when planning adaptation
measures, because more resourceful (poorer) communities may face smaller (larger)
threats. It should be noted, that WIP may also differ by beach, but because no WTP study
has been conducted for the country, we cannot account for these potential differences.

Although no public statistics on visitor spending or economic activity are available
at the beach level, the losses are small compared to the available data. For example, Gon-
zalez et al. [37] report that visitor of the Coquimbo region (La Serena, La Herradura, Gua-
naqueros, Tongoy, Los Vilos and Pichidangui beaches) spent USD 59.5 million in 2017,
compared to annual losses of USD 1.7 and 0.9 million in the mid-century and end-of-the
century projections, respectively. This comparison should be made with care since this
expenditure includes other areas in the region.

Likewise, a better estimation of beach visitors would bring a more accurate total ben-
efit loss. In addition, because nearby beaches represent close substitutes, future studies
should consider the combined effects of reducing the size of groups of beaches in the con-
tingent behavior question of the survey. Another issue of concern is beach erosion’s ag-
gregate effect on WTP. The values used do not consider this potentially significant effect
given by non-marginal changes in multiple beach widths. Therefore, a more detailed anal-
ysis should be conducted to consider the qualitative difference in valuation that may arise
from the losses in all beaches.

6. Conclusions

The present study relates projections of coastal erosion and economic losses on 45
beaches covering 1960 km of Chilean coastline. Based on the mid-century RCP 8.5 sce-
nario, shoreline retreat would be between 2 and 13 m (0.05-0.33 m/y), while for the end-
of-century projection, the reduction would be between 10 and 53 m (0.25-1.33 m/y), all
figures depending on the combinations of sediment size and berm height. A mild coun-
terclockwise rotation of long beaches is also expected. Likewise, by mid-century, the re-
duction in beach width will be between 4.3% and 41.3%, implying a total annual loss of
USD 5.6 [5.1-6.1] million. By the end of the century, the range of beach width reduction is
more significant (8.4%-100%), implying a total annual loss of USD 10.5 [8.1-11.8] million.
Additionally, by the end-of-century, 13-25 beaches could disappear, implying potential
economic, social, and environmental impacts.

The variety in type (urban, periurban, rural, and industrial), shape (embayed, recti-
linear), latitudinal difference, and local conditions makes us think that these results are
representative of the nearly 1172 beaches in Chile. However, further research is needed to
combine the local effects of the seismic cycle and SLR, as well as other phenomena char-
acterizing the Chilean coasts. As for anthropogenic causes, particular attention should be
given to activities triggering erosion, given their repercussions on massive sun and beach
tourism which is gradually expanding to more rural beaches. While urban beach loss can
be alleviated with sediment management practices, rural beaches should be devoted to
soft uses (e.g., ecotourism), with little or no hard infrastructure needs. We hope that this
study helps in the definition of future guidelines for a sustainable management of sandy
beaches threatened by SLR.
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