
J. Hydrol. Hydromech., 72, 2024, 2, 238–251 
https://doi.org/10.2478/johh-2024-0007 

© 2024 Jaime G. Cuevas et al., published by Sciendo. This work is licensed under the 
Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International Licence. 

 

238 

 
Varied hydrological regime of a semi-arid coastal wetland 
 
Jaime G. Cuevas 

1,
 
2,

 
3*, María Valladares 

2,
 
4,

 
5, Lucas Glasner 

1, Etienne Bresciani 
6, Paloma Núñez 

1,  
José L. Rojas 

1, Mercedes González 
1,

 
7 

 
1 Centro de Estudios Avanzados en Zonas Áridas (CEAZA), Av. Raúl Bitrán 1305, La Serena, Chile. 
2 Instituto de Ecología y Biodiversidad (IEB), Santiago, Chile. 
3 Centro de Investigación en Suelos Volcánicos (CISVo), Universidad Austral de Chile, Valdivia, Chile. 
4 Instituto de Políticas Públicas, Universidad Católica del Norte, Larrondo 1281, Coquimbo, Chile. 
5 Coastal Solutions Fellows Program, Cornell Lab of Ornithology, 159 Sapsucker Woods Road, Ithaca, NY. 14850, USA. 
6 Institute of Engineering Sciences, University of O'Higgins, Av. Libertador Gral. Bernardo O´Higgins 611, Rancagua, Chile. 
7 Universidad de La Serena, Av. Raúl Bitrán 1305, La Serena, Chile. 
* Corresponding author. E-mail: jxcuevas@ceaza.cl 

 
Abstract: Coastal wetlands are transitional ecosystems between land and sea. Participants of citizen science programs 
have detected frequent floods in wetlands, as well as small pools that appear and then disappear. Considering that it is not 
clear whether their main hydrologic drivers are of marine or continental origin, we studied the El Culebrón wetland located 
in the Chilean semi-arid zone. El Culebrón is strongly influenced by extreme rain events. This wetland also experiences 
seasonal changes in its water stage (WS). A high mean sea level agreed with 41% of the WS rises. High intensity storm 
surges coincided with 53% of WS peaks. A small tsunami in 2022 impacted the WS, and another very intense tsunami 
flooded it in 2015. An apparent diurnal cycle in the WS was discarded due to an instrumental artifact. The combination of 
the aforementioned factors provided an explanation for 91% of the WS rises. The probable and novel mechanism for sea 
level and storm surge influence on WS is the formation of a sand barrier between the coastal lagoon and the sea. As a 
whole, El Culebrón receives varied influences from both the sea and the mainland, but it seems to be more dependent on 
freshwater sources. 
 
Keywords: Instrumental artifacts; Sand barrier; Diurnal cycles; Storm surges; Wetlands. 

 
INTRODUCTION 

 
Wetlands are environments at the interface between land and 

aquatic systems; they are home to diverse flora and fauna that are 
adapted to such conditions (Mitsch and Gosselink, 2015). Wet-
lands and associated landforms fulfill a role as buffers for tsuna-
mis (Martínez et al., 2016; Rojas et al., 2015), sites for water 
discharge and recharge (Siegel, 1988), biofilters (López et al., 
2016), and carbon dioxide sinks (Mitsch and Gosselink, 2015). 
They are also strategic territories due to their freshwater reserves 
(Gallardo and Saunders, 2018). Their significant importance in 
the ecosystem greatly contrasts with their conservation status be-
cause they are seriously threatened by human action, especially 
urban growth (Martínez et al., 2016; Rojas et al., 2015). Semi-
arid coastal wetlands are even more noteworthy because they 
represent strikingly different conditions of moisture, plant vigor, 
and biodiversity, compared to the xerophytic communities found 
in the surrounding slopes and uplands (Contreras-López and  
Zuleta, 2019). Since climate change is being expressed in several 
places around the world with lower precipitation and higher tem-
peratures (IPCC, 2021, p. 604), streamflows that feed wetlands 
are also decreasing (MMA, 2019). In fact, Hidalgo-Corrotea et 
al. (2023) and MMA (2019) documented that many Chilean 
coastal wetlands significantly reduced their extent in recent dec-
ades. Moreover, the water use of streams and aquifers for differ-
ent human activities restricts the amount of freshwater feeding 
wetlands (Larraín and Schaeffer, 2010). All of the above coin-
cides with the public perception that wetland sustainability is at 
risk by direct and indirect human actions, mainly due to the 
shortage of freshwater supply from streams. 

On the other hand, several forcing factors from the sea may 
influence wetland distribution and function. For example, many 
coastal wetlands experience natural sea level variability caused 
by waves and tides (Haghani et al., 2016; Lambs et al., 2015). 
This influence can be relevant when waves triggered by storms in 
the Pacific Ocean, reach the South American coastline (Aguirre 
et al., 2017). These wind waves are high frequency, rhythmic os-
cillations that propagate across the open sea, resulting from 
storms and persistent winds that transfer energy and momentum 
across the air-sea interface. Waves can travel across entire ocean 
basins in the form of swells, which are wave trains born in remote 
or distant storms. For north-central Chile (25°S–35°S) this trans-
lates into a semi-permanent condition of a south-westerly swell 
that only, in unusual situations, changes to a north-west direction 
(Aguirre et al., 2017). It has been shown that while propagating 
swells lose very little energy, dissipation mainly occurs when 
waves reach the coast and eventually break on local shores and 
beaches (Munk et al., 2013; Young, 1999). The impacts of ex-
treme waves in the Pacific south-east region (i.e., heights exceed-
ing a specific threshold) include the coastal erosion of sandy 
beaches (Agredano, 2019; Martínez et al., 2018), suspension of 
nautical activities and port closures by local authorities, as well as 
coastal flooding due to storm surges and temporary sea level rises 
(Campos-Caba, 2016). These phenomena have intensified in re-
cent years, with damage to coastal city infrastructures (Genovese 
et al., 2011; MMA, 2019), which has been linked to ongoing cli-
mate change (Vousdoukas et al., 2016). MMA (2019) has also 
reported breaks of sand barriers and intrusions of surges into wet-
lands, but as far as we are aware, no study has yet documented 
what type of hydrological effect storm surges have on wetlands. 
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The largest penetration of seawater into the mainland is 
associated with tsunamis, which have devastated coastal 
settlements in Japan, Sumatra, Hawaii, Chile, and other countries 
(Atwater et al., 1999; Plummer et al., 2012). The highest heights 
that water has been documented to reach is between 5 and 38 m 
above sea level, which can mean several kilometers of 
penetration into flat zones (Fujii et al., 2011; Liu et al., 2005). 
Finally, ice melting in polar regions/alpine mountains and 
thermosteric effects related to global warming are increasing the 
sea level, and prospects affirm that this phenomenon will 
continue (IPCC, 2021; Rahmstorf, 2007). All of these marine 
stressors lead to an uncertain future for wetlands. We 
hypothesize that in coastal semi-arid zones, forcing factors from 
the sea are currently more important for wetland function and 
subsistence than rainfall and stream discharge. This prediction 
could be exacerbated considering current and future climate and 
anthropogenic scenarios, where the spatial extent of wetlands 
may undergo drastic transformations. Thus, our objective was to 
determine the different forcing factors that are affecting wetland 
water levels, and their implications for the future in a typical 
semi-arid ecosystem. 

This research arose from the observations of community 
members about water changes in the wetland landscape. It 
answers the scientific questions formulated with the participation 
of these local communities in citizen science program activities 
based on semi-arid wetlands, which the CEAZA scientific center 
has been running since 2015. Volunteers and collaborators 
participated in this research, making direct observations related 
to landscape changes, supporting data download campaigns, and  
 

learning about the results in workshops or meetings. 
Technological equipment was needed to answer the inquiries, 
with the final aim of supporting the scientific and social 
processes (Bonney, 2021). 
 
MATERIALS AND METHODS  
Study site 

 
We worked in the El Culebrón wetland, an urban ecosystem 

located in the middle of Coquimbo city, Coquimbo Region, 
Chile (29° 57ʼ 43” S, 71° 19ʼ 19” W) (Fig. 1). The regional 
climate is semi-arid (Montecinos et al., 2016). Rainfall measured 
at 90 m a.s.l. at the La Serena meteorological station averaged 62 
mm/year (period 2015–2023), with high interannual variability, 
while the mean temperature was 14.6 °C (2014–2023). 

The wetland forms part of the 209 km2 El Culebrón watershed 
(also called Pan de Azúcar) that originates from the coastal and 
transversal ranges of the mainland, about 25 km from the Pacific 
coast. The mainland is covered by xerophytic vegetation in the 
mountains (49.2%), agriculture (38.4%), barren land with scarce 
vegetation (8.1%), wetland and riparian vegetation (2.4%), and 
urban developments (1.9%). The coastal wetland itself is deeply 
constrained by urban growth. Specifically, most of the wetland 
is separated from the sea by a continuous highway (“Costanera”) 
constructed above an embankment, 2.0 m high (Fig. 1b). 
Moreover, a wall was constructed on the seaward side of the road 
to protect the embankment against surges; its foundations are 
several meters below ground. To the south, El Culebrón is 
bordered by a railway and the Baquedano neighborhood. 

 

 
 
Fig. 1. a) El Culebrón watershed. b) Detail of the El Culebrón wetland. The orange line indicates the limit of the 2015 tsunami flood towards 
the Baquedano neighborhood, while the yellow dot points out the crossing of the El Culebrón stream under the Highway 5 bridge, where 
remnants of the inundation have been found. 
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The stream that feeds the wetland forms a coastal lagoon 350 
m long, and 60 m wide that connects with the sea via a narrow 
outlet < 10 m wide. Usually, the surface water flow reaching the 
sea is restricted because there is dense plant growth (Typha  
angustifolia, narrow-leaf cattail) between the lagoon and the sea. 
Spot measurements of discharge at the outlet were recorded at 
about 0.013 m3/s (January 2023). 

The El Culebrón watershed diverts water from another major 
source in the Coquimbo Region called the Elqui watershed, 
where the Elqui River flows permanently as a result of major 
hydraulic interventions (Fig. 1a). The connection is provided by 
the Herradura and Bellavista canals, which move water for irri-
gation to the coastal area and the interior Pan de Azúcar sector. 
In this zone, the canals divide into a dense network. 

 
Methods 
Wetland water level measurements 

 
We installed a pressure-temperature sensor in a channelled 

reach of the lagoon at an elevation of 1 m a.s.l. (Fig. 1b). This 
channel was the original outlet from the wetland to the sea, which 
was closed several decades ago to force the passage of water un-
der the Costanera bridge. This channel does not have an appre-
ciable discharge, and is approximately 1 m deep, and 5 m wide. 
We installed a HOBO U20-001-01-Ti pressure/temperature log-
ger (Onset Computer Corporation, Bourne, USA) in the middle 
of this reach from April 2021 to April 2023. Since water was 
expected to be brackish, we used the titanium model. This equip-
ment was hung from a steel cable connected to the top cap of a 
PVC tube perforated through its extension with 2 mm holes. The 
tube was kept upright with a cement base. 

A barometric pressure compensation logger was placed in a 
sheltered garage at a 500 m distance to prevent vandalism. How-
ever, in the last months of this study the barometer was relocated 
to a PVC dry well surrounded by wetland water, about 20 m from 
the submerged sensor, following the recommendations of Cue-
vas et al. (2010). The device employed was a U20L-04 sensor 
from the same manufacturer of the other pressure transducer. 
Measurements were taken every 15 min. 

To calculate water depth, we subtracted the barometric meas-
urements from the submerged sensor records and divided the re-
sult by the acceleration of gravity (9.8 m/s2), and the density of 
water that was collected every time we discharged the infor-
mation (2–5 months). The sample was analysed in the laboratory 
by gravimetry and volumetry. Additionally, we installed a staff 
gauge 10 m from the logger location to verify the sensor linear-
ity, and to check whether sensor drift occurred with the passing 
of time. This gauge was inspected every 2 – 4 months. 

When estimating water depth from pressure transducers, the 
knowledge of the instrumental error is critical. According to the 
manufacturer, the typical precision errors (as defined in Rau et 
al. (2019), for example) are 0.5 cm and 0.4 cm for the submerged 
and barometric sensors, respectively, while the maximum preci-
sion errors are 1.0 cm and 0.8 cm for the same sensors. The raw 
pressure accuracies are 0.62 kPa and 0.43 kPa, respectively. As-
suming independent errors, the precision error associated with 
the difference between the two records is determined as follows 
(Farrance and Frenkel, 2012): 

 
a) Typical error: 𝜎௦௨௠ = √0.5ଶ + 0.4ଶ = 0.6 cm 
b) Maximum error: 𝜎௦௨௠ = √1ଶ + 0.8ଶ = 1.3 cm 
 
Cuevas et al. (2010) experimentally determined that the error 

in the water level estimated from two HOBO U20-001-01  
pressure loggers was 0.4 cm. We also tested the two loggers in 

controlled conditions in the laboratory, exposed to the air, to de-
termine the possible differences in records between them. Fi-
nally, we chose variations ≥ 2.0 cm as significant to analyse and 
interpret. Oscillations with a lower amplitude were considered as 
electronic noise. 

 
Sea level and tide records 

 
The variations in sea level were studied at several temporal 

scales. On one hand, the gravitational pull of the Sun and the 
Moon is associated with sea tides: full and new Moon coincide 
with extreme sea levels, both upwards and downwards, espe-
cially when the Moon is closer to the Earth (perigee correspond-
ing to supermoons) (Hicks, 2006; Mitsch and Gosselink, 2015). 
This phenomenon manifests itself in semi-diurnal and diurnal sea 
level variations with amplitudes of the order of meters and 
phases separated by several hours. Moon calendars were accessed 
from the Astronomic Agenda from the Spanish Geographic Insti-
tute (https://astronomia.ign.es/rknowsys-theme/images/webAs-
tro/paginas/documentos/Agendas_Astronomicas/Agenda_as-
tronomica_2022.pdf). For direct records of sea level, we used in-
formation from the Chilean Navy Hydrographic and Oceano-
graphic Service (SHOA), available by request, corresponding to 
Coquimbo Bay, only 2 km from our study site. Hourly records 
were available for the period from 2010 to the present (2023). 

On the other hand, sea level also shows minor variations  
(decimeters), due to non-tidal processes ranging from daily to 
annual time scales (Pizarro et al., 2002). Thus, to distinguish the 
effect of tides from seasonal and other scales of variability, we 
performed a spectral decomposition of the sea level data into har-
monic functions (sines/cosines) using Fourier methods. The sea-
sonal cycle can be defined as the variability explained by the har-
monics of the 365-day period, meanwhile tides can be defined 
using the harmonics of specific frequencies related to astronom-
ical motions or “tidal constituents”. In the context of sea level 
and tides, harmonic analysis is a common technique; for further 
details, the reader is referred to Pawlowicz et al. (2002). The raw 
sea level data was used when making comparisons on event time 
scales, while the daily average of the tide-filtered signal was used 
for seasonal and long-term comparisons. 

 
Waves and storm surges 

 
There is no established monitoring system for these kinds of 

sea level fluctuations in the Coquimbo Region. The above-men-
tioned SHOA monitoring does not have a temporal resolution 
high enough (i.e., minutes, seconds) to document changes in sea 
level attributable to waves and surges. Therefore, to evaluate 
wave heights extrema, operational wave analyses from  
Mercator/Météo-France model at a 1/12 degree latitude (~ 9 km) 
resolution were used (Alday et al., 2021). Data came from a 
hindcast deep-water model, and the time series represented  
a ~ 9 x 9 km2 area centered at 29.917°S – 71.33°W (just in front 
of the El Culebrón wetland). This dataset provides recent and 
near real time descriptions of wave heights using a mixture of 
satellite observations (altimeters) and state of the art numerical 
models. Comparisons with independent satellite data have 
shown wave height errors of approximately 20 cm in mid-lati-
tudes, meanwhile the correlation coefficient against continuous 
coastal buoy measurements have presented values as high as  
r2 = 0.91 (Aouf, 2020). 

This model only solves wave heights for open ocean and 
should not be confused with the height of waves that break on 
the beach, nor the sea level measured by the tide gauge. How-
ever, since surges are produced by storms spanning hundreds of 



Varied hydrological regime of a semi-arid coastal wetland  

241 

kilometers, the model resolution is adequate to describe the off-
shore wave field, which allows for the accurate identification of 
extreme regional events with coastal flooding potential. Regard-
ing extreme wave events in central Chile, long-time numerical 
studies have suggested thresholds > 4.0 m for deep-water wave 
heights (Aguirre et al., 2017; Beyá et al., 2017). They are con-
sistent with the satellite-based study of Mediavilla et al. (2020), 
which documented values of 4.5 m for the 99th percentile of 
wave heights off the shore of the Coquimbo Bay. Moreover, a 
validation of the wave model using data from Naval observations 
in other distant Chilean cities (Valparaíso, Talcahuano and Iqui-
que) for the period 2022–2023, showed a good agreement be-
tween both sources (r2 ≥ 0.88). 

We classified the storm surges as very high, high, medium, or 
low based on height data distribution ranges. The results obtained 
with the model were compared with warnings from the CEAZA 
and the Navy, and also with media reports from La Serena and 
Coquimbo, obtained from the World Wide Web. These are mainly 
newspaper articles and, despite the lack of scientific evaluations, 
they provide a rough validation of the model results, with descrip-
tions of the largest events by local people and journalists. In addi-
tion, some field inspections carried out by the research team per-
mitted the detection of storm surges in real time. 
 
Additional sources of information 

 
Meteorological information was obtained from the Ceaza-

Met meteorological service belonging to the CEAZA 
(https://www.ceazamet.cl). The nearest station to the El Cu-
lebrón wetland is La Serena, less than 10 km away, which was 
consulted mainly for rainfall information. 

 

The only stream gauging station for the El Culebrón stream 
itself (called The Syphon, Fig.1a) was operative between 1986 
and 2017. This was located ca. 6 km upstream from the sea. No 
present gauging data is available, but we consulted old records 
from https://snia.mop.gob.cl/BNAConsultas/reportes (also pro-
cessed at http://camels.cr2.cl/). 

We also downloaded photos from Google Earth Pro Imagery, 
version 7.3.6.9345, for those dates when no visits to the wetland 
were carried out, allowing a historical comparison of its hydro-
logical and geomorphological conditions. Finally, data from  
recent tsunamis were obtained from bibliographic sources  
(Contreras-López et al., 2016; Paleczek-Alcayaga et al., 2019). 

 
RESULTS 

 
Fig. 2a shows the 2-year complete series of wetland water 

level fluctuations. They have a baseline of about 90 cm above 
the streambed, with several peaks that depart from the baseline. 
Fluctuations are individualized by capital letters for main events, 
and in the following they are described from the highest to the 
lowest magnitudes. Table 1 shows the 22 significant effects de-
tected, arranged by date. 
 
Major fluctuations 

 
In Fig. 2a, we included the daily rainfall to associate the wet-

land depth peaks with precipitation events. Peaks D, R and S rea-
sonably matched with the rain events of 12.3 (June 23, 2021), 
22.3 (July 10, 2022), 33.3 (July 14, 2022) and 25.9 (July 15, 
2022) mm/day, respectively. In particular, the S event was the 
largest detected, causing a rise in the wetland water stage (WS)  
 

 
Fig. 2. a) Complete data series showing the wetland water level fluctuations, jointly explained by the daily precipitation (blue bars). Most 
significant peaks in the water stage at the scale of the graph are indicated by capital letters. b) Sea level fluctuations (daily means in purple, and 
annual harmonic in orange). c) Modelled wave height. Horizontal dashed lines separate zones of low, medium, high and very high sea level and 
wave height. Vertical dashed lines are used to facilitate the comparison of a), b) and c) in wetland rises of medium magnitude (peaks C, G, T). 
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Table 1. List of events of stage rise for the El Culebrón wetland, Coquimbo. Those with a larger magnitude and/or most likely explained are 
indicated with bold letters.  
 
Event  
ID 

Start  
date 

End  
date 

Peak date  
and time 

Amplitude 
(cm) 

Moon  
phasea 

at the WS 
peak 

Mean sea 
level (cm) 
and  
categoryb at 
the WS peak 

Wave height (m) 
and categoryc at 
the WS peak 

Media reports  
for storm surges 

Probable cause  
of event 

A 4-22-21 5-28-21 5-20-21  
8:00 h 

5.0 1 d after CQ 98.2 M _     _ Seasonal rise in 
WS 

B 5-28-21 6-9-21 6-7-21 
9:15 h 

2.2 3 d before 
NM 

100.3 M 1.0 M 5-28-21  
warning 

Moon 
phase/storm surge

C 6-9-21 6-22-21 6-14-21  
9:45 h 

10.1 Between 
NM and CQ

102.7 H 1.4 M, 4 d after 
a HP (2.9) 

6-10-21 
reported strong 

Mean sea level/ 
storm surge 

D 6-22-21 7-9-21 6-23-21 
21:45 h 

5.6 1 d before 
FM and SM 

101.8 H 2.0 H 6-23-21 
surges 40 km to the 
south 

Rain/Moon 
phase/mean sea 
level/storm 
surge 

E 7-9-21 7-23-21 7-15-21  
7:30 h 

2.2 2 d before 
CQ 

89.7 L 1.4 M No Unknown 

F 7-23-21 8-21-21 7-27-21  
7:45 h 

2.0 3 d after FM 90.3 M 1.8 M No Unknown 

G 8-21-21 9-9-21 8-25-21  
7:30 h 

8.9 3 d after 
FM 

81.8 L 1.4 M, 3 d after 
a VP (3.0) 

8-21,22-2021 reported 
strong 

Moon 
phase/storm 
surge 

H 9-9-21 10-15-21 9-14-21 
8:45 h 

2.8 1 d after CQ 86.2 L 2.1 H 9-(10,11,12)-2021 
warning 

Storm surge 

I 10-15-21 10-22-21 10-21-21  
2:45 h 

2.0 1 d after FM 86.2 L 1.0 M, 6 d after a 
VP (3.0) 

No Moon phase/storm 
surge 

J 10-22-21 11-24-21 11-4-21  
6:00 h 

3.1 NM 91.5 M 2.0 H, 17 h be-
fore a VP (3.3) 

No Moon phase/storm 
surge 

K 12-8-21 12-14-21 12-11-21 2.1 CQ 101.8 H 1.2 M No Mean sea level  
   6:45 h       

L 12-14-21 12-22-21 12-20-21  
6:30 h 

2.0 1 d after FM 101.5 H 1.1 M No Moon phase/mean 
sea level 

M 12-30-21 1-12-22 1-6-22  
5:45 h 

2.3 Between NM 
and CQ 

100.1 M 2.0 H 1-6-22 warning Storm surge 

N 1-15-22 1-24-22 1-16-22  
4:00 h 

2.3 2 d before 
FM 

95.7 M 1.3 M No Tsunami/Moon 
phase 

O 2-5-2022 2-16-22 2-10-22  
6:15 h 

2.0 2 d after CQ 101.9 H 1.9 M No Mean sea level 

P 2-16-22 2-24-22 2-22-22  
7:45 h 

2.1 1 d before 
LQ 

105.6 H 1.3 M No Mean sea level  

Q 2-24-22 7-9-22 7-4-22  
8:30 h 

13.4 3 d before 
CQ 

88.7 L _ _ Seasonal rise in 
WS 

R 7-9-22 7-14-22 7-11-22  
6:45 h 

13.8 2 d before 
FM, SM 

92.1 M 2.4 H No Rain/Moon 
phase/storm 
surge 

S 7-14-22 7-28-22 7-16-22  
8:30 h 

49.5 3 d after 
FM, SM 

90.5 M 2.1 H 7-14-22 surge reports Rain/Moon 
phase/storm 
surge 

T 1-20-23 2-3-23 1-26-23  
11:00 h 

8.1 2 d before 
CQ 

102.6 H  2.2 H 1-(18 to 23)-2023  
reported strong 

Mean sea 
level/storm surge

U 2-9-23 3-14-23 3-4-23  
7:45 h 

3.2 3 d before 
FM 

103.9 H, 1 d 
before  
106.1 H 

1.7 M Warnings 2-(10 to 12, 
15,16, 25)-2023 

Mean sea 
level/storm surge 

V 3-21-23 4-22-23 4-22-23  
16:15 h 

3.5 2 d after NM 106.9 H _ _ Seasonal rise in 
WS 

Summary     12 events 
(55%) close 
to NM or 
FM 

9 H, 8 M, 5 
L 

7 H, 12 M 
0 L 

9 warnings or reports, 
10 no reports 

4 Moon 
phase/surges;  
3 mean sea 
level/surges;  
3 mean sea level;  
3 mostly rain;  
3 seasonal rises;  
2 storm surges;  
1 Moon 
phase/mean sea 
level;  
1 mostly tsunami; 
2 unknown.  

 

a Moon phase: FM, full moon; NM, new moon; CQ, crescent quarter; LQ, last quarter; SM, supermoon. d = days, WS =wetland water stage. 
b Mean sea level:  H = high (101–112 cm), M= medium (90–<101 cm), L = low (79–<90 cm).  
c Storm surge amplitude: V = very high (≥ 3.0 m), H = high (2.0–<3.0 m), M = medium (1–<2.0 m), L= low (< 1.0 m). P: peak, d: day, h: hour.  
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of up to 155 cm. In all cases, the water level peak occurred sev-
eral hours after the maximum rainfall, with a lag time between 
the mid-point of rainfall and maximum WS of 9:15–11:15 h. 
However, for the S episode, the lag time was 32:30 h. These re-
sults were coherent with observations of floods in the city low-
lands (Fig. 3). Light rain, as observed on June 22, 2022 (3.6 mm) 
failed to produce any detectable rise in water level. 

A seasonal pattern was observed; the water level started at ca. 
90 cm in April 2021, increased some centimeters by mid-May 
(A event, disregarding the peaks), and then returned to 90 cm 
during the austral spring and summer (Fig. 2a). This was even 
clearer in the year 2022, as the water depth increased to >100 cm 
in the autumn (Q “event” in Fig. 2a) and decreased in the spring. 
This seasonality was appreciable in the field as temporary pools 
formed (Fig. 4). 
 
Medium scale variations  

 
We attempted to correlate other wetland peaks with sea level 

variations, both from tides, mean levels, and storm surges. First, 
we studied the Moon phases as a proxy of sea level. We found 
that 55% of the flood events were close to full or new Moons  
 

 

(Table 1). The consideration of close moments and not only 
those corresponding to WS peaks is justified because the hydro-
logical system is not expected to respond instantaneously to forc-
ing factors. Then, we looked at the sea level variations, which 
were averaged on a daily basis to suppress the tidal cycle (Fig. 
2b). The sea level was higher in the autumn of 2021, and then 
decreased throughout the winter to then recover during spring 
and summer (Fig. 2b). Maximum values were observed again at 
the end of February 2022, and then a decrease to the end of April 
2022 was found. After that, a reduction was observed towards 
late winter, though there was a temporary increase in June 2022 
(Fig. 2b). From the spring of 2022, the sea level increased until 
almost the end of the analysed record (April 2023). These trends 
are seen more clearly when looking at the annual harmonic su-
perimposed onto Fig. 2b (orange line). According to Table 1, out 
of the 22 flood events included, 9 (41%) occurred during high 
mean sea level, 8 (36%) during medium sea levels, and 5 (23%) 
during the low sea stage. 

In general, the literature evaluates swells based on character-
istics of deep-water waves (100 km offshore), thus we carried 
out a brief analysis of the waves in the Coquimbo Bay and further 
from the coast (73°W – 30°S). This analysis (data not shown)  
 

 
 

Fig. 3. Flood observed at a coastal location 3 km from the El Culebrón wetland (El Pueblito de Peñuelas, Coquimbo; July 16, 2022). Picture: 
Jaime Cuevas. 

 

 
 

Fig. 4. Temporary pool on the west side of the El Culebrón wetland. Picture from October 11, 2023 (Jaime Cuevas). 
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demonstrated that in the wetland flood events of June 14 and Au-
gust 25, 2021 (C and G events, respectively), the wave heights 
in the open sea were slightly higher than the 99 percentile of the 
historical data, which according to observations by other authors 
(Mediavilla et al., 2020) and the model itself is ~ 4.5–4.6 m for 
the region. Likewise, in the coastal zone, wave heights close to 
3 m were estimated for the events in question, which are also 
close to the 99 percentile of the coastal time series (i.e., those 
heights are only surpassed 1% of the time). Overall, for the study 
period, the swell amplitude fluctuated between 0.6 and 4.0 m, 
with a mean value of 1.6 m (Fig. 2c). The highest values tended 
to occur in the spring. We found that 7 (37%) surges were high 
when the WS was also at a peak, and 12 were medium (63%) 
(Table 1). However, considering that three events (C, G, I) were 
close to high or very high surge peaks, the coincidence of major 
events can reach 53%. We did not evaluate the A, Q and V events 
because they were clearly monotonic ascents that lasted more 
than a month and cannot be associated with a particular sea level 
disturbance. 

Finally, the revision of media reports concluded that only 
47% of the total flood events (22) were forecasted or effectively 
reported as storm surges (Table 1). 

 
Small variations 

 
When further inspecting the record, we detected a small 

“notch” in mid-January, 2022 N event (Fig 2.a). When an  
extension of the scale was applied, a discontinuity in the record 
expressed as a 2.3 cm increase from 15:45 h (January 15) to  
4:00 h (January 16) (UTC- 4) was indeed detected (Fig. 5). This 
break interrupted a sinusoidal pattern observed before/after  
January 15/16. The water level recovered its previous values on 
January 24th. We related this pattern to the Tonga submarine  
volcano eruption located in the Pacific Ocean, ca. 10,000 km 
from the El Culebrón wetland. According to official reports 
(https://www.ngdc.noaa.gov/hazel/view/hazards/tsunami/runup-
data?sourceMaxYear=2022&sourceMinYear=2022&sourceCoun-
try=TONGA), its main eruption took place on January 15th, at 
4:14 h (UTC) (0:14 h, Chilean mainland time, UTC-4). Televi-
sion reports indicated that the first waves hit the Chilean Coast 
at 15:30–16:00 h (UTC-4) (19:30–20:00 h, UTC), that is, 15–16 
h after the eruption. Therefore, there is a close correspondence 
in the timing of direct observations and our instrumental records. 
We also inspected the records from the Coquimbo port, supplied  
 

by SHOA (Fig. 6). These showed the usual pattern for a semi-
diurnal cycle of sea tides until January 14th. On January 15th low-
high-low tides occurred normally and alternately at 3:00, 9:00, 
and 15:00 h, but afterwards the next high tide (155 cm) occurred 
in advance, at 18:00 h. Afterwards, the tide decreased abruptly 
to 46 cm at 19:00 h, then returned to 153 cm by 20:00 h and 
continued to be high until 0:00 h (January 16). Although the 
record tended to return to normality during the following hours, 
it showed a sharp pattern, i.e., after the decreases there were 
small increases that interrupted the continuity of the record (Fig. 
6). Conversely, the increases in tide were interrupted by small 
diminutions. Therefore, the record was not as clean as before 
January 15th, suggesting that the Tonga tsunami did indeed affect 
the Chilean Coast. The anomaly in sea tides extended up to 
January 18th, three days after the main eruption. 

Even stronger tsunamis have previously affected the 
Coquimbo coast. Although water level sensors were not installed 
until the year 2021, the September 16, 2015 tsunami that flooded 
Coquimbo city with a wave estimated at +4.5 m was well 
documented (Contreras-López et al., 2016). Figure 1b shows the 
estimated flood area in the Baquedano neighborhood, denoted by 
the accumulation of wet sediments and water (orange line). This 
tsunami also entered the El Culebrón stream, up to 2 km inland. 
In fact, under the Highway 5 bridge we found T. angustifolia 
debris hanging on the bridge piers (Fig. 1b, yellow dot). 
 
Very small variations 

 
High frequency, low-amplitude variations were also present, 

though they were almost invisible at the scale used in Fig. 2a. 
When increasing the scale, a roughly sinusoidal pattern appeared 
(Fig. 7a). The variation presented a maximum and minimum 
each day, i.e., a diurnal pattern with maxima at dawn or in the 
early morning (4:30–9:30 am), and minima in the afternoon 
(1:45–6:15 pm). The oscillation amplitude was 0.8–2.0 cm. 
However, before deploying loggers in the field, such a diurnal 
pattern already existed (Fig. 7b). Its amplitude was 0.9–1.4 cm, 
with maxima and minima at 4:45–9:45 am and 5:15–6:30 pm, 
respectively. Thus, it is likely that we are observing an 
instrumental artifact. As support for this possibility, when 
relocating the barometer to conditions similar to those 
experienced by the submerged logger (but exposed to the air), the 
daily variations changed to 0.7–1.2 cm amplitude, weaker than the 
laboratory conditions, and without any clear periodicity (Fig. 7c).  
 

 
 

Fig. 5. Wetland water level for the summer of 2022, indicating the occurrence of a small tsunami on the Coquimbo coast. 
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Fig. 6. Sea level variations before and after January 15, 2022, separated by the red line, when the tsunami occurred (SHOA’s data). 

 
Fig. 7. Fine scale variations in water depth for the El Culebrón wetland. a) Logger number 1 was placed underwater in the wetland, while the 
barometer was placed at 500 m in a sheltered garage. b) Both pressure transducers were placed adjacent to each other in the laboratory, to 
characterize their behaviour under controlled conditions. c) Same as a), but the barometer was relocated to a dry well close to submerged logger 
1. The variations in temperature for each device are also indicated. a) and b) correspond to the year 2021, while c) corresponds to the year 2023. 
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Considering all the above-mentioned evidence, and the declared 
instrumental error by the manufacturer, a 2.0 cm threshold seemed 
to be appropriate to discriminate between real versus noise 
variations. 

 
Analysis of wetland images 

 
At both the start and end of this study, the wetland was con-

nected to the sea via a narrow stream between the sea and a small 
pool north of the Costanera bridge (Figs. 8 a, c). However, on 
August 24th, 2021 a sand barrier appeared, separating the pool 
from the sea (Fig. 8b). The wet sand suggested that the stream 
tried to follow its course into the sea. This date was close to the 
full Moon and coincided with a high wetland stage (Fig. 2a, G 
event) and a high modelled peak in storm surges, which was con-
firmed in related media reports (Table 1). Unfortunately, we did 
not visit the wetland on this date and could therefore not confirm 
this event. 

On September 2nd, 2023, after the period reported in this pa-
per, we returned to the stream mouth and discovered the refor-
mation of the sand barrier, which once again coincided with 
modelled storm surge peaks, media reports, and increases in the 
WS (Figs. 9 a, b). This pattern did not occur in periods without 
increases in the WS, when surges were just beginning (previous 
to event T, Figs. 9 c, d). Thus, these water level rises appear to 
be caused by surges via the formation of a sand barrier (example 
events: C, G). 
 
Integrated analysis 

 
Considering the evidence of rainfall, Moon phases, mean sea 

level, tsunamis, modelled surges, and reported surges by media, 
we assigned each one of the flood events to probable drivers (Ta-
ble 1). Accordingly, the most common pattern was four Moon  
 
 

phases combined with surges (18.2%). Three (13.6%) WS rises 
could be explained solely by a high mean sea level; three mostly 
by rain (even though in these events they coincided with Moon 
phases, sea level or storm surges); three by seasonal rises in WS; 
three by sea level rise/surges; two by storm surges only; one by 
Moon phase/sea level; and one mostly by tsunami (close to a full 
Moon). Considering that two events remained unexplained, 91% 
of them could thus be assigned a driving factor(s). 

Despite a reasonable explanation for most of the 22 analysed 
floods, some peaks in sea level did not correspond with WS rises; 
for instance, June 22nd, 2022, which was the maximum recorded 
sea level, and a high peak in surges (Figs. 2b, c). Likewise, the 
absolute maximum in storm surge height observed on August 
16th, 2022, also had no effect on WS. 

 
DISCUSSION 

 
Mitsch and Gosselink (2015) classified the hydrological  

behaviour of wetlands into 14 types, regarding their hydro- 
periods, where each wetland showed a characteristic pattern and 
only one or two predominant influences. In this study, we found 
that El Culebrón showed six variation modes, highlighting the  
particularity of this ecosystem. More specifically, we determined 
that the hydrologic behaviour of El Culebrón was strongly  
influenced by extreme rain events, seasonal changes in water 
stage, the effect of high sea tides (i.e., Moon phases), mean sea 
level, storm surges, and small and large tsunamis. 

 
Rainfall effects 

 
The lag between the mid-point of rainfall time and the maxi-

mum WS (9.25–32.5 hours) was expected in El Culebrón because 
the watershed is large enough to generate a delay in the water 
travel time from the headwaters to the watershed outlet, a delay 
 

 
 
Fig. 8. The wetland outlet at the start (a), in the middle (b), and the end of this study (c). In a) and c), the stream mouth clearly connects to 
the sea at the upper extreme of the pictures, while in b) the outlet is blocked by a sand barrier. The arrows indicate the position of the small 
pool to the north of the Costanera bridge, which is also shown in Fig. 9. Pictures are from Google Earth Pro imagery. 
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Fig. 9. a) The outlet of the El Culebrón stream on September 2nd, 2023, a few days after the closure of the sand barrier as a consequence of 
intense storm surges, which increased the wetland stage. In b), the flood of the small pool shown in Figures 8 a, b, c, is indicated. c) and d) 
Stream mouth on January 19th, 2023, when the wetland stage was decreasing and surges were just beginning. The yellow arrow indicates the 
flow direction. Pictures: María Valladares and Jaime Cuevas. 
 
expressed in the parameters of time of concentration and lag time 
(Cuevas et al., 2019). The flood observed in the lowlands (Fig. 
3) is representative of the hydrologic behaviour of El Culebrón 
because the entire coastal zone was a vast wetland previous to its 
drainage in the 1950s (Paleczek-Alcayaga et al., 2019). When 
extreme rainfall events occur, water flows down the steep streets 
of Coquimbo and La Serena and converges in the lowland wet-
lands. The hydraulic gradient between the wetlands and the sea 
of this area is small. The groundwater is also very close to the 
ground level and when rainfall is intense, the phreatic level rises, 
and groundwater movement from the uplands may also increase, 
contributing more water to the lowlands. In either case, the fun-
damental cause of these inundations is extreme rain. 

 
Seasonal fluctuations 

 
The observed seasonal pattern showed increases in the more 

humid and cooler seasons, and diminutions in the drier and 
warmer seasons. This is the typical behaviour of most Chilean 
streams originating in coastal watersheds fed by rain (Little et 
al., 2014). Discounting the rainfall effect, the other alternative is 
a larger water input from the El Culebrón stream in autumn and 
winter. Unfortunately, the only gauging station upstream has not 
been operative since the year 2017. Notwithstanding, we revised 
old records and found that discharges were higher in autumn and 
winter. In most years, this behaviour was not related to the rain-
fall events, which were typically < 5 per year and very variable 
from one year to another. This study could not verify whether the 
Bellavista Canal contributed surface water to the El Culebrón 
stream, except under extreme temporal events. This could be re-
stricted by the fact that most of this water is used for agriculture. 
La Herradura canal, which also receives water from the  
Bellavista Canal, does indeed cross the El Culebrón ravine 
through a hydraulic syphon (Fig. 1a). Authors’ observations have 
detected a seepage of this structure towards the El Culebrón 
stream, contributing a small discharge estimated at < 0.002 m3/s 
in a nearby downstream location. It is also possible that the end 
of the irrigation season permits the recharge of the El Culebrón 

aquifer under the Pan de Azúcar valley (Fig. 1a). In support of 
this hypothesis, Ingeorec (2011) based on isotopic studies, indi-
cated that 80–90% of El Culebrón water originates from the Bel-
lavista Canal, due to irrigation spills or leakage from the canal to 
the aquifer followed by seepage springs. The remaining 10–20% 
could be attributed to local recharge from precipitation or contri-
butions from the Lagunillas aquifer to the south of the El  
Culebrón aquifer. Finally, evapotranspiration by wetland plants, 
expected to be higher in warm seasons, could also decrease dis-
charge. 

 
Sea tides, mean sea level, and storm surges 

 
As a first analysis, we considered the Moon phases as a proxy 

of high sea level that could influence the WS. Thus, 55% of 
floods were close to a full or new Moon. Although this percent-
age seems significant, its predictive value is low if we consider 
that in two years there are 24 full Moons and 24 new Moons, 
resulting in 48 episodes in which one could expect a wetland 
flood if this were the only hydrological driver. After all, the wet-
land did not show a semi-diurnal cycle as does the sea. Consid-
ering that we found coincidence in this regard in only 12 cases, 
we refined the analysis to inspect the mean sea level on the cor-
responding dates, to evaluate seasonal and annual trends, which 
were similar to those reported by Contreras-López and Zuleta 
(2019). Accordingly, we found that it was high in 41% of the 
cases, but not necessarily coinciding exactly with the Moon 
phases. 

The degree of coincidence of large storm surges, media re-
ports, oceanographic warnings and WS reached up to 53%. This 
percentage could be even higher because there is a likely bias to 
inform only strong surges in media reports. Notwithstanding, 
when this information is used jointly with other meteorological 
and hydrological sources, and observations of the research team, 
91% of the WS rises were reasonably explained. 

Not all high sea levels and large storm surges coincided with 
a high WS. It is possible that a wetland with a high base flow in 
winter is less sensitive to sea disturbances. Moreover, more  
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research is needed to characterize the wave features in terms of 
energy, direction and sediment transport to understand how they 
affect inland water levels. 

 
Tsunamis 

 
We detected the tsunami caused by the huge January 2022 

volcanic explosion in Tonga. This tsunami arrived as a small 
flood to the Coquimbo port that did not noticeably alter its sea 
level record in its maximum amplitude, which is mainly con-
trolled by sea tides. Most likely with a temporal resolution better 
than 1 hour, we could have obtained a clearer tsunami signal. 
Notwithstanding, the sea level behaved abnormally during the 
hours and days following the eruption. In the wetland location, 
the event was expressed as a sudden rise that took nine days to 
return to the pre-tsunami level. 

The previous tsunami in this wetland (2015), and its effects 
on the city, have already been well described by Contreras-López 
et al. (2016), Contreras-López and Zuleta (2019), and Paulik et 
al. (2021). Another minor tsunami originating in Tohoku, Japan, 
arrived to the El Culebrón coast in 2011 (Paleczek-Alcayaga et 
al., 2019). Hence, three tsunamis have affected the area in 12 
years. Traditionally, wetlands have been considered as a buffer 
against floods coming from the sea (Martínez et al., 2016; Rojas 
et al., 2015). Our evidence supports this statement when tsuna-
mis are small, but when they are in the medium to large category, 
they can encroach on populated zones located several hundreds 
of meters inland (Atwater et al., 1999). 

 
Daily cycles in water level 

 
At first sight, the diurnal fluctuations observed in El Culebrón 

may be attributable to daily cycles of evapotranspiration that 
cause the wetland WS to fluctuate as a function of air tempera-
ture, as previously observed elsewhere (Carlson Mazur et al., 
2014; Graham et al., 2013; Gribovszki et al., 2008).  
However, in our study, we proved that this is an instrumental  
artifact (see the Very small variations section under Results). 
This artifact is attributed to the difference in exposure tempera-
ture between atmospheric and water pressure transducers, and 
the dependence of pressure transducer measurements on  
temperature (Cuevas et al., 2010; McLaughlin and Cohen, 2011; 
Rau et al., 2019).  

If a daily evaporative cycle exists in our wetland, its ampli-
tude must be smaller than 2 cm, and its observation would re-
quire more accurate instruments. In any case, our results demon-
strate that carefully analysing instrumental capabilities is essen-
tial. Unfortunately, many articles do not provide enough infor-
mation about the location, testing of behaviour of instruments 
prior to deployment, and/or quantification of measurement er-
rors, which are critical issues when documenting diel signals and 
the estimation of evapotranspiration by analysing variations in 
WS. 

 
Pathways for wetland water level variations 

 
When influences come from rain or via streams it is clear that 

a surface connection between the wetland and its water sources 
exists. However, the influence from the sea is more difficult to 
trace because we have not observed its invasion, except when 
tsunamis occur (2015 and 2011, see also Paleczek-Alcayaga et 
al., 2019). The measured flood due to the Tonga volcanic erup-
tion in 2022 also, most likely, implied the entrance of surface 
seawater into the wetland, as concluded from the sudden rise in 
the hydrograph (Fig. 5). Most of the time, the separation between 

this wetland and the beach by a continuous highway constructed 
above an embankment, and the underground wall on the seaward 
side of the road, make it difficult for sea water to enter the coastal 
lagoon. In fact, this was the reason for constructing the wall, 
whose foundations lie 2.0–3.0 m below the wetland ground level 
(according to the manufacturer). Therefore, the main interaction 
between marine and wetland waters should occur under the Cos-
tanera bridge (Fig. 1b) (besides a few small culverts under the 
Costanera). Notwithstanding, this outlet is covered by dense 
growth of T. angustifolia, which makes both the entrance and 
exit of water difficult. Groundwater interconnection between the 
sea and the wetland might produce wetland floods, but no evi-
dent and permanent correlation was observed between mean sea 
level and WS, in spite of the fact that Asistecsa (2017) found 
permeable strata (silt and sand) up to 15 m belowground. Addi-
tional measurements are needed to support this hypothesis. How-
ever, we have noted that, especially in storm surge events, a sand 
barrier appears downstream from the Costanera bridge, separat-
ing the stream from the sea. The influence that this barrier has on 
the WS was also supported by the observation of the hydrograph 
shapes (Fig. 10): they have rounded ascending and falling limbs, 
with several days to reach the peak and then return to the base 
level. This is a gradual flood typical of wide swamp floodplains 
(Cuevas et al., 2019), and very different from storm hydrographs, 
such as those from July 2022. 

According to Haghani et al. (2016), the formation of barrier-
lagoon systems due to sea level rise is quite typical in different 
areas of the world, but in our research, we detected an indirect 
effect of surges on wetland hydrology, a novel mechanism in this 
regard. In the Chilean setting, it was believed that surges only 
broke the barriers, allowing the passage of water into wetlands 
(Contreras-López and Zuleta, 2019). However, storm surges also 
apparently generate an accumulation of sand from the beach, un-
til the mouth is closed off. Nevertheless, the highest rise in WS 
caused by surges was < 10 cm, which suggests that the stream 
can break the sand barrier after the flood, returning to discharge 
values similar to those prior to the formation of the barrier. Fur-
ther research is required to understand the geomorphological 
drivers responsible for this process. 

 
CONCLUSIONS 

 
Our hypothesis about a dominance of marine influences on 

wetland hydrology was not supported because we documented a 
mixed hydrological regime in the studied wetland, with influ-
ences from both the sea and the mainland. Although tsunami ef-
fects were confirmed, they were sporadic compared to the floods 
caused by annual rainfall, seasonal trends in streamflow, and 
sand barrier closure, which increased freshwater storage. In this 
sense, the public perception is accurate to believe that wetlands 
are more dependent on continental water sources rather than ma-
rine sources. The sea level in this region is more likely to influ-
ence wetland stage due to tidal levels, seasonal changes, or storm 
surges. We detected a novel influence of storm surges on wetland 
hydrology, mediated by the formation of a sand barrier. 

The present results on the hydrodynamics of the El Culebrón 
wetland provide real data for community decision-making re-
garding urban development. This study provides concrete an-
swers to questions of interest to citizens, and direct observations 
of changes in the wetland’s landscape that could occur in an ex-
treme climate change scenario. Through the CEAZA citizen sci-
ence program, environmental education among the inhabitants of 
this semi-arid region is undertaken regarding the effects of cli-
mate change, and the importance that wetlands have in the dy-
namics of the coastal zone (Núñez et al., 2019). 
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Fig. 10. Flood hydrographs associated with storm surges. The several-day span of the rising and declining water level periods supports the 
hypothesis of these responses being caused by the creation and subsequent opening of a sand barrier. Days correspond to calendar dates for 
different months. 
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