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A B S T R A C T

Hypoxia events driven by the onshore advection of oxygen-poor upwelling waters have become increasingly
common along Eastern Boundary Upwelling Systems (EBUS). More frequent or intense drops in nearshore
oxygen concentrations can impact the behavior, population dynamics, and geographic distribution of many
coastal species. To better understand these effects, it is necessary to determine the periodicity of hypoxia in
the inner shelf, its response to upwelling-favorable winds, and the local factors that may modify its intensity
and duration. Here, we used a two-year record (March 2017–February 2019) of near-bottom dissolved oxygen
(DO) and water temperature from seven sites spanning 260 km of the upwelling coast of Central Chile to
characterize the local variability in oxygen concentration and its association with coastal winds. The temporal
patterns observed in the inner shelf were compared with 13.5 years of monthly hydrographic profiles (2002–
2015) from a mid-shelf station located ca. 30 km offshore. The spatial structure of nearshore hypoxia was
inferred from hydrographic data gathered during two surveys conducted in winter 2018 and late summer 2019.
Inner-shelf hypoxia (DO<2.0 mg/L) occurred predominantly in the austral summer and exhibited substantial
among-site differences in its persistence and timing relative to wind-driven upwelling. The mean duration of
summertime hypoxia events ranged between 1 and 9 days, except for a site at the innermost section of the
Gulf of Arauco, where events could be as long as 62 days. Hypoxic waters appeared at the inner shelf after 1–2
days of sustained upwelling-favorable winds (59% of the hypoxia events occurred after ≤ 2 days of persistent
wind). The seasonality and vertical structure of hypoxia were apparent in the mid-shelf monthly time series,
with the hypoxic layer’s upper limit ascending to 20–30 m depths during spring-summer (October–March)
and receding to 45–60 m in autumn-winter (May–September). Hydrographic properties of the hypoxic layer
pointed to Equatorial Subsurface Water (ESSW) as the source water mass for mid-shelf hypoxia throughout
the year. These properties were consistent with those observed on the inner shelf. Among the seven inner-
shelf sites, Arauco showed the most persistent (70% of the time spanned by our records) and severe hypoxia,
with DO levels below those observed at the mid-shelf during active upwelling. We hypothesize that these
conditions respond to a combination of physical phenomena and coastal eutrophication that locally enhance
thermal stratification, productivity, and benthic oxygen consumption, thus amplifying the severity of hypoxia
and physiological stress for marine organisms inside the Gulf of Arauco.
1. Introduction

Over the past five decades, there have been substantial changes
in the heat content and oxygenation of the ocean’s interior (Abraham
et al., 2013; Schmidtko et al., 2017; Garcia-Soto et al., 2021). In
addition to a decline in oxygen solubility due to warmer temperatures,
a stronger thermal stratification of the surface ocean reduces wind

∗ Corresponding author.
E-mail address: ftapiaj@udec.cl (F.J. Tapia).

mixing and ventilation, enhancing the deoxygenation effect of global
warming (Deutsch et al., 2015). Also, the mid-depth ocean water
masses with low oxygen content, known as Oxygen Minimum Zones
(OMZ), have expanded across various ocean regions, especially along
the Equatorial Pacific and the Perú–Chile coast (Breitburg et al., 2018).
Along this region, as in other Eastern Boundary Currents, wind-driven
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upwelling promotes the intrusion of cold, nutrient-rich, but oxygen-
deficient waters into nearshore habitats (Grantham et al., 2004; Walter
et al., 2014; De La Maza and Farías, 2023).

In upwelling regions, coastal circulation is predominantly driven
y Equatorward meridional winds and modified by the interaction of
pwelling-driven flows with coastal bathymetry (Kirincich et al., 2005;

Sobarzo et al., 2007; Figueroa and Moffat, 2000). An exposed and
traight shoreline influenced only by upwelling is expected to exhibit

fluctuations in near-bottom dissolved oxygen (NBO) with a periodicity
similar to the cycles of intensification and relaxation of upwelling-
favorable winds. In a complex shoreline, on the other hand, sections
that are protected from the direct influence of upwelling (e.g., within
ays) are likely to perceive changes in dissolved oxygen (DO) with dif-
erent periodicity or intensity due to the interaction of upwelling-driven
lows with local bathymetry, locally-enhanced thermal stratification
nd longer residence times of low-oxygen waters (Booth et al., 2012;

Walter et al., 2014). Higher-frequency wind variability, such as diurnal
sea breezes, may locally modify inner shelf circulation patterns and the
cross-shelf exchange of water and its properties (Kaplan et al., 2003;
Woodson et al., 2007). Furthermore, intra-seasonal modulation of ther-

ocline depth by mesoscale features such as coastally trapped waves
ay modify the source depth and the physical–chemical conditions of
pwelled water brought to shore (Sobarzo et al., 2016). Together, these
actors induce a high degree of spatial heterogeneity in the intensity
nd periodicity of fluctuations in water temperature, dissolved oxygen,
nd other chemical properties associated with coastal upwelling (Tapia
t al., 2009, 2014; Chan et al., 2017; Hernández and Tapia, 2021).

The inner shelf is a dynamic and complex environment that holds
particular relevance for the life cycle of numerous species of fish
and invertebrates, as well as for human activities such as fishing
nd aquaculture. Many pelagic and benthic species rely on the high
roductivity of coastal waters to harbor their early life stages, either
s planktonic larvae or benthic juveniles feeding and seeking shelter
n subtidal habitats. Although coastal ecosystems in upwelling regions
ave been exposed to sub-surface hypoxia for centuries or even millen-
ia (Moffitt et al., 2015), the geographic extent and intensity of coastal

hypoxia events appear to have increased recently (Levin et al., 2009;
Altieri and Gedan, 2015). The intensification of upwelling-favorable
winds along Eastern Boundary Currents (Bakun, 1990; Sydeman et al.,
2014; Rykaczewski et al., 2015; Schneider et al., 2017) has enhanced
the onshore advection of nutrient-rich hypoxic waters (Adams et al.,
2013) and promoted increased primary productivity in some coastal
regions (Vargas et al., 2007; Gutiérrez et al., 2011; Weidberg et al.,
2020). Additionally, increased coastal eutrophication associated with
nthropogenic activities has enhanced the deoxygenation of shallow

waters due to excess organic matter, turning an increasing number of
bays into ‘‘dead zones’’ where hypoxia is a periodic or even permanent
condition (Diaz and Rosenberg, 2008).

In the eastern South Pacific, the oxygen-poor water associated with
he OMZ is located at intermediate depths (100–500 m). It consists
ainly of Equatorial Subsurface Water (ESSW) transported southward

along the coast by the Perú-Chile Undercurrent (PCUC). The distribu-
tion of OMZ waters along the coast shows a heterogeneity strongly
related to the intensity of poleward transport by the PCUC and its inter-
action with advective processes such as meridional jets and mesoscale
eddies (Pizarro et al., 2015; Pizarro-Koch et al., 2019). In central Chile,
the transport of ESSW towards the continental shelf is strongly linked to
coastal upwelling, hence the correlation observed between the volume
of hypoxic seawater and upwelling favorable winds in spring–summer
months (September through March) (Sobarzo et al., 2007; Testa et al.,
2018). During the winter (June–August), the predominant conditions
of high ventilation increase dissolved oxygen levels well above the
hypoxic threshold during much of this season (De La Maza and Farías,
2023). The occurrence of hypoxic events in coastal areas has a strong
iological impact, modifying community structure, population sizes,
nd species richness, and when hypoxia is severe, triggering events of
2 
mass mortality and stranding (Hernández-Miranda et al., 2010, 2012;
Aguirre-Velarde et al., 2019).

Given the ecosystem-level implications of coastal hypoxia and its
prevalence along vast coastal regions influenced by upwelling, it is
relevant to assess the timing and duration of hypoxic events. Under-
standing the oceanographic factors that drive the timing and intensity
f these conditions may be of particular relevance in regions where, in

addition to upwelling-driven variability, drops in dissolved oxygen con-
centrations reflect the influence of local factors such as eutrophication,
nearshore bathymetry, and thermal stratification, which may modify
the manifestation of hypoxia at the shoreline (Walter et al., 2022; Chen
et al., 2021; Merma-Mora et al., 2024). In this study, we used a two-
year record of near-bottom dissolved oxygen and temperature from
seven sites along the upwelling coast of central Chile to assess spatial
differences and commonalities in the timing of coastal hypoxia and its
association with upwelling-favorable winds. A 13.5-year monthly time
series from a nearby mid-shelf time series station was used to describe
the monthly variability in the depth of hypoxic water and to char-
acterize the hydrographic conditions associated with coastal hypoxia
through the year. Additionally, we used dissolved-oxygen profiles from
two CTD surveys across the Gulf of Arauco, the main coastal feature
in the study region, to characterize the spatial extent of near-bottom
ypoxia and the seasonal change in depth of hypoxic waters.

2. Data and methods

2.1. Study area

The central coast of Chile (35.5–38.0◦S) encompasses one of the
ost productive coastal regions within the Humboldt Current Sys-

em (Daneri et al., 2000; Thiel et al., 2007). Wind forcing is strongly
seasonal, with a spring–summer intensification of equatorward winds
and synoptic-period events of intensification/relaxation of upwelling
favorable winds that typically last 3–8 and 6–7 days, respectively (Rahn
and Garreaud, 2013). The Gulf of Arauco (GA) is the main coastal fea-
ture in the region, and Punta Lavapié (PLV), located at its southwestern
nd, is one of the two most important upwelling centers along the
hilean coast (Figueroa and Moffat, 2000; Paolini-Cuadra et al., 2004).
ther embayments of a progressively smaller size (bays of Concepción,

San Vicente, and Coliumo), plus two coastal islands (Quiriquina and
Santa María), two submarine canyons, and coastal mountains give rise
to a complex pattern of coastal winds and currents (Fig. 1) (Djurfeldt,
1989; Parada et al., 2001; Figueroa and Moffat, 2000; Sobarzo and
Djurfeldt, 2004). Superimposed on the seasonal and synoptic wind
variability, diurnal fluctuations associated with the sea breeze are a
elevant source of local forcing that modulates inner-shelf circulation,
specially in summer months (Sobarzo et al., 2010). Additionally, it

has been shown that the passage of poleward-moving coastally trapped
waves over the Biobío submarine canyon promotes the rise of cold,
oxygen-poor canyon water and its subsequent overflow into the GA,
even in the absence of upwelling favorable wind (Sobarzo et al., 2016).

2.2. Data sources

2.2.1. Mooring arrays and hydrographic surveys
Near-bottom dissolved oxygen (DO) and temperature were recorded

ontinuously at seven inner-shelf sites spanning 260 km of shoreline
Fig. 1) using MiniDO2T loggers (PME, USA) deployed along with
OBO pressure and conductivity loggers (U–24, U–20, Onset Com-

puter, USA) at mean depths that ranged between 8 and 27 m, and at
2 m above the bottom. The MiniDO2T loggers were deployed with a
copper plate placed directly over the sensor (not covering the mea-
surement area) and a copper mesh provided by the manufacturer
that completely covered the surface to prevent bio-fouling and ensure
data quality. Sampling intervals of 10 and 15 min were used for the
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Table 1
Geographic coordinates and depths of nearshore sites from which continuous records of near-bottom oxygen and temperature were gathered.
Dates of the first and latest available measurements, as well as the length of each time series, are also shown.
Site Latitude Longitude Depth Begin date End date Length
name (◦S) (◦W) (m) (y-m-d) (y-m-d) (days)

Mela 36.3614 72.8708 14 2017–03–18 2019-02-20 705
Coliumo 36.5350 72.9522 10 2017–03–29 2019-02-20 694
Chome 36.7724 73.2151 27 2017–03–01 2019-02-28 730
Arauco 37.2164 73.3175 12 2017–03–01 2019-02-28 730
Llico 37.1923 73.5209 8 2017–03–18 2019-02-12 697
Piures 37.2346 73.6599 16 2018–04–07 2019-02-28 328
Yani 37.3691 73.6763 19 2017–03–29 2019-02-04 678
Table 2
Total number of days of hypoxia (d: duration) and number of hypoxia events (e) for each month of the year at the inner-shelf sites. 𝑁ℎ corresponds to the total
duration in days (first row) and annual total hypoxia events (second row). The first and second rows of each site correspond to d and e, respectively. March
2017–February 2019.
Site J F M A M J J A S O N D 𝑁ℎ

Mela 44.8 15.1 16.6 16.2 0.4 1.6 – 10.9 19.4 24.4 22.6 27.6 199.6
(14 m) 5 2 4 3 1 1 – 4 4 5 3 4 36
Coliumo 43.6 18.6 17.6 11.8 – 1.4 – 8.4 22.5 26.3 30.4 17.7 198.3
(10 m) 10 5 4 3 – 1 – 3 5 6 6 7 50
Chome 38.2 13.8 16.4 8.0 1.5 2.8 0.9 13.8 14.9 30.3 27.2 27.6 195.4
(27 m) 5 3 5 6 2 2 1 3 7 8 7 8 57
Arauco 61.8 23.8 21.3 15.8 – – – – 11.0 26.5 19.9 50.9 231
(12 m) 1 2 2 3 – – – – 5 6 6 3 28
Llico 16.8 8.3 9.4 0.8 – – – – 0.7 17.9 0.9 8.1 62.9
(8 m) 11 4 4 1 – – – – 1 10 1 10 46
Piures 9.4 5.9 2.9 2.0 0.9 0.9 1.3 0.2 – – 2.1 1.6 27.2
(16 m) 4 4 4 1 2 1 2 1 – – 2 3 24
Yani 10.2 1.7 3.1 13.4 3.8 – 1.5 1.4 – 3.0 2.4 5.1 45.6
(19 m) 6 1 2 9 2 – 1 1 – 5 2 4 33
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oxygen-temperature and pressure-conductivity measurements, respec-
tively. The length of each time series collected with these sensors is
shown in Table 1.

Two hydrographic surveys spanning a grid of 35 stations across the
Gulf of Arauco were conducted in June 2018 (winter) and March 2019
(late summer) (Fig. 1). Hydrographic profiles were gathered with an
SBE–19 plus v2 CTD (Seabird Electronics, USA) equipped with a DO
sensor and configured with a sampling rate of 4 Hz. Data were later
processed to obtain a vertical resolution of 1 m. To contextualize the
spatial and temporal variability in DO and temperature derived from
ur inner-shelf observations, we used data from hydrographic profiles
ollected monthly over 13.5 years (August 2002–December 2015) at
 time-series station (Station 18, 36.50◦S, 73.12◦W), located ca. 30
m offshore on the mid-shelf (90 m depth) and maintained by the
niversity of Concepción since July 2002.

2.2.2. Meteorological and satellite data
An hourly record of wind magnitude and direction was gathered

through a meteorological station located on Pt. Hualpén (36.77◦S,
73.21◦W) at ca. 30 m above sea level. To contextualize the in situ wind
conditions observed during the study period, a longer-term character-
ization of coastal wind in the region of interest was conducted using
ERA5 reanalysis data (Hersbach et al., 2020). Hourly time series of
onal and meridional wind velocities spanning the period 1980–2015

were obtained for a node of the ERA5 grid closest to Pt. Hualpén, with
coordinates 36.75◦S and 73.50◦W.

Satellite data on Sea Surface Temperature (SST) over the region of
interest were acquired from available Level–3 MODIS–Aqua imagery
from 2016–2019 (https://oceancolor.gsfc.nasa.gov). The spatial and
emporal resolution of satellite data was 4 km and 1 day, respectively.

2.3. Data processing and analysis

Wind velocity vectors were rotated and aligned with their principal
xes of variability, which were 19.4◦ for in situ winds and 12.1◦ East
or ERA5 data. The alongshore wind stress was computed according
 s

3 
to Harrison (1989), using a variable drag coefficient (CD) that depends
on the wind speed (Trenberth, 1990). The time series of alongshore
wind stress obtained from ERA5 correlated well with that obtained
rom in situ measurements at Pt. Hualpén (𝑟2=0.61, p = 0.013).

A climatology of alongshore wind stress in the region of interest
as computed from the ERA5 data for the 1980–2015 period. Later,
onthly conditions observed during 2017–2019 were superimposed on

his climatology. Additionally, cumulative alongshore wind stress was
omputed for each spring–summer season since 1980. For this analysis,
pring–summer was defined as the period between 1 September and

31 March of the following year. Trajectories of cumulative alongshore
stress computed in this way for 1980–2015 were used to establish
the margins of inter-annual variability in wind forcing that might
be considered normal. We used the 5th and 95th percentiles of the
istribution of values for each point in time during the integration
eriod.

Dissolved oxygen and temperature data recorded with the MiniDO2T
sensors were quality-controlled and later converted into hourly time se-
ries. Concurrent conductivity and pressure records acquired with HOBO
U–24 and HOBO U–20 sensors were processed similarly. The conduc-
ivity records were converted to salinity using the HOBO Conductivity

Assistant (https://www.onsetcomp.com/resources).
Oxygen and temperature conditions were compared across the seven

sites, first in terms of seasonal medians and later by comparing their
median annual cycle (i.e., climatology) across sites and depths of
measurement. A climatology of alongshore wind stress was computed
following the same procedure. Medians were computed instead of
means, considering the asymmetry of data distributions, especially in
the case of dissolved oxygen and wind stress. Instead of standard
deviations, the 25th and 75th percentiles were used to assess variability
around the median for each month.

Hypoxia events were defined as periods when DO dropped be-
low 2 mg/L regardless of duration, which can vary from hours to
weeks (Kamykowski and Zentara, 1990; Hernández and Tapia, 2021).

o detect hypoxia events and quantify their duration, hourly DO time
eries were first low-pass filtered to remove variability with periods

https://oceancolor.gsfc.nasa.gov
https://www.onsetcomp.com/resources
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Fig. 1. Study area with the location of mooring sites (cyan squares), CTD-survey
stations (black dots), Punta Hualpén weather station (pink dot), and the mid-shelf
time series Station 18 (black star). The color map shows the mean field of Sea Surface
Temperature (SST) computed from MODIS-Aqua data for 2016–2019. White contours
show shelf bathymetry. The blue, red, and black polygons correspond to SST sub-
regions used to compute monthly medians. GA: Gulf of Arauco, PLV: Punta Lavapié,
PTB: Punta Tumbes, QrI : Quiriquina Island, SmI: Santa Maria Island, CmB: Coliumo
Bay, Cnb: Concepción Bay, SvB: San Vicente Bay, Bbc: Biobío canyon, and BC: Boca
Chica. See Table 1 for more details.

<40 h (inertial, diurnal, semi-diurnal, and higher frequencies). The
number of hypoxia events and their duration (in days) were then
computed by month. To assess their association with changes in wind
forcing, cumulative wind stress before each event was computed from
the hourly time series of alongshore stress. Previously, and to be
consistent with the DO time series, the wind was low-pass filtered with
a 40 h cutoff. The integration period used to compute cumulative wind
stress before a hypoxia event was defined based on the sign changes in
the alongshore wind component. Positive values for meridional wind
stress (upwelling favorable) were integrated from the onset of a hypoxia
event (DO<2.0 mg/L) back to the nearest zero-crossing.

To characterize seasonal and inter-annual changes in the occurrence
and vertical structure of hypoxia at the mid-shelf (90 m depth), we
used the CTD-O profiles of the Station 18 time series collected between
20 August 2002 and 22 December 2015 to track the depth of the
hypoxic layer’s upper limit (i.e., minimum depth with DO<2 mg/L) and
to examine temporal patterns in the hydrographic features (tempera-
ture, salinity, density) of water inside the hypoxic layer. The original
database consisted of 352 profiles with 1-meter vertical resolution,
4 
gathered on 152 visits to Station 18 during the above-mentioned pe-
riod. A time-averaged profile was obtained when several profiles were
collected during the same day (often between 6 AM and 3 PM). Oxygen
data from the CTD-O sensor were corrected using Winkler-titration
measurements on water samples collected from 6 depths (0, 10, 20, 30,
50, 80 m). For each of these 152 CTD-O profiles, we found the hypoxic
layer’s upper limit through linear interpolation. To characterize the
hydrographic properties of hypoxic waters and assess their seasonal
changes, from each profile we collected all T-S data below the upper
boundary of hypoxia. These data were used to compute the mean
temperature of the hypoxic layer and to produce a T–S diagram where
points were color-coded by the month of sampling.

To examine the spatial coverage of hypoxia in the Gulf of Arauco,
horizontal distributions of near-bottom oxygen concentrations were
mapped using the hydrographic profiles gathered in June 2018 (early
winter) and March 2019 (late summer). Additionally, the spatial change
in depth and thickness of the hypoxic layer was examined using a subset
of the hydrographic profiles along a North-South transect in the center
portion of the Gulf (E1—E6, see Fig. 1). As in the analysis of CTD
profiles from Station 18, T-S diagrams were constructed to examine
potential patterns in the conservative properties (temperature, salinity,
and density) of hypoxic water reaching the Gulf and its innermost
section.

3. Results

3.1. Statistical description of wind, temperature, and oxygen variability

During the two years of study (March 2017–February 2019), coastal
wind stress showed the seasonal pattern typically observed for this
latitude, with intense and persistent southerly winds in spring–summer
and predominantly northerly winds in the fall-winter months (Fig. 2a).
The two years spanned by our study exhibited contrasting patterns of
alongshore wind stress during the spring and early summer months. Al-
though for both seasons, the monthly medians of alongshore wind stress
fell within the interquartile range computed for 1980–2015 (Fig. 2a),
the cumulative wind stress trajectories computed for spring and early
summer months were lower in 2018–2019 than in the previous season,
i.e., the spring of 2018 was not as windy as the previous one (Fig. 2b).
The time series of alongshore wind stress measured at Pt. Hualpén
showed more intense southward winds starting in May (i.e., autumn).
The largest events were recorded during the first winter, June 2017,
and July of the following year (Fig. 3a). Southwesterly winds, favorable
to coastal upwelling, became dominant in late winter to early spring
(September–October) and were stronger in the spring of 2017 (Figs. 2b,
3a).

The variability of near-bottom temperatures (NBT) was coherent
with seasonal- and synoptic-scale changes in wind forcing at all study
sites (Fig. 3b–h). A sustained drop in NBT from April–May to September
of both years, with predominant northerly winds, was attributable
to a heat loss during austral winter rather than the upwelling of
cold subsurface waters. More intense episodic cooling occurred from
September onwards, especially from October 2017 to January 2018,
when southwesterly winds were more intense than from October 2018
to January 2019. During spring–summer, these coastal cooling periods
alternated, in some sectors more than in others, with warm events
due to the onshore advection of warmer surface waters during wind
relaxation. The near-bottom oxygen (NBO) also showed a seasonal
signal, although it was less clear at the sites located south of Pt.
Lavapié, namely Piures and Yani (see Section 3.4).

In most cases, the NBO variability appeared to be strongly influ-
enced by synoptic and inter-monthly fluctuations associated with the
change in winds. It was tightly coupled with temperature fluctuations
during spring–summer months, especially between October and Jan-
uary, at sites north of Llico (Fig. 3b–f). Minimum DO values at these
sites occurred mainly during the spring–summer season (Fig. 3b–h).
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Fig. 2. Comparison of alongshore wind conditions observed for Pt. Hualpén during the two spring–summer seasons for which in situ data were collected (2017–2018 and
2018–2019, blue and orange lines) compared with the 1980–2015 climatology computed from ERA5 data. (a) Monthly medians computed for the two sampling seasons overlaid on
the climatological medians (black line) and percentiles 25 and 75 (shaded area). (b) Trajectories of the cumulative alongshore wind stress during spring–summer (from 1 September
until 31 March of the following year) for each of the two study seasons (color lines), superimposed on the median trajectory for 1980–2015 (black line) and percentiles 5 and 95
(shaded area).
Although all loggers were deployed ca. 2 m above the bottom, the
among-site differences in mooring depth appeared to introduce a small
bias in terms of the highest temperatures and DO levels that could be
recorded during the spring–summer months (Fig. 4), with significant
negative correlations between site depth and the 99th percentiles of
NBT (Spearman’s r=−0.96, p<0.001) and NBO (Spearman’s r=0.86,
p = 0.014). The warmest temperature recorded during the spring–
summer at the shallowest site (Llico) was ca. 2 ◦C higher than the
highest values recorded at the deepest site (Chome). Similarly, the
highest DO values recorded at Llico were 1.9 mg/L higher than those
recorded at Chome. These clear and strong correlations were not ob-
served during autumn–winter (Fig. 4a–b). In addition to local depth,
among-site differences in median NBO appeared to depend strongly on
the season and the site’s location relative to shoreline features such as
Pt. Lavapié. The distributions of NBO were similar among sites during
the autumn–winter months, with median DO concentration between
5 and 7 mg/L (Fig. 4b). In the spring–summer, there were apparent
differences in the median and spread of NBO values around the median.
Sites Arauco and Chome exhibited the lowest median NBO and the most
asymmetric distributions, with over 50% of the recorded DO values
below 2 mg/L. These two sites also exhibited the greatest contrast
between seasons, with non-overlapping interquartile ranges (Fig. 4b).
At all sites, the median NBO in spring–summer was lower, and the
range of values was wider than in autumn–winter. The NBT showed
smaller seasonal differences than observed for NBO. In autumn–winter,
temperatures were higher than in spring–summer at most sites, with
differences of less than 1 ◦C. Only Llico, the shallowest site, displayed
a different pattern, with higher spring–summer temperatures and lower
autumn–winter temperatures (Fig. 4a).

3.2. Characterization of hypoxia events

The persistence of hypoxia, quantified as the percentage of total
measuring time with DO<2 mg/L, was highest at site Arauco in January
5 
(99.7%) and December (82.1%), indicating that during this period,
near-bottom waters are in a quasi-permanent state of hypoxia (Fig. 5b).
During the same period, hypoxia was substantially less persistent at
southern sites. On the other hand, between May and August (autumn–
winter), sites Arauco and Llico were not exposed to hypoxia. Although
Llico and Arauco are in the Gulf’s innermost section and close to each
other (20 km), hypoxia events in Llico were much shorter than in
Arauco. Llico is a shallower site, more strongly influenced by the ex-
change of ventilated surface water through the Gulf’s southern opening
known as Boca Chica (see Fig. 1).

The mean duration of hypoxia events computed by month and
location revealed that Arauco exhibits the longest exposure to hypoxia
between December and March, with an annual mean of 14.6 days
(Fig. 5a). Sites Chome, Coliumo, and Mela – in the northern section
of the study region – had mean durations that ranged between 3.1 and
5 days. South of Arauco, on the other hand, hypoxia events were 2–5
times shorter, with mean durations of at most 1.3 days (Fig. 5a).

The total number of hypoxia events per site ranged between 28 in
Arauco and 57 in Chome (excluding site Piures, given the shorter data
record). The total exposure to hypoxia was longer at Arauco and sites
further north than at sites Llico and Yani. Thus, the site with the fewest
hypoxia events (Arauco) displayed the longest exposure because events
at this site were, on average, much longer than at other sites during the
summer months (December–March). During the same months, hypoxia
events were much shorter at sites north of Arauco (Chome, Coliumo,
Mela), with average durations of 3.5–6.9 days in December and 4.4–9.0
days in January (Table 2).

3.3. Response of NBO to wind stress during the upwelling season

Regardless of the duration and intensity of hypoxia events, their
onset was preceded by persistent upwelling-favorable winds. In general,
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Fig. 3. Subinertial time series. (a) Alongshore wind stress at Pt. Hualpén, (b-h) near-bottom dissolved oxygen (blue) and near-bottom temperature (orange) at the seven sampling
sites. Gray horizontal lines indicate a dissolved oxygen concentration of 2.0 mg/L, which is used here to define hypoxia. Positive values in (a) indicate upwelling-favorable winds.
most hypoxia events (59%) were preceded by ≤ 2 days of sustained
upwelling-favorable wind stress, with average intensities of 0.6–1.1
Pa (Fig. 6). Only at sites Chome and Yani were more hypoxia events
associated with shorter or longer periods of sustained wind stress (1
and 4 days, respectively; Fig. 5). Of the 274 hypoxia events in our data,
188 (68.6%) occurred after ≤ 5 days of sustained upwelling-favorable
wind.

The average NBT and NBO computed during the hypoxia events
exhibited significant spatial differences (Fig. 6). For example, the NBT-
NBO diagrams for Mela, Chome, Yani, and Piures (exposed sites) re-
vealed that hypoxic conditions at these sites are restricted to a narrow
thermal band between 10 ◦C and 12 ◦C (Fig. 6a, c, f, g). At less exposed
sites such as Coliumo, Arauco, and Llico, hypoxia was associated with
higher temperatures (NBT >12 ◦C, Fig. 6b, d, e). The most severe
hypoxic conditions (NBO <0.5 mg/L) were registered at Arauco and
Coliumo (Fig. 6b, d). The coefficient of variation for NBT at Arauco
(CV = 9.7) showed that hypoxia at this site is associated with a wider
temperature range than at other sites (9–14 ◦C). On the other hand,
6 
Yani corresponded to the site with the lowest temperature variability
associated with hypoxia (CV = 3.3).

3.4. Seasonal and yearly variability of NBT and NBO

Near-bottom temperature (NBT) and oxygen (NBO) exhibited dis-
tinct seasonal cycles at most sites, with more similarities among sites
for NBT than for NBO and with clear differences in the timing of
minimum values for temperature (September) and dissolved oxygen
(October onwards) (Fig. 7). Although surface temperatures inside the
Gulf of Arauco and farther North (red and blue polygons in Fig. 1)
began to increase in October and reached maximum values in February,
following the seasonal cycle of solar radiation, NBTs (solid lines in
Fig. 7a) remained cool from September to January (March in the case
of Piures). They rose from February–March until May, which was, on
average, the warmest month at all but one site (Llico). The monthly
median temperatures at 30 m depth on the mid-shelf (Station 18) were
consistent with the bottom temperatures recorded at our inner-shelf
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Fig. 4. Variability of near-bottom temperature (a) and dissolved oxygen (b) by season and site sorted by mooring depth. Medians and interquartile ranges are shown as filled
circles and horizontal bars for spring–summer (orange) and autumn–winter (blue). The range spanned by data on each season and site (dotted lines) is represented by percentiles
1 and 99 (triangles). The vertical dashed line in (b) indicates the threshold for hypoxia considered in this study (DO=2 mg/L).
Fig. 5. (a) Mean duration (in days) of hypoxia events by month and site. Each cell corresponds to the total number of days of hypoxia divided by the number of hypoxia events
detected on each calendar month. Th is the annual mean duration per site. (b) Monthly occurrence of hypoxia (as a percentage relative to the total number of days per month).
March 2017–February 2019.
sites (dashed line in Fig. 7a). A similar seasonal pattern was observed
for SST in a coastal area south of Pt. Lavapié (black polygon in Fig. 1),
where the surface-cooling signal from this upwelling center is perceived
more strongly.

The monthly NBO medians remained at their highest level (6.5 to
7.5 mg/L) during the winter (Fig. 7b), dropped rapidly in early spring
(September–October) with the increase in southwesterly winds, and
remained below 3 mg/L from November through March in Arauco,
Chome, and Coliumo, and from November through January in the
case of Mela. These sites generally adjusted well to the seasonal cycle
7 
observed at 30 m depth on the mid-shelf (dashed line in Fig. 7b). A
seasonal change was less apparent at Llico and Piures and not detected
at Yani. Monthly NBO medians at Piures, Yani, and Llico, located in the
southern section of the study area, did not go below 2.0 mg/L.

The monthly hydrographic data collected from Station 18 between
2002 and 2015 provided a canonical mid-shelf seasonal pattern to use
as a baseline to interpret our inner-shelf data. Additionally, it revealed
the seasonality and inter-annual variability in the hypoxic layer’s upper
limit (Fig. 8a), which varied between depths of 50–60 m in winter
(June–August) and 20–30 m in spring–summer (October–March) and
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Fig. 6. Distribution of days with persistent alongshore wind stress before hypoxia events for each sampling site. The vertical dashed red line shows the cumulative wind days that
generated the highest hypoxia. Black numbers show the average cumulative wind stress (Pa). Small panels show the relationship between oxygen and temperature values averaged
during each hypoxia event. The coefficient of variation (CV) is shown in the lower-left corner of each small panel. CV = (standard deviation (NBT) / average (NBT)) 𝑥 100.
early autumn (April) (Fig. 8b). Temperatures in this hypoxic layer
were lowest (< 9.5 ◦C) between spring and early summer (September–
December) and increased to 11–12 ◦C through autumn and winter
(April–July) without a large change in salinity (Fig. 8c), thus remaining
within the range of T–S (T< 11.5 ◦C, S≥34.5) and density values known
for Equatorial Subsurface Waters (ESSW) in this region (Sobarzo et al.,
2007).

3.5. Hypoxia in the Gulf of Arauco

High-resolution hydrographic data collected across the Gulf of
Arauco provided a way to compare the spatial structure of hypoxia
in late summer (March 2019) and early winter (June 2018). In late
summer, the bottom area covered by hypoxic water was approximately
8 
1030 km2. These bottom waters were associated with low temperatures
(11.8 ◦C) and high salinity (34.6) and with the 26.3 isopycnal, which
followed the 25 m isobath (Fig. 9a). NBO levels > 2 mg/L were
observed at only two shallow coastal sites (depth<15 m): Escuadrón on
the NE Gulf (NBO > 4 mg/L) and Tubul-Llico on the SW section (NBO
> 5 mg/L). During winter, near-bottom hypoxic waters were associated
with less dense waters (𝜎 = 26.0–26.2), with temperature and salinity
of 12.0 ◦C and 34.3–34.4, respectively. The area spanned by near-
bottom hypoxic waters decreased to 879 km2 (Fig. 9b). In general,
bottom hypoxia in the Gulf of Arauco was associated with denser water
and spanned a larger area in summer than in winter.

The vertical distribution of dissolved oxygen along a meridional
transect from the Gulf’s head to the southern rim of the Biobío Canyon
(stations E6 to E1 in Fig. 1a) showed that during the late summer
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Fig. 7. Summer-centered climatologies for near-bottom temperatures (NBT) and dissolved oxygen (NBO) at the inner-shelf sites (solid lines). (a) Monthly medians of NBT and
MODIS-derived SST (dotted lines) for the three sub-regions shown in Fig. 1. (b) Monthly medians of NBO (solid lines). Dashed gray lines in (a) and (b) correspond to monthly
medians for data from 30-m depth at Station 18 (2002–2015).
Fig. 8. Temporal variability in the depth of the hypoxic layer’s upper limit (i.e., minimum depth with DO<2 mg/L) and the mean temperature of hypoxic waters at the mid-shelf
time series Station 18 (2002–2015). (a) Depth of the hypoxic layer’s upper limit (blue) and depth-averaged temperature below this depth (orange), (b) Summer-centered climatology
of the upper limit’s depth (blue) and the temperature of hypoxic waters (orange), and (c) T/S diagram for hypoxic waters (DO< 2 mg/L) color-coded by month. Contours in (c)
indicate isopycnals. Symbols in (b) correspond to the monthly medians, and the error bars show the 25th and 75th percentiles of the data for each month.
of 2019, the hypoxic layer’s upper limit ranged between depths of
20 m at the canyon’s rim to 10 m at the Gulf’s head, near site Arauco.
During winter 2018, the hypoxic layer’s upper limit fluctuated between
depths of 40 m at E2 and 30 m at E5 (Fig. 10c). Although these
surveys represent only snapshots of late summer and winter conditions,
the hypoxic layer’s upper limit at E1 (i.e., the Gulf’s deepest section)
was found at depths consistent with those observed during the same
time of year at Station 18 for over a decade (see Fig. 8b). The T–S
diagrams for the E1-E6 transect during these two surveys showed that
hypoxia is associated with a wider temperature range in summer, while
9 
salinity is restricted to values close to 34.5 (Fig. 10b). On the other
hand, in the winter, the range of temperatures is narrower, but salinity
varies widely, including water in the upper section of the hypoxic layer
(Fig. 10d). Finally, the seasonal difference in isopycnals associated with
hypoxia in the Gulf of Arauco hypoxia, with 𝜎 values of 26.1–26.4 in
summer and 26.0–26.2 in winter, indicated that inner-shelf hypoxia is
strongly influenced by the advection of Equatorial Subsurface Waters
(ESSW) from mid-shelf upwelling, especially in the summer.
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Fig. 9. Horizontal distribution of dissolved oxygen (mg/L) at the bottom of the Gulf of Arauco for (a) Late summer and (b) Winter. The gray lines are isobaths, and the color
palette shows dissolved oxygen concentration. Thicker black lines correspond to the isopycnals associated with the hypoxic layer’s upper limit. The stations in the center of the
area (E1–E6) correspond to the T–DO profiles plotted in Fig. 10. White letters indicate the area (km2) affected by hypoxia.
4. Discussion

Eastern Boundary Upwelling Ecosystems are widely known for their
high productivity levels and critical role in the ocean-atmosphere ex-
change of greenhouse gases. Their response to climate-driven changes
in atmospheric forcing and the interaction between upwelling intensifi-
cation and changes in the chemistry of the ocean’s interior has attracted
much attention over the past two decades. Ocean deoxygenation is
undoubtedly one of the most consequential changes for marine ecosys-
tems. Large sections of the ocean’s interior where dissolved oxygen
(DO) levels fall below 2 mg/L, known as Oxygen Minimum Zones
(OMZ), have expanded by 4.5% in the last decades (Breitburg et al.,
2018). One such region extends across the Eastern Equatorial Pacific
and southwards along the west coast of South America, spanning the
Perú-Chile coast down to 37–38◦S (Fuenzalida et al., 2009; Pizarro-
Koch et al., 2019) and occasionally reaching latitudes of 44–45◦S (Silva
and Vargas, 2014; Linford et al., 2024). The coast of central Chile is
thus embedded in a section of the Humboldt region strongly influ-
enced by the OMZ, spanning depths of 100–400 m depending on the
latitude (Fuenzalida et al., 2009; Pizarro-Koch et al., 2019). On the
Concepción coast (36.5◦S), the OMZ’s zonal position has been shown to
change seasonally: on the continental shelf in the summer and farther
offshore in the winter (Pizarro et al., 2015). This seasonal displacement
is likely to underlie the seasonal fluctuations in the thickness of the
hypoxic layer reported in our study.

Although the upper boundary (minimum depth) of the OMZ fluctu-
ates seasonally in response to seasonal wind forcing, which is mainly
controlled by a latitudinal displacement of the South Pacific Anticy-
clone (Schneider et al., 2017), the monthly data from the continental
shelf off Concepción (Station 18) show that the bottom waters of the
continental shelf are permanently hypoxic, except for some short in-
stances in winter months when the bottom water experiences enhanced
oxygenation and the upper boundary of the OMZ deepens (De La Maza
and Farías, 2023). During coastal upwelling, oxygen-poor waters can
10 
rise to depths <20 m and reach shallow coastal sites (Sobarzo et al.,
2007; Hernández-Miranda et al., 2010). These subsurface waters are
typically cold, with high concentrations of nutrients that fertilize the
photic zone and enhance primary production (Daneri et al., 2000;
Jacob et al., 2018). The rise and onshore advection of these oxygen-
poor waters are mediated mainly by the coastal upwelling process
and modulated by the bathymetry, particularly by local submarine
canyons (Sobarzo et al., 2007; Vergara et al., 2024). Therefore, the
intensification of upwelling favorable winds in the SE Pacific and other
EBUS regions (Sydeman et al., 2014; Belmadani et al., 2013; Winckler
Grez et al., 2020) is expected to promote the expansion of low-oxygen
coastal areas and the increase in the frequency of hypoxia events, with
negative impacts on marine ecosystems (Bakun et al., 2015; García-
Reyes et al., 2015). At the same time, larger-scale deoxygenation in a
warmer and more strongly stratified ocean (Diaz, 2001; Breitburg et al.,
2018) is a cause for great concern due to the potential adverse impacts
on ecosystems and biogeochemical cycles (Keeling et al., 2010; Limburg
et al., 2020).

Thus far, most of the research on coastal hypoxia in Chile has been
focused on the mean, long-term patterns (Fuenzalida et al., 2009; Levin
et al., 2009), seasonal and interannual fluctuations (Silva and Vargas,
2014; De La Maza and Farías, 2023), and the ecological impacts of
specific hypoxia events (Levin et al., 2009; Hernández-Miranda et al.,
2012; Ruz et al., 2018). Analyses of DO temporal variability and
hypoxia based on continuous records at multiple sites have been lacking
for this region and have only recently been reported in the literature
worldwide (e.g., Herrera-Becerril et al., 2022; Merma-Mora et al.,
2024). Our study is the first to use such a dataset from multiple inner-
shelf sites to focus on hypoxia events taking place over 260 km of the
central Chile coast. Our statistical characterization of hypoxia events
at multiple sites, their seasonality and spatial differences, and their
association with upwelling conditions contribute to the finer-resolution
understanding of coastal hypoxia and its driving factors. Technological
advances in the continuous monitoring of dissolved oxygen have al-
lowed a closer look at high-frequency and small-scale variability (Silva
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Fig. 10. Hydrographic section of dissolved oxygen (mg/L) during two cruises in the Gulf of Arauco (stations E1 to E6, see Fig. 9). (a) March 2019 (late summer), and (c) June 2018
(winter). The black asterisks at the top indicate the location of each profile. The depth of each profile is shown with vertical gray dots. The white contours indicate isopycnals with
their respective value. The T–S diagrams for the March 2019 and June 2018 cruises are shown in panels (b) and (d), respectively. The color palette shows hypoxic concentrations
(DO<2.0 mg/L) in red.
et al., 2022), providing a more detailed picture of how DO changes
at scales that are probably critical for the physiology and behavior of
marine organisms.

The spatial resolution and temporal coverage of our records made
it possible to visualize differences in the recurrence and duration of hy-
poxia events, as well as in the seasonality of near-bottom temperature
and dissolved oxygen among sites that are only tens of kilometers apart.
First, although all sites exhibited a clear seasonal signal in near-bottom
temperatures, with the lowest temperatures in spring (September–
December) and the warmest waters in autumn (April–May), there were
clear spatial differences in mean levels (Fig. 7a). Llico was consistently
warmer than all other sites due mainly to a shallower mooring depth
and the consequently stronger influence of solar radiation. On the other
hand, sites Yani, Piures, and Chome – the three deepest moorings –
were consistently colder than all other sites in autumn–winter but not
always the coldest during the spring–summer (Fig. 7a). Despite the
clear seasonal pattern in temperatures, sites Llico and Yani lacked a
clear seasonal signal in DO, with median levels higher than at all other
sites during the spring–summer (November–March). This anomaly is
likely due to greater vertical mixing induced by differences in the
exposure to strong currents, wave action, and/or local wind mixing.
Llico is notably the shallowest of all sites, located near the Gulf’s
southern opening (Boca Chica), which is a shallow (<20 m depth) and
narrow area (ca. 9 km) between Point Lavapié and the southwestern
tip of Isla Santa María (see Fig. 1). Currents are strong near this site,
and water is actively exchanged with the open ocean (Valle-Levinson
et al., 2003). A recent study conducted in the area (Contreras-Rojas
et al., 2024) gathered ADCP data from Boca Chica during autumn–
winter (May–July 2018) and early spring (September 2016). It shows
11 
that, in both seasons, there is a net outflow throughout the water
column at Boca Chica, with mean current velocities that range (from
bottom to surface) between 3–13 cm/s in early spring and 4-9 cm/s in
autumn–winter. Yani, on the other hand, is located in the section of
the study region where the continental shelf is narrowest, and surface
waters are consistently colder due to upwelling at Pt. Lavapié (see
Fig. 1). Thus, we expected Yani and the nearby Piures to register the
lowest temperatures and DO levels among all sites, especially during
spring–summer. However, the Yani mooring was deployed near the
mouth of a small SW-facing cove, exposed to strong SW winds and
wave action throughout the spring–summer season. It must be noted
that although the DO concentrations at Yani appeared higher than
at other sites during the spring–summer, the oxygen saturation levels
during the same period varied between 10%–20% and stayed below
30% throughout the year (data not shown). These saturation levels are
comparable to those observed at 30-m depth on the mid-shelf (Station
18) during the upwelling season.

The events of inner-shelf hypoxia identified in this study were
strongly associated with equatorward wind stress, typically blowing
persistently for 1–2 days before the onset of hypoxia (see Fig. 6). Thirty-
eight percent of all hypoxia events recorded in the two years of study
were preceded by 1–2 days with persistent upwelling-favorable wind.
This temporal scale for the delay between the onset of upwelling and
the occurrence of inner-shelf hypoxia is consistent with the order of
magnitude of the vertical velocities estimated from continuity consider-
ations in the study area (U/L = W/H). Here, U, L, H, and W correspond
to the typical horizontal velocity scales (U), distance from Station 18
to shore (L), depth of the hypoxic layer’s upper limit (H), and vertical
velocities (W), respectively. Taking U = 0.2 m/s, L = 30 km, and H =
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30 m, the order of magnitude of W is 0.2 mm/s (Johnson, 1977). For
hese values, the rise of hypoxic waters toward the inner shelf would
ake 1.7 days.

Hypoxia was most severe at site Arauco, located in the Gulf’s
nnermost section, particularly between December and March when
BO concentrations were lower than measured at greater depths on the

mid-shelf (Fig. 7b) and temperatures were slightly higher (11–12 ◦C vs.
0.5–11 ◦C, see Figs. 7a and 8b). Considering that this site might not be

the only section of the Gulf’s coast with oxygen conditions as extreme
as those documented here (see Fig. 9), a discussion of the factors
contributing to the intensification of hypoxia at Arauco is warranted.
irst, Wong et al. (2021) and Mardones et al. (2022) have shown that
esidence times near the Arauco site may increase (up to 15 days) dur-
ng periods of upwelling relaxation in the summer, which may partly

explain the nearshore increase in temperatures and locally intensify DO
limitation due to low water renewal. Additionally, the development of
an upwelling shadow (sensu Graham and Largier, 1997) in the Gulf
of Arauco during spring and summer (Wong et al., 2021) can increase
hermal stratification and hamper the ventilation of bottom waters,
hich would further enhance DO limitation (Atkinson et al., 2002;

Largier, 2020; Diaz, 2001), especially in an area that is known for its
igh levels of productivity and phytoplankton biomass (Valle-Levinson

et al., 2003), where high loads of organic matter and oxygen demand
t the bottom are expected. A third physical phenomenon that must be
entioned here is the passing of coastally trapped waves, which have

been shown to interact with the Biobío submarine canyon and cause the
rise – and potential onshore advection – of cold hypoxic waters even in
the absence of wind-favorable wind (Sobarzo et al., 2016; Saldías and

llen, 2020; Saldías et al., 2021; Sahu et al., 2022).
Finally, in addition to the natural inputs of nutrients and organic

matter, anthropogenic inputs from multiple urban and industrial activ-
ities (e.g., agriculture, forestry, fishing ports, sewage outfalls) converge
along the Gulf of Arauco (e.g., Ahumada et al., 2004; Aguirre Martínez
et al., 2009; González-Saldía et al., 2019; Cid Aguayo et al., 2019;
Chandia et al., 2022) and have the potential to intensify or prolong
hypoxic conditions in near-bottom waters. The occurrence and magni-
tude of these effects are topics to consider for future investigations of
coastal hypoxia and the factors driving its spatial–temporal variability.

5. Conclusions

We have shown that the timing of inner-shelf hypoxia along the
study region is consistent with the seasonality and timing of wind-
driven upwelling on the mid-shelf. The forcing of inner-shelf hypoxia
y the onshore advection of hypoxic waters from upwelling is further
upported by the shared T–S properties, indicative of a common water

mass of origin (ESSW), between the mid-shelf and inner-shelf bottom
waters.

The monthly time series gathered from the mid-shelf Station 18
between 2002 and 2015 revealed that the hypoxic layer varies season-
ally in a way consistent with the onshore/offshore displacement of the
OMZ reported by previous studies (Pizarro et al., 2015). This seasonal
thickening/thinning of the hypoxic layer on the mid-shelf translates
into waters with DO<2 mg/L ascending to 20–30 m depths during
pring–summer (October–March) and receding to 45–60 m in autumn–
inter (May–September). Thus, bottom waters on the continental shelf
ff Concepcion remain hypoxic throughout the year.

At the inner shelf, hypoxia events were more recurrent at more
xposed sites located north of the Gulf of Arauco, such as Chome and
ela, through most of the two years of observation. Sites inside bays,

uch as Coliumo, Arauco, and Llico, exhibited longer-lasting events
n the summer and were not exposed to hypoxia during the winter.
mong the seven inner-shelf sites, Arauco showed the most persistent
nd severe hypoxia, with DO levels well below those observed at the
id-shelf during active upwelling. Arauco also exhibited the greatest
ontrast between seasons.

12 
The timing of inner-shelf hypoxia events was associated with
upwelling-favorable winds in the region. More than half of the hypoxia
events detected in our records (59%) occurred after two or fewer days
with persistent equatorward wind.

The intense and almost permanent hypoxia in Arauco during sum-
er is likely partly explained by local oxygen consumption, associated
ith the enhanced productivity and thermal stratification often ob-

served in this section of the Gulf of Arauco in the upwelling season.
Excess nutrients and organic matter derived from human activities
along this coastal region may further enhance oxygen demand in the
sediments and near-bottom waters.

Finally, the climate-driven intensification of upwelling winds in
various coastal regions (Sydeman et al., 2014; Rykaczewski et al., 2015)
and the strong correlation with increased coastal hypoxia (Aguirre
et al., 2021; De La Maza and Farías, 2023) highlight the need to
improve the monitoring of DO levels along this and other upwelling
coasts.
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