
remote sensing  

Article

Meridional Changes in Satellite Chlorophyll and Fluorescence
in Optically-Complex Coastal Waters of Northern Patagonia

Sebastián I. Vásquez 1,* , María Belén de la Torre 2,3 , Gonzalo S. Saldías 4,5 and Aldo Montecinos 2

����������
�������

Citation: Vásquez, S.I.; de la Torre,

M.B.; Saldías, G.S.; Montecinos, A.

Meridional Changes in Satellite

Chlorophyll and Fluorescence in

Optically-Complex Coastal Waters of

Northern Patagonia. Remote Sens.

2021, 13, 1026. https://doi.org/

10.3390/rs13051026

Academic Editor: Angela Lausch, Jan

Bumberger and Natascha Oppelt

Received: 31 December 2020

Accepted: 25 February 2021

Published: 9 March 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Departamento de Pesquerías, Instituto de Investigación Pesquera, Talcahuano 4260000, Chile
2 Departamento de Geofísica, Universidad de Concepción, Concepción 4070386, Chile;

mdelatorreb@udec.cl (M.B.d.l.T.); amonteci@dgeo.udec.cl (A.M.)
3 Centro de Ciencia del Clima y la Resiliencia, Universidad de Concepción, Concepción 4070386, Chile
4 Departamento de Física, Facultad de Ciencias, Universidad del Bío-Bío, Concepción 4051381, Chile;

gsaldias@ubiobio.cl
5 Centro FONDAP de Investigación en Dinámica de Ecosistemas Marinos de Altas Latitudes (IDEAL),

Valdivia 5090000, Chile
* Correspondence: svasquez@inpesca.cl

Abstract: Northern Patagonia is one of the largest estuarine systems worldwide. It is characterized
by complex geography, including islands, peninsulas, channels, and fjords. Here, the Inner Sea of
Chiloé (ISC) is the largest estuarine system extending about 230 km in the meridional direction.
Phytoplankton’s long-term dynamics and the main physical drivers of their variability are not well
understood yet. Time-space fluctuations of Chlorophyll-a (Chl-a) and Chlorophyll fluorescence
(nFLH) within the ISC and their association with meteorological and oceanographic processes were
analyzed using high resolution (1000 m) satellite data (2003–2019). Our results revealed a meridional
Chl-a and nFLH gradient along the ISC, with higher concentrations north of the Desertores islands
where the topography promotes a semi-closed system with estuarine characteristics yearlong. Satellite
Chl-a and nFLH were characterized by asynchronous seasonal cycles (nFLH peaks in fall) that differed
from the southern ISC where the maximum Chl-a and nFLH occurs in spring-summer. The adjacent
coastal ocean influences the southern ISC, and thus, the Chl-a and nFLH variability correlated
well with the seasonal variation of meridional winds. The northern ISC was clearly influenced by
river discharges, which can bias the Chl-a retrievals, decoupling the annual cycles of Chl-a and
nFLH. In situ data from a buoy in Seno Reloncaví reaffirmed this bias in satellite Chl-a and a higher
correlation with nFLH, by which the construction of a local Chl-a algorithm for northern Patagonia
is essential.

Keywords: MODIS Chl-a; MODIS nFLH; wind-driven upwelling; river discharges; Inner Sea of
Chiloé; northern Patagonia

1. Introduction

Coastal waters play a crucial role in the ecology and economy of coastal environments.
It sustains fisheries (providing about 90% of global catches), aquaculture (which increases
annually at a rate of 6%), and contributes with around 25% of global marine primary
productivity, even though they cover a relatively small area [1]. Coastal waters are generally
characterized by large variations in biological, physical and chemical properties and are
an essential source of dissolved and particulate matter [2]. Coastal regions influenced by
rivers and glaciers present additional complexities due to the significant freshwater inputs
carrying constituents, such as suspended sediments, organic matter, and nutrients [3,4].
Thus, the study of coastal oceanographic processes based solely on field data typically
lacks a high spatio-temporal coverage.

The synoptic coverage of satellite measurements allows us to quantify physical and
biogeochemical parameters, providing valuable insights into coastal processes. The devel-
opment of bio-optical algorithms provides valuable ocean color information associated
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with seawater constituents. They are commonly used in carbon cycling studies due to
their ability to obtain estimates of phytoplankton biomass and primary productivity [2,5].
However, satellite chlorophyll observations are usually biased in coastal waters due to the
high turbidity and complex optical properties.

Ocean primary production is modulated by processes at local, regional, and global
scales [6] controlling the availability of nutrients and light [7]. In upwelling regions, such
as the highly seasonal coastal ocean of northern Patagonia [8–10], the rise of nutrient-rich
waters to the euphotic zone promotes high primary production [11]. River discharges also
influence coastal productivity and biogeochemistry, modulating the supply of nutrients
and organic matter from terrestrial/anthropogenic origin [12].

In northern Patagonia, the Inner Sea of Chiloé (ISC; 41◦30′–44◦00′S) provides mul-
tiple marine services, such as fish farming, shipping activity, mussel farming, fishing,
and tourism. The ISC is a semi-closed system connected with the open ocean through
Chacao channel and Boca del Guafo (Figure 1). Boca del Guafo is the largest water exchange
area influencing the local circulation [13]. It presents elevated mixing in response to the in-
fluence of wind, tides, and the intrusions of Subantarctic Waters from the coastal ocean [14].
Seno Reloncaví, located on the northern edge of the ISC, is characterized by freshwater con-
ditions (Figure 1). The high river discharges promote high turbidity and optically-complex
conditions (Case II waters), similar to other estuarine systems [15,16]. In general, turbid
conditions are characterized by increased suspended solids and dissolved organic matter,
including CDOM (colored dissolved organic matter), affecting the performance of default
Chlorophyll-a (Chl-a) ocean color algorithms [17,18]. A satellite chlorophyll algorithm has
not been generated yet for the Inner Sea of Chiloé, mainly because of the lack of continuous
In situ observations. However, a preliminary study has shown that default chlorophyll
retrievals from Moderate Resolution Imaging Spectroradiometer (MODIS) do not perform
well in the turbid conditions of northern Patagonia [19].

Figure 1. (a) Map of northern Patagonia. The Inner Sea of Chiloé (ISC) is enclosed in a red box and shown in (b,c). Black
circles correspond to the location of oceanographic profiles shown in Figure 8. PR corresponds to the location of the Puelo
River. The blue circle corresponds to the location of the oceanographic buoy in Seno Reloncavi. The average values of
Moderate Resolution Imaging Spectroradiometer (MODIS) Chlorophyll-a (Chl-a) and Chlorophyll fluorescence (nFLH)
(2003–2019) are color-coded in (a–c), respectively.
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This study aims to assess the spatio-temporal distribution of remotely sensed chloro-
phyll (Chl-a) and fluorescence (Fluorescence Line Height, Chlorophyll fluorescence (nFLH))
and its relation with dominant oceanographic processes in the ISC for the period 2003–2019.
Section 2 describes the data and methods. Section 3 highlights the main results associated
with the importance of chlorophyll fluorescence in the northern ISC, where Chl-a seems to
be highly biased. The discussion and main conclusions are presented in Sections 4 and 5,
respectively.

2. Data and Methods
2.1. Study Area

The Inner Sea of Chiloé, located in the southeastern Pacific ocean (Figure 1), has
a latitudinal extension of c.a. 230 km and is the primary estuarine system of northern
Patagonia [20,21]. Several islands (Desertores islands) generate an oceanographic barrier
between the northern and southern basins. The northern ISC presents more estuarine
characteristics because of several river discharges delivering freshwater and suspended
materials, whereas the southern ISC has a significant marine influence due to the active
water exchange through Boca del Guafo. The adjacent coastal ocean is mainly character-
ized by the presence of Subantarctic Waters (SAAW) and Equatorial Subsurface Waters
(ESSW) [22]. The ISC receives significant freshwater from precipitation (between 2000 and
5000 mm per year) and river discharges [23,24].

2.2. Satellite Data

High resolution (1000 m) daily Chl-a and nFLH data from the Moderate Resolution
Imaging Spectroradiometer (MODIS, on-board Aqua) were used for the period 2003–2019.
The swath width of viewing is about 2330 km allowing MODIS to cover the entire Earth
in 1–2 days. The spatial resolutions of MODIS bands are 250, 500, or 1000 m. Out of
the 36 bands, 10 bands are useful for ocean color studies, with a spatial resolution of
1000 m [25]. The MODIS Aqua’s level-2 data were obtained from NASA’s (National Aero-
nautics and Space Administration) ocean color website (http://oceancolor.gsfc.nasa.gov,
accessed on 1 September 2020). Standard procedures were used for Chl-a and nFLH esti-
mates [26]. MODIS default algorithm is a fourth-degree polynomial algorithm that uses
a maximum band ratio of 443, 448, and 551 nm wavelengths corresponding to spectral
bands 9, 10, and 12, respectively [27]. The Ocean Biology Processing Group produces
MODIS Chl-a and nFLH data (2014 reprocessing) at the Goddard Space Flight Center [28].
The quality controlled daily swaths were used to create gridded monthly composites at
1000 m horizontal resolution. The seasonal averages were computed considering Sum-
mer (January–March), Fall (April–June), Winter (July–September), and Spring (October–
December). Considering that wind plays a crucial role in determining the spatial and
temporal variability of phytoplankton blooms via surface advection and Ekman pumping
in the coastal ocean [29], monthly wind fields were obtained from the Cross-Calibrated
Multi-Platform (CCMP) project from Physical Oceanography Distributed Active Archive
Center (PODAAC) website (https://podaac.jpl.nasa.gov/, accessed on 1 September 2020)
for the period 2003–2019. The CCMP dataset combines cross-calibrated satellite winds
obtained from Remote Sensing Systems (REMSS) using a Variational Analysis Method to
produce high-resolution (0.25 degree) gridded fields [30]. To approximate the seasonal vari-
ability of surface circulation, AVISO (Archiving, Validation and Interpretation of Satellites
Oceanographic Data) 2014 Delayed Time (DT14) gridded (0.25 degree) daily geostrophic
velocities were obtained from the European Copernicus Marine Environment Monitoring
Service (http://marine.copernicus.eu, accessed on 1 February 2021).

The meridional wind stress (MWS) was calculated following Montecinos and Balbon-
tín [31]:

τy = ρa ∗ Cd ∗ |v| ∗ v, (1)

http://oceancolor.gsfc.nasa.gov
https://podaac.jpl.nasa.gov/
http://marine.copernicus.eu
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where τy is the meridional component of the wind stress, ρa is the air density (ρa = 1.22 kg m3),
v is the meridional wind speed, and Cd is the dimensionless drag coefficient (Cd = 1.3 × 103).
Positive (negative) values of meridional wind stress indicate northward (southward) winds.

2.3. Field Data

In order to analyze the vertical structure of the water column under different environ-
mental conditions, In situ data from two oceanographic cruises (August 2004 and July 2006)
were analyzed (Figure 1). Both cruises sampled 13 stations along the ISC. At each station, hy-
drographic casts were carried out with a Seabird SBE-25 Conductivity-Temperature-Depth
profiler mounted in a rosette equipped with 30 L Niskin bottles. From each Niskin bottle,
filtered water was stored for dissolved nutrient analyses (phosphate, nitrate, and silicate)
(see Reference [32]). Daily river discharge data were obtained from the Chilean General Wa-
ter Department (Dirección General de Aguas). The gauging station (Carrera Basilio) is the
closest to the Puelo River’s mouth and records a large fraction of the total freshwater out-
flow to northern Patagonia [33]. A comparison with a near-surface chlorophyll fluorescence
time series from a buoy located in Seno Reloncaví (see Figure 1) was carried out to assess
the performance of MODIS Chl-a and nFLH in northern ISC during 2017–2018. The data
can be obtained at http://www.cdom.cl/estaciones.php?estacion=RLCV&seccion=Oceano
(accessed on 1 October 2020).

2.4. Statistical Analyses

The main frequencies of spatio-temporal variability of Chl-a and nFLH were evalu-
ated through a Multitaper Method-Singular Value Decomposition (MTM-SVD), following
Correa-Ramírez and Hormazabal [34]. The MTM-SVD method detects statistically signif-
icant oscillations (frequency and period). The method also describes the frequencies of
interest (i.e., annual cycle) through a time series reconstruction [35]. In using the MTM-
SVD method, the local fractional variance spectra (LFV) were first calculated for Chl-a and
nFLH. Then, the reconstructed time series and spatial fields were used to assess the link
between Chl-a and nFLH and oceanographic processes in the ISC and coastal ocean. Once
the frequency fields were reconstructed, the spatial structure was analyzed in terms of
the explained variance (%) and phase (◦) in significant frequency bands. While the first
indicates the difference between the total variance and the variance of each significant
frequency in a spatial context, the second shows the spread of this frequency along the
spatial domain [36].

3. Results
3.1. Seasonal Variability of Wind and Geostrophic Flow

The seasonal variability of the wind field is shown in Figure 2a–d. A marked sea-
sonality is observed off Chiloé Island with upwelling-favorable winds during summer
(Figure 2b), and downwelling-favorable winds during fall-winter (Figure 2c,d). Further-
more, a meridional transition zone is found next to Boca del Guafo. Thus, upwelling-
favorable winds are primarily located north of 44◦S (Figure 2b) promoting the formation of
a coastal upwelling thermal front [10]. The seasonal variability of the geostrophic flow field
(Figure 2, lower panels) offers additional dynamical information on the surface circulation
pattern. During spring-summer the formation of a pronounced northward jet is observed
off Chiloé (Figure 2e,f), which is consistent with the formation of the coastal upwelling
front [10]. During fall, a decrease in the magnitude of geostrophic velocities marks the tran-
sition to a predominantly southward flow in winter (Figure 2g,h) in response to changes
in wind direction and sea level in the coastal band south of 35◦S [37]. Notice that mean
northward geostrophic currents appear within the ISC year-round suggesting an persistent
connection between the Boca del Guafo and the ISC. Given the greater uncertainty of the
satellite measurements in this relatively small basin, these data should be analyzed care-
fully. However, a northward geostrophic flow is consistent with the estuarine circulation
reported by Sievers [38].

http://www.cdom.cl/estaciones.php?estacion=RLCV&seccion=Oceano
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Figure 2. Seasonal climatologies of (upper panels) CCMP satellite wind vectors and (lower panels) AVISO satellite
geostrophic velocities (2003–2019) for (a,e) spring (October, November, December), (b,f) summer (January, February, March),
(c,g) fall (April, May, June), and (d,h) winter (July, August, September). The colors in (a–d) represent the wind speed.
For reference of locations, see Figure 1a.

3.2. Seasonal Variability of Satellite Chl-a and nFLH

The seasonal climatology of Chl-a and nFLH fields shows an increased meridional
gradient in the ISC. The maximum values of Chl-a and nFLH are confined to the northern
sector (Figure 3). The highest mean Chl-a (>10 mg m−3) are uniformly distributed in the
northern region in spring-summer (Figure 3a,b), whereas the higher values of Chl-a are
restricted to the eastern margin in winter and fall (Figure 3c,d). The distribution of nFLH
shows marked differences, compared to Chl-a, in the northern area (Figure 3e–h). This is
especially evident in spring and summer, where the highest values of nFLH are primarily
distributed around the western side of the basin (Figure 3e,f). The southern ISC showed a
typical seasonal pattern for eastern boundary upwelling ecosystems, and revealed similar
seasonality between Chl-a and nFLH with highest values in spring-summer. During fall,
a marked decrease in Chl-a and nFLH is observed in the southern ISC (Figure 3c,g). This
increases the meridional gradients, being largest for nFLH (Figure 3g).
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Figure 3. Seasonal climatologies of (upper panels) Chl-a and (lower panels) nFLH computed from all daily MODIS-Aqua
images (2003–2019) for (a,e) spring (October, November, December), (b,f) summer (January, February, March), (c,g) fall
(April, May, Jun), and (d,h) winter (July, August, September). For reference of locations, see Figure 1a.

3.3. Spatio-Temporal Coupling/Decoupling between Chl-a and nFLH

The temporal variability of Chl-a and nFLH along the ISC is shown in Figure 4.
The southern area (south of Desertores Islands; R3 and R4), where the ISC connects with
the open ocean through Boca del Guafo (see Figure 1), presented a close co-variability with
peaks during late spring and early summer (Figure 4b,c). The northern area, where the
mean Chl-a is higher (Figure 3), presented a gradual decoupling between Chl-a and nFLH.
Both variables presented joint variability. However, several Chl-a peaks are not consistent
with maximum values of nFLH at R1 and R2. The peaks in nFLH (Chl-a) occur primarily
in April–May (February–March) at R1 (Figure 4c). Thus, the coupling between Chl-a and
nFLH increases in the southern direction along the ISC.
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Figure 4. Temporal variability of Chl-a (blue curves) and nFLH (red curves) at 4 locations (R1–R4, shown as blue boxes in
(a) along the Inner Sea of Chiloé (ISC). The interannual time series are presented in (b), whereas the corresponding annual
cycles are shown in (c); r-values correspond to linear correlation coefficients. The average Chl-a is color-coded in (a). Notice
that the annual cycles start from June in (c). For reference of locations, see Figure 1a.

3.4. Spatio-Temporal Variability of Chl-a and nFLH along the ISC

During the 17 years of record, the dominant period of Chl-a variability was the annual
oscillation (∼1 year; >99% confidence level), although a semiannual signal (∼180 days)
was also significant (>95% confidence level). Other interannual frequencies (∼2 and
4 years) were also significant (>99%). The annual frequency of Chl-a and nFLH ranged
between 10.8 and 13.2 months (Figure 5a). An interesting difference between Chl-a and
nFLH was observed at low frequencies. Only Chl-a showed significant signals (>99%) in
periods between 24 and 48 months (Figure 5a).

The spatial distribution of the variance explained by the annual Chl-a is represented
in Figure 5d. In general, the variance explained was relatively high (>25%) around the
northwestern area of the ISC and Boca del Guafo. A similar annual pattern is evidenced
in nFLH (Figure 5f). In contrast, the Chl-a and nFLH annual variance was lower in the
northeastern region of the ISC (<5%), where the semiannual frequency was dominant
(>15%, not shown). The phase of the annual frequency was low along the entire western
sector of the ISC (Figure 5e,g), confirming a synchronous annual variability between Chl-a
and nFLH, with higher concentrations during summer (December–February), and lower
values during winter (June–August) (Figure 5b,c). On the other hand, the phase varied to
values around 120◦ for Chl-a and 150◦ for nFLH in northeastern ISC, revealing a decoupling
of seasonality in this freshwater-influenced area (Figure 5e,g).
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Figure 5. (a) Local fractional variance (LFV) spectra for Chl-a (blue curves) and nFLH (red curves). The values on the right
hand side y-axis shows the confidence levels (%). Original time series (black lines) and reconstructed annual cycle (blue
and red lines) for Chl-a and nFLH are shown in (b,c), respectively, for the location specified with a green asterisk in (d,f).
The spatial field of explained annual variance and the corresponding phase is presented for Chl-a (d,e) and nFLH (f,g).
For reference of locations, see Figure 1a.

3.5. Oceanographic Processes Related to Chl-a and nFLH Variability

The meridional component of the wind stress was predominantly southward, with
higher values during fall-winter, at Boca del Guafo. However, weaker and persistent
northward winds were registered during spring-summer (Figure 6a). This would be linked
to the development of coastal upwelling events off Chiloé Island in summer, potentially
influencing the southern ISC via Boca del Guafo. Chl-a and nFLH varied synchronously
in the southern ISC, which is confirmed by analyzing the time series in Boca del Guafo
where peaks occurred in spring-summer (Figure 6b). The meridional wind stress showed
positive correlations with both Chl-a and nFLH—high values of Chl-a and nFLH occurred
under predominantly northward winds in spring-summer (Figure 6c). The latter may
be associated with a greater supply of nutrients to the photic layer in response to the
seasonal upwelling.

The spatial variability of the correlation between the meridional wind stress at Boca
del Guafo and the Chl-a and nFLH along the ISC is shown in Figure 6f,g. Relatively high
correlations (>0.5) were obtained along the western side of the ISC and its adjacent coastal
ocean. A narrower and more coherent region of high correlations was found for nFLH
(Figure 6e,g). The analysis highlighted the lack of temporal correlation with Chl-a and
nFLH at the northeastern ISC (Figure 6f,g). Thus, it suggests that the Reloncaví basin
responds to a different spatio-temporal dynamics.
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Figure 6. Time series of mean (a) meridional wind stress and (b) Chl-a and nFLH at Boca del Guafo (region between
73◦–74◦W and 43◦–44◦S). (c) Chl-a and nFLH concentration as function of meridional wind stress. Spatial fields of linear
correlation coefficient between meridional wind stress at Boca del Guafo and Chl-a (d–f) and nFLH (e–g). The Inner Sea of
Chiloé (ISC) is enclosed in a blue box and shown in (f,g) for better visualization. For reference of locations, see Figure 1a.

The northeastern ISC is characterized by several river outflows with a pluvial-nival
regime, which influences the stratification, the supply of nutrients, and the water’s optical
properties. To analyze the evident decoupling between Chl-a and nFLH, time series were
compared with In situ fluorescence observations from a buoy located at Seno Reloncaví
(BFLR). Given the recent deployment of the oceanographic buoy (starting in 2017), this
is the first time series comparison of satellite Chl-a and nFLH with In situ measurements.
In situ measurements showed a seasonal signal with higher values during fall (Figure 7a,b).
In general, the temporal variability of BFLR was well correlated (r = 0.87) with satellite
nFLH (Figure 7a,d). Oppositely, the satellite Chl-a was poorly correlated (r = 0.14) with
BFLR, particularly during spring-summer where several peaks observed by the satellite
were inconsistent with the field data (Figure 7b). To further understand the differences
between Chl-a and nFLH, and considering that river plumes are one of the most critical
modulators of the optical properties of the ISC, Figure 7c shows the variability of Puelo
River discharge. Its annual cycle presents two main peaks, during winter and spring,
respectively (Figure 7f). Although the time series only covered a year, the highest coherence
between Chl-a and nFLH were observed in fall when the river discharge was minimum
(Figure 7a–c). In contrast, the largest mismatch between In situ fluorescence and satellite
Chl-a occurred in winter and spring during peaks in freshwater discharges (Figure 7c).
Thus, terrigenous materials must induce alterations in the optical properties, promoting
errors in the quantification of Chl-a in northern ISC.
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Figure 7. Comparison between near-surface (1 m) In situ fluorescence (7-day averages) and (a,d) nFLH and (b,e) Chl-a.
r-values correspond to linear correlation coefficients. Puelo river discharge and its annual cycle is presented in (c,f),
respectively. For reference of the buoy location, see Figure 1a.

To evidence the influence of freshwater on satellite Chl-a retrievals, hydrographic and
nutrient profiles were inspected for two years with contrasting river discharge regimes.
Average profiles for all oceanographic stations north and south of Desertores Islands re-
vealed a distinct vertical structure depending on the location and freshwater conditions.
During the winter of 2006, the average river discharge was greater than 1600 m3 s−1,
and a lower salinity and greater stratification characterized the northern ISC (Figure 8a,b).
The river discharge only reached about 600 m3 s−1 during the winter of 2004, and con-
sequently, weaker stratification and higher salinity values were observed (Figure 8a,b).
In contrast, the southern ISC was characterized by more homogeneous profiles in both
years with a lack of surface low-salinity layer (Figure 8f,g). Higher nutrient concentra-
tions were observed in the northern ISC under higher river discharge conditions in 2006
(Figure 8c–e). Note that phosphate, nitrate, and particularly silicate showed a 25-m layer
that was significantly higher during the high freshwater input period, which is most likely
the result of the input of nutrient-rich river waters, in agreement with the vertical distri-
bution of low-salinity water. Nutrient concentrations were similar in the surface layer of
southern ISC, even under contrasting river discharge periods (Figure 8h–j).
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Figure 8. Mean vertical profiles of: (a,f) Brunt-Väisälä frequency, (b,g) Salinity, (c,h) phosphate, (d,i) nitrate, and (e,j) silicate.
Top (bottom) panels correspond to profiles north (south) of Desertores Islands (see Figure 1) for the winter of 2004 (blue)
and the winter of 2006 (red). For reference of the location of the oceanographic stations, see Figure 1b,c.

4. Discussion

Satellite remote sensing is crucial for quantifying the spatio-temporal variability of
physical and biogeochemical parameters in aquatic systems, particularly in regions with
few field measurements [39]. Of particular interest is the remote sensing of phytoplankton
pigments and dissolved and suspended matter. The wide range of composition of these
substances poses a challenge in using satellite Chl-a retrievals in coastal waters [40]. Waters
in which phytoplankton dominate the optical properties are classified as Case I waters.
On the other hand, waters in which other constituents, such as suspended sediments
and dissolved organic matter, dominate the optical properties are classified as Case II
waters [41]. Coastal and estuarine waters, such as the ISC, often receive large freshwater
discharges of fluvial and glacial origin with substantial loads of suspended organic and
inorganic materials promoting an optically-complex environment—Case 2 waters [21,42].

Satellite Chl-a retrievals provide imprecise Chl-a estimates, hampering the understand-
ing of the dynamics of primary productivity [17]. To better understand the spatio-temporal
variability of phytoplankton biomass and its link with key oceanographic processes in the
ISC, our study analyzed satellite Chl-a and nFLH for the period 2003–2019. The use of
nFLH reduces the bias associated with Chl-a retrievals and is not affected by CDOM [43],
standing as an improved indicator of physiological variability or phytoplankton biomass
in some coastal regions [19].

The general meridional pattern of Chl-a and nFLH distribution (Figures 3 and 4) were
consistent with previous satellite-based results using coarser data for the ISC (e.g., Ref. [21,44]).
The annual climatology (2003–2019) reveals distinct patterns related to geographical as-
pects of the entire basin. The northern ISC seems to be more productive throughout
the year, splitting the ISC in two sub-basins separated by Desertores Islands (∼42◦30′S)
and regional circulation patterns [45]. Our results confirm the general patterns of Chl-a
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distribution [21,44] and provide new information regarding the spatio-temporal scales of
variability of Chl-a and nFLH along the ISC. The southern ISC revealed a synchronous
climatological pattern for Chl-a and nFLH with higher values observed during late spring
and early summer, coupled with the seasonality of wind forcing [8,46,47]. However,
the seasonal cycle of Chl-a and nFLH showed marked differences in the northern ISC and
characterized by (i) a 2-month lag in the annual cycle of Chl-a compared to other regions
of the ISC, and (ii) a 2-month lag between nFLH and Chl-a with higher values in fall.
These large differences were associated with the influence of freshwater discharges from
various rivers (e.g., Puelo River, Reñihue River) that provide allochthonous substances
into the ISC [19,48]. Despite the meridional differences, the annual frequency of Chl-a and
nFLH was spread between 10.8 and 13.2 months, resulting in a ±1.2-month displacement
within the time series. This may be related to year-to-year changes in the phenology
of phytoplankton biomass, similar to the coastal upwelling region off central-southern
Chile [35,49].

Previous studies have revealed physical and biogeochemical variability in the ISC in
response to interannual fluctuations of environmental forcing [21,47,50]. Overall, north-
ern Patagonia’s atmospheric conditions present marked interannual variability [8,47].
The wind conditions around Boca del Guafo represented the regional variability. They
revealed a climatological pattern with upwelling-favorable winds occurring in spring-
summer, and fluctuations at interannual scale. These results are consistent with the find-
ings of Garreaud [51] and Narváez et al. [8], suggesting that the seasonal and interannual
variability of the regional wind is connected with large-scale climatic forcing (i.e., Pacific
Decadal Oscillation, seasonal displacement of the South Pacific High, West Wind Drifts
dynamics), and may also be related to intra-seasonal activity associated with the Madden-
Julian Oscillation [52]. Our results confirm a synchronous annual cycle of Chl-a and nFLH
in southern ISC and correlated with the meridional wind. This suggests an increase in the
phytoplankton biomass in response to coastal upwelling events. Nonetheless, the entrance
of nutrient-rich upwelling waters to the ISC through Boca del Guafo and its northward
spreading is unclear. Furthermore, the high correlation between Chl-a and nFLH at Boca
del Guafo suggests a lower influence of turbid freshwater plumes in summer and a fairly
good performance of the Chl-a algorithm locally.

Boca del Guafo is the primary area for water exchange between the ISC and the open
ocean with the presence of Subantarctic Waters and nutrient-rich Equatorial Subsurface
Waters [22]. As noted by Narváez et al. [8], the influx of upwelling water into the ISC may
cascade into nutrient availability changes and their relative concentrations, which could
modulate the productivity and composition of phytoplankton. Furthermore, the variability
of Chl-a and nFLH in the southwestern ISC was correlated with the adjacent coastal ocean
suggesting a link with the mesoscale variability driven by coastal winds off southern Chile,
which could explain the predominant annual cycles (Figure 5).

The northeastern area of the ISC was characterized by higher concentrations of Chl-a
and nFLH throughout the year and contrasting annual cycles compared to those found
in southern ISC (Figures 3 and 4). The northern ISC is characterized by a shallower
bathymetry and freshwater input from several rivers [13]. Our results confirmed that
freshwater conditions promoted sharp vertical and horizontal salinity gradients (Figure 8),
as proposed by previous studies [33,53–55]. These outflows generate an extended low-
salinity tongue in the coastal ocean [24,56]. Moreover, the river runoff influences the
nutrient composition of surface waters in northern Patagonia [50,57]. Our results were
consistent with previous studies, showing a significant increase of silicate in the low-saline
surface layer during a period of high river discharges (Figure 8). However, high phosphate
and nitrate also characterized the surface freshwater layer, which could result from the
mixing with oceanic waters.

Our results suggest a considerable bias of the Chl-a algorithm in northern ISC
(Figure 7). The supply of terrigenous materials from large rivers and ice melt (e.g., CDOM
and particulate materials) would modify the optical properties of seawater [58] through
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the formation of turbidity plumes, challenging the study of phytoplankton dynamics. Our
results revealed marked differences in the temporal patterns of Chl-a and nFLH in northern
ISC, including a lag in the annual cycle and inconsistencies in the intra-seasonal peaks
(Figure 4). In situ fluorescence data from the buoy located in Seno Reloncaví showed a high
correlation with the nFLH and coherent peaks during fall (Figure 7). The better performance
of nFLH in this region supports previous results evaluating it with shipboard chlorophyll
estimates [19]. Our results indicate that the largest differences between the In situ data
and satellite Chl-a were recorded during events of high river discharge. The satellite Chl-a
data seems to work better in fall, the period with the lowest river discharge and peaks in
phytoplankton biomass [55].

At low frequencies, the local fractional variance (LFV) spectra showed differences be-
tween Chl-a and nFLH. During the 17-year time series, interannual frequencies (∼3–4 years)
were highly significant (>99% confidence level) for Chl-a. However, these frequencies were
not observed for nFLH (Figure 5). This interannual variability in Chl-a could be attributed
to low-frequency processes incorporating colored materials and sediments into the ISC
(e.g., river discharges, glacier melting, etc.) instead phytoplankton biomass variability. This
is of particular interest considering that remote and large-scale climatic-oceanographic
phenomena can alter the precipitation [59] and ocean temperatures [21] on interannual
scales, as well as the modulation of freshwater discharges from rivers in central-southern
Chile and northern Patagonia [60,61]. This study highlights the use of nFLH [19,43,62] to
avoid the interference from other components in assessing the chlorophyll variability in
the optically-complex waters of the ISC. Future studies should focus on the generation of a
local Chl-a algorithm incorporating the meridional optical gradients of Chl-a and nFLH
to further understand biophysical processes modulating the variability of phytoplankton
biomass in the ISC.

5. Summary

The coastal ocean of northern Patagonia is a highly productive ecosystem with socio-
economic implications. The study of coastal productivity and its variability has been
barely analyzed historically because of a lacking continuous monitoring. The study area,
including the Inner Sea of Chiloé (ISC), is characterized by high spatial variability in
oceanographic and optically-complex conditions. Consequently, the use of default satellite
Chl-a algorithms to monitor its coastal productivity is challenging. This study analyzes
the spatio-temporal variability of both Chl-a and nFLH along the meridional gradient of
the ISC and its adjacent coastal ocean. Our results highlight four main findings; (i) there
is a decoupling between the Chl-a and nFLH in the northern ISC (north of Desertores
Islands), (ii) the annual cycles of Chl-a and nFLH are synchronous in the southern ISC with
peaks in spring-summer, (iii) the wind forcing correlated well with the variability of Chl-a
and nFLH in the southern ISC, with maximum values associated with northward winds,
and (iv) the nFLH agrees well with In situ measurements in Seno Reloncaví, whereas the
satellite Chl-a was poorly correlated in In situ data during periods of high river discharge.
The high contrast in oceanographic conditions between the northern and southern ISC
suggests that the elevated loads of suspended and dissolved materials associated with
turbid river plumes influences negatively the satellite readings of Chl-a in the Case II
waters of northern ISC. Future studies evaluating the implementation of a new local Chl-a
algorithm are crucial for northern Patagonia to properly quantify coastal productivity
changes at different spatio-temporal scales.
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