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Abstract

The largest volcanic eruption of this century, which was submarine, led to a dramatic phytoplankton bloom north of the island
of Tongatapu, in the Kingdom of Tonga. In the absence of shipboard observations, we reconstructed the dynamics of this event
by using a suite of satellite observations. Two independent bio-optical approaches confirmed that the phytoplankton bloom
was a robust observation and not an optical artifact due to volcanogenic material. Furthermore, the timing, size, and position
of the phytoplankton bloom suggest that plankton growth was primarily stimulated by nutrients released from volcanic ash
rather than by nutrients upwelled through submarine volcanic activity. The appearance of a large region with high chlorophyll
a concentrations less than 48 hours after the largest eruptive phase indicates a fast ecosystem response to nutrient fertilization.
However, net phytoplankton growth probably initiated before the main eruption, when weaker volcanism had already fertilized

the ocean.
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Key Points:

e An extensive phytoplankton bloom was observed less than 2 days after
the main eruption

e Ocean fertilization through volcanic ash deposition likely fueled the bloom

e Strong temperature anomalies indicate localized volcanogenic upwelling
near the caldera

Abstract

The largest volcanic eruption of this century, which was submarine, led to a dra-
matic phytoplankton bloom north of the island of Tongatapu, in the Kingdom
of Tonga. In the absence of shipboard observations, we reconstructed the dy-
namics of this event by using a suite of satellite observations. Two independent
bio-optical approaches confirmed that the phytoplankton bloom was a robust
observation and not an optical artifact due to volcanogenic material. Further-
more, the timing, size, and position of the phytoplankton bloom suggest that
plankton growth was primarily stimulated by nutrients released from volcanic
ash rather than by nutrients upwelled through submarine volcanic activity. The
appearance of a large region with high chlorophyll @ concentrations less than
48 hours after the largest eruptive phase indicates a fast ecosystem response to
nutrient fertilization. However, net phytoplankton growth probably initiated
before the main eruption, when weaker volcanism had already fertilized the
ocean.

1 Introduction

The submarine Hunga Tonga—Hunga Ha apai (HTHH) volcano erupted violently
on January 15 2022 after several weeks of intermittent activity, first detected
on December 20, 2021 (Zhao et al., 2022). A subaerial eruption phase began
at 3:20 pm GMT on Jan 13 when the volcano emitted a plume of ash, steam,
and gas with ashfall being reported on several nearby inhabited islands (Global
Volcanism Program, 2022a). The main submarine eruption began around 4:00
am GMT on Jan 15 and was associated with the emission of a large plume of
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ash, which reached an altitude of 58 km (NASA report, 2022). Ash deposition
caused much damage on several Tongan islands (Witze, 2022) and the Tsunami
wave train that followed the eruption caused further damage and five confirmed
deaths. While the most dramatic consequences for humanity were experienced
on land, various impacts also occurred in the ocean; here, we try to disentangle
the ecological dynamics of the surface ocean caused by this eruption.

Volcanic activity can influence surface ocean ecosystems through different mech-
anisms, many of which result from the addition of growth-limiting nutrients.
After an eruption, the deposition of volcanic ash can support the release of
nutrient-containing materials in seawater (Duggen et al., 2007; Duggen et al.,
2010; Frogner et al., 2001; Jones and Gislason, 2008), which has been previously
invoked as the mechanism responsible for the formation of a large phytoplank-
ton bloom in the North Pacific Ocean (Hamme et al., 2010; Langmann et al.,
2010). In addition, nutrients can be delivered from depth, when warm and low-
density water masses rise toward the sea surface. Upwelling can be caused by
the emission of large volumes of hydrothermal fluids and by the exchange of
heat between nutrient-rich seawater and a lava extrusion, following a submarine
eruption (Baker et al., 1987; Baker et al., 2012; Butterfield et al., 1997; Vogt,
1989; Wilson et al., 2019). These mechanisms of ocean fertilization can provide
large quantities of dissolved iron to the ocean ecosystem, which could favor the
growth of specific organisms such as nitrogen fixing cyanobacteria, whose iron
requirement is large (Karl et al., 2002).

Despite being Earth’s dominant form of volcanism, submarine volcanic activ-
ity is understudied relative to eruptions on land due to challenges related to
monitoring, observing, and sampling submarine geological features. However,
some aspects of underwater volcanism are relatively established and we know
that a large concentration of the most explosive underwater volcanoes lies near
the Earth’s subduction zones such as the one forming the primary Tongan is-
lands (Rubin et al., 2012). Common indicators of shallow submarine volcanic
activity are subaerial eruption columns, pumice rafts, and discolored seawater,
all detectable through satellite observations. Seawater discoloration is caused
by a combination of volcanic tephra, its weathering products, and suspended
mineral precipitates including iron, aluminum, and silicon hydrous oxides (Urai

and Machida, 2005).

HTHH is one of a half dozen volcanoes on Tongas Central Tofua arc that have
erupted this century (e.g., Brandl et al., 2020 and references therein). The
historical activity of HTHH is well documented in the scientific literature. Be-
fore the twenty first century, eruptions were reported in 1912, 1937, and 1988
(Bryan et al., 1972; Global Volcanism Program, 1988). More recently, two ma-
jor eruptions were reported in March 2009 and January 2015 (Global Volcanism
Program, 2009; Global Volcanism Program, 2015; Vaughan and Webley, 2010),
which caused significant changes to the volcanic edifice both above and below
sea level (Cronin et al., 2017; Garvin et al., 2018).

Submarine volcanic activity near Tonga has been linked with the presence of



discolored water and the formation of pumice rafts stretching for tens of km
(Mantas et al., 2011; Vaughan and Webley, 2010). Early reports on the volcanic
activity of HTHH in December 2021 also documented the presence of surface
ocean pumice rafts (Global Volcanism Report, 2022b).

The region of the subtropical South Pacific Ocean near HTHH is characterized
by low phytoplankton biomass, and low inorganic nitrogen concentration in the
upper 80-100 m of the water column (Bonnet et al., 2018). Several weeks after
the 2015 eruption of the HTHH volcano, Guieu et al. (2018) measured large
concentrations of dissolved iron in the seawater near the Tongan islands, which
they proposed to derive from emissions of hydrothermal fluids from nearby volca-
noes. During the same expedition, Bonnet et al. (2018) measured large rates of
nitrogen fixation by Trichodesmium between Tonga and New Caledonia, which
were linked with the large iron concentration in the region. Trichodesmium
was already observed to form a bloom along the northern coast of the island of
Tongatapu, in 1963 (Bowman and Lancaster, 1965). This bloom appeared gray,
an unusual color for the cyanobacterium, which led ”"some observers” (sic.) to
hypothesize that the water contained suspended ash originated from an under-
water eruption.

In our investigation, we looked at the dramatic stimulation of phytoplankton
growth following the 2022 HTHH eruption. To infer the dynamics leading to
this large phytoplankton bloom, we used a suite of satellite observations that
helped us constrain the nature of the volcanic nutrient inputs and the scales of
the ecological response.

2 Remote observations and models
2.1 Chlorophyll a concentration and fluorescence

We used two bio-optical measurements to assess changes in phytoplankton
biomass before and after the HTHH eruption. The first bio-optical measurement
is chlorophyll a, the primary pigment in photosynthesis, whose concentration
in the first optical depth was obtained as the level 3, near real-time Globcolour
data product distributed by the Copernicus Marine Service. These daily chloro-
phyll ¢ maps have a horizontal resolution of 4 km and merge measurements
from different sensors including SeaWiFS, MODIS, MERIS, VIIRS, and OLCI.
Chlorophyll a estimates are based on the CI-Hu algorithm in oligotrophic
waters and the OC5 algorithm in mesotrophic and coastal waters (Gohin et
al., 2002; Hu et al., 2012). These empirical remote-sensing algorithms are
loosely based on differences in seawater reflectance between blue light, which is
absorbed by chlorophyll a, and green light, which is not absorbed by chlorophyll
a. Missing observations in the daily Globcolour maps were filled using a least
square approach to calculate the bloom area and plot its contour.

A second bio-optical proxy for phytoplankton biomass is based on measurements
of the red fluorescence emitted by chlorophyll a, when exposed to sunlight (Lete-
lier and Abbott, 1996). The algorithm uses differences in water leaving radiance
measured from the MODIS sensors in two red wavebands and calculates normal-



ized fluorescence line height (nFLH), which we later corrected to account for
differences in non-photochemical quenching (Behrenfeld et al., 2009). Hence-
forth, we simply use the term nFLH to indicate measurements corrected for
differences in the degree of non-photochemical quenching. We compared nFLH
and chlorophyll a retrievals using Level 2 images collected by the MODIS Aqua
satellite before and after the HTHH eruptive activity.

2.2 Sea surface temperature

Remote sensing of sea surface temperature (SST) is based on measurements
from numerous satellites, and it relies on algorithms using wavelengths in the
infrared or microwave spectral bands. To identify SST anomalies, we analyzed
the measurements collected by several satellites, which all indicated similar SST
fields. Herein, we describe the SST anomalies by reporting measurements re-
trieved using the infrared bands of the VIIRS sensor onboard the NOAA20
satellite.

While there are data products merging SST observations made by different
remote platforms, which improve on the spatial coverage obtained by any single
platform, we opted for not using this approach because the temporal and spatial
interpolation schemes of the merged products seemed to preclude the precise
identification of the time of appearance and position of the SST anomalies.

2.3 Surface currents

The direction and magnitude of ocean currents in the top 30 m of the water
column were obtained from the Ocean Surface Current Analyses Real-time (OS-
CAR). This daily data product has a spatial resolution of 0.25° in latitude and
longitude (~27 km), and the calculation of the currents takes into account a
geostrophic term, a wind-driven term, and a thermal wind adjustment.

2.4 True color satellite images

The aerial plume emitted by the HTHH volcano was characterized using true
color images obtained with the GeoColor technique applied to measurements
from the Geostationary Operational Environmental Satellite (GOES) West
(Miller et al., 2020). Considering the height of the plume with respect to
sea level, we suspect that the coordinates assigned to the pixels of the plume
cloud were impacted by a projection error. Since the GOES West satellite is
northeast of HTHH, the plume was probably projected southwest of its true
position perpendicular to the earth’s surface.

3 Results

Chlorophyll a concentrations near HTHH increased tenfold from values near 0.1
mg m™ on Jan 11, before the eruption, to values near 1 mg m™ on Jan 16, less
than two days after the main eruptive event (Figure 1). A large region (~200 km
in the zonal direction) of enhanced chlorophyll ¢ with respect to the monthly
average value of 0.1 mg m™ was still present on Jan 21 and for several days
afterward (Figure 1).
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Figure 1: Concentrations of chlorophyll a spanning a period of 10 days in the
region near HTHH, whose position is depicted as a red triangle. a) January
11, before the main HTHH eruption; b) January 16, with the first available
observations after the main eruption; ¢) January 21, 6 days after the eruption.
The largest landmass (brown in the figure) to the south of HTHH is the island
of Tongatapu. Black areas depict missing observations.

The chlorophyll a anomaly observed starting on Jan 16 is unprecedented in
the time-series measured during the satellite era, starting in 1997 (Figure
2a). Review of archive data from the region of interest indicated that prior
to the 2022 HTHH eruption, satellites never recorded an average chlorophyll
a concentration anywhere close to 1 mg m™3. However, two other events with
anomalously high chlorophyll a concentrations and smaller areal extents were
recorded in Jan 2015 and Jan 2017 (Figure 2a). Both events were linked with
documented eruptive activity: The 2015 event was associated with an eruption
of the HTHH volcano and the 2017 event coincided with the activity of an
unnamed submarine volcano southwest of HTHH. Chlorophyll ¢ near HTHH
progressively declined after January 17 and reached typical climatological
values on January 27 (Figure 2b). A similar decrease was observed in the area
of enhanced chlorophyll a, here defined as having concentrations > 0.2 mg m™,
which was 60,926 km? on January 16 and only 12,053 km? on January 28 (Figure
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Figure 2: Chlorophyll a distribution in the region of the HTHH volcano. a)
Time-series of chlorophyll a during the satellite era in the coordinate box be-
tween 20.3-20.9°S and 174.8-175.9°W. b) Same as a), but for the first part of
year 2022 showing the increase in chlorophyll a and its decline following the
HTHH eruption of January 15. ¢) Contour of the area with chlorophyll a >0.2
mg m™ after the January 15. The three panels in a) depict chlorophyll a maps
associated with three documented volcanic events. Black symbols and green
bars in a) and b) depict average and 5-95% of the concentration, respectively.
The pink region in b) depict 5-95% of the concentrations from the monthly
climatology in the coordinate box.

To constrain possible artifacts in the estimates of chlorophyll a concentrations
due to suspended and dissolved volcanogenic material, we compared satellite
maps of absorption-based chlorophyll ¢ and fluorescence-based nFLH. Both ap-
proaches estimated low values in the HTHH region on December 16, 2021, before
the beginning of the volcanic activity, but a large region with high chlorophyll
a concentration and sun-induced fluorescence on Jan 17, 2022 (Fig. 3).
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Figure 3:Estimates of chlorophyll a (a,c) and nFLH (b,d) from the MODIS Aqua
satellite. a,b) Satellite image from December 16, 2021, before the beginning
of the HTHH volcanic activity; c¢,d) Satellite image from Jan 17, 2022, two
days after the main eruption of the HTHH volcano. Values of nFLH have
been corrected for changes in non-photochemical quenching. Black areas depict
missing observations.

The spatial coverage of satellite SST near HTHH was low in the days imme-
diately following the Jan 15, 2022 eruption, likely due to the presence in the
atmosphere of volcanic tephra, sulfate aerosol, and gas clouds associated with



the volcanic activity. Nonetheless, SST from the NOAA20 satellite on Jan 17
shows temperatures above 30°C near HTHH in what could be interpreted as the
edge of a region of high SST anomaly extending to the southwest, where satellite
observations are missing (Figure 4). During the following days, the high-SST
water mass was observed progressively more to the southwest of HTHH, consis-

tent with the direction and magnitude of the ocean currents predicted by the
OSCAR model (Figure 4).
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Figure 4: SST and surface currents after the eruption of the HTHH volcano on
a) January 17, b) January 18, and c) January 19. The red triangle depicts the
position of HTHH. Red arrows depict ocean currents in the upper 30 m. Black
areas depict missing observations.

We qualitatively assessed the likelihood and magnitude of ash deposition by vi-
sual analysis of the volcanic plume generated by HTHH. On January 13, before
the main eruptive phase of HTHH, a weaker eruption had already generated a
large atmospheric plume above the region of the ocean that would later be host-
ing the phytoplankton bloom (Figure 5a). About 1.5 days later, the largest blast
of January 15 reached further away from HTHH (Figure 5b). True color images
also revealed the presence of flotsam, after the main eruption (Supplementary
Information).
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Figure 5: True color images of the HTHH region from the geostationary satellite
GOES-West. a) Aerial emission linked with the volcanic activity on January 13;
b) Ash plume emitted during the main eruption on January 15. Red lines depict

the coastline and the yellow triangle depicts the position of the HTHH volcano.
4 Discussion and Conclusions

Satellite observations revealed many impacts of the HTHH eruption on the
nearby ocean, but the most striking signal was a large phytoplankton bloom
first detected on January 16. Previous studies in the region of the Canary
Islands reported an overestimation in satellite estimates of chlorophyll ¢ concen-
tration due to discolored waters emitted through submarine volcanic activity
(Coca et al., 2014; Goémez Letona, 2017). Hence, we verified that the Tongan
phytoplankton bloom was not an artifact by confirming its presence using both
absorption-based and fluorescence-based bio-optical approaches.

In the oligotrophic region of the ocean surrounding HTHH, a surface phyto-
plankton bloom can only develop if growth-limiting nutrients are supplied to
the upper ocean. The HTHH eruption could have supplied these nutrients both
from above, through atmospheric ash deposition, and from below, through the
upwelling of seawater containing a volcanogenic component (hydrothermal flu-
ids, water that came into contact with hot magmatic products, or condensed
volcanic vapors emitted into seawater). Both mechanisms have been proposed
previously (Baker et al., 1987; Butterfield et al., 1997; Frogner et al., 2001).
However, the implied upward and downward nutrient fluxes have different spa-
tial and temporal scales, whereby the atmospheric route is faster and can reach
greater distances over a specific time frame.

The upwelling of warm water near the HTHH caldera is evident in the warm
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water anomaly observed in satellite images, which was progressively advected
southwest of HTHH. The upwelled water must have mixed with the cooler am-
bient seawater already present at the sea surface so we can safely assume that
the region impacted by nutrient upwelling was larger than the region of the SST
anomaly. However, it would be hard to attribute the large chlorophyll a anoma-
lies northeast of HTHH solely to nutrient upwelling, considering that the water
would have had to be advected against the direction of the currents predicted
in the study region.

For the reason above, we believe that phytoplankton growth was mostly stimu-
lated by the release of nutrients present on the surface or inside juvenile volcanic
ash and tephra products. Depositional patterns from the 2014-2015 HTHH
eruption (Cronin et al., 2017) and application of volcanic ash deposition models
(Bonadonna et al., 1998; Hurst and Davis, 2017) indicate a likely ash deposition
thickness of 100-1000 cm in the region of the chlorophyll a anomaly. Could
this amount of ash have leached enough nutrients to sustain a phytoplankton
biomass equivalent to 1 mg m™3 of chlorophyll a? A calculation of the nutrient
flux through this process can be obtained by using the rate of nutrient release
in the top 50 m from the deposition of subduction zone volcanic ash reported
by Duggen et al. (2007). Following these authors’ calculation and assuming a
conservative ash deposition of 100 cm, we obtain fluxes of 1.0-3.2 mol m™ of
inorganic nitrogen (N), 0.4-4 mmol m™ of phosphorus (P), and 0.4-2.4 mmol
m™ of iron (Fe). By assuming a Redfield stoichiometry for the synthesis of phy-
toplankton biomass and 10 moles of P per mole of Fe, the release rates reported
by Duggen et al. (2007) indicate that P would be depleted before N and Fe.
Even so, with a ratio of 100 g of carbon per g of chlorophyll a, the P supplied
through ash deposition could account for 5-50 mg m™ of chlorophyll a, well in
excess of the maximum concentration observed in the study region.

The time scale of the chlorophyll a increase is also informative on the dynamics
leading to the phytoplankton bloom. In the coordinate box selected for the
time-series of Figure 2, we measured an average chlorophyll a concentration of
0.11 mg m™ on January 12, before the eruptions, and 1.10 mg m™ on January
16. If we assume that phytoplankton growth started after the main eruption (4
am on January 15) the implied exponential rate of chlorophyll a increase would
be 2.2 d! (using a growth period of 1.06 days based on the average hours of
illumination from the eruption to January 16 GMT). While fast-growing phy-
toplankton species can achieve this high intrinsic growth rate in warm water
(Bissinger et al., 2008), net growth of the dominant phytoplankton species start-
ing from a small seed population is unlikely to result in such a fast chlorophyll a
increase. As a reference, in conditions of nutrient sufficiency, the relatively fast
rates of chlorophyll a accumulation were always <0.6 d™! during artificial iron
amendments, and 1.0 d*! during incubations with added nutrients (Figure 1 of
Behrenfeld and Boss, 2014; McAndrew et al., 2007; Mahaffey et al., 2012). For
this reason, it is likely that net phytoplankton growth did not begin on January
15, but it had already been stimulated by the less intense HTHH eruption of
January 13. Even though we consider this the most realistic hypothesis, we
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cannot directly verify it with available chlorophyll a observations, which are
regionally too sparse on Jan 14 and Jan 15, likely due to the low visibility after
the eruptions.

The HTHH eruption of Jan 15 2022 was a very large geophysical event leading to
a rare physical and chemical perturbation of an oligotrophic pelagic ecosystem.
In the absence of more comprehensive shipboard observations to characterize the
response of the ecosystem, we must rely on remote measurements to identify the
most likely dynamics that led to the tenfold chlorophyll @ increase measured in
an area spanning tens of thousands of square kilometers. Our observations are
consistent with an input of nutrients supplied through ash deposition, which
stimulated primary production and, most likely, particle export on short tem-
poral scales. However, based on the published composition of subduction zone
volcanic ash, this nutrient flux could eventually lead to phosphorus limitation
in the region.
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