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Abstract

Submarine volcanic eruptions can result in both real and apparent changes in marine algal
communities, e.g., increases in phytoplankton biomass and/or growth rates, that can cover
thousands of square kilometers. Satellite ocean color monitoring detects these changes as
increases in chlorophyll and particulate backscattering. Detailed, high resolution analysis is
needed to separate the optical effects of volcanic products from the response of the marine
algal community. It is possible to calculate an index, which maps the magnitude of
improbable change (relative to long term average conditions) following known volcanic
eruptions by using low resolution, initial estimates of chlorophyll and backscatter along with
an archived history of satellite data. We apply multivariate probability analysis to changes in
global satellite ocean chlorophyll and particulate backscatter data to create a new metric for
observing apparent biological responses to submarine eruptions. Several examples are
shown, illustrating the sensitivity of our improbability mapping index to known submarine
volcanic events, yielding a potentially robust method for the detection of new events in remote

locations.
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1. Introduction

Volcanic eruptions are among the most dramatic of all geological processes due to
their explosive nature and inherent danger. Most eruptions, however, are submarine and are
deep enough that they may be hidden from view by hundreds of meters of water. Shallow
eruptions occurring in populated regions can be hazardous to maritime activities. The
majority of these underwater eruptions, however, take place without our knowledge.
Currently, detection of these events relies on reports of subaerial displays (Baker et al., 2002),
surface observations (Vaughan et al., 2007), fortuitous underwater observations (Rubin et al.,
2012), seismic analyses (Schlindwein et al., 2005), or targeted hydro-acoustic array
deployments (Dziak et al., 2011). If detection equipment is not in place when an eruption
occurs, the assigned eruption onset times can have uncertainties of months to years (Siebert

and Simkin, 2002).

Submarine eruptions are known to create hydrothermal plumes that rise hundreds of
meters above the sea floor (Baker et al., 2012). Direct delivery of micro- and macro-nutrients
by a volcanic eruption and subsequent venting is possible, along with additional transport of
nutrients via volcanogenic upwelling (Vogt, 1989). At the same time, a volcano may further
deliver large amounts of pumice and discolored water, and ongoing venting of materials may
continue for weeks, potentially changing the optical properties of the sea water over large
areas (Mantas et al., 2011). Careful processing of ocean color data is required to correctly
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separate the optical signature of volcanic products from any potential enhanced biological
response. However, we propose that, irrespective of the true basis for a change, volcanic
activity can result in an apparent, retrieved change in the phytoplankton population living in
the surface mixed layer of the ocean that is observable with satellite imaging over large
expanses of the ocean. Mechanistically, injection of nutrients from an eruption can result in a
positive impact on the phytoplankton population, but contamination of the optical properties by
the volcanic material can also yield false anomalies as the standard ocean color algorithms
would assign the spectral changes to increased chlorophyll and particulate backscatter. Here,
we use standard ocean color products to provide an initial signal for detecting submarine
volcanic events. While some satellite sensors have been used to observe specific volcanic
events using high resolution imagery (Urai and Machida, 2005, and Vaughan and Webley,
2010), the current work investigates the sea surface expression of underwater volcanism that
is spread over larger spatial scales where higher resolution images are not available, or do

not cover large enough areas.

Over much of the tropical and subtropical oceans, surface plankton ecosystems are
limited by nutrient availability (Sverdrup, 1955, Yoder et al., 1993, and McClain, 2009).
Localized upwelling events occur when deep nutrient-rich water is physically transported to
the surface, such as through Ekman pumping by divergent surface flows (Chavez and Barber,
1987) or eddy-driven vertical transport (Siegel et al., 2011, and Chelton et al., 2011). Plankton
respond to such nutrient influx by increasing their growth rates (i.e., a physiological response),

standing stocks (i.e., biomass), or both. These changes can be observed by satellite images
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measuring variations in sea-surface-leaving radiance spectra (ocean color), which can be
quantitatively related to surface chlorophyll concentrations (chl) (Fig. 1a) and particulate
backscattering coefficients (by) (Fig. 1b) (Stramski et al., 2004, Behrenfeld et al., 2005, and
Westberry et al., 2008). Deep ocean currents and tidal pumping around seamounts and small
islands also give rise to topographic upwelling of deep nutrient-rich water, generating local
highs in chl and by, (Fig. 1c,d). Variations in ecological properties observed through satellite
remote sensing of ocean color are thus responsive to nutrient delivery through a variety of
water transport processes. We infer that the same effect could occur, following a submarine
volcanic eruption. We note that volcanogenic upwelling is unique in that the water transport
is driven by buoyant water heated by the volcanism, but what is common is the transport of
nutrient rich water from below the surface mixed layer. This delivery of nutrients has the
potential to generate an increase in phytoplankton growth and biomass. Thus, in eruption
cases where there is minimal contamination of the optical signal by volcanic products, we may
still expect detectable changes in satellite ocean color data because of associated biological

response to an altered nutrient field.

To investigate apparent biological responses to submarine volcanic events, we
compiled a subset of eruptions listed in the Smithsonian's Global Volcanism Program
database (Siebert and Simkin, 2002) for 1998 through 2012 (Table 1). This period
corresponds to ocean color measurements of the Sea viewing Wide Field-of-view Sensor
(SeaWiFS), as well as the Moderate Resolution Imaging Spectroradiometer on the Aqua

satellite (MODIS/Aqua). We restrict our examples to eruptions of short duration with well-
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defined onset times, and use these events as a test set to evaluate the ocean color signals.
With the exception of Kick'em Jenny in the Caribbean, the selected eruptions are located in
the Pacific Ocean (Fig. 1a,b). Two of our sample volcanoes have summits at < 40 m (Home
Reef and Unnamed) and three have summits between 130 and 185 m (Ahyi, Monowai, and
Kick'em Jenny) (Table 1). The examples were chosen based on cases where cloud coverage
did not restrict our ability to draw conclusions. Eruption imprints on surface ecosystems were
evaluated using 8-day resolution chl and by, data at /1, of a degree latitudinal and longitudinal
resolution (at the equator, this corresponds to pixel dimensions of 5 x 5 nautical miles, or
approximately 9 x 9 km). Chlorophyll concentration responds to both physiological and
biomass variability of the photosynthetic phytoplankton, while b, is a measure of particle
abundance and related to total plankton carbon stocks (Behrenfeld et al., 2005, Westberry et

al., 2008, and Behrenfeld et al., 2008).

2. Methods

2.1 Satellite Data

SeaWiFS was designed for global ocean color analysis (Barnes and Holmes, 1993). It
was launched in August, 1997, and delivered continuous, daily coverage through the end of
2007. The six visible bands detected were at 412, 443, 490, 510, 555, and 670 nm, each with

a 20 nm bandwidth. MODIS/Aqua, launched in May, 2002, detects a comparable set of



128 visible ocean color bands (412, 443, 488, 531, 551, and 667 nm) at a narrower bandwidth (10
129 nm for the majority) and has a data quality similar to SeaWiFS (Franz et al, 2007).

130 MODIS/Aqua continues to deliver daily global data, more than ten years after its launch.

131 SeaWiFS data were regularly processed by NASA's Ocean Color Biology Processing Group
132 to level-3 (mapped) data at 1/12 of a degree (~9 km) latitudinal and longitudinal resolution,
133 with an 8-day averaging window (4 km and daily level-3 data are also available).

134 MODIS/Aqua is also provided at 9 km and 4 km spacing, along with 1 km data. The chl and
135 bbp level-3 satellite data used in this study originated from the Ocean Color MEaSUREs

136  project at UCSB and are based on the Garver-Siegel-Maritorena inversion method

137 (Maritorena et al., 2002; Maritorena and Siegel, 2005; Maritorena et al., 2010). Clouds are
138 initially flagged as “no data” in these products and were later filled using the gap-fill routines
139 at Oregon State University's Ocean Productivity site, essentially an expanding search for
140 nearest neighbors that includes the spatial domain and looks forward and backward in time.
141  The final, cloud-filled chl and by, data used in this study (8-day averages, 9 km resolution) can
142  be obtained from OSU's Ocean Productivity web site (source:

143 http://www.science.oregonstate.edu/ocean.productivity).

144

145 2.2 Probability Analysis

146

147 Our initial assumption was that a submarine volcanic eruption will cause a real or

148 apparent increase in the biological signal detected by satellite (chl and/or b,,) assuming the

149 ejecta and/or hydrothermal plumes of the eruption are able to penetrate the surface mixed
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layer of the ocean (Speer, 1997). Specifically, the response to a submarine volcanic eruption
is identified from spatial and temporal derivatives of chl and b,,. Temporal derivatives directly
show increases in time, while spatial derivatives show increases in the strength of fronts
(gradients) between affected waters and unaffected areas. For chl and by, it is sufficient to
use temporal first differences as an estimate of their derivatives with respect to time.
Furthermore, because these data are in regular grids, we approximated the spatial derivatives
with the maximum absolute value of the spatial gradient observed between a given pixel and
its eight surrounding neighbors. The gradients were calculated using spatial first differences

normalized by the distance between the centers of the pixels.

The significance of the observed changes at a specific location can be assessed by
converting derivatives in chl and by, into empirical probabilities of being met or exceeded at
that locale (Fig. 2a). This assessment was done by directly counting how often the value
observed at a given pixel was exceeded at that location over the course of the satellite record
(10 years), and then dividing by the total number of observations. The joint probability of
these four changes can be estimated by multiplying the individual probabilities together (Fig.
2b). While this approach provides a straight forward way of calculating the total probability of
all the changes occurring at the same time, it is only accurate if the variables are independent

(Wackerly et al., 2002).

A more rigorous probability estimate takes into account the potential interdependencies

between chl and b,,. By expanding the sample size around the pixel of interest, we allowed
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for a more robust estimate of the cumulative distribution function. The conditional probability
was obtained by selecting a subset of data approximately equal to the observed value for one
of the variables (e.g. chl). We then used the associated b,, values to evaluate how often the
observed by, change had been met or exceeded. The estimate of the joint probability was
then obtained by multiplying these results together (Fig. 2c). More complex versions of this
estimate are possible, but our interest was in the spatial patterns of probability, rather than

their exact values, so the more simplified approach was sufficient.

The process of converting data to probabilities allowed multiple observations with
different units to be merged into a single representation. The joint probability was then
represented as an index by taking the -log10 transform of its value. The resultant metric is
referred to here as the 'improbability mapping index' (IMI). Probability is unitless, as is the
IMI, and the sign change in the log10 transform means that the smaller the probability, the
larger the index. The IMI provides a measure of the magnitude of improbable change
displayed by chl and b,,. As an example, if all four inputs have a probability of 0.1, the IMI has
a value of 4. If, on the other hand, the individual odds were one in a hundred (0.01), the index
becomes 8. The IMI level for “average” change is 1.20, and is found by using 0.5 for all four
inputs (i.e., the result of a 50% chance of occurrence for all four derivatives). The IMI was
used to detect surface expressions of known submarine volcanic eruptions by seeking

spatially extensive improbable increases in chl and by, following each event.
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3. Results

Five specific, known submarine volcanic events were evaluated for this study:
Unnamed, Home Reef, Ahyi, Monowai, and Kick-em Jenny. Each of these cases is discussed

in the following subsections.

3.1 Unnamed

The IMI response shown in Figure 3 corresponds to a submarine volcanic eruption of
an unnamed volcano (0403-091) at 18.325°S, 174.365°W in the Tonga region of the South
Pacific (Table 1, Unnamed). This volcano has a summit depth of ~40 m and the eruption
occurred between September 27" and 28", 2001. Numerous short T-waves (seismic waves
which have traveled an extended path as acoustic waves in the ocean) were detected in this
period by the French Polynesian Seismic Network, along with observation of an ash-rich
eruption column on September 28" (Taylor, 2002, and Smithsonian Inst., 2001b). Time series
of chl, by, and the IMI shown in Figure 3a-c include traces for the nine pixels from the 3x3 grid
centered over the summit of the volcano (white outlined box), where the vertical red line
indicates the day of the onset. The IMI clearly shows a strong response following the eruption
(Fig. 3c), reflecting the combined responses of the chl and b,, ocean color products (Fig.
3a,b). The heavy horizontal red line indicates an IMI value of average change (i.e.:
-log10[(0.5)*]) and offers a baseline for comparison with the ensuing response. After the rapid
IMI rise following the eruption, the index decays back to the baseline level within about two
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weeks. The duration of this decay period likely depends on a number of factors, including the
level of venting that follows the initial eruption. The five spatial images in Figure 3d give a
time-sequence of IMI values for a 2° latitude by 2° longitude area centered on the region
impacted by the volcanic event, starting with a pre-eruption map. The area affected by the
eruption is easily seen in map view, including subsequent transport as it moves away from the

summit.

3.2 Home Reef

The second example is also a near-surface event, originating within the mixed layer with a
summit of 10 m depth (Table 1, Home Reef). The eruption started on August 7, 2006, and
was located in Tonga at 18.992°S, 174.775°W. Satellite-detected surface expressions of the
Home Reef eruption have previously been investigated with high-spatial resolution data
(Mantas et al., 2011, Vaughan et al., 2007, and Smithsonian Inst., 2006a,b), with reports of
extensive pumice rafts and discoloration of the surface water, clearly visible in both the fine
scale images and the coarser MODIS data. This contamination of the biological signal with
volcanic products enhances the ability of the IMI in detecting the event with uncorrected, low
resolution data. Figure 4 shows how far the initially affected waters can be found away from
the volcano and provides an example of a delayed IMI response at the summit. This delay
and spatial transport reflect advection of material away from the summit and the sparse record
of daily satellite observations going into the 8-day averages. For example, consider the

second frame in Figure 4b, which corresponds to the onset of the Home Reef eruption. This
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image represents the average condition for the time period from August 5 through August 12,
2006. The eruption started on August 7 and had the remaining six days in the averaging
period to impact the IMI values shown for the onset. The white outline in the second frame
indicates the location of the 3x3 pixels centered on Home Reef, while the black box to the
northeast represents the location of the Vava'u Islands. An average current of ~1/3 of a knot
is required to move materials from Home Reefto the western edge of the Vava'u Islands over
the time period of August 7 through August 12. While the pumice rafts were eventually
recorded in Fiji (to the northwest) (Smithsonian Inst, 2006a) the IMI map for the onset implies
that the initial trajectory was east by northeast. This trajectory is supported in the literature,
with reports from the yacht, Maiken, that they had to head SSW from Vava'u on August 11 to
avoid the pumice rafts (Smithsonian Inst., 2006a), by illustration of the pumice raft location on
August 11 (see Figure 2 in Vaughan et al, 2007), and by high resolution satellite images
provided by the MODIS Ocean Color team for August 5, 10, and 12 (see Figure 23 in
Smithsonian Inst. 2006b, and

http://oceancolor.gsfc.nasa.gov/MODIS/HTML/TongaHomeReefEruption.html). It is

interesting to note the change in ocean color to the east of the pumice raft (towards Vava'u),
especially when compared to the August 5 baseline image. Taken together, the pumice rafts
and water discoloration are consistent with the location of the IMI maximum seen in the
second frame of Figure 4b. Furthermore, with the exception of the MODIS images from
August 10 and 12, the other images are mostly cloud-obscured. The result is that the 8-day
“average” primarily has input from August 10 and 12, and minimal input from August 7-9. In

that initial three day period of cloud coverage following the submarine eruption at Home Reef,
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the volcanic products were transported away from the summit. Because of this, no detection
of an onset signal was possible at the volcano itself, resulting in the “delayed” IMI response

found in the timeseries (Fig. 4a).

3.3 Ahyi, Monowai, & Kick'em Jenny

Figure 5 illustrates IMI responses for three mid-depth volcanoes (132-185 m), all with
well defined eruption onsets. Our first example, Ahyi, erupted explosively in the northern
Marianas on April 24-25, 2001, which was detected by a seismic station on Rangiroa Atoll
(Smithsonian Inst., 2001c). The second example, Monowai Seamount, is an active volcano
northeast of New Zealand in the Kermadec Island Arc, and the eruption spanning November
1-25, 2002, was again detected seismically (Smithsonian Inst., 2003). This eruption appears
to be the onset of a growth cycle at the volcano, after 3+ years of seismic quiescence, and
six months after an interpreted collapse event of the summit (Wright et al., 2008). The third
volcano, Kick'em Jenny, erupted on December 4-6, 2001 in the Caribbean, with clear seismic
detection (Smithsonian Inst., 2001a, and Lindsay et al., 2005). Pre- and post-eruption 2x2°
surface IMI maps are provided for each event in figures 5a-c and 5g-i. The maximum IMI
level on the color bar has been reduced to 5 to illustrate the before and after comparisons.
Given that these eruptions originate below the mixed layer, it is not surprising that their
surface impact is less extreme than the near-surface events. Circles of approximately 50 km
radii are shown in the figure to indicate the most strongly affected regions. The middle panels

(Fig. 5d-f) show time-series spanning the pre- and post-eruption period and, in each case,
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post-eruption IMI increases over baseline values for all nine pixels overlying each summit
region. Kick-em Jenny shows a strong but delayed expression over the summit (Fig. 5f),
similar to Home Reef (Fig. 4a), which we again take to suggest the presence of initial
advection away from the summit. These three deeper examples have a more diminished and
possibly more dispersed surface expression than the near-surface eruptions discussed above,
but the IMI response is still present. There were no reports of observed surface discoloration
or other activity at the Kick 'em Jenny eruption, which was well monitored and in a populated
region. No direct observations were recorded for either the Monowai event of November,

2002, or the Ahyi eruption of April, 2001.

4. Discussion

Five examples are provided of improbability maps for changes in chl and by, associated
with submarine volcanic eruptions of known onset times. In each case, we evaluate what (if
any) improbable changes occurred in association with the event. We worked with essentially
“off the shelf” low resolution global satellite ocean color products with no special processing
applied. Our intent was to evaluate the usefulness of such public domain data in successfully

identifying known volcanic events.

Our two examples for near-surface events (< 40 m depth) showed strong IMI

responses, with values up to 8. For these shallow events originating within the mixed layer, it
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is likely that at least part of the satellite signal results from altered ecosystem conditions,
including delivery of micro- or macro-nutrients. For example, in the case of Home Reef, after
high resolution analysis was performed and volcanic contaminants were excluded, it was
determined that the chl signal reached a level 17x greater than background (Mantas et al,
2011). The remaining portion of the satellite signal, however, was due to the impact of
injected solids (ash or pumice) on surface optical properties, with associated water
discoloration, assigned by the remote sensing algorithm to an increase in both particulate
backscattering and chlorophyll. The IMI response for these cases certainly reflects changes
from both volcanic materials and biological responses to the eruption. It is this combination of

factors that gives rise to the large (and extensive) IMI values shown in Figures 3 and 4.

It is possible that alternative explanations exist for the IMI anomalies in Figures 3 and
4, such as topographic upwelling. However, the surface extent of high IMI values for our two
near-surface examples is quite large, covering on the order of 2,000 square kilometers.
Based on examination of individual examples of topographic upwelling associated with
seamounts, we suggest that topographic upwelling likely impacts a smaller spatial area and
would appear in IMl images more like the 4" frame of Figure 4b, rather than the 3™ frame of
Figure 3d. Itis also possible that an upwelling event could coincide with a submarine volcanic
eruption, and fortuitous transport of impacted water could increase the resulting signal. This
may be the source of at least some of the IMI response seen at Vava'u in frame 2 of Figure
4b. Upwelling in the traditional sense, however, should deliver colder bottom water along with

the nutrients, and patterns of sea surface temperature could be examined to see if cold water
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injection matches the spatial patterns of high IMI regions. If high magnitude IMI results similar
to those shown in Figures 3 and 4 are observed, then a closer examination of available high
resolution data should be initiated, seeking the presence of volcanic products in the surface
water. If none are found, then a subsequent analysis of sea surface temperature can test for

cold water injection associated with topographic upwelling.

Our three eruption examples for summits between 132 and 185 meters depth show
diminished IMI responses compared to the shallow events, but still yield detectable signals
that are expanded over notably larger areas (Figure 5). These eruptions originate 100 to 165
meters below the surface mixed layer zone of the ocean, and their plumes very likely reach
the density gradient at the base of the surface layer. At the time of the eruptions, the mixed
layer depth for these three examples were found to be 28 m (Ahyi), 19 m (Kick'em Jenny),
and 30 m (Monowai) (data from OSU's Ocean Productivity web site). Either their plumes
were able to directly penetrate into the mixed layer, or they dispersed themselves along the
base of the mixed layer zone before being incorporated into the upper layer. Once into the
mixed layer, the properties would be distributed throughout the zone (Gregg and Briscoe,
1979, and Denman and Gargett, 1983). The combination of no documented reports of
discolored water, pumice rafts, etc., for these events, along with the lack of a strong, localized
IMI response, suggests that these may be cases where corruption of the optical signal by
volcanic material was minimized, and the IMI response is predominantly biological in nature.
The lack of pumice rafts is consistent with these three volcanoes being basaltic. While

basaltic pumice can be formed, it is less likely to do so than dacite, which has a greater
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percentage of volatile gases in its magma (Unnamed 0403-091 and Home Reef both

released dacitic pumice rafts (Bryan et al., 2004; Mantas et al., 2011)).

For deeper volcanoes, including the three shown in Figure 5, we propose that
biological response drives the IMI values, with the influence of ejected optical contaminants
diminishing with increasing depth of eruption. We also propose that the biological changes
are responding to dissolved micro- and macro-nutrients via the eruption, along with nutrients
delivered from below the nitrocline through the process of volcanogenic upwelling (Vogt,
1989), where the nitrocline defines the base of the nutrient-depleted surface waters and the
top of the nutrient-rich deep waters. It is possible that the upwelled nutrients are actually

dominating the response, rather than the specific chemicals vented by the eruption.

We note that while a submarine volcano injects solids and dissolved nutrients into the

water surrounding its summit, it may also introduce substances that are not beneficial to
photosynthetic biology (e.g., H S, CO, SO , SO , HCI, and HF) (Vogt, 1989). By defining the
2 2 3

probability measures in terms of changes which are “met or exceeded”, we have focused
upon the apparent positive responses within the plankton community, not the detrimental.
Any inhibiting impacts of the eruption will either act to dampen the magnitude of the observed
enhancement or, if dominant, will result in mapped IMI values between 0 and 1.2 (these would

be seen as dark blue pixels in our mapped products).
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Consider again alternative explanations for the source of IMI increases shown in Figure
5. We must now look for processes that can drive biological changes over larger areas.
Topographic upwelling would impact IMI values associated with seamount positions, but again
it is difficult to imagine such processes having an impact away from the seamounts. Large
frontal systems coming into the area could produce IMI changes, but would likely be
associated with large scale sea surface temperature gradients as well. Another possibility is
eddy systems moving through the area, which can be examined using sea surface
temperature and sea surface height data. There is also the potential for temperature-induced
increases in growth rates following eruptions even if nutrient conditions remain unchanged.
For the test cases shown in Figure 5, it was known a priori that a volcanic event had taken
place. If instead we only had the before and after maps shown in Figure 5, a detailed

examination of alternative sources for IMI extremes would have been warranted.

In examination of our IMI images, it is also important to consider possible errors
introduced as a result of using 8-day averages with cloud-filled data. These data allow for
very straight-forward calculations of the derivatives and the probabilities involved, but caution
must be applied. If cloud cover is sparse, then the search for nearest neighbors would fill in
missing pixels with very local, average properties. As missing data area expands, however, a
point is reached where the search distance exceeds the spatial correlation distance of the
data (which varies from location to location). Similarly searches in time can exceed the point
where the temporal correlation distance is exceeded. In those cases of extensive cloud cover

with long duration, the filled data will not have local statistical properties, potentially resulting
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in unusually high IMI values. Any case showing extensive, high IMI results should also be
examined for the presence and duration of cloud cover in the original, 8-day files. The
volcanic events selected for this study (Table 1) avoided cases where cloud cover was

problematic.

The evaluation of IMI responses to very deep volcanic eruptions is currently restricted
by the small number of such events with well-known eruption times. The Axial Seamount
events off the Oregon coast (January 25, 1998, and April 6, 2012) provide two possible
opportunities for investigation, but extensive cloud cover in each case excluded map analysis.
Nevertheless, the expectation is that an eruption plume penetrating the surface mixed layer
zone from great depths is unlikely, due to the very large transfer of heat required (Speer,
1997). However, there have been reports of surface manifestations from the South Sarigan
Seamount eruption of 2010 (Venzke et al., 2010, and McGimsey et al, 2010), where an
eruption from ~200 m depth resulted in steam and ash venting into the atmosphere, along
with observations of extensive pumice rafts from the deep (~1500 m caldera, -720 m summit)
Havre Seamount eruption in 2012 (Wunderman et al., 2012). Both of these events yielded
unusual surface displays from eruptions at significant depth, implying that IMI signatures may
be produced by at least some deep events; in the first case by a clear breach into the surface
mixed layer zone and in the second via pumice rafts and other volcanic contaminants to the

optical signal.
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5. Conclusions

Our aim in this study was to create a remote-sensing based index for detecting surface
expressions of known submarine volcanic eruptions by seeking improbable increases in chl
and by, following each event. With a test set of five known eruption locations and times, we
were able to identify a pattern of IMI responses that contrast before versus after images. The
spatial extent of the changes observed in chl and b,, appeared to be on the order of
thousands of square kilometers, expressing a maximum ocean surface response
approximately within one to two weeks after the initial eruption onset. The presence of
volcanic contaminants in the water (pumice rafts, ash, and discolored water) enhances our
ability to detect events, as they translate directly into improbable increases in chl and by,
relative to the satellite baseline history. In those cases where volcanic contaminants are
possibly missing, we are left with biological responses to the submarine eruption driving the
changes seen in the IMI maps. Volcanogenic upwelling of deep nutrient-rich water to the
surface is suggested as a potential process influencing the biological component of the IMI
response for submarine volcanic events, although micro- and macro-nutrients may also be
delivered directly by the eruption proper. By tuning the IMI specifically to increases in chl and
by, We were able to detect both real biological responses to the eruptions and the apparent
changes due to volcanic contaminants. This combination leads to a potentially robust method
for detection of new events in remote locations, offering candidates for subsequent high

resolution analysis.

20



432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

Acknowledgements

This study was supported by the National Aeronautics and Space Administration Ocean

Biology and Geochemistry Program.

References

Baker, E. T., Chadwick Jr., W. W., Cowen, J. P., Dziak, R. P., Rubin, K. H., & Fornari, D. J.
(2012). Hydrothermal discharge during submarine eruptions: The importance of detection,

response, and new technology, Oceanography, 25(1), 128-141, doi: 10.5670/oceanog.2012.11.

Baker, E. T. , Massoth, G. J., de Ronde, C. E. J., Lupton, J. E., & Mclnnes, B. I. A. (2002).
Observations and sampling of an ongoing subsurface eruption of Kavachi volcano, Solomon

Islands, May 2000. Geology, 30, 975-978.

Barnes, R. A., & Holmes, A. W. (1993). Overview of the SeaWiFS ocean sensor. Optical
Engineering and Photonics in Aerospace Sensing, 224-232. International Society for Optics

and Photonics.

Behrenfeld, M. J., Halsey, K. H., & Milligan, A. J. (2008). Evolved physiological responses of

phytoplankton to their integrated growth environment. Phil. Trans. Royal Soc. B 363, 2687-

21



453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

2703.

Behrenfeld, M. J., Boss, E., Siegel, D. A., & Shea, D. M. (2005). Carbon-based ocean

productivity and phytoplankton physiology from space. Global Biogeochem. Cy. 19, GB1006.

Bryan, S., Cook, A., Evans, J., Colls, P., Wells, M., Lawrence, M., at al. (2004). Pumice
rafting and faunal dispersion during 2001-2002 in the Southwest Pacific: Record of a dacitic

submarine explosive eruption from Tonga. Earth and Planetary Science Letter, 227, 135-154.

Chavez, F. P, & Barber, R. T. (1987). An estimate of new production in the equatorial Pacific.

Deep-Sea Res. 34, 1229-1243.

Chelton, D. B., Gaube, P., Schlax, M. G., Early, J. J., & Samelson, R. M. (2011). The

Influence of Nonlinear Mesoscale Eddies on Near-Surface Oceanic Chlorophyll. Science 334,

328-332.

Denman, K. L., & Gargett, A. E. (1983). Time and space scales of vertical mixing and

advection of phytoplankton in the upper ocean. Limnology and Oceanography 28, 801-815.

Dziak, R. P.,, Hammond, S. R., & Fox, C. G. (2011). A 20-year hydroacoustic time series of

seismic and volcanic events in the Northeast Pacific Ocean. Oceanography 24, 280-293.

22



475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

Franz, B. A., Werdell, P.J., & McClain, C. R. (2007) Sensor-independent approach to the

vicarious calibration of satellite ocean color radiometry. Applied Optics 46.22, 5068-5082.

Gregg, M. C., & Briscoe, M. G. (1979). Internal waves, finestructure, microstructure, and

mixing in the ocean. Reviews of Geophysics and Space Physics 17, 1524-1548.

Lindsay, J. M., Shepherd, J. B., & Wilson, D. (2005). Volcanic and Scientific Activity at Kick
‘'em Jenny Submarine Volcano 2001-2002: Implications for Volcanic Hazard in the Southern

Grenadines, Lesser Antilles. Natural Hazards 34, 1-24.

Mantas, V. M., Pereira, A. J. S. C., & Morais, P. V. (2011). Plumes of discolored water of
volcanic origin and possible implications for algal communities. The case of the Home Reef

eruption of 2006 (Tonga, Southwest Pacific Ocean). Remote Sens. Environ. 115, 1341-1352.

Maritorena, S., Siegel, D. A., & Peterson, A. R. (2002). Optimization of a semianalytical

ocean color model for global-scale applications. Applied Optics 41.15, 2705-2714.

Maritorena, S., & Siegel, D. A. (2005). Consistent merging of satellite ocean color data sets

using a bio-optical model. Remote Sensing of Environment 94.4, 429-440.

Maritorena, S., d'Andon, O. H. F., Mangin, A., & Siegel, D. A. (2010). Merged satellite ocean

color data products using a bio-optical model: Characteristics, benefits and issues. Remote

23



497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

Sensing of Environment 114.8, 1791-1804.

McClain, C. R. (2009). A Decade of Satellite Ocean Color Observations. Annu. Rev. Mar.

Sci. 1, 19-42.

McGimsey, R. G., C. A. Neal, C. K. Searcy, J. T. Camacho, W. B. Aydlett, R. W. Embley, F. A.
Trusdell, J. F. Paskievitch, and D. J. Schneider (2010), The May 2010 submarine eruption from
South Sarigan seamount, Northern Mariana Islands, Abstract T11E-07 presented at 2010 Fall

Meeting, AGU, San Francisco, Calif., 13-17 Dec.

Rubin, K. H., Soule, S. A., Chadwick Jr, W. W., Fornari, D. J., Clague, D. A., Embley, R. W.,
Baker, E. T., Perfit, M. R., Caress, D. W., & Dziak, R. P. (2012). Volcanic eruptions in the deep

sea. Oceanography, 25(1), 142—-157, doi:10.5670/oceanog.2012.12.

Schlindwein, V., Muller, C., & Jokat, W. (2005). Seismoacoustic evidence for volcanic activity

on the ultraslow-spreading Gakkel Ridge, Arctic Ocean. Geophys. Res. Lett. 32, L18306

Siebert, L., & Simkin, T. (2002). Volcanoes of the world: An illustrated catalog of Holocene
volcanoes and their eruptions. Smithsonian Institution, Global Volcanism Program Digital

Information Series, GVP-3

Siegel, D. A., Peterson, P., McGillicuddy Jr., D. J., Maritorena, S., & Nelson, N. B. (2011).

24



519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

Bio-optical footprints created by mesoscale eddies in the Sargasso Sea. Geophys. Res. Lett.,

L13608

Smithsonian Institution (2006a). Extensive pumice rafts between Tonga and Fiji during

August-October. Bulletin of the Global Volcanism Network (31:09).

Smithsonian Institution (2006b). More details on the new island and drifting pumice rafts,

including satellite data. Bulletin of the Global Volcanism Network (31:10).

Smithsonian Institution (2003). Volcanic earthquake swarm during 1-24 November eruption.

Bulletin of the Global Volcanism Network (28:02).

Smithsonian Institution (2001a). Submarine eruptions recorded during December 2001.

Bulletin of the Global Volcanism Network (26:11).

Smithsonian Institution (2001b). Possible source for September T-waves and November

pumice rafts. Bulletin of the Global Volcanism Network (26:11).

Smithsonian Institution (2001c). Brief explosive activity on 24 April 2001 detected seismically.

Bulletin of the Global Volcanism Network (26:05).

Speer, K. G. (1997). Thermocline penetration by buoyant plumes. Philosophical Transactions

25



541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

of the Royal Society of London. Series A: Mathematical, Physics and Engineering Sciences

355.1723, 443-458.

Stramski, D., Boss, E., Bogucki, D., & Voss, K. J. (2004). The role of seawater constituents

in light backscattering in the ocean. Prog. Oceanog. 61, 27-56.

Sverdrup, H. U. (1955). The place of physical oceanography in oceanographic research. J.

Mar. Res. 14, 287-294.

Taylor, P. W. (2002). Volcanic Hazards Assessment Following the September-October 2001

Eruption of a Previously Unrecognised Submarine Volcano West of Vava'u, Kingdom of

Tonga. AVI Occasional Report No. 02/01 2, 1-7.

Urai, M., & Machida, S. (2005). Discolored seawater detection using ASTER reflectance

products: A case study of Satsuma-lwojima, Japan. Remote Sens. Environ. 99, 95-104.

Vaughan, R. G., Abrams, M. J., Hook, S. J., & Pieri, D. C. (2007). Satellite Observations of

New Volcanic Island in Tonga. EOS 88, 37, 41.

Vaughan, R. R., & Webley, P. W. (2010). Satellite observations of a surtseyan eruption:

Hunga Ha'apai, Tonga. Journal of Volcanology and Geothermal Research 198(1), 177-186.

26



563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

Venzke, E., Sennert, S. K., Wunderman, R., & Fela, J. (2010). Reports from the

Smithsonian's Global Volcanism Network, May 2010. Bulletin of Volcanology 72, 1139-1140.

Vogt, P. R. (1989). Volcanogenic upwelling of anoxic, nutrient-rich water: A possible factor in
carbonate-bank/reef demise and benthic faunal extinctions? Geological Society of America

Bulletin 101, 1225-1245.

Wackerly, D. D., Mendenhall Ill, W., & Schaeffer, R. L. (2002). Mathematical Statistics with

Applications. Wadsworth Group, Pacific Grove, ch. 2.

Westberry, T., Behrenfeld, M. J., Siegel, D. A., & Boss, E. (2008). Carbon-based primary
productivity modeling with vertically resolved photoacclimation. Global Biogeochem. Cy. 22,

GB2024.

Wright, 1. C., Chadwick Jr., W. W., de Ronde, C. E. J., Reymond, D., Hyvernaud, O.,
Gennerich, H.-H., Stoffers, P., Mackay, K., Dunkin, M. A., & Bannister, S. C. (2008). Collapse
and reconstruction of Monowai submarine volcano, Kermadec arc, 1998-2004. J. Geophys.

Res. 113, B08S03, doi:10.1029/2007JB005138.

Wunderman, R., Herrick, J., Dennen, R., & Sennert, S. K. (2012). Havre Seamount. Bulletin

of the Global Volcanism Network (September, 2012) 37, 1-10.

27



585 Yoder, J., McClain, C. R., Feldman, G. C., & Esaias, W. E. (1993). Annual cycles of
586 phytoplankton chlorophyll concentrations in the global ocean: A satellite view. Global
587 Biogeochem. Cy. 7, 181-193

588

589

28



590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

Figure Legends

Figure 1: Ten year average chlorophyll and particulate backscatter fields. (a) Ten year
chlorophyll average (1998-2007) (mg chl m*); filled triangles represent submarine volcanic
eruption sites listed in Table 1. (b) Ten year backscatter average (m™) for the same period;
filled triangles represent submarine volcanic eruption sites listed in Table 1. (c) Shows
average chlorophyll at the Hawaiian Island chain, while (d) shows the average for backscatter.
Increases in the average levels of chlorophyll and backscatter can be found at island arcs and

seamount chains due to regular delivery of nutrients over time via topographic upwelling.

Figure 2: Probability calculations. (a) With two different satellite based measurements (chl
and by,) and two different derivatives (temporal and spatial), there are four different variables
for the probability calculations: A = d(chl)/dt; B = d(by,)/dt; C = V(chl); and D = V(by,). (b) If
each variable is independent, we can calculate the joint probability by multiplying their
individual empirical probabilities together. (c) If we take into account the possibility that chl
and b, may not be independent, then we must consider this usage of conditional probabilities.

This is the approach used in this analysis.

Figure 3: Satellite-detected responses to a near-surface underwater volcanic eruption from
unnamed volcano 0403-091 in the Tonga region (Table 1, Unnamed, depth = 40 m). Time-
series of (a) chlorophyll (mg chl m?), (b) backscatter (m™) and (c) Improbability Mapping
Index (IMI). Here, all three properties in a — ¢ show a clear response to the eruption. The
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nine traces in each time-series are taken from the 9 pixels centered over the summit and are
based on 8-day resolution satellite data. The vertical red line identifies the day of the eruption
onset and the green box its reported duration, while the cyan lines indicate the days
contributing to the averaged 8-day period overlapping the eruption onset. The days indicated
in the time axis denote the mid point of the 8-day averages. The thick horizontal red line in
panel ¢ represents the IMI baseline (= -log10[(.5)*]) and is an approximation for 'average'
observed change. (d) Time-series of two-dimensional map views of IMI for a 2° by 2° area
(17.5 to 19.5 S latitude; 174.75 to 172.75 W longitude) encompassing the volcano. Panels from
left to right represent sequential 8-day averages, with the 'before’, 'during’, and 'after' lines
connecting panel ¢ to the maps in panel d. The '+3 on the 'during' map indicates that the
eruption was in progress for at most the last 3 days of the 8-day averaging period. Small
white boxes in each panel of d shows the 3x3 grid of pixels over the summit used for the time-
series plots (a-c); the black box SE of the summit indicates an area of 'no data' off a small

island.

Figure 4: Improbability mapping responses to the (near-surface) Home Reef submarine
volcanic eruption in the Tonga region (Table 1, Home Reef, depth = 10 m). Time-series of (a)
Improbability Mapping Index (IMI) and (b) the associated two-dimensional map views for a 2°
by 2° area (18.0 to 20.0 S latitude; 175.8 to 173.8 W longitude). The IMI time-series and maps
as in figure 3. This was a very strong and well documented event, and the 'during +6' map
indicates the likely advection of affected waters away from the summit in the six days that

were available, and is consistent with the delayed response over the summit shown in the
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time-series.

Figure 5: Satellite-detected responses to three deeper volcanic eruptions (Ahyi, Monowai,
and Kick'em Jenny, Table 1, depths = 132-185 m). Time-series of two-dimensional map views
of IMI for 2° by 2° areas encompassing each volcano. Left-hand and right-hand maps
correspond to approximately 8 days before and after the eruption, respectively. The 9 pixels
surrounding each summit are indicated by the white outlined boxes. The dark black circles
have a radius of approximately 50 km, and are intended to suggest the most affected regions.
Solid black squares for Kick'em Jenny correspond to islands. (d —f) IMI time series for the
nine pixels surrounding each summit. Vertical red and cyan lines and horizontal red line as in

figure 3. Horizontal green bar indicates duration of eruption.
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