
The co-occurrence of ash deposition

with increases in chlorophyll concentration at Nishinoshima Volcano, Japan

By
Liam James Kelly
Thesis
                          Submitted to the Faculty of the
                           Graduate School of Vanderbilt University
                           in partial fulfillment of the requirements
for the degree of
MASTER OF SCIENCE
in
Earth and Environmental Sciences
August 12, 2022
                                       Nashville, Tennessee


Approved
Kristen E. Fauria, Ph.D.
Ralf Bennartz, Ph.D.
[bookmark: _Toc8804013]


[bookmark: _Toc8804439][bookmark: _Toc8804552][bookmark: _Toc8804603][bookmark: _Toc9324320][bookmark: _Toc10637965][bookmark: _Toc11061031][bookmark: _Toc11061092][bookmark: _Toc11657729][bookmark: _Toc13779824][bookmark: _Toc14095035][bookmark: _Toc14452899][bookmark: _Toc103241221]DEDICATION

To everyone who has believed in me.





















[bookmark: _Toc8804014][bookmark: _Toc8804440][bookmark: _Toc8804553][bookmark: _Toc8804604][bookmark: _Toc9324321][bookmark: _Toc10637966][bookmark: _Toc11061032][bookmark: _Toc11061093][bookmark: _Toc11657730][bookmark: _Toc13779825][bookmark: _Toc14095036][bookmark: _Toc14452900][bookmark: _Toc103241222]ACKNOWLEDGMENTS

So many people to thank! The mentorship from my advisor, Dr. Kristen Fauria, and my committee members, Dr. Ralf Bennartz and Dr. Guilherme Gualda was invaluable throughout this process. Thank you to Dr. Tushar Mittal for all your guidance. Thank you to Jan El Kassar for work with the chlorophyll and fluorescence images, providing your expertise. Thank you to Dr. Ashok Gupta and Dr. John Rausch for your help with satellite remote sensing products. Thanks to Tharp, the trusty remote computer. Thank you to Dr. Fauria’s research group, PUMMUS, and MESSY for all the great discussion. Thank you to Dr. Lydia Harmon for being the first person to tell me to do this stuff and believing in me. Thank you to my family and friends and Samantha. Thank you to my Surface Pro 4 that had the screen pop off.
Thank you to Vanderbilt Earth and Environmental Sciences Department for funding. Thank you to the National Science Foundation for Graduate Research Fellowship support, grant No. 1937963. This work was also supported by NASA Grant Number 80NSSC20K1450.


VII
vii

[bookmark: _Toc9324322][bookmark: _Toc10637967][bookmark: _Toc11061033][bookmark: _Toc11061094][bookmark: _Toc11657731][bookmark: _Toc13779826][bookmark: _Toc14095037][bookmark: _Toc14210856][bookmark: _Toc14252926][bookmark: _Toc14270865][bookmark: _Toc14298862][bookmark: _Toc14335616][bookmark: _Toc14352673][bookmark: _Toc14423399][bookmark: _Toc14452901][bookmark: _Toc103241223][bookmark: _Toc8804015][bookmark: _Toc8804441][bookmark: _Toc8804554][bookmark: _Toc8804605]TABLE OF CONTENTS
Section												     Page
DEDICATION	ii
ACKNOWLEDGMENTS	iii
LIST OF TABLES	v
LIST OF FIGURES	vi
1 Introduction	1
1.1	Geologic Background	4
1.2	Oceanographic Background	4
2 Methods	4
2.1 Remote Sensing and Satellite Data	5
2.1.1 Eruption Chronology	5
2.1.2 Ocean Color	6
2.2 Other Data Sources	8
2	Eruption History	9
4 Chlorophyll Response to Eruption	11
4.1 Establishment (and Onset) of Chlorophyll as Biologic	16
4.2 Time delay between ash deposition and phytoplankton blooms	17
5 Discussion	17
5.1 Eruptions and discolored water at Nishinoshima in 2021	20
5.2 Implications	21
5.3 Future Directions	22
6 Conclusion	23
References	24
Supplement	32

[bookmark: _Toc9324323][bookmark: _Toc10637968][bookmark: _Toc11061034][bookmark: _Toc11061095][bookmark: _Toc11657732][bookmark: _Toc13779827][bookmark: _Toc14095038][bookmark: _Toc14452902][bookmark: _Toc103241224][bookmark: Beginning]
LIST OF TABLES
Table												Page
Table 1: Satellite sources used in our study	6



[bookmark: _Toc9324324][bookmark: _Toc10637969][bookmark: _Toc11061035][bookmark: _Toc11061096][bookmark: _Toc11657733][bookmark: _Toc13779828][bookmark: _Toc14095039][bookmark: _Toc14452903][bookmark: _Toc103241225]LIST OF FIGURES
Figure												Page
Figure 1: Eruptive history of Nishinoshima	9
Figure 2: Chlorophyll-a and Fluorescence imagery with maximum POC and Chlorophyll.	11
Figure 3: Chlorophyll and Fluorescence imagery from 3 days during the spring/summer of 2020	13
Figure 4: Imagery showing the dissipation of chlorophyll concentration away from Nishinoshima after the explosive phase ceases.	14
Figure 5: Ash/SO2 RGB imagery developed using MODIS and corresponding chlorophyll imagery	15
Figure 6: Ash Plume directions and maximum chlorophyll-a directions.	16
Figure 7: Background Nitrogen and Phosphorous concentrations around Nishinoshima	18
Figure 8: Chlorophyll and Fluorescence images from October 15, 2021.	21


IX
ix


[bookmark: _Toc103241226]1 Introduction
Volcanic eruptions can sometimes influence the biogeochemical state of the ocean through the stimulation of phytoplankton blooms. Volcanically-triggered phytoplankton blooms have been documented from Kasatochi1,2, Okmok1–3, Kilauea4, and Mount Etna5 volcanoes. These studies vary in their approaches, but they are all similar in that, they either only focus on one eruptive style (effusive or explosive), and focus on short lived events, with the longest phytoplankton response being about 2 months.. However, volcanic activity also does not always result in phytoplankton blooms and the circumstances that allow volcanic eruptions to trigger phytoplankton blooms are not fully understood, due to the difficulty in some regions to obtain in situ nutrient concentrations, like nitrogen isotope ratios to establish the source of nitrogen concentrations in the phytoplankton bloom obtained by the Kilauea study4. Phytoplankton blooms matter, in part, because they can sequester CO2 in the deep ocean by increasing the amount of biomass that sinks to the lower ocean or settles in the sediments6,7.  Additional examples of volcanically triggered phytoplankton blooms in different areas around the world can increase our understanding of the mechanisms through which volcanoes can impact primary productivity in marine environments. Our study aims to assess the relationship between volcanic activity and increases in chlorophyll concentrations in a Low Nutrient Low Chlorophyll (LNLC) region surrounding Nishinoshima Volcano, Japan in 2020 and 2021.
Volcanoes have the potential to influence the ocean when they erupt through water or when their products are deposited into the ocean. The latter is the case for subaerial eruptions, where it can be difficult to estimate erupted volume and impact through impacts to human environments, but impacts can be seen through ocean color remote sensing products1. Prior to remote sensing, observation of ocean volcanoes was difficult, but remote sensing allows for the near real time observation of volcanoes8, as well as longer term tracking of erupted products9,10. Some ocean island volcanoes are close to populated areas4,11–13 and possibly easier to monitor, but others are more remote. Regardless, volcanoes frequently erupt into water at arc, ridge, and hotspot environments14–16, and monitoring of eruption impacts can be difficult. Satellite Remote Sensing methods allow us to compensate for the difficulty in obtaining in situ measurements at remote volcanoes.
Previous studies that have analyzed the impact of ash fertilization on ocean biogeochemistry have examined ash fertilization in a High Nutrient Low Chlorophyll Region (HNLC), such as in the North Pacific as a result of eruptions of Kasatochi and Okmok in the Aleutians1–3.  In HNLC regions, macronutrients needed by phytoplankton (namely nitrate) are abundant, and phytoplankton blooms are largely limited by iron 17–22. Studies on ash fertilization found that after a volcanic eruption deposited material into HNLC regions, there was an increase in chlorophyll concentrations, likely due to iron fertilization from the ash. 
In contrast, an LNLC region is an area of the ocean that is low in both macronutrients (nitrate, phosphate) and micronutrients (Fe), such as ocean gyres5,23–26. Nishinoshima is located in a subtropical gyre, LNLC region4,18,31,32, and as a result it is not clear whether iron fertilization alone would be sufficient to stimulate a phytoplankton bloom. A similar region to Nishinoshima is Hawai’i, and the 2018 eruption of Kilauea showed heightened chlorophyll signatures in the ocean, which originated when lava was deposited into the ocean4. It was discovered that upwelling of nitrate-rich waters was the key contributor to this observed phytoplankton bloom. 
There has been some study on the impact of the deposition of ash at a LNLC region in the North Pacific and determined through lab experiments that volcanic products fertilized the ocean following the 2003 Anatahan eruption in the Mariana Arc28. That is, this study on Anatahan raises the possibility that there is sufficient phosphorous in some ash to fuel nitrogen fixation and phytoplankton blooms. In this study, we use a fluorescence-based technique to confirm that discolored water patches are comprised of chlorophyll and phytoplankton in a LNLC region. provide satellite data of higher spatial resolution than previously seen in the Anatahan study. Our data is also the first of its kind that tracks the ocean response of a multiple-month volcanic eruption that deposits ash into the ocean.
Nishinoshima is an island arc volcano and it erupted effusively and explosively from December 2019 to August 2020. During parts of this time we see large, O(100 m), discolored water signatures using satellite data. We want to understand the temporal and spatial correlation of phytoplankton blooms with the explosive and effusive phases of the eruptions. We will do so by combining our observations from satellite images showing chlorophyll concentration with SAR images that show where lava is deposited, as well as ash/SO2 RGB images that identify the location of volcanic plumes. This will aid us in determining which mechanism co-occurred and likely contributed to phytoplankton blooms. 
	Because it is not clear whether this discolored water is biological in nature (i.e., a phytoplankton bloom), or an effect of water discoloration by ash and lava, we use a recently developed fluorescence algorithm29 to make the distinction. Chlorophyll products have the potential to show increases in chlorophyll as a result of scattering from inorganic particles present in the water30. Fluorescence is the light that is re-emitted by chlorophyll that is not used for photosynthesis31, and is thought to be a good predictor for phytoplankton in optically complex waters32. By utilizing fluorescence, we hope to further understand these increases in chlorophyll concentration and establish that these phytoplankton blooms are indeed biologic.
	Our final question lies in the understanding of how the ocean responds to the deposition of ash. What nutrients are delivered by ash, and what does that imply for the source of other macronutrients that are also required by phytoplankton to be productive? Using the correlation between eruption style we will establish; we will dig deeper into understanding which of these hypotheses may be responsible for our observed chlorophyll increases.
[bookmark: _Toc103241227]Geologic Background
Nishinoshima is an ocean island volcano approximately 1000 km south of Tokyo, in the Ogasawara Islands of the Izu-Ogasawara Arc33 (see Figure 1). It erupted andesitic lava of ~ 59 wt % SiO234,35 historically in 1973-197436 creating a ~0.2  km2 island37. Submarine eruptions began again in November 2013 500 m south of the island and created a new subaerial island that was connected to the existing island by lava flows in late December 2013. Lava flows continued intermittently until 201538, in total erupting 8.7e7 m3 of andesitic lava39. Compositions of these lavas are also andesitic, with a composition of ~59-60 wt % SiO234,35. There was a new eruption  in 2017, an andesitic effusive eruption40 with composition ~59 wt % SiO2 and an average effusion rate of 1.5e5 m3/day. In 2019-2020, a new phase of eruptions took place over 9 months, which is the focus of this study. There was also a brief explosive eruptive event in August 202138. The 2019-2020 eruptive phase is unique because many months of effusive activity preceded a shift in eruption style to ash-producing, basaltic andesite explosive eruptions38 with composition ~ 55 wt % SiO235. 
[bookmark: _Toc103241228]Oceanographic Background
Nishinoshima is located in a subtropical gyre23,27, which are regions that are oligotrophic and low in nutrients and in chlorophyll5,28. These LNLC regions are depleted in macronutrients required for the reproduction of phytoplankton, such as nitrogen and phosphorous28 so the addition of a limiting nutrient like iron would not fully account for increases in chlorophyll concentration like additions of iron do in HNLC regions1,2. 
[bookmark: _Toc103241229]2 Methods
We use data from 4 satellites to assess the temporal and spatial relationships between 2019/2020 eruptions and phytoplankton blooms surrounding Nishinoshima Volcano. First, we establish the eruption chronology using ALOS (DAICHI)-2 SAR images and ash/SO2 RGB images generated using MODIS. Then we examine ocean color signatures using Sentinel-3 OLCI and MODIS. For our ocean color investigation, we focus on times before, during, and after discolored water signatures are present to understand their relationship to the effusive and explosive phases of the eruption. 
[bookmark: _Toc103241230]2.1 Remote Sensing and Satellite Data
[bookmark: _Toc103241231]2.1.1 Eruption Chronology
	To assess time periods of lava versus ash deposition, we use the Japanese Aerospace Exploration Authority (JAXA) satellite ALOS (DAICHI)-2 which has an onboard SAR instrument. Images from this instrument show changes in island morphology and reflectance due to ash and lava deposition. Images were generally available every 2 weeks, except for the month of April, which had one measurement towards the end of the month. Lava deposition on land and in the ocean was seen in SAR images by comparing changes in morphology on Nishinoshima to the previous images. These data were accessed online41. The differences in SAR images were used to determine general deposition directions of lava into the ocean, as well as if the eruption was primarily effusive, explosive, or a combination of the two. The deposition of ash was visible in this data due to the presence of low reflection intensity areas not present until mid-June 2020 (see supplement Figure 1).
To get a clearer picture of where and when ash is deposited, we generated Ash/SO2 RGB images using the MODIS instrument aboard NASA’s Terra and Aqua satellites. Images were downloaded from the LAADS archives42. Level-1B data was acquired for all orbits that included the area of Nishinoshima (MYD021KM). We acquired the data products that contained all bands with a spatial resolution of 1 km (MODIS bands 20-36). Ash/SO2 RGB images were generated by taking advantage of the spectral characteristics of ash42 and SO2 in relation to traditional water vapor/ice clouds43. Specifically we used band differencing where the red channel of images shows ash concentration and is calculated by taking the band difference between MODIS Bands 32 and 31. This is due to the different spectral characteristics of ash and ice clouds at 12 μm and 11 μm, with ash/dust clouds showing a negative difference and ice clouds showing a positive difference44,45. SO2 concentration is captured on the green channel by taking the difference between MODIS Bands 31 and 29, which captures the absorption character of SO2 at 8.6 μm. SO2 absorption features can be captured at 7.3 and 8.6 μm46; however, at 7.3 μm, there is also a large sensitivity to water vapor45,47.  The blue channel uses MODIS Band 31, and it shows the temperature of the surface to contrast any ash or SO2 plumes.
[bookmark: _Toc103241232]2.1.2 Ocean Color
	Phytoplankton blooms can be positively identified through the presence of chlorophyll-a48. Many remote sensing products exist to identify chlorophyll, however scattering of light by particles in water means that discolored water is sometimes misidentified as chlorophyll rich water49. To view chlorophyll/discolored water, data showing chlorophyll concentration in the ocean around Nishinoshima was gathered using the Ocean Land Colour Instrument (OLCI) on the European Space Agency’s (ESA) satellite Sentinel-3. Images are provided almost daily, and the spatial resolution is 300 km. Data was analyzed by creating contour maps for all OLCI images from Sentinel-3A and Sentinel-3B. We analyzed chlorophyll concentration in two different ways, one of which through the evaluation of fluorescence. Table 1 contains descriptions of our satellite data sources.


[bookmark: _Toc103241245]Table 1: Satellite sources used in our study
[image: ]


Our first approach was to analyze chlorophyll concentrations generated from Level 1b data from OLCI, downloaded from the EUMETSAT Data Centre. These data were processed with the atmospheric correction algorithm POLYMER50, that was designed to recover ocean color data in sun glint areas. The bio-optical model in the POLYMER algorithm provides an estimate for chlorophyll concentration as well as the Remote Sensing Reflectances for bands in the Level 1b data.
Our second approach for generation of chlorophyll images was to use the OC-Fluo algorithm to generate images showing the water-leaving Fluorescence Peak Height of the ocean. We did this to confirm that the chlorophyll/discolored water signature was biologic in nature. As stated previously, fluorescence is thought to be a more reliable measure of presence of phytoplankton than chlorophyll-a, due to the ability of particulates to scatter light similarly to chlorophyll. Fluorescence products have the potential to be impacted by non-phytoplankton particles present in the water, but the OC-Fluo algorithm was designed to take this effect into account(Ref).This measure was calculated from atmospherically and BRDF (bi-directional reflectance distribution function) corrected water leaving radiances, which were calculated from the POLYMER-derived Remote Sensing Reflectances by multiplying the reflectance with the solar constant at the specific wavelength and dividing the result by . The OC-Fluo algorithm was developed to take advantage of the enhanced spectral capabilities of OLCI to allow for the retrieval of fluorescence in optically complex waters29. Fluorescence is a good predictor for phytoplankton32, making it a more reliable product to validate whether our chlorophyll signatures are biologic.
We further compared fluorescence signatures against a Particulate Organic Carbon (POC) product, which was from a MODIS Level-3 product and accessed through Google Earth Engine. We also utilized the MODIS Level-3 Chlorophyll-a product as another form of comparison, also accessed through Google Earth Engine. Google Earth Engine is a platform freely available for research, education, and nonprofit use that enables the visualization and analysis of a wide range of geospatial datasets51. These data products allowed us to create time series showing the maximum concentrations of POC and chlorophyll.
To understand where ash was deposited and chlorophyll was concentrated, directions of overall ash deposition and maximum chlorophyll concentration were determined by approximating their cardinal direction in degrees (0-360). Ash deposition directions were determined from Ash/SO2 RGB images, and maximum chlorophyll were determined from contour maps of Sentinel-3 OLCI chlorophyll concentrations. Circles signify cloudy images where no ash plumes are visible. Dates with no data signify either days where no ash plumes were present, or when chlorophyll was not heightened. 
[bookmark: _Toc103241233]2.2 Other Data Sources
We used compiled data sources to create a history of the 2019-2020 eruption of Nishinoshima. The Global Volcanism Program provides compiled reports of many of the Earth’s volcanoes, with Nishinoshima as no exception. Contained within reports of Nishinoshima, we were able to acquire start and end dates of the eruption, directions of lava deposition on the island, ash plume heights, and as well as when the eruption is effusive, explosive, or both during different time periods throughout December 2019-October 202038. 
Observations from the Hydrographic and Oceanographic Department of the Japan Coast Guard were crucial for our early evaluations of the eruption. Aerial photos have been taken and provided online of Nishinoshima at various phases of the last eruption52 (see Figure 1). We used these images to ground truth observations from the Global Volcanism Program.
We acquired an understanding of the background nutrient state of the ocean in the area around Nishinoshima by plotting the Global Ocean Biogeochemistry Analysis and Forecast and Hindcast datasets available through the Copernicus Monitoring Environment Marine Service (CMEMS)53 in Ocean Data View (ODV). ODV is a software that allows for the interactive visualization of oceanographic data54. This product is generated using the Pelagic Interactions Scheme for Carbon and Ecosystem Studies (PISCES), available on the Nucleus for European Modelling of the Ocean (NEMO) platform, provided at a 25 km resolution. We visualized nitrate, phosphate, and other oceanographic properties in order to understand the background levels for these nutrients. 
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[bookmark: _Ref103072379][bookmark: _Toc103068490]Figure 1: Eruptive history of Nishinoshima. (left) Plot showing Particulate Organic Carbon over time (from MODIS SMI product) and Plume height (Global Volcanism Program) over the duration of the 2019-2020 eruption of Nishinoshima. Black dashed line shows approximate time of image of Nishinoshima on the right, on June 29, 202052. Box in the top right shows what the different colors mean in the bar above the plot, indicating what was happening in the eruption.


[bookmark: _Toc103241234]Eruption History


	The effusive phase of the 2019-2020 eruption of Nishinoshima began on December 5, 2019. A summary of the eruptive history is available in Figure 1. Deposition of lava in this earliest phase was on the western and eastern sides of the island. Deposition directions of lava were determined by viewing biweekly SAR images from JAXA’s ALOS (DAICHI)-2 satellite41. Over the next 5 months, activity was primarily effusive, with 4 instances of ash plumes 1-3 km in height erupting over short-lived periods38. Beginning in June 2020, ash plumes co-occurred more frequently with lava deposition into the ocean, with continuous ash plumes beginning June 19th, 2020, with heights mostly from 2-6 km, with one instance of a plume 8 km in height on July 3rd, 2020. New lava deposition ceased in the beginning of July, with the eruption shifting fully to explosive behavior. This is also the point in time where the SAR images become less useful for determining ash deposition direction. Off island plumes were highly directional and SAR images only captured changes on the surface of the island. Areas of low reflection intensity in SAR images were interpreted as areas of ash deposition41. By mid-August 2020, ash plumes ceased. Over the next few months, gas plumes continued to be emitted from the vent on Nishinoshima, with eruptive activity primarily ceasing in August and fumarolic activity continuing to be present inside the crater, seen through aerial observation by the Japan Coast Guard38.
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[bookmark: _Toc103068491]Figure 2: Chlorophyll-a and Fluorescence imagery from June 16, 2020 (top). It can be seen that the increases in chlorophyll concentration and POC (bottom) occur when increases in chlorophyll concentration and fluorescence appear in full. Yellow dashed line in plot shows approximate time of the imagery.


[bookmark: _Toc103241235]4 Chlorophyll Response to Eruption


	Increases in maximum chlorophyll-a and particulate organic carbon of chlorophyll-a and particulate obtained from MODIS (Figure 1, Figure 2a) are present during the explosive phase of the 2019-2020 eruption, but constant before and after the explosive phase. By viewing imagery from the effusive phase of the eruption from December 2019 to early June 2020, it is seen that chlorophyll and fluorescence in the ocean were not above background values (Figure 3a,b). Sentinel-3 POLYMER images and Fluorescence images showed heightened chlorophyll and fluorescence values in the ocean in mid-June (Figure 2a,b). Large increases in chlorophyll and fluorescence are present throughout July and early August, with July 1st and 25th as an example (Figure 3c,d,e,f). Images from mid-August showing the dissipation of chlorophyll away from Nishinoshima (Figure 4), confirming that the imagery shows the trends reflected in the chlorophyll-a and particulate organic carbon time series. 
	The presence of chlorophyll-a and fluorescence signatures correlate with ash plume location. Although we focus on the spatial correlation, a causal link would result from ash deposition that occurs underneath the ash plumes. To assess the location of ash plumes, we used band differencing of MODIS bands 29, 31, and 32 to generated Ash/SO2 RGB images for the duration of the eruption. There is good correlation between ash-rich plume locations (red/magenta), and the locations of highest chlorophyll. Plumes in late June first move to the Northeast from Nishinoshima, which is where the highest chlorophyll values are present (Figure 5a,b). Ash plumes then shift to the Northwesterly direction, high chlorophyll values to appear in that direction starting around July 5th, and high chlorophyll values to the Northeast dissipate (Figure 5c,d). By July 17th, ash plumes have moved to the North-Northeast once again, with highest concentrations also present North of Nishinoshima (Figure 5e,f). In general, we see that whenever the primary dispersal direction of ash plumes moves, chlorophyll soon follows suit. 
To assess ash plume and chlorophyll directionality more quantitatively, Figure 5 shows prevailing ash directions and approximate maximum chlorophyll directions relative to Nishinoshima over the explosive phase of the eruption. We can see that, overall, if you have ash deposition in one direction, maximum chlorophyll concentration is seen afterward in a similar direction. 
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[bookmark: _Toc103068492]Figure 3: Chlorophyll (A, C, E) and Fluorescence (B, D, F) imagery from 3 days during the spring/summer of 2020. Prior to the explosive phase of the eruption, chlorophyll and fluorescence increases are not seen in any pattern (A,B). Upon the onset of the explosive phase, the chlorophyll and fluorescence increases are present and similar in morphology (C, D). By July 25th, this relationship between chlorophyll concentration and fluorescence are clearer, with fluorescence very distinct from the background (E, F). 



[bookmark: _Toc103068493]Figure 4: Imagery showing the dissipation of chlorophyll concentration away from Nishinoshima after the explosive phase ceases. Orange arrows show where chlorophyll increases are.


[bookmark: _Toc103068494]Figure 5: Ash/SO2 RGB imagery developed using MODIS (A, C, E) and corresponding chlorophyll imagery (B, D, F). In Ash/SO2 RGB images, pink areas show ash, green areas show SO2, and yellow areas show a mix between ash and SO2. 


[bookmark: _Toc103241236]4.1 Establishment (and Onset) of Chlorophyll as Biologic

In order to establish whether increases in chlorophyll seen at Nishinoshima as biologic in nature, water leaving fluorescence Peak Height was calculated using the OC-Fluo algorithm29. It can be seen that, prior to the presence of chlorophyll signatures in the water, fluorescence did not show an increase (Fig. 3a,b). Only when the satellite imagery shows chlorophyll increases do fluorescence also show increases in similar areas. A comparison of fluorescence to chlorophyll can be seen in Figure 3. The fluorescence imagery generated using the OC-Fluo algorithm show that these increases in chlorophyll are indeed biologic because fluorescence values increase by a factor of 4 to an order of magnitude at its highest values greater than the background (0.2 vs 08.4-1.4 mW/sr nm m2). These fluorescence values would likely be the result of phytoplankton blooms, and not just due to discoloration of water from the presence of ash. 



[bookmark: _Toc103068495]Figure 6: Ash Plume directions (red, bottom) and maximum chlorophyll-a directions (green, top) determined from Ash/SO2 RGB and chlorophyll POLYMER images, respectively. Arrows show estimated direction of ash/chlorophyll, filled circles show days without ash plumes or chlorophyll-a increases above background present, and open circles show days when there was cloud cover over Nishinoshima, so no Ash/SO2 RGB could be acquired.


[bookmark: _Toc103241237]4.2 Time delay between ash deposition and phytoplankton blooms

It can be seen in Figure 6 that ash deposition, according to the RGB images, begins June 4th. Ash plumes continue off and on until chlorophyll concentration increases are seen on June 13th, 9 days later. We note that Ash plumes increased in their frequency and relative size (qualitatively assessed) from the 4th to the 12th, implying more material was deposited closer to the 13th than the 4th. Ash deposition and increased chlorophyll concentrations are relatively continuous after this point, so lag times are difficult to determine.
[bookmark: _Toc103241238]5 Discussion


The increases in chlorophyll concentration, particulate organic carbon, and fluorescence during the explosive phase of Nishinoshima’s 2020 eruption indicates that there is a clear correlation between the deposition of ash and the increase in biologic activity. We do not see a similar increase when lava is deposited into the ocean in spring 2020 (Figure 3a,b). Thus, a mechanism of generation of phytoplankton blooms in line with the delivery of iron by ash, like from Kasatochi in 2008, seems responsible1–3. We assume that, because volcanic ash is Fe rich, it can supply the necessary, bio-available, iron55. In addition, recent work has indicated that bioavailability of Fe is not dependent on its solubility in water56. However, Nishinoshima is located in a as Low Nutrient, Low Chlorophyll (LNLC) region and subtropical gyre23,27. In these regions, all nutrients are limited, not just iron23. For phytoplankton to grow, two nutrients that are critically important are nitrogen57 and phosphorous. Understanding the processes that supply phosphorous and nitrogen is crucial to understand the mechanism that created phytoplankton blooms around Nishinoshima.
	We used the Redfield Ratio to estimate how much iron, nitrogen, and phosphorous would be needed to generate the increase in particulate organic carbon observed from satellite data. The Redfield Ratio is a well-established measure of the concentrations of carbon, nitrogen, and phosphorous in phytoplankton biomass58,59, where the ratio of C:N:P is 106:16:1. From our observed median of elevated particulate organic carbon values of O(200) mg/m3 (Figures 1 & 2), we calculated that the needed concentrations of Nitrogen and Phosphorous are O(3) mmol/m3 and O(0.2) mmol/m3. These values are 1-2 orders of magnitude higher than the background concentrations of these nutrients in the region around Nishinoshima, as found by reviewing the Global Ocean Biogeochemistry Analysis and Forecast dataset available through the Copernicus Monitoring Environment Marine Service (CMEMS)53, see Figure 7. 



[bookmark: _Toc103068496]Figure 7: Plots showing Nitrogen (top) and Phosphorous (bottom) background levels determined from the Global Ocean Biogeochemistry Hindcast dataset from CMEMS. Modeled values of both around Nishinoshima do not increase to the respective thresholds (red lines) for the observed POC. 


	Here we discuss the possibility of volcanic ash supplying the necessary phosphorous. Previously dredged andesitic samples at Nishinoshima show the presence of P2O5 in erupted products in abundances of 0.07-0.32 wt %37, which is less than seen in some other volcanic areas55, but greater than P2O5 present in various rhyolites (see Table 1 in Tramontano et al., 2017)60. Although the volcanic material erupted in 2020 was basaltic andesite35, if we assume these concentrations from 55, the volcanic ash would then have 986-4508 μmol of Phosphorous per 100 g of ash. It is possible that phosphorus compositions of the 2020 ash may be different, since the eruption was basaltic andesite, but we use andesitic data as an example. It has been shown that, for basaltic-andesite ash from Hekla volcano in Iceland, upon initial exposure of ash to seawater, phosphate aerosols attached to ash are released at a rate of 1.7 μmol g-1 h-1, that is, over the first hour of deposition, 1.7 μmol of phosphate is released for every gram of ash55. If we assume that a gram of ash is being continuously deposited over one cubic meter of water (e.g., 1 m2 area that is 1 m deep), it will take about 92 hours, or almost 4 days, for phosphorous concentrations to reach values calculated using the Redfield Ratio. Due to the continuous presence of ash plumes seen at Nishinoshima from mid-June to mid-August, we think an ash driven supply is reasonable and the delivery of phosphorous by ash is a possibility. 
Volcanic ash may not, however, be able to provide the necessary nitrogen. As a result, we suggest that the phytoplankton identified in this study may be nitrogen fixing. Biological N2-fixation is the process where atmospheric Nitrogen is converted into a form that is usable by plants61. Nitrogen fixing phytoplankton are not rare; half of yearly N fluxes are due to N2-fixation in oligotrophic areas62. There are some types of phytoplankton that acquire nitrogen through nitrogen fixation63, versus from nitrogen present in the water. One such phytoplankton, Trichodesmium spp., is a cyanobacteria has been shown to be an important source of N2-fixation64. It has also been found that N2-fixation can sustain up to half of the total annual export of N in the oligotrophic Pacific Ocean62. N2-fixation by phytoplankton could explain the chlorophyll increases observed during the explosive phase of the 2019-2020 eruption of Nishinoshima, but further research would be necessary. Overall, we see strong evidence for ash-deposition triggering of phytoplankton blooms.  
We observe a discrepancy in the direction of ash plumes relative to phytoplankton blooms in the beginning of August. We see the movement of ash plumes to the south of Nishinoshima, but chlorophyll remains primarily to the north. In the Ash/SO2 imagery, we see more green color present in ash plumes, indicative of higher concentrations of SO2. By the middle of August, ash plumes are mostly green in color, indicating lower ash relative to SO2 in the plumes. This discrepancy between ash direction and chlorophyll maximum concentration could be due to decreasing intensity of eruption, though we cannot make a quantitative determination of ash in a yellow-colored plume where ash and SO2 are mixing versus a pink plume from the Ash/SO2 imagery. However, overall, ash deposition occurs to the north of Nishinoshima, and we also see the highest chlorophyll concentrations to the north.
[bookmark: _Toc103241239]5.1 Eruptions and discolored water at Nishinoshima in 2021

There was a short-lived (1-2 days) explosive eruption of Nishinoshima on August 14-15, 2021. We assess the chlorophyll signature and fluorescence around Nishinoshima following this eruption and find chlorophyll-a concentrations to be concentrated around Nishinoshima with a maximum 1 mg/m3, however, there is no associated fluorescence increases observed. This event was very short-lived, with eruption only occurring on one day, so it is likely not enough material was deposited to observe changes to the scale seen in the summer of 2020.



[bookmark: _Toc103068497]Figure 8: Chlorophyll (a) and Fluorescence (b) images from October 15, 2021. Even though increases in chlorophyll concentration are seen to 1 mg/m3, fluorescence does not increase. This lack of fluorescence implies the chlorophyll concentration is a result of particles in the water column scattering light similarly to chlorophyll, or there has not been enough time for fluorescence to increase.


Discoloration of water was seen around Nishinoshima spanning O(100) km in October 2021 and that was not associated with a known eruption (Figure 8a). Instead, the discolored water may be from erosion and resuspension of sediments around Nishinoshima Island by wave action. Figure 3 images show areas of increased chlorophyll concentration from the POLYMER algorithm, however fluorescence increases were not observed above the background/in concentrated areas like they were in the summer of 2020 (Figure 7b). This discrepancy in fluorescence indicates that: 1) discolored water picked up by chlorophyll processing algorithms is not always a result of increase in biologic activity; 2) particles in the water aren’t sufficient for triggering phytoplankton blooms and the nutrients present in ash matter. Having the fluorescence measure is crucial for establishing of the chlorophyll signature in summer 2020 as not only discoloration of water but also biologic in nature.
[bookmark: _Toc103241240]5.2 Implications

	This study provides a multi-month record of chlorophyll concentration response during an eruption that begins as effusive but transitions to explosive. This allowed us the ability to consider two different mechanisms of bloom generation: lava flow triggered deep upwelling4, and direct delivery of nutrients by ash. We assess ocean color signatures in an LNLC region with the enhanced spectral capabilities of Sentinel-3 OLCI to analyze chlorophyll and fluorescence, which has not been done in previous studies in LNLC regions28. We also provide data showing chlorophyll concentration increases larger than documented after the eruption of Anatahan Volcano, Mariana Islands28. Like the study at Anatahan, we also consider the Redfield Ratio in our treatment, however our study differs in that we analyze fluorescence over a 4 month period, use satellite products with higher resolution and enhanced spectral capabilities, and the eruption at Nishinoshima continued for 9 months, with effusive and explosive phases. We found that chlorophyll concentrations and fluorescence were elevated for a three-month duration during an explosive eruption phase. Overall, our study demonstrates that ash delivery to LNLC regions of the ocean is a viable mechanism for triggering large (>100 km) phytoplankton blooms. 
	Phytoplankton blooms can have potential impacts for carbon sequestration. Phytoplankton are a key factor in the biological carbon pump, which controls how CO2 is transferred from the atmosphere to the oceans, and finally to sediments65. It has been proposed that phytoplankton could mediate the carbon outputs of volcanic eruptions in the case of Kilauea66.  When comparing the size of phytoplankton blooms observed at Nishinoshima to those observed at Kilauea, maximum extents of Nishinoshima blooms were ~ 250 km, larger than the 150 km in the Kilauea event4. Observed chlorophyll-a concentrations in the Nishinoshima blooms were also an order of magnitude higher than at Kilauea. It seems to indicate that the deposition of volcanic ash could have greater potential to sequester carbon in this case, especially if there is not upwelling of nutrient rich water, which would be rich in not only nitrogen but also carbon, from below like was proposed for Kilauea.
[bookmark: _Toc103241241]5.3 Future Directions

	Our study utilized the ability of satellite remote sensing to determine that the deposition of volcanic ash triggered phytoplankton blooms in the water surrounding Nishinoshima in the summer of 2020. Our study, and other studies like it, would be enhanced by in situ measurements of nutrients and ash concentrations in the ocean. In future studies, gathering nutrient concentrations in the ocean around Nishinoshima before, during, and after any future eruptions would allow for the concentrations of macronutrients required by phytoplankton can be assessed. One way this could be done is by placement of sediment traps. Sediment traps have been well established means of establishing ocean biogeochemistry67–69. Although future eruptions at Nishinoshima are uncertain, its proclivity toward eruption since 201333,40,70 would make it a good case study for understanding the impact and volcanoes can have on ocean biogeochemistry in LNLC areas. 
[bookmark: _Toc103241242]6 Conclusion


	The explosive and effusive phases of the 2019-2020 eruption at Nishinoshima Volcano, Japan provide unique natural laboratories for the study of the impact of the volcanic activity in LNLC regions. We found that the deposition of volcanic ash is correlated with increases in chlorophyll concentration seen in chlorophyll satellite products from MODIS and Sentinel-3 OLCI, and deposition of lava does not correlate with increases in chlorophyll concentration. We observed that highest values of chlorophyll around Nishinoshima where ash is deposited; where ash is not deposited, a similar chlorophyll concentration increase is not observed. The observed increases in chlorophyll concentration are in line with increases in particulate organic carbon data gathered from MODIS. Increases in chlorophyll are confirmed by fluorescence images generated using the OC-Fluo algorithm (Figures 2 & 3). Because biologic material fluoresces while inorganic material does not, the OC-Fluo algorithm establishes that the observed increases in chlorophyll concentrations were a result of phytoplankton blooms, versus just from discoloration of water by ash. These lines of investigation suggest that ash deposition drives the biologic response at Nishinoshima from June-August 2020. We further explore the processes that would allow ocean nutrient concentrations to be sufficient to trigger phytoplankton blooms. We conclude that ash can supply the needed iron and phosphorous, but that the water around Nishinoshima would remain nitrogen limited. Thus, we suggest that the observed blooms were of nitrogen-fixing phytoplankton. Overall, we call for longer term monitoring of ocean biogeochemistry around Nishinoshima, to gain a more complete understanding of the ocean state before, during, and after an eruption.
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Supplemental Figure 1: SAR Images showing how Nishinoshima changed throughout the 2019-2020 eruption. Gif generated by the Geospatial Information Authority of Japan41.
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