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Abstract

Large chlorophyll anomalies are observed after the 2011 Japanese tsunami using the
NASA MODIS instrument onboard the TERRA and AQUA satellites. These anomalies
are observed both along the Eastern coast of Japan, where the tsunami wave hit with
maximum force, and in the deep water surrounding the epicentral region. Although
both satellites show agreeing spatio-temporal patterns, larger anomalies are detected
using the AQUA satellite. A temporal analysis shows increased chlorophyll concentra-
tions immediately after the tsunami, and higher values are observed for nearly 1 month
before reversing to pre-tsunami levels.

1 Introduction

On 11 March 2011 at 05:46 UTC a massive M,, = 9.0 underwater earthquake occurred
70 km offshore the eastern coast of Japan. The location of the earthquake was triangu-
lated by the United States Geological Survey (USGS) to 38.322° N 142.369° E and the
hypocenter was computed to 32 km beneath the surface. The earthquake generated a
tsunami that rapidly hit the eastern coast of Japan, and propagated across the Pacific
Ocean to the western coast of the Americas. A tsunami warning was issued by NOAA
affecting all countries with coastlines along the Pacific Ocean’.

Waves up to 40m high were reported and coastal areas were flooded up to sev-
eralkm inland. National Oceanographic and Atmospheric Agency (NOAA) models?
predicted waves higher than 30 m along the eastern coast of Japan and up to 6m
for the western coast of the United States. An alternative model from the University
of California at Santa Cruz® predicted even larger wave heights in certain areas. As a
result of the flooding, thousands of people have been proclaimed dead or missing with

! http://ptwc.weather.gov/
Zhttp://nctr.pmel.noaa.gov/honshu20110311/
3http://www.es.ucsc.edu/~ward/

3074

NHESSD
1, 3073-3097, 2013

Chlorophyll
increases off the
coasts of Japan

E. Sava et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.nat-hazards-earth-syst-sci-discuss.net
http://www.nat-hazards-earth-syst-sci-discuss.net/1/3073/2013/nhessd-1-3073-2013-print.pdf
http://www.nat-hazards-earth-syst-sci-discuss.net/1/3073/2013/nhessd-1-3073-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://ptwc.weather.gov/
http://nctr.pmel.noaa.gov/honshu20110311/
http://www.es.ucsc.edu/~ward/

10

15

20

25

the damages estimated to be in the order of several billions USD. Recent results sug-
gest that the tsunami also caused large chlorophyll blooms along the Japanese coast
(Siswanto and Hashim, 2012; Sarangi, 2011).

Chlorophyll is the primary photosynthetic molecule and is the basis for marine life
(Kirk, 1983). There are six primary classifications of chlorophyll contained in plants
and organisms: clabeled from a to f (Nakagawara et al., 2007). They both function
as light harvesting pigments found in plant life. However, chlorophyll a is located in
plant antenna complexes and reaction centers and acts as an electron carrier, while
chlorophyll b is a component and stabilizer of peripheral antenna complexes (Tanaka
et al., 1998; Nakagawara et al., 2007).

Microscopic organisms called phytoplankton also contain chlorophyll, and are crucial
for marine life as they form the beginning of the food chain for all ocean organisms.
The ocean, especially along coastal regions, is full of phytoplankton, and variations in
chlorophyll concentrations are good estimates of phytoplankton production (Prakash
and Ramesh, 2007).

Chlorophyll allows plants to absorb energy from light. When light is absorbed, plants
or phytoplankton convert water and carbon dioxide into oxygen and energy. Without the
help of chlorophyll plants would be unable to survive. Chlorophyll also plays a role in the
global carbon cycle because phytoplankton blooms decrease light penetration through
the water column and can depress marine growth and productivity (Boyer et al., 2009).

Chlorophyll increases are a phenomenon that occurs primarily along the coasts,
and is driven by upwelling of the lower strata of the ocean towards the surface (Saito
et al., 1998). Upwelling occurs when nutrient rich water rises to the ocean surface
from depths of over 50 m (Small and Menzies, 1981). Transportation of deep, cold,
nutrient rich water to the surface triggers high chlorophyll production. Areas of up-
welling can increase phytoplankton growth, which contribute to the fisheries of the
world (Rykaczewski and Checkley, 2008).
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1.1 Chlorophyll variation along the Japanese coast

Along the Japanese coasts, large chlorophyll concentrations are present at depth
(a.k.a. DCM (Deep Chlorophyll Maximum)), and as a result of upwelling of nutrients,
large blooming can be observed at the surface (Cullen, 1982; Yamada et al., 2004). In
this region, upwelling is driven primarily by three factors (Furuya et al., 1993; Takeoka
et al., 1997; Kasai et al., 1997; Saito et al., 1998):

1. wind induced;
2. tidal mixing;
3. thermohaline circulation.

Wind induced upwelling is caused by displacement of water masses and their re-
placement with nutrient rich water coming from deeper. When a cross-shore pressure
gradient supports an alongshore geostropic wind, this wind drives surface water off-
shore (Sverdrup, 1938; Bakun et al., 2010). The displaced waters cannot be replaced
by waters moving horizontally along the coast, and therefore must be replaced by the
upwelling of subsurface waters (Bakun et al., 2010). Tidal mixing upwelling is caused
by currents. Along the coasts of Japan, tidal effects are very strong, exhibiting sea
height differences of the order of a few meters. Such changes are predictable based
on the phases of the moon.

Thermohaline circulation upwelling is caused by normal seasonal ocean currents.
In Japan, Surface Latent Heat Flux (SLHF), which is directly proportional to the evap-
oration of water, is usually high away from the coast in blue waters. To compensate,
thermohaline circulation has an in-flowing component at depth, to compensate for the
out-flowing surface water. Therefore, when high SLHF values are observed, the result-
ing in-flow of water at depth causes upwelling, and increases the chlorophyll concen-
trations. Due to SLHF seasonal patterns, larger chlorophyll increases can be expected
during summer.
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Additionally, extreme events such as tropical storms or tsunamis, can cause large
levels of upwelling both along the coasts and in the deep ocean. Large chlorophyll
blooms have been observed after major hurricanes, typhoons, and tsunamis (Gautam
et al., 2005; Walker et al., 2005; Son et al., 2006; Singh et al., 2007; Sarangi, 2012).

In particular, (Sarangi, 2012) analyzed NASA AQUA satellite data for 2009, 2010
and 2011 from 26 February to 29 March. This paper expands the initial findings by
analyzing data for the entire year, and by comparing anomalies observed along the
coast of Japan, and in deep water.

1.2 Retrieving chlorophyll using remote sensing

It is possible to derive chlorophyll concentration by analyzing spectral changes in the
green and blue part of the spectrum.

Chlorophyll concentrations are derived from ocean colour, and thus can be read-
ily estimated using remote sensing sensors (e.g. Neville and Gower, 1977; Sathyen-
dranath et al., 1989; Kiyofuji et al., 2006; Tan et al., 2007; Radiarta and Saitoh, 2008).
Chlorophyll products are generated by analyzing spectral measurements in the blue
and green parts of the spectrum, roughly corresponding to the phytoplankton absorp-
tion peak and minimum respectively.

Most algorithms have been developed for deriving concentrations in deep water
where the reflection from the bottom can be neglected (Cannizzaro and Carder, 2006).
The MODIS algorithms used in this study attempts to compensate the usually higher
values of chlorophyll concentrations in coastal regions (Miller and McKee, 2004).

(Datt, 1998) showed how chlorophyll a absorbs energy primarily in the blue-violet
and orange-red parts of the electro-magnetic (EM) spectrum, and reflects energy pri-
marily in the green part of the EM spectrum. In contrast, chlorophyll b absorbs energy
primarily in the green part of the EM spectrum. Chlorophyll b complements chloro-
phyll a by increasing the absorbsion of energy in the green part of the EM spectrum.
This article is entirely based on observations of chlorophyll a, which are simply referred
to as chlorophyll.
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Since the 1980’s, numerous sensors, such as NASA SeaWiFS, MODIS, and ESA
MERIS, have been built and launched to study the variation of chlorophyll concentra-
tions (O’Reilly et al., 1998; Bezy et al., 2000; Dal’'Olmo et al., 2005; Kiyofuiji et al.,
2006). Algorithms have been developed to effectively quantify the amount of chloro-
phyll, and have been validated with in-situ observations and other remotely sensed
data (Antoine et al., 2008).

Two major steps are required to derive chlorophyll pigment using reflected radia-
tion. First, atmospheric correction must be carried out to remove artifacts introduced
by chemicals and aerosols (O’Reilly et al., 2000). Then, an algorithm is applied to gen-
erate the chlorophyll concentration product (Letelier and Abbott, 1996; Campbell and
Feng, 2005; Huot et al., 2005). A major limitation of ocean colour remote sensing is
the sensitivity to meteorological conditions, particularly clouds. In fact, in the presence
of clouds, the chlorophyll algorithms returns no data for all pixel where clouds are de-
tected. To compensate, it is customary to average the values for three days, a week, or
even a month, in order to generate products with comprehensive spatial coverage.

In order to study the consequences of the 2011 Japanese tsunami on ocean phyto-
plankton, a remote sensing analysis has been carried out using the MODIS instrument
onboard the TERRA and AQUA satellites. The chlorophyll products used had a 4 km
spatial resolution and 3 day and 8 day composite temporal resolution. The data span
for the entire 2011 year in order to cover the tsunami, and post-tsunami, time period.
This study focuses on the week the tsunami occurred as well as the weeks before and
after. For comparison purposes, an additional 3 day 9 km resolution data was used to
quantify the distribution between the tsunami and non-tsunami periods.

The objective of this study is to investigate the effects the 2011 Japanese tsunami on
chlorophyll a concentrations and the distribution before and after the event using data
from MODIS-AQUA and TERRA satellites. Our hypothesis is that major events, such
as hurricanes or tsunamis, cause large disturbances in ocean waters which can result
in the upwelling of nutrients, and thus, chlorophyll increases.
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2 MODIS chlorophyll data

Satellite remote sensing observations from the NASA MODerate Resolution Imaging
Spectroradiometer (MODIS) instrument can be used to derive chlorophyll. MODIS is
a moderate resolution multi-spectral sensor currently flying on two NASA satellites,
AQUA and TERRA. MODIS uses mid- and thermal-IR for measuring the emissivity of
the surface. MODIS chlorophyll products are corrected for atmospheric disturbances.
A description of the MODIS chlorophyll products and their comparison with in situ mea-
surements is discussed by (Esaias et al., 1998; Carder et al., 2004).

The AQUA satellite was designed to observe the Earth’s water cycle. Its sun-
synchronous polar orbit (south to north) passes over the equator in the afternoon
(13:30LT), and it acquires data for nearly the entire Earth each day. The TERRA satel-
lite was designed to collect data relating to the Earth’s biogeochemical and energy
systems. TERRA is also in a sun-synchronous orbit and crosses the equator at ap-
proximately 10:30 LT.

This study is based on standard AQUA and TERRA MODIS Level 3, 4.63km grid-
ded 3 day and 8 day composite products, generated through surface emissions. The
gridded data is generated by binning and averaging the nominal 1 km swath obser-
vations, yielding a ~4 km gridded global data. The data were downloaded from the
NASA OceanColor website* and were processed using the SeaDAS 6.1 software,
available from the same location. The data is distributed in HDF-EOS format. The use
of MODIS data is limited to cloud free conditions. Since MODIS is installed on two both
the TERRA and AQUA satellites, four data points are available per day.

MODIS data can be freely obtained through direct broadcast, which requires an X-
band antenna and its control equipment, or from the NASA MODIS website. The data
are distributed in HDF5-EOS format.

*http:/oceancolor.gsfc.nasa.gov/
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3 Analysis of tsunami waves

The 2011 tsunami was of unprecedented strength and affected the largest portion of
the Eastern coast of Japan in recorded history. Chlorophyll increases were observed
using satellite remote sensing data over a large area, extending from the shallow areas
along the coast to the deep water hundreds of kilometers away.

3.1 Analysis of tsunami waves along the coast

The tsunami hit the coast of Japan within minutes of the initial earthquake and is re-
sponsible for the loss of thousands of lives as well as massive damages to properties
and the environment. In shallow water, waves measured several tens of meters, and
penetrated far inland. The Eastern coast of Japan received the most damage due to the
proximity to the epicenter. Table 1 shows the recorded wave heights in different loca-
tions along the Eastern coast of Japan for four tsunamis which occurred in 1896, 1933,
1960 and 2011. The 2011 tsunami had among the highest wave heights ever recorded,
and affected the largest portion of the Eastern shoreline. The damage caused by the
2011 tsunami was mapped by the International Charter for Space and Major Disas-
ters® using high resolution satellite data. The maps show the areas most affected by
the tsunami and provide a near-real time assessment of the damages (Cervone and
Manca, 2011). The wave heights reported in Table 1 and the maps from the charter
were used to define the area along the coast (R1) used in these experiments.

3.2 Analysis of tsunami wave in deep water

In deep water, tsunami waves have a much smaller amplitude, which is a function of
the water depth. The dynamics for chlorophyll increases differ from shallow regions, but
are also related to tsunamis. The 2011 tsunami was observed by buoys of the DART
tsunami warning system, scattered across the Pacific Ocean, which are designed to

®http://www.disasterscharter.org
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measure changes in wave height. Figure 1 shows the location of the buoys, and the
tsunami wave travel time in hours computed by the Tsunami Travel Times (TTT) soft-
ware®. The epicenter of the earthquake is indicated with a star.

Figure 2 shows the water height in meters for 11 March 2011 measured by the DART
buoys listed in Table 2. The data was filtered by performing a wavelet transformation.
The data show an amplitude of 1.8 m for buoy 21418 and 1 m for buoy 21413, the buoys
closest to the epicenter, located 200 km West and 500 km South-West of the epicenter,
respectively. The tsunami wave can be seen propagating across the Pacific, albeit with
a much smaller magnitude.

The information in Fig. 2 was used to define the region in deep water (R2) used in the
experiments. A region South of the epicentral area is defined, which extends almost all
the way to buoy 21418, where the highest tsunami waves in deep water were observed.

4 Results and discussion

Chlorophyll concentration values were downloaded from the NASA Ocean Color web-
site for 2011 for the 3 day and 8 day 4 km gridded products. All values are in mg m=>.
The data were analyzed and plotted using the R’ statistical project. The code is avail-
able from the authors upon request.

Two regions are defined, labeled R1 and R2, to analyze the chlorophyll increases
along the Eastern coast of Japan (R1) as well as in deep water (R2). Table 3 shows
the coordinates for the two regions. A spatio-temporal analysis was performed by av-
eraging the chlorophyll concentration over R1 and R2 for the entire year.

Unfortunately, especially in the immediate aftermath of the tsunami, a large cloud
cover made the analysis of 3 day data impractical due to the large presence of missing
pixels. Consequently, the analysis discussed in this paper is based on the weekly com-

®www.ngdc.noaa.gov/hazard/tsu_travel_time_software.shtml
"www.r-project.org
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posite, which partially addresses the missing pixel problem by averaging values over a
longer time span.

Figure 3 shows the results for R1 (top) and R2 (bottom) for both TERRA (black) and
AQUA (gray). Throughout the year the largest anomalies are observed between March
and April, and correspond with the occurrence of the tsunami. The maximum average
concentration in R1 was detected using AQUA two weeks after the tsunami, and it
corresponds to 3.5mg m™° against a background ranging between 0 and 1 mg m~3.
The maximum average concentration in R2 was detected using AQUA the week after
the tsunami, and it corresponds to 3mg m™° against a background ranging between
0 and 0.5mg m~2. The values observed by AQUA are higher than for TERRA, but
their temporal extents are consistent. Chlorophyll values return to the pre-tsunami level
within one to two months.

Figure 4 shows the chlorophyll concentration for weeks 10 to 13 of 2011 retrieved
by the MODIS instrument onboard AQUA. Week 10 corresponds to the tsunami oc-
currence. Large chlorophyll increases are observed over a large region, roughly cen-
tered at the epicenter, and extending West to the coast of Japan and East to buoy
21418. Chlorophyll increases are seen both in R1 and R2, and they correspond to the
largest blooming recorded during the entire year of 2011. Figure 5 shows the chloro-
phyll concentration for the same four weeks retrieved by the MODIS instrument on-
board TERRA. The spatial distribution of chlorophyll concentrations between AQUA
and TERRA is consistent, however in the TERRA data the concentrations are much
smaller.

The large white areas in the figures represent missing data, mainly due to cloud
cover, which still remain high despite the use of the weekly composite products. In the
experiments, we disregard data with less than 30 % of the pixels in R1 and R2. This
lack of data occurred sporadically throughout the year, especially during the summer
months where an increase cloud cover is present.

Because the MODIS instruments onboard AQUA and TERRA are the same, the
lesser concentrations are due to the satellites’ orbit. AQUA is specifically designed to
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study the Earth’s hydrosphere, and thus is better suited to observe concentrations in
the water. Despite the lower concentrations, TERRA data is very useful to study the
spatial extent of the anomalies.

Figure 6 show the average chlorophyll concentration for four weeks (6,7, 8,9) before
(left) and four weeks (10,11, 12, 13) after (right) the tsunami for AQUA (top) and TERRA
(bottom). The concentrations observed by AQUA are about three times higher than for
TERRA, although their spatial distribution is consistent both for R1 and R2.

5 Conclusions

This paper discusses chlorophyll blooming associated with the 2011 Japanese tsunami
using remote sensing data from NASA MODIS onboard the TERRA and AQUA satel-
lites. Large chlorophyll concentrations are observed both along the coast and in deep
water, and peak between one and four weeks after the tsunami. These concentrations
remained high for up to two months in the shallow waters along the Eastern coast of
Japan.

The data from AQUA show higher concentration values than the TERRA data, but
the spatial distribution of the concentrations are consistent between the two satellites.
The data also illustrate how these high concentrations are concurrent with the 2011
tsunami. Therefore, the increases in chlorophyll concentrations are possibly the result
from the tsunami causing unusually large upwelling of nutrients.
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Table 1. Wave heights in meters recorded along the Eastern coast of Japan for recorded
tsunamis. Source: Japanese Society of Civil Engineers. Bold values correspond to maximum.
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Prefecture 1896 1933 1960 2011
Hachinohe 3.0 3.0 41 9.2
Miyako 18.3 13.6 58 35.2
Ofunato 38.2 8.9 55 30.1
Ojika 3.4 5.2 54 20.9
Sendai 2.4 26 11.0
Iwaki 1.2 9.4
Oarai 5.7
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Table 2. ID and location of the DART buoys used to quantify the wave height in deep water.

Buoy ID

Latitude Longitude

21418
21413
52402
51407
51406

38.718°N  148.698°E
30.528°N  152.123°E
11.882°N  154.111°E
19.62°N  156.511°W
8.48°S  125.03°W

3089

Jaded uoissnosiq | Jadedq uoissnosiq | Jaded uoissnosiq | Jaded uoissnosiq

NHESSD
1, 3073-3097, 2013

Chlorophyll
increases off the
coasts of Japan

E. Sava et al.

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< |
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.nat-hazards-earth-syst-sci-discuss.net
http://www.nat-hazards-earth-syst-sci-discuss.net/1/3073/2013/nhessd-1-3073-2013-print.pdf
http://www.nat-hazards-earth-syst-sci-discuss.net/1/3073/2013/nhessd-1-3073-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

NHESSD
1, 3073-3097, 2013

Jaded uoissnosiq

Chlorophyll
increases off the
coasts of Japan

O

(2}

Q E. Sava et al.

(2]

@,

o

-}

Q-)U Title Page

Table 3. Regions used in the experiments to analyze the chlorophyll increases. g

- Abstract Introduction

Region Lat. Min Lat. Max Long. Min Long. Max =
Conclusions References

R1 35.5 39.0 140.6 1415 @)
R2 37.0 38.0 141.0 143.9 § Tables Figures

%)

©

5 1< >l

1)

QO

© < >

@

o Back Close

) Full Screen / Esc

3

@

%3 Printer-friendly Version

S

Q? Interactive Discussion

©

@

3090


http://www.nat-hazards-earth-syst-sci-discuss.net
http://www.nat-hazards-earth-syst-sci-discuss.net/1/3073/2013/nhessd-1-3073-2013-print.pdf
http://www.nat-hazards-earth-syst-sci-discuss.net/1/3073/2013/nhessd-1-3073-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

O

&

2 NHESSD

@

o 1, 3073-3097, 2013

T

Q

©

8 Chlorophyll

. increases off the

. coasts of Japan

=

Q E. Sava et al.

w

(2]

2

=}

;? Title Page

3

- Abstract Introduction

Conclusions References

O

@ :

2 Tables Figures

(2]

@,

o

=} (R ] [ 4]

T

S

2 4 >

o Back Close

. . . . . - O Full Screen / Esc

Fig. 1. Tsunami wave travel time (in h) and location of Pacific Ocean DART buoys used to @
quantify the wave height in deep ocean. The earthquake epicenter is indicated with a star. . . .
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Fig. 2. Wave height in meters for five DART tsunami buoys for 11 March 2011. The buoys are
arranged in increasing distance from the epicenter. Data source: NOAA National Geophysical
Data Center.
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