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Abstract. Large chlorophyll anomalies are observed after theof Japan and up to 6 m for the western coast of the United
2011 Japanese tsunami using the NASA MODIS instrumeniStates. An alternative model from the University of Cali-
onboard the TERRA and AQUA satellites. These anomaliesfornia at Santa Crifzpredicted even larger wave heights in
are observed both along the eastern coast of Japan, where thertain areas. As a result of the flooding, thousands of peo-
tsunami wave hit with maximum force, and in the deep wa-ple have been proclaimed dead or missing, with the dam-
ter surrounding the epicentral region. Although both satel-ages estimated to be in the order of several billion USD.
lites show agreeing spatio-temporal patterns, larger anomaRecent results suggest that the tsunami also caused large
lies are detected using the AQUA satellite. A temporal analy-chlorophyll blooms along the Japanese co&swanto and

sis shows increased chlorophyll concentrations immediatelyHashim 2012 Sarangi2011).

after the tsunami, and higher values are observed for nearly Chlorophyll is the primary photosynthetic molecule and
one month before reversing to pre-tsunami levels. is the basis for marine lifeKirk, 1983. There are six pri-
mary classifications of chlorophyll contained in plants and
organisms, labeled from a to iNékagawara et al2007).
Remote sensing instruments can be used to estimate chloro-
phyll type a andb. Both types function as light-harvesting

On 11 March 2011 at 05:46 UTC a massiMg, = 9.0 under- pigments found in plant life. However, chloro_phydlis lo-
water earthquake occurred 70km offshore the eastern coa§ft€d in plant antenna complexes and reaction centers and
of Japan. The location of the earthquake was triangulated b{cts @s an electron carrier, while chlorophylis a compo-

the United States Geological Survey (USGS) to 38322 nent and stabilizer of peripheral antenna compleXasdka
142.369 E and the hypocenter was computed to 32 km be-€t @, 1998 Nakagawara et 32007). _
neath the surface. The earthquake generated a tsunami thatMicroscopic organisms called phytoplankton also contain
rapidly hit the eastern coast of Japan, and propagated acro§§lorophyll, and are crucial for marine life as they form the
the Pacific Ocean to the western coast of the Americas. AP€ginning of the food chain for all ocean organisms. The

tsunami warning was issued by NOAA affecting all countries ©€an, especially along coastal regions, is full of phytoplank-
with coastlines along the Pacific Océan ton, and variations in chlorophyll concentrations are good es-

Waves up to 40m high were reported and coastal arlimates of phytoplankton productioRakash and Ramesh
eas were flooded up to several kilometers inland. Nationa?90?- .
Oceanographic and Atmospheric Agency (NOAA) moflels Chlorophyll allows plants to absorb energy from light.

predicted waves higher than 30m along the eastern coad/nen light s absorbed, plants or phytoplankton convert wa-
ter and carbon dioxide into oxygen and energy. Without

1 Introduction

Lhttp:/ptwc.weather.gowlast access: 11 March 2011) the help of chlorophyll plants would be unable to survive.
2http://nctr.pmel.noaa.gov/honshu20110311(last access:
11 March 2011) Shttp://mww.es.ucsc.edu/~wardlast access: 18 March 2011)
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Chlorophyll also plays a role in the global carbon cycle tsunamis Gautam et aJ2005 Walker et al, 2005 Son et al.

because phytoplankton blooms decrease light penetratio2006 Singh et al. 2007 Sarangi2012.

through the water column and can depress marine growth and In particular,Sarang{2012 analyzed NASA AQUA satel-

productivity Boyer et al, 2009. lite data for 2009, 2010 and 2011 from February 26 to March
Chlorophyll increase is a phenomenon that occurs primar29. This paper expands the initial findings by analyzing data

ily along the coasts, and is driven by upwelling of the lower for the entire year, and by comparing anomalies observed

strata of the ocean towards the surfaBaifo et al, 1998. along the coast of Japan and in deep water.
Upwelling occurs when nutrient-rich water rises to the ocean
surface from depths of over 50 rGrfall and Menzigsl981). 1.2 Retrieving chlorophyll using remote sensing

Transportation of deep, cold, nutrient-rich water to the sur-
face triggers high chlorophyll production. Areas of upwelling It is possible to derive chlorophyll concentration by analyz-
can increase phytoplankton growth, which contribute to theing spectral changes in the green and blue part of the spec-

fisheries of the worldRykaczewski and Checkle2008. trum.
o Chlorophyll concentrations are derived from ocean color,
1.1 Chlorophyll variation along the Japanese coast and thus can be readily estimated using remote sensing sen-

. sors (e.g.Neville and Gower1977 Sathyendranath et al.
Along the Japanese goasts, large chlorophyll concer.1trat|on§989 Kiyofuji et al., 2006 Tan et al, 2007 Radiarta and
are present at depth (i.e., DCM: deep chlorophyll maximum),siton 2008. Chlorophyll products are generated by analyz-

and as a result of upwelling of nutrients, large blooming j, shectral measurements in the blue and green parts of the
can be observed at the surfacau(len 1982 Yamada et aJ. spectrum, roughly corresponding to the phytoplankton ab-

20049. In this region, upwelling is driven primarily by three sorption peak and minimum, respectively.
factors fFuruya et al.19.93 Takeoka et a).1997 Kasai et al, Most algorithms have been developed for deriving con-
1997, Saito et al, 1998: centrations in deep water where the reflection from the bot-

1. wind induced tom can be neglectedC@nnizzaro and Carde200§. The
_ o MODIS algorithms used in this study attempt to compen-
2. tidal mixing sate the usually higher values of chlorophyll concentrations

in coastal regionsMliller and McKee 2004.
Datt(1998 showed how chlorophylt absorbs energy pri-
Wind-induced upwelling is caused by the displacement ofmarily in the blue-violet (400—475 nm) and orange-red (590—
water masses and their replacement with nutrient-rich wate650 nm) parts of the electro magnetic (EM) spectrum, and
coming from deeper layers, like when a cross-shore pressureeflects energy primarily in the green part of the EM spec-
gradient supports an alongshore geostrophic w8wé(drup trum. In contrast, chlorophyb absorbs energy primarily in
1938 Bakun et al.2010. This wind drives surface water off- the green (510 nm) part of the EM spectrum. Chlorophyll
shore, and cannot be replaced by waters moving horizontallgomplements chlorophylt by increasing the absorbtion of
along the coast. Therefore this water has to be replaced bgnergy in the green part of the EM spectrum. This article is
the upwelling of subsurface wateBgkun et al.2010. entirely based on observations of chlorophyllwhich are
Tidal mixing upwelling is caused by currents. Along the simply referred to as chlorophyll.
coasts of Japan, tidal effects are very strong, exhibiting sea Since the 1980s, numerous sensors, such as NASA SeaW-
height differences of the order of a few meters. Such change#=S, MODIS, and ESA MERIS, have been built and launched
are predictable based on the phases of the moon. to study the variation of chlorophyll concentratio@Reilly
Thermohaline circulation upwelling is caused by normal et al, 1998 Bezy et al, 200Q Dall'Olmo et al, 2005 Kiy-
seasonal ocean currents. In Japan, surface latent heat flofuji et al, 2006. Algorithms have been developed to ef-
(SLHF), which is directly proportional to the evaporation of fectively quantify the amount of chlorophyll, and have been
water, is usually high away from the coast in blue waters.validated with in situ observations and other remotely sensed
To compensate, thermohaline circulation has an in-flowingdata @Antoine et al, 2008.
component at depth, to compensate for the out-flowing sur- Two major steps are required to derive chlorophyll pig-
face water. Therefore, when high SLHF values are observednent using reflected radiation. First, atmospheric correction
the resulting in-flow of water at depth causes upwelling, andmust be carried out to remove artifacts introduced by chemi-
increases the chlorophyll concentrations. Due to SLHF seacals and aerosol€X(Reilly et al., 2000. Then, an algorithm
sonal patterns, larger chlorophyll increases can be expecteid applied to generate the chlorophyll concentration product
during summer. (Letelier and Abbott1996 Campbell and Feng@005 Huot
Additionally, extreme events such as tropical storms oret al, 2005. A major limitation of ocean color remote sens-
tsunamis can cause large levels of upwelling both alongng is the sensitivity to meteorological conditions, particu-
the coasts and in the deep ocean. Large chlorophyll bloomgarly clouds. In fact, in the presence of clouds, the chloro-
have been observed after major hurricanes, typhoons, anphyll algorithms return no data for any pixels where clouds

3. thermohaline circulation.
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are detected. To compensate, it is customary to average thaed data are generated by binning and averaging the nominal
values for 3 days, a week, or even a month, in order to gen1 km swath observations, yielding~a4 km gridded global
erate products with comprehensive spatial coverage. data. The data were downloaded from the NASA OceanColor

In order to study the consequences of the 2011 Japaneseebsité and were processed using the SeaDAS 6.1 software,
tsunami on ocean phytoplankton, a remote sensing analysiavailable from the same location. The data are distributed
has been carried out using the MODIS instrument onboardn HDF-EOS format. The use of MODIS data is limited to
the TERRA and AQUA satellites. The chlorophyll products cloud-free conditions. Since MODIS is installed on both the
used had a 4 km spatial resolution and 3-day and 8-day comfERRA and AQUA satellites, four data points are available
posite temporal resolution. The data for the entire 2011 yeaper day.
were used in order to cover the tsunami and post-tsunami MODIS data can be freely obtained through direct broad-
time period. This study focuses on the week the tsunami oceast, which requires an X-band antenna and its control equip-
curred as well as the weeks before and after. For comparisoment, or from the NASA MODIS website. The data are dis-
purposes, additional 3-day 9 km resolution data were usedributed in HDF5-EOS format.
to quantify the distribution between the tsunami and non-
tsunami periods.

Although the TERRA and AQUA satellites carry identical 3 Analysis of tsunami waves
MODIS instruments, they are on different orbital paths, and )
thus their measurements of chlorophyll are different becausd "€ 2011 tsunami was of unprecedented strength and af-
they estimate it at different times of the day, as explainedfécted the largest portion of the eastern coast of Japan in
in Sect.2. Furthermore, by averaging the measurements Otrecorded.hlstory. Chlorophyll increases were observed us-
TERRA and AQUA, it is possible to reduce the amount of iN9 satellite remote sensing data over a large area, extend-

cloud pixels in the scene, and increase the spatial coveragd from the shallow areas along the coast to the deep water
of the available data. hundreds of kilometers away.

The objective of this study is to investigate the effects of
the 2011 Japanese tsunami on chlorophytioncentrations

and the distribution before and after the event using data froml_he tsunami hit the coast of Japan within minutes of the ini-
MODIS-AQUA and TERRA satellites. Our hypothesis is that tial earthquake and is responsible for the loss of thousands

major events, such as hurricanes or tsunamis, cause large dis; |. . :
: . : . —of lives as well as massive damages to properties and the en-
turbances in ocean waters, which can result in the upwellin

of nutrients, and thus, chlorophyll increases Yironment. 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 epicen-
ter. Tablel shows the recorded wave heights in different lo-
cations along the eastern coast of Japan for four tsunamis that
occurred in 1896, 1933, 1960 and 2011. The 2011 tsunami
had among the highest wave heights ever recorded, and af-
fected the largest portion of the eastern shoreline. The dam-
age caused by the 2011 tsunami was mapped by the Inter-
national Charter for Space and Major Disastersing high-
resolution satellite data. The maps show the areas most af-
fected by the tsunami and provide a near-real-time assess-

3.1 Analysis of tsunami waves along the coast

2 MODIS chlorophyll data

Satellite remote sensing observations from the NASA MOD-
erate Resolution Imaging Spectroradiometer (MODIS) in-
strument 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 ment of the damage€ervone and Manc2011). The wave

d|sturbances_. A descrl_pt|on O.f th_e MODIS chiorophyll p_rod_- heights reported in Tablé and the maps from the charter
ucts and their comparison with in situ measurements is dis-

cussed byKsaias et al.1998 Carder et al.2004). \t/ﬁrsee lé‘:’(eirgsngsgne the area along the coast (R1) used in
The AQUA satellite was designed to observe the earth’s P ’

water cycle. Its sun-synchronous polar orbit (south to north), 5 Analysis of tsunami wave in deep water

passes over the Equator in the afternoon (13:30p.m.), and

it acquires data for nearly the entire earth each day. Than deep water, tsunami waves have a much smaller ampli-
TERRA satellite was designed to collect data relating to they,de. which is a function of the water depth. The dynam-
earth’s biogeochemical and energy systems. TERRA is alsgs for chlorophyll increases differ from shallow regions, but
ina sun-synchronous orbit and crosses the Equator at approXye also related to tsunamis. The 2011 tsunami was observed

imately 10:30 a.m. local time. by buoys of the Deep-ocean Assessment and Reporting of
This study is based on standard AQUA and TERRA

MODIS Level 3, 4.63 km gridded 3-day and 8-day compos-  “http://oceancolor.gsfc.nasa.gdgldst access: 13 April 2011)
ite products, generated through surface emissions. The grid- Shttp://www.disasterscharter.oftast access: 13 April 2011)
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Figure 1. Tsunami wave travel time (in hours) and location of Pacific Ocean DART buoys used to quantify the wave height in deep ocean.
The earthquake epicenter is indicated with a star. Image source: NOAA National Geophysical Data Center.

Table 1. Wave heights in meters recorded along the eastern coast ofable 2. 1D and location of the DART buoys used to quantify the
Japan for recorded tsunamis. Source: Japanese Society of Civil Erwave height in deep water.
gineers. Bold numbers indicate maximum wave heights recorded.

Buoy ID  Latitude Longitude
21418 38.718N  148.698 E

Prefecture 1896 1933 1960 2011

Hachinohe 3.0 3.0 41 9.2 21413 30.528N 152.123E
Miyako 18.3 13.6 5.8 35.2 52402 11.882N 154.11PE
Ofunato 38.2 8.9 55 30.1 51407 19.62N 156.51P W
Ojika 3.4 5.2 54 209 51406 8.48S 125.03 W
Sendai 2.4 26 11.0

Iwaki 1.2 9.4

Qarai 5.7

Figure 2 shows the water height in meters for 11 March
2011 measured by the DART buoys listed in TaBleThe

data were filtered by performing a wavelet transformation.
Tsunamis (DART) tsunami warning system, scattered acrosghe data show an amplitude of 1.8 m for buoy 21 418 and 1 m
the Pacific Ocean, which are designed to measure changesr buoy 21413, the buoys closest to the epicenter, located
in wave height. Figurel shows the location of the buoys, 200km west and 500 km southwest of the epicenter, respec-

and the tsunami wave travel time in hours computed by thevely. The tsunami wave can be seen propagating across the
Tsunami Travel Times (TTT) softwafewhich is provided  pacific, albeit with a much smaller magnitude.

by the NOAA National Geophysical Data Center. The epi-  The information in Fig2 was used to define the region
center of the earthquake is indicated with a star. in deep water (R2) used in the experiments. A region south
of the epicentral area is defined, which extends almost all the

Swww.ngdc.noaa.gov/hazard/tsu_travel_time_software.shtml Wway to buoy 21 418, where the highest tsunami waves in deep
(last access: 15 May 2011) water were observed.
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Table 3.Regions used in the experiments to analyze the chlorophyll

increases.
Region Lat. min Lat. max Long.min Long. max
R1 355 39.0 140.6 141.5
R2 37.0 38.0 141.0 143.9
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Figure 3. Average chlorophyll concentration for Region 1 and Re-
gion 2 for year 2011 retrieved by NASA MODIS onboard TERRA
and AQUA. The concentrations are in a logarithmic scale.

4 Results and discussion

Chlorophyll concentration values were downloaded from the
NASA Ocean Color website for 2011 for the 3-day and 8-day
4 km gridded products. All values are in mgf The data
were analyzed and plotted using thé Ratistical project.
The code is available 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). TabBshows the coordinates for
the two regions. A spatio-temporal analysis was performed
by averaging 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 composite, 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

Figure 2. Wave height in meters for five DART tsunami buoys for year the largest anomalies are observed between March and
11 March 2011. The buoys are arranged in increasing distance from\priL and correspond with the occurrence of the tsunami.
the epicenter. Data source: NOAA National Geophysical Data Cen-The maximum average concentration in R1 was detected us-

ter.

www.nat-hazards-earth-syst-sci.net/14/1999/2014/

ing AQUA 2 weeks after the tsunami, and it corresponds

Twww.r-project.org(last access: 10 July 2014)
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Figure 4. Chlorophyll concentration for the 4 weeks after the tsunami using AQUA. The vertical axis indicates latitude degrees north, and
the horizontal axis indicates longitude degrees east.

to 3.5mgnT? against a background ranging between 0 andto the coast of Japan and east to buoy 21 418. Chlorophyll
1mgnT 3. The maximum average concentration in R2 wasincreases are seen both in R1 and R2, and they correspond
detected using AQUA the week after the tsunami, and it cor-to the largest blooming recorded during the entire year of
responds to 3 mg I against a background ranging between 2011. Figure5 shows the chlorophyll concentration for the
0 and 0.5 mgm2. The values observed by AQUA are higher same 4 weeks retrieved by the MODIS instrument onboard
than for TERRA, but their temporal extents are consistent TERRA. The spatial distribution of chlorophyll concentra-
Chlorophyll values return to the pre-tsunami level within 1 tions between AQUA and TERRA is consistent; however, in
to 2 months. the TERRA data the concentrations are much smaller.
Figure 4 shows the chlorophyll concentration for weeks  The large white areas in the figures represent missing data,
10 to 13 of 2011 retrieved by the MODIS instrument on- mainly due to cloud cover, which still remain high despite the
board AQUA. Week 10 corresponds to the tsunami occur-use of the weekly composite products. In the experiments,
rence. Large chlorophyll increases are observed over a largae disregard data with less than 30 % of the pixels in R1 and
region, roughly centered at the epicenter, and extending wedR2. This lack of data occurred sporadically throughout the

Nat. Hazards Earth Syst. Sci., 14, 1992008 2014 www.nat-hazards-earth-syst-sci.net/14/1999/2014/
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Figure 5. Chlorophyll concentrations for the 4 weeks after the tsunami using TERRA. The vertical axis indicates latitude degrees north, and
the horizontal axis indicates longitude degrees east.

yeatr, especially during the summer months where an increastiree times higher than for TERRA, although their spatial
cloud cover is present. distribution is consistent both for R1 and R2.

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 study © Conclusions
the earth’s hydrosphere, and thus is better suited to obser
concentrations in the water. Despite the lower concentration
TERRA data are very useful to study the spatial extent of th
anomalies.

Figure6 shows the average chlorophyll concentration for

VFhis paper discusses chlorophyll increases associated with
Sthe 2011 Japanese tsunami using remote sensing data from
®NASA MODIS onboard the TERRA and AQUA satellites.
Large chlorophyll concentrations are observed both along the
coast and in deep water, and peak between 1 and 4 weeks

113we(:tks (6.’ Et 8t’h9) tbefore.(lfeft) AanS A4 \;veeks (dlc_)l_’Elééiz’after the tsunami. These concentrations remained high for up
) after (right) the tsunami for AQUA (top) an to 2 months in the shallow waters along the eastern coast of

(bottom). The concentrations observed by AQUA are abOUtJapan

www.nat-hazards-earth-syst-sci.net/14/1999/2014/ Nat. Hazards Earth Syst. Sci., 14, 1948 2014
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Figure 6. Average chlorophyll concentration for 4 weeks before (left) and after (right) the tsunami for AQUA (top) and TERRA (bottom).
The vertical axis indicates latitude degrees north, and the horizontal axis indicates longitude degrees east.
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