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Abstract. Optical properties were collected along a tran- some possible limitations in using optical measurements to
sect across cyclonic eddypal in the lee of Hawaii during  fully characterize the composition of suspended material in
the E-Flux 11l field experiment (10-27 March 2005). The the water column. The inverse relationship betwé@ﬁand
eddy was characterized by an intense doming of isopycnalchl]/c,, reported by others for Case Il waters, is observed
surfaces, and by an enhanced Deep Chlorophyll Maximurmmeither for the background conditions, nor in the presence of
Layer (DCML) within its core. The phytoplankton bloom the eddy-induced diatom bloom. Between the two parame-
was diatom dominated, evidencing an eddy-induced shift inters, only the backscattering ratio showed the potential to be
ecological community. Four distinct regions were identified a successful indicator for changes in particle composition in
throughout the water column @ipals core: a surface mixed Case | waters.

layer dominated by small phytoplankton; a layer dominated
by “senescent” diatoms between the bottom of the upper

mixed layer and the DCML; the DCML; and a deep layer )

characterized by decreasing phytoplankton activity. We fo-1 Introduction

cused on two parameters, the ratio of chlorophyll concentra-_ . )

tion to particulate beam attenuation coefficient, [ehl]and During the last two decades, many studies have focused
the backscattering ratio (the particle backscattering to parti®n the refationships between optical properties and biogeo-
cle scattering ratio)byp, and tested their sensitivity to the chemical constituents (e.g., phytoplankton, sediment, dis-
changes in particle composition observed through the watef©!ved matter) in order to develop rapid, continuous, in situ
column at the eddy center. Our results show that [chi techniques for rgtrleV|ng information such as the amount,
not a good indicator. Despite the shift in ecological commu-YP€ @nd composition of suspended material in the water col-
nity, the ratio remains controlled primarily by the variation UMn. Several optical parameters can now be used to ob-
in chlorophyll concentration per cell with depth (photoad- tain mformatlgn on ocean living _and non-living particles,
aptation), so that its values increase throughout the DCML POth from in situ and remote sensing platforms. Ehlorophyll
Steeper increase of [chi}f below the DCML suggest that fluorescence, beam attenu_altlon coefficiet n™"], total
remineralization might be another important controlling fac- Particulate scﬂttenngb[,, m~7], and particulate backscat-
tor. On the other handiy, clearly indicates a shift from "9 [op, m~7] are the optical quantities of main inter-

a small phytoplankton to a diatom dominated community. esF |.n this study. The slope of the spectral attenuauon cp-
Below an upper layer characterized by constant values, th&fficient [v] and the slope of the spectral absorption coeffi-

bpp showed a rapid decrease to a broad minimum within .

cient [(ap488—ap 532)/(488-532), m* nm~1] are also used

the DCML. The higher values below the DCML are consis- in support of the interpretation of vertical profiles of those
tent with enhanced remineralization below the eddy-induceditantities. _
bloom. Both the “senescent” and the “healthy” diatom layers  The slope of spectraly, y, can be used to estimate the

are characterized by similar optical properties, indicatingParticle size distribution (PSD) slopé][through the rela-
tionshipy ~ &§—3 (Boss et al. 2001ha). Assuming a hy-

perbolic PSD (Junge-type modef),describes the shape of

Correspondence tdE. Nencioli the distribution: higher values @findicate a steep distribu-
BY

(francesco.nencioli@opl.ucsb.edu) tion, in which smaller particles dominate. As the value of
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decreases, the PSD becomes flatter, indicating an increasirgjudies primarily investigate the spatial and temporal evolu-
abundance of larger sized particles and thus increasing medion of optical parameters in the very upper layer of the wa-
particle size. ter column (e.gHuot et al, 2008 Behrenfeld et a).2005

Eisner et al(2003 showed that the slope of spectesy Morel et al, 2007) due to its importance for remote sensing.
normalized by the absorption value at 676 nag76] is  Vertical profiles from outside cyclon®@pal are compared to
inversely proportional to the ratio of the concentration of the ones collected at its core to test the sensitivity of the two
photoprotective pigments and the concentration of photosynParameters to the changes in biogeochemical characteristics
thetic pigments [PPC/PSC]. For this reason it can be use@nd the shift in ecological community observed within the
to retrieve information on the qualitative nature of a phy- €ddy.
toplankton assemblage and on photoadaptation processes.Mesoscale features in the open ocean are considered to
PPC/PSC varies depending on the specific phytoplanktorlay an importantrole in the global carbon cycle, since eddy-
assemblage, and, for a given assemblage, it increases witRduced phytoplankton blooms can locally enhance the bio-
higher light levels. Thesp slope is thus typically charac- logical pump, especially when the bloom is associated with

terized by low values within the upper mixed layer, and by & shift in the ecological communityMcGillicuddy et al,
increasing values with depth. 1998. Optical measurements could provide a way to retrieve

informations on the ecological community within a given

measure, respectively, total chlorophyll and total particulateedd,V’ without the need of direct collec_:t|on of water samples.
organic carbon (POC) concentrations in open ocean (Case ﬁptlcal parameters capable of detecting phytoplankton com-
unity changes would allow the retrieval of fundamental in-

waters (e.gMorel, 1988 Siegel et al. 1989. In the open o _ ) .
ocean, these two quantities are not correlated, since differert' ™ information on the ecological state of mesoscale eddies,
hich could greatly improve our understanding of their role

processes regulate their distributions throughout the wate}Y X ) !
column Kitchen and Zaneveldl990. POC concentrations In governing the global biogeochemical cycles.
depend on phytoplankton growth rate and losses; whereas

chlorophyll concentrations are driven mainly by photoadap-
tation (i.e. the change of chlorophyll concentration per cell,
in response to light level variationdjénnel and Bos2003.

The ratio between these two guantltles [[cr)vas usesi by The Hawaiian archipelago is located in the middle of the
Boss et al(2004) to characterize suspended material in shaI—North Pacific subtropical gyre. This region is typically
low coastal (Case Il) waters, along with the b"’wkscatteringoligotrophic with low nutrient.concentrations in the eu-
ratio [bpp/bp, hereinbpp]. Twardowski et al(2001) showed '

- o photic zone. The low nutrient availability limits both phy-
thatbp, can be used as a proxy for the bulk refractive index, - o hiomass and primary productivity. The ecolog-

of particles, which depends on the bulk particulate COMPOSiy.g| community is typically dominated by small sized phy-

tion. Particle assemblages domipated by inorganic materiaﬂoplankton, mainly cyanobacteria and photosynthetic pico-
are generally characterized by higher values of bulk refrac—and nanoeukariotesSampbell and Vaulot1993, and pri-

tive index, snd thus h|gher Va'“‘?s bip, whereas assem- mary productivity is almost entirely sustained by recycled
blages dominated bY organic partlcle_s suchas phyt0pI"’mktmﬂutrients. Nutrient concentrations increase with depth within
and dead cell material are characterized bylowervalues. the seasonal thermocline, so that a deep chlorophyll max-

Results fromBoss et al.(2004 confirmedbpp to be an  jmum layer (DCML), characterized by concentrations be-
appropriate parameter for distinguishing particles with dif- tween 0.2-0.4 mg Chin?, typically occur at the base of the
ferent composition. Moreover, a rough inverse relationshipmixed layer, at about 110-130 m deptRalkowski et al,
was found betweedy, and [chl]cp. Since an increase in 1997).
detritus (organic or inorganic material) results in higher val- - pye to the interaction of prevailing Trade Winds with the
ues ofcp without affecting [chl], this ratio roughly indicates mountains of the Hawaiian Islands of Maui and Hawaii, cy-
the abundance of phytoplankton relative to the total particlecionic and anticyclonic mesoscale eddies frequently evolve
concentration. Presumably, the higher the value of [6hll/ in the Iee of the Big Island of HawaiPatzert 1969 Lump-
the higher the phytoplankton contribution to the total particle kin, 1998 Chavanne et 312002 Dickey et al, 2008. Cy-
composition, and therefore the lower the valuebgf. For  clonic eddies are biologically “productive” and can induce
this reason, [chl}/, was proposed as an additional indicator |arge variations in the biogeochemical characteristics of olig-
for particle composition. otrophic regionsKalkowski et al. 1991, McGillicuddy et al,

In this study we analyze vertical profilesl?tpj‘p and [chl]ip 1998 McNeil et al, 1999. These eddies are characterized by
in the upper 200 m of the water column in oligotrophic, open a vertical uplift of the seasonal thermocline. Therefore these
ocean (Case I) waters. Few studies have focused on the vefeatures display upwelling of deep, nutrient-rich waters into
tical distribution of these properties to these depths in Casehe euphotic zone. The increased nutrient availability can
| waters (e.gTwardowski et al.2007), as most open ocean trigger an increase in primary productivity and a shift in the

Chlorophyll fluorescence ang, have long been used to

2 Background: biogeochemical characteristics of
cyclone Opal
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Fig. 2. Position of the four casts used in this study, and location of
the estimated center of the edd@pal, at the time the casts were
collected. The dashed line indicates the vertical section shown in
Fig. 3. Notice that the position of the eddy center has changed from
Fig. 1, due toOpals migration (seeDickey et al, 2008 Nencioli
ecological community; thus cyclonic eddies are often char-et al, 2008.

acterized by phytoplankton blooms dominated by large size
groups, such as diatoms.

The primary goal of the NSF-funded E-Flux project was
to study the physical-biological interactions that occur within -10
Hawaiian lee cyclonic eddie®{ckey et al, 2008. The third -40
field experiment of the project (E-Flux Ill; 10-27 March, 70
2005;Benitez-Nelson et 812007 Dickey et al, 2008 Nen- 100
cioli et al,, 2008 focused on the cyclonic edd@pal, which :
first appeared in satellite Sea Surface Temperature (SST) in g -130 NN
agery in the second half of February 2005 (Fijy. Cyclone ~ © -160- 5= L /7 N\ S=— <
Opalwas intensively sampled over a 3-week period. During  -190 e AN
the first week of the field experiment a series of five tran- ., :
sects were conducted across its center. The vertical profile e — 7 A
analyzed in this study were collected during the fourth tran- 0 30 60 90 120 150 180
sect (14 to 15 March ). Figur2 shows the location of the
four stations where the profiles were collected. The esti-
mated position of the center of the eddy at the time of data
collection is also indicated in Fi@. Vertical sections of ve-  Fig. 3. Vertical section of chlorophyll concentration. The con-
locity (not shown, seeNencioli et al, 2008 clearly reveal tourlines indicate isopycnal surfaces (values given). The black
the cyclonic (anticlockwise) circulation associated with the X's indicate the positions along the transect of the four casts dis-
eddy. Opal was a well-developed cyclonic eddy, character- cussed in this study. The small dots indicate the depths at which
ized by intense doming of isopycnal surfaces, and enhancete (_jata used to reconstruct t_he section were collec_ted. Th_e vertical
chlorophyll concentrations at its center (F&). The DCML tsr?gttg:]:’:; 22:;2?352? :Is'ggoag the vertical profiles available for
shoaled fromr=120 to~70 m at the center of the eddy, where ’
chlorophyll concentration reached its maximum values of
~1mgChinT3. the total phytoplankton biomass@pals core Brown et al,

Water samples were collected during the third transect2008. Another important feature evidenced by microscopy
across the eddy center (13 to 14 March). Pigment and mianalysis was the presence of a layer of “senescent” diatoms
croscopy analyses of those samples revealed that the phymmediately above the “healthy” diatoms of the DCML at the
toplankton bloom withinOpal was characterized by a shift center of the eddy. Up to 85% percent of the diatom frustules
in the ecological communityRji et al., 2008 Brown et al, found in this layer were empty, lacking both chlorophyll and
2008. The DCML at the center of the eddy was in fact dom- cytoplasm Brown et al, 2008. At Opals core, the water
inated by large diatoms, which accounted for almost 85% ofcolumn can therefore be divided into four different regions,

Fig. 1. Composite satellite SST image from the third week (18 to
25) of February 2005, evidencing cycloBgals cold core between
the Big Island of Hawaii and the Island of Maui.
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each one characterized by different biogeochemical condi
tions and ecological communitiesandry et al, 2008:

1. a surface mixed layer still dominated by small phyto-
plankton;

F. Nencioli et al.: Optical Characterization of an Eddy-induced Bloom

400 m, the new scaling factor was simply computed as the
average ratio between the two. FLNTU measurements were
converted intaby (700) throughout the entire water column
using the newly derived scaling factor. These values were
then corrected bypsy (700) computed at each depth again,

2. an intermediate layer characterized by “senescent” di0 obtainbpp (700). Assumingap (700 ~0 (e.g.Bricaud

atoms and high concentrations of empty frustules;
3. the DCML dominated by large, “healthy” diatoms;

4. and a deep layer below the DCML characterized by a
decrease of phytoplankton concentrations with depth .

3 Instrumentation and methods

In-situ measurements of hydrographic and optical parame

and Stramski199Q Babin and Stramski2002, by, (700)
was simply equal ta}, (700). The values ob, (700) and
bup (700) were used to deriveyp.

Hyperspectral absorption and attenuation coefficients in-
cluded the contributions by all in-water constituents except
water: apg (A) =ap (M) +ag (1), andcpg (M) =cp (1) +
ag (A), whereap andcp represent the absorption and total
attenuation contributions due to particulate material and
is the absorption contribution to total beam attenuation coef-
ficient due to dissolved material (scattering by dissolved ma-

ters were made with a ship deployed profiling package. Ver+erial is negligible, i.ebq = 0). AC-S data were corrected for

tical profiles were performed at the four stations indicated in
Fig. 2 down to a depth of~450m. A SeaBird Electronics

temperature and salinity effects using the coefficients derived
by Sullivan et al.(2006. After this correction, th&aneveld

9/11+CTD was used to measure temperature, conductivityet al.(1994 proportional method was applied in order to cor-

and depth. Chlorophyll concentrations and particle backscat,
tering at 700 nm 4yp (700)] were measured with a WET
Labs ECO-FLNTU fluorometer/turbidity sensor. Hyperspec-

rect for the scattering errors in the absorption measurements.
Values of the spectral slope of beam attenuatjoref dif-
ferent depths were computed from thespectra using the

tral absorption and attenuation coefficients were measured gglationship

84 different wavelengths between 400 and 730 nm (resolu
tion of ~4 nm) with a WET Labs AC-S.

Since the profiling optics package was always deployed

while attached to the ship profiling package, chlorophyll con-
centrations recorded by the ECO-FLNTU sensor were cor
rected using the concentrations measured by the ship flu
rometer, obtained from calibrated fluorescence (d¢en-
cioli et al, 2008. A strong linear relationship was found
between the twor€ = 0.95, not shown), so that chloro-
phyll concentrations were estimated using the relationshi
[ChI]=0.91 Chkco+0.8, where Chico is the concentration
recorded by the ECO-FLNTU sensor.

We obtainedy, (700) data by processing total instrument

counts from the ECO-FLNTU sensor; however values were

unreasonably high. The origin of the problem was most
likely an inaccurate calibration, which resulted in an incor-
rect scale factor used to convert instruments countstiggo

In order to retrieve corredt,, values from the FLNTU mea-

o

P

cp() = ALY (1)

where A, is the amplitude of the spectrurh,is wavelength
and y is the hyperbolic exponent (e.goss et al. 2001h

Twardowski et al. 2001). The spectral slope was com-
puted only for the vertical profile collected @pals center
(Cast 31).

Sinceag was not measured directly, vertical profiles of
spectral chromomorphic organic dissolved matter (CDOM)
absorptiondg ()] had to be reconstructed, in order to obtain
cp () from the measurechg (1) ascp (1) =cpg (A) —ag (1).
CDOM absorption spectra at a given depth has been found to
follow the spectral law

ag(X) = ag(ro)exp—s (A —Aro)] &)

where g is a reference wavelengtiBiicaud et al. 1981).
Knowing the vertical profiles odg (1) and the exponential

surements, an alternative scaling factor was derived usingoefficients, it is thus possible to use Eq. 2 to reconstruct the

the instrument counts at deptks400 m. Absorption and

vertical profiles olug (1).

attenuation coefficients measured at those depths are simi- In recent years an increasing number of studies have inves-
lar in magnitude to those observed in the eastern South Paigated the spatial and vertical distribution of CDOM in the

cific Ocean in extremely clear water$wiardowski et al.

world oceans (e.gSiegel et al. 2002 Nelson et al. 2007,

2007. In clear waters, the backscattering from pure seawa-Yamashita and Tanou2009. Surface values ofg (440

ter [bpsw] accounts for 90 to 95% of the total backscattering
[bp], so thatb;, ~1.05bpsy (Twardowski et al.2007). Using
the method offwardowski et al(2007), based on the work
of Morel (1974 andBuiteveld et al.(1994, it was possible
to derive values obpsy at 700 nm below 400 m from mea-
sured temperature and salinity data, and thgnSince both
instrument counts antl, (700) were fairly constant below

Biogeosciences, 7, 15162 2010

from the Hawaiian Ocean Time-Series (HOT) are presented
in Siegel et al.(2002. The time series is characterized
by low variability, and the average value is around 0.006—
0.007 m1; ag (440 was found to contribute between 40
to 50% to the totalipg (440). In our dataset the average
value ofapg (440) within the upper 20 m of the water column
is ~0.013. Therefore, we considered appropriate a surface

www.biogeosciences.net/7/151/2010/
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value of 0.006 m!. Vertical profiles ofag (320 from the 0
Sargasso Sea are describellgison et al(2007). Values are
fairly constant in the upper mixed layer, where they are low
due to photobleaching; below the mixed layer, they increase
to the depth of the DCML where they reach their maxima; 500
further down, they decrease again to values in between the
two extremes, and remain roughly uniform throughout the
deep ocean. A similar profile was observed in the subtropi-
cal Pacific Ocean byamashita and Tanou2009. Vertical
profiles of the exponential coefficientwere also presented:
its values are roughly constant with depth in the deep ocean,
whereas they increase within the upper mixed layer because —a(440)
of photobleaching. Values af; (440 for the DCML and the —s
deep ocean were obtained using Eq. 2 andigh@20) ands -1505 0005 001 0015 002 005
values fromYamashita and Tanou@009: they were 0.020
and 0.016 m?! respectively. Surface values obtained using
this procedure were in agreement with the ones we adopted 3
from Siegel et al(2002. A
The resulting vertical profile odg (440) is shown in the
upper panel of Fig4. Surface values are assumed constant ~008;
down to the base of the surface mixed layer, (computed as <= -
the depth at which the seawater temperature® ikeds than
at 10 m depth; see aldenitez-Nelson et gl2007); there
ag (440 increases until it reaches the depth of the DCML
(depth of the maximum chlorophyll concentration); after the
DCML, it decreases down to its deep value, and then re- ol
mains constant with depth. The increase at the bottom of the
upper mixed layer and the decrease after the DCML depth ; ; ‘ ; :
are parametrized by a Gaussian curve. The parameter 450 50°Wave|§ggth (nm)eoo 650 700
assumed to be constant within the upper mixed layer, and
to linearly decrease to its deep value from the base to the
mixed layer down to the depth wherg (440) reaches its  Fig. 4. (top) Vertical profiles of CDOM absorption at 440 nm
deep value. Values of reported byyamashita and Tanoue [aq4 (440)] and the exponential coefficient used to reconstruct the
(2009 were obtained for spectra centered at shorter wavevertical distribution ofzg (1) using Eq. 2; (bottom) Average spectra
lengths than ours. Sinceis not constant in the entire spec- of measured total absorptiongf], reconstructed CDOM absorp-
tral range (300—600 nm) it is possible that those values ardion [ag], and derived particle absorptiomd] within the DCML
slightly higher than the ones for longer wavelengthsdr- (thinner lines indicate the one standard deviation inteval).
dowski et al, 2004. This might lead to an underestimate
of the values ofag (1) within the wavelength range used  Particle attenuation specti@[(1)] were computed at each
to compute the values of. We therefore decided to use depth by subtracting the reconstructed CDOM absorption
lower values of, as obtained bivorel et al.(2007) foropen  spectra ¢y (1)] from the measured total attenuation spectra
ocean waters in the tropical South Pacific: surface values ofcpg (1)], and the spectral slopeg] were then computed.
s were assumed to be 0.02, whereas its deep value was takérhe effects of this correction to the values)ofwill be dis-
to be 0.015. The bottom panel in Fshows average spec- cussed in more detail in the next section (see discussion of
tral values of measureghg, reconstructedgy andap (com-  Fig. 11). Since measured attenuation coefficients at wave-
puted as the difference between the two) for a 10 m depthengths> 600 nm are small (comparable to the background
interval across the DCML depth. The resulting spectra  noise), only wavelengths from 400 to 600 nm (a total of 54
is similar to the ones observed in other studies (Eigner wavelengths) were used for the spectral fitgf Once val-
et al, 2003, with values that become roughly constant be- ues ofy were computed, values of at specific wavelengths
low 450 nm. This can be used as a further indication that thecould be obtained using Eq. 1. FollowiBpss et al(2004),
maximumag value adopted for the DCML depth is appropri- attenuation coefficients at 650 nm,[(650)] were used to
ate. compute [chl}¢p. All data were averaged using 0.5 m bins.
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Fig. 5. Vertical profiles of chlorophyll concentration for the Fig. 6. Vertical profiles of attenuation coefficient for the four casts.
four casts.

become shallower, and increase in magnitude tonwagd's
4 Results center. However, further comparison with Figshows that

for each profile the maximum value gf (650) occurs a few
Figure5 shows vertical profiles of chlorophyll concentration meters above the DCML. This is a common feature in olig-
for the four stations from Fig2. All profiles are character-  otrophic regions (e.gKitchen and Zaneveld199Q Fennel
ized by similar surface concentrations, a DCML, and a de-and Boss2003 Boss et al.2007). In fact, POC and chloro-
crease in concentrations to values close to the fluorometer dgshyll maxima are regulated by different mechanisms: the for-
tection limit below the DCM. The distance of each sampling mer occur where phytoplankton grow rates are balanced by
station from Opal’s center varied (see F2), with Cast 35  |osses, whereas the latter are determined by photoadaptation
being the furthest, and Cast 31 the closest. The four profilegi.e. the change of chlorophyll concentration per cell, in re-
display what is shown in the vertical section in RBgnamely  sponse to light level variations) and, to a lesser extent, by
evidence of a shoaling of the DCML towafdpals core,  nutrient availability Fennel and Bos®003. Thec, (650)
which is in conformance with the isopycnal uplift associated profile from Cast 35 does not reveal any maximum associated
with the eddy. At the same time, chlorophyll concentrationswith the DCML. Cast 31, on the other hand, is characterized
increase due to the higher nutrient availability in the euphoticby acp, (650) maximum broader than the corresponding peak
zone. Cast 35 shows a broad DCML at about 120 m depthin chlorophyll concentration. Both maxima quickly decay
with chlorophyll concentrations up to 0.2 mg Chté These  below 70 m, but the peak in particle attenuation extends to
conditions are typical of the Hawaiian region (eFalkowski  shallower depths (roughly up to 50 m).
etal, 1991), so that Cast 35 can be considered representative No water samples were collected during the fourth transect
of the background conditions outside the influenc®©p#l. of the experiment, when the optics package was deployed.
On the other hand, Cast 31 can be assumed representative Bor this reason it is not possible to directly correlate the mea-
the eddy-induced diatom bloom conditions. The DCML is sured optical properties to values of quantities such as pig-
located at about 70 m depth, 50 m shallower than in Cast 35ment concentrations, total organic carbon or total suspended
Chlorophyll concentrations show a 5-fold increase, reachingmatter. However analyses of the water samples collected dur-
maximum values of the order of about 1 mg Chifnindi- ing the third transect, allowed for the detailed characteriza-
cating the presence of a phytoplankton bloom at the centetion of the four different ecological communities alternating
of the eddy. The DCML in Cast 31 is sharper than the onethroughput the water column &pals core as described at
in Cast 35. Chlorophyll concentrations increase and decreasghe end of the previous section. The same four regions can
quite rapidly with depth, so that the layer of the DCML, char- be identified within the vertical profile of the center cast from
acterized by chlorophyll concentrations).5mg Chint3,is  the fourth transect, Cast 31 (Fig). The first region extends
only ~10 m thick. throughout the surface layer and therefore its lower boundary

Vertical plots ofcy (650) are shown in Figs. Surface val-  is represented by the depth of the upper mixed layer (already

ues vary between 0.03 and 0.04 lnwhereas values at depth computed to reconstruct the vertical profilengf(440). The
are very low for the four casts. Similar to the peaks in chloro-DCML is characterized by the highest chlorophyll concentra-
phyll concentration in Figh, the peaks in particle attenuation tions (in our case- 0.5 mg Chlnt3). The limits of these two

Biogeosciences, 7, 15162 2010 www.biogeosciences.net/7/151/2010/
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Fig. 7. Vertical profiles of normalized chlorophyll concentration
and particle attenuation used to identify the four ecological regions
observed aOpals center. The two quantities were normalized by

their maxima to scale them to a common range of values. The three _. .
black lines indicate respectively (shallower to deeper): depth of the Figure8 shows vertical plots of [chig for Cast 35 and

upper mixed layer; top of the DCML; bottom of the DCML. They Cast_31 (the other two casts representing only intermediete
will be also used in Figss, 10 and 11 to provide better evidence ~conditions between these two). The profile from Cast 35 is

of the sensitivity of the different optical parameters to the observedcharacterized by constant values within the upper layer, and
changes in particle size and composition. a gradual increase between 60 m and 150 m depth. The ra-
tio between chlorophyll concentration and attenuation coef-

regions automatically define the other two: the deep layer exficient can vary depending on several factors. Among these,
tends from below the bottom of the DCML to the deep ocean,the proportion between mineral and living particles, the size
whereas the intermediate layer extends from the bottom oflistribution, photoadaptation, and phytoplankton composi-
the upper mixed layer to the top of the DCML. tion are considered to be the most importaBbgs et al.
These limits represent only a rough estimate of the deptr?004. Since small sized phytoplankton dominate the eco-
extent of the four ecological regions; nonetheless, they prological community outside the eddy throughout the whole
vide a framework that contributes to a better interpretationwater column, the variation of [cht}} with depth observed
of the 0ptica| measurements: for instance’ from m’gthe in Cast 35 is ||ke|y attributable to photoadaptation. More
observed broader peak ;[fa, a good proxy for particle con- SpeCifically, the values increase with depth because chloro-
centration, can be attributed to the presence of the layer oPhYll concentration per cell increases as phytoplankton ex-
“senescent” diatoms above the DCML at the centeDpél. perience decreasing light levels. As already remarked, this
The limits of the four regions identified for Cast 31 will be is @ common feature in open ocean waters characterized by
shown in Figs8, 10, and11, and they will be used to in- strong stratificationKitchen and Zaneve|d.990.
fer the sensitivity of the optical parameters to the variations Despite the different biogeochemical characteristics ob-
in particle size and composition observedCyals center.  served atOpals center, the vertical profile of [chij for
The biogeochemical characteristics@als center are re- Cast 31 is characterized by the same features observed for
markably different from the typical open ocean conditions Cast 35. Values are roughly constant in the upper mixed
observed outside the eddy. In particular, the shift in the ecodayer, whereas they gradually increase with depth below
logical community from small to large sized phytoplankton, it. The only two differences are represented by the min-
and the intermediate layer dominated by large concentrationsnum observed at the base of the mixed layer, and by
of empty diatom frustules might substantially alter the verti- the steeper increase towards high values below the DCML.
cal profiles of certain optical parameters. Those parameter§he minimum is an indication of the beginning of the in-
that show well defined features associated with the four retermediate layer, where, (650) rapidly increases due to
gions represent an important proxy for the study of physical-the increasing concentrations of empty frustules and “senes-
biogeochemical interactions within mesoscale eddies, as weltent” diatoms, whereas chlorophyll remains relatively low.
as biogeochemical cycles in general, in open ocean. In factdowever, as chlorophyll concentrations start to increase at
they would allow the retrieval of information concerning the the bottom of the mixed layer, the ratio immediately starts
biogeochemical state of the water column without the needo grow. This indicates that photoadaptation remains the
of water sample collection and analyses. main controlling factor for [chlfy within the intermediate

Fig. 8. Vertical profiles of [chl]¢p for Casts 31 and 35.

www.biogeosciences.net/7/151/2010/ Biogeosciences, 718212010



158 F. Nencioli et al.: Optical Characterization of an Eddy-induced Bloom

8 -30 i
. 45¢ ]
E T g -60’
© - S .90t o ‘b;’. }.w 1
%% A o
i -105+ .
Cast 29
Cast 31/ -120¢ el
© Cast33| I ¢ 1%
-135
® Cast35 . v(cpg-cg)
-150 L L T
2 0 1 2 3 4
bb (700) (m'1) x10™ Particulate Attenuation Slope ()
p

Fig. 11. Vertical profiles of PSD slope/ computed using the mea-

Fig. 9. Vertical profiles ofbyp, (700) for the four casts. suredepg (red), and the correctag (blue), for Cast 31.

0
15, o=l Profiles ofbbpp (700) are shown in Figd. The values at
. the surface are on the same order of magnitude as found

by Huot et al.(2007, indicating that the method we devel-
| oped to derive particle backscattering values from the ECO-

£ 60 FLNTU counts appears reasonable. The profile from Cast 31

£ .75 resembles the chlorophyll profile, showing a sharp peak that

g P " | reaches its maximum value at about 70m depth. On the

» L TIPS other hand, Cast 35 is more similar to #(650) profile,
08| W e | bup (700) does not show a maximum occurring at the depth
-120} ( °e 3 of the broad DCML. For all four casts, vertical profiles of
435 ol o o5, o ggeo 1 cp (700) show similar features ag (650), but slightly lower
150 ‘ T 20 0 00 g0 values (not shown). ;

0 0.005 0.01 0.015 Figure 10 shows the vertical profiles dfpp for Cast 31

by, (700)b,(700) and 35. Values at the surface are on the same order of mag-

nitudes as previous observations in the open oc@wamrf

dowski et al, 2007 Huot et al, 2008. The vertical profile

for Cast 35 is characterized by roughly constant values of

Ebp down to a depth of~60 m. Between 60 and 90 m depths,

the ratio slowly increases, reaching slightly higher values be-

particles, although biogenic), as well as within the DCML tween 90 a'f‘d ;20m depths. Thg similar vaIu_es between t.he
two layers indicate that the particle population was domi-

(chgnge n phytoplankton composition frpm small size cells nated by small sized phytoplankton, other water-filled organ-
to diatoms). The steeper increase most likely results from the :

. _Tsms and detritus throughout the water column. The pres-
%nce of small phytoplankton was confirmed by microscopic

as a controlling factor for [chip: remineralization. Itis pos- . .
sible that as phytoplankton are degraded or mineralized (thisanaIySIs of the water samples collected outside the eddy dur

is consistent with the decreasing valuesp{650) below the ing the third transect of the experiment. Nonetheless, the
DCML), some of the chlorophyll might escape from broken slightly higher values between 90 and 120 m depth might in-

cells into the water column in the form of chiorophyll and dicate a shift from surface to depth adapted species. Below

rapidly produced detrital phacopigment. This could explain.lzo m, the backscattering ratio increases noticeably, indicat-

. . . ing a shift toward smaller and/or possibly harder (i.e. higher
why chlorophyll fluorescence (including phaeopigment) re- bulk refractive index) material. This is an indication of rem-
main much higher, despite loweg (650) values between 80 . o . :

ineralization occurring below the DCML.
and 110 m compared to the values at the surface.

Fig. 10. Vertical profiles ofbpy, for Cast 31 and Cast 35.

layer (relatively high concentrations of non-photosynthetic
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Unlike [chl]/cp, the vertical profile oﬁbp for Cast3lisno- is hard to quantify the contributions of the two separately.
ticeably different than the profile for Cast 35. The most im- The values of therp, slope however are out of the range of
portant feature is the broad minimum between 53 and 74 mEisner et al(2003, their absolute values being much higher.
As indicated by the lines defining the limits of the four eco- This could be due to the different area of study between the
logical regions, this is related to the shift from small to large two works. Without the support of direct measurements from
sized phytoplankton observed at the center of the eddy, buivater samples, this limits the interpretation of the vertical
may also be influenced by living cells with high relative wa- distribution of theap, slope, since we would have to assume
ter content (i.e, lower refractive index) being more domi- that the proposed relationship can be extrapolated outside the
nant here relative to the surrounding water column. Evenrange measured bigisner et al(2003. The proposed nor-
for this cast, the increase in values below the DCML can bemalization of thezp slope byap (676) might also be respon-
interpreted as the result of phytoplankton degradation. Thissible for the higher values obtained from our dataset. In fact,
supports our hypothesis that remineralization is an additionatiue to the low chlorophyll concentrationsgy (676) is rel-
factor determining the steeper increase in [ehliielow the  atively low throughout the water column except within the
DCML. DCML. This also reduces the signal-to-noise ratio, increas-

The vertical profile ofs can be used as an indicator to fur- ing the noise associated witly slope, particularly for the
ther confirm that the minimum ihyp in Cast 31 reflects the  outer casts where chlorophyll concentrations are particularly
observed shift in community #@pals core. The two pro- low. Normalizing forap (676) is most likely not ideal for
files shown in Fig.11 are both for Cast 31, and represent open ocean condition, and a different formulation for dpe
the values of gamma derived using the measuggd(2), slope might be required in those regions.
and forcp (A) =cpg (A) —ag (1), whereag (1) is the re-
constructed CDOM absorption spectra. Comparison of the
two plots shows that the correction i@y, while reducingthe 5 Conclusions
values ofy throughout the water column, does not affect the
overall shape of the profile. This indicates that the gualita-The vertical distributions of the optical properties collected
tive interpretation of the vertical profile is independent from during the E-Flux Il field experiment are clearly influenced
the reconstructed profile of the spectigl The values in by the presence of cyclor@pal. The isopycnal uplift and
the upper layer are comparable to the ones observed in préhe phytoplankton bloom associated with the eddy result in
vious studies Twardowski et al.2001, Boss et al.2001H. a shoaling and an increase in magnitude of the peaks in
As expected, between 53 and 74 m depths (from the bottonehlorophyll concentratior;, (650) andbyp (700) from out-
of the mixed layer to the bottom of the DCML) the profile side towards the center of the feature. The vertical profiles
shows a broad minimum. This indicates an increase in thedf chlorophyll and particle attenuation can be used to local-
mean particle size of the suspended material in that layerize the depth ranges of the four ecological layers observed
and is compatible with the diatom-dominated phytoplanktonfrom the analyses of water sample collected during a previ-
bloom observed at the center of the eddy. Valuey @re  ous transect. Near the center of the eddy, the surface layer
plotted only down to 100 m depth. Below that depthbe-  extends from the surface to the depth of the upper mixed
comes unreasonably high. The accuracy of our estimate ofyer (53 m depth), where both, (650) and chlorophyll
the spectral slope is most likely affected by the lgywalues ~ concentration begin to increase. The depth interval from
measured in the very clear deep waters. This results in a lowhe bottom of the upper mixed layer and the bottom of the
signal-to-noise ratio, which does not allow the resolution of DCML (~53 to~74 m depth) is characterized by high con-
the spectrum to be accurate enough to obtain a good estimatentrations of diatoms, as confirmed by the vertical profile of
of y. Increasing uncertainty in the, (1) correction might . This layer can be further divided into the “senescent” di-
also play an important role. atom layer and the DCML. The first extends from the bottom

Another parameter, which has been found to be sensiof the upper mixed layer to the top of the DCMk$3 to
tive to photoadaptation and change in phytoplankton com-=63 m depth) and is characterized by increasing chlorophyll
position, is the absorption spectral slope proposeEisy  concentrations, anda (650) value that has already reached
ner et al.(2003. The parameter was tested for our datasetits maximum. The second layer encompasses water depths of
(not shown). Measureghg (1) values were corrected by the ~63 to~74 m, where chlorophyll concentrations reach their
reconstructediy (1) profiles to obtainz, (1). The vertical ~maximum values.
profile of ap slope for Cast 31 follows the expected shape: According to our results, [chif is not a good indicator
values are highly negative at the surface and they decreader particle composition changes in the water column in Case
between the bottom of the upper mixed layer and the botd water, either in the case of background conditions, or in
tom of the DCML. This is consistent with higher protective the presence of the eddy-induced phytoplankton bloom. The
to photosynthetic pigment ratios at surface, and possibly supmain factor controlling the variation of this ratio with depth
ports a change in community structure with depth. However,is likely photoadaptation and not the bulk particle composi-
without quantitative estimates of pigment concentrations, ittion as observed in shallow coastal watdegs et al.2004).
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Cast 35 divided into three distinct layers: a surface layer with small
e “1on ‘ ‘ e sized phytoplankton, a diatom-dominated middle layer, and a
0.009 110-130 m o E3g X deep layer characterized by high remineralization. Unfortu-
0.008|_* 130-150m :J-“",.. ] nately, for bothby, andy , it is not possible to further divide
0.007} - W the middle layer into a “senescent” and a “healthy” diatom
g o o ! O layer. The two layers do not seem to be characterized by dis-
:QOO%' ‘ ").3'6 | tinct optical features, indicating some limitations on the in-
g 0.005¢ R Vot 1 formation on particle composition that can be retrieved from
= 0004} Aol 1 optical measurements.
o Bl ’ | Finally, our data do not confirm the inverse relationship
0.0021 betweenl?bp and [chl]kp found by Boss et al.(2004 for
' shallow coastal waters, either under background conditions,
a.0a or during the eddy-induced phytoplankton bloom. This is
% - 10 5 25 o particularly evident in Figl2. In these pIotsEbp is plot-
Chifc (650) ted against [chl}/p, combining information from both Fig8s.
and10. The data shown in the two scatterplots are not binned
Cast 31 and they are grouped into different depth intervals (color
& 3m ‘ B coded) depending on the different ecological communities.
0009/ o 53.63m For Cast 35 (Figl12a), bpp shows the presence of a sur-
0.008| * gi-zgomm face (0 to~80 m depth) and intermediate layer (frow80
0.007L : to ~#120 m depth) characterized by slightly different values,
g 255 bo_th_indicating the presence _of small sized p_hytoplankton.
e Within the two layersbp, remains constant. This might re-
e Q008 flect a change from surface- to depth-adapted species. On
'?}0-004* 7’ the other hand, [chi§} steadily increases with depth. Since
< 0.003} .5. 1 values of the backscattering ratio indicate the presence of a
0.0021 ° go | small sized phytoplankton community throughout the whole
I :*' poborect™ | water column, this confirms that the increase of [e}lje-
0.001 flects an increase in chlorophyll concentration per cell due
% 5 10 15 to photoadaptation. For Cast 31, FiZb shows that the
Chifc (650) shiftin community structure from small phytoplankton to di-

atoms below 50 m (evidenced by the minimumbig,), is
) characterized by roughly constant values of [eRl]{chl]/cp
Fig. 12. Scatter plot oby,, versus [chi]¢, for Casts 35 (top) and 31 starts to increase below63 m depth. This variation might
(bottom). The data shown are not binned, and they are grouped (usesult from the observed change in community, but even if
ing _co_lor coding)_into four difffa_rent depth intervals corresponding so, it cannot be distinguished from the increase in [ehl)/
to distinct ecological communities. induced by photoadaptation. In both panels of E®ythe in-
crease observed ih,p at the top of the deep layer may reflect
the enhanced remineralization processes occurring below the
Even in the presence of a diatom bloom as in Cast 31, thgycmL.
signal in [chl]kp resulting from the shift in ecological com- This study shows that, despite some limitations, optical
munity is completely lost due to the large increase caused byyroperties, andr, in particular, can be successfully used to
photoadaptation (except for few meters at the bottom of theyptain information about the composition of the suspended
upper mixed layer). The resulting profile is analogous to thepgayticles in the water column in Case | waters. Knowledge
one from Cast 35. Below the DCML remineralization might of the vertical distribution of the suspended material from
also be an important factor in regulating [chjl/ the analysis of collected water samples was crucial in or-
Ebp andy are better indicators for the bulk particle com- der to couple the optical signature of a given depth interval
position, and the vertical profiles of the two quantities showto a specific biogeochemical state. However, the good cor-
similar features.lep is nearly constant throughout Cast 35, respondence between optical properties and the ecological
indicating no variation in the ecological community outside structure within the water column, both inside and outside
the eddy. Its increase below the DCML is consistent with in- cycloneOpal, suggests that in the near future, with increas-
tense remineralization processes. For Cast 31, at the center ofg numbers of experiments studying the relationships be-
the eddy,l§|Dp clearly indicates the position of the layer with tween optical and biogeochemical characteristics under dif-
increased diatom concentrations betweesi3 and~74 m ferent conditions, continuous in situ optical measurements
depth. According to thébp profile, the water column can be could be successfully used to obtain information on bulk
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