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CNRS, UMR7093, Laboratoire d’Océanographie de Villefranche, 06230 Villefranche-sur-Mer, France

Universit́e Pierre et Marie Curie-Paris 6, UMR7093, Laboratoire d’Océanographie de Villefranche, 06230
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Abstract. In vivo fluorescence of Chlorophyll-a (Chl-a) is
a potentially useful property to study the vertical distribu-
tion of phytoplankton biomass. However the technique is
presently not fully exploited as it should be, essentially be-
cause of the difficulties in converting the fluorescence sig-
nal into an accurate Chl-a concentration. These difficulties
arise noticeably from natural variations in the Chl-a fluores-
cence relationship, which is under the control of commu-
nity composition as well as of their nutrient and light sta-
tus. As a consequence, although vertical profiles of fluores-
cence are likely the most recorded biological property in the
open ocean, the corresponding large databases are underex-
ploited. Here with the aim to convert a fluorescence pro-
file into a Chl-a concentration profile, we test the hypothesis
that the Chl-a concentration can be gathered from the sole
knowledge of the shape of the fluorescence profile. We ana-
lyze a large dataset from 18 oceanographic cruises conducted
in case-1 waters from the highly stratified hyperoligotrophic
waters (surface Chl-a = 0.02 mg m−3) of the South Pacific
Gyre to the eutrophic waters of the Benguela upwelling (sur-
face Chl-a = 32 mg m−3) and including the very deep mixed
waters in the North Atlantic (Mixed Layer Depth = 690 m).
This dataset encompasses more than 700 vertical profiles of
Chl-a fluorescence as well as accurate estimations of Chl-a

by High Performance Liquid Chromatography (HPLC). Two
typical fluorescence profiles are identified, the uniform pro-
file, characterized by a homogeneous layer roughly corre-
sponding to the mixed layer, and the non-uniform profile,
characterized by the presence of a Deep Chlorophyll Max-
imum. Using appropriate mathematical parameterizations,
a fluorescence profile is subsequently represented by 3 or
5 shape parameters for uniform or non-uniform profiles, re-
spectively. For both situations, an empirical model is de-
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veloped to predict the “true” Chl-a concentration from these
shape parameters. This model is then used to calibrate a flu-
orescence profile in Chl-a units. The validation of the ap-
proach provides satisfactory results with a median absolute
percent deviation of 33 % when comparing the HPLC Chl-a

profiles to the Chl-a-calibrated fluorescence. The proposed
approach thus opens the possibility to produce Chl-a clima-
tologies from uncalibrated fluorescence profile databases that
have been acquired in the past and to which numerous new
profiles will be added, thanks to the recent availability of au-
tonomous platforms (profiling floats, gliders and animals) in-
strumented with miniature fluorometers.

1 Introduction

Introduced by Lorenzen in 1966, in vivo fluorescence
(from now, simply referred as fluorescence) has be-
come a widely used and popular technique to estimate
Chlorophyll-a (Chl-a) concentrations in aquatic environ-
ments. Subsequently, the development of in situ fluorome-
ters that are coupled to CTD sensors has resulted in fluores-
cence measurements being likely the most measured biolog-
ical property (together with O2 and irradiance profiles) in the
open ocean. Hence, the vertical profile of Chl-a concentra-
tion is measured cost-effectively and, additionally, is of fun-
damental help in selecting the depth levels where rosette bot-
tles have to be closed for more in-depth analysis of biological
and biogeochemical properties (including “true” Chl-a con-
centration measurement).

Although practically simple and efficient, fluorescence
measurements are nevertheless not trivial to interpret. In-
deed, fluorescence measured by a fluorometer,f , can be ba-
sically expressed as follow:

f = Ea∗ φ Chl-a, (1)

Published by Copernicus Publications on behalf of the European Geosciences Union.

http://creativecommons.org/licenses/by/3.0/


2392 A. Mignot et al.: The shape of the Chl-a fluorescence profile

where E is the intensity of the excitation source (mole
quanta m−2 s−1), a∗ is the specific absorption coefficient
(m2 mg Chl-a −1), Chl-a is the Chlorophyll-a concentration
(mg Chl-a m−3) and φ is the fluorescence quantum yield
(mole quanta emitted mole quanta absorbed−1). From
Eq. (1), it comes thatf has units of mole quanta m−3 s−1

and that various instruments (with different light source in-
tensities, detectors, volumes of detection) will give different
fluorescence values for the same Chl-a. Calibration of the
fluorescence measurements against true Chl-a measurement
is thus mandatory. This remark is critical because many flu-
orescence profiles have been acquired or are still acquired
without any concurrent Chl-a determination. In general, sen-
sors are factory-calibrated, regressing instrument response
to pure Chl-a or to phytoplankton cultures of various con-
centrations. However, these simple calibrations do not nec-
essarily correspond to the range of the actual in situ Chl-a

concentration as well as to diversity of phytoplankton com-
munities where fluorometers are operated. Furthermore, the
instruments drift over time and re-calibration is not always
possible or done. Consequently, fluorescence measurements
are very frequently reported in terms of relative units. As
a consequence the large fluorescence database (e.g.∼49 000
on National Oceanographic Data Center NODC;http://www.
nodc.noaa.gov/) which consists of the pooling of vertical pro-
files from various cruises and sensors are not sufficiently
consistent for developing more comprehensive studies, like
the development of Chl-a climatologies for the global ocean
(e.g. Gregg and Conkright, 2002).

Thanks to the miniaturization of bio-optical sensors, au-
tonomous platforms (floats, gliders, animals) are now capa-
ble of acquiring vertical profiles of fluorescence over large
distances (Sackmann et al., 2008; Niewiadomska et al., 2008,
Claustre et al., 2010a) or periods (up to 3 yr) (Boss et al.,
2008). The extension and generalization of these “biogeo-
chemical platforms” as part of a global network (Claustre et
al., 2010a, b) similar to the Argo network (Roemmich et al.,
2010; Freeland et al., 2010) is expected for the near future.
The 3000 floats of the Argo program are now operationally
acquiring∼120 000 temperature and salinity profiles per an-
num, i.e.∼ 95 % of the total profiles acquired yearly. Simi-
larly, in the coming years a tremendous increase in the num-
ber of fluorescence profiles acquired in the global ocean can
be expected. The issues related to calibration and to the sig-
nificance of the Chl-a fluorescence signal will become even
more critical for these platforms especially for floats and ani-
mals for which sensors cannot be recovered for “post-cruise”
re-calibration. Alternative strategies and methods are thus
required for these fluorescence measurements and to ensure
the consistency of the future (very large) data-base (e.g. Xing
et al., 2011; Boss et al., 2008).

Several clues indicate that a relationship exists between
the Chl-a concentration and the shape of its vertical dis-
tribution. In stratified waters, for example, characterized
by a Deep Chlorophyll Maximum (DCM), surface Chl-a

increases when the DCM progressively rises towards the
surface. The extreme situation can be observed for the
hyper oligotrophic waters of the South Pacific Gyre dur-
ing the austral summer where surface Chl-a is the lowest
(∼0.02 mg Chl-a m−3) and the DCM is the deepest (Ras et
al., 2008) among the world’s oceans. The potential link be-
tween surface Chl-a and the depth of the DCM in stratified
environments was highlighted by Morel and Berthon (1989)
and Uitz et al. (2006). Both studies subsequently proposed a
parameterization of the vertical distribution of Chl-a from
the sole knowledge of the surface, potentially remotely-
detected, Chl-a concentration.

Similar observations between shape and concentration
also exist for mixed waters. In these, the vertical struc-
ture of Chl-a is homogeneous in the mixed layer. Chl-a in-
creases when the depth of the mixed layer decreases (Ward
and Waniek, 2007). Again a link is expected between the
thickness and the Chl-a concentration of the layer.

The present study is in line with the above observations.
It is initiated by the need for new procedures for deriving
Chl-a vertical distribution from fluorescence profiles, even
if these profiles have not been properly (or not at all) cal-
ibrated. Since we expect a potential relationship between
the shape of the profile and the Chl-a concentration, we an-
alyze here a global ocean database of fluorescence profiles
simultaneously acquired with accurate Chl-a determination
through HPLC (High Pressure Liquid Chromatography). We
first propose mathematical expressions describing the vari-
ous shapes of fluorescence vertical profiles that can be ob-
served in natural waters. We then establish empirical rela-
tionships between depth-dependent shape parameters derived
from these expressions and HPLC Chl-a. We finally propose
a method for the “recalibration” of a fluorescence profile in
terms of Chl-a, from the sole knowledge of the profile shape.

2 Background

2.1 Variable definition and calculation

The different variables used in this study and their associated
symbols, definitions and units are detailed in Table 1. Here,
only a description of the calculation of the euphotic depth,
the first penetration depth and the mixed layer depth is given.

The depth of the euphotic layer,Ze (m), defined as the
depth where irradiance is reduced to 1 % of its surface value,
is estimated according to Morel and Berthon (1989) using the
Chl-a vertical profiles. The statistical relationships presented
by Morel and Berthon (1989) and linkingZe to the integrated
content in Chl-a, is here updated using the parameterization
proposed by Morel and Maritorena (2001).

Biogeosciences, 8, 2391–2406, 2011 www.biogeosciences.net/8/2391/2011/

http://www.nodc.noaa.gov/
http://www.nodc.noaa.gov/


A. Mignot et al.: The shape of the Chl-a fluorescence profile 2393

Table 1. Symbols used in this study.

Symbol Definition Units

z Depth m
Ze Depth of the euphotic layer m
Zpd First penetration depth m
Zm Mixed layer Depth m
σ θ Potential density anomaly kg m−3

Chl-a HPLC Chlorophyll-a concentration mg m−3

Chlsurf Arithmetic average HPLC Chl-a concentration in the first penetration
depth

mg m−3

Chlmax Maximum HPLC Chl-a concentration mg m−3

[Chlze] HPLC Chl-a column-integrated content within the euphotic layer mg m−2

[ChlZ1/2] HPLC Chl-a column-integrated content withinZ1/2 mg m−2

f (z) Fluorescence profile relative units
F(z) Fluorescence fit relative units
Fsurf Fluorescence value atz = 0 of the exponential decrease and the sig-

moid fit
relative units

Fmax Maximum value of the Gaussian fit relative units
Z1/2 Depth whereFsurf is divided by 2 m
Zmax Depth of the Gaussian fit maximum m
dz Proxy of the Gaussian fit thickness m
s Proxy of the sigmoid fit slope atZ1/2 m−1

f0(z) Fluorescence profile set to 0 at bottom relative units
F c

surf Fsurf calibrated in units of Chl-a mg m−3

F c
max Fmax calibrated in units of Chl-a mg m−3

F c(z) F (z) calibrated in units of Chl-a mg m−3

ε(z) Fluorescence fit residuals:f0(z)−F(z) relative units
εc(z) ε(z) calibrated in units of Chl-a mg m−3

f c(z) f (z) calibrated in units of Chl-a mg m−3

The first penetration depth,Zpd (m), is defined asZe/4.6.
Note that this quantity is also used for ocean color remote
sensing studies, where it delineates the surface layer actually
“seen” by the satellite.

The mixed layer depthZm (m) is calculated as the depth
where the density value is 0.03 kg m−3 in excess with respect
to the value at 10 m (de Boyer-Montegut et al., 2004).

2.2 Parameterization of the fluorescence vertical profile

In the present study, we assume as in Morel and
Berthon (1989) and Uitz et al. (2006) that in the open ocean,
the vertical distribution of Chl-a, or equivalently of fluo-
rescence, can be divided into two main types, uniform and
non-uniform. The two categories were initially defined with
respect to theZe/Zm ratio. For example, in the South Pa-
cific Gyre during the austral summer (Fig. 1a),Ze (160 m) is
greater thanZm (55 m). The vertical distribution of fluores-
cence is non-uniform and shows a well-pronounced DCM.
This vertical fluorescence profile is typical of stratified wa-
ter (Ze/Zm >1). Conversely, in the North Atlantic during
the boreal winter (Fig. 1b),Ze is 120 m whileZm extends to
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Fig. 1. Typical potential density anomaly profileσθ (kg m−3) (blue
line) and fluorescence profilef (relative units) (green line) for(a)
stratified waters and(b) mixed waters. The mixed layer depthZm
(plain line) and the euphotic depthZe (dashed line) are indicated.
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Fig. 2. Schematic representation of the vertical distribution of flu-
orescence with depth.(a) Case of non-uniform profile. The typical
shape is modeled by a gaussian distribution (plain line) superim-
posed onto an exponential decrease (dashed line). The exponen-
tial decrease is defined by one concentration-dependent shape pa-
rameterFsurf (relative units) and one depth-dependent shape pa-
rameterZ1/2 (m). The gaussian distribution is defined by one
concentration-dependent shape parameterFmax and two depth-
dependent shape parametersZmax (m) anddz (m). (b) Case of
uniform profile. The typical shape is modeled by a sigmoid curve
(plain line), defined by one concentration-dependent shape parame-
terFsurf (relative units) and two depth-dependent shape parameters
Z1/2 (m) ands (m−1). See Table 1 for definitions.

∼700 m. The vertical distribution of fluorescence is uniform
until Zm and then decreases with depth to a null fluorescence.
This vertical profile is typical of mixed waters (Ze/Zm <1).

The non-uniform vertical Chl-a profile was first modeled
by Lewis et al. (1983) with a generalized gaussian, which
has subsequently been widely used with small modifica-
tions. In particular, to account for the observed characteristic
that surface values always exceed the bottom ones, gaussian
functional form has been modified with a superimposition
of a background either constant (Platt et al., 1988; Morel
and Berthon, 1989; Hidalgo-Gonzalez and Alvarez-Borrego,
2001; Richardson et al., 2003) or linearly decreasing with
depth (Uitz et al., 2006). Here, we propose a slightly im-
proved parameterization by modeling the background using
an exponential decrease with depth. This exponential de-
crease is implemented to better reproduce the Chl-a decrease
from the surface towards the bottom where Chl-a concentra-
tion converges to a null value. The proposed new parameteri-
zation of the vertical profile of fluorescence is thus as follows
(Fig. 2a):

F (z) = Fsurfe
−ln2
Z1/2

z
+Fmaxe

−(z−Zmax)2

dz2 . (2)

The exponential decrease background is characterized by its
value at the surfaceFsurf (relative units) and the depth where
this value is divided by 2,Z1/2 (m). A gaussian curve is
superimposed onto it with a maximum valueFmax (relative
units) occurring atZmax (m) and having a thickness con-
trolled bydz(m).

The uniform vertical Chl-a profile is usually parameter-
ized with a uniform value up toZe (Uitz et al., 2006). This is
not relevant here because, for such profiles, Chl-a is expected
to be homogenous within 0-Zm, and to decrease towards zero
belowZm. The sigmoid curve, which allows capturing this
property, is adopted here (Fig. 2b):

F (z) = Fsurf
1

1+e(Z1/2−z)s
. (3)

Fsurf (relative units) corresponds to the asymptote of the
function at the surface,Z1/2 (m) is the inflection point and
s (m−1) the strength of the inflection.

The descriptors of the fluorescence profile which refer
to a depth (Zmax, dz, Z1/2,s) will be hereafter named as
depth-dependent shape parameters. Similarly, those refer-
ring to a fluorescence value (Fsurf, Fmax) will be named as
concentration-dependent shape parameters.

3 Materials and methods

3.1 Dataset and quality control

Data used in this study were collected as part of 18 open
ocean cruises in the period 1991–2008 (Table 2). For each
sampling site, the required data are fluorescence profiles as-
sociated with simultaneous determination of Chl-a through
HPLC at discrete depths.

All fluorescence and HPLC data used were properly val-
idated. Additionally, some of the HPLC data (PROSOPE,
BENCAL and BIOSOPE cruise) were acquired as part of
NASA-driven HPLC intercomparison exercises (Claustre et
al., 2004; Hooker et al., 2005, 2009). An additional quality
control procedure on fluorescence and HPLC has been also
carried out, to increase homogeneity of the whole dataset.
The quality assurance described in Uitz et al. (2006) is
applied to each Chl-a profile, using the following crite-
ria: (1) samples with Chl-a lower than 0.001 mg m−3 are re-
jected then the following criteria must be met: (2) the first
sampling depth has to be above 10 m; (3) the last sampling
depth has to be greater or equal thanZe; (4) a minimum of
four sampling depths is required for each profile. For fluo-
rescence profiles, aberrant data due to electronic noise are re-
moved using a dedicated quality control procedure described
in D’Ortenzio et al. (2010). To account that the deep fluo-
rescence values are still non-null in the absence of algal flu-
orescence, the fluorescence profile is set to 0 at the bottom
by substracting the mean of the 10 deepest points from the
profile. The profile has also to satisfy the additional condi-
tion that its maximal depth is deep enough to allow the shape
parameterZ1/2 to be retrieved; if not, the profile is rejected.

Biogeosciences, 8, 2391–2406, 2011 www.biogeosciences.net/8/2391/2011/
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Table 2. Abbreviation, location, sampling period and number of stations (after quality control) for the different cruises/projects used in the
dataset.

Cruise/Project Abbreviation Location Period Number of References
stations

ALMOFRONT1 A1 Alboran Sea April–May 1991 18 Claustre et al. (1994)
ALMOFRONT2 A2 Alboran Sea November 1997–January 1998 37 Claustre et al. (2000)
BENCAL BE Benguela upwelling October 2002 5 Morel et al. (2006)
BIOSOPE BI South Pacific Austral summer 2004 60 Ras et al. (2008)
BONUS GOOD HOPE BG Southern Ocean February–March 2008 23 (2)
BOUM BO Mediterranean Sea June–July 2008 28 Crombet et al. (2011)
BOUSSOLE BS 7◦54 E, 43◦22 N 2001–2007 75 (1,2)
CATCH CA North Atlantic January–February 1997 26 (1)
DYFAMED DY 7◦52 E, 43◦22 N 1994–1999 32 Marty et al. (2002)
EUMELI3 E3 Mauritania upwelling September–October 1991 16 Claustre and Marty (1995)
EUMELI4 E4 Mauritania upwelling May–June 1992 22 Claustre and Marty (1995)
KEOPS KE Southern Ocean January–February 2006 16 Uitz et al. (2009)
MINOS MI Mediterranean Sea May–June 1996 67 (1)
OLIPAC OL Equatorial Pacific November 1994 44 Claustre et al. (1999)
POMME1 P1 North Atlantic February–March 2001 58 Claustre et al. (2005)
POMME2 P2 North Atlantic March–May 2001 65 Claustre et al. (2005)
POMME3 P3 North Atlantic September 2001 78 Claustre et al. (2005)
PROSOPE PR Mediterranean Sea September 1999 63 Claustre et al. (2004)

Total 733

(1) Chl-a was analysed according to Vidussi et al. (1996).
(2) Chl-a was analysed according to Ras et al. (2008).

Fig. 3. General characteristics of the dataset used in this study.
Range (line) and mean values (circle) ofZe (m),Zm (m) and Chlsurf
(mg m−3) for the 18 Cruises. See Table 2 for abbreviations of the
different cruises/projects.

3.2 Dataset characteristics

The dataset covers a large range of optical, hydrological and
associated trophic conditions (Fig. 3). The hydrological con-
ditions range from deep mixed waters (Zm ∼700 m; CATCH
cruise in the North Atlantic during winter), to extremely
stratified waters (center of South Pacific Gyre; BIOSOPE
cruise, in spring). Chlsurf covers three orders of magnitude,
from hyperoligotrophic conditions (0.02 mg m−3; BIOSOPE
cruise) to the eutrophic conditions of the Benguela upwelling
(32 mg m−3; BENCAL cruise). The dataset thus is largely
representative of the diverse conditions naturally observed in
the open ocean. It is therefore expected that the parameteri-
zation and the conclusions resulting from this dataset analy-
sis will be of general applicability, especially with respect to
the potential link between fluorescence shape and Chl-a.

3.3 Sorting the data

Establishing relationships between the shape of the fluores-
cence and Chl-a concentration is initially required to define
a gaussian or sigmoid shape for a given profile. It is usually
based on the ratio betweenZm and Ze, which classifies a
profile according to prevailing conditions (Uitz et al., 2006).
Nevertheless, the goal of the present study is eventually to
calibrate a vertical fluorescence profile from the sole knowl-
edge of its shape, without any additional data. This is, for
example, required for database where the fluorescence profile

www.biogeosciences.net/8/2391/2011/ Biogeosciences, 8, 2391–2406, 2011
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is not systematically associated with a CTD one (forZm de-
termination) and even more frequently whereZe is not avail-
able or derivable (from Chl-a profile for example or from ra-
diometric measurements). Therefore, alternative procedures
of profile classification have to be developed.

Each profile of the dataset was fitted with both the gaussian
Eq. (2) and sigmoid Eq. (3) parameterizations using a quasi-
Newton least square algorithm (R development Core Team,
2010). The shape explaining the best the profile variance is
considered as the representative one only if the square of the
coefficient of determinationr2 is greater than 0.8. If not, the
profile is flagged as “other”. Fitting classified 62.6 %, 31.8 %
and 5.6 % of profiles as “gaussian”, “sigmoid” or “others”,
respectively. The “others” class was limited to some specific
cruises (ALMOFRONT, Table 1) where double fluorescence
and Chl-a peaks were recorded (Claustre et al., 1994). In
such anomalous cases, the proposed parameterizations do not
fit the observed data, and other shape models should be intro-
duced. However, “anomalous” profiles are rarely observed in
open ocean, as confirmed by our dataset, (i.e. less than 6 %
of profiles classified in “others”), and we decided to maintain
only two model shapes for the rest of our analysis.

3.4 Statistical indicators

We use 6 statistical indicators to evaluate the performance of
the validation of the method.

The first three indicators are relative to the least square re-
gression fitted within the log10-transformed data (to account
for Chl-a ranging over three orders of magnitude and being
lognormally distributed; Campbell, 1995): the coefficient of
determinationr2, slope and intercept. We also computed the
Root Mean Square Error (RMSE) between the Chl-a cali-
brated fluorescencef c (see later Table 1) and Chl-a, which
indicates the scatter of the data,

RMSE=

√√√√1

n

n∑
i=1

(
log10(f

c)− log10(Chl-a)
)2

, (4)

wheren is the number of points.
The Relative Percent Deviation (RPD), which gives infor-

mation about the over or underestimation off c compared to
Chl-a was calculated as following:

RPD=
f c

−Chl-a

Chl-a
×100. (5)

Finally, the uncertainty of the method was calculated through
the Absolute Percent Deviation (APD):

APD=
|f c

−Chl-a|

Chl-a
×100. (6)

We then calculate the median of the RPD and the APD (in-
stead the average) in order to minimize the effect of extreme
values.

4 Results and discussion

4.1 Gaussian profiles: relationship between the
depth-dependent shape parameters and Chl-a

For gaussian profiles (456 profiles), the relationships among
the three depth-dependent shape parameters (Zmax, Z1/2, dz)
and Chlsurf, Chlmax, [Chlze] andZe are presented in Fig. 4.

The most oligotrophic conditions (Chlsurf = 0.02 mg m−3,
Chlmax= 0.12 mg m−3, [Chlze] = 7.5 mg m−2, Ze = 145 m)
are characterized by the deepestZmax (200 m) andZ1/2
(340 m) as well as the broadestdz(75 m). As expected, in-
crease in Chlsurf, Chlmax, [Chlze] correspond to a decrease in
Ze and result in a shallowZ1/2, Zmax and a narrowdz.

Eutrophic conditions (Chlsurf and Chlmax in the
1–3 mg m−3 range; [Chlze] between 50 and 70 mg m−2; Ze
at ∼20 m), are characterized byZmax and Z1/2 close to
the surface (15–20 and 35–50 m, respectively), and by an
extremely narrowdz(e.g. 4 m for some profiles).

To quantify the links between the depth-dependent shape
parameters (Zmax, Z1/2, dz) and Chlsurf, Chlmax, [Chlze] or
Ze, a polynomial fit between log10-transformed data was
calculated for each couple of parameters (Fig. 4; order of
polynomial fit in Table 3). The scatter of data around the
global trends was evaluated through the coefficient of deter-
mination (r2) and the residual standard error (se) of the linear
models (Table 3). The relationshipsdzvs. Chlsurf, [Chlze] or
Ze are the most scattered, which is not the case for the re-
lationship betweendzand Chlmax. The relationships linking
Z1/2 to Chlsurf, Chlmax, [Chlze] or Ze are more scattered than
those linkingZmax to Chlsurf, Chlmax, [Chlze] or Ze. Zmax
appears to be the most adapted variable to explain the vari-
ability in Chlsurf, Chlmax, [Chlze] or in Ze (Fig. 4a, d, g, j).
The scatter with respect to the fit is similar for Chlsurf, [Chlze]
andZe (r2

∼0.8), whereas it is higher for Chlmax (r2
= 0.59).

Morel and Berthon (1989) and subsequently Uitz et
al. (2006) have proposed a general formalism that, in strat-
ified waters, accounts for the variety of DCM situations ob-
served in open ocean waters. This formalism relies on a
regular trend linking the dimensionless ratioZmax/Ze to the
dimensionless ratio (Chlsurf/[Chlze]/Ze). It holds from hy-
peroligotrophic to eutrophic waters, despite the likely diver-
sity of causes for DCM establishment and maintenance over
such a wide range of trophic conditions. The approach de-
veloped in the present study is totally in line with this pre-
vious formalism and its conclusions; it extrapolates it to di-
mension quantities (Zmax versus Chlsurf, Chlmax, [Chlze] and
Ze). These relationships suggest that, in the range of vari-
ables here explored, the same processes might control the
position of the DCM as well as Chl-a concentration.

Phytoplankton growth requires light and nutrients. In
stratified systems and especially in sub-tropical gyres, the
physics is such that both requirements are generally not met
simultaneously. Stratification indeed delineates two produc-
tion regimes over the vertical dimension: an upper layer
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Fig. 4. Gaussian profiles: Scatterplot of log10-transformed Chlsurf (mg m−3), Chlmax (mg m−3), [Chlze] (mg m−2) andZe (m) as a function
of log10-transformed depth-dependent shape parametersZmax(m), Z1/2(m) anddz (m). Colors refer to the different cruises/projects (see
Table 2 for the abbreviations). The line corresponds to the polynomial fit within the data. The order of this fit as well as the coefficient of
determination and the residuals standard error are indicated in Table 3.

Table 3. Gaussian profiles: relationship between log10-transformed depth-dependent shape parameters and log10-transformed Chl-a andZe.
n, r2, se and o are the number of points, the coefficients of determination, the residuals standard error and the order of the polynomial fit,
respectively.

Zmax Z1/2 dz

n r2 se o n r2 se o n r2 se o

Chlsurf 456 0.81 0.17 3 456 0.74 0.20 2 456 0.22 0.35 2
Chlmax 456 0.59 0.19 2 456 0.50 0.21 1 456 0.50 0.21 1
Chlze 456 0.79 0.08 4 456 0.67 0.10 1 456 0.39 0.14 1
Ze 456 0.78 0.15 4 456 0.65 0.19 1 456 0.38 0.25 2

www.biogeosciences.net/8/2391/2011/ Biogeosciences, 8, 2391–2406, 2011



2398 A. Mignot et al.: The shape of the Chl-a fluorescence profile

where phytoplankton production is nutrient-depleted and a
deep layer where production is essentially light-limited. Be-
tween both layers the DCM develops. This simple concep-
tual view (Mann and Lazier, 1996) of stratified DCM area
has been at the origin of some model development (Hodges
and Rudnick, 2004).

Several studies (Herland and Voituriez, 1979; Varela et
al., 1992; Estrada et al., 1993; Ediger and Yilmaz, 1996
and Mantyla et al., 2008) have demonstrated that the depth
of DCM Zmax , was tightly coupled with the upward nutri-
ent flux (a high upward nutrient flux corresponds to a shal-
low DCM and reciprocally). Since the Chl-a concentration,
(Chlsurf and [Chlze]) andZmax are inversely related (Fig. 4a),
we state that the upward nutrient flux also controls Chl-a

concentration . An impoverishment in nutrients (due to re-
duced upward flux) in the euphotic zone leads to both a DCM
deepening and a Chlsurf decrease; water becomes more trans-
parent, andZe deeper while [Chlze] decreases. Conversely,
an enrichment in nutrients leads to a shallower DCM associ-
ated to higher Chlsurf, shallowerZe and larger [Chlze].

Concerning the magnitude of the DCM, Chlmax, it is con-
trolled by both nutrient availability as well as light adaptation
(Cullen, 1982; Yacobi et al., 1995). This “dual” control could
be an explanation for the high scattering betweenZmax and
Chlmax (as compared withZmax and Chlsurf).

4.2 Sigmoid profiles: relationship between the
depth-dependent shape parameters and Chl-a

For sigmoid profiles (234 profiles), the relationships between
the depth-dependent shape parameter,Z1/2 and Chlsurf,
[Chlze] as well asZe are presented in Fig. 5. Chlsurf and
[Chlze] are inversely related toZ1/2, while Ze is positively
related toZ1/2. The deepestZ1/2 (700 m; CATCH cruise in
the North Atlantic during winter) is associated with the low-
est Chlsurf (0.05 mg m−3), the lowest [Chlze] (10 mg m−2)
and the deepestZe (122 m). AsZ1/2 becomes shallower,
Chlsurf and [Chlze] steadily increases andZe becomes shal-
lower. WhenZ1/2 is at its shallowest (∼20 m), Chlsurf and
[Chlze] reach 25 mg m−3 and 245 mg m−2 respectively and
Ze is at 9 m. This is a typical situation for upwelling waters
(BENCAL cruise in the Benguela upwelling). As for strati-
fied waters, the scatterplots of Fig. 5 can be approximated by
polynomial fits between log10-transformed data (Table 4).

With a r2 of ∼0.5 between Chlsurf, [Chlze] and Ze, Z1/2
appears a less efficient parameter for explaining variability
in Chl-a biomass in mixed waters thanZmax in stratified
waters. Particularly, the data are significantly scattered for
Chlsurf and [Chlze] higher than 1 mg m−3 and 35 mg m−2, re-
spectively (Ze lower than 40 m). Note, however, that such
eutrophic conditions represent only∼2 % of the ocean sur-
face (Antoine et al., 1996).

In mixed waters, it is easily arguable thatZ1/2 is related
to Zm, and even that the former could be considered as a
proxy of the latter. An inverse relationship betweenZm
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Fig. 5. Sigmoid profiles: Scatterplot of log10-transformed Chlsurf
(mg m−3), [Chlze] (mg m−2) andZe (m) as a function of log10-
transformed depth-dependent shape parameterZ1/2(m). Colors re-
fer to the different cruises/projects (see Table 2 for the abbrevia-
tions). The line is the polynomial fit within the data. The order of
this fit as well as the coefficient of determination and the residuals
standard error are indicated in Table 4.

and Chlsurf has been established by observations (Ward and
Waniek, 2007; Behrenfeld, 2010) and model (Steele and
Menzel, 1962). But both observations and model report that
the Chl-a content integrated over 0-Zm is decreasing with in-
crease inZm. Our analysis suggests that, over a large range
of mixed layer thickness, Chl-a content integrated overZ1/2
(more accurate to define the homogenous layer of Chl-a)
[ChlZ1/2] remains relatively invariant (Fig. 6). This result
means that the net production of Chl-a appears not impacted
by any variation inZm. Stated differently; this implies that
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Table 4. Sigmoid profiles: relationship between log10-transformed
depth-dependent shape parameter and log10-transformed Chl-a and
Ze. n, r2, se and o are the number of points, the coefficients of de-
termination, the residuals standard error and the order of the poly-
nomial fit, respectively.

Z1/2

n r2 se o

Chlsurf 234 0.55 0.25 2
Chlze 234 0.47 0.14 2
Ze 234 0.46 0.15 1

Z1 2 (m)
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Fig. 6. Sigmoid profiles: Scatterplot of log10-transformed
[ChlZ1/2] (mg m−2) as a function of log10-transformed depth-
dependent shape parameterZ1/2 (m). Colours refer to the different
cruises/projects (see Table 2 for the abbreviations). The line is the
linear regression fit within the data.

a simple dilution law could explain the observed trends re-
ported in (Fig. 5). The deepening ofZm dilutes the integrated
Chl-a concentration [ChlZ1/2] and dilutes the mean Chl-a

concentration in the mixed layer Chlsurf which increases the
water transparency and the euphotic zoneZe thickness, while
[Chlze] is decreasing.

4.3 Potential impact of daytime fluorescence quenching

Daytime-fluorescence quenching is a well-known process
that affects the relationship between Chl-a and fluorescence
in surface waters (e.g. Cullen and Lewis, 1995; Holm-
Hansen et al., 2000; Sackmann et al., 2008). The fluores-
cence signal is depressed in the upper layer of the water
column, when the phytoplankton is exposed to high irradi-
ance. Obviously this process modifies the fluorescence verti-

cal structure near the surface and it can potentially affect the
retrieval of a Chl-a from depth-dependent shape parameters.
This potential drawback is examined here.

Richardson et al. (2003) developed a procedure where
fluorescence samples with high Chl-a (measured fluometri-
cally) corresponding to low fluorescence values were flagged
as quenched and discarded from any subsequent statistical
analysis. Following the approach of Richardson et al. (2003),
we here propose a method to evaluate the “contamination” of
our dataset by quenched profiles. This method is based on the
relative variation of the fluorescence/Chl-a ratio as a function
of depth between surface and the basis of the mixed layer
Zm. The fluorescence profile is considered as quenched if
the slope of this regression is positive, significant (r2 > 0.50)
and greater than 0.3.This analysis performed on the present
dataset identifies 111 and 62 quenched profiles for gaussian
(Fig. 7) and sigmoid profiles (Fig. 8), respectively. A change
in fluorescence/Chl-a ratio with depth could be also seen in
nighttime fluorescence profiles due to spectral acclimation.
However, when plotting Figs. 7 and 8 regarding day.vs.night,
the slope> 0.3 occurs predominantly during the day.

For gaussian profiles, we identified two typical situations
of quenching that change the shape of the fluorescence pro-
file (Fig. 9a, b). In the first situation (Fig. 9a), a fake DCM
appears near the surface, due to the depress of fluorescence
at the surface. As a consequence, a group of stations mainly
representative of spring bloom conditions in temperate areas
(e.g. POMME2 and some BOUSSOLE cruises) have, for the
same Chlsurf value, a much deeperZ1/2 and largerdzthan for
the global trend (Fig. 7b, c). At the same timeZmax, which
is very shallow, remains poorly scattered with respect to the
global trend (black line on Fig. 7a). In the second situation
(Fig. 9b), the fluorescence quenching enlarges the width of
the DCM. The depth of the DCM remains unchanged. As a
consequence, a group of stations (representative of the sube-
quatorial and the sub-tropical South Pacific: BIOSOPE and
OLIPAC cruises), reveals an overestimation ofdz (Fig. 7c),
while Z1/2 andZmax remain weakly scattered with respect to
the global trend (black line on Fig. 7a, b).

In summary, the influence of quenching on the vertical
structure of fluorescence has a significant impact for gaus-
sian profiles, leading to an overestimation ofZ1/2 and dz.
However,Zmax appears much more robust with respect to
quenching, confirming it as a potentially better predictor of
Chl-a. The previous analysis, mostly based on the use of
Zmax, thus remains valid, even in conditions of day-time flu-
orescence quenching.

In the case of sigmoid profiles (e.g. the Equatorial Pa-
cific in Fig. 9c), since daytime fluorescence quenching rarely
affectsZ1/2, the quenched and non-quenched stations have
similar scattering with respect to trend (Fig. 8).
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Fig. 7. Impact of quenching on the relationships presented in Fig. 4 (gaussian profiles). The quenched status of the fluorescence profile is
indicated by the size of the symbol. Large circle: quenched profile. Small circle: non-quenched profile.

4.4 From fluorescence to “true” Chl-a profile

The purpose of this section is to take the result of the pre-
vious analysis (e.g. depth-dependent shape parameters and
Chl-a concentration are related) to calibrate a vertical fluo-
rescence profile (generally in relative units) in “true” units,
i.e. mg Chl-a m−3. According to Eqs. (2 and 3), any fluo-
rescence profile, which is not classified as “others” (see Ma-
terials and methods), could be described by shape parame-
ters, either depth- or concentration-dependent. Chlsurf and
Chlmax for gaussian profiles as well as Chlsurf for sigmoid
profiles can be a priori predicted from the sole knowledge
of the depth-dependent shape parameters (Figs. 4 and 5). It
is further assumed that, for any vertical profile, the depth-

dependent shape parameters are identical for both the uncal-
ibrated fluorescence and the true Chl-a profiles (e.g.Zmax is
the same for fluorescence or Chl-a measurements).

4.4.1 From depth-dependent shape parameters to
Chlsurf and Chlmax

Gaussian profiles

SinceZ1/2 andZmax are highly related (r = 0.95) anddz is a
poor predictor of Chlsurf (Fig. 4 and Table 3), Chlsurf is only
predicted fromZmax, through:
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Fig. 8. Impact of quenching on the relationships presented in Fig. 5
(sigmoid profiles). The quenched status of the fluorescence profile
is indicated by the size of the symbol. Large circle: quenched pro-
file. Small circle: non-quenched profile.

log10 (Chlsurf) = 12.1335−16.8858 log10 (Zmax) (7)

+7.4316 log10 (Zmax)
2
−1.1726 log10 (Zmax)

3,

(n = 456,r2
= 0.81, se = 0.17).

Since Chlmax variability is explained in a similar way by
Zmax anddz(Fig. 4 and Table 3), Chlmax is predicted from a
combination of both shape parameters according to:

log10 (Chlmax) = 4.19161−3.59936 log10 (Zmax) (8)

+0.79558 log10 (Zmax)
2
−0.50863 log10(dz),

(n = 456,r2
= 0.69, se = 0.16).

Sigmoid Profiles

Chlsurf is directly predicted fromZ1/2

log10 (Chlsurf) = 3.2240−2.5795 log10(Z1/2) (9)

+0.3868 log10 (Z1/2)
2,

(n = 234,r2
= 0.55, se = 0.25).

4.4.2 The various steps of a fluorescence profile
calibration into a Chl- a profile

The sequence for calibrating a fluorescence profile into a
vertical profile of Chl-a is as follows, for both gaussian
(Fig. 10a) and sigmoid profiles (Fig. 10b):

1. Step 1: f (z) (the raw fluorescence profile) is set to 0
at the bottom by subtracting the mean of the 10 deep-
est points from the profile. This step corresponds to the
removal of a background fluorescence at depth to con-
form with expected null Chl-a at a certain depth. The
resulting profile is now calledf0(z).

2. Step 2: f0(z) is fitted by the appropriate parameteri-
zation (Eqs. 2 and 3) in order to extract the shape pa-
rameters. From these shape parameters, a fluorescence
profile can be modeled. It is namedF(z) and is still in
relative units (blue curve).

3. Step 3: Chlsurf and Chlmax (for gaussian profiles) are de-
rived from depth-dependent shape parameters through
empirical relationships already presented (Eqs. 7 and 9)
so that Chl-a-calibrated concentration-dependent shape
parameters (F c

surf andF c
max) can now be estimated from:

F c
surf+F c

maxe
Z2

max
dz2 = Chlsurf, (10)

F c
surfe

−ln2
Z1/2

Zmax
+F c

max= Chlmax. (11)

For sigmoid profiles, the new condition is:

F c
surf= Chlsurf. (12)

F c(z) (green curve) now corresponds to the modeled
Chl-a-calibrated fluorescence profile, now expressed in
mg Chl-a m−3.

4. Step 4:ε (z) is defined as the vertical profile of the dif-
ference between the actualf0(z) and the modeledF(z)

fluorescence profile. It is expressed in relative units.
It is further calibrated in Chl-a units by multiplying it
by the slope of the linear regression betweenF c(z) and
F(z), to obtainεc(z) (note that this calibration ofε(z)
takes an average water column value for the ratioF to
F c ). Addingεc(z) to F c(z) allows restoring the initial
vertical fluorescence profile (black line) into a vertical
Chl-a-calibrated fluorescence profile which is named
f c(z) (purple line).
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Fig. 9. Fluorescence profile (plain line) and HPLC Chl-a profile (dashed line, black dots) in three typical situations of quenching. The
fluorescence and Chl-a units are normalized (between 0 and 1).(a) POMME2 cruise at 7.898◦ W, 43.369◦ N on the 11 of April 2001.
(b) BIOSOPE cruise at 86.78◦ W, 32.40◦ S on the 1 December 2004.(c) OLIPAC cruise at 149.99◦ E, 1◦ N on the 15 November 1994.

4.5 Method validation

The validation process is performed by a 10-fold cross val-
idation. The original dataset comprising the Chl-a mea-
surements together with contemporaneous and co-located
fluorescence profiles is randomly partitioned into 10 sub-
sets. Among these subsets, one is retained as the validation
dataset, while the 9 remaining subsets were used to build the
predictive relationships between the depth-dependent shape
parameters and Chl-a concentrations (same type of equation
as Eqs. 7 and 9). This cross-validation process is succes-
sively repeated 10 times, with each of the 10 subsets being
used only once as a validation dataset.

In every validation dataset, each fluorescence profile is cal-
ibrated using the method described in Sect. 4.4.2. The result-
ing Chl-a-calibrated fluorescence is compared with HPLC
Chl-a at the depth of HPLC samples. Only samples at depths
within the euphotic zone were retained (belowZe, very low
Chl-a values could bias the analysis). The validation is then
performed on 3770 samples, divided into 2786 gaussian sam-
ple and 984 sigmoid samples.

Overall, the retrieval of true Chl-a from the sole knowl-
edge of the fluorescence profile shape appears highly satis-
factory given the large range of Chl-a explored in this study
(Fig. 11). Chl-a-calibrated fluorescence indeed agree with
HPLC Chl-a, with a slope of 0.85 and negative intercept of
0.13. The RMSE is 0.25 and the Chl-a-calibrated fluores-
cence values are, in general, slightly underestimated, with a
negative median RPD of−4.49 %. The coefficient of deter-
mination isr2

= 0.72 and the median APD is 32.89 %.
For gaussian profiles (red open circle), the slope of Chl-a-

calibrated fluorescence values is 0.83 with intercept∼ −0.18
and RMSE∼0.24. The Chl-a-calibrated fluorescence values
are underestimated with a negative median RPD of−9.46 %.
The coefficient of determination is ofr2

= 0.70 and the me-

dian APD is 33.69 %. For sigmoid profiles (blue open trian-
gle on Fig. 12), the slope of Chl-a-calibrated fluorescence
values is 0.44 with negative intercept of−0.13 and coef-
ficient of determinationr2

∼ 0.45. The RMSE∼0.26 and
Chl-a-calibrated fluorescence values are overestimated with
a positive median RPD of 9.42 %. The median APD is
30.22 %.

5 Conclusions and perspectives

A fluorescence profile measurement delivers in real-time and
at very high (∼1 m) resolution a proxy of the vertical dis-
tribution of Chl-a. This has to be compared with the verti-
cal resolution permitted by HPLC, one order of magnitude
lower (∼10 samples taken over a∼100 m layer) and the time
required for sampling (1–2 h) and laboratory analysis (∼1-
day). However, fluorescence is not the perfect proxy for
Chl-a, and therefore HPLC is preferred for the most accu-
rate measurements.

Here, we proposed a method to reconcile the two ap-
proaches, trying to keep the advantages of both, with the
specific and declared aim to obtain extended highly vertically
resolved and relatively accurate Chl-a profiles.

Most sensors are more or less factory-calibrated. These
calibrations rely on pure Chl-a or on phytoplankton cultures,
which are generally not very representative of in situ phyto-
plankton communities with their own light and nutrient his-
tory. Some complementary HPLC measurements have some-
times been carried out for additional calibration, but this is,
unfortunately, not the routine. Consequently, most fluores-
cence data are not fully exploited.

Our approach was first to evaluate if some information on
the shape of vertical fluorescence can be used to constrain
this profile into more quantitative terms, i.e. in Chl-a equiv-
alents.
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Fig. 10. The four steps of the calibration method for(a) gaussian profiles,(b) sigmoid profiles. Step1: the raw fluorescence profilef (z)

(black curve) is set to 0 at the bottom, the resulting profile isf0(z) (red curve). Step 2:f0(z) is fitted by the appropriate parameterization
(Eqs. 2 and 3), which giveF(z) (blue curve). Note that for both steps, the profiles are in relative units. Step 3:F(z) is calibrated in Chl-a
units (mg m−3), F c(z) (green curve). Step 4:f c(z) is the Chl-a-calibrated fluorescence profile (mg m−3) (purple curve).

The main conclusion of the present study is that rela-
tionships do exist between descriptors of the profile shape
and Chl-a. These relationships can be used in return to re-
trieve the Chl-a-calibrated fluorescence profile, without any
other external information or data. This method is self-
sufficient, as it does not require any additional ancillary vari-
ables (e.g. CTD, radiometric profile (Xing et al., 2011), satel-
lite Chl-a estimations, Boss et al., 2008).

The method proposed here relies on a dataset which cov-
ers a large range of trophic conditions from the hyperolig-
otrophic waters of the South Pacific Gyre to the eutrophic
waters of the Benguela upwelling. For given trophic con-
ditions, a certain “natural” variability characterizes the rela-
tionship between the depth-dependent shape parameters and
the Chla concentration. It was not the purpose of this study to
analyze the sources of this variability (except for the specific

www.biogeosciences.net/8/2391/2011/ Biogeosciences, 8, 2391–2406, 2011
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Fig. 11. Scatterplot of HPLC Chl-a (mg m−3) versus Chl-a-
calibrated fluorescence (mg m−3) aboveZe. The values derive from
the 10-fold cross validation on the original dataset. Red open cir-
cle for gaussian profiles and blue open triangle for sigmoid profiles.
The plain line is the line 1:1. The dashed lines are the lines 1:2 and
2:1.

and well-identified case of fluorescence quenching). As a
consequence, the parameterization proposed here, is only of
global relevance, smilarity to the Uitz et al. (2006) parame-
terization.

Finally, the robustness of the relationship between shape
and concentration may be a practical means to reconcile and
harmonize datasets from various origins in a common cur-
rency, Chl-a concentration. As such it will have the potential
to help producing large and coherent calibrated Chl-a profile
datasets by merging past data acquired using ship-deployed
fluorescence sensors to future profiles that will mostly be
acquired through sensors carried by autonomous platforms
(Claustre et al., 2010b).
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