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SUMMARY
1. The unprecedented data base of in situ data on chl and PP collected under WP.2 allowed
to establish with confidence that for both pelagic and coastal zones of the Arctic Basin
the “Behrenfeld-97” PP retrieval algorithm performs much better than the other two
tested (Behrenfeld-05 and Marra-03).
2. The “Behrenfeld” chl data for the pelagic zone provides better results than other data
sources investigated in the present research
3. The utilization for the of the BOREALI water quality retrieval algorithm for the shelf
zone provides more reliable results of chl retrieval and in combination with the
Behrenfeld-97 PP retrieval algorithm yields the best estimations of PP.
4. The PP estimations should be performed with the application of the normalization
procedure developed under the present research.
5. It is our confident estimation that PP across the entire Arctic has increased by 7% during
the 13 years of satellite observations.
6. The established trend of 13% per 13 years differs from the trends assessed by other
workers; it is following reasons:
1. They used SeaWiFS data with the outdated processing.
2.

They didn’t use the procedure of normalization

3. They applied the chl retrieval algorithms untenable for the shelf zone, and thus,
significantly overestimated chl in such waters.
Major conclusion:
Thus, the goal of Deliverable 1 is fully attained.

Data are found on
ftp://niersc.spb.ru/Monarch_A/Primary Production/
while referring to the file ‘Read Me’ (metadata) .
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Introduction
It is presently a commonly-shared opinion solidly underpinned by abounding observations
that high latitudes are suffering and will suffer across at least the 21 century much greater
warming than lower latitudes as a result of climate change (K. Hasselman et al., 2003).
The ongoing and projected climate change in the Arctic is accompanied by a host of
consequences of both physical and biological nature. Among physical aftereffects are (i) an
accelerated decline in sea ice cover (Comiso et al., 2008) associated with increasing CO2 in
the atmosphere (Johannessen, 2008), (ii) increased surface water freshening (driven by ice
melting and enhanced precipitation and river runoff), (iii) changes in mixed layer
depth/stratification (resulting from water freshening, water warming and wind action), (iv)
increased penetration of sun light into the ice-free regions of the ocean, (v) variations of
Atlantic waters inflow into the Arctic Basin, (vi) sea surface temperature increase in spring,
summer, autumn, and decrease in winter (being related to climate change-driven large-scale
atmospheric circulation), (vii) increase of cloudiness in spring and summer and its decrease in
winter (Wang and Key, 2005), etc.

D3.2.1 time series and gridded data on PP

Page: 8/49

MONARCH-A
MONitoring and Assessing Regional Climate change in
High latitudes and the Arctic
Grant agreement n° 242446

Ref: D.3.2.1
Date: 13/09/2011
Issue: 0.1

Due to alterations in air-sea CO2 exchanges and ensuing ocean acidification, (Fabry at al.,
2009; Bates and Mathis, 2009), in combination with variations of other above mentioned
physical forcings, the biological implications encompass changes in nutrients availability and
algal cell metabolism rates, shifts of phytoplankton community composition, enhancement of
primary productivity in the water column.
In turn, variations in the primary productivity rate in the Arctic affect the carbon cycle in the
atmosphere-ocean system, and ultimately, lead, through feedback mechanisms, to climate
change at the global scale. Before the onset of the Arctic region warming, the Arctic Ocean
had not been considered as a significant carbon sink because (i) extensive sea-ice cover
constrains atmosphere-ocean exchange, and (ii) levels of biological production under
perennial sea ice were considered low (English, 1961). However, under warmer conditions,
the amount of carbon sequestered by the Arctic Ocean can be expected to increase.Thus, an
adequate estimation of this increase is a task of significant importance.
Huge tracts of the Arctic Ocean and a considerable temporal and spatial variability of the
phytoplankton growth throughout the vegetation season favor the utilization of satellite
observations.
Nevertheless, a few publications appeared so far demonstrate large uncertainties in remote
determining the actual tendency in primary production (PP) decadal variations in the Arctic
(Babin and Belager, 2011). Presumably, this is due to a variety of factors, first and foremost,
(i) incomplete adequacy of PP retrieval algorithms from space. Presently, a number of such
algorithms are suggested by several authors, but not necessarily for the Arctic Ocean/high
northern latitudes.
Although the actual number of PP algorithms is much greater (Platt and Sathyendranath,
1988; Pozdnyakov et al., 1988Berthelot and Deschamps, 1994; Antoine and Morel, 1996;
Antoine et al., 1996a,b; Balkanski et al., 1999; Carr et al., 2006;.Bissinger et al., 2008; Platt
et al., 2008; Westberry et al., 2008; Kahru et al., 2009; Friedrichs et al., 2009; also refs.
therein), among the most frequently cited ones in connection with their applicability to high
latitudes are the algorithms suggested by Mara (2003), Behrenfeld and Falkowski (1997),
Behrenfeld et al. (2005) and Pabi (2008).
In the present study we analyzed the efficiency of the above algorithms making use of
SeaWiFs and MODIS data and a unique database of PP in situ determinations in the Arctic
collected by us.
It is noteworthy, that PP retrieval algorithm efficiency comparisons have been undertaken
several times in the past(e.g. Carr et al., 2006;.Friedrichs et al., 2009; Kahru et al., 2009), but
(i) not for the Arctic Ocean, and (ii) not using extensive in situ PP determinations.

1.

Characterization of the collected in situ, model simulation and spaceborne data bases
1.1.In situ data

The overall number of shipborne PP measurements at stations across the Arctic Basin
collected in our data base is about nine thousand. Exploiting the available publications
(mostly based on 29 articles and books published over the last decade, of which more than
70% of which are Russian books and papers, see refs. Vedernikov et al., 1994; Romankevich
et al., 2001; Vetrov et al., 2008; Agatova et.al., 2000; Vinogradov et.al, 2000;Vetrov et.al.,
2008; Vedernikov et.al., 2001; Vetrov et al., 2008; Burenkov et.al, 2001; Shushkina et.al.,
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1998; Vedernikov et.al., 1998; Lavoie et al., 2010; Hill et al., 2005; McGuire et al.,
2009;Vinogradov et.al., 1999; Lee et al., 2005; Wanget al., 2003; Rüdiger et al., 2004.) and
personal communications, the compiled data base covers the time period 1958-2005. More
recent in situ data are either unavailable for free access or they lack auxiliary information such
as exact geographical location, sampling depth/vertical profile, etc. Figs. 1 and 2 illustrate the
coverage of collected in situ measurements and their number for each year. In figure 1, blue,
red, yellow and green filled circles refer to data, respectivelyto the time prior to 1977 , the
time interval between 1997-1987,the time interval 1987-1997 and beyond 1997.

Figure 1. Number and layout of the in situ PP data collected for different time-periods
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Figure 2. Number of in situ PP data for each year within the time period 1958-2005.
In addition to PP in situ data (at surface and profiles), the collected database incorporated,
when available,a wealth ofcontemporaneous in situ data on a wealth of so called associated
parameters reflecting the biochemical and physical variables characterizing the photosynthetic
process (e.g. carbon production rate, µ, production-irradiance curve parameters),
phytoplankton composition, nutrients concentrations, concentration of chlorophyll and total
suspended matter, cloudiness level, sun light attaining the water surface and propagating
downward (incident and downward PAR irradiance, PAR diffuse attenuation coefficient,
euphotic depth), above water wind force and direction, mixed layer depth (MLD), water
temperature and salinity profiles, river runoff and associated dissolved carbon fluxes.
AsFigure 1 indicates, the in situ data cover not only pelagic areas (such as North Atlantic,
Russian Sector of the Central Arctic, Canadian Basin) but also peripheral seas: Barents,
White, Kara, Chukchi, Laptev, Labrador, Pechora Seas. As compared to PP, the above
mentioned auxiliary data are significantly less in number and spatially and temporally
inhomogeneous.

Table 1. List of the universities and organizations that provided in situ PP and MLD data.
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•

Arctic and Antarctic Research Institute, Russia

•

Institute of Marine Biology, Russia

•

National Oceanographic Data Center (NODC)

•

British Oceanograpthic Data Center (BODC)

•
1.2 Spaceborne data
The following SeaWiFS and MODIS ocean colour data sources were used in the present
research:
•

OceanColour SeaDAS: standard OC3/4 retrieval algorithm: Level 3 monthly averaged
data (spatial resolution - 4km - MODIS and 9km - SeaWiFS)

•

OceanColour SeaDAS/NASA GSM retrieval algorithm: Level 3 monthly averaged
data (spatial resolution - 4km - MODIS and 9km - SeaWiFS)

•

Oregon

State

University

data

set

(http://www.science.oregonstate.edu/ocean.productivity/) (Ocean Colour MEASURES
Project data (http://adsabs.harvard.edu/abs/2008AGUFMIN51B1156M): GSM +
procedure of cloudiness partial removal): Level 3 monthly averaged data (spatial
resolution - 9km). Hereafter labeled “Behrenfeld”
We have chosen these three options of ocean colour data sources in order to eventually choose
the one, which provides most reliable information.
In addition to ocean colour data, we employed space data on sea surface temperature
(Pathfinder-AVHRR
(http://www.nodc.noaa.gov/SatelliteData/pathfinder4km/userguide.html),
(http://oceancolor.gsfc.nasa.gov/)),

cloudiness

(http://www.ecmwf.int/research/era/do/get/era-interim),
project(http://www.globcolour.info)),

wind

MODIS
(ERA-INTERIM
GLOBCOLOR

(Blended

Sea

Winds

(http://www.ncdc.noaa.gov/oa/rsad/seawinds/html)). Figure 4 illustrates the time series of
satellite data downloaded and used in the present study.
In June 2008, August 2009 and 2010 SeaWiFS had performance failures, and these months
have been replaced by MODIS data (justification of this replacement see in Figure 3). And
Oregon State University data set have same problem, however, a gap in the chl data is bigger
than in Ocean color data( June, July and August 2008, all 2009 and 2010). Data 2008 and
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2009 years were replaced by MODIS data (see Figure 3 illustrating the degree of
compatibility of chl data of both origin) .

Figure 3. Correspondence between SeaWiFS and MODIS-Aqua data on the retrieved PP
across the Arctic Ocean for the year September 2007( Bhr97 algorithm).
Table 2 illustrates the size and nature of the satellite data downloaded and employed in the
present work.

Table 2. General characterization of the downloaded and employed satellite data.
Total number of

Annual observation

parameters/products

period

13 (see Table 3 for

June-September

Data size
 185 Gb

Amount of pixels
 14⋅108

specification)

Table3. List of spaceborne - and simulation – derived parameters encompassed by our
database.
Parameter
Cloudiness
Wind (speed & direction)
Mix layer depth, MLD
Sea Surface Temperature,
SST
Remote Sensing Reflectance,
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Rrs (𝜆)
Coefficient of downwelling
irradiance, Kd(490)
Depth of euphotic zone,Zeu
Photosynthetic available
radiation, PAR
Dissolved organic matter,
DOM
Lu (upwelling radiance)
Phytoplankton chlorophyll
concentration, chl
Backscattering coefficient,
bbp(440) (by GSM)
Phytoplankton absorption
coefficient, achl
Ice extent ( by SSMI)
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Chl (Oceancolor- MODIS+GSM)
Chl (Behrenfeld: – SWF+GSM)
Chl (Behrenfeld– MOD+GSM)
Chl (GLOBCOLOR- MER+ MOD
+SWF)
Chl (GLOBCOLOR- GSM+SWF)
Chl (Oceancolor - SeaWIFS+GSM)
Chl (Oceancolor - MODIS+GSM)
Chl (Oceancolor – SeaWIFS)
Chl (Oceancolor – MODIS)
Rrs (Oceancolor – SeaWIFS)
Rrs (Oceancolor – MODIS)
SST (HYCOM)
SST (Pathfinder- AVHRR)
MLD (HYCOM)
Wind (BLENDED Sea Winds)
Cloudiness (GLOBCOLOR)
Cloudiness (ERA- INTERIM)

Figure 4. Illustration of temporal distribution of the data collected in this study
1.3 Model data
Sea surface temperature and mixed layer depth data were equally employed from the
HYCOM model, which is a data-assimilative hybrid isopycnal-sigma-pressure (generalized)
coordinate ocean model (http://hycom.org/hycom/overview).
All data are presented in one Lambert azimuthal equal-area projection at a 4km spatial
resolution. Figure 5 exemplifies the raw image transformations performed before its further
processing.
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Projected data

Figure 5. Illustration of the image the projection transformations perfomed in the present
study

2. Methodology
As indicated above, the following primary productivity, PP retrieval algorithms were tested
for the pelagic and shelf regions of the Arctic Ocean: Marra et al., 2003; Behrenfeld et al.,
1997; Behrenfeld and Falkovski, 2005, Pabi et al., 2008.The basic information about these
algorithms is given below.
2.1. The Marra et al., 2003 algorithm
P(z) [mgC/m2·day]= φ·a*ph·chla·Epar(z)
where φ is the quantum yield [mol C⋅ mol photons ˉ¹];
a*ph is the chlorophyll-specific phytoplankton absorption coefficient [m²⋅(mgchla)ˉ¹];
Eparis the photosynthetically active radiation [mol⋅photons⋅mˉ²⋅dˉ¹]
Z:∈ (0-100) m

2.2

The Behrenfeld et al. 1997 algorithm

PP in the entire euphotic zone:
Peu [mgC/m2 ·day]=0.66125·PBopt·[Epar /(Epar+4.1)·Zeu·Copt·DL],
wherePBopt[mgC/mgChl·hr]=-3.2710ˉ⁸·T⁷+3.4132·10ˉ⁶·T⁶+1.348·10ˉ⁴·T⁵+2.462·10ˉ3·T⁴–
0.0205·T +0.0617·T²+0.2749·T+1.2956
Copt [mg·mˉ3] - concentration of chl atPBopt
D3.2.1 time series and gridded data on PP
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Epar=PAR[Einstein·mˉ²·dayˉ¹]
Zeu [m] = ln(0.01)/Kd(490)
2.3 The Behrenfeld and Falkowski, 2005 algorithm
Net primary production:
NPP [mgC/m·day]=Csat⋅(2 cell divisions dayˉ¹⋅{chl:Csat /0.22+(0.045-0.022)⋅e-3⋅Ig})⋅(–
ln(0.01)/Kd(490))⋅(0.66125·Epar /Epar+4.1)
where Csatand Ig defined as Csat [mgC·mˉ3]={(bb,p(443)–0.00035)⋅13,000}
Ig = Epar·e(-Κd(490)·MLD/2);Epar= photosyntheticall available irradiation
2.4 The Pabi et al.,2008 algorithm

PP [mgC/m2·day]=
G(z,t) – is the net biomass-specific phytoplankton grow rate [day-1]
G(z,t) [hrˉ¹]=Go·exp(r·T(t))·L(z,t)
Gois the maximum microalgal net growth rate at 0°°C = 0.59 day ˉ¹
r = 0.0633°°C
L(z,t)=1–exp(-EPUR(z,t)/E´k(z,t))
EPUR(z,t) [𝜇𝐸𝑛𝑠𝑡 ∙ 𝑚−2 ∙ 𝑠 −1 ] is photosynthetically usable radiation and

E`k(z, t) [𝜇𝐸𝑛𝑠𝑡 ∙ 𝑚−2 ∙ 𝑠 −1 ] is the spectral photoacclimation parameter.

The application of the above algorithms required input data, which are specified in Table 4.

Table 4.Input parameters required for the PP-retrieval algorithms that have been tested in the
present research; for simplicity reasons, the algorithms are named by the first author(where, as
above, PAR= photosynthetically available radiation; SST= sea surface temperature, Kd(490) =
downwelling diffuse irradiance attenuation at the wavelength of 490 nm; DL= day length;
bb,p= backscattering coefficient of suspended particulate matter; MLD = mixed layer depth)

Input parameter
Algorithm

chla

PAR
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SST

Kd(490)

DL

bb,p

MLD
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+
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2.5 The employed phytoplankton chl retrieval algorithms
For the ice-free pelagic (beyond the 200m isobaths) and shelf regions(inside the area bordered
by the 200m isobaths) of the Arctic Ocean (for the two types of regions delineation
seeFigure7 (Walsh et al., 2005)) we tested three available sources of data on chl, which
generally are yielded by NASA ocean colour observations, but processed differently (Figure
6). In addition, we also retrieved chl concentrations (simultaneously along with the retrieval
of concentrations of suspended minerals and dissolved organic matter) from level 3 of the
NASA SeaWiFS and MODIS-Aqua data making use of the BOREALI algorithm (Korosov et
al., 2009). Based on a combination of the Levenberg-Marquardt multivariate optimization
procedure and neural network emulation technique, the BOREALI algorithm has been
developed specifically for coastal/optically complex waters experiencing a significant impact
of land and river run-off (Korosov et al., 2009).
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Figure 6. A flow-through diagram illustrating the fluxes of chl data used as inputs for the
models discussed hereafter.

Pelagic waters

Shelf waters

Figure 7. Delineation of the pelagic and shelf zones in the Arctic Basin (after Walsh et al.
2005)

3. Preliminary investigations
3.1 Comparison of cloud flagging algorithms
As a first step, we investigated the efficiency of cloud-masking algorithms applied to NASA
ocean colour data. Figure 7 a,billustrate the areas reflecting spatial variations in chl
concentration for August 1998 provided by the “Behrenfeld” Ocean Productivity Project (8a)
and NASA OCEANCOLOR service (8b). In both cases the GSM bio-optical algorithm has
been employed. A mere comparison of the two plates unambiguously indicates that the
“Behrenfeld” cloud masking algorithm is more efficient. We also tested in the same vein the
NASA data when the OC3/4 retrieval algorithm is used. Figure/flow diagram 9 shows (for
entire 13 years of observations) that in the case of the “Behrenfeld” data the cloud-free area
exceeds that one yielded by NASA cloud masking algorithm by 43%, whereas the cloud-free
areas obtained with the NASAOC3/4 and GSM algorithms are practically equal.Thus, this
result has implied that the “Behrenfeld” cloud-masking data on chl might be preferable. This
presumption has been further tested through a series of assessments, the results of which are
given in next section.

D3.2.1 time series and gridded data on PP

Page: 19/49

MONARCH-A
MONitoring and Assessing Regional Climate change in
High latitudes and the Arctic
Grant agreement n° 242446

Ref: D.3.2.1
Date: 13/09/2011
Issue: 0.1

Figure 8a. The “Behrenfeld” cloudiness mask applied to SeaWiFS data collected over the
Arctic Basin, August 1998.

Figure 8b. The OCEANCOLOR cloudiness mask applied to SeaWiFS data collected over the
Arctic Basin, August 1998.
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Figure 9. The efficiency of cloudiness mask approaches employed by NASA and Oregon
State University (coined “Behrenfeld”)

3.2. Pelagic zone of the Arctic: Assessment of PP retrieval algorithms via a comparison
with in situ data
Figure 10 (a,b,c) illustrates the comparison ofPP retrieval results with in situ data for a
number of combinations of applied PP algorithms and input data (the latter refer to
z90,whichis the depth of sunlight penetration in the sea for remote sensing, i.e the depth above
which 90% of the diffusely reflected irradiance originates (Gordon and Mc Cluney, 1975).
Both sets of data are selected from our entire data base covering the whole period considered
in this study (1998 - 2005). The comparison covers a variety of combinations of PP retrieval
algorithms and spaceborne in situ data on chl. As seen in Figure 9, the number of points in the
scatter plots differs from case to case. This is due to the following reasons: as all algorithms
employed therein have a different number of input parameters, all parameters to be entered
suffered differently from the effect of cloud masking, therefore, some points in the
scatterplots proved left out because of by cloudmasking and, hence, have fallen from the
comparison.
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Results of comparison:
Pelagic Zone
Algorithm: Bhr 97
Input chl data: GSM-Bhr

Algorithm: Bhr 97
Input chl data – OC3

Algorithm: Bhr 97
Input chl data –GSM/NASA

a
Algorithm: Bhr 05
Input chl data –OC3/NASA

Algorithm: Bhr 05
Input chl data: GSM-Bhr

Algorithm: Bhr 05
Input chl data: GSM-NASA

Results of comparison:
Pelagic Zone (cont.-1)
Algorithm: Bh r05
Input chl data: GSM/NASA

Algorithm: Bhr 05
Input chl data: OC3/NASA

b
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Results of comparison:
Pelagic Zone (cont. -2)
Algorithm: Mara 03
Input chl data: GSM/Brh

Algorithm: Mara 03
Input chl data: OC3/NASA

c

Algorithm: Mara 03
Input chl data: GSM/NASA

Figure 10a,b,c. Results of comparison of the gridded in situ and spaceborne determinations
of monthly PP in the pelagic region of the Arctic Ocean. The types of PP retrieval algorithms
(Bhr97, Bhr05, and Mara03) and three types of spaceborne input chl data (gsm-Bhr; OC3NASA; GSM-NASA).

AsFigure 10 and Table 5 indicate that a) the algorithms suggested by Mara et al. (2003) and
Behrenfeld et al. (1997) yield the best results, with an appreciable prevalence of the latter, and
b) the “Behranfeld” chl data are much better than the NASA OC4 and GSM data.

Table 5. Statistical characterization of the comparison results presented inFigure 8 Pelagic
zone.
Option

Coefficient of correlation

Algorithm

chl input data

Bhr-97

GSM-Bhr

0.73

Bhr-97

GSM-NASA

0.64

Bhr-97

OC3-NASA

0.52

Bhr-05

GSM-Bhr

0.23
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Bhr-05

GSM-NASA

0.17

Bhr-05

OC3-NASA

0.09

Mara-03

GSM-Bhr

0.69

Mara-03

GSM-NASA

0.54

Mara-03

OC3-NASA

0.37

3.3. Shelf zone of the Arctic: Assessment of PP retrieval algorithms via a comparison with
in situ data
The southern provinces of shelf zone of the Arctic Basin encompass extensive areas
constituting a chain of coastal seas. These areas are recipients of suspended and dissolved
matter provided by land and river runoff. As a result, the optical properties of the shelf zone
differ significantly from those inherent in pelagic waters of the same basin. The difference
arises from the complex composition of shelf zone waters: unlike the pelagic waters, the shelf
zone waters accommodate, in addition to phytoplankton and their retinue, suspended
terrigenous particulate matter as well as dissolved organics. Even in the absence of
phytoplankton, their presence turns the water into a turbid medium. Like the phytoplankton,
both constituents are subsumed under the category of colour producing agents (CPAs), and
conjointly with phytoplankton configure the spectral composition of the light signal emerging
from beneath the water surface and eventually captured by a satellite sensor.
Since the OC-4 and GSM algorithms have been intended for dealing mainly with the immense
tracts of the world’s oceans (i.e. clear deep open waters), reportedly they are poorly suited for
yielding information from turbid waters rich in either dissolved organics or suspended
minerals or both (for refs. see Morozov et al., 2010).
That was a driving argument for us to employ the BOREALI algorithm and compare the PP
retrieval results with respective in situ data. As indicated in section 2.5, the BOREALI
algorithm is based on multivariate optimization method - the Levenberg-Marquardt procedure.
It consists in minimization of the residual function (the sum of squared differences between
measured and simulated spectral values of subsurface remote sensing reflectance, Rrsw
normalized to the measured Rrsw, where subsurface remote sensing is the subsurface
upwelling radiance normalized to the downwelling irradiance at the same level) by way of
going over the realistic options of the CPA concentration vector making use of the CPA
absorption and backscattering cross-sections inherent in the target water body (Korosov et al.,
2009).
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Figure 10 (a, b, c ) illustrates the comparison of PP retrieval results with in situ data for the
same as inFigure 8a input data and PP algorithms but also the BOREALI algorithm (for the
retrieval of chl as input for the Behrenfeld-97 and Mara-03 PP retrieval algorithms).

Results of comparison: Shelf Zone
Algorithm: Bhr 97
Input chl data: GSM/Bhr

Algorithm: Bhr 97
Input chl data: GSM/NASA

Algorithm: Bhr 97
Input chl data: OC4/NASA

a

Algorithm: Bhr 05
Input chl data: GSM/Bhr

Algorithm: Bhr 05
Input chl data: GSM/NASA

Algorithm: Bhr 05
Input chl data: OC3/NASA

Results of comparison: Shelf Zone (cont. -1)
Algorithm: Mara 03
Input chl data: GSM/Bhr

Algorithm: Mara 03
Input chl data: GSM/NASA

Algorithm: Mara 03
Input chl data: OC3/NASA

b
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Results of comparison: Shelf Zone (cont. -2)

Algorithm:Bhr 97+ BOREALI
Input chl data: Ocean colour/NASA

Algorithm: Mara 03+ BOREALI
Input chl data: Ocean colour/NASA

c

Figure 11. Results of comparison of the gridded in situ and spaceborne determinations of
monthlyPP in the shelf region of the Arctic Ocean. The tree types of PP retrieval algorithms
(Bhr97, Bhr05, and Mara03),and four types of spaceborne input chl data (GSM-Bhr; OC3NASA; GSM-NASA, and BOREALI algorithm).
As Figure 11 and Table 6 collectively indicate, the Bhr-97+BOREALI and Mara+Boreali
tools yield the best results whereas the data inFigure 11a and b convincingly show that the
NASA chl-retrieval algorithms as expected prove to be untenable for the shelf zone.

Table 6. Statistical characterization of the comparison results presented inFigure 11.
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Results of comparison: Shelf Zone (cont.- 3)
Statistical characterization of the comparison results
Option
Coefficient of correlation R2

Algorithm

Input chl data

Bhr 97

GSM/Bhr

0.61

Bhr 97

GSM/NASA

0.37

Bhr 97

OC3/NASA

-0.07

Bhr 05

GSM/Bhr

0.17

Bhr 05

GSM/NASA

0.12

Bhr 05

OC3/NASA

-0.15

Mara 03

GSM/Bhr

0.52

Mara 03

GSM/NASA

0.25

Mara 03

OC3/NASA

-0.11

Bhr 97 +BOREALI

GSM/Bhr

0.75

Mara 03 +BOREALI GSM/Bhr

0.73

3.4. Intermediate conclusions

Thus, the main conclusion that could be drawn from this preliminary study is threefold:firstly,
the Behrenfeld -97 PP retrieval algorithm proves to be more accurate, although the Mara-03 is
the runner-up, secondly, the “Behrenfeld” chl data are preferable rather than the NASA OC
3/4, and GSM, thirdly, the BOREALI bio-optical algorithm is significantly more appropriate
for the retrieval chl concentrations in the shelf zone.

4. Investigation of multi-year PP trends in the Arctic Basin.

4.1. Necessity of PP data normalization
Since the ice- and cloud-free area across the Arctic Ocean varies from both month to month
and interannually, the retrieved cumulative monthly and annual PP should be normalized to
the area surface, within which it is generated. The area to which the PP values were
normalized each month and year was calculated as follows: first, the ice-free area was
quantified. At the second step, the regions within the ice-free area masked by clouds were,
however, employed by assuming that PP values within these regions can be taken as mean
ones typical of the area according to multi-year estimations for another years (when it was
cloud-free) and the same month. This approach has been exploited in the present study.
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4.2. Mixed Layer Depth data source
For the Behrenfeld-05 algorithm data on MLD is required. In this regard we analyzed three
sources of information: 1. MLD data available in the website:
http://orca.science.oregonstate.edu/1080.by.2160.monthly.hdf.mld.merge.php, 2. in situ data
collected at station Mike Research Vessel, and 3. the latest version of the HYCOM simulation
data.

TOPAZ MLD (m) data; example:
September 2009

Figure 12. Illustration of the TOPAZ MLD data simulated for September 2009 for a segment
in the Arctic Ocean. The scale colour bar is in meters.

The results of MLD simulations are exemplified inFigure12 for September 2009. AsFigure 12
indicates, MLD values across the selected sector of the Arctic vary between ~ 5 and 35 m
with a prevalence of 15-25 m depths. Specifically, the value of MLD for the station Mike
Research Vessel is 15 m.
We exploited a few sources of MLD data, namely, model simulations by HYCOM, model
data
taken
fom
the
“Behrenfeld”
site
(http://www.science.oregonstate.edu/ocean.productivity/tops.mld.html). For the assessment of
model data we employed TS curves reported from the station of the Mike Vessel for the
period 2002-2009 (summer time months) in conjunction with the data on global climatology
Montegud (http://www.lodyc.jussieu.fr/~cdblod/mld.html). As it was mentioned in the
previous section, all model data were reprojected onto our geographical projection. Two
simulation products obtained with HYCOM were at our disposal: a) fields calculated with the
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density gradient step of 0.03kg/m3, b) fields calculated with the SST gradient step of 0.03°C.
According to McLaughlin et al., 2005, the typical for the Arctic MLD values are less than 20
m. The counterpart MLD values calculated according to the temperature gradient vary
between 40-70 m. Obviously, the use of the later data is unreasonable in view of their
incorrectness.
As to the MLD data taken from the Behrenfeld website, they are merged global data produced
by
a
wealth
of
model
calculations.
About
10
models
(http://www.science.oregonstate.edu/ocean.productivity/tops.mld.html) were used to this goal.
However, due to differences in the grid sizes (or the absence of the required data at high
latitudes), or else sufficiently rough grid dimensions, merging of the data from the 10 models
at high latitudes has not been performed. As a result, the “Behrenfeld” MLD data are teeming
with many inconsistencies.
The HYCOM data (calculated according to the density gradient), as well as the “Behrenfeld”
and Montegud data were compared by us for one and the same station, namely the station of
the weather vessel Mike. The TS curves were provided to us by A. Smirnov (2011). Using the
equation, coined US-80, (it was established on the basis if analyses of more than 2000 water
samples and eventually became universally used for assessing the marine water state) we
calculated monthly mean profiles of water density and then, based on the water density
gradient = 0.03, retrieved the MLD values. The described comparison is illustrated in Figures
13.

(a) HYCOM

(b)“Behrenfeld”
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(c) Montegud

Figure 13. A comparison of MLD values yielded by Hycom, “Behrenfeld” and Montegud
(see explanations in the text)
The scatterplots in Figure 13 explicitly indicate that the HYCOM data (calculated according
to the water density gradient) are in a better compliance with the data from the weather vessel
Mike. Therefore in our PP calculations we adopted the data provided by HYCOM.
Nevertheless, the HYCOM data (being better than the other two) proved to be
underestimating MLD. Therefore it is reasonable to conclude that the Behrenfeld-2005, even
with underestimated MLD values yields incorrect PP values and, hence, should not be
employed for the Arctic.
4.3. Multi-year PP trends: pelagic zone.
Within the study of multi-year annual PP trends, we further investigated the issue of
normalized and unnormalized PP. This was done for a set of PP retrieval algorithms, and chl
input data.
4.3.1. Unnormalized annual PP
AsFigure 14 and Table 7 illustrate, the unnormalized PP data result in both increasing and
declining trends depending on the combination of PP retrieval algorithms and chl input data.
Rising trends resulted from the combination of a) GSM-NASA and b) GSM-Bhr chl input
data with any of the three PP retrieval models (with the higher positive trend for GSM-Bhr chl
input data). A negative trend resulted, also with any of the tree PP retrieval models, from OC3
chl input data.
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Investigation of multi-year PP trends: pelagic zone (cont.-1);
Unnormalized annual primary production of pelagic zone;
Sensor: SeaWiFS, input chl data: OC3, PP models: Bhr 97, Bhr
05, Marra 03

a

Comparison of
Unnormalized annual primary production of the pelagic zone
(sensor: SeaWiFS, input chl data: GSM/NASA; PP models: Bhr
97, Bhr 05, Marra 03)
b
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Unnormalized annual primary production of the
pelagic zone (sensor: SeaWiFS, input chl data
GSM/Brh; PP models: Bhr 97, Bhr 05, Marra 03)
c

Unnormalized annual primary production of the
pelagic zone (sensor: SeaWiFS, input chl data
OC 3, GSM/NASA, GSM/Bhr; PP model: Bhr 97
d

Figure 14. Pelagic zone of the Arctic. A comparison of multi-year trends when exploited
unnormalized annual PP for different combinations of input data and PP retrieval models
(details are specified on the plates).
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Table 7. Comparison of trends in annual PP for the entire pelagic zone of the Arctic Ocean
(unnormalized PP data)

Pelagic Zone: Comparison of PP trends
(% per 13 years); Sensor: SeaWiFS; unnormalized
case
PP retrieval algorithm
Input chl data
Bhr 97

Bhr 05

Marra 03

OC 3

9.7 %

- 19%

-10.8%

GSM / NASA

+11.3%

+5.4%

+18.4%

GSM / Bhr

+26.6%

+36.1%

+27.9%

4.3.2. Normalized annual PP

AsFigure 15 and Table 8 illustrate, like in the case of unnormalized case, only the option of
NASA OC4 chl input data results, for all three PP retrieval models, in negative trend (varying
within -8.8% -16%). The Bhr-GSM and NASA-GSM chl input data yielded positive trends
within the interval of +0.9% - + 16.8%.
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Normalized annual primary production of the pelagic

zone (sensor: SeaWiFS; input chl data –

OC3/NASA;
PP models: Bhr 97, Bhr 05, Marra 03)
a

Normalized annual primary production of the pelagic

zone (sensor: SeaWiFS; input chl data: GSM/NASA;
PP models: Bhr 97, Bhr 05, Marra 03)
b
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Normalized annual primary production of the pelagic

zone (sensor: SeaWiFS, input chl data: GSM/Bhr; PP
models: Bhr 97, Bhr 05, Marra 03)

c

Normalized annual primary production of the

pelagic

zone (Sensor: SeaWiFS; input chl data:

OC 3,
GSM/NASA, GSM/Bhr; PP model: Bhr 97)
d
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Normalized annual primary production of the

pelagic zone
(sensor: SeaWifS; input chl data: OC 3, GSM/NASA,
GSM/Bhr; PP model: Bhr 05)
e

Normalized annual primary production of the

pelagic zone
(sensor: SeaWiFS; input chl data: OC 3, GSM/NASA,
GSM/Bhr; PP model: Mara 03)
f

Figure 15. Pelagic zone of the Arctic. A comparison of multi-year trends when exploited
normalized annual PP for different combinations of input data and PP retrieval models (details
are specified on the plates).
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Table 8. Comparison of trends in annual PPfor the entire pelagic zone of the Arctic
(normalized PP values)

Pelagic Zone: Comparison of PP trends
(% per 13 years); Sensor: SeaWiFS
PP retrieval algorithm
Input chl data
Bhr 97

Bhr 05

Marra 03

OC 3

- 8.8 %

- 16%

-10.4%

GSM / NASA

+9.3%

+0.9%

+14%

GSM / Bhr

+10.5%

+16.8%

+10.7%

4.4 PP trends: shelf zone
AsFigure 16shows, the normalized annual PP production when assessed with the BOREALI
chl retrieval algorithmapplied to Ocean colour L3 level data, is lower than the other chl
retrieval algorithms tested in this study, which is most certainly due to the facility of the
BOREALI algorithm to assess more accurately the concentration of chl in turbid waters, in
which the light signal is contaminated with unwanted contributions from suspended minerals
and dissolved organic matter.
Table 9 displays the values of trends determined for cases of different input chl data and PP
retrieval algorithms. The first eye-catching detail: trends in unnormalized PP are
unrealistically high. But even in the case of normalized PP the respective trends are possibly
also too high. Secondly, the OC3 algorithmresults in negative PP trends for all PP retrieval
algorithms investigated. Thirdly, the case when the BOREALI chl-retrieval algorithm is
applied yields the most realistic result with the Behrenfeld-97 PP retrieval model.
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Shelf annual primary production
(sensor: SeaWifS, input chl data: GSM/Bhr;
PP model: Bhr 97)

a

Shelf annual primary production
(sensor: SeaWifS, input chl data: GSM/NASA
PP model: Bhr 97)

b
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Shelf annual primary production
(sensor: SeaWifS, input chl data: OC3/NASA
PP model: Bhr 97) (without BOREALI)

c

Shelf annual primary production
(sensor: SeaWifS, input chl data: GSM/Bhr, GSM/NASA,
OC3/NASA; PP model: Bhr 97 + BOREALI); Normalized results

d
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Shelf annual primary production

(sensor: SeaWifS, input chl data: OceanColour; PP
model: Bhr 97+ BOREALI); Normalized results

e

Figure 16. Shelf zone of the Arctic. A comparison of multi-year trends when exploited
normalized annual PP for different combinations of input data and PP retrieval models (details
are specified on the plates).

Table 9. Comparison of trends in annual PP within the shelf zone
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Shelf Zone: comparison of multi-year trends
(% per 13 years)
Sensor: SeaWiFS
PP retrieval algorithm
Input chl data
GSM/Bhr

GSM/NASA

OC3/NASA

OceanColour +
BOREALI

Bhr 97

Bhr 05

Mara 03

Normalized

+ 19.8 %

+ 11,6
%

+ 8.2 %

Nonnormalized

+ 62,3%

+ 54.5 %

+ 46.2 %

Normalized

+9%

- 0.6 %

- 11.3 %

Nonnormalized

+ 47.7 %

+ 21 %

+ 18 %

Normalized

- 4.4 %

-19.3 %

- 16.1 %

Nonnormalized

+ 24.2 %

- 5.9 %

+ 7.9 %

Normalized

+ 5.4 %

- 4.7 %

- 9.1 %

Nonnormalized

46 %

0.5 %

9.63 %

4.5. Trends in annual PP for the entire Arctic

Pan-Arctic PP; Sensor: SeaWIFS; Input chl data
OC3, GSM/Bhr, GSM/NASA( with BOREALI
for shelf zone); PP model- Bhr 97
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Investigation of multi-year PP trends: entire Arctic Basin;

Sensor: SeaWIFS; pelagic zone - PP retrieval algorithm Bhr
97, input chl data : OC3, GSM/Bhr, GSM/NASA; for shelf
zone – PP retrieval Algorithm Bhr 97+ BOREALI, input data:
Ocean colour

Figure 17. Illustration of the importance of utilization of the BOREALI retrieval algorithm
for the assessment of interannual variations in the annual PP in the Arctic (reflection of the
contribution of the shelf zone in the entire PP throughout the Arctic)
Table 10. Entire Arctic:a comparison of multi-year PP trends (% per 13 years); sensor:
SeaWiFS;PP retrieval algorithm: Bhr 97; normalized data.

Entire Arctic: comparison of multi-year trends
(% per 13 years); Sensor: SeaWiFS; PP retrieval
algorithm: Bhr 97; normalized data
Input chl data
Pelagic Zone

Shelf Zone

GSM/Bhr
GSM/NASA

OceanColour + BOREALI

OC4/NASA

D3.2.1 time series and gridded data on PP

Trend
Normalized

Nonnormalized

+ 7.2 %

+ 30.5 %

+7.4 %

+ 24.6 %

- 3.2 %

+ 6.5 %
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Table 11. Comparison of spaceborne PP trends in the Arctic Basin established in the present
study and by other workers

Comparison of trends (% per time period) calculated by
us (normalized data; sensor: SeaWiFS) with the trends
published in the literature for the entire Arctic Basin

Author

Input
data

Time period of Trend
observations

Bhr 97

GSM/Bhr

1998-2010

+ 7.2 %

Arrigo 10

OC3

1998-2008

+ 36 %

Pabbi 08

OC3

1998-2006

+ 28%

4.6. Summing up and concluding remarks

Table 12. Summarization of spaceborne PP trends per 13 years and their statistical
significance for the pelagic and shelf zones as well the entire Arctic Basin for different input
data on chl (sources and normalized/nonnormalized options) and with the application of
different PP retrieval algorithms
Pelagic Zone

Bhr97

Bhr05

Marra03

Trend Significance Trend Significance Trend Significance
OC3

NASA

Normalized

-8.8%

87%

-16%

99.6%

10.4%

80%

Unnormalized

9.7%

85%

-19%

99.9%

10.8%

70%

Normalized

9.3%

83%

0.9%

65%

14%

80%
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GSM

Unnormalized 11.3%

Bhr
GSM

73%

5.4%

45%

18.4%

77%

10.5%

80%

16.8%

73%

10.7%

60%

Unnormalized 26.6%

97%

36.1%

93%

27.9%

90%

Normalized

Shelf Zone

OC3

NASA
GSM
Bhr GSM

BOREALI

NASA
GSM
Bhr

Bhr 05

Marra 03

Trend

Significance

Trend

Significanc
e

Trend

Significance

Normalized

-4.4%

40%

-19.3%

99%

-16.1%

90%

Unnormalized

24.2%

90%

-5.9%

55%

7.9%

50%

Normalized

9%

25%

-0.6%

10%

-11.3%

70%

Unnormalized

47.7%

95%

21%

90%

18%

73%

Normalized

19.8%

80%

11.6%

55%

8.2%

40%

Unnormalized

62.3%

99.7%

54.5%

98.5%

46.2%

98%

Normalized

5.4%

40%

-4,7%

50%

-9.1%

60%

Unnormalized

46%

93%

0.5%

10%

9.6%

35%

All Arctic
(Pelagic zone
+ Shelf
BOREALI)

OC3

Bhr 97

Bhr 97

Bhr 05

Marra 03

Trend Significance Trend Significance Trend Significance

Normalized

-3.2%

40%

12.7%

97%

-9.7%

83%

Unnormalized

6.5%

55%

15.1%

99.5%

-3.3%

15%

Normalized

7.4%

65%

-1.4%

10%

0.8%

12%

Unnormalized 24.6%

93%

4%

40%

14.1%

60%

76%

8.2%

55%

-2%

20%

Normalized

7.12%
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15.7%

80%

Analyses of composite Table 12 permits to make the following conclusions:
7. The unprecedented data base of in situ data on chl and PP collected under WP.2
allowed to establish with confidence that for both pelagic and coastal zones of the
Arctic Basin the “Behrenfeld-97” PP retrieval algorithm performs much better than the
other two tested (Behrenfeld-05 and Marra-03).
8. The “Behrenfeld” chl data for the pelagic zone provides better results than other data
sources investigated in the present research
9. The utilization for the of the BOREALI water quality retrieval algorithm for the shelf
zone provides more reliable results of chl retrieval and in combination with the
Behrenfeld-97 PP retrieval algorithm yields the best estimations of PP.
10. The PP estimations should be performed with the application of the normalization
procedure developed under the present research.
11. It is our confident estimation that PP across the entire Arctic has increased by 7%
during the 13 years of satellite observations.
12. The established trend of 13% per 13 years differs from the trends assessed by other
workers; it is following reasons:
4. They used SeaWiFS data with the outdated processing.
5.

They didn’t use the procedure of normalization

6. They applied the chl retrieval algorithms untenable for the shelf zone, and thus,
significantly overestimated chl in such waters.
Major conclusion:
Thus, the goal of Deliverable 1 is fully attained.
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