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ABSTRACT

Remote sensing has several applications in the study of
the carbon cycle, amongst which the estimation of
marine primary production. This paper shows how to
adapt the Vertically Generalised Production Model
(VGPM) — originally developed for the open ocean by
Behrenfeld and Falkowski — for application to the
North Sea, a shallow marginal coastal sea containing
Case 1 waters in the north and Case 2 waters in the
south. VGPM describes a relationship between depth
integrated primary production (PP.) and maximum
chlorophyll-a normalized carbon fixation rate (PBopt),
sea surface daily PAR (E;), surface chlorophyll
concentration derived by satellite (Cy,), euphotic depth
(Z,) and photoperiod (Dy,). Input for these variables
can be derived with remote sensing. PP, from VGPM is
a MODIS Primary Productivity Level 4 product that has
been brokered as the standard product. Results from
regressions of chlorophyll derived from remote sensing
(Cqr) and  chlorophyll derived from in situ
measurements (C;;) show the HYDROPT MERIS CHL
product to perform better than the MODIS standard
CHL product. In this paper we are using the VGPM
model with optimal parameterisation for the North Sea:
Cqt and Z, estimation from MERIS HYDROPT. We
are currently assessing the impact on the PP, result,
which might have important consequences on the
perceived role of the North Sea in the carbon cycle.

1. INTRODUCTION

There is a growing concern about the present rapid
increase of temperature and acidity of the North Sea and
its effects on the marine ecosystem. Rates of many
biological processes will severely be affected, leading to
major biological changes of the North Sea in a high-
CO, world. Notably the seasonality and spatial
distribution of major bloom forming algae will change.
Changes in weather patterns leading to changes in wind
mixing and nutrient run-off will also affect the spatial
distribution of algal blooms and the algae species

involved. These changes in primary production of
pelagic algae have consequences for the higher trophic
levels (zooplankton, benthic fauna, fish fauna) in the
North Sea [12].

An estimation of primary production (PP) from ocean
colour remote sensing is relevant for the study of the
carbon cycle and it’s sensitivity to global change [6, 5].
To derive PP various approaches have been attempted
[15, 4]. It was already shown that the oceanic primary
production can be computed from satellite information
of the chlorophyll pigment concentration and
temperature [8]. Furthermore, satellite-based primary
productivity rates can be compared with estimates of
export production and vertical carbon fluxes by a global
ocean circulation, biogeochemical model [9]. However,
within the shallow Southern North Sea matters are
complicated by suspended sediments. First, the turbid
waters decrease penetration of incoming sunlight, thus
allowing less photosynthesis by algae. Second, the
signal of suspended sediment particles is also registered
by the satellite sensor and needs to be resolved from the
chlorophyll-a signal of the algae. In addition, waters
with significant river water component and/or strong
local biological activity often exhibit absorption by
Coloured Dissolved Organic Matter (CDOM). Note that
the contribution of coastal seas in the storage of CO, via
a mechanism called the continental shelf pump is known
to be relatively high [23]. The North Sea is well-
investigated — in situ data and ecological models are
available [D3, 14, respectively] — and has a well-known
Case 1 and Case 2 component.

There are multiple families of daily primary production
models [3], that all consider marine net primary
production as the amount of carbon that is
photosynthetically fixed by phytoplankton, but that
differ in their level of integration over time, depth and
wavelength. Intercomparison experiments for these
models [8, 9] demonstrated that one of the earliest and
simplest models, the VGPM type of model, delivered
results that were on par with the more sophisticated



depth- and wavelength-depended models. PP from
Behrenfeld and Falkovski’s [4] Vertically Generalised
Production Model (VGPM), which comprises an
estimate  of  chlorophyll  concentrations  and
photosynthetic efficiencies has been used as standard
MODIS products for all oceans: MODIS Primary
Productivity Level 4 product brokered as Pl in
MOD27W (Terra) and MYD27W (Aqua) through
NASA in collaboration [R2], currently by Oregon State
University [R3] and Rutgers University [R1]. Therefore,
as a first approach to understand the failures and success
of any satellite PP products in Case 2 waters, our
research started with the implementation of a modified
VGPM model, and this paper aims to show how to
parameterise VGPM for the North Sea.

The model is given by:

PPeu = O66125.Po§t .i'zeu 'Co t .Dirr (1)
E,+4.1 v

PP, Daily C fixation integrated from the surface to
Ze, (mg C m?)

P’ Maximium C fixation rate within a water
column (mg C (mg CHL) " h'™")

E, Daily Photosynthetically Active Radiance

(PAR) (mol quanta m™)

Physical depth receiving 1% of E, (m)

Chlorophyll conc. at Poﬁt (mg CHL m™)
Photoperiod (decimal h)

In this paper we aim to parameterise this model entirely
with model and satellite measurements. We used the
MERIS HYDROPT approach [17] by which we
implicitly couple a radiative transfer (RT) model to the
model of primary production. MERIS has optimal band
settings for good retrieval of chlorophyll concentrations
(Csar). HYDROPT, a physically-based algorithm derives
several bio-physical parameters (i.a. Cg) from
reflectance spectra measured by the MERIS instrument
and was calibrated and validated with apparent and
inherent optical properties of the North Sea. Our
approach differs from [21] because we also estimated
Z., using this RT model, HYDROLIGHT. We end with
comparing it with the original MODIS standard PP
product

2. DATA AND METHODS

We have been performing 1) a stepwise evaluation of
the principal variables (input parameters), which led to
2) parameterisation with customised MERIS products.
Subsequently, 3) PP  results from several
parameterisations were compared. Finally, 4) our
adapted final primary production product will be
presented in a MapServer application on the Internet.

2.1. Data

2.1.1. Parameterisation with MODIS and validation
of input parameters

First we parameterised VGPM with MODIS L3 CHL
data, and Z. from [16], which is more or less the
“standard” VGPM approach [R2, currently R3 and R1].
In a first customisation we applied an empirical
relationship between Z, and chlorophyll and TSM from
in situ measurements of the Dutch North Sea, which is
probably more suitable for Case 2 waters. We validated,
and made a sensitivity analysis of the input parameters
for the North Sea, which stimulated us to apply MERIS
parameterisation.

2.1.2. Parameterisation with MERIS and comparison
with MODIS VGPM products

Subsequently, VGPM was parameterised with MERIS
CHL and MERIS Kp output from a MERIS CHL
algorithm (HYDROPT) that was particularly designed
and validated for the North Sea (EU-REVAMP) [17].
This approach is illustrated by Fig. 1.
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Figure 1. Flowchart showing how to derive depth
integrated primary production.

Specification of datasets used:
Poﬁt Modelled as a function of a MODIS Aqua
Level 3 mapped 8 day (daynr 73-80 in 2007) 4

km Sea Surface Temperature (SST) composite
[D1];



E, SeaWiFS Level 3 mapped 8 day (2007 daynr
73-80) 9 km Photosynthetically Active
Radiation (PAR) data [D2];

Z,, as a function of MERIS (14-21 Mar 2007) Kp
derived with HYDROPT;

Copt from Cg, in this case MERIS (14-21 Mar 2007)

chlorophyll  concentration derived  with
HYDROPT;
D, Modelled as a function of Julian day and

wr
latitude.

Data from the Ocean Productivity pages [R3] were used
to see if our PP result falls within the same order of
magnitude as the standard VGPM results.

2.2. Implementation

Several Matlab programs were created for automated
handling and processing of the stacks of matrices
(-hdf’s) that we retrieved by ftp using the North Sea
specific parameterisation of VGPM. For:

P’ " the latest SST composite was downloaded, the

research area (62 to 48 NB, -4 WL to 12 EL
converted to L3 row and column) was cut-out,
conversion of scales values using slope and
intercept was applied, and a polynomial [4]

t
was used to calculate Py”" ;

E0 PAR data were downloaded, the research area

was cut out, the scaling values were converted,
and the 9 km data were resampled to 4.63 km
data;

Z 13 individual MERIS L2 MEGS 7.4 / IPF 5.02

eu
datasets were processed to Kp (for various
MERIS wavelengths) with HYDROPT (see
Fig.2, and [17], the results were averaged and
converted to Z, by applying 4.6/ MERIS Kj
(average) [11, p. 22];

C the same 13 individual MERIS L2 MEGS 7.4 /

opt
IPF 5.02 datasets were processed to CHL with
HYDROPT (see Fig 2, and [17]) and binned,
mapped and resampled, to 8 day geometric
mean L3 products;
D, for each cell in the research area day length (in

dec. hours) was calculated as a function of
latitude, longitude, date and time [11, pp 35-
40].

A program converts the resulting .mat files into ASCII
grid files [10], and copies those to an UMN MapServer
[13]. The web application WATeRS-PP is currently
(Apr 2007) being constructed, will be updated weekly,
and allow open and interactive interaction by all [10].
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Figure 2. Flowchart illustrating retrieval of Kp and
CHL with HYDROPT (after [17]).

3. RESULTS
3.1. Validation of input parameters

[8] showed that the best-performing PP model was able
to reproduce '*C-based in-situ measurements within a
factor of 2. Therefore, input parameters were validated
with in situ measurements to get a grip on uncertainty in
our North Sea PP estimates and the main cause of this
uncertainty (Table 1).

. PBOpt in VGPM was derived from Sea Surface
Temperature (SST). In situ SST measurements [D3]
correlated well with the MODIS Level SST
(r*=0.97), with a minor underestimation of 6%. The
net effect of the 6% underestimation of SST is a 5%
underestimation of PB(,pt and primary production.

e Daily PAR (E() and photoperiod (D;,) are VPGM
parameters that are quite robust and have small
errors for the North Sea, such as (Table 1). The
SeaWiFS Level 3 PAR standard product compares
well to in situ spectral irradiance measurements
near the Isle of Texel [D4] r*=0.98, although there
is a 9% overestimation.

e Comparing Cg from standard MODIS and
customised REVAMP MERIS chlorophyll product
with in situ measurements shows MERIS to
perform better, which justifies parameterisation
with MERIS as reported in the next section. Cgy
from MERIS using the HYDROPT algorithm
performed well in North Sea waters according to
validation for 19 stations in Dutch waters [D3]
1’=0.90, but underestimates concentrations by 12%.



In summer periods, when stratification occurs in the
Northern part of the North Sea, the surface values
can be different from the chlorophyll

Table 1. Validation of input parameters

concentrations at the depth of maximum production
in the column (C,) [24].

2

description period n regres. equation r bias RMSE range is range rs
Input for PBopt: MODIS Level 3 Sea Surface Temperature 8-day standard product

Case land2  2003-2006 462 y=1.03x-0.812 0.97 -0.06 091 3.96 - 20.57 1.57 - 20.24
Case 1 only  2003-2006 46 y=1202x-2.501  0.88 -0.07 128 6.83 - 14.37 2.72 - 15.64
Case2only  2003-2006 416  y=1.025x-0.76 0.98 -0.06  0.85 3.96 - 20.57 1.57 - 20.24
Input for Eq: SeaWiFS Level 3 daily integrated PAR 8-day standard product

Texel (NIOZ)  Jul-Dec 2003 15  y=0981x+1.775 098 0.09 3.15 2.67-55.12 3.46 - 51.39
Input for C: Cgye from MODIS Level 3 sea surface chlorophyll-a 8-day standard product (geom. mean per location)

Case land2  2003-2006 60  y=1.165x"% 0.78 0.23 1.38 0.59 - 8.02 0.61 -7.54
Case 1 only  2003-2006 47 y=1389x"" 0.67 0.13 0.13 0.59 - 0.75 0.61 - 0.95
Case2only  2003-2006 13 y=1.193x"¥ 0.59 0.27 1.58 1.78 — 8.02 2.22-7.54
Input for Cyp: Cyye from MERIS REVAMP Level 3 sea surface chlorophyll-a 8-day (geom. mean per location)

Case land2 2003 62 y=1.031x"% 0.90 -0.12 113 0.7 - 8.64 0.69 -5.21
Case lonly 2003 49  y=0.934x"7 0.81 -0.05  0.12 0.7-1.27 0.69 - 1.19
Case 2 only 2003 13 y = 1.253x%7 0.85 -0.15 129 1.58 - 8.64 1.81-521

3.2. Parameterisation with MERIS and comparison
with MODIS VGPM products

Fig. 3 shows first results of MERIS parameterisation
(top left) versus adapted North Sea MODIS
parameterisation with local Z, estimate (top right) and
standard VGPM for March 2006 (bottom left) and April
2006 (bottom right). Notice that in these very first
results, products from different periods are being
compared, but that they have similar units. (Standard
products for 2007 were not yet available through the
Internet.) Through incorporation of SPM, primary
production in the top figures is lower than in the bottom
figures. This effect is especially noticeable for known
regions of high turbidity such as the Thames estuary and
Flemish Banks.

4. DISCUSSION

The adapted product still can contain other sources of
uncertainty or error. Is the PBOpt for the Northern (Case
1) and Southern (Case 2) part of the North Sea
sufficiently reproduced by the SST approximation? [4]
Already stated that less than half of the variation in PBopt
was explained by the temperature polynomial. Another
issue is the reliability of the depth integration and use of
Zey * Cgy to represent the PP in the water column? [24]

showed the importance of deep chlorophyll maxima in
the Northern North Sea.

Progress in these fields, and closure in Carbon budgets
attempted for oceans by [2] and for the North Sea a link
to [23] is now hampered by the limited availability of
validation material that is collected within the time-
frame of the present ocean colour sensors (1997- now).
"C measurements are not (easily) available for the
North Sea. Fortunately, chlorophyll-specific
photosynthesis-irradiance ~ parameters of  natural
plankton for multiple areas and at different month were
collected in the early 1990°s [7, 19]. However, these
data show that the P-I curves (PP, o) in coastal
waters vary widely, and are only partly related to
directly available environmental parameters, such as
SST. Operational use of fully automated FRRF systems
[20] might be a step forward to validate our products.

In conclusion, this paper reports on a first attempt to
adapt a standard PP algorithm for the North Sea. In this
paper we report on the possibilities of MERIS to
improve estimates of Z, and Cgy, particularly for the
Case 2 waters, but work on quantifying the
improvement is still needed. A next step could be to
consider the influence of TSM and CDOM on PBopt. The
link to modelling and data assimilation is needed to
further quantify carbon fluxes [1, 18, 22].



.

100 1080 1100 1120 1140 1160 1180

180

190

200

210

220

230

a L] 1000 1500

1040 1060 1080 1100 1120 1140 1160

Figure 3 Primary production from MERIS 8d 14-21 Mar 2007 (mg C m™ day™) (tl), adapted MODIS 2003-2005 (g C m”

REFERENCES

Ashworth, M., Proctor, R., Holt, T.J.,, Allen, JI. &
Blackford, J.C. (2001) Coupled Marine Ecosystem
Modelling on High-Performance Computers. In:
Zwieflhofer, W & Kreitz, N., (eds.) Developments in
Teracomputing: Proc. of the Ninth ECMWF Workshop on
the Use of High Performance Computing in Meteorology.
(World Scientific, London), pp. 150-163.

Behrenfeld, M.J., Boss, E., Siegel, D.A. & Shea, D.M.
(2005).  Carbon-based  ocean  productivity  and
phytoplankton  physiology  from  space.  Global
Biogeochemical Cycles 19.

Behrenfeld, M.J., & Falkowski P.G. (1997). A consumer's
guide to phytoplankton primary productivity models.
Limnol. Oceanogr. 42(7), 1479-1491.

year™) (tr), standard VGPM Mar 2006 (bl), and Apr 2006 (br) (both in mg C m™ day™). (Note the differences in scale bars.)

Beherenfeld M.J. &  Falkowski, P.G. (1997).
Photosynthetic ~ rates derived from satellite-based
chlorophyll concentration. Limnol. Oceanogr. 42(1), 1-20.
Behrenfeld, M.J., O’Malley, R.T., Siegel, D.A., McClain,
C.R., Sarmiento, J.L., Feldman, G.C., Milligan, A.J.,
Falkowski, P.G., Letelier R.M., & Boss, E.S. (2006).
Climate driven trends in contemporary ocean productivity.
Nature 444 (7120), 752-755.

Behrenfeld, M.J., Randerson, J.T., McClain, C.R.,
Feldwam, G.C., Los, S.O., Tucker, C.J., Falkowski, P.G.,
Field, C.B., Frouin, R., Esaias, W.E., Kolber D.D. &
Pollack, N.H., (2001). Biospheric primary production
during an ENSO transition. Science 291, 2594-2597.

Bot, P.V.M. & Colijn, F. (1996). A method for estimating
primary production from chlorophyll concentrations with
results showing trends in the Irish Sea and the Dutch
coastal zone. ICES J. Mar. Sci. 53, 945-950.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Campbell, J, Antoine, D., Armstrong, R., Arrigo,K., Balch,
W., Barber, R., Behrenfeld, M., Bidigare, R., Bishop, J.,
Carr, M.-E., Esaias, W., Falkowski, P., Hoepffner, N.,
Iverson, R., Kiefer, D., Lohrenz, S., Marra,J., Morel, A.,
Ryan, J., Vedernikov, V., Waters, K., Yentsch, Ch. &
Yoder, J., (2002). Comparison of algorithms for estimating
ocean primary production from surface chlorophyll,
temperature, and irradiance. Global Biogeochemical
Cycles 16(3)

Carr, M.-E., Friedrichs, M.A, Schmeltz, M., Aita, M.N.,
Antoine, D., Arrigo, K.R., Asanuma, I., Aumont, O. ,
Barber, R. , Behrenfeld, M., Bidigare, R., Buitenhuis, E.T.,
Campbell, J., Ciotti, A., Dierssen, H., Dowell, M., Dunne,
J., Esaias, W., Gentili, B., Gregg, W., Groom, S., Hoepner,
N., Ishizaka, J., Kameda, T., Le Quere, C., Lohrenz, S.,
Marra, J., Melin, F., Moore, K., Morel, A., Reddy, T.E.,
Ryan, J., Scardi, M., Smyth, T., Turpie, K., Tilstone, G.,
Waters, K. & Yamanaka, Y. (2006). A comparison of
global estimates of marine primary production from ocean
color. Deep Sea Res. 53, 741-770.

Eleveld, M.A., Wagtendonk, A.J., Pasterkamp, R. & de
Reus, N. (2007). WATeRS: An open Web Map Service
with near-real time MODIS Level-2 standard chlorophyll
products of the North Sea. Int. J. Rem. Sens. 28(10), in
press.

Kirk, J.T.O. (1994). Light and photosynthesis in aquatic
ecosystems. Cambridge Univ Press, New York (NY).
McQuatters-Gollop, A., Raitsos, D.E., Edwards, M.,
Pradhan, Y., Mee, L.D., Lavender, S.J., Attrill, M.J., 2007.
A long-term chlorophyll data set reveals regime shift in
North Sea phytoplankton biomass unconnected to nutrient
trends. Limnol. Oceanogr. 52(2), 635-648.

Mitchell, T. (2005). Web Mapping Illustrated (Using Open
Source GIS Toolkits). (O’Reilly, Sebastopol (CA)).

Moll, A. & Radach, G., (2003). Review of three-
dimensional ecological modelling related to the North Sea
shelf system. Part 1: models and their results. Progr.
Oceanogr. 57, 175-217.

Morel, A. (1991). Light and marine photosynthesis: A
spectral model with geochemical and climatological
implications Prog. Oceanogr. 26, 263-306.

Morel, A. & Berthon, J.-F. (19890. Surface pigments, algal
biomass profiles, and potential production of the euphotic
layer: Relationships reinvestigated in view of remote-
sensing applications. Limnol. Oceanogr. 34, 1545-1562
Pasterkamp, R. & Van der Woerd, H.J. (accepted).
HYDROPT: A fast and flexible method to retrieve
chlorophyll-a from multi-spectral satellite observation of
optical-complex coastal waters. R.S. Env.

Schlitzer, R. (2002). Carbon export fluxes in the Southern
Ocean: results from inverse modeling and comparison with
satellite-based estimates. Deep-Sea Res. 11 49,1623—1644.
Shaw P.J. & Purdie D.A. (2001). Phytoplankton
photosynthesis-irradiance parameters in the near-shore UK
coastal waters of the North Sea: temporal variation and
environmental control, Mar. Ecol. Prog. Ser. 216, 83-94.
Smyth, T.J., Pemberton, K. L., Aiken, J. & Geider, R.J.
(2004). A methodology to determine primary production
and phytoplankton photosynthetic parameters from Fast

21.

22.

23.

24.

Repetition Rate Fluorometry. J. Plankton Res. 26, 1337—
1350.

Smyth, T.J., Tilstone, G.H. & Groom S.B., 2005.
Integration of radiative transfer into satellite models of
ocean primary production. JGR 110, C10014.
Triantafyllou, G., Korres, G., Hoteit, 1., Petihakis, G. &
Banks, A.C., (2006). Assimilation of ocean colour data
into a Biochemical Flux Model of the Eastern
Mediterranean Sea. Ocean Sci. Discuss. 3, 1569—-1608
Thomas, H., Bozec, Y., Elkalay, K. & De Baar, H., 2004.
Enhanced open ocean storage of CO2 from shelf sea
pumping. Science 304, 1005— 1008.

Weston, K., Fernand, L., Mills, D.K., Delahunty, R. &
Brown, J. (2005). Primary production in the deep
chlorophyll maximum of the northern North Sea. J. of
Plankton Res. 27, :909-922

5.1 Consulted Ocean Primary Productivity Resources

RI.

R2.

R3.

Behrenfeld, M., (GSFC) and, IMCS (Rutgers University),
(2007). IMCS Ocean Primary Productivity Team's (OPPT)
home page. http://marine.rutgers.edu/opp/ (Last Accessed
Apr. 2007).

NASA, (2006). Ocean Primary Productivity (OPP) Study.
http://opp.gsfc.nasa.gov/home.html (Last Accessed Sept
2000).

O'Malley, R., (2007). Ocean Productivity.
http://web.science.oregonstate.edu/ocean.productivity/
(Last Accessed Apr. 2007).

5.2 Used data products

D1.

D2.

D3.
. Wernand, M.

Feldman, G.C., McClain, C.R., (2007a). Ocean Color
Web, MODIS Aqua mapped 8 day 4 km SST product.
Reprocessing v 1.1. In: Kuring, N., Bailey, S. W. (eds.)
NASA Goddard Space Flight Center. 20 Apr 2007.
http://oceancolor.gsfc.nasa.gov/ftp.htm

Feldman, G.C., McClain, C.R. (2007b). Ocean Color Web,
SeaWiFS mapped 8 day 9 km PAR. Reprocessing v 5.1.
In: Kuring, N., Bailey, S. W. (eds.) NASA Goddard Space
Flight Center. Apr. 2007.
http://oceancolor.gsfc.nasa.gov/ftp.htm

Rijkswaterstaat (2007). Waterbase. www.waterbase.nl
(2003). In situ spectral irradiance
measurements near the Isle of Texel.



