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Ocean color data assimilation with material conservation for
improving model estimates of air-sea CO; flux

by John C. P. Hemmings', Rosa M. Barciela’ and Michael J. Bell

ABSTRACT

A nitrogen balancing scheme for ocean color data assimilation in general circulation models is
described and its potential for improving air-sea CO; flux estimates is demonstrated. Given increments
for phytoplankton, obtainable from a univariate surface chlorophyll analysis, the scheme determines
mixed layer concentration increments for the other nitrogen pools: zooplankton, detritus and dissolved
inorganic nitrogen (DIN). The fraction of the phytoplankton increment to be balanced by changing
DIN varies dynamically with the likely contributions of phytoplankton growth and loss errors to the
error in the background state. Further increments are applied below the mixed layer wherever positive
DIN increments in shallower layers would otherwise cause the creation of unrealistic sub-surface
minima. Total nitrogen at each grid point is conserved where possible.

The scheme is evaluated by 1-D twin experiments for two contrasting locations in the North
Atlantic, in which synthetic chlorophyll observations are assimilated in an attempt to recover known
system trajectories generated by perturbing model parameters. Dissolved inorganic carbon (DIC)
and alkalinity tracers, controlled by the nitrogen dynamics, determine the biological modification of
sea-water pCO; at the ocean surface. Assimilation affects DIC and alkalinity directly, the increments
being inferred from the nitrogen increments, as well as having a post-analysis effect via the dynamics.
It gives major improvements in surface pCO, at SON but less improvement at 30N where errors
in the phytoplankton nitrogen:chlorophyll ratio cause it to have a detrimental effect in summer.
Beneficial effects of nitrogen balancing are demonstrated by comparison with experiments in which
only phytoplankton and DIC are updated in the analysis.

1. Introduction

Changes in biogeochemical cycles in response to anthropogenic forcing of the global
climate system have the potential to introduce strong climate feedbacks. However, system
complexity prevents us making reliable predictions of the magnitude or even the sign of such
feedbacks at present. Biological modification of the oceanic uptake of CO, and the vertical
carbon flux within the ocean seems likely to play an important role and it is important to
improve our understanding of the processes controlling these fluxes and how they might
vary in the future. Ocean color data from satellites, now available as a continuous time-series
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with near global coverage since the launch of the Sea-viewing Wide Field-of-view Sensor
(SeaWiFS) in 1997, provide a particularly important resource in this context because of
their spatial and temporal coverage, unachievable with in situ measurements. However, the
data relate almost exclusively to the near surface phytoplankton and must be combined
with information about other components of the system to quantify net carbon fluxes. This
necessitates assimilating the data into models of the global ocean that provide a synthesis
of our understanding from theory and observation.

Present understanding of pelagic ecosystems has led to a number of ocean general circu-
lation models (OGCMs) with explicit plankton sub-models, providing different represen-
tations of the global carbon cycle (e.g. Six and Maier-Reimer, 1996; Palmer and Totterdell,
2001; Aumont et al., 2003; Gregg et al., 2003; Moore et al., 2004). The plankton mod-
els represent elemental cycles in terms of flow of material between compartments, each
compartment representing a biotic or abiotic component of the system. The number of
compartments varies between models. The degree of complexity desirable is dictated in
part by the application but the amount that can be justified in the absence of appropriate
observational constraints is also an issue (Anderson, 2005). Progress in quantifying impor-
tant feedbacks will require the development of more accurate simulation systems in which
models are constrained by earth observation data from satellite and in sifu measurements.
Sequential data assimilation procedures are needed that combine information from simula-
tions and observations to provide optimal estimates of the ocean state. In addition, because
biogeochemical models are necessarily empirical, with many constant parameters repre-
senting factors that in nature are highly variable, data assimilation has an important role to
play in improving the models themselves by constraining the values of these parameters.
Parameter estimation techniques are valuable, not only for improving individual models,
but also for allowing different models of varying complexity to be objectively evaluated
against each other in the presence of parameter uncertainty (Friedrichs et al., 2006).

Most data assimilation work in the biogeochemical modeling field to date has focussed
on parameter estimation using inverse methods. These require a large number of model
integrations, which has restricted their application to 0-D or 1-D models or short period
integrations of 3-D models of limited spatial extent or resolution. Studies are typically
based on in situ data sets from individual time-series sites (Matear, 1995; Fasham and
Evans, 1995; Prunet et al., 1996a,b; Hurtt and Armstrong, 1996; Spitz et al., 1998, 2001;
Fasham ef al., 1999, 2006; Fennel et al., 2001; Schartau et al., 2001; Friedrichs, 2002;
Faugeras et al., 2003, 2004; Dadou et al., 2004; Kuroda and Kishi, 2004; Weber et al., 2005).
Calibrated models are rarely tested at other sites so it is unclear how widely applicable the
resulting parameter sets might be. Recent North Atlantic studies have started to address
this problem by optimizing over multiple time-series sites in different parts of the basin
simultaneously (Hurtt and Armstrong, 1999; Schartau and Oschlies, 2003a,b). Oschlies and
Schartau obtained promising results from a basin-scale validation of a 3-D model calibrated
in 1-D mode with data from 3 different sites. However, model-data misfits remained much
larger than the observational error estimates.
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The need for globally applicable models and the sparse nature of in sifu measurements
makes the use of satellite data in model calibration highly desirable, ideally in combination
with data from multiple time-series sites. Some recent studies using satellite ocean color
data have explored how optimal model parameters might vary spatially. Garcia-Gorriz
et al. (2003) calibrated a 3-D model of the Adriatic Sea to fit SeaWiFS chlorophyll data
and found differences between optimal parameters for northern and southern regions. In a
similar study, in the Bay of Biscay, Huret et al. (2007) also found differences in parameter
values between different study areas. Tjiputura et al. (2007) assimilated seasonal maps of
SeaWiFS chlorophyll into a coarse resolution model of the global ocean, performing separate
calibrations for each season. When the domain was divided, assimilation of data for different
latitude regions produced different results, with assimilation of high latitude data producing
greater variance in parameter values between seasons than tropical data. Other studies using
0-D models have optimized parameters for the whole annual cycle. Hemmings ef al. (2003)
assimilated SeaWiFS chlorophyll data and in situ estimates of winter-time nitrate at points
on a 5° grid in the North Atlantic, testing their results against unassimilated data at alternate
grid points. They found that regional calibrations gave a better fit to the validation data
than that given by the optimal parameter set for the whole domain. Hemmings et al. (2004)
introduced an objective method for finding the number and geographic scope of parameter
sets that would allow the best fit to be achieved. Losa et al. (2004) investigated spatial
variation in optimal model parameters by assimilating chlorophyll data at individual points
on a similar grid using a weak constraint technique that allows for model error. Introducing
the resulting parameter variations into a 3-D simulation greatly improved the representation
of regional scale chlorophyll patterns (Losa et al. 2006). Together, these studies suggest that
any attempt to calibrate present models for the global ocean invites the prospect of obtaining
parameter sets that are a poor compromise for all locations. Allowing spatial variation in
parameter values might be a useful way of learning about model deficiencies with a view
to developing more general parameterizations.

Although the inherent uncertainties associated with plankton models have encouraged
the use of biogeochemical data for parameter estimation rather than state estimation, there
has been some progress with sequential state estimation techniques too (Armstrong et al.,
1995; Anderson et al., 2000; Popova et al., 200a,b; Allen et al., 2003; Besiktepe et al.,
2003; Hoteit et al., 2003; Losa et al., 2003; Natvik and Evensen, 2003; Magri et al.,
2005; Dowd, 2006; Torres et al., 2006; Raick et al., 2007; Gregg, 2007; Lenartz et al.,
2007). One of these, a property-conserving Monte Carlo method known as the Sequen-
tial Importance Resampling filter, has been used to estimate parameters concurrently with
the model state (Losa et al., 2003; Dowd, 2006). In this case, the parameters are not con-
strained to be invariant in time. Seasonal cycles of parameter values derived from long
hindcasts with the SIR filter could potentially replace fixed parameters in operational
models (Brasseur et al., 2005). Alternatively, the parameter time series might suggest
improved parameterizations of the ecosystem response to seasonal change in the physical
environment.
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The spatial coverage provided by satellite data makes them particularly well suited to
sequential state estimation schemes in 3-D circulation models. In early work by Ishizaka
(1990), chlorophyll data from the early Coastal Zone Color Scanner (CZCS) sensor were
used to re-initialize the phytoplankton field in an embedded NPZD model of the nitrogen
cycle. This is a type of model with 4 nitrogen compartments representing dissolved inorganic
nitrogen (DIN), phytoplankton, herbivorous zooplankton and detritus. Nitrogen, as a lim-
iting nutrient for phytoplankton growth, is one of the most important factors controlling the
carbon cycle. The analysis was multivariate, the other nitrogen variables being updated to sat-
isfy a temperature based total nitrogen criterion. Only one chlorophyll map was assimilated
and the simulation state was found to revert to that of the free running model within 2 days.

In the first truly sequential assimilation of satellite chlorophyll, Armstrong et al. (1995)
used a nudging scheme to assimilate CZCS chlorophyll data into a 7 compartment nitro-
gen cycle model of the North Atlantic. Here, the analysis was univariate. Instability in one
of the unassimilated variables led to unsatisfactory results with the 7 compartment model
but experiments with a more complex ‘multi-food chain’ version showed more promising
results. Natvik and Evensen (2003) used an ensemble Kalman filter (EnKF) to assimilate
SeaWiFS chlorophyll data into a similar North Atlantic model. The EnKF is appropriate
for biogeochemical models because of its effectiveness in simulating the evolution of mul-
tivariate error statistics in non-linear systems. However, the number of ensemble members
required in the simulation makes it computationally expensive. Multivariate assimilation of
chlorophyll allowed the system to produce a pattern of spring bloom development over the
basin that was consistent with the data. Gregg (2007) assimilated daily SeaWiFS data into a
model of the global ocean with 8 nitrogen compartments, 4 of which represented different
phytoplankton functional types. A simple univariate scheme, the Conditional Relaxation
Analysis Method (CRAM), was used and the resulting chlorophyll increments were par-
titioned between the phytoplankton types in the analysis, retaining their relative concen-
trations. Model chlorophyll was validated against satellite and in situ chlorophyll data. In
addition, primary production was validated against alternative estimates derived directly
from satellite data. Results for chlorophyll were greatly improved over the free run and
production was also improved but to a lesser extent. Nerger and Gregg (2007a) performed a
similar univariate experiment with a simplified version of the SEIK filter as a step towards
a multivariate assimilation system. The SEIK filter is an efficient ensemble-based Kalman
filter that uses a low rank approximation of the covariance matrix to describe the state
error characteristics. Static error statistics were used in this implementation. Nevertheless,
a small improvement in performance over the bias correction method was obtained for
surface chlorophyll. Further improvement was achieved with the addition of an online bias
correction method (Nerger and Gregg, 2007b). Unassimilated variables were not validated
against independent observations in any of these studies so the benefits of chlorophyll
assimilation with respect to other components of the system remain unclear.

Our focus in the present work is on estimating the air-sea flux of CO,, driven by the
pCO, difference across the air-sea interface. The primary aim of assimilating ocean color
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is therefore to improve estimates of the seawater pCO,. The biological controls on surface
pCO; result from biotic modification of the total dissolved organic carbon (DIC) and the
alkalinity by a combination of photosynthesis, respiration and calcification. In this context,
an ocean color assimilation scheme must make the best possible use of phytoplankton-
related information for correcting not just the phytoplankton biomass but all components
of the system affecting DIC and/or alkalinity.

We present here a computationally efficient scheme for balancing daily surface phyto-
plankton increments in an NPZD nitrogen cycle model. The phytoplankton increments can
be derived directly from univariate analyses of surface chlorophyll performed by existing
sequential assimilation schemes. Its potential for improving surface pCO, estimates is eval-
uated by identical twin experiments in a 1-D test-bed. The design of the scheme is described
in Section 2 and the evaluation experiments are described in Section 3. The results are then
presented and the scheme’s potential discussed.

2. The nitrogen balancing scheme
a. Principles

The nitrogen balancing scheme takes daily surface phytoplankton increments and deter-
mines surface increments for DIN, zooplankton and detritus and sub-surface increments
for all four nitrogen tracers. The nitrogen increments are added to the existing or back-
ground state to obtain an analysis state which provides the initial conditions for the next
24 h of the simulation. The scheme is designed to correct for model error arising from
inadequate representation of biological processes that transfer nitrogen between the four
nitrogen compartments. While errors in physical transport processes will also have a strong
effect on surface phytoplankton concentration, via their effects on the availability of DIN
and light and the redistribution of biomass, it is inappropriate for a biogeochemical assimi-
lation scheme to attempt to compensate for these effects. They should ideally be addressed
by improving the physical simulation and are not considered in the design of the scheme
presented here. In addition, there is no explicit treatment of errors in biogeochemical pro-
cesses affecting the sinking rate of particles or errors in biological transport processes. In
most models these are errors of omission: detritus is given a constant sinking velocity and
plankton are treated as passive tracers. The importance of such errors, relative to errors
in the inter-compartmental fluxes, will be model-dependent and is difficult to quantify at
present, so their potential impact on the scheme’s performance is unclear.

In the absence of gravitational sinking and biological transport, an ideal material con-
serving circulation model with perfect representation of advection and diffusion would
introduce no errors in the distribution of total nitrogen, irrespective of errors in the parti-
tioning of material between compartments. On this basis, balancing increments are made
in such a way that the analysis conserves total nitrogen at each grid point if possible. Grav-
itational sinking and biological transport do not affect all nitrogen pools equally and, even
if accurately represented, will interact with errors in partitioning between compartments to
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cause errors in the total nitrogen field. The scheme cannot directly correct for such errors
but aims to reduce them by making frequent corrections to the individual tracers.

The scheme uses two different local balancing models to calculate the required increments
at individual grid points. In the upper mixed layer and below, down to its maximum depth
over the last 24 hours, a local balancing model for phytoplankton increments is used to
calculate increments for the other tracers. Below the current mixed layer, the situation is
more complicated. Balancing increments made to surface DIN concentration sometimes
leave behind unrealistic sub-surface DIN minima. Sub-surface DIN increments are then
required to correct the profile, which introduces the need for a second local balancing
model that responds to DIN increments instead of phytoplankton increments.

b. Increments to nitrogen tracers in the upper mixed layer

i. Overview. The nitrogen balancing model for phytoplankton increments calculates a
time varying factor for each of the other tracers, referred to as a balancing factor, that sets
the magnitude of its surface layer increment relative to that for phytoplankton. The absolute
surface increments for DIN, zooplankton and detritus are

AN = —byAP (D
AZ = —byAP )
AD = —bpAP, 3)

where by, bz and bp, are the calculated balancing factors for each tracer. The negated balanc-
ing factors can be interpreted as estimates of the ratio of the background error covariances
to the phytoplankton background error variance. Importantly though, the balancing factors
are not independent of the background state. For nitrogen conservation

by +bz +bp =1. “4)

Eq. 4 is satisfied by the balancing factor model, subject to the availability of nitrogen at the
model grid point.

Material conservation provides a valuable constraint on the analysis but the issue of how
best to partition the balancing increments remains. The optimal solution depends on the
extent to which different processes contribute to the net phytoplankton error introduced
since the last analysis. The time evolution of the phytoplankton concentration is given by

dp

i (G* — L*)P + transport 5)
where G* is the phytoplankton specific growth rate and L*® is the phytoplankton specific
loss rate. Ignoring the effect of errors in transport, the phytoplankton error is caused by a
combination of errors in growth and loss. Over a 24 h period, growth involves primarily the
transfer of nitrogen between DIN and phytoplankton. A fraction of the nitrogen required
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Figure 1. Intercompartmental nitrogen flows in an NPZD model. The compartments representing
separate nitrogen pools are dissolved inorganic nitrogen (N), phytoplankton (P), herbivorous zoo-
plankton (Z) and detritus (D). While there are differences between different NPZD models, the flows
shown here indicate the dominant pathways. Some models do not include zooplankton grazing on
detritus (e.g. Schartau and Oschlies, 2003a). Phytoplankton growth is accompanied by an uptake
of DIN. Phytoplankton losses are dominated by grazing and mortality, a fraction of grazing being
egested as detritus. A small loss direct to DIN due to exudation may be included (not shown). In a
24 h period, a relatively small fraction of the nitrogen lost due to grazing and mortality is returned
to DIN either directly (fluxes not shown) or via zooplankton excretion and detrital breakdown.

for growth does originate from zooplankton and detritus but this only becomes significant
when DIN is low. In contrast, loss effects are dominated by the transfer of nitrogen between
phytoplankton and the combined zooplankton and detritus pools, a much smaller fraction
being transferred to DIN. (The inter-compartmental flows are shown in Figure 1.) Partition-
ing of error variance is likely to reflect the amount of nitrogen transferred by each process
so, in general, DIN errors will tend to be negatively correlated with phytoplankton error
caused by errors in the growth rate, while errors in zooplankton and detritus will tend to be
negatively correlated with phytoplankton error caused by errors in the loss rate.

The examples in Figure 2 show relative nitrogen errors in two different cases. In the first
case, growth rate errors dominate so the positive phytoplankton error is associated with a
negative error in DIN. In addition, smaller positive errors occur in zooplankton and detritus.
This is because the excess concentration of phytoplankon increases the turnover of nitrogen
from DIN to zooplankton and detritus via phytoplankton (i.e. the part of flux G* P balanced
by L*® P such that P is unaffected). The extent to which this occurs varies, depending on
the phytoplankton specific turnover rate 7°* = min (G*, L*®). In the second case, loss rate
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Figure 2. An example of relative errors in DIN (N), zooplankton (Z) and detritus (D) for the same
error in phytoplankton (P) under different conditions. (See text for details.)

errors dominate and the same phytoplankton error, now attributable to insufficient loss, is
associated primarily with negative errors in zooplankton and detritus with a small negative
error in DIN. Turnover associated with the excess phytoplankton acts to increase the size
of the DIN error and reduce the sizes of the zooplankton and detritus errors.

The variable inputs to the nitrogen balancing model are the model phytoplankton growth
and loss rates, the nitrogen tracer concentrations and the phytoplankton error estimate —A P.
It uses a two phase approach to calculate the required balancing factors. Initial approxi-
mations, referred to as pre-adjustment factors, are first determined using information about
the simulation since the last analysis together with the phytoplankton error information.
Then, in the second phase, the balancing factor estimates are adjusted, taking into account
the current background state, to satisfy a number of restrictions. The adjustment phase is
important because of the large uncertainty associated with the initial estimates.

ii. Phase 1: pre-adjustment balancing factor determination. In the first phase, the value of
the DIN balancing factor by is determined directly from the time-varying data. The sum of
the zooplankton and detritus balancing factors bz +bp is 1 — by, from the conservation equa-
tion (Eq. 4), and the relative magnitudes of bz and bp are fixed by a parameter fz such that

bz = fz(1 —bn) (6)

and
bp = (1 — fz)(1 — bn). (7N

fz is referred to as the zooplankton error fraction. Of the model error in the phytoplankton
nitrogen lost to the combined zooplankton and detritus pools and remaining therein at the
end of the 24 h period since the previous analysis, it indicates the fraction expected to
contribute to zooplankton error. f7 is prescribed as an external parameter (i.e. a parameter
specified a priori as an input to the assimilation system).
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For the purposes of deriving the initial value for by, the phytoplankton error estimate
—AP is expressed as the sum of an error component x attributed to errors in the phyto-
plankton growth rate and an error component y attributed to errors in the phytoplankton loss
rate. A model for by in terms of the unknown x and y is given by a function B, referred to as
the DIN balancing function. B(x, y) is defined in Appendix A (Eq. 20). It has a minimum
value prescribed by an external parameter Byn. Byvin indicates the fraction of the total
phytoplankton loss error expected to contribute to DIN error. This is referred to as the DIN
error fraction. (The zooplankton error fraction defined above is a fraction of the remaining
error.) B also includes a time-varying turnover term dependent on the model phytoplankton
specific growth and loss rates, denoted G§ and Lg respectively, and the model phytoplank-
ton concentration Py. The model values are those for the surface mixed layer, averaged
over the 24 h assimilation time step. They are taken to be zeroth-order estimates of the true
quantities. The unknown error components x and y are treated as particular values of two
random variables X and Y, the joint distribution of which is modeled as a time-varying
probability density function p(x, y). Like the turnover term in B, p(x, y) is dependent on
Gy, L and Py. Details are given in Appendix A.

The pre-adjustment DIN balancing factor is set to the expected value of B, conditional
on the estimated phytoplankton error:

by =E{B(X,Y, Py, G}, L) | X +Y = —AP}, (®)

where E is the expectation operator. For particular values of Py, G§ and Lg, b can be
interpreted geometrically as a weighted average of B(x, y) along the line y = —(x + AP)
in the 2-D error component space, with the weighting function given by the estimated joint
probability density p(x, y). The reason for the dependence of by on the phytoplankton error
becomes obvious if we consider, for example, the situation where the model phytoplankton
growth rate is zero. A positive error, in this case, cannot be due to excessive growth and
must therefore be wholly due to insufficient loss, whereas a negative error could be due to
errors in growth or loss. Clearly, different balancing factors are appropriate for positive and
negative phytoplankton errors.

iii. Phase 2: balancing factor adjustment. The balancing factor adjustment phase ensures
that state-dependent restrictions on the size of the balancing increments are strictly enforced,
while attempting to conserve nitrogen if possible. The restrictions are controlled by external
parameter values. Firstly, to avoid excessive perturbation of the phytoplankton specific
growth rate, DIN increments are not allowed to change the DIN limitation factor controlling
growth rate in the model by more than a specified amount, relative to the value associated
with the background state. In addition, zooplankton concentration cannot be changed by
more than a specified amount, relative to the background concentration and detritus cannot
be reduced below zero.

Adjustment of the balancing factors to satisfy the restrictions is carried out in a sequence
of steps as follows. (1) If the background DIN is too low to allow the increment implied by
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the pre-adjustment value of by to proceed, by is reduced. bz and bp are then calculated from
Egs. 6 and 7 using the new value. (2) If the background zooplankton is too low to allow
the implied zooplankton increment to proceed, bz is then reduced to transfer the excess
zooplankton increment to detritus, bp being increased accordingly to satisfy Eq. 4. (3) If, at
this stage, there is insufficient detritus to satisfy a required negative increment, bp must be
reduced, transferring the excess to the combined zooplankton and DIN pools. In an attempt
to contain the adjustment within the combined zooplankton and detritus pools, the excess
is passed to zooplankton in preference to DIN by increasing by if there is still scope for
zooplankton adjustment. (4) Any remaining component of a negative detritus increment is
transferred to DIN by increasing by instead, subject to the DIN restriction. If the restriction
must be imposed at this stage, Eq. 4 cannot be satisfied and nitrogen is not conserved.

The DIN restriction is particularly important. The parameterization of the DIN limitation
factor is model-specific but, in general, it increases rapidly with increasing DIN at low con-
centrations and saturates as DIN becomes plentiful. Basing the restriction on the limitation
factor rather than the DIN concentration per se means that it only has a significant impact
at low concentrations. Under such conditions, the recycling of organic nitrogen becomes
important for growth causing the negative correlation between errors in phytoplankton and
DIN to break down, so large DIN balancing increments are inappropriate. Critically, in fact,
they will tend to cause undesirable positive feedback by increasing the magnitude of the
growth rate errors. The DIN restriction compensates for the absence of a DIN dependent
term in the DIN balancing function B.

The zooplankton restriction forces a transfer of increment from zooplankton to detritus
when low zooplankton concentrations occur in combination with relatively large phyto-
plankton errors. This is consistent with the expectation that mortality, rather than grazing, is
likely to be the dominant loss process when zooplankton concentration is low. The restriction
compensates for the absence of a zooplankton dependency in f7.

c. Increments to nitrogen tracers below the upper mixed layer

The surface layer increments are applied down to the current mixed layer depth. Below
this depth, compound increments for each tracer are possible. These are the sum of primary
and secondary partial increments. The primary increments are based on the surface incre-
ments and are calculated using the phytoplankton-driven local balancing model described in
Section 2b. They extend the analysis updates down to the maximum depth of the mixed layer
in the last 24 hour assimilation time step, reducing the sensitivity of the vertically integrated
biomass changes to the phase of the diel cycle at which the analysis occurs. The secondary
increments are the DIN profile correction increments, together with balancing increments
to the other tracers calculated by the DIN-driven local balancing model, described below.
The basis for the secondary increments is the expectation that DIN concentrations increase
monotonically with depth throughout most of the ocean, due to light limitation of photo-
synthetic uptake. They are required only in the event that the surface-layer and primary
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increments alone would create an unrealistic sub-surface DIN minimum. The potential for
this exists whenever there are positive DIN increments in shallower layers.

i. Primary increments. The primary phytoplankton increment is the surface increment
scaled to the local background phytoplankton concentration so that the relative increment is
constant with depth, subject to the restriction that the size of the increments must decrease
monotonically with depth. The restriction avoids inappropriate updates to deep phytoplank-
ton maxima where the phytoplankton error is unlikely to be positively correlated with that
for the surface layer. Balancing increments for the other nitrogen tracers are based on the
pre-adjustment balancing factors applied at the surface. These are adjusted to satisfy the
restrictions described in Section 2b in the context of the sub-surface concentrations.

ii. Secondary increments. Non-zero secondary increments occur whenever the DIN con-
centration, after the addition of any primary increment, is still less than the analysis con-
centration for the level above, subject to the constraint that the total DIN increment must
decrease monotonically with depth. The constraint protects against inappropriate updates
to pre-existing sub-surface minima which could be due to the presence of different water
masses below the surface.

A set of secondary increments at a model grid point consists of a positive DIN increment
A N plus negative balancing increments for the organic nitrogen tracers required for nitro-
gen conservation. The low sub-surface DIN is assumed to reflect uncorrected errors due to
excessive DIN uptake by the model phytoplankton. However, it is not assumed that all of
the missing nitrogen has remained in the phytoplankton pool. The fraction will depend on
the phytoplankton loss rate in the model. Appropriate balancing increments are therefore
determined for phytoplankton, zooplankton and detritus on the basis of the loss rate, taking
into account the tracer concentrations.

The balancing increments are:

AP = —byp AN )
A Z = —byy AyN (10
A>D = —bp /AN, (11)

where balancing factors byp, byz and byp are the balancing model’s negated estimates for
the ratios of the background error covariances for phytoplankton, zooplankton and detritus,
to the DIN background error variance. Nitrogen is conserved where possible by attempting
to satisfy the equation

bop + baz + bop = 1. (12)

As in the phytoplankton-driven balancing model, a two-phase approach is used. In the
first phase, the pre-adjustment value of the phytoplankton balancing factor is given by

1
~ 1+0.5A1(1 — Buin)L§

bop (13)
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where At is the assimilation time step (24 h). The second term in the denominator is the
estimated amount of the excess uptake A, N lost to zooplankton and detritus, expressed as
a fraction of that remaining as phytoplankton A, P. This loss is taken to be proportional
to the mean phytoplankton error over the assimilation time step, estimated at —0.5A, P. A
fraction By of the loss is assumed to return to DIN over the period At. For levels below
the deepest into which the surface mixed layer penetrated over the assimilation time-step,
the 24 h average mixed layer loss rate L is replaced by the current loss rate determined
from the background state. The balancing factors for zooplankton and detritus are:

byz = fz(1 — bop) (14)

and
bp = (1 = fz)(1 — bop). (15)

In the adjustment phase, the values for the balancing factors are adjusted to satisfy the
restrictions on zooplankton and detritus reduction and a further restriction that the phyto-
plankton cannot be reduced by more than a specified factor by the secondary increment. The
maximum reduction factor for phytoplankton applies to the size of the secondary increment
relative to the intermediate concentration, i.e. the concentration present after any primary
increment has been applied. This is in contrast to the zooplankton maximum reduction fac-
tor, which is a constraint for the whole analysis and applies to the total increment relative
to the background concentration. Adjustment of the balancing factors is carried out using
rules analogous to those described in Section 2b.

d. Summary

In summary, the steps in the balancing procedure at each point on the horizontal grid are
as follows.

e Determine surface increments for DIN, zooplankton and detritus using the
phytoplankton-driven local balancing model.

* Assign surface increments to each level above the mixed layer depth.

* For each layer below the mixed layer depth (until done), assign compound increments
equal to the sum of any primary and secondary increments calculated as follows.

Primary increments, above maximum mixed layer depth only:

* Determine phytoplankton increment to match relative increment at surface, subject
to the constraint that increment decreases with depth.

¢ Determine increments for DIN, zooplankton and detritus using the phytoplankton-
driven local balancing model.

Secondary increments, where DIN concentration after the primary increment (if any) is less
than in the layer above:
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Figure 3. Two example analyses (a and b) showing the background state (open circles, joined),
analysis state (black) and the tracer values corresponding to primary increments only (grey). The
current mixed layer depth and the 24 h maximum mixed layer depth are shown for reference. (See
text for details.)

* Determine positive DIN increment needed to match layer above, subject to the con-
straint that total increment decreases with depth.

* Determine increments for phytoplankton, zooplankton and detritus using the DIN-
driven local balancing model.

To illustrate the procedure, two example analyses are shown in Figure 3. In Figure 3a a
positive surface phytoplankton increment is balanced by negative increments to zooplank-
ton and detritus. No negative increment to DIN is possible beacuse DIN is already depleted.
Below the current mixed layer some DIN is available but concentrations are low and the
sizes of the negative DIN increments are restricted, despite a relatively large pre-adjustment
DIN balancing factor. The analysis preserves the shape of the phytoplankton profile below
the current mixed layer, down to the level immediately above the pre-existing deep phyto-
plankton maximum. At the level of the phytoplankton maximum, the size of the increment
is constrained to that at the level above. The other tracer increments differ from those at the
level above because the impact of the DIN restriction is reduced as a consequence of the
higher DIN concentration.
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In the example in Figure 3b, a negative surface increment to phytoplankton is balanced
by positive increments to the other tracers in ratios given by the pre-adjustment balancing
factors. DIN concentrations are sufficiently high that the DIN restriction has no effect.
Below the current mixed layer, the primary increments to DIN are insufficient to bring its
concentration up to that at the surface, so secondary increments are required; the positive
DIN increments are balanced by negative increments to phytoplankton, zooplankton and
detritus. Below the 24 h mixed layer depth maximum, the existence of a sub-surface DIN
minimum prior to the analysis constrains the size of the DIN increment to that of the total
DIN increment at the level above. However, because primary increments are zero at this
depth, the secondary increment is larger than the secondary increment above. Phytoplankton
and zooplankton concentrations are too low to supply all of the nitrogen demanded by the
pre-adjustment balancing factors (given maximum reduction factors for phytoplankton and
zooplankton of 10 and 2 respectively), so a larger fraction of the required nitrogen is taken
from detritus at this level.

3. Assimilation experiments
a. Test-bed

An initial off-line evaluation of the material balancing scheme has been carried out
in a 1-D test-bed. The test-bed comprises a biogeochemical model forced by physical
fields from a 3-D general circulation model. Forcing data representative of 2 different
locations along the 20W meridian (30N, 50N) are used. The model is a version of the
biogeochemical component of the Hadley Centre Ocean Carbon Cycle Model (HadOCC;
Palmer and Totterdell, 2001). It is an NPZD model carrying dissolved inorganic carbon
(DIC) and alkalinity as additional tracers coupled to the nitrogen dynamics for determina-
tion of the sea surface pCO,. The carbon:nitrogen (C:N) ratio for each organic compart-
ment is fixed. The version of the model used here differs from that described by Palmer
and Totterdell (2001) in having a variable phytoplankton carbon:chlorophyll ratio, reflect-
ing acclimation of the photosynthetic apparatus to the available light and DIN accord-
ing to the model of Geider et al. (1997). In addition, it incorporates the light penetration
and photosynthesis model of Anderson (1993), some modifications to the pathways of
material resulting from grazing and mortality (Totterdell, pers. comm.) and a slow relax-
ation of DIN towards climatological nitrate (Conkright et al., 1994). Relaxation simu-
lates the effect of unmodeled horizontal DIN fluxes and only occurs below both the
1% light level and the bottom of the upper mixed layer. Model equations are given in
Appendix B.

The physical forcing fields are from a 1° global integration of the Forecasting Ocean
Assimilation Model system (FOAM; Bell ef al., 2000) assimilating temperature data in the
form of satellite sea-surface temperature and in situ vertical profiles. The biogeochemistry is
forced by daily mean solar irradiance, mixed layer depth, surface temperature and surface
salinity. The temperature and salinity affect only the derivation of pCO, from DIC and
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alkalinity and the air-sea flux of CO;. Although the diel mixed layer depth cycle from the
3-D model is removed by the daily averaging, some variation over the 24 h assimilation
time step remains as the daily means are treated as point-in-time values and interpolated
linearly. The 1-D test-bed is configured with the same depth levels (see Appendix B) and
the same model time-step (1 h) as the 3-D model. After each time step, the tracer values
are homogenized within the mixed layer. Partial mixing of the layer below the deepest fully
mixed layer introduces some diffusion between the mixed layer and the interior but there
is no explicit vertical diffusion scheme. Vertical advection is also omitted.

HadOCC biogeochemistry is included in the 3-D model and the annual cycles obtained
in the test-bed are generally similar to those in the 3-D model. However, neither have been
properly validated against biogeochemical observations at this stage. The environment for
the test-bed experiments should therefore be considered only broadly representative of
actual locations in the eastern North Atlantic, with the 30N configuration representing
oligotrophic conditions in the sub-tropical gyre and the SON configuration representing
eutrophic conditions at temperate latitudes.

b. Twin experiment design

The tests are based on identical twin experiments in which synthetic data, from arandomly
perturbed version of the model run, are assimilated. Twin experiments allow all aspects of
an assimilation system’s performance to be quantified with reference to known truths. In
experiments with real-world data, this is not possible and interpretation is made more
complicated by the presence of errors in the physical model. The effect of these errors
can seriously compromise assessments of biogeochemical schemes, with respect to their
long-term value in the context of improved physical simulations. Twin experiments provide
an analytical tool for examining the strengths and weaknesses of individual parts of an
assimilation system in isolation, avoiding the need to address all problems simultaneously.
Their main disadvantage is their reliance on assumptions about the likely errors in the
model. Here, it is assumed that much of the error is associated with the absence of temporal
variability in model parameters but there are other numerous other ways that uncertainty
could be introduced.

Trajectories representing the true system state evolution were generated by randomly
perturbing 10 model parameters during the integration (see Appendix B for details). To
allow error statistics for assimilating and non-assimilating runs to be estimated, an ensemble
of 100 possible truths was generated in this way. Each parameter was initialized from a
normal distribution with a mean p equal to the nominal parameter value (i.e. that used in
the standard run) and a standard deviation o}, of 25% of its nominal value. At the start of
each day of integration, each parameter value p was both randomly perturbed and weakly
relaxed toward its nominal value p to get a new value

p'=p+05Zo, —0.1(p — p), (16)
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where Z is a normally distributed random variable with zero mean and unit standard devi-
ation. The value p’ was then adjusted if necessary to bring it within the range p & 20,,. The
same parameter values were used at all depths.

In all assimilation experiments, increments were made to the DIC and alkalinity tracers
during the analysis to balance the increments from the nitrogen balancing scheme. For
each of the organic tracers (phytoplankton, zooplankton and detritus) a nitrogen increment
implies an associated change in carbon, given by the model’s fixed C:N ratio for that
component. Increments to DIC are applied such that total carbon is conserved at each grid
point, given these implicit carbon increments. Alkalinity is incremented in the opposite sense
to DIN, consistent with the model dynamics. Assimilation thus affects DIC and alkalinity
directly as well as having a post-analysis effect via the impact of the nitrogen increments
on the dynamics.

Assimilation results are presented in Section 4 for two complete calendar years. The
ensemble runs and the standard run, into which data from the ensemble are to be assimilated,
are all started with initial conditions extracted from 3-D model output at the beginning
of February in year 1 and allowed to run for 11 months prior to assimilation. The same
physical forcing is used for each of the 3 calendar years. Figures 4 and 5 show the true
system trajectories for 3 ensemble members for the two calendar years of the assimilation
experiments (years 2 and 3).

The data assimilated are daily mean surface concentrations from the truth ensemble
with no observation error added. The surface values for the assimilated variables are fully
corrected in the analysis so analysis errors in the mixed layer are non-zero for unassimilated
variables only. Investigation into the sensitivity of the scheme’s performance to missing
data and realistic observation errors is beyond the scope of the present paper. In the first
experiment, chlorophyll data only are assimilated and chlorophyll increments are converted
to phytoplankton increments using the nitrogen:chlorophyll ratio from the model, which is
directly proportional to its carbon:chlorophyll ratio. In later experiments, both chlorophyll
and phytoplankton nitrogen are assimilated in order to focus on the performance of the
balancing scheme itself. The external parameter values used for the nitrogen balancing
scheme are given in Table 1. Further parameter values are specified in Appendix A for the
probability model used in the pre-adjustment DIN balancing factor determination.

4. Results
a. Overall performance of the chlorophyll assimilation scheme

Figures 6-7 show the performance of the scheme for synthetic daily chlorophyll obser-
vations (Experiment A) compared with its performance when both chlorophyll and phyto-
plankton nitrogen are assimilated (Experiment B). Statistics for the free run (i.e. the standard
run with no assimilation) are also shown for reference. The first year of the assimilation
(year 2) is preceeded by 11 months with no assimilation and the second is preceeded by
12 months of assimilation. There are only minor differences in the results between years.
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Table 1. Nitrogen balancing scheme parameters.

Parameter Symbol Value
DIN error fraction BMmIN 0.1
Zooplankton error fraction fz 0.7
Nutrient limitation max. reduction factor Rq 1.1
Nutrient limitation max. amplification factor AQ 1.1
Zooplankton max. reduction factor Rz 2
Zooplankton max. amplification factor Az 2
Phytoplankton max. reduction factor* Rp 10

*Only applies to secondary increments.

A strong correlation exists between DIN and pCO, errors because of coupling between
biologically driven changes in DIN and DIC that are imposed by the fixed carbon:nitrogen
ratios of the organic compartments. The ratio of these changes varies by only a small
amount, the variation being due to different model carbon:nitrogen ratios for phytoplankton,
zooplankton and detritus (6.625, 5.625 and 7.5 respectively). The correlation breaks down
at low DIN concentrations as uptake of CO, by phytoplankton continues to draw down
DIC, which is still plentiful, but DIN concentration is determined by a balance between
uptake and positive fluxes, only some of which are biological. Positive fluxes can often be
dominated by a strong entrainment flux driven by mixed layer depth variations acting on
large DIN gradients.

The r.m.s. errors for Experiment A at 50N (Fig. 7) show major improvements in all
variables except zooplankton, with no sign of any detrimental effect. For zooplankton, the
r.m.s. errors are better than the free run in year 2 but worse in year 3. The situation is less
satisfactory at 30N. Here, pCO, errors are greatly improved during winter and spring, when
DIN concentrations are relatively high, but summer and early autumn r.m.s. errors in pCO;
are greater than those for the free run. The pattern is reflected in the DIN errors, especially
over the summer period and there are adverse effects of assimilation on phytoplankton and
zooplankton concentrations in summer too. The DIN error is largely due to a positive bias
that starts to develop over winter and reaches a peak in late spring. This is accompanied
by a negative bias in zooplankton, indicating too much transfer of nitrogen back to DIN
in the case of negative phytoplankton increments or too much transfer of nitrogen from
zooplankton to satisfy positive phytoplankton increments. There is a small positive bias in
chlorophyll (indicative of a larger bias in the background chlorophyll concentration since the
analysis error is zero), showing that negative phytoplankton increments tend to dominate.
There is actually less positive bias in phytoplankton than in chlorophyll and sometimes
the bias is reversed implying that the negative phytoplankton increments are not always
improving the model state. Certainly, there is much less improvement in phytoplankton
than at SON. Although the low latitude summer pCO, results are poor compared with the
free run, this is a period when the uncertainty associated with biological activity is low (Fig.
4) and the pCO, errors are relatively small.
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Figure 6. Ensemble bias and r.m.s. errors at 30N 20W for Experiment A: assimilating chloro-
phyll only (blue) and Experiment B: assimilating chlorophyll and phytoplankton (red). The free
run is shown in black. Statistics are shown for daily mean surface values of (a) chlorophyll,
(b) phytoplankton, (c) zooplankton, (d) detritus, (¢) DIN and (f) pCO5.

In Experiment B, model errors in the carbon:chlorophyll ratio (or equivalently nitro-
gen:chlorophyll) do not affect the analysis and assimilation improves pCO,, DIN and detri-
tus throughout the year at both stations. Zooplankton is also noticeably improved at 30N,
though not at SON. From these results it is clear that, in the twin experiment at least, model
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Figure 7. Ensemble bias and r.m.s. errors at SON 20W for Experiment A: assimilating chloro-
phyll only (blue) and Experiment B: assimilating chlorophyll and phytoplankton (red). The free
run is shown in black. Statistics are shown for daily mean surface values of (a) chlorophyll,
(b) phytoplankton, (c) zooplankton, (d) detritus, (e) DIN and (f) pCO,.

drift in carbon:chlorophyll is a major source of error. The greater variation in this ratio
at 30N is the main reason for the difference between the Experiment A results at high
and low latitudes. Nutrient limitation of phytoplankton growth at 30N strongly affects the
carbon:chlorophyll ratio, increasing its variance and that of the nitrogen:chlorophyll ratio
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dramatically. The standard deviation in nitrogen:chlorophyll over the ensemble at 30N is
0.68 mmol N (mg Chl)~!, with values ranging from 0.28 to 2.51, compared with a stan-
dard deviation of 0.10 mmol N (mg ChD)~! at 50N, with values from 0.26 to just 1.62.
The encouraging results for Experiment B show that the scheme has the potential to make
major improvements in surface pCO, estimates over a wide range of oceanic conditions if
an effective method can be found for correcting errors in the carbon:chlorophyll ratio.

b. Impact of the nitrogen balancing scheme

To examine the impact of the nitrogen balancing scheme, the combined chlorophyll and
phytoplankton assimilation was repeated with nitrogen balancing switched off (Experiment
O). In this experiment, only the phytoplankton and DIC tracers are updated in the analysis;
carbon is conserved but nitrogen is not. The results are shown in Figures 8 and 9.

The most obvious point to note is that without nitrogen balancing the DIN errors are
much worse than the free run at both stations. These errors are associated with positive
biases in the DIN concentration. Moreover, unlike the other experiments where there are
only relatively minor differences between the first and second years of assimilation, there
are much higher errors in DIN at the beginning of the second calendar year of assimilation
at both latitudes. The system does not recover over the winter from the errors introduced
by assimilation in the previous year. The positive bias in DIN is attributable to a tendency
in the experimental set-up for the free-running model to underestimate phytoplankton. In
this situation, the net effect of assimilation without nitrogen balancing is to create excess
nitrogen as phytoplankton which is recycled, mostly via zooplankton and/or detritus, to
accumulate in the DIN pool.

Importantly for air-sea CO, flux estimation, there are marked periods of negative bias
in pCO, at 30N. These seem to be caused by excess production fueled by excess DIN
in spring. There is a less dramatic effect at SON, where significant nutrient limitation of
primary production occurs only late in the summer: positive DIN biases cause negative
pCO; biases to develop here in late July. It can be seen from these results that, although
much of the improvement in pCO; is due to improvements in phytoplankton, especially at
50N, the nitrogen balancing scheme is clearly having a beneficial effect. Nitrogen balancing
is particularly important for obtaining good estimates of DIN concentration and this has
important consequences for pCO; in oligotrophic areas.

The other advantage of nitrogen balancing is local nitrogen conservation. Incidences
of non-conservation do occur during analyses but are uncommon, particularly when both
chlorophyll and phytoplankton biomass are assimilated. This is illustrated by a review of
total surface nitrogen increments. In Experiment B, there are no incidences at SON. At 30N,
the maximum total nitrogen increment is 0.016 mmol m~>. The mean increment here over
all ensemble members for the 2 year period is tiny (5 x 107® mmol m~3). Total nitrogen
increments greater than 0.001 mmol m™3 are restricted to 0.1% of analyses. In Experi-
ment A, non-conservation is more of an issue with maximum total nitrogen increments of
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Figure 8. Ensemble bias and r.m.s. errors at 30N 20W for Experiment C: assimilating chlorophyll and
phytoplankton without nitrogen balancing (cyan). Results for the same assimilation with nitrogen
balancing (Experiment B) are reproduced here for comparison (red). The free run is shown in
black. Statistics are shown for daily mean surface values of (a) phytoplankton, (b) zooplankton,
(c) detritus, (d) DIN and (e) pCO>.

1.28 mmol m~3 at 30N and as much as 2.78 mmol m~ at SON. The corresponding means
are 0.00042 mmol m—3 and 0.00017 mmol m~3. Incidences of total nitrogen increments
greater than 0.001 mmol m~ affect 2.3% of analyses at 30N but only 0.02% at SON.

Any increase in the model’s total nitrogen as a result of the non-conservative analyses is
ultimately compensated for by the DIN relaxation to climatology, avoiding a detrimental
effect on the nitrogen budget. For application in models designed to conserve total nitrogen
explicitly, some form of correction would be required for any deficit arising. If it is assumed
that the deficit is primarily the result of excessive export from the upper layers due to sinking
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Figure 9. Ensemble bias and r.m.s. errors at SON 20W for Experiment C: assimilating chlorophyll and
phytoplankton without nitrogen balancing (cyan). Results for the same assimilation with nitrogen
balancing (Experiment B) are reproduced here for comparison (red). The free run is shown in
black. Statistics are shown for daily mean surface values of (a) phytoplankton, (b) zooplankton,
(c) detritus, (d) DIN and (e) pCO».

particles, this could sensibly take the form of a small adjustment distributed over the whole
water column, maintaining relative tracer concentrations.

¢. Balancing factor adjustment

Although nitrogen balancing appears to have a beneficial effect, the individual contribu-
tions of the pre-adjustment balancing factor determination and balancing factor adjustment
phases are less clear. These have been examined in some detail with reference to Experi-
ment B. The extent of balancing factor adjustment occurring in Experiment B is examined
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Table 2. DIN balancing factor adjustments in Experiment B (surface analyses only).

30N 50N
Small AP Medium AP Small AP Medium AP Large AP
107*t0 0.1 0.1t0 0.5 107*t0 0.1 0.1t0 0.5 >0.5
mmolNm™—> mmolNm™> mmolNm> mmolNm™> mmolNm3
Number of 69429 2403 58893 9501 233
analyses
Fraction adjusted 33% 31% 5% 1% 1%
Number of -ve 22585 734 47 109 2
adjustments
Mean -ve —-0.23 —0.32 —0.32 —0.32 —0.49
adjustment
Largest -ve —0.86 —0.90 —0.84 —-0.87 -0.53
adjustment
Number of +ve 22 0 2637 17 0
adjustments
Mean +ve 0.14 - 0.30 0.01 -
adjustment
Largest +ve 0.36 - 0.60 0.05 -
adjustment

first and the effect of the pre-adjustment balancing factors is then considered in the follow-
ing section. Adjustment statistics for the DIN balancing factor by are shown in Table 2.
Table 3 shows the same statistics for adjustment of the zooplankton increment as a fraction
of the total increment to zooplankton and detritus. This fraction, referred to as the fractional
zooplankton increment, is given by

’ bz
fz= byt by a7)
It’s pre-adjustment value is the prescribed zooplankton error fraction fz(=0.7). Because the
size of the phytoplankton increment determines the sensitivity of the other tracer increments
to their respective balancing factors, any given adjustment will have a greater influence on
the model state when phytoplankton increments are large. To aid appreciation of their
significance or otherwise, the adjustment statistics are therefore tabulated according to
different ranges of the phytoplankton increment. The statistics are for all 100 ensemble
members and both years of the assimilation. Only surface layer analyses are included.
The first thing to note is that adjustment occurs only in the minority of analyses. Never-
theless, when it does occur the adjustments can be large. Negative adjustments to by occur
as a result of restrictions to the change in the model phytoplankton’s DIN limitation factor,
whereas positive adjustments occur in response to negative adjustments in the zooplankton
and/or detritus balancing factors in the case where both zooplankton and detritus increments

are restricted. Negative adjustments dominate at 30N where significant DIN limitation is
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Table 3. Adjustments to the fractional zooplankton increment fé in Experiment B (surface analyses
only).

Small AP Medium AP Small AP Medium AP Large AP
107* 10 0.1 0.1t00.5 107 t0 0.1 0.1t00.5 > 0.5

mmolNm™> mmolNm™> mmolNm™> mmolNm™> mmolNm™3

Number of 69429 2403 58893 9501 233
analyses

Fraction adjusted 1% 1% 26% 28% 80%

Number of -ve 580 19 15113 2640 187
adjustments

Mean -ve —0.42 —-0.33 —0.62 —0.66 —0.66
adjustment

Largest -ve —0.70 —0.70 —0.70 —0.70 —0.70
adjustment

Number of +ve 34 2 0 0 0
adjustments

Mean +ve 0.09 0.08 - - -
adjustment

Largest +ve 0.18 0.09 - - -
adjustment

common and, as expected, they are rare at SON where more eutrophic conditions prevail.
Positive adjustments are much more common at the northerly station.

Negative adjustments to f, occur as a result of the impact of zooplankton restrictions
on bz; positive adjustments occur in response to negative bp adjustments. Clearly negative
adjustments to f;, are much more common and at 50N there are no positive adjustments. At
either station, the negative adjustments can be large enough to remove virtually all of the
zooplankton increment implied by the pre-adjustment balancing factor. However, the result
does not imply that the fz parameter is generally too high, as the incidence of adjustment
is actually rather low. At 30N, adjustment of f;, is particularly rare (1% of analyses). At
50N, f7 is adjusted in a higher proportion of analyses, especially when the phytoplankton
increment is large.

The higher frequency of negative adjustments to f;, at SON can be explained with refer-
ence to the model runs shown in Figure 5. The annual zooplankton cycle here is characterized
by extremely low winter-time concentrations that remain much smaller than those of phy-
toplankton for a long period in early spring. The same tendency is true in the assimilation
runs, making frequent negative adjustment of b inevitable because the analysis is not per-
mitted to change the zooplankton concentration by more than a factor of two. f; is reduced
as a consequence except in cases when there is a similar or greater relative adjustment to
bp because of insufficient detritus. The imposed zooplankton restriction plays an important
role because of the scheme’s reliance on a constant fz. However, the parameter values
controlling the restriction (Rz and Az) are essentially arbitrary so the scheme’s dependence
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Table 4. Sensitivity of surface pCO; error statistics to pre-adjustment balancing factor
parameterization.

30N 50N
Bias R.m.s. error Bias R.m.s. error
Parameterization L atm L atm L atm L atm
Control (Expt. B) 0.08 0.82 0.31 2.87
No balancing (Expt. C) —-0.91 2.74 —-0.38 2.95
fz=0 0.24 1.03 0.36 3.95
fz=1 0.07 0.84 0.03 2.94
Turnover term omitted 0.03 0.80 —0.08 3.42
Pre-adj. by = 0.1 —0.26 1.04 —2.37 8.98
Pre-adj. by = 1 —0.07 1.24 —0.36 3.25
Pre-adj. by = 0.6 —-0.21 0.89 —0.93 3.61
Pre-adj. by = 0.8 -0.19 0.94 -0.17 2.90

on them is undesirable. Its behaviour suggests that it might benefit from a more sophisticated
zooplankton error fraction parameterization.

The lack of freedom to adjust zooplankton due to its low concentration explains the rel-
atively high incidence of positive by adjustments at SON. However, the incidence is low
compared with the number of negative adjustments to f,,. In most cases, the detritus factor
compensates for reduction in by, either because the zooplankton and detritus increments are
positive or because the detritus concentration is sufficiently high not to introduce a detritus
restriction. The number of positive by adjustments indicates the total number of analyses
in which a zooplankton restriction affects the DIN concentration, while the number of neg-
ative f; adjustments indicates the minimum number of analyses in which the zooplankton
increment is restricted. From the numbers in Tables 2 and 3, it can therefore be inferred that
the zooplankton restriction affects the DIN concentration in at most 14% of cases.

d. Sensitivity to pre-adjustment balancing factors

To examine the influence of the pre-adjustment balancing factor parameterization on the
results, a number of sensitivity experiments were performed with Experiment B as a control.
In Experiment B, the zooplankton error fraction parameter fz was 0.7. This value gave the
minimum pCO, r.m.s. error values at both stations independently. pCO, error statistics
for experiments in which fz was set to its minimum and maximum values, 0 and 1, are
presented in Table 4. The table also summarizes the effect of using simpler parameterizations
for by. Again, the statistics are for all 100 ensemble members and both assimilation years.
The statistics for the control experiment and Experiment C, in which there is no nitrogen
balancing, are shown for comparison.

The upper value of f7 (fz = 1) causes only a small increase in pCO; error over the control
experiment (about 2% at 30N and less than 1% at 50N) and actually reduces the overall
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positive bias, especially at the more northerly station. However, the apparent improvement
here is not due to any reduction in the positive peaks in bias occurring in May (Experiment
B in Figs. 7f and 9f) but to the development of a compensating negative bias in late summer
(data not shown). This occurs in both years of the assimilation but is greater in the second
year, reaching —2 patm and remaining below —1 patm for a period of about 40 days. Using
the lower value of fz (fz = 0) causes much larger increases in the pCO, error (26% at
30N and 38% at SON). There is an adverse impact on the positive bias too, especially in the
south where it is larger by a factor of 3.

Two alternatives to the standard parameterization of the pre-adjustment DIN balancing
factor were examined. In the first, the turnover term in the DIN balancing function (Eq. 20)
is omitted which restricts the upper bound of the balancing factor to 1. In the second, the
pre-adjustment DIN balancing factor was kept constant but treated as a tunable parameter.
Different by values were required to give the minimum pCO; r.m.s. error values for the
different stations. The optimal pre-adjustment factor at 30N was 0.6, while a factor of 0.8
gave the lowest error at S0N. The results for these values are tabulated along with those for
the minimum value (bx = 0.1) and the maximum value possible with zero turnover offset
(b =1D).

Omitting the turnover term from the DIN balancing function actually seems to have a
beneficial effect at 30N where it reduces the pCO, r.m.s. error by about 2.5%. However,
this is outweighed by a 19% increase at SON, where omitting nitrogen balancing altogether
only increases the error by about 3.5%. Interestingly though, improvements in bias over the
control are seen at both stations. The apparent improvements at SON are a consequence of
a similar temporal pattern of positive and negative bias as that described above for fz = 1
but the reduced bias at 30N is temporally more consistent, suggesting that the positive bias
here is the result of over-correction for the turnover effect.

The minimum r.m.s. error in pCO, obtainable with a constant pre-adjustment balancing
factor is greater than that for the standard parameterization used in the control experiment
by about 8.5% at 30N and 2.5% at 50N. Relatively large negative biases are also incurred at
both stations. Using extreme values increases the errors further, with a value of 0.1 giving
very poor performance at SON. For this low value, again there are large negative biases at
both stations. Much smaller biases are seen for by = 1, similar in magnitude to those for
the control but of opposite sign.

In general, the inferior performance of the constant pre-adjustment DIN balancing factor
parameterization demonstrates the value of the calculations in the first phase of balancing
factor determination. In combination with the adjustment statistics presented in the previous
section, these results show that both phases play an important role.

5. Discussion

A computationally inexpensive nitrogen balancing scheme for ocean color data assimila-
tion has been developed. Updating a model’s nitrogen variables on the basis of information
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relating to phytoplankton only is challenging. Much of the model error affecting DIN, zoo-
plankton and detritus does not affect phytoplankton directly and some of the errors that do
will cancel out leaving no evidence in the phytoplankton concentration. Even in the ideal-
ized case of a perfect phytoplankton analysis with optimal balancing factors, some analysis
error will therefore remain in the other variables. These errors can accumulate over time,
with the consequence that increments correcting for recent errors can sometimes increase
the overall error. Essentially, observations of phytoplankton properties only cannot fully
constrain an imperfect model.

Despite these inherent problems, the tests show that the nitrogen balancing scheme per-
forms well in the sense that, on average, it improves estimates for most of the biogeochemical
variables under most conditions in a way that cannot be achieved in the twin experiments by
a simple scheme without nitrogen balancing. This demonstrates that the improved perfor-
mance is not solely attributable to the improvements in phytoplankton. The results suggest
that univariate assimilation schemes could introduce much larger biases in surface pCO,
with serious implications for air-sea flux estimates. Nitrogen balancing is clearly benefi-
cial and the scheme’s performance might be further improved by optimizing its external
parameters. Although the scheme is designed to conserve nitrogen at individual grid points,
it has performed well in the presence of errors in total nitrogen caused by errors in detritus
concentration and detrital sinking rates. In real-world applications, errors in total nitrogen
will also occur as a consequence of errors in the physical simulation.

The scheme described here is a baseline scheme. Non-zero analysis error in phytoplank-
ton has not been explicitly allowed for in the calculation of the pre-adjustment balancing
factors. This is partly because of an expectation that it is often likely to be small relative
to the model error introduced during the assimilation time-step and partly because of the
difficulty in estimating its variance in advance of the scheme’s implementation in a 3-D
assimilation system. In the experiments presented here where both chlorophyll and phyto-
plankton nitrogen are assimilated, the analysis error is forced to be zero. Significant analysis
error in phytoplankton is present in the chlorophyll only assimilation experiment though
and it will certainly be present in real-world applications. Ignoring this source of error may
mean that the analysis gives excessive weight to the recent model dynamics and to cur-
rent observations. One relatively simple solution might be to carry forward pre-adjustment
balancing factors from the previous analysis and combine them with the new factors with
appropriate weightings.

It is useful to compare the approach used here with the more traditional Kalman filter
algorithm employed by Natvik and Evensen (2003). The Kalman filter uses a purely sta-
tistical approach to solving the problem of updating the unassimilated variables, while the
nitrogen balancing scheme places more emphasis on material conservation and the relation-
ship between the analysis increments and the actual background state. Natvik and Evensen
(2003) did take the model state into account though, in that their EnKF analysis was followed
by a step in which negative fields were set to zero. The EnKF analysis itself conserves the
total inventory of nitrogen (because this will be identical in all ensemble members used to
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calculate the covariances) but does not conserve nitrogen at individual grid-points. While the
nitrogen balancing scheme is designed primarily to correct for model error occurring since
the previous analysis and ignores the issue of analysis error, the EnKF treats the analysis
error explicity: the ensemble representing the error covariances is evolved using the model
to forecast the background statistics for the next analysis. Model error can be included in
the EnKF and other Kalman filter-based schemes but the model error covariances must be
prescribed.

The extent to which Kalman filter-based schemes assimilating chlorophyll only will be
able to update unassimilated variables reliably in the analysis remains to be seen. Eknes
and Evensen (2002) have shown in 1-D twin experiments that the EnKF has the potential
to handle the strong non-linearities present in biogeochemical models and is able to track
zooplankton and DIN in an NPZ model when only phytoplankton data are assimilated.
Other types of Kalman filter too have shown promising results in twin experiments where
synthetic ocean color data are assimilated into more complex 3-D models (Carmillet et al.,
2001; Hoteit et al., 2005). In real-world applications, the main problem is likely to be
the dependency of the results on the assumed characteristics of the model error. Present
understanding of the error characteristics of biogeochemical models is limited and may
inhibit the development of robust Kalman filter-based schemes. Nevertheless, the strengths
of the Kalman filter should not be overlooked and combining Kalman filter techniques for
evolving error statistics with the nitrogen balancing scheme might lead to better performance
than is possible using either method on its own.

Another state estimation technique which should be considered is four-dimensional vari-
ational assimilation (4DVAR). It has been applied with some success to non-linear problems
in atmospheric prediction, as discussed by Park and Zupanski (2003), but has yet to be eval-
uated for biogeochemical models. A 4DVAR analysis involves a weighted minimization of
the misfit between the analysis and background states and the misfit of the model forecast
for some period after the analysis time to observations within that period. The method is
efficient for non-linear problems over short time intervals. It allows dynamical constraints
from the model to contribute directly to the determination of the increments, reducing their
dependence on the specified background error covariances and the observations available at
the analysis time. Weak-constraint 4DVAR techniques can be used to allow for model error
but, as with the Kalman filter schemes, the specification of model error statistics is likely
to be a difficult issue. A hybrid scheme combining the strengths of the nitrogen balancing
scheme with those of 4DVAR is conceivable.

The susceptability of the assimilation to errors in the model nitrogen:chlorophyll ratio is
an area of some concern. In the present work, the nitrogen:chlorophyll ratio is proportional to
the carbon:chlorophyll ratio and both are controlled by a phytoplankton acclimation model,
in which the biomass specific rate of change of chlorophyll depends on the biomass specific
growth rate and the ambient light. Improvements in the DIN concentration due to chloro-
phyll assimilation have some beneficial effect on this ratio via the growth rate. However, a
more direct means of correction is desirable. Ocean color products other than chlorophyll
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may provide an effective way to address the problem. The most direct solution would be
to use ocean color-based estimates of phytoplankton carbon (Behrenfeld et al., 2005) in
conjunction with the chlorophyll product. In addition, ocean color information relating to
the light field or perhaps even to the biomass specific growth rate of the phytoplankton
directly could potentially be used to improve the performance of the acclimation model.
Any information regarding the biomass specific growth rate could also be used to improve
the nitrogen balancing scheme itself by modifying the probability model for growth and
loss error components used in the DIN balancing factor calculation.

In conclusion, assimilation of satellite ocean color data in ocean general circulation mod-
els promises great benefits in the context of efforts to monitor and predict carbon fluxes
in the global climate system. The most effective methods for combining these and other
earth observation data with models are yet to be established but it is clear that sequential
and inverse methods will both play an important role. Our initial experiments show the
nitrogen balancing scheme to be a valuable sequential assimilation tool. Such tools are best
applied to accurate models: model improvement through application of inverse methods
should improve the performance of state estimation schemes in general, by reducing bias
in the background state. For the nitrogen balancing scheme in particular, more accurate
models will also provide better estimates of growth and loss rate for estimating the optimal
DIN balancing factor. Improvements to the biogeochemical models will also be particu-
larly important in long-term forecast applications where the sensitivity to initial conditions
provided by a sequential assimilation system is low.

Acknowledgments. The authors wish to acknowledge the contribution of the referees in providing
very helpful and constructive comments. Thanks are also due to Ian Totterdell for support with the
test model and to Matt Martin, Adrian Hines, Jim Gunson, Peter Challenor and Keith Haines for their
suggestions and advice on various aspects of the work and its presentation. The work was supported
by the UK Natural Environment Research Council via the NERC Centre for Observation of Air-sea
Interactions and Fluxes.

APPENDIX A
Determination of the pre-adjustment DIN balancing factor

Three simplifying assumptions are made for the purposes of defining the DIN balancing
function B(x, y) and the phytoplankton error component probability distribution p(x, y):
(1) relative errors in phytoplankton are small, (2) variations in phytoplankton over the assim-
ilation time-step are small relative to the concentration and (3) recently entrained phyto-
plankta with significant histories of sub-surface growth and loss rates over the assimilation
period make up only a small fraction of the stock. Assumption (1) allows the interaction
between X and Y via the concentration to be ignored so they can be treated as independent
variables. The other assumptions then allow x to be related directly to the error in the mean
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phytoplankton specific growth rate and y to the error in the mean phytoplankton specific
loss rate:

x = AtPy)(G§ — G*) (18)

and

y=—AtPy(L§ - L*), (19)

where G* and L*® are the unknown true mean specific growth and loss rates for the mixed
layer.

The assumptions are largely pragmatic, being introduced in order to avoid complexity that
cannot easily be justified given the inherent uncertainties in the process of estimating opti-
mal balancing factors. They are not considered generally robust. The validity of assumption
(1) depends on the performance of the assimilating model so we might expect the balancing
scheme to perform better as the model is improved. Assumption (2) is reasonable in most
circumstances but is violated during intense bloom periods, when phytoplankton concentra-
tion may double in a day or less. Assumption (3) is based on the tendency for phytoplankton
concentration to be lower below the mixed layer than within it. It is violated during sig-
nificant entrainment of stock from a deep phytoplankton maximum or by a combination
of relatively high sub-surface concentrations with a large relative increase in the depth of
mixing over the assimilation time-step.

a. DIN balancing function

B(x,y, Py, G, L§) = ug(x, y) + (1 —ug(x, y)) Buin
+0.5A1(1 — Bun) Ty (x, y, Po. G§, L) (20)

where ug is the fraction of the phytoplankton error attributed to errors in the growth rate,
Bmin is the DIN error fraction (the expected DIN fraction of the phytoplankton loss error),
T} is the estimated phytoplankton specific turnover rate and At is the assimilation time
step. If x and y have the same sign then growth and loss errors are additive and

X

ug = .
G x+y

2L

Otherwise growth and loss errors partly cancel and ug = 1 if |x| > |y| or ug = 0 if
|x| < |y|. The last term in B is a positive offset designed to correct for the effect of
phytoplankton error on the turnover from DIN to zooplankton and detritus (with a fraction
Byin going back to DIN). The mean phytoplankton error for calculating the correction is
taken to be half that at the analysis time.
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The true phytoplankton specific turnover rate is the balanced fraction of the phytoplankton
specific growth rate, i.e. min (G*, L*). Instead of the model estimate 77 = min (Gg, Lg) a
refined estimate based on Equations 18 and 19 is used:

. x y
Te = min (G — ——, L3 : 2
! mm( 0" Arp 0t AtP()) 22)

b. Error component probability model

The joint p.d.f. p(x, y) is the product of p.d.f.s p(x) and p(y) describing the distributions
of X and Y respectively (since X and Y are treated as independent). The magnitude of the
rate errors is expected to increase as the rates increase, consistent with the model dynamics
in which both rates are products of uncertain factors. Log-normal distributions are therefore
used.

The p.d.f. for the phytoplankton error component attributed to growth rate error is

1 1 —x)—
p(x) = N < 0g(xmMAX — X) P«G) 23)
XMAX — X oG
XMAX = AZ‘P()G(.) (24)
e
ng = log (AtPoG;) -5 (25)

where N is the normal distribution with zero mean and unit standard deviation and og is
an external parameter specifying the uncertainty of the growth rate estimate. xyax is the
maximum value of x from Eq 18, occurring when the true growth rate is zero. G} is a
model-based estimate of G*:

Go2

G} =Bs + 2, G§<2Bg (26)
4Bg

G} =G§, G§>=2B¢ 27)

where Bg is a low growth bias correction parameter. G diverges from G to allow for
expected bias due to a non-vanishing error variance in a positive quantity. From Eq. 18, the
expected value of the true specific growth rate based on the distribution of X is

xmax — E(X)
At Py ’

The definition of wg (Eq. 25) equates this to Gy.
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Table 5. Probability model parameters.

Parameter Symbol Value
Low rate bias correction for growth rate estimator B 0.05d"!
Low rate bias correction for loss rate estimator BL 0.05d!
Error s.d. of estimated growth rate oG 0.2 logg units
Error s.d. of estimated loss rate oL 0.4 logg units

Similarly, for the error component attributed to loss rate error

1 I — —
p(y) = N < 0g(y — ymIN) ML) 28)
Y — YMIN oL
YMIN = —AtPyLg (29)
of
w = log (ArPyLY) — > (30)

where the external parameter or, specifies the uncertainty in the loss rate estimate. ypn is
the minimum value of y from Eq. 19, occurring when the true loss rate is zero. L7 is the
model based estimate of L*®:

o2

L

LY =P+ -2, L§<2BL (31)
4L

LY=Ly L§>=2p (32)

where Bt is the low loss bias correction at L) = 0. Eq. 30 ensures that the expected value
of the true specific loss rate
E(Y) — ymiN
At Py

is equated to Lf.
The parameter values used for the error component probability model in the present study
are given in Table 5.

APPENDIX B
HadOCC biogeochemical model
The process parameterizations and time evolution of the biogeochemistry at vertical grid
points in the test model (depths: 5, 15, 25, 35, 48, 67, 96, 139, 204, 301, 447 m) are as
specified below. Vertical transport fluxes, i.e. sinking and mixing, are omitted for clarity.

Table 6 gives the values of the model parameters. The parameterizations are described in
more detail by Palmer and Totterdell (2001).
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Table 6. Test model parameters.

Parameter Symbol Value Perturbed

C:N ratio for phytoplankton op 6.625 no

C:N ratio for zooplankton 07 5.625 no

C:N ratio for detritus Op 7.5 no

Maximum photosynthetic rate Vinax 247! yes

Initial slope of photosynthesis v o 5.56 mg C (mg Chl)~! (Em~2)~! yes
irradiance curve

Half-saturation conc. for kN 0.1 mmol N m~3 yes
nutrient uptake

Conc. dependent phytoplankton mo 0.05 d~!(mmol N m—3)~! yes
specific mortality

Phytoplankton specific respiration M 0.05d~! no

Base zooplankton I 0.05d! yes
specific mortality

Conc. dependent zooplankton W2 0.3 d~!(mmol N m~3)~! yes
specific mortality

Maximum grazing rate Zmax 0.8d"! yes

Half-saturation conc. for grazing kg 0.5 mmol N m~3 yes

Biomass-equivalent:N ratio Bp 1 no
for phytoplankton'

Biomass-equivalent:N ratio Bz 0.87 no
for zooplankton'

Biomass-equivalent:N ratio Bp 1.11 no
for detritus’

Fraction of grazed material o) 0.77 no
ingested

Assimilation efficiency Bp 0.9 no
for phytoplankton

Assimilation efficiency Bp 0.65 no
for detritus

Remineralization rate £M2) 0.1d7" (z < 100 m); 8.58/zd™" (z > 100 m) no

Nutrient relaxation rate r(z) 0(z <MLD or z < 1% It. level); 0.0167 d~! no

Carbonate precipitated per unit Yc 0.013 yes
primary prod.

Detrital sinking velocity 10md! yes

Iparameter derived from C:N ratio

Phytoplankton specific growth: G* = J(Vipax, @) Q, where J is the maximum light-
limited photosynthesis, calculated according to Anderson (1993), and Q is the DIN limita-

tion factor;

0= N
N +kn

Phytoplankton mortality: Mp = mP?; m = 0 for P <= 0.01 mmol N m~3, otherwise
m = my.

Zooplankton mortality: Mz = p\Z + poZ>.
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Grazing: phytoplankton and detritus losses due to herbivorous zooplankton activity are
Hp = hP and Hp = hD repectively, where A is the grazing rate per unit food concentration:
BzZ F?

h = ;
Fio gmasz-i-klz:

F = max (0, Fiot — Finreshold), Where Fiot = Bp P+Bp D and Fipreshold = 0.01 mmol Nm ™.
Phytoplankton specific loss: L®* = mP +n + h.

Nitrogen equations:

dpP
(G —LYP
7 ( )
= G*P — Mp— P — Hp (33)
dz
Tl ¢1(BpHp + PpHp) — M7 (34)
dD 6 0 0
= = 2(0.99Mp) + -2 (0.33Mz) + —appHp + (app — 1) Hp — \.D (35)
dt 6p 6p Op
dN 0 0
oot (1-2)099t Mp 4P+ 10674+ (1—--2)033} My
dt 6p 6p
0
+0.1(1 — ¢1)(Hp + Hp) + <1 - G—P) app Hp
D
+A\D —-G°P — F(N — Nclim) (36)

where app = 0.9(1 — ) + (1 — Bp)dr and app = 0.9(1 — ) + (1 — Bp)dr and Neji is
the climatological nitrate.

Equations for DIC (C) and alkalinity (A):

dc
= 0p(0.01Mp) + 0p1 P + 67(0.67M7)

+0.1(1 — ¢é1)(Op Hp + Op Hp) + ¢1{(Op — 62)BpHp + (Op — 62)Bp Hp}

+ OpAD — (1 + VC)OPG.P (37)
dA dN
— = —2ycOpG*P — —. 38
ar ycOp 7 (38)
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