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The oceanic distributions of oxygen, dissolved nutrients and carbon are
strongly affected by the production of particulate material near the ocean
surface and its subsequent remineralization during sinking or after deposi-
tion on the sea-floor. Dissolved nutrient data can thus be used to derive the
rate constants of biogeochemical processes responsible for the observed fields
using inverse modeling. Here, a global ocean circulation model is presented
that exploits the existing large sets of hydrographic, oxygen, nutrient and
carbon data and determines rates of export production and vertical parti-
cle fluxes that are compatible with the concentration data. The model is
fitted to the property concentration data by systematically varying circu-
lation, air-sea fluxes, production and remineralization rates simultaneously.
The adjoint method is applied as an efficient tool for the iterative opti-
mization procedure and produces simulated property fields that are in very
good agreement with measurements. The globally integrated export flux of
particulate organic matter necessary for the realistic reproduction of nutri-
ent observations is significantly larger than export estimates derived from
primary productivity maps. Discrepancies are largest in oligotrophic, open-
ocean areas, where the model export fluxes are up to a factor 6 higher than
values based on primary productivity estimates of Berger [1989]. This model
result is in line with a recent investigation in the subtropical North Pacific
that also revealed high open-ocean fluxes. Model export production values
are in much closer agreement with estimates based on satellite pigment data
in most regions except in the Southern Ocean, where the satellite derived
export fluxes seem to underestimate the carbon export significantly.

1. INTRODUCTION

vertical concentration gradients with low nutrient and

Biogeochemical processes in the ocean strongly af-
fect marine nutrient, carbon and oxygen distributions
and act as a pump [Volk and Hoffert, 1985] producing

Inverse Methods in Global Biogeochemical Cycles
Geophysical Monograph 114
Copyright 2000 by the American Geophysical Union

107

carbon levels in surface water and high concentrations
below. The low surface concentrations are caused by bi-
ological productivity in the sun-lit euphotic zone which
uses the dissolved nutrients for the formation of partic-
ulate material (primary production PP). A fraction of
the particles sinks out of the euphotic zone (export pro-
duction EP), and nutrients are subsequently returned to
the dissolved pool in intermediate, deep and bottom wa-
ters by particle decomposition (remineralization) during
sinking in the water column or after settling on the sea-
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floor. The lowering of surface water carbon concentra-
tions due to the biological pump is a crucial factor that
determines surface water pCO, values and ultimately
controls atmospheric CO, concentrations.

Because of the large potential impact on the atmo-
spheric CO, budget and on global climate, determining
the strength of the biological pump, e.g., the magnitude
of the export flux, has been a high priority research goal
for a long time. Two main experimental approaches
have been developed: (1) the direct measurement of the
vertical particle flux with moored or drifting sediment
traps [Honjo et al., 1982; Deuser et al., 1995; Wefer
et al., 1982] and (2) estimation of primary or export
production from surface water chlorophyll concentra-
tions obtained from satellites [Antoine et al., 1996].

Sediment trap measurements are point measurements
and are strongly influenced by the large temporal and
spatial variability of production and particle flux events
[Wefer et al., 1982; Deuser et al., 1995; Fischer et al.,
1988]. Therefore, mean export production rates for
larger regions or on global scale, as required for cli-
mate studies, are difficult to obtain from trap data.
Also, results from shallow traps (needed to estimate
the export flux) have been questioned because of sus-
pected low trapping efliciency. Satellite observations
provide a global view, however, estimates of export
fluxes from satellites have large uncertainties because
the optical sensors only probe a thin surface layer and
deeper chlorophyll maxima often found by towed in-
struments are missed. Additionally, the conversion of
chlorophyll concentrations into vertical particle fluxes is
difficult and relies on a very limited number of regional
calibration studies.

Here, a very different approach is taken to estimate
marinc export production and particle fluxes as func-
tions of depth. The basic principle was proposed and
applied by Riley [1951], who realized that the observed
nutrient and oxygen distributions can be used to de-
termine the biogeochemical rate constants that create
the property distributions. In contrast to nutrient sim-
ulations using forward models (see section 3.2 below),
the estimation of physical or biogeochemical rate con-
stants from concentration data is commonly referred to
as inverse calculations. Since his work, the amount and
quality of available data has increased tremendously,
and advances in computer technology and numerical
methods now allow detailed studies on a global scale
dealing with many particle species and the large vari-
ety of measured properties simultaneously.

The model strategy described below employs the ad-
joint method to determine flows (physics) and produc-

tion as well as remineralization parameters (biogeo-
chemistry) that explain the global hydrography and
the measured concentration fields of dissolved nutrients,
carbon and oxygen best. The problem is formulated as
a constrained optimization and the solution is found it-
eratively. It should be noted that in contrast to ecosys-
tem models [e.g., Fasham et al., 1990] that attempt to
describe the complicated interactions and feedbacks of
biological food-webs, in the present case the processes
leading to the formation and export of particles or the
processes leading to their subsequent remineralization
are not modeled explicitly. Instead, production or rem-
ineralization rates are only constrained by the require-
ment to reproduce the observed property distributions
realistically.

In this paper the adjoint method is described from
an application point of view. For more background in-
formation on the adjoint technique see the article by
Giering [1999] and the literature cited in section 3.4.

2. DATA

Measurements of dissolved oxygen and nutrients in
seawater are nowadays performed routinely on most
oceanographic expeditions. Measurement procedures
have been automated over the time, and reliability and
accuracy of the data has been steadily improved. It is
remarkable that even some early field programs from
the 1920s have produced oxygen and phosphate values
of good quality using the simple techniques and limited
resources of their time. Figure 1 shows a map of sta-
tions containing quality controlled top-to-bottom phos-
phate observations for the global ocean. This dataset
(more than 14,000 stations) is a subset of the avail-
able historical database and covers the time from 1910
to the present with the largest number of stations be-
tween 1950 and 1990. In general, data coverage is good
except for inaccessible polar regions where the available
data are seasonally biased with summer data dominat-
ing over few winter observations. Data density (and
quality, in the case of nitrate) are poorer for silicate,
nitrate, carbon and alkalinity, but still sufficient to re-
construct the respective large-scale distributions.

For an overview over nutrient fields in the ocean, Fig-
ure 2 shows temperature, salinity, oxygen, phosphate,
silicate and £CO, data along the GEOSECS West At-
lantic track. The plots were produced by interpolat-
ing the original GEOSECS data [Bainbridge, 1980] us-
ing the Ocean Data View software [Schlitzer, 1999]. It
can be seen that, in general, concentrations of dissolved
phosphate, silicate, and carbon (Figures 2d-f) are low
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Figure 1. Map of stations with quality-controlled, top-to-bottom phosphate data.

near the surface and much higher in intermediate, deep
and bottom waters. These strong vertical concentration
gradients are the result of the biological pump [ Volk and
Hoffert, 1985]: biological productivity in the sun-lit eu-
photic zone uses dissolved nutrients for the formation
of particulate material which sinks through the water
column and is slowly remineralized at depth, thereby
returning the nutrients back to the dissolved pool. The
anti-correlation found between oxygen and phosphate
(see the pronounced oxygen minimum between 200 and
1000 m depth in the tropics corresponding with phos-
phate maxima at the same locations) supports this in-
terpretation because remineralization of organic parti-
cles not only releases phosphate but also uses oxygen.
Comparing the individual plots in Figure 2 shows
that the vertical structure is different for the different
nutrients. Whereas highest phosphate values (associ-
ated with low oxygen concentrations) are found in the
upper part of the water column (maxima at about 700 m
depth), the highest silicate and XCO; values are found
near the bottom. This indicates that the depths of rem-
ineralization of organic material, opal and CaCQj3 dif-
fer greatly. Dissolution of organic material that affects
phosphate, oxygen and ¥CO; but not silicate is obvi-
ously occurring mainly above 1000 m depth, but opal
(affecting silicate) and CaCOj3 (affecting £CO; and al-
kalinity) seem to reach greater depths and are probably
mainly remineralized after settling on the sea-floor.
Figure 2 also indicates that, in addition to the biogeo-

chemical processes described above, the nutrient distri-
butions are influenced by the effect of ocean circulation.
This is most clearly seen for the Antarctic Intermedi-
ate Water (AAIW) which is characterized by low salin-
ity values and relatively high nutrient concentrations in
its source area. AAIW carries this signature along its
northward path into the Atlantic at about 900 m depth
(see low salinity tongue at this depth) and the nutri-
ent maxima at this depth therefore must partly be due
to the horizontal advection of nutrient rich water (see
also section 4 below). The effect of advection is also
seen for the Antarctic Bottom Water (AABW) carry-
ing high nutrient concentrations northward and for the
thick layer of North Atlantic Deep Water (NADW) be-
tween roughly 1500 and 4000 m depth transporting low
nutrient characteristics southward.

In summary it can be concluded that almost a cen-
tury of ocean observations has produced a large set of
oxygen, nutrient and carbon data (in addition to the
detailed hydrographic fields) that clearly contain the
effects of biological production near the surface and
particle remineralization at depth. Finding the biogeo-
chemical fluxes and rate constants that generated the
observed property distributions is a major task requir-
ing a numerical model of the marine biogeochemical cy-
cles that also (for reasons explained above) includes the
three-dimensional ocean circulation. Such an approach
is described below.

It should be noted that the method of inferring ma-
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rine production rates and particle fluxes from ocean
concentration data differs fundamentally from other ap-
proaches that either use direct particle flux measure-
ments with sediment traps or ship and/or satellite ob-
servations for estimating surface productivity. Figure 3
shows oxygen profiles from two nearby stations in the
tropical east Atlantic that show a pronounced oxygen
minimum zone at about 500 m depth caused by rem-
ineralization of particulate organic material from the
high-productivity coastal upwelling area to the east.
Although there is a time-span of more than 60 years
between the measurements, the observed oxygen values
for the two occupations agree remarkably well, indicat-
ing that the signals in the property fields are stable
over time and represent the integral response of many
blooms and particle lux events over many years. This
contrasts with the high spatial and temporal variabil-
ity of individual production events as seen in sediment
trap, ship and satellite data. Particle fluxes and pro-
ductivity rates based on nutrient distributions thus rep-
resent long-term average values complementing the di-
rect measurements from which average values can not
be easily determined because of the spatial and tempo-
ral variability.

3. MODEL

As described above, determining particle fluxes and
near-surface production rates from nutrient concentra-
tion data requires a biogeochemical model that also in-
cludes the ocean’s 3-D circulation. Here, the global
model of Heras and Schlitzer [1999] is used that has
already been fitted to global hydrographic fields. The
general model strategy is based on Schlitzer [1993], and
more details can be found there and in Schlitzer [1995).
In the following, the model grid is briefly described and
then the extensions with respect to biogeochemical cy-
cling and the application of the adjoint technique for
the optimization of the model are explained in detail.

Overall goal of the model calculations is to find a
steady global ocean flow field (representing the clima-
tological mean circulation) and mean export produc-
tion as well as remineralization fields for three parti-
cle classes: (1) organic material (Corg), (2) opal and
(3) CaCOj3. To be considered optimal, the calculated
velocities must have velocity shears that are close to
geostrophic shear estimates and simulations of hydro-
graphic and nutrient distributions using model flows
and biogeochemical parameters must reproduce the re-
spective observations closely. The adjoint method pro-
vides the means that drive the model to the desired
state.
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Figure 3. Oxygen profiles for two stations in the Cape

Verde Basin. Note that oxygen concentrations are almost
unchanged between the two occupations.

3.1. Model Grid

Figure 4 shows the model grid used for the present
study. Note that the grid is non-uniform with horizontal
resolution ranging from 5x4 degrees longitude by lati-
tude in open ocean areas to 2.5x2 degrees in regions
with narrow currents (Drake Passage, Atlantic part
of the Antarctic Circumpolar Current, Indonesian and
Caribbean archipelagos), along coastal boundaries with
strong currents (Florida Current, Gulf Stream, Brazil
Current, Agulhas Current, Kuroshio), over steep to-
pography (Greenland-Iceland-Scotland overflow region)
and in areas with pronounced coastal up- or down-
welling. In all cases the refinements are implemented in
the direction of the strongest property gradients (usu-
ally perpendicular to fronts and currents) to better
trace changes in ocean properties.

The model has 26 vertical layers, with thickness pro-
gressively increasing from 60 m at the surface to ap-
proximately 500 meters at 5000 m depth. Realistic to-
pography is used, based on the U.S. Navy bathymetric
data and averaged over grid-cells. Model depths over
ridges and in narrow channels are adjusted manually
to respective sill or channel depths. The model has
three open boundaries, along which ocean properties
and transports are prescribed in each model layer. They
are located at the exit of the Mediterranean Sea, Red
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Figure 4. Variable resolution model grid used for this study. Note that resolution is increased in

regions with narrow boundary currents, in coastal upwelling areas and over steep topography (bottom

topography is indicated by gray-shading).

Sea aud Persian Gulf. These three marginal seas are
not modeled explicitly, but their impact on the global
circulation is taken into account.

The model grid described above represents a compro-
mise between the desire to resolve ocean currents and
productivity patterns as closely as possible and the large
computational burden imposed by the optimization pro-
cedure used to drive the model towards the observa-
tions (sce below). Given present computer resources
this required a relatively coarse model grid. Using vari-
able resolution in the horizontal has the advantage to
allow better representation of smaller scale features at
least in some crucial parts of the model domain without
the need to accommodate the higher resolution over the
whole model domain. Overall, resolution of the present
model is much coarser compared to eddy-resolving dy-
namical models but is comparable to or better than that
used in other models applied for global ocean biogeo-
chemical and circulation studies [ Yamanaka and Tajika,
1996; Maier-Reimer, 1993; Rahmstorf, 1995).

3.2. Model Parameters and Equations

A schematic diagram of a vertical model column ex-
tending from the sea-surface down to the respective bot-
tom depth is shown in Figure 5. Model property val-
ues are defined at the centers of the grid-boxes whereas
flows are defined on the interfaces (Arakawa C-grid).

Formation of particulate material is occurring in the
top two model layers with the top layer contribut-
ing 75% and the second layer contributing 25% of the
total production. The bottom of the second model
layer is considered the base of the euphotic zone (here:
zpz=133 m). Particle fluxes below the euphotic zone
are assumed to decrease with depth according to

jp(2) = a(z/zpz)™" (1)

This functional relationship is commonly used for or-
ganic material [Suess, 1980; Martin et al., 1987; Bishop,
1989], here it is also applied for opal and CaCQOj3. In
(1) a is the particle flux at the base of the euphotic
zone, zgz, and represents the export production. The
parameter b determines the shape of particle flux profile
and thus controls the depth of remineralization. Large
values for b correspond to steep particle flux decreases
and thus large remineralization rates just below the eu-
photic zone, whereas values for b close to zero result in
almost constant particle fluxes with depth with little
remineralization in the water column and most of the
particle export reaching the ocean floor.

In the model, export production a and remineraliza-
tion scale height b may vary from grid column to grid
column and independent parameter sets are used for
each of the particle classes C,rq, opal and CaCQj3. Note
that the productivity and remineralization parameters
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Figure 5. Vertical model grid and definition of model parameters.

a and b are not parameterized using, for instance, nutri-
ent availability, light intensity or density stratification
as in other studies [ Yamanaka and Tajika, 1996; Maier-
Reimer, 1993}, but can be freely chosen by the model
to achieve optimality (to be defined below).

The entire set of control variables (independent pa-
rameters) ultimately to be determined by the model

X = [U,U,th,kaya,B>QH,QO,QC]T (2)

consists of horizontal flows v and v, isopycnal and di-
apycnal mixing parameters pgp and pgy, export produc-
tion parameters «, remineralization parameters 3, air-
sea heat fluxes Q) p, air-sea oxygen gas-exchange rates
Qo and air-sea CO, gas-exchange rates Q¢. Quantities
a and b in (1) are related to model parameters « and 3
in (2) by a = a? and b = $? to assure positive values for
a and b (mixing coefficients K5 = p?, and K, = p?, are
expressed by model mixing parameters pr, and pg, for
the same reason). For the present model the total num-
ber of independent (adjustable) parameters amounts to
102,306, about 80% of them velocity parameters u and
v and 20% biogeochemical and air-sea flux parameters.

Steady-state conservation equations for mass, heat,
salt, phosphate, oxygen, nitrate, silicate, £CQ,, and
alkalinity (TALK) for every model box (property bud-
gets) comprise the set of model equations E; = 0 sat-
isfled exactly by the model (hard constraints). These
equations link the set of independent model parameters
x with a set of dependent parameters (predictions)

y = [w,8,s,POy4,04,NO3,8i02, 2CO,, TALK]T (3)

consisting of vertical flows w, model simulated potential
temperatures 6, salinities s, phosphate POy, oxygen O,
nitrate NOs, silicate SiO5, carbon £CO, and alkalinity
TALK.

Given a set of independent parameters x, the de-
pendent parameters y are uniquely determined by the
model equations. The vertical velocities w (fresh water
fluxes at the air-sea interface are represented by w at
the top interface) follow from the continuity equation

Z Aju; + Z Ajvj + Z Arwg =0 (4)
i ] k

where u;, v; and w; are horizontal and vertical veloci-
ties, A;, A; and Ag are interface areas with positive or
negative sign depending on orientation, summation is
over all zonal, meridional and vertical interfaces (num-
ber of summands may vary because of the irregular grid)
and w is zero at the bottom.

The steady-state property budgets include advective
and diffusive transports and have the general form

Y Ai(uic} — KnAei/L) +
Z Aj(vjc; - KhACj/Lj) +
J

Z Ag(wrey, — KyAcg/Ly) —q=0 (5)
k
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Table 1. Summary of different types of terms contributing to the cost function J, ranked in order of

importance (weight).

Meaning

Mathematical Form

Deviations from geostrophic shear

Deviations from data (boxwise)

Deviations from data (neighborhood average)
Deviations from a priori values

Smoothness in zonal and meridional directions

[(C - Cy)/(wp‘7<g)]4
[(Cm = Ca)/aa)?
[ZNH(C"I - Cd)/odlz
(¢ = T)/or)?
[Ce = 2C + Cu)? + [Gn — 2¢ + G)?

where again u;, v; and w; are horizontal and vertical
velocities, A;, A; and Ay are signed interface areas de-
pending on orientation and summation is over all in-
terfaces of a box. ¢* is the property concentration on
a given interface expressed as weighted-average of box
concentrations on the “upwind” (c,) and “downwind”
(ca) sides of the interface: ¢* = fycy + (1 — fu)cq. For
this study, a weight factor f, = 0.7 was chosen, result-
ing in a weighted-mean discretization scheme that com-
bines the numerical robustness of the upwind scheme
(fu = 1) with the low artificial mixing of the centered-
in-space approach (f, = 0.5). K; and K, are horizon-
tal and vertical mixing coefficients proportional to the
squares of the respective independent parameters pgp
and pr,. Ac are property differences between the two
adjacent boxes and L is the distance between the two
box centers. Finally, the source/sink term ¢ contains
fluxes across “wet” model boundaries, air-sea heat and
gas-exchange fluxes and biogeochemical sinks due to for-
mation of particulate material in the euphotic zone and
biogeochemical sources due to particle remineralization
below the euphotic zone. Note that ¢ = ¢(x) is a func-
tion of the independent parameters x.

Formulation of budget equations (5) for a given prop-
erty for all N, boxes of the model results in a set of N,
linear equations for the /Ny unknown box property con-
centrations in c:

Ac=q (6)

where A is the square advection/diffusion transport ma-
trix containing terms of the form A(u — K/L). For
boxes that are only weakly coupled to the rest of the
mode] by advective transports (e.g., boxes in isolated
deep troughs) mixing coefficients are set to a high value
to assure full rank of A. Note that the transport ma-
trix is the same for all eight properties considered in the
present study and that the respective budget equations
only differ in the boundary fluxes and source/sink terms
contained in the right-hand-side q. (6) is solved for the
unknown concentrations (dependent parameters) ¢ us-

ing a sparse LU factorization algorithm [Harwell, 1995].
When solving many linear systems with the same ma-
trix, LU factorization is an efficient method because the
costly factorization step has to be performed only once
while the results of the factorization can be used repeat-
edly for the cheap solving step. Availability of the LU
factor matrices also allows efficient solving of associated
linear systems involving the transpose of A, as needed
for the adjoint model (see below).

3.8. Cost Function

Once the complete set of model parameters p =
[x,y]T consisting of the independent parameters x and
the dependent parameters y is calculated, the current
model state is evaluated by calculating the value of a
scalar cost function. The cost function J accumulates
penalties for all undesired features of the model solu-
tion. A large value of the cost function indicates that
the current model solution is far from the desired state,
and goal of subsequent model runs is to minimize the
value of J, thereby forcing the model in the wanted
direction.

The characteristics of the desired model solution are
determined by the form of the cost function, and defini-
tion of J is an important step during model setup. Note
that in contrast to the model equations E; = 0 that are
satisfied exactly by the model (hard constraints), the
principles expressed in cost function terms act as weak
or “soft” constraints and, in general, the cost function
and most of its individual terms remain non-zero. The
most important terms contributing to the cost function
of the present study are discussed in the following and
a summary of the different types of terms and their
mathematical form is given in Table 1.

3.3.1. Dewviations from geostrophic velocity shear esti-
mates. Unlike dynamical models, the present approach
does not solve the Navier-Stokes equation in order to
calculate model velocities. Instead, the geostrophic ap-
proximation is implemented using a cost function term




that adds penalties if vertical shears of model veloc-
ities ¢ differ from geostrophic shears (; estimated on
the basis of the original hydrographic data (w, is a pro-
file dependent weight that is large in areas of poor data
coverage and o¢, is an error estimate for the geostrophic
shear). The geostrophic shear deviations are raised to
power 4 to avoid occasional large misfits that appeared
when using a power 2 formulation. Constant offsets
of the velocity profiles, corresponding to the unknown
reference velocities of the geostrophic method, are not
penalized and can arbitrarily be chosen by the model.
A large weight on this term assures that model veloc-
ities indeed stay close to geostrophic estimates [Heras
and Schlitzer, 1999; Schlitzer, 1996).

3.3.2. Deviations from date. If model simulated prop-
erty fields ¢, for temperature, salinity, phosphate, oxy-
gen, silicate, ¥CO2 and TALK deviate from correspond-
ing measurements (y, penalties are added to the cost
function J by means of two different terms (Table 1).
The first one is a boxwise comparison of model and
data values, normalized by the data error o¢, and then
squared, while the second form averages the normalized
deviations over a given box and all of its neighbors and
adds the squared average deviation to the cost func-
tion. The latter contribution is large if the simulated
fields show systematic differences compared to the data
over larger than grid-size dimensions while it is small if
deviations within the neighborhood are random. This
second term proved very successful for minimizing large-
scale systematic property offsets.

3.3.8. Deviations from a priori values. Well known
oceanographic transports 7' are imposed on the model
by penalizing differences to respective model equivalent
transports (: (a) Florida current 30 Sverdrup (1 Sv =
108 m3 s™1); (b) Drake Passage throughflow 130 Sv; (c)
North Atlantic Deep Water (NADW) transport across
equator -18 Sv; (d) transport through the Indonesian
archipelago from the Pacific to the Indian Ocean 10 Sv;
(e) export of Arctic waters to Baffin Bay 1 Sv; and (f)
flow through Bering Strait into the Arctic Ocean 0.8 Sv.

3.8.4. Smoothness constraints. Horizontal smoothness
of vertical velocities w, export production rates a, rem-
ineralization scale-heights b and gas-exchange rates Q¢
and Q¢ is enforced by terms penalizing the second
derivatives of these properties in zonal and meridional
directions. Note that second derivatives are approxi-
mated using five-point finite differences in east-west and
north-south directions, respectively.

Choosing weight factors for all the different terms of
the cost function is not straightforward and introduces
a certain degree a subjectivity that influences the final
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solution sought by the model. In the present case largest
weights were used for the geostrophic constraint and the
deviations from observed fields. The weights for the
smoothness constraints were chosen much smaller such
that the respective terms were more than one order of
magnitude smaller than the others.

3.4. Adjoint Model

In mathematical terms, the problem to be solved is
an optimization problem with equality constraints

min  J(p) (p e R")
subject to Ei(p)=0 (i=1,..,n,) (7)
with n = n; + ng the total number of independent

and dependent parameters and n. the total number of
model equations E; representing the property budget
equations (6) of the model in the form Ac —q = 0
(note that n. = ny). Because the model equations F;
are non-linear in parameters p, the solution can not be
calculated directly but must be found iteratively (see
[Hestenes, 1975; Gill et al., 1981; Bertsekas, 1982; Lu-
enberger, 1984; Bertsekas, 1995;] for theoretical and ap-
plied aspects of optimization problems).

The general procedure for finding the optimal solu-
tion of constrained minimization problems is as follows:
given a current model state p; € IR™, the gradient of
the cost function J with respect to the independent pa-
rameters x; is calculated and passed to a descent al-
gorithm that produces a new set of independent pa-
rameters X;4+1. Then, the corresponding dependent pa-
rameters y;+; are calculated using the model equations
E = 0 and a new, improved model state p;;+; with a
smaller value of cost function J;4+; < J; is found. This
completes one iteration of the procedure, and usually
many iterations are required until a conveniently chosen
stopping criteria is met and a minimum of J is found.

Calculating the gradient of J with respect to x; is a
nontrivial task and it is here where the adjoint method
(also called “method of Lagrange multipliers”) comes
into play. It turns out that using this method the gra-
dient can be calculated at a computational cost equiva-
lent to only one forward run, instead of the n; forward
runs that would be needed if all the n; components were
calculated by means of individual perturbation analy-
sis runs. Thus, the adjoint is seen to be a very efficient
method producing the cost function gradient needed for
every iteration of the procedure. The following descrip-
tion of the adjoint method is based on Thacker and
Long {1988] and Thacker [1988].

Starting with the cost function J of the problem, the
Lagrange function L is defined as
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L=J+)Y )\E; (8)

j=1

where 7. is the number of model equations E; = 0, and
A;j are corresponding, yet undetermined Lagrange mul-
tipliers. Like J, L is a scalar function, but in addition
to the model parameters p it also depends on the La-
grange multipliers A\. Optimization theory proves that a
minimum point p of J is a stationary point of L, e.g., all
partial derivatives of L with respect to Lagrange mul-
tipliers A;, dependent parameters y and independent
parameters x vanish at p

oL
o, E;=0 (9)
OL 0J | <~ OE;
.~ oy ; NG =0 (10)
oL aE,
7. (%1 +§/\ =0 (11)

Differentiation with respect to the Lagrange multi-
pliers (9) recovers the model equations £; = 0, and
differentiation with respect to the dependent and inde-
pendent model parameters y; and z; yields the adjoint
equations (10) and (11). Seeking the minimum of J
then is equivalent to finding a model solution that sat-
isfies (9), (10) and (11). In practice, a minimum point
of J is approached by an iterative procedure. Given
a current model state, the Lagrange multipliers A are
calculated by solving (10) with 8L/0y; set to zero. In-
troducing the X into (11) then yields the gradient of
L with respect to the independent parameters OL/0z;.
This gradient of L is then passed to a descent algorithm
(here: limited memory, quasi-Newton conjugate gradi-
ent algorithm [Gilbert and Lemaréchal, 1989]) to obtain
a new, improved set of independent model parameters
x that will produce a smaller value of L and the cost
function J.

The values of the Lagrange multipliers at the mini-
mum point provide useful information on the sensitiv-
ity of the cost function J to perturbations in the model
equations. If, for instance, a residual 4; is allowed for
the i-th model equation (E; = §;), then the resulting
change of J is proportional to the Lagrange multiplier
i associated with this equation. Inspection of the sizes
of the A; thus reveals the relative importance of the in-
dividual model equations in determining the magnitude
of the cost function and they indicate by how much J

would change if certain residuals in the model equations
would be tolerated.

In the present case (10) represents a square system of
ng = ne = 9N, = 399,492 linear equations in the n, un-
known Lagrange multipliers A;. This linear system can
be separated into nine smaller independent linear sys-
tems of dimension N, because a given property (model
temperatures, salinities, etc.) appears only in the 1V,
budget equations for this property and does not influ-
ence the budget equations of the other properties. Thus,
the vector of Lagrange multipliers A can be calculated
by sequentially solving these smaller systems. Inspec-
tion of the property budget equations (5) shows that
the sub-systems of (10) to be solved for each property
can be written as

ATy =Y
oy

(12)

where AT is the transpose of the advection/diffusion
transport matrix (note that the concentrations ¢; in (5)
represent the dependent parameters y; in (10)). Be-
cause the LU factorization of A is available from the
step calculating the property concentrations ¢, solving
(12) for the unknown Lagrange multipliers is computa-
tionally very cheap.

Overall, the model calculations proceed according to
the following steps (see Figure 6):

(S0) Initialize the independent parameters x (here, hor-
izontal flows u and v were set to the geostrophic
flows calculated from hydrographic data, all other
parameters were set to first guess values taken
from the literature or chosen arbitrarily: (a) ex-
port production parameters a for organic mate-
rial were initialized using maps of primary pro-
ductivity [Berger, 1989; Figure 7] and empirical
relationships linking particle export with primary
production [Eppley and Peterson, 1979], (b) rem-
ineralization parameters b were set to 1 [Suess,
1980}, and (c) Oz and CQO, gas-exchange rates
were initially set to zero).

(S1) Calculate dependent parameters y using steady-
state property budgets (5).

(S2) Calculate the value of the cost function J.

(83) Calculate the gradient dL/dx by solving the ad-
joint equations (10) and (11).

(S4) Use OL/Oz from S3 in a descent algorithm to ob-
tain a new, improved set of independent model
parameters Xx.
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(S5) Back to S1 unless a stopping criteria, indicating
that the current point is sufficiently close to a min-
imum of the cost function J, is met.

Step S1 is usually referred to as running the “forward
model”. Its most computationally intensive part is cal-
culation of the model property fields, which involves
solving large (but sparse) sets of linear equations. The
calculation of the w is comparatively cheap. For each
run of the forward model, one run of the adjoint model
(step S3) is needed to complete an iteration. The com-
putational cost running the adjoint model is comparable
with running the forward model. However, if LU fac-
torization is used for solving the budget equations (5),
then solving the associated adjoint model imposes very
little overhead because the factorization of the forward
step can be used for the adjoint as well.

It should be pointed out that the main purpose of the
adjoint model is to calculate the gradient of the cost
function (a direction in parameter-space along which
the cost function J decreases) efficiently. In principle,
this gradient could also be calculated by perturbing a
single independent parameter :1:;- = z; + 0z; at a time

Adjoint Model
h
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Figure 6. Schematic overview of model calculations performed for every iteration of the optimization
process.

and recalculating the value of the cost function J; for
this perturbed parameter set thereby obtaining the i-
th component of the gradient 8J/8z; = (J; — J)/dz;.
Repeating this procedure for all independent parame-
ters then yields the full gradient vector. Regarding the
large number of model parameters (here: n;=102,306),
however, this procedure is impractical because it would
involve n; runs of the forward model in order to cal-
culate the gradient of J once. The great advantage of
the adjoint formalism is, that it allows the calculation
of the gradient much more efficiently, namely with an
effort equivalent to only one additional forward run in-
stead of n; runs.

4. RESULTS

The adjoint technique described above was applied to
the model of Heras and Schlitzer [1999] (see Figure 4)
starting with their solution ExpB obtained by forcing
the model to hydrographic data only. For the biogeo-
chemical model experiment the following assumptions
and approximations were made: (a) element ratios of
particulate organic material are constant (P:N:C:0=
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1:16:106:-136; [Redfield et al., 1963]), (b) nitrification/
denitrification processes are neglected, (c) no dissolved
organic matter (DOM) is considered and (d) burial of
particulate material as well as river-input of nutrients
is neglected. The experiment has to be considered the
baseline experiment, model runs with different P:N:C:O
element ratios, including DOM and considering sedi-
mentation and river input are underway.

4.1. Property Distributions

To illustrate the importance of the biological pump
for the dissolved nutrient distributions in the ocean,
Figure 7 shows simulated hydrography, oxygen and nu-
trients along the GEOSECS west Atlantic track from a
version of the model covering the Atlantic only (variable
resolution grid 2x1.5 to 0.5x0.5 degrees; open model
boundaries across Drake Passage and between the tip
of South Africa and Antarctica) and including O2 and
CQO; gas-exchange but no particle production in the eu-
photic zone and remineralization below. Whereas the
3D circulation in the model is capable of reproducing
the hydrography in the Atlantic closely (compare with
Figure 2), deviations between simulated nutrients and
oxygen and respective data (Figure 2) are large.

Without particle production phosphate, silicate and
¥CO, surface water concentrations are far too high,
whereas sub-surface nutrient levels are generally too
low. Note that in the intermediate water layer (~1000 m
depth) the northward spreading AAIW produces tongues
of nutrient rich water extending northward. However,
for phosphate and £CO these tongues are much weaker
than in reality and the pronounced maxima north and
south of the equator are missing in the simulations.
Also note that the simulation fails to produce the strong
sub-surface oxygen minima in tropical and sub-tropical
regions found in the data. For silicate, the tongue
associated with northward spreading intermediate wa-
ter agrees remarkably well with observations and the
largest model misfits occur in the bottom layer indicat-
ing that the missing opal remineralization mainly affects
the deeper parts of the ocean.

Figure 8 shows the simulated property fields of the
global model including biogeochemical cycles of par-
ticulate organic matter, CaCQO3 and opal. By means
of the iterative optimization procedure described above
the model has established fields of export production a
and remineralization scale heights b as well as an ap-
propriately adjusted flow field (shown elsewhere) that
together produce oxygen and nutrient fields (in addi-
tion to hydrography) much more realistically than the
model without biogeochemistry. As a consequence of bi-
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ological production, surface values of nutrients are now
low, and shallow oxygen minima and associated nutrient
maxima due to particle remineralization are simulated
with realistic spatial extent and amplitude. Also note
that when opal fluxes are included, the deep silicate dis-
tribution can be brought into very good agreement with
the data.

4.2. Ezport Production

The model export production of particulate organic
matter (POM) necessary to produce the nutrient fields
in Figure 8 is shown in Figure 9. The spatial pattern of
model export production resembles the general pattern
of primary production in published maps [Berger, 1989;
Antoine et al., 1996], showing high fluxes in coastal up-
welling areas off West Africa, along the West American
coast, in the Arabian Sea and Bay of Bengal, in the
northwest Atlantic and north and tropical Pacific, in
the area of the Indonesian archipelago and in the South-
ern Ocean. Highest values in the productive areas are
on the order of 5 to 10 mol C m™2 yr~!; in the olig-
otrophic, open-ocean regions they amount to between
0.5 and 2 mol C m™2 yr~!.

The export of POM in the model predominantly
occurs at mid-latitudes and in the Southern Ocean
(474 and 331 Tmol C yr~! in zonal bands 30°N -
30°S and 30°S - 90°S, respectively), and the contri-
bution of the Northern Hemisphere is comparatively
small (115 Tmol C yr~! between 30°N and 90°N). Glob-
ally integrated, the POM export in the model is 920
Tmol C yr~! equivalent to 11 Gt C yr~!. This value is
in good agreement with modeling results of Yamanaeka
and Tajika, [1996] but is more than a factor of 2 larger
than a global estimate based on the primary productiv-
ity map of Berger [1989] (their Figure 7) and the Eppley
and Peterson [1979] conversion formula from PP to EP.

Ratios of model export production and PP-derived
export estimates are shown in Figure 10 for the primary
productivity maps of Berger [1989] and Antoine et al.
[1996]. Except in the Weddell Sea and the tropical East
Pacific, the model export fluxes turn out to be higher
than the estimates based on Berger’s (1989] PP values
(Figure 10a). Discrepancies are largest in open-ocean
areas of the Pacific, Indian Ocean and South Atlantic,
where the model export is up to a factor of 6 larger
than the PP-derived fluxes. In most high productiv-
ity regions (coastal regions of the East Pacific, Ara-
bian Sea, Bay of Bengal, North Atlantic, etc.) the two
estimates are more nearly comparable, and the higher
global export in the model is seen to be mainly due
to the more productive open-ocean areas. Compari-
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Figure 9.
model.

son with export fluxes derived from satellite observa-
tions [Antoine et al., 1996] (Figure 10b) also shows the
model being higher, however, the differences are now
much smaller and the most obvious discrepancies occur
in the Southern Ocean, where the model export fluxes
again are three to five times larger.

5. DISCUSSION

The model experiments presented above show that
the adjoint method is a powerful tool that can be ap-
plied to a wide range of linear or non-linear constrained
problems and demonstrate that even large-scale opti-
mizations can be performed on widely available work-
station computers. Whereas in the case of “forward-
only” models the variation of control variables and the
analysis of subsequent changes in the output variables
have to done manually, and usually significant differ-
ences between data and their model counterparts re-
main, the adjoint method provides an automatic and
systematic optimization procedure that yields simu-
lated fields that are usually in good agreement with
observations. The capability of a model to explain the
data accurately is an important requirement in order
to accept (and consider reliable) the final, optimal val-
ues of the control variables (here: biogeochemical rate
constants).

In the present case a model solution could be found
that realistically reproduces all major features in the

Export production of particulate organic matter (POM) [mol C m~

2

yr~!] for the global

global distributions of hydrographic parameters, oxy-
gen, nutrients and carbon simultaneously. The export
production of particulate organic material necessary to
produce the observed property distributions is signifi-
cantly higher than estimates based on Berger's [1989]
map of primary production, especially in oligotrophic,
open-ocean areas. This high export production in open-
ocean regions in the model is in agreement with recent,
independent investigations in the subtropical northeast
Pacific [E'merson et al., 1997; see also Doney, 1997].
Based on detailed oxygen, inorganic carbon and organic
carbon data, they derive a relatively high export flux of
2+1mol C m~2 yr~! at the ALOHA time-series station
(22°45°N, 150°W), a value that is in good agreement
with model results in this area (Figure 9).

Compared to Berger’s [1989] map, the productivity
estimates of Antoine et al. [1996) also show higher
fluxes in open-ocean, oligotrophic regions and thus pro-
vide another piece of evidence for the conclusion that
the vast, nutrient depleted subtropical gyres might play
a greater role for the vertical carbon transport into the
deep ocean and for the uptake of anthropogenic carbon
by the ocean than previously thought. In the South-
ern Ocean south of 50°S the export fluxes derived from
Antoine et al. [1996] are lower than model values and
estimates based on the Berger [1989] map. This might
be due to systematic biases in the satellite data that
do not contain information on sub-surface chlorophyll
maxima frequently observed in that area.
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(a)

Figure 10. Ratio of model export production of particulate organic matter (POM) and values derived
from primary productivity maps of (a) Berger [1989] and (b) Antoine et al. [1996]. Primary production
is converted to export production using the empirical conversion formula of Eppley and Peterson [1979].

Concerning methodological issues for large-scale, non-
linear problems, two caveats of the adjoint method
should be noted.

(1) While a minimum of the cost function J can usu-
ally be found with affordable computer resources, there
is no guaranty that the minimum is a global one. New
approaches like the TRUST algorithm for global opti-

mization [Barhen et al., 1997] appear to be too demand-
ing to be applied to large-scale cases, and usually one
has no choice other than trying different starting points
in parameter space X and to determine whether iden-
tical or different solution points are approached in the
different cases. In practice, only a very limited number
of optimization runs can be performed and a solution is




accepted if the cost function is “sufficiently” small (al-
though it might not represent the smallest cost function
value achievable).

(2) Error analysis of the solution vector x of large
problems is not straightforward [Thacker, 1989]. In
principle, an eigenvector/eigenvalue analysis of the in-
verse Hessian matrix H (the Hessian is the square ma-
trix of second partial derivatives of J with respect to pa-
rameters p;) reveals directions in parameter space that
are well determined (eigenvectors u; associated with
large eigenvalues; value of J increases rapidly when
moving away from optimal point x along u;) and di-
rections that are only poorly determined by the model
(eigenvectors u; associated with smallest eigenvalues;
value of J increases slowly when moving away from op-
timal point x along u;). Note that the ratio of largest
and smallest eigenvalues of H™! is a measure of the
anisotropy of J around x. Whereas the required eigen-
vector/eigenvalue analysis can be easily performed for
small optimization problems, it is impossible for large
systems like the present one.

One possibility to obtain rough information on the
shape of the cost function in the neighborhood of the
optimal point and uncertainties for the determined pa-
rameter values is to add new, highly weighted terms
to the cost function that enforce prescribed values for
certain parameters (or combinations of parameters) and
then investigate the change in cost function for different
prescribed parameter values. This was used in Schlitzer
(1995], Schilitzer [1996] and Heras and Schlitzer [1999]
to determine the range of mixing coefficients and merid-
ional volume as well as heat transports in the Atlantic
compatible with the measured distributions of temper-
ature and salinity. In the present case, this method
could be used to find the range of, for instance, global
carbon export flux or remineralization scale heights b
that produce realistic nutrient distributions.

NOTATION
a export flux
A advection/diffusion operator
b particle remineralization parameter
c vector of property concentrations
EP export production
E model equations
H Hessian matrix
ip particle flux
J cost function
K, K, horizontal and vertical mixing coeff-
icients
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DPkh, Pk model parameters representing hori-
zontal and vertical mixing

POM particulate organic matter

PP primary production

p vector of independent and dependent
parameters

q vector of source/sink terms

Qu,Q0,Qc air-sea heat, oxygen and carbon fluxes

U, v, w zonal, meridional, and vertical veloc-
ities

b'e control variables (independent param-
eters)

Y dependent parameters

z depth

ZEZ depth of euphotic zone

«a model parameter representing export
flux

Jé] model parameter representing remine-
ralization
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