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ABSTRACT

Bottom topography, or more generally the geometry of th@ndmsins, is an important ingredientin numer-
ical ocean modeling. With the help of an adjoint model, itiewn that scalar diagnostics or objective functions
in a coarse resolution model, such as the transport throvgikelPassage, the strength of the Atlantic meridional
overturning circulation, the Deacon cell, and the merididreat transport across 3, are sensitive to bottom
topography as much as they are to surface boundary corglitear example, adjoint topography sensitivities
of the transport through Drake Passage are large in choke @@as such as the Crozet-Kerguélen Plateau and
south of New Zealand; the Atlantic meridional overturniirglation is sensitive to topography in the western
boundary region of the North Atlantic Ocean and along thetl8od-Iceland ridge. Many sensitivities are con-
nected to steep topography and can be interpreted in terbwttoim form stress, that is, the product of bottom
pressure and topography gradient. The adjoint sensitévére found to agree to direct perturbation methods
with deviations smaller than 30% for significant perturbasi on time scales of 100 years, so that the assump-
tion of quasi-linearity that is implicit to the adjoint metth holds. The horizontal resolution of the numerical
model affects the sensitivities to bottom topography, brgé scale patterns and the overall impact of changes in
topography appear to be robust. The relative impact of oesimgtopography and surface boundary conditions
on the model circulation is estimated by multiplying theclj sensitivities with assumed uncertainties. If the
uncertainties are correlated in space, changing the ®ubfaendary conditions has a larger impact on the scalar
diagnostics than topography does, but the effects canlydoalon the same order of magnitude if uncorrelated
uncertainties are assumed. In either case, bottom toplogragiations within their prior uncertainties affect
the solution of an ocean circulation model. To this extemt|uding topography in the control vector can be
expected to compensate for identifiable model errors, amglithprove the solution of estimation problems.

1. Introduction trols. They each have associated uncertainties which can be
. . ) significant. The result of an OGCM is sensitive to changes
N‘%me”ca' ocean gengral cwcu!aﬂon modgls (OGC,:M?n all of these fields and parameters (e.g., Bryan 1987, Losch
consist of a set of discretized partial differential eqorsi . | 2004, Marsland and Wolff 2001, Simmons et al. 2004).
for_a set of prognostlg vanab_le§ (the nu_merloaban statp Forcing fields, initial conditions, and parameters arewdeti
which are solved subject to initial conditions and boundaryinar from measurements, reanalysis data products, esti-
conditions (lateral and surface boundary conditionsa®@f 540 by different models or, if there is no information kvai
forcing); the solution also depends on a number of model pgpq 4t 411, from tuning exercises such that the resulting ci
rameters (e.g., diffusivity .and viscosity parameters)eséh ¢ ation is consistent with available observations (withs-
quantities are referred to awlependenparameters, CON- g e error bars) or meets some subjective norms (expecta-
tions) of the investigator. From this perspective it is impo
Corresponding author address: tant to know which parameters influence the solution signif-
M. Losch, Alfred-Wegener-Institut fir Polar- und Meeres-jcantly, so that future efforts can be directed at estingatin

forschung Postfach 120161, 27515 Bremerhaven, Germal : . . L
(mlosch@awi-bremerhaven.de) nH‘ieasunng these parameters with higher precision. Numer-
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ous studies have explored the sensitivity of certain festur a) difference between ETOPO2 and ETOPOS [m] 500
of the circulation, for example the strength of the Antarcti BN =T T4

Circumpolar Current (ACC), the Atlantic overturning circu o [ | i
lation, to most of the above parameters or how closely th:
model result reproduces individual measurements or glot
ally averaged, say, temperature profiles (e.g., Gent et ¢ 0°
2001, Large et al. 1997).

The representation of the computational domain has so fi 30°s}
received little attention in the context of uncertaintyesss
ment of “model parameters”. Although the role of topogra-
phy in numerical models has been recognized for a long tim
(e.g., Adcroftetal. 1997, Holland 1973, Marshall 1995a, Ol
bers 1998, Pacanowski and Anand 1998), there is no gener
objective way of representing topographic sub-grid soaites
a computational grid in a way that leads to the “best possi
ble” flow field. Topography may thus undergo a consider-
able amount of ad-hoc tuning before it is introduced into the
OGCM. Smoothing a given topography is a widely used pro
cedure to remove too steep gradients (Penduff et al. 200z
“holes” are filled in, straits are deepened, opened, or diose
in order to make the model produce a “more realistic” resul - :
(Large et al. 1997). In the extreme case, topography ma ‘ 8w 90w -6000
be changed significantly so as to compensate for lacking nu-
merics or resolution in deriving a consistent flow field. @the Fic. 1. a) Equal area map (Gall-Peters projection) of the differ
parameters such as the boundary conditions that apply alo@gte between ETOPO2 and ETOPOS5 topographies, smoothed with
the lateral solid walls are equally uncertain in global eceaa 1° radial block average (in units of meters). b) Model topobsap
models (Adcroft and Marshall 1998). H

Another source of uncertainty is the bathymetric data
sets themselves. As an example, consider the difference
between two well-known data sets: ETOPOS5 (Sloss 198

and its successor ETOPORY( p: // : ngdc. noaa, nificant impact on the modeled ocean circulation, (c) we put

gov/ ngg/ fliers/01ngg04. ht m ), which is in large A

parts based on the satellite derived topography of Smith aﬁé\’ g%nljoto;r?(?r?grt?lnseslsr:g}ilit;i?eIsntt(()) ;:Srgggttrtlgirn:g;::tum
Sandwell (1997). The topographies implied by the two data yancy 9 . AR S
sets are profoundly different (Fig. 1a). For visualizatitire pact. The model configuration used in this work is limited by

- . : goarse resolution and crude parameterizations of sub-grid
original data sets have been smoothed with a radial blocscale rocesses. Nevertheless. the OGCM is a fully fledaed
mean filter of radius 112 kne{ 1° spherical distance). The b - VeV . ! Uty 9

root-mean-square (rms) difference on a°i¢8id over the baroclinic model. n the context of sensitivity studiesash
been used in this configuration in several recent studigs (e.

oceans is still 131 m and the maximum differences are ?—Serreira et al. 2005, Huang et al. 2003, Losch et al. 2004)

large as 2000m. On large scales the topographies differ i ) :
approximately 100 m, for example south of Australia in thg%e implementation of bottom topography control will be

Southern Ocean. Such differences are significant since th%hoz\;n :10 t::ir?t'?c:'Ef?g;}g\:\?;g{gfﬁ;;hgna(g dbgit)tczmtitgl_
can be represented in ocean models. As a reference, Fig'glondit?or?/ boundary forcing, or mixin confrols in a baro-
depicts the topography used in the present study. ’ y 9, 9

clinic OGCM. Therefore, our work should be viewed as an

State estimation based on control theory provides a natga”y step towards establishing topography as a contral var

ral framework for accounting for parameter uncertaintes 0,4 in an OGCM showing the potential of this approach.

the type discussed above (see e.g., Wunsch 1996). In this . .

context Losch and Wunsch (2003) have explored the pos%i— Ou\;vst:sdcyh hl'g%%‘;' O_rllrfgenlqutehg; tgr?a%?ézmtsn:gtzggq(siz
bility of using bottom topography as a control variable in -g., VWU ; > S " npute,
a barotropic shallow water model. The scope of this pas_|multaneously and in a single adjoint integration, aléén

per is to extend their study, and to investigate the Sensitisensmvmes of a scalar-valued model diagnosfi¢sften re-

ity of the state of a given OGCM, here the MITgem (Mar_¥_ezrred to ambject!ve funcnorproblng functl_omorcostfunc-
tion) to changes in a given set control variable@or exam-

shall et al. 1997), to the representation of bottom topogra—Ie surface forcing, topography). The sensitivity is give
phy. In particular, (a) we show that bottom topography ser{g- ,ths radiemfvI ?7 inpmﬂlti-%i%énsional colnlt\:l)?/sl g\é
sitivities in our OGCM can be computed with the help o y 9 u pace.

. : . In the present context] might represent volume transport
the adjoint method, making bottom topography a pOSSIbIt‘lnﬁlrough Drake Passage or the strength of the Atlantic merid-

et
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ntrol variable in state estimation, (b) we quantify botto
pography sensitivities and show that they can have a sig-
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ional overturning circulation. This method has both teehniand Lardner 1991, 1992, Heemink et al. 2002, Lardner et al.
cal and conceptual advantages over direct perturbation &093, ten Brummelhuis et al. 1993). In idealized scenar-
proaches but requires a separate (tedious) code develvpmien, Losch and Wunsch (2003) successfully optimized bot-
effort. Before the advent and increasing sophistication dbm topography in the limit of nearly-geostrophic dynamics
algorithmic/automatic differentiation (AD) tools duririge by assimilating (synthetic) sea surface height data. Here w
1990's this development inevitably was inexact (e.g. Sirkeextend those approaches to a fully fledged OGCM, but re-
and Tzipermann 1997) and lagged behind the forward cod#rict ourselves to adjoint sensitivity analysis. The awjo
development. Early OGCM studies based on hand-writtesensitivity analysis of a realistic ocean model helps tmide
adjoints include those of Tziperman and Thacker (1989ify physical processes within the model system and already
Sheinbaum and Anderson (1990) and Marotzke and Wunsaliows us address questions in an oceanographic context.

(1993). Carl Wunsch’s foresight at the outset of the MITgcm |n the future, bottom topography will likely be included

development that forward and adjoint model code ought @ the control vector of such state estimation studies.
be developed in parallel by exploiting the new technology

of AD was key to what has evolved into the “Estimating the . .
Circulation and Climate of the Oceans” (ECCO) Consortiun?' M1Tgem and itsadjoint
and has lead to the adjoint capabilities of the MITgcm today. The M.I.T. General Circulation Model (MITgcm) is a

In the following we briefly review recent OGCM applica- general purpose grid-point algorithm that solves the Beuss
tions of the adjoint method in the context of sensitivitydstu nesg form of the Navier-Stokes equations for an incompress-
ies (a), state estimation (b), and bottom topography contrible fluid, hydrostatic or fully non-hydrostatic, with a sjzd
(c). finite-volume discretization on a curvilinear computatibn

(a) The first sensitivity study using the MITgcm ad-grid (in the present context on a three-dimensional lomlgitu
joint was undertaken by Marotzke et al. (1999), who inlatitude, depth grid). The model algorithm is described in
vestigated the (tangent) linear sensitivity of the meridMarshall et al. (1997); for online documentation and access
ional heat transport in the Atlantic. Bugnion (2001) and© the model code, see MITgcm Group (2002).

Kohl (2005) extended this study to climate time scales, The tangent linear and adjoint model of MITgcm are
and to higher-resolution, respectively. Other examples agenerated via automatic/algorithmic differentiation (AD
the study of SST anomalies in the North Atlantic (JungéGriewank 2000). To this end, the MITgcm has been adapted
and Haine 2001), midlatitude—ENSO teleconnection meché#sr use with the Tangent linear and Adjoint Model Compiler
nisms (Galanti and Tziperman 2003, Galanti et al. 2002), tHEAMC), and its successor TAF (Transformation of Algo-
deep ocean heat content (Huang et al. 2003), water mass oihms in Fortran, Giering and Kaminski 1998) to provide
gins and pathways in the Pacific (Fukumori et al. 2004), thexact, efficient tangent-linear and adjoint code (Heimbach
carbon sequestration efficiency (Hill et al. 2004) in oceart al. 2002, 2005, Marotzke et al. 1999). The adjoint model
models, optimal observing system design (Kdhl and Staniramework incorporates the ECCO state estimation infras-
mer 2004), sensitivity of ocean biological productivity totructure, but only part of it here because we restrict ovesel
iron fluxes (Dutkiewicz et al. 2006), and impact of operto sensitivity studies.

boundary conditions in a regional North Atlantic circudati

(Ayoub 2005). Other groups have develqped f';ldjoint COMPY- g5ome aspects of bottom topography control

nents of their OGCMs as well, and provided interesting ap-

plications of the adjoint method, for example, Galanti et al The starting point for our adjoint code development was
(2002, using MOM), Weaver et al. (2003, using OPA), andhe adjoint model used in previous sensitivity and state est
Moore et al. (2004, using ROMS). mation studies which computes the local gradient of the ob-

(b) With their publication of a dynamically consis- jective function with respect to a (by now “standard”) cahtr
tent, decadal, quasi-global state estimate (seep://  Vector comprising initial temperature and salinity as vesll
WWW. ecco- gr oup. or g/ ), Stammer et al. (2002, 2003) air-sea buoyancy and momentum flux fields (other control
demonstrated the practicality of solving the estimatiashpr Variables are available, but do not play a role here).
lem of a time-dependent ocean state as laid out in Wunsch The procedure for adding topography to the control vector
(1996) (see also Wunsch and Heimbach 2006). Subsequénbased on the “partial cell” treatment in the MITgem (Ad-
global and regional-scale studies include those of Kol arcroft et al. 1997). This technique enables continuous varia
Willebrand (2003), Ferron and Marotzke (2003), Lea et ation of the fractional volume per grid cell between zero and
(2006), and Gebbie et al. (2006). An important extensioane with respect to the vertical component and — apart from
of the state estimation which adds transient tracers such it original motivation to represent topography more accu-
chlorofluorocarbons (CFCs) as observational constraiass wrately without increasing the vertical resolution — ensure
undertaken by Li and Wunsch (2003, 2004). differentiability in the cells abutting topography. Totipth

(c) Adjoint models have been used to study bottom toH is then written as the sum over all tracer cells
pography as a control variable in tidal modeling and gravity o o
wave dynamics in shallow water models of shelf seas (Das H(i,j) = ) heliyj, k) Arg(k), (1)
k



4

whereAr (k) denotes the full-cell thickness of laykrand  (Laplacian and biharmonic friction), bottom and side drag
h(i,j, k) the fractional cell thickness at the tracer point oterms will be modified.

the C-grid. Denoting the bottom layer @t j) askiow, the Modifications in the MITgcm to account for the activity

he(i, j, k) assume values of partial cells (which are passive parameters if bottom to-
pography is not a control) are mostly straightforward, with

=1, for k < kiow one exception: The conjugate gradient elliptic solver $ose

he(i, j, k) = hiow(i,5) € (0,1] fork =k, (2) its self-adjoint property which had made it easy to deal with
=0, fork > k. previously (Marotzke et al. 1999). We point out that changes

necessary in the model to recover a correct adjoint were sub-
From these, fractional thicknesses are derived for th@antial, and qualitatively different from code modificats
cell faces which carry the zonalu(at W-face) and toaccommodate the “standard” control variables. Neverthe
meridional ¢ at S-face) velocity points on the C-grid, less, we confine this technical discussion to the appendix.
hw (1,7, k), hs(i, 7, k), respectively. The fractional elements
hs(i,7,k), * = ¢, w, s are central to the finite-volume spa-

tial discretization. For more details on partial cells weere > Adioint Sensitivity Simulations to Bottom

to Adcroft et al. (1997) and MITgcm Group (2002). Topography

The variation of Eq. (2) yieldsoh.(i,j,k) = In this first study of adjoint bottom topography sensitiv-
Shiow (4, 7) Ok k., » With the Kronecker delta symbo}. ,,,,, ities of a fully-fledged baroclinic OGCM, we restrict our-
and thus variation of Eg. (1) reduces to selves to a coarse-resolution setup. This enables us to con-

duct a larger (and longer) number of simulations as well as
SH(i,j) = > 0he(i,j, k) Arp(k) = Ghuiow (i, j) Ars(kiow) longer simulations to elicit general magnitudes and paster
k of sensitivities. The configuration of the OGCM is very sim-

Thus, while formulating the control problem in terms of theIIar to that of Ferreira et al. (2005). It covers the globeniro

. . ' o ; 80°S to 8C'N with a horizontal resolution of° x 4° and 15
full depth H and 3-dimensional fieldl..(4, j, k), when taking . : .
N . : ayers with thicknesses ranging from 50 m near the surface
the derivative all terms in the sum (1) vanish except the bo

tom layer cellk = k.. The source of the adjoint bottom 0 690m near the bottom. To concentrate on bottom topogra-
topography sensitivity is thus confined to the bottom laye

hy effects, the model is forced with annual means of wind
and propagated into the interior solely by adjoint variatfe orcing f'.EIdS (Trenberth etal. 1990) and _heat and frestwate
. ) . . fluxes (Jiang et al. 1999) for most experiments. No temper-
the time-dependent flow field (in the language of AD, while > . ; ) )
S . : ; ature or salinity relaxation to climatology is applied. The
the interior & # ko) cell thicknesses are active, their sen- . ) !
o . . topography is derived from ETOPO2 by horizontal smooth-
sitivities evaluate to zero, and onky = k;,,, is effectively

active) @ng with an averaging _kerneI with a rad_iqs of ZBQ_km and
' . . L interpolated to the 4grid. The only additional editing of

The tangent-linear model (the adjoint of which is veryonqqraphy involves the Drake Passage: it is deepened by
closely related, see e.g., Giering and Kaminski 1998) d&asetting 12 grid points to 3870 m and and 2 to 4510 m, to al-
pends on the particular choice of which fields are consiqg, 4 more realistic transport through the strait in the sear
ered as control variables, that is, whether a field is considasqytion model. These modifications do affect the circula
ered constant (passive) or variable (active) with respect {5, byt do not alter the qualitative picture of our semdifi
d|fferent.|at|on. results. The topography used is shown in Fig. 1b.

Consider a tracer cell face area normal to thgzonal) To avoid problems with vigorous initial adjustment pro-

direction, A, = Ay Ary hy,, with meridional arclengt\y.  cegses, all model integrations are started from a 2000 year

Then, the zonal volume transpéftthrough the cell facel.  gpin.yp integration that was initialized with temperatane!

is given by salinity climatologies (Levitus and Boyer 1994, Levitusiket

U=ul, (3)  1994). Again, this choice has little impact on the overatt pa

derns of the sensitivities. For computational efficiendlyipa

a linear expression in with constant4,, and linearization '€9rations use asynchronoustime stepping with a tracer tim

trivially yields 6U — 6u A,. However, ifh, is allowed to St€P Of 2 days and a momentum time step of 20 minutes.

vary, them,, varies and Eq.(3) is quadratic, so that Iineariza'-:_)re“mlnary test sh_owed that nelther_ t_h_e horizontal distri

tion requires the product rule, thus tion nor the r_nagnlt_ude of the sensitivity maps are grea_tly
affected by this choice (not shown) as long as the integratio

0U = duly + udA, (4) times are longer than gravity-wave time scales.

For comparison, we use a configuration with a horizontal
whered A, = Ay Arsdh,,. Recalling Eqg.(2), we note that resolution of 2 and 23 vertical layers ranging from 10 m
0A, = 0, except atk = k.. All advective terms are near the surface to 500 m at depth, similar to the one used
affected and will propagate changes in fractional cellkhic in Stammer et al. (2002), and driven with the same surface
nesses. In a similar fashion, linearization of viscous ffuxeforcing as the 4-model.

In the absence of bottom topography control, this represe



TABLE 1. Summary of adjoint sensitivity calculations
objective function 1 year 10 years 100 years 500 years 108Gye
(4° resolution)
Drake Passage trans-DPT4D1Y DPT4D10Y DPT4D100Y DPT4D500Y DPT4D1000Y
port
Atlantic Meridional MOC4D1lY MOC4D10Y MOC4D100Y DTP4D500Y MOC4D1000Y
Overturning
Southern Ocean SO0O4D1lY SO0O4D10Y SO04D100Y DTP4D500Y
overturning
Southern Ocean heat SOH4D1Y SOH4D10Y SOH4D100Y SOH4D500Y
uptake
(2° resolution)
Drake Passage trans-DPT2D1Y DPT2D10Y
port
Atlantic Meridional MOC2D1Y MOC2D10Y
Overturning

We have conducted a series of adjoint sensitivity calcu 05 M0
lations for a set of dynamically interesting scalar model di
agnostics (objective functions) which are subject of fietju 0 /1-1000
oceanographic and climate analyses. A summary is give
in Table 1. In the following we discuss mainly experiments g_o,g,, 12000
with (adjoint) integration times of 100 years. ".’: T
; = -‘v—3ooo§L
a. Drake Passage Transport % ©
&-15 1-4000
The volume transport through Drake Passage average K ’
over the last year of the 100-year-integration is chosen ¢~ _,| 1-5000
a scalar measure (objective function) for the strength o
the ACC. In our model simulation this transport is low _, 8000

(76 Sv), which is in part attributed to the surface forcing 0 50 100 150 200 250 300 350
(with monthly-varying climatological fluxes and sea sur- longitude [ E]

face temperature restoring the transport rises to 1028V, N0, . 5 1014 (thin dashed line, in m) and sensitivity (thickidol

shown). Fig. 2a shov_vs maps of the sensitivity of the Drakﬁhe’ in Sv/m) of the Drake Passage transport to topograjiinga
Passage transport with respect to bottom topography for g g

integration of 100 years.

The sensitivity to bottom topography is localized and the
global map is not smooth. In general, the flow is affected bwith opposite signs (cf. Fig. 3). If the topography is resalv
topography gradients, and small variations in absolutétdepby the grid, these dipole pattern are still present, but nyela
are less important. For example, in a zonal integral alongcales than the grid scale (see Figure 3 in Losch and Wun-
a latitude circle (or a closed streamline), momentum inpiugch 2003). In Section 4 we will see that the sensitivities do
by surface wind stress is balanced to a good approximatiaiepend on the grid resolution. With higher resolution they
by topographic or bottom form stress (bottom pressure timese concentrated near continental slopes and generally ove
horizontal topography gradieptV H, Olbers 1998). Over- steep topography.

laying the topography with sensitivity to topography shows The sensitivity to topography is concentrated at a few
that changing the topography according to the sign of thghoke points” in the Southern Ocean with steep topog-
sensitivity generally tends to reduce the zonal topog@phtaphy: Drake Passage, Crozet-Kerguélen Plateau, and the
gradients. As an example a section along$@ shown in  |ndian Southpolar Ridge/Macquarie Ridge/New Zealand
Fig. 3. Smoother topography leads to less bottom form strepgateau area south of New Zealand. Decreasing the height
and allows the flow to accelerate. H of the topography in the latter two regions leads to higher
In coarse-resolution models as discussed here, topogiaake Passage transports as one would expect from sim-
phy gradients cannot be realistically resolved in genaral, ple geostrophic contour considerations: “flatter” topgira
are often represented by two adjacent grid points. Thezefoleads to less blocked geostrophic contours, which in turn al
if reducing the topographic gradients has an effect on the olows a higher transport. In a different language, the momen-
jective function, adjacent grid points can have sensiéigit tum input by surface stress is balanced in the closed stream-



a) Drake Passage, d@/0H [10_3Sv/m] b) Atlantic MOC, d@/dH [10*Sv/m]
R I R ™ ™
o ) i 7 ) M i o ) i i ) 'II,‘!,IE,- l
30°Ny ‘ ‘ ¥ 1 30°N¢t ' : 2 ]
: : : ‘ : LB 0.8
00- i ]' e ] ; 'I 1 00- i ]' ; 0.6
Oc |- IR M . i Oc|. 01 i tawl |
30°S g | ‘ sosl.l: i I ol Hoa
BOOS | BT ga0g e TR R 1o
0° 90°E  180°Ww  90°W 0° 0° 90°E  180°W  90°W 0°
. 10
c) Deacon Cell, d@/dH [10°Sv/m] d) heat transport across 32°S, [10"°PW/m]
SOONFT 1 i eoONT mammn | age W02
30°N | o ONERIT NG - 1 B 1 30°Nt| o 1 { |04
-0.6
00- i :VII i ] ! ”] ] 00- i :VII v 'I i
S . -0.8
3o°s-l..'l:.' A 7.,|:" 2 J"* nE 3005:.'..'I|:~:. e e .r,.'"-.l.ila .
60°S [ e i T o T T ) e e -'ﬁ
0° 90°E  180°Ww  90°W 0° 0° 90°E  180°W  90°W 0°

FiGc. 2. Adjoint sensitivity with respect to topography of a) tume transport through Drake Passage, b) the Atlantid¢diogial
overturning circulation (MOC), c) the Deacon cell, and & teat transport across°® In all cases, the integration period is 100 years.

line average by bottom form stress, that is, by the average somewhat overestimated with 29 Sv; we attribute this
of the product of bottom pressure and the gradient of testrong overturning mainly to inappropriate surface boupda
pography (Olbers 1998). Decreasing the horizontal (alongonditions (constant heat and fresh water fluxes, no restor-
streamline) topography gradient reduces the form stress teing), the coarse resolution, and the parameterizationief co
so less momentum taken out of the system than added, threction by increased vertical diffusivity.

increasing the transport. In the Drake Passage the situa-The peak values of the sensitivity to topography are
tion is not so obvious, but the sensitivities can be undeg x 103 Sym! but the color scale in Fig. 2b is cho-
stood using the same arguments. The ACC turns north orden to emphasize smaller values in the Southern Ocean.
the Argentinean Plateau just after the Drake Passage. D®rong topography sensitivities on the ordet6f3 Sv m!
creasing the topographic gradient along its streamlines c@ear Newfoundland and along the path of the Gulf Stream
be achieved either by increasing the height of the topogrand the North Atlantic current show that the position of
phy (positive sensitivity) directly in the passage and 8sro photh the upper branch of the overturning circulation (the
the Scotia Ridge where the ocean is deepest or by decregssif Stream/North Atlantic Current) and the lower branch
ing the helght near South Georgia and at the southern rim g‘_f)eep Western Boundary Current) in part determine the
the shallow Argentinean Plateau. Therefore the sen##it overturning strength (see also Fig. 5 in Section 4 Section c)
have opposite signs in this region. The positive sensé®it Both branches are boundary currents (barely resolved in the
at 50-48W and 50S correspond to a sharp drop in topogpresent configuration) that are strongly influenced by tepog

raphy (cf. Fig. 3). raphy. Because of the chosen color scale, many second order
features appear in the North Atlantic that are difficult te in
b. Atlantic Meridional Overturning Stream Function terpret. In Section 4 we will see that these patterns depend

strongly on the horizontal resolution.

The adjoint sensitivity of the strength of the Atlantic The MOC sensitivities in the Southern Ocean are weaker
meridional overturning circulation (MOC) averaged oves th than Drake Passage transport sensitivities in the Southern
last year of a 100 year integration is shown in Fig. 2b. Wecean (note that the color scale is different by one order of
define the strength of the MOC as the maximum value of thl%agnitude to account for the much weaker MOC sensitiv-

overturning stream function at 3%, which happens to be at jties) because (i) the Southern Ocean has a only a remote
1080 m depth (the bottom of the 7th model layer). The MOC
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influence on the MOC (diffusive processes weaken this inem of the top layer of the model), is shown in Fig. 2c. The

fluence), but a more direct influence on ACC transport, angiattern of the overturning sensitivity to topography isisim

(ii) the time scale of 100 years may not be not long enouglar to that for the Drake Passage transport (Fig. 2a) buhofte

to propagate the entire adjoint signal from the North Aflant with reversed sign. (Note also that the sensitivities ai@ tw

to the Southern Ocean. However, the topography sensitiirders of magnitude smaller than those for the Drake Passage

ties in the Southern Ocean have a pattern that is similar tansport.) For example increasing the height of topogra-

that of the Drake Passage transport (Fig. 2a) suggestihg tipy (i.e., making the ocean shallower) south of New Zealand

a stronger overturning is connected to a stronger ACC, as at the Crozet-Kerguélen Plateau increases the ovarturn

proposed by Toggweiler and Samuels (1995). Zonal winstrength but decreases the Drake Passage transport. On the

stress sensitivity patterns in the Southern Ocean (notshowother hand, the sensitivity along the mid-ocean ridges has

are also similar to the Drake Passage case (see Section 5) #relsame sign in most places, so that increasing the height

thereby support this interpretation. of the mid-ocean ridge in the South Pacific again decreases
the Drake Passage transport, but now also decreases the Dea-
con cell. We leave the interpretation of this ambiguousltesu

c. Overturning and Meridional Heat Transport in the until we have a solution with higher resolution and a better

Southern Ocean parameterization of eddy transfer processes.

The Southern Ocean overturning or Deacon cell (e.g., The sensitivity of the advective heat transport across

Doos and Webb 1994, Speer et al. 1999) is the secondary ¢} °C to bottom t°p°9r"’,‘9hy i_s shown in Fi_g. 23\/'1 Notg that
culation in the Southern Ocean (the ACC being the primal he heat traqsport se_n_s!tlw_ty IS me%sured In P nwhll_e
one). In the zonal Eulerian mean, it consists of a northwafd® ©verturning sensitivity is in Svm. In spite of the dif-

Ekman transport, which is the main driver of the Deacon celf€"€Nt units, the sensitivity to topography is strong indoc

a downwelling branch north of the Drake Passage latitudd©nS Similar to the ones for Deacon cell and heat transport,
pporting the connection between these quantities. How-

a deep return flow, below the topography and geostropl‘ﬁy X
cally balanced, and an upwelling branch around Antarcticd/e"» more often than not, the sign of the heat transport sen-

which ventilates deep waters from the north. This overturrRtivity is opposite to that ‘?f the (_)verturnlng Se”S't'V'De'

ing circulation has been subject to many studies (see Olb&fRUSE astronger general circulation increases the onergur

et al. 2004, for a review). In coarse resolution models witR"d the southward heat transport, hence decreases the north
Gent and McWilliams (1990, GM) parameterization of thavard heat transport. Therefore, weaker western boundary

eddy fluxes the Deacon cell is eliminated as a tracer trabspGHTeNtS, the main agents of southward heat transport in the
agent (Borowski et al. 2002), but in our configuration with-Southern Ocean increases the northward heat transport.

out GM-parameterization, the Deacon cell is rather strong

(44 Sv). 4. Linearity, time scales, and horizontal resolution
Connected to the overturning circulation, the surface heat

flux in the Southern Ocean cannot be observed directly. In the following we assess the degree to which the im-
Models and indirect data have been used to estimate the hBlgit assumption of linearity holds, and investigate thee d
budget in the Southern Ocean (e.g., Ganachaud and Wun§gfdency of the sensitivity patterns with respect to irgegr
2000, Sloyan and Rintoul 2001, Trenberth and Caron 2009n times, and horizontal resolution.

Wunsch 2005). Flux estimates range frer@.6 to—0.9 PW
across 32S implying a poleward flux of heat (Trenberth and
Caron 2001, Wunsch 2005).

In our simplified model, the heat flux at the surface is The adjoint method implies linearization about the state
prescribed. In a steady state and in the absence of furttafithe model so that the adjoint sensitivities are alwaysdin
heat sources, the northward heat transport across a given kensitivities. The assumption of quasi-linearity is tdste
itude is balanced by the integrated surface heat flux northe following by a small sample of perturbation experiments
of that latitude. The forcing data (Jiang et al. 1999) used |t s important to understand the difference between what
in this study imply a mean southward transport of 0.45PW5 ysually calledgradient checksind testing quasi-linearity.
across 32S consistent with the observed value in the modetzradient checks test individual elements of the adjoint-
and within errors of estimates of Wunsch (2005) and rebenerated gradier(tvuij)adj_ against finite-difference in-
erences cited therein. Also the partition of the transpogggrations in the limit of small perturbations, in the cor-
between the ocean basin shows the observed pattern Wielsponding control vector element and for short integratio
northward transport in the Atlantic (0.57 PW) and Pacifiqimes,(vui D) pa = [J(ui + €) — J(u;)]/e. We performed
Oceans (0.23 PW) and southward transport of 1.25 PW in tR@rious gradient checks to verify the accuracy of the auto-
Indian Ocean (e.g., Ganachaud and Wunsch 2000, Sloyaatically generated adjoint code, but will omit techniced d
and Rintoul 2001). tails. Instead we focus here on testing quasi-linearity: we

The sensitivity of the Deacon cell, which we define as thase large finite perturbations and long time scales to assess
maximum overturning strength at 28 and 50 m depth (bot- to what degree the assumption of linearity, that is impiicit

a. Finite difference perturbation experiments
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made when dealing with adjoint sensitivities, is valid. c. Higher Resolution

We choose four differc_ent points where we add a pertur- pq sensitivity to bottom topography is expected to
bation of 100 m to the height of the topography (making thaepend in part on the horizontal resolution — because

ocean locally shallower): Indonesian Throughflow (130 ith varying resolution, the topographic gradients and the

2°S), Macquaorie Ridge (18,5',54:18)’ exirt] of L_?brador sub-grid-scale processes that are implicitly parametdriz
Sea (42W, 54°N), and a point in the North Pacific Ocean .00  Therefore, increasing the resolution fromat2°

(1422W, 38°N) with very low sensitivity. We compare the should decrease the sensitivity. Doubling the resolutén r

resulting differences to a reference run with the origioal t ; ires 4 shorter time step so that the overall computational

pography to the linear adjoint sensitivities in Table 2. cost (wall clock time and memory requirements) foras-
Adjoint and finite-difference sensitivities give the sameyeriment is at least 16 times that of the experiment. For

order of magnltude transport differences. The a.dj(.)lnt S€ihis reason, we compare 0n|y shorter 1 and lo_year integra_

sitivity results differ by less than 30% from the perturbati tions of a 4 experiment to a 2experiment in Fig. 5 for the

results except for cases when the sensitivity is very small a gpjective function Atlantic meridional overturning strea

the implied transport changes smaller than 0.001Sv. D@jnction.

creasing the integration time decreases the differenaes fu As expected the sensitivities in the &xperiments and in

ther (e.g., to order 5% for 1 year integrations). We concludge p experiments are different. For example, the sensitiv-

that on time scales of 100 years, the adjoint sensitivits ¢ ity of the Drake Passage transport over the Crozet-Keeguél

bg u_sed to estimate the i_mpact (_Jf fin?te_topography UNCeh|ateau is less pronounced in ther2solution run, because

tainties on scalar model diagnostics within roughly 30%. at this resolution the topography resolves a few passages be
low 2000 m depth and hence the ACC feels less topographic
stress: the ACC is steered around the Kerguélen Plateau and
not across it as in the coarser and more viscous experiment
(not shown).

b. Different Time Scales The MOC sensitivities in the North Atlantic Ocean are
much finer in the the 2run. As the continental margins
and the boundary currents become sharper, so does the sen-

Fig. 4 shows that the sensitivity to topography changesitivity to topography. The sensitivity in the interior dfe

with the length of the integration: as an example, we choo$¢orth Atlantic basin that is visible in theé4un has vanished,

as the objective function the meridional heat transpodser pointing towards too strong horizontal viscosity/diffoisiin

32°S, averaged over the last year of the integration and ifhe coarser experiment: with strong internal friction, the

tegrate the model for 1, 10, 100, and 500 years. The topogoundary currents are more spread-out and are also affected

raphy sensitivity changes in pattern and magnitude for thgy, topography in the interior.

first three integrations, but there are only small diffeesnc In spite of these differences, several important patterns

betwe_en the 100 year and the 509 year run, mostly restnctag appear to be robust. For example, the sensitivities in bot
to regions far away f_rom 35. Again, the gffect of chal VS. configurations are pronounced along the western boundary
remote effects IS _V'S'b,le' the former playing a d.omlnaqe rOIof the North Atlantic and after 10 years also in the Denmark
for short integration times (1 year), the latter increasimg gy 4it and over the Scotland-Iceland Ridge. This simiarit
influence with increasing time scales (100, 500 years). is encouraging and shows that tHeuhs do contain relevant

In forward perturbation experiments such as the ones Kpnsitivity patterns.
Section 3a, we found that. the dllfference in, for example, From the graphs in Fig. 5, the point-wise sensitivities in
temperature petween two S|mulat|on§, albeit two to three of\, ~yarse runs appear to be larger in both amplitude and spa-
ders of magnitude smaller than the signal, has not reachedj% extent. To estimate the overall effect of the sengitgi

steady staf[e aq‘ter 500 years. Because the moqel mclude&@ sensitivities)¢ /Ju; at positioni are multiplied by the
parameterization of convection, we expect non'“neamehauncertaintiesﬁu-'
i

ior to maintain small differences between the experiments,
even in our coarse configurations: small differences in buoy A¢; = 9¢ Au;. (5)
ancy cause different convective depths, that lead to new Ou;

anomalies that are propagated by Rossby and Kelvin waveg the limit of uncorrelated uncertainties, the point-wise-
Therefore, small changes in sensitivity near the “measurgiputions AH d¢/8H are added geometrically according
ment” area along 35, where the objective function is com-to uncorrelated error propagation$ = /S AG2): the
« . . 3

puted, are not surprising even after long time scales, l8ut agffect of an uncorrelated global topography uncertainty of
a consequence of the internal variability of the model. AH = 100m would result in an uncertainty of the trans-

We conclude that after 100 years the sensitivities near thpert through Drake Passage by 1Sv in tlfeeXperiment
location of the “measurement” have nearly equilibrated anand 0.6 Sv in the 4 experiment. For the meridional over-
that the sensitivities of the 100 year-integrations areeep turning strength, the estimated uncertainties are 0.4 3V an
sentative of principle sensitivity patterns. 0.6 Sv respectively. In the other limit of perfect corredatj




TABLE 2. Comparison of implied transport difference from linedjoint sensitivitiesA¢a.q; = AH - (0¢/0H) and perturbation
experimentsA\¢rwa = ¢(H + AH) — ¢(H) for 100 year integrations. The relative difference(i& ¢aq; — Adswd)/Adrwa] x 100.

130°E, S 166E,54S 142W, 38N 42°W, 54°N
Drake Passage transport (DPT4D100Y)

Adiq [SV] 0.0822 —0.1885 -2 x107° —0.0250
Agagj [SV] 0.0632 —0.1533 —7x 1077 —0.0253
rel. diff. [%)] 23 19 69 1
Atlantic meridional overturning circulation (MOC4D100Y)

Adiq [SV] 0.0386 —0.0139 6 x 1077 —0.0590
Adaqj [SV] 0.0286 —0.0141 3x 1077 —0.0611
rel. diff. [%] 26 1 46 4
“Deacon Cell” (SO04D100Y)

Adiq [SV] 0.0026 0.0092 —7x 1077 0.0001
Agagj [SV] 0.0023 0.0096 —8 x 10-8 0.0001
rel. diff. [%)] 10 5 89 33
Heat transport across 32 (SOH4D100Y)

Adiq [SV] 0.0019 —0.0006 -3 x 1077 0.0003
Adaq; [SV] 0.0010 —0.0007 —7 %1078 0.0002
rel. diff. [%] 44 21 80 19

that is by simply adding all\¢; in Eq. (5), the implied un- fluxes by scaling witlyay /(poc., ) andgBs Sy, respectively.
certainties are-4.4 Sv for the 2 experiment and-2.0Sv  Upward flux (out of the ocean) is positive. The parame-
for the # experiment for the Drake Passage case. For thers are the gravity acceleratign= 9.81 ms~2, the ther-
MOC, we have 0.16 Sv for the°Z2xperiment—1.6 Sv for mal expansion coefficients = 2 x 10~*K~!, the saline
the £ experiment. These numbers are ambiguous and @ontraction coefficienBs = 7.4 x 10~4, the heat capacity
not support the hypothesis that the overall sensitivityoto t of waterc,, = 3994Jkg~' K1, a reference density, =
pography is smaller in high resolution models. All that cani035kgm~—3, and a reference salinit§y = 35. In buoy-
be said is, that the sensitivities to topography do change wiancy flux units, it becomes immediately clear that heat and
resolution, and more experiments are needed to explore thieshwater fluxes have very similar effects on the Drake Pas-
sensitivities at higher resolutions. sage transport, and their effect can be interpreted as aajene
sensitivity to buoyancy fluxes. The physical interpretai®
also intuitive: decreasing the outgoing buoyancy flux north
5. Importance Relative to Momentum and Buoyancy of approximately 58S increases the buoyancy of the surface
Forcing layers, thus the stratification; south of*®increased up-
ward buoyancy flux decreases the buoyancy around Antarc-

To put adjoint se_nsmvmes with respect_t_o _bottom tOPOGsica  Both mechanisms increase the meridional density gra-
raphy into perspective, we show the sensitivity of the Draka-

P h | variabl | and I’doent, which then accelerates the ACC. The sensitivity é th
Passage transport to the control variables zonal and Merjs h e, hemisphere is much larger (more negative) in the
ional wind stress, heat and fresh water flux in Fig. 6.

Atlantic Ocean than in the remaining oceans pointing to an

~ The zonal wind stress sensitivity map shows that increagtimate link between the Atlantic Overturning Circulatio
ing the zonal wind stress in the Southern Ocean, in partignd the strength of the ACC.

ular in Drake Passage itself, south of Africa and Australia, In the Southern Ocean, mean wind stress values are on

increg_s_es the tr_an_sport throu_gh the Drake_ Passage (posiiiip{e order of 0.1 N m?2, surface buoyancy fluxes range from
sensitivity). This is accomplished by an increased EkmagS to +5x10-3m2s-3. Assume uncertainties as large as

transport piling up gurface waters gt northe.rn boundaries%% for wind stress and buoyancy fluxes; uncertainty of to-
(Drake _Passage,_ Africa, and Australia). The increased s ography is estimated at 100 m (locally the uncertainties ca
face height gradient then accelerates the ACC. Less nor 5 much larger, cf. Fig. 1a). From Fig. 6, we read off a zonal
ward (|._e_., more southward) me_rldlonal wind stress along;y syress sensitivity of 2 Sv/(NT#) in Drake Passage, a
the Pacific coast of South America moves less water out BLoyancy flux sensitivity of X107 Sv/(m? s=%) in the At-
(“pushes” more water into) the Antarctic Circumpolar Cur1antic Ocean, and from Fig. 2 a topography sensitivity of

rent, thus increasing its_ strength (negative sensitivif)e ﬁx 1072 Sv/m near the Crozet-Kerguélen Plateau. Accord-
northern hemisphere wind stress does not seem to affectl]: 8 to Eq.(5), changing the control variables in these [oint

ACC as much on the time scale of 100 years. by their respective large uncertainties changes the Drake
Heat and fresh water fluxes are converted to buoyancy
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FIG. 4. Adjoint sensitivity of heat transport across’$2o topography for different time scales.

Passage transport by 0.1Sv (wind stress), 0.25Sv (buaywore likely to be correlated in space than topography uncer-
ancy flux), and 0.2 Sv (topography), that is, by comparaainties, and the overall effect of surface wind stress unce
ble amounts. Clearly, these rough estimates refer to poirtainties is estimated to be larger than that of the topograph
wise changes. If we were to estimate the effect of, founcertainties.
instance, large scale wind stress fluctuations in the South-
ern Ocean, the point-wise effects would accumulate, de-
pending on the error correlation and the topographic ef. Discussion
fects would be smaller, because uncertainties in topograph
are likely to be uncorrelated. In the case of perfect corre- Numerical ocean models are sensitive to the geometry
lation, increasing the zonal wind stress south of@&y ©f the model domain. This sensitivity can be qualified and
0.05NnT2 implies an integral linear increase of the Drakeduantified with the help of an adjoint model that computes
Passage transport by 20 Sv consistent with the dramatic e gradient of scalar objective functions (model diagnos-
crease in transport that Gent et al. (2001) observe when thié§s) With respect to the control variables.
add 0.05csecant(latitude) N m? to the zonal wind stress  We found in a coarse grid configuration of the MITgcm,
(their experiment H). Increasing the heat flux south %2 that the sensitivity with respect to bottom topography is lo
by 10 W m~2 and assuming perfect correlation increases theally equally important to the mean circulation of the model
transport by 3.0 Sv. Assuming a systematic biag-#00m as are surface boundary conditions. Many interesting as-
south of 38S leads to a decrease in transport by 2.1 Sv.  pects about the model dynamics are revealed in the sensi-
In the other limit of uncorrelated uncertainties wind strestivity maps. We have briefly touched upon this topic to illus-
uncertainties of 0.05N M south of 38S lead to 1Sy (trate the power of the adjoint sensitivities. To the exthatt
Drake Passage transport uncertainty, heat flux uncertaff® model represents real processes, the conclusions about
ties of 10WnT2 to 0.5 S, and topographic uncertainties ofhe model dynamics can be transfered to the real ocean.
100 m south of 385 to 0.6 Sv. We note, that both locally  For future applications of the presented adjoint technol-
and on the large scale uncertainties in bottom topograplegy, one can imagine, for example, an objective functioh tha
can have the same size effect on the Drake Passage transjgodirectly related to the position of the Gulf Stream separa
as uncertainties in surface forcing fields. All effects oa thtion point, thereby finding a way to represent a proper Gulf
transport have measurable magnitudes and therefore shoBkieam separation in a coarse model by systematically tun-
be controllable. Uncertainties in surface forcing fields aring the topography. Or, extending the work of Kohl (2005), a
study on the impact of the topography of the Denmark Strait
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Fic. 5. Comparison of adjoint sensitivity to topography betwde (left column) and 2-resolution (right column) runs for 1 year (top
row) and 10 years (bottom row) for the Atlantic meridionaéawrning stream function.

and the Scotland-Iceland-Ridge could be modified from thietion, may be extended to the question of convergence of
traditional approach of changing the topography locallg anadjoint sensitivities, a difficult topic in the context oftém-
observing the changes in circulation (e.g., Beismann amteting adjoint sensitivities in highly nonlinear regines
Barnier 2004) to asking directly, which control variablés a general, we expect that the maps of sensitivity to topogra-
fect, say, the Atlantic meridional overturning stream funcphy becomes smoother and thus more straightforward to in-
tion. Due to the limited resolution of our experiments, weerpret when the resolution increases sufficiently to resol
were only able to point to regions where topography masteep topography gradients. Finally, at eddy permittisg+e
ters. lution, when according to Penduff et al. (2002) roughness of

In our simulations, many details are different from realistopography can actually lead to less realistic solutiohs, t
tic scenarios, and necessarily so are the adjoint senigitivi Sensitivity to topography may be completely different than
In the following we name a few. In our experiments.

For computational efficiency, and because this study is in With respect to the forcing, we note that imposing con-
part a proof of Concept, we chose a coarse resolution griat’ant surface fluxes that are independent of the Underlying
similar to other studies (e.g., Ferreira et al. 2005). Weshacean state is clearly unrealistic. We have chosen this type
shown that many of the sensitivity features remain wheff idealized boundary condition to facilitate the interare
the resolution is doubled, but have also shown that othé&Pn of the flux sensitivities. Allowing some feedback be-
features start to change qualitatively (e.g., emergence ofween ocean model and surface boundary conditions, for ex-
sharper western boundary current structure, and Scotlar@mple, by mixed boundary conditions (prescribed fluxes in
Iceland Ridge with increasing resolution). Care must theréombination with temperature restoring), both improves th
fore be taken to interpret sensitivities within the conteikt solution and leads to different flux sensitivities, but werid
the numerical model and configuration (the issue of convel? preliminary experiments that neither restoring bougidar
gence of a model towards a solution with increasing resgonditions nor a seasonal cycle in the boundary conditions
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FiG. 6. Adjoint sensitivity with respect to surface boundaryditions of the volume transport through Drake Passage 2@ years:
a) zonal wind stress,, b) meridional wind stress,, c) heat fluxQ, d) fresh water flugm P. Heat and fresh water flux sensitivities are
rescaled into units of buoyancy flux sensitivity.

have a fundamental effect on the sensitivity to topographyrning cell is most likely affected by this parameteripati
(not shown). Using atmospheric state variables such as aw that particularly the interpretation of the Deacon aeti-s
temperature, specific humidity and wind speed as contrsitivities in Section 3¢ should not be generalized. On the
variables, from which surface fluxes are computed via bulkther hand, the impact of the topography on the near surface
formulae, captures the feedback between atmosphere dhalv depends significantly on the oceanic stratification (Mar
ocean even better (as well as the direct coupling betweshall 1995b), and one expects a more pronounced impact of
momentum and buoyancy fluxes) and may lead to more réie topography at high latitudes regions where the stratific
alistic sensitivities (efforts in this regards are curhgohder  tion is weak.
way in the context of improving the ECCO-like state estima- QOther parameterizations, such as implicit diffusion for
tion systems). deep convection, could also be replaced by more realistic
For technical reasons, the current model configuratiosthemes. Parameterizing vertical mixing as a function-of to
does not include a modern eddy transfer parameterizatipography roughness, following Simmons et al. (2004), adds
such as that of Gent and McWilliams (1990), although ira further connection between topography and the general cir
principle this is possible (Ferreira et al. 2005, who used atulation. We expect the topography sensitivities to change
adjoint model with GM-parameterization but without topogwhen including such a parameterization.
raphy as a control variable). Parameterizing turbulent mix Flow near the bottom tends to be affected more strongly
ing by horizontal diffusion often leads to spurious convechy topography than near-surface currents that are baroclin
tion in the Southern Ocean, so the processes in the modglly shielded from the effects of topography (Marshall and

that maintain the density structure in the Southern Ocean astephens 2001). Either the explicit resolution of such bot-
different from those in the real world. The southern overtom or slope currents or their efficient parameterization, f
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example by a bottom boundary layer model (Beckmann arid the future, this costly approach may be replaced by a more
Doescher 1997, Campin and Goosse 1999) might change #iféicient and generally stable solution.
behavior of the ocean model and its sensitivity to bottom to- There is a certain freedom in Choosing the control vari-
pography. able topography on a C-grid: the topographic height at ei-

The present findings have consequences for the choitteer the pressure/tracer-points or the velocity points- Be
of control variables (the control vector) in ocean state egause, on a C-grid there are two velocity points per grid cell
timation studies. The control variables determine the sdhe latter choice doubles the number of topography related
lution of a model. In state estimation the elements of theontrol variables. It also changes the solution algorithm,
control vector are systematically adjusted within prdéssdi  implying shaved or cut cells instead of the standard partial
error bounds to fit the model variables to observations. Icells (Adcroft et al. 1997). Currently, we chose to use topo-
most of the current state estimation studies the control vegraphic height at the pressure/tracers points as control va
tor consists of surface boundary conditions and initial-corables instead. This choice involves many non-continuous
ditions. With our findings that bottom topography affect{non-differentiable) function calls (FORTRAN MIN/MAX
the solution of an OGCM measurably and, at least locallyunctions) when generating the fractional volume cellse Th
as much as surface boundary conditions, it is natural to iMIN/MAX functions can be replaced by quasi-continuous
clude bottom topography in the control vector and allow it t@approximations in order to ensure differentiability. lrapr
adjust within prescribed (probably small) limits in therfra-  tice, doing so changes the resulting sensitivities onlgllgc
work of state estimation. Losch and Wunsch (2003) demon-
strated the feasibility of this idea in a single-layer, mgar REFERENCES
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