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Abstract

As part of the COR C (Consortium on the Ocean's Role in Climate) consortium

and the ECCO (Estimation of the Circulation and the Climate of the Ocean) con-

sortium, a v ariational data assimilation system has b een dev elop ed for the tropical

P aci�c Ocean. This system mak es use of the adjoin t metho d to adjust an eddy-

p ermitting con�guration of the MIT o cean general circulation mo del to observ ations

in the tropical P aci�c region. The mo del has a realistic con�guration with parame-

terizations for the surface b oundary la y er (KPP) and op en b oundaries at the south

and north, as w ell as in the Indonesian through
o w. In the assimilation metho d,

con trol parameters w ere adjusted to �t the mo del to the data. The adjustable

parameters include the initial temp erature and salinit y conditions, temp erature,

salinit y and horizon tal v elo cities at the op en b oundaries and the time-dep enden t

surface 
uxes of momen tum, heat and fresh w ater. A decomp osition of the v elo cities

at the op en b oundaries in to barotropic-baro clinic mo des is in tro duced to deal with

v ery strong sensitivities of the mo del sea surface heigh t to the barotropic comp o-

nen t. Larger viscosit y and di�usivit y terms are used in the adjoin t mo del to a v oid

v ery strong sensitivities calculated in the bac kw ard run related to the nonlinear

nature of our high-resolution mo del. Preliminary exp erimen ts in whic h the mo del

w as constrained with Levitus temp erature and salinit y data, Reynolds sea surface

temp erature data and T op ex/P oseidon and ERS altimeter data w ere p erformed to

demonstrate the con trollabilit y of this assimilation system and to study its sensitiv-

it y to the initial conditions.
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1 In tro duction

Estimating the circulation of the tropical o cean has long b een a goal of ph ysical o ceanog-

raph y . As the Southern Oscillation and its relationships to El Ni ~ no and the extratropics

b egan to b e understo o d (Bjerknes , 1966), more atten tion w as fo cused on the tropical

P aci�c o cean. The sp ectacular global climate impacts asso ciated with the strong 1997-98

El Ni ~ no ev en t underscored the need for b etter understanding of tropical P aci�c features.

This ev en t w as one of the most widely discussed climate ev en ts in recen t history . The great

v ariabilit y b et w een El Ni ~ no ev en ts has not y et b een completely understo o d, and leads to

other questions, suc h as the resp onse of the El Ni ~ no/Southern Oscillation (ENSO) to

large-scale w arming.

Accurate description of the spatio-temp oral structure of the tropical P aci�c o cean is

a k ey step to w ard understanding these ev en ts and b etter studying the tropics curren ts

and their in teractions. The circulation of the tropical P aci�c has b een studied extensiv ely

in recen t y ears using b oth observ ations and n umerical mo dels. Ho w ev er, to date most of

these studies w ere limited b y the small amoun t of a v ailable data (Durand ab d Delcroix,

2000; Lagerlo ef et al. , 1999; Vialard et al., 2001). On the other hand, n umerical o cean

mo dels pro vide a crude appro ximation of realit y b ecause of the man y errors in the mo del.

The observ ational data set is b oth sparse and inhomogeneous, and one of the ma jor

c hallenges of data managemen t for the e�ort is to com bine the disparate data t yp es and

an o cean mo dels to obtain a dynamically coheren t and useful four dimensional picture of

the state of the tropical P aci�c Ocean (Ghil and Malanotte-Rizzoli, 1991).

High resolution tropical P aci�c mo dels require signi�can t computing resources b ecause

of the v ery large basin. Consequen tly , simple data assimilation tec hniques w ere imple-

men ted with these mo dels, basically based on optimal in terp olation or the so-called three

dimensional v ariational metho ds (Carton et al. , 1996; Giese and Carton, 1999). These

metho ds pro vide the analysis of the system state using the observ ations at a giv en time,

without enforcing smo othness in the time dimension. A t presen t, most of these adv anced

assimilation sc hemes are based on the adjoin t metho d or on the Kalman �lter (W unsc h,

1996). F or instance, Bennett et al. (2000) used the represen ter metho d, whic h solv es the
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dual form ulation of the adjoin t problem, to assimilate T A O data in to an in termediate

coupled o cean-atmosphere mo del. Bonek amp et al (2001) also used the adjoin t metho d

to adjust the mo del wind stress o v er the tropical P aci�c while constraining the mo del

to temp erature data pro�les using a t win exp erimen ts approac h. Recen tly , W ea v er et al.

(2003) succefully tested an incremen tal approac h of the 4D-V AR assimilation problem

with a primitiv e equation mo del while assimilating temp erature pro�les and adjusting

initial conditions. Since a full implemen tation of the Kalman �lter is not p ossible in prac-

tice, simpli�ed Kalman �lters with di�eren t degrees of appro ximations w ere also used to

assimilate altimetric data and also T A O data in the tropical paci�c (V erron et al. , 1999;

P aren t et al. , 2003).

Most of the previous assimilation studies in the tropical P aci�c use a restricted set of

observ ations or relativ ely lo w horizon tal or v ertical resolutions to reduce computational

burdens. W e are implemen ting an eddy-p ermitting regional assimilating system for the

tropical P aci�c o cean. This system is nested in the ECCO global assimilation (Stammer

et al. , 2002; K• ohl et al., 2005) whic h pro vides complete o cean pro ducts at 1

�

resolution

from an adjoin t assimilation system with the MITGCM Marshall et al. (1997). Our aim

is to assimilate all data in the equatorial region in to a common, dynamically consisten t

framew ork for understanding the v ariabilit y of the tropical P aci�c in greater detail than

w as p ossible b efore.

The goal of this pap er is to describ e the tec hnical features of our assimilation system

while fo cusing on the problem of v ariational data assimilation in a nonlinear mo del with

widely v arying sensitivities. Strong sensitivities can lead to p o orly conditioned problems,

and nonlinearities mean that gradien t directions determined linearly are not optimal for

solving the complete problem. The tropical curren t system is unstable to rapidly-gro wing

p erturbations whic h are not easily predictable or con trollable b y our system. W e ha v e

reduced the e�ects of these instabilities b y in tegrating a more viscous and di�usiv e mo del

bac kw ard in time. This mismatc h b et w een adjoin t and forw ard run is not guaran teed to

succeed, but it con v erges w ell in our examples. W e also use reduced cost function w eigh ts

to comp ensate for v ery high sensitivities of the mo del solution (mainly the free surface

heigh t) to the barotropic comp onen t of the normal v elo cities at the op en b oundaries. A
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complete set of analysis states and forcing �elds for the tropical P aci�c Ocean o v er a few

y ears p erio d is under construction and will b e rep orted and discussed in the near future.

The pap er is organized as follo ws. Section 2 describ es the assimilation system, includ-

ing the mo del and the assimilation metho d. The main c haracteristics of the data sets used

in our study are review ed in section 3. The assimilation exp erimen ts are describ ed and

the assimilation results are ev aluated against indep enden t data in section 4.2. Finally ,

concluding remarks are giv en in section 5.

2 The Assimilation System

2.1 The Mo del

The mo del used in this study is a general circulation mo del (GCM) whic h has b een de-

v elop ed at the Massac h usetts Institute of T ec hnology (MIT) (Marshall et al. , 1997) to

supp ort o cean general circulation studies o v er a broad range of scales and ph ysical pro-

cesses. It is based on the primitiv e (Na vier-Stok es) equations on a sphere under the

Boussinesq appro ximation. The system equations are written in z-co ordinates and dis-

cretized using the cen tered second order �nite di�erences appro ximation in a staggered

\Arak a w a C-grid". The n umerical co de is further designed to allo w for the construction of

the adjoin t using the automatic di�eren tiation to ol T AMC (Giering and Kaminski, 1998).

Stammer et al. (2002) pro vided the �rst 2

�

� 2

�

global state estimation using this mo del.

The basic con�guration of the mo del is describ ed in Hoteit et al. (2004). It co v ers the

en tire tropical P aci�c basin extending from 26

�

S to 26

�

N and from 104

�

E to 68

�

W. The

b ottom depth is at 6000m and the bath ymetry is extracted from the global top ograph y

prepared b y Smith and Sandw ell (1997). The mo del is in tegrated on a 1 = 3

�

� 1 = 3

�

Mercator

grid, with 39 v ertical lev els. The v ertical resolution is spaced at 10m from the surface to

250m in depth, with spacing gradually increasing to 300m b elo w. The mo del op erated in

a h ydrostatic mo de with an implicit free surface. No-slip conditions are imp osed at the

lateral b oundaries while b ottom friction is quadratic with a drag co e�cien t equal to 0 : 002.

The sub-grid scale ph ysics is a tracer di�usiv e op erator of second order in the v ertical,

with the eddy co e�cien ts parameterized b y the K-pro�le parameterization (KPP) mixed
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la y er mo del (Large et al. , 1994). In the horizon tal, di�usiv e and viscous op erators are of

second and fourth order resp ectiv ely with co e�cien ts 5 � 10

2

m

2

/s and 1 � 10

11

m

4

/s,

resp ectiv ely . V ertical di�usivit y and viscosit y are parameterized b y Laplacian mixing with

v alues 1 � 10

� 6

m

2

/s and 1 � 10

� 4

m

2

/s, resp ectiv ely .

Op en b oundaries (OB) are set at 26

�

S and 26

�

N, as w ell as at four straits in the

Indonesian through
o w. The OB sc heme is implemen ted as in Zhang and Marotzk e

(1999). It sp eci�es the horizon tal comp onen ts of the v elo cit y on the b oundary and the

adv ection of temp erature and salinit y from prescrib ed v alues at the b oundaries. This

adv ection is made through a sp onge la y er extended 2

�

from the b oundary in whic h the

b oundary solution smo othly tap ers to the in terior. Mon thly mean v alues (cen tered on

the 15th of eac h mon th) obtained from the ECCO global state estimate w ere prescrib ed

at the grid p oin ts just outside the OB and are restored within a bu�er zone of 3

�

o v er

time scales linearly v arying b et w een 1 da y and 40 da ys. The normal v elo cit y �elds across

the op en b oundaries ha v e b een further corrected on a mon thly basis: (i) to conserv e the

same transp ort at 26

�

N and 26

�

S as in the global ECCO mo del and (ii) to exactly balance

the v olume 
ux in to the domain b y the transp ort out in the ITF. The corrections at a

b oundary are added as a barotropic transp ort (uniformly distributed o v er all grid p oin ts).

In the ITF, 1 = 2, 1 = 3 and 1 = 6 of the correction is added to the transp ort in the Om bai

strait, Timor passage and Lom b ok strait, resp ectiv ely .

Surface 
uxes of momen tum, heat, and fresh w ater are prescrib ed at the o cean-

atmosphere in terface. Tw o sets of forcing �elds are used in our exp erimen ts. The �rst

data set consists of the sea surface �elds from the National Cen ters for En vironmen tal Pre-

diction (NCEP)/National Cen ter for A tmospheric Researc h (NCAR) re-analysis pro ject

(Kalna y et al. , 1996). This data set is a v ailable on a 1

�

� 1

�

global grid. It con tains

t wice-daily wind stress v ectors and daily net heat 
ux, net short-w a v e radiation and w a-

ter 
ux at the sea surface. The second forcing set is obtained from the optimized ECCO

forcing �elds (Stammer et al., 2004). These forcings are the NCEP forcings optimized

b y a v ariational 1

o

� 1

o

global state estimation pro cedure on the same spatio-temp oral

distribution (K• ohl et al., 2005).

4



Prior to data assimilation exp erimen ts, the mo del w as in tegrated o v er 9-y ear p erio d

from 1992 to 2001 in a related study (Hoteit et al. , 2004) for data comparison and sen-

sitivit y studies. Generally sp eaking, the mo del w as sho wn to b e able to capture m uc h of

the observ ed v ariabilit y during the exp erimen t p erio d. It w as therefore concluded that

this mo del is realistic enough to b e used for assimilation exp erimen ts.

2.2 The Adjoin t Metho d

Assuming that the mo del is an accurate repro duction of the true o cean, the mo del state

can in principle b e brough t in to agreemen t, within error estimates, with the observ ations

b y adjusting an iden ti�able set of mo del parameters. This leads to an optimization

problem of a cost function measuring the discrepancy b et w een the mo del solution and

data o v er a giv en p erio d of time and constrained b y the mo del equations sub ject to a

set of con trol v ariables. The gradien t of the cost function is used to determine descen t

directions to w ard the minim um in an iterativ e pro cedure. An e�cien t w a y to compute

the gradien t of the cost function is to use the adjoin t metho d whic h pro vides the gradien t

b y in tegrating the adjoin t of the tangen t linear mo del (TLM) bac kw ard in time (W unsc h,

1996).

In its general form, the ob jectiv e cost function consists of a w eigh ted mo del-data

mis�t and p enalt y terms on c hanges to the con trol v ariables relativ e to our kno wledge of

uncertain ties and can b e presen ted as

J =

t

f

X

t =0

[ y ( t ) � E ( t ) x ( t )]

T

R

� 1

( t )[ y ( t ) � E ( t ) x ( t )]

+

t

f

X

t =0

[ u ( t ) � u

b

( t )]

T

Q

� 1

( t )[ u ( t ) � u

b

( t )] ; (1)

where x ( t ) is the mo del state v ector and u

b

( t ) a �rst guess of the unkno wn con trol v ector

u ( t ) at time t . u ma y include separate comp onen ts comprising errors on an y set of mo del

parameters and external forcing �elds whic h are lik ely capable of con trolling m uc h of the

mo del state. F or this study w e ha v e c hosen to con trol the initial temp erature and salinit y ,
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atmospheric forcings, and temp erature, salinit y and v elo cities at the op en b oundaries.

The v ector y ( t ) con tains all observ ations a v ailable at time t and is related to the mo del

state according to the observ ation op erator E ( t ). R ( t ) and Q ( t ) are w eigh t matrices

represen ting the co v ariance of data errors and uncertain ties in the bac kground �elds,

resp ectiv ely .

The Lagrange m ultiplier metho d w as used to deriv e the adjoin t mo del as describ ed

in W unsc h (1996). Details ab out the application are giv en in Stammer et al. (2002).

The mo del is �rst app ended to the cost function J using the Lagrange m ultipliers � ( t ),

leading to a Lagrange function L . The stationary v alue of L is then found b y equating

to zero the deriv ativ es of L with resp ect to x , u and � . This yields the so-called normal

equations. Because of the complexit y of the problem, the equations are solv ed implicitly

and iterativ ely b y emplo ying the adjoin t mo del to calculate the gradien ts of the J and

then using an optimization algorithm to minimize J .

2.3 Con trol of the Normal V elo cities at the Op en Boundaries

One of the b ene�ts (or problems) of assimilating with a regional mo del is the p ossibilit y of

treating the op en b oundaries as adjustable parameters. In the MITGCM, the b oundary

conditions require the complete sp eci�cation of the state U , V , S and T . Accordingly , four

separate p enalt y terms w ere added to the cost function; one for eac h state v ariable (Zhang

and Marotzk e, 1999). Suc h an estimation pro cess migh t ho w ev er pro vide dynamically

un balanced op en b oundaries whic h cause deterioration in the �nal solution. F ollo wing

Gebbie (2004), an additional term w as added that p enalizes the deviation from the thermal

wind balance on the b oundary in a 'soft constrain t' approac h to bring the b oundaries

closer to geostrophic balance. A net mass 
ux is still applied as a hard constrain t on the

adjusted v elo cities.

The estimation of v elo cities at the op en b oundary is often p o orly conditioned when

sim ultaneously adjusted with other con trol v ariables. The mo del Sea Surface heigh t (SSH)

is v ery sensitiv e to c hanges in the barotropic comp onen t of the normal v elo cities at the

op en b oundary . This means strong sensitivit y of the cost function to the v elo cities at
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the op en b oundary b ecause of the constrain t term to SSH data. A mixture of strong

and w eak sensitivities in an optimization leads to di�cult top ology of the cost function

manifold, sev erely slo wing descen t optimization metho ds. Ideally this top ology w ould

b e comp ensated b y pre-conditioning, with preconditioning b y the in v erse of the Hessian

yielding a manifold with uniform gradien ts. Our system do es not ha v e an ob vious simple

or cost-e�ectiv e metho d for preconditioning b y an appro ximate Hessian. Instead, w e ha v e

isolated the problematic dimensions (normal v elo cities) with strong sensitivities and use

decreased w eigh ting for these terms in the cost function. This is equiv alen t to allo wing

only tin y c hanges to the normal 
o w at the b oundaries. This treatmen t is not optimal,

but it has pro duced reasonable solutions so far, and should b e relaxed as the Hessian

b ecomes b etter-kno wn.

Suc h a brute force approac h, ho w ev er, signi�can tly decreases the w eigh t of the baro-

clinic comp onen t of the normal v elo cities making the con tribution of this comp onen t

insigni�can t. As prop osed b y Gebbie (2004), the b est w a y to deal with this problem is to

decomp ose the normal v elo cit y at the op en b oundary in to baro clinic and barotropic com-

p onen ts and then apply di�eren t w eigh ts for eac h comp onen t. Considering the baro clinic

comp onen t as the di�erence b et w een the absolute and the barotropic v elo cities requires

an additional hard constrain t: the v ertical in tegral of the baro clinic comp onen t m ust b e

zero. T o a v oid a hard constrain t without increasing the degrees of freedom in the con trols,

Gebbie (2004) remo v ed the �rst la y er from the baro clinic comp onen t. Ho w ev er, as w e no-

ticed in our n umerical exp erimen ts, this results in an unrealistic v ertical shear b et w een

�rst and the lo w er la y ers.

In order to a v oid suc h unrealistic baro clinic structure, w e adopted a normal mo de

decomp osition to the v elo cities normal to the b oundaries. F ollo wing P edlosky (1987)

quasi-geostrophic normal mo des are the solution of the v ertical Sturm-Liouville problem

( h

k

)

z z

+

N

2

C

2

k

h

k

= 0 (2)

with z the v ertical co ordinate, h

k

the k

th

v ertical mo de, N ( z ) is the buo y ancy frequency

giv en b y N

2

= � g �

z

=�

0

( g is the gra vit y constan t, � the densit y pro�le, and �

0

the
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reference densit y), and C

k

the phase sp eed of long gra vit y w a v es with mo de k . Here, w e

only use it as an orthogonal decomp osition in the adjoin t mo del to separate the barotropic

and the baro clinic comp onen ts, and it is not required for the forw ard mo del.

This decomp osition dep ends on w ater depth and strati�cation and the n um b er of

mo des is equal to the n um b er of la y ers. In order to apply it to our primitiv e equation mo del

with realistic top ograph y , a di�eren t barotropic-baro clinic decomp osition op erator for

eac h lo cation should b e determined according to the lo cal depth and strati�cation. T o k eep

the decomp osition simple w e assume a linear densit y pro�le whereb y the decomp ositions

dep end only on lo cal w ater depth. In summary , �rst a decomp osition is computed for eac h

n um b er of la y ers n (b et w een 1 and nr ). Then the v elo cit y v ector in eac h p oin t along the

op en b oundaries is decomp osed in to barotropic-baro clinic mo des using the decomp osition

op erator that corresp onds to the n um b er of w ater la y ers in this column.

2.4 Dealing with Large Adjoin t Sensitivities

The use of the adjoin t metho d for data assimilation with nonlinear mo dels can b e prob-

lematic. When the mo del is strongly nonlinear, the cost function b ecomes non-con v ex,

implying the existence of m ultiple lo cal minima (Li, 1998; Pires et al. , 1996). This w ould

prev en t signi�can t impro v emen ts in the cost function with a gradien t descen t optimization

algorithm, since these algorithms are only designed to con v erge to w ard lo cal minima. The

c hoice of the initial guess for the adjusted v ariables then b ecomes crucial. This problem

has b een in v estigated b y Pires et al. (1996) for the con trol of the initial conditions. They

prop ose starting with assimilation o v er a short p erio d, where the linear appro ximation still

holds, and then gradually increase the length of the assimilation windo w while starting

eac h longer optimization from the adjusted initial conditions determined in the shorter

p erio d. The aim w as to main tain the initial conditions in the basin of the absolute min-

ima, where the cost function is exp ected to b e con v ex. Although this metho d w as sho wn

to impro v e the p erformance of the adjoin t metho d, its usefulness o v er long time spans can

b e questioned since the n um b er of lo cal minima gro ws exp onen tially with the length of

the assimilation windo w (Sw anson et al. , 1998). In this case, the cost function b ecomes

far to o irregular to allo w an y decrease with a gradien t descen t algorithm (K• ohl and Wille-
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brand, 2002). The metho d also dep ends on the existence of su�cien t information early

in the assimilation p erio d to estimate the complete con trol parameters.

The presence of m ultiple lo cal minima is often asso ciated with large gradien ts of the

cost function. This w as seen in our assimilation exp erimen ts; after only a few (2 � 3)

mon ths, the adjoin t solution of our mo del w as sho wing irregular 'sp ots' of v ery high sen-

sitivit y (Figure 1) whic h �rst app eared in the w estern basin of the tropical P aci�c b efore

spreading to a large area cen tered on the equator. These small-scale but strong gradi-

en ts indicate the presence of man y small-amplitude but tigh tly pac k ed extrema. Similar

patterns in the adjoin t solution w ere also rep orted in sev eral recen t pap ers (T angua y et

al. , 1995; Janisk o v a et al. , 1999; Lea et al. , 2002; Zh u et al. , 2002). Sensitivities gro w

exp onen tially without limit b ecause the adjoin t mo del lac ks nonlinear in teractions that

could otherwise slo w or stop the exp onen tial gro wth once the p erturbations reac h �nite

amplitude (Zh u et al. , 2002). Strong sensitivities ha v e b een asso ciated with p ositiv e Ly a-

puno v exp onen ts whic h c haracterize the limits of predictabilit y of the mo del (K• ohl and

Willebrand, 2002). Lik ewise, the sensitivities obtained from the adjoin t mo del b ecome

unrealistic when the time in tegration is to o long and the corresp onding tangen t linear

fails to describ e the nonlinear p erturbations (Lea et al. , 2002; Zh u et al. , 2002). Although

this problem is not presen t at a giv en time for su�cien tly small initial p erturbations, this

is not v ery useful for o cean applications since the size of the p erturbations should b e of

the same order as the size of uncertain ties (Errico and Reader, 1999).

It is imp ortan t to note that although the tangen t linear and adjoin t mo dels ma y b e

correct, the range of v alidit y of the linearization is smaller than the uncertain t y in the

con trol parameters when the mo del is in tegrated b ey ond a mon th or t w o. Therefore, the

large gradien ts do not pro vide an y useful information for the optimization of the cost

function or for sensitivit y studies o v er long p erio ds (the actual length dep ends on the

system under study). If these instabilities are not damp ed, then the assimilation can

b e only carried out within p erio ds where the mo del is w eakly nonlinear, so the adjoin t

sensitivities are useful o v er �nite size optimization steps. F or our mo del, this range is of

the order of a few mon ths. W e cannot accept these limits b ecause w e aim at optimizing the
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atmospheric forcing �elds, whic h can require mon ths to y ears of in tegration time b efore the

the e�ects of the errors in the forcing �elds are visible ab o v e the noise in the observ ations.

This happ ens b oth b ecause the size of the e�ect at the surface increases and b ecause the

e�ects p enetrate to greater depths where the signal-to-noise ratio is b etter. Surface forcing

can tak e y ears to a�ect the o cean b elo w the surface mixed la y er, particularly outside the

equatorial w a v eguide. One should also note that although this problem in v olv es large

sensitivities, it can not b e treated as in section 2.3, since the unstable (sensitiv e) mo des

of the adjoin t c hange with time and with eac h iteration.

T o extend the limits of the adjoin t metho d, Lea et al. (2002) recen tly prop osed a v erag-

ing the sensitivities of sev eral adjoin t runs in order to �lter the e�ect of secondary minima.

Suc h an \ensem ble adjoin t approac h" ma y quic kly b ecome computationally una�ordable

for long assimilation p erio ds, since this migh t require a large n um b er of adjoin t runs to

�lter out v ery large sensitivities. Another approac h whic h b ecame p opular recen tly con-

sists of replacing the original unstable adjoin t mo del b y the adjoin t of a mo di�ed stable

tangen t linear mo del. The latter is a simpli�cation of the original mo del and is usually

obtained b y omitting highly unstable mo des from the tangen t linear mo del. This is similar

to p erforming the optimization in a smo oth subspace, whic h means loss of accuracy due to

the omission of strongly nonlinear v ariations, generally related to small-scale phenomena.

This is necessary , ho w ev er, in order to optimize the cost function o v er long assimilation

p erio ds. F or instance, K• ohl and Willebrand (2002) successfully optimized the cost func-

tion of their highly nonlinear v ariational assimilation problem b y constructing an adjoin t

mo del of the mean state that w as in tegrated on a coarser grid emplo ying larger mixing

than the forw ard mo del. Moreo v er, considering only statistical quan tities additionally

regularizes the top ology of the cost function. Recen tly , Zh u et al. (2002) stabilized the

adjoin t asso ciated with the Mellor-Y amada turbulence closure mo del b y disabling the

dynamical terms that w ere the main sources of instabilit y .

W e �rst examined the nonlinearities in our tropical P aci�c mo del b y carrying out

sev eral forw ard runs to compute second deriv ativ es of the mo del state with resp ect to

v arious con trol v ariables using �nite di�erencing in con trol parameter space. The second

deriv ativ e is an indication of the nonlinearit y in the sensitivit y . T o compute the di�erences
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w e p erformed three forw ard runs in whic h the zonal wind stress w as p erturb ed as follo ws

(R1) A forw ard run with reference wind stress.

(R2) The same run as R1 but with a constan t ( eps > 0) p erturbation on the wind stress.

(R3) The same run but with � eps as constan t p erturbation on the wind stress.

The second deriv ativ es of the sea surface heigh t with resp ect to this constan t (in

space and time) zonal wind stress p erturbation w ere obtained b y adding the R2 and R3

solutions and substracting t wice the R1 solution. Figure 1 plots the ev olution in time

of the resulting second deriv ativ es in the leftmost column. The ev olution in time of the

gradien t of the cost functions with regard to the zonal wind stress as obtained from the

adjoin t mo del is sho wn in the righ tmost column. It can b e seen that the mo del SSH

sensitivit y is nearly linear during the �rst mon th. Some nonlinearities start to app ear

in the w estern P aci�c as w ell as in the cen tral P aci�c near the equator after only 40

da ys. Then they spread o v er the domain and b ecome stronger as the in tegration time

increases. The righ t panel suggests that the adjoin t mo del is stable as long as the forw ard

mo del is w eakly nonlinear. The app earance of large adjoin t sensitivities is consisten t

with the timing and the lo cations of the mo del nonlinearities. As suggested b y K• ohl and

Willebrand (2002), the existence of secondary minima that prev en t the con v ergence of

the adjoin t metho d can b e also diagnosed from an exp onen tial increase of the norm of

the adjoin t v ariables. Figure 2 plots the (natural logarithm of the) Euclidian-norms of

the adjoin t v ariables and sho ws a nearly exp onen tial gro wth. This means the v ariables

of the tangen t linear mo del will also gro w exp onen tially . V ery similar b eha vior w as seen

in other exp erimen ts with less simple p erturbations and/or other con trol v ariables (not

sho wn here). These exp erimen ts suggest that our tropical P aci�c mo del in tegration is

signi�can tly nonlinear b ey ond a few mon ths if the viscosities and di�usivities are set at

realistic v alues. This w ould limit the length of the assimilation p erio d in our system to

2-3 mon ths.

Next, w e examined the norm of the adjoin t v ariables b y p erforming the same adjoin t

run but using larger viscosit y and di�usivit y terms. Comparing to the run with the regular

viscosit y and di�usivit y (Figure 3), the norm of the adjoin t solution seems to b e stabilized
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when the viscosit y and di�usivit y w ere set to 3 � 10

12

m

4

=s and 1 : 5 � 10

4

m

2

=s (30 times

the original v alues), resp ectiv ely . T o assess the disapp earance of the adjoin t un b ounded

sensitivities, w e p erformed the same forw ard runs as b efore but using the higher viscosit y

and di�usivit y terms. These runs con�rmed that the viscous mo del remains almost linear

with these parameters and con�rms the results of the bac kw ard run. In short, at high

viscosit y and di�usivit y , the mo del b ecomes almost linear, at least during the �rst 12

mon ths, stabilizing the adjoin t o v er substan tially longer p erio ds.

Based on these exp erimen ts, w e ran the bac kw ard (adjoin t) mo del with 30 times higher

viscosit y and di�usivit y v alues than w ere used in the forw ard run in our iteration. This

extended the limit of our adjoin t-based assimilation system while retaining the realism

of the forw ard mo del runs with the original viscosit y and di�usivit y terms. Figure 3

plots the gradien ts of the cost function with regard to the heat 
ux as obtained from

the adjoin t mo del for sev eral v alues of the viscosit y and di�usivit y parameters. It can

b e seen that the use of larger v alues of these parameters smo othes the adjoin t output

while preserving the large scale patterns. The extra damping en tails an appro ximation

whic h amoun ts to discarding some 'uncon trollable' small-scale in trinsic v ariabilit y , but

mak es it feasible to carry out the assimilation o v er longer p erio ds. This approac h is

similar to K• ohl and Willebrand (2002) but it is simpler to implemen t, although it is

more demanding in computing resources. F urthermore, it can b e easily generalized for

a m ulti-scale approac h if small-scales are of in terest b y gradually decreasing the v alues

of the viscosit y and di�usivit y parameters while running the assimilation o v er shorter

p erio ds, starting eac h time from the previous adjusted solution. In addition, once a

satisfactory solution is obtained using the damp ed adjoin t, the damping could b e reduced

and the descen t restarted in the hop e that the estimated state from the more viscous

run is within the linear range of a less-viscous mo del. Ho w ev er, similar to the Pires et

al. (1996) metho d, this option most lik ely will only w ork w ell in an iden tical t win setup

where mo del data di�erences can b e reduced orders of magnitude.
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3 Description of the Data Sets

The tropical P aci�c Ocean is one of the most observ ed region of the global o cean and

sev eral data sets are a v ailable. These can b e used to impro v e the estimates or as

indep enden t cross-v alidation. This section describ es the data sets w e used for this study .

Altimetry Data

The assimilation used sea surface heigh t (SSH) pro vided b y the TOPEX/P oseidon (T/P)

mission. T o eliminate errors asso ciated with uncertain ties in the geoid, the mean and

time-v arying comp onen ts of the SSH data w ere considered separately . The one y ear T/P

mean SSH min us the EGM96 geoid (Lemoine et al. , 1997) has b een used to constrain

the mean mo del SSH during the assimilation. F or the time-v arying comp onen t, daily

T/P data whic h ha v e b een obtained from NASA's PO-D AA C at JPL and pro cessed as

describ ed b y Stammer and W unsc h (1994) w ere sampled on the mo del grid.

Sub-surface Data

The T ropical A tmosphere and Ocean (T A O) buo y arra y pro vides time series of curren t

and temp erature data at m ultiple lo cations across the equatorial P aci�c (McPhaden et

al. , 1998). The T A O arra y consists of appro ximately 70 deep-o cean mo orings spanning

the equatorial P aci�c Ocean b et w een 8

�

S and 8

�

N and do wn to 500m. Sixth mo orings

lo cated on the equator also carry up w ard-lo oking Acoustic Doppler Curren t Pro�lers

ADCP to measure upp er-o cean curren ts b et w een 10m and 250m. In addition, Exp end-

able Bath ythermographs temp erature (XBT's) data from v olun tary observing ships are

a v ailable on 18 sp eci�c lines that cross the equator at di�eren t longitudes. A detailed

description of these data can b e found in McPhaden et al. (1998).

Analyzed Data

Although o cean climatologies are not usually considered \observ ations", they are a

collection of observ ations and they can b e used to constrain the mo del solution. Here,

the Levitus climatology of mon thly mean temp erature and salinit y (Levitus and Bo y er,

1994), the Reynolds mon thly SST (Reynolds and Smith, 1994) w ere used. The Levitus
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climatology is based on historical h ydrographic data that are merged and spatially

a v eraged. The Reynolds optim um in terp olation (OI) SST analyses are pro duced on a

one-degree grid using buo y and ship data as w ell as satellite SST data. All these data

w ere in terp olated subsequen tly on to the mo del grid �rst horizon tally and then afterw ards

v ertically using linear in terp olation pro cedures.

T o test the assimilation system at �rst, only TOPEX SSH, Reynolds SST and Levitus

temp erature and salinit y data w ere assimilated in our mo del. The rest of the data sets

w ere used as indep enden t observ ations to test the estimates of the assimilation system

follo wing a cross-v alidation approac h. As a �nal goal, w e aim to include all data sets in

the assimilation system.

4 Assimilation Exp erimen ts

4.1 Setup

T o ev aluate the p erformance of the system and to study its sensitivit y to di�eren t setups,

w e carried out sev eral exp erimen ts o v er one-y ear assimilation p erio d starting from Jan uary

1

st

, 1998. As stated b efore, the mo del w as constrained b y along-trac k S S H �elds from

T/P , to mon thly Reynolds S S T , and to mon thly subsurface Levitus S and T climatology .

The con trol v ariables consists of the initial conditions, the atmospheric forcing �elds

adjusted ev ery t w o da ys, and b oundary conditions whic h w ere adjusted ev ery w eek. Data

and mo del errors w ere prescrib ed only on the diagonal of the error co v ariance matrices

and are the same as used b y K• ohl et al. (2005) in the global ECCO state estimation.

They ha v e b een appro ximated b y the error pro�les for temp erature and salinit y tak en

from Levitus data and b y 3 : 5 cm for the SSH T/P data. Prior errors for the wind stress

are pro vided as standard deviation of the di�erences b et w een NCEP and Quic kSCA T

scatterometer wind �elds. One-third of the lo cal standard deviation of the NCEP forcing

w as used as the prior error for the net heat and fresh w ater 
uxes. F or the b oundary

conditions, Levitus errors w ere prescrib ed for S and T and the standard deviation of the

ECCO v elo cities at the b oundaries for U and V . The baro clinic mo de of the normal
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Runs n First guess Initial Conditions F or cing Op en Boundaries

NCEP-LEVic NCEP Levitus ECCO

ECCO-LEVic ECCO Levitus ECCO

ECCO-ECCOic ECCO ECCO ECCO

T able 1: T able summarizing the assimilation runs.

v elo cities at the b oundary w as w eigh ted b y the standard deviation of the same mo de of

the ECCO v elo cities. The w eigh t for the barotropic mo de w as empirically set to a small

v alue.

The descen t directions to w ard the minim um w ere iterativ ely determined using the

Quasi-Newton M1QN3 algorithm whic h has b een dev elop ed b y Gilb ert and Le Mar � ec hal

(1989). After thirt y iterations the rate of cost function decrease w as relativ ely small and

the di�erences b et w een the mo del and the observ ations w ere reduced to ab out the lev els

of exp ected error for most of the data. W e started the optimization pro cedure using either

Levitus climatology or ECCO analyses as the initial conditions, NCEP or ECCO analyses

for the atmospheric forcing �elds, and ECCO analyses for the op en b oundaries. Three

assimilation runs w ere p erformed as summarized in T able 1 and compared to the mo del

run with the starting guess for the con trol parameters (whic h will b e called the \reference

run").

4.2 Assimilation Results

4.2.1 Ev aluation of the assimilation system

First w e discuss the con v ergence prop erties for the total cost function and the individual

cost function terms for the assimilated data obtained from the three assimilation runs

NCEP-LEVic, ECCO-LEVic and ECCO-ECCOic. The results as function of the n um b er

of iterations are sho wn in Figure 4. As exp ected, the initial total cost functions is smallest

when the assimilation starts from the ECCO forcing, suggesting that these forcing �elds

optimized on a coarse 1

�

� 1

�

grid ha v e go o d skills for SSH and SST in higher resolution

mo dels. Using Levitus as an initial guess for the initial conditions also pro vides a b etter

initial cost function since the asso ciated terms accoun t for the biggest v alues in the total
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cost function. The decrease in the total cost function is greatest during the �rst iterations,

particularly for the NCEP-LEVic run. Ho w ev er, after only 5 iterations, the o v erall p er-

formance of the NCEP-LEVic run, as measured b y the cost function, is as go o d as the run

starting from the ECCO forcing. F urthermore, the cost function seems to stabilize at the

same lev el for b oth runs. The con v ergence rate of the ECCO-ECCOic run is rather slo w

and the optimization is sho wn to not b e able to adjust some residuals presen ted in the

ECCO initial conditions after 30 iterations. F or LEVic, after 30 iterations, the total cost

function is reduced b y more than 50% starting from ECCO forcing, and 75% if starting

from NCEP forcing. Ov erall, similar conclusions can b e made from the individual cost

terms, although the con v ergence of the salinit y term is slo w er than the other data terms.

No w, w e fo cus on the results of the ECCO-LEVic run.

The temp oral and spatial distribution of the con tributions for the individual data

terms to the cost function from the ECCO-LEVic run are plotted in Figure 5. The curv es

ha v e b een normalized b y exp ected error, so 1 indicates that the assimilation solution �ts

the data within the sp eci�ed errors. F or the temp erature, the mon thly cost function is

small in Jan uary , since the assimilation starts from the same data �eld, and then increases

o v er time as the mo del drifts from Levitus. The assimilation successfully reduces the drift

and brings the mo del closer to the observ ations o v er the en tire assimilation p erio d. The

daily SSH cost term has a \U" shap e and again the assimilation is also able to con trol and

impro v e its skill o v er the en tire assimilation p erio d. Concerning the spatial con tributions

to the cost function, it is sho wn for the salinit y term only that the mo del/data mis�t

is reduced o v er the en tire tropical P aci�c domain. The results are v ery similar for the

other data cost terms. Finally , the impro v emen ts made to the cost function after the

20

th

iteration are rather small and they tend to b e balanced b y the increase of the cost

function terms for the con trol v ariables.

T o assess the �t to the assimilated observ ations, w e �rst compared a zonal cross-section

of the mean temp erature �eld at the equator from the reference and the assimilation runs

to the Levitus �eld (left panel of Figure 6). The mo del thermo cline obtained from the

reference run is sho wn to b e shallo w er than in the data in the w estern part of the P aci�c

and deep er in the eastern part. The assimilation successfully corrects the structure of
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the thermo cline and signi�can tly impro v es the temp erature �eld ev en in the deep la y ers.

The v ariabilit y of the SSH from the mo del (with and without assimilation) w as also

compared to the grided A VISO SSH v ariabilit y . As illustrated in the maps of the SSH

standard deviation from these solutions (righ t panel of Figure 6), the spatial structures of

the assimilated SSH is clearly in b etter agreemen t with the analyzed A VISO v ariabilit y

than the v ariabilit y of the reference run. The unrealistically strong v ariabilit y o v er the

NECC area is completely remo v ed and shifted to the eastern P aci�c. The v ariabilit y of

the assimilated �eld, ho w ev er, is still rather w eak in the w estern P aci�c near the op en

b oundaries. The assimilation is also sho wn to in tro duce small-scale features to the SSH

�eld, particularly along the equator.

As a �nal ev aluation of the o v erall b eha vior of the assimilation system, w e also com-

pared (not sho wn here) the optimized state to indep enden t observ ations whic h ha v e not

b een used in the assimilation system. Comparison with XBTs data surprisingly sho ws

that the reference run is in b etter agreemen t with the XBTs data than the assimilation

run, particularly at the EUC area. Comparing the assimilation/XBTs di�erences with

the Levitus one, w e found that the errors in the assimilation solution are mostly due to

the errors in the assimilated Levitus climatology , whic h is exp ected to b e large in 1998's

El-Ni ~ no ev en t. This is not a w eakness of the assimilation system, but only suggests that

w e are o v er�tting Levitus and sho ws the that the assimilation system can �t the data.

Levitus needs therefore to b e do wn w eigh ted in our cost function. These results w ere

consisten t with a comparison of the mean zonal curren ts with the T A O measuremen ts

along the equator. Ov erall, the free-run is b eha ving b etter, particularly in the w estern

P aci�c where the assimilation w as trying to deep ens the thermo cline while w eak ening the

strength of the EUC.

4.2.2 Adjustmen ts to the con trol v ariables

Here w e compare the mean adjustmen ts to the heat 
ux, the zonal wind stress (Figure

7), and the temp erature and the normal v elo cit y at the southern op en b oundary (Figure

8) as obtained from the separate assimilation runs NCEP-LEVic and ECCO-LEVic.

Starting from NCEP or ECCO analysis, the optimization is sho wn to reac h v ery similar
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solutions for the wind stress after 30 iterations with strong adjustmen ts on b oth sides of

the equator probably related to the o v erturning circulation. This is ho w ev er not true for

the heat (and fresh w ater) 
ux, although the adjustmen ts seem to ha v e similar structures,

with less heat o v er the cold tongue and more heat o v er the subtropical gyres, but not the

same magnitudes; almost 5 times larger when the optimization starts from ECCO. This

result can b e somewhat exp ected since the wind stress driv es most equatorial circulation.

The sensitivities with resp ect to the wind w ere therefore the largest and the optimization

�rst adjusted this con trol v ariable. After roughly 25 iterations, the cost function terms

for the other con trol v ariables started to increase, once the large structures of the wind

adjustmen ts w ere set. More iterations are probably needed for the stabilization of the

heat and fresh w ater 
uxes. Another reason for the slo w con v ergence to the heat 
ux

is the relativ ely short assimilation windo w since the impact of this 
ux on the tropical

circulations tak es sev eral y ears to emerge.

Finally , the adjustmen ts to the southern b oundaries are sho wn to con v erge to w ard

similar solutions as can b e seen from Figure 8. The decomp osition of the normal v elo ci-

ties in to barotropic and baro clinic mo des (as describ ed b y section 2.3) e�cien tly solv ed

the problem of h uge sensitivities with resp ect to the barotropic comp onen t allo wing the

adjustmen ts of the v elo cities with the rest of the con trol v ariables.

5 Discussion

In this pap er w e ha v e in tro duced an eddy-p ermitting four-dimensional adjoin t data as-

similation system for the tropical P aci�c Ocean that is nested in to the global ECCO

assimilation approac h. The implemen tation of this system w as not simple due to t w o dif-

�culties; the con trol of the normal v elo cities at the op en b oundaries and the nonlinearit y

of the mo del. Although b oth problems in v olv e v ery large gradien ts, they are di�eren t.

The �rst is primarily a conditioning problem while the second is related to the use of a

linear optimization algorithm for the optimization of a nonlinear cost function. A gener-

alization of the mo des decomp osition used in QG mo dels w as in tro duced to deal with the

�rst problem in order to do wn-w eigh t only the barotropic comp onen t in the optimization.

Higher viscosit y and di�usivit y terms w ere used in the adjoin t mo del to damp high sen-
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sitivities asso ciated with the lo cal minima allo wing the optimization of the cost function

o v er y ear-long assimilation p erio ds.

Sev eral exp erimen ts w ere p erformed o v er a one y ear p erio d in 1998 to ev aluate

the p erformance of the assimilation system while constraining the mo del to altimetry

SSH, Reynolds SST and Levitus S and T. This system w as sho wn to b e v ery e�cien t

in impro ving the mo del �t to these data as w ell as to pro vide reliable estimates for

the con trol v ariables. It w as also found to b e w eakly sensitiv e to initial guesses,

pro viding similar �nal solutions. The system w as ho w ev er o v er�tting Levitus climatology

b ecause of the use of relativ ely large w eigh ts (small errors) for these data in the

optimization, making the comparison with indep enden t observ ations less fa v orable

for the assimilation. More appropriate w eigh ts for the assimilated data are therefore

required. Recen tly , other data (as T A O-AR GO arra y , XBTs, AR GO and Drifters)

w ere included in the assimilation system and exp erimen ts are curren tly underw a y to

determine the b est w eigh ts as w ell as the appropriate assimilation frequency for these

data. The use of non-diagonal error co v ariance matrices for the con trol v ariables

is also under dev elopmen t whic h should smo oth the adjustmen ts to these v ariables.

Suc h co v ariances are particularly needed for the forcing �elds in case of assimilation

of in-situ data. This impro v ed assimilation system will b e used to construct a set of

analysis states and adjusted forcing �elds for the tropical P aci�c Ocean o v er sev eral y ears.
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