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Abstract

The MIT general circulation mo del (MITgcm) is used to study the sensitivit y

of the dynamics of the equatorial P aci�c o cean from 1992 to 2000 to sp eci�cs of

the surface forcing �elds and to the horizon tal resolution. During those runs t w o

di�eren t sets of surface forcing b oundary conditions are used, obtained (1) from

the National Cen ters for En vironmen tal Prediction (NCEP)/National Cen ter for

A tmospheric Researc h (NCAR) re-analysis pro ject, and (2) from the Estimating the

Circulation and Climate of the Ocean (ECCO) assimilation pro ject. The skill of the

mo del is ev aluated against o cean observ ations a v ailable in situ and from satellites.

The mo del domain is limited to the tropical P aci�c, with op en b oundaries lo cated at

26

�

S , 26

�

N , and in the Indonesian through
o w. T o accoun t for large-scale c hanges

of the o cean circulation, the mo del is nested in the global time-v arying o cean state

determined through data assimilation b y the consortium for ECCO, b y pro viding

the b oundary conditions a v ailable on a 1

�

mo del grid.

A t 1

�

grid spacing, the regional mo del pro duces a solution close to the ECCO

global 1

�

solution when forced b y ECCO surface forcing �elds. Increasing the res-

olution to 1 = 3

�

signi�can tly impro v es the solutions in man y asp ects, but leads to a

to o strong 
o w �eld in the w estern mo del domain due to to o strong ECCO wind

stresses o v er this area. Increasing the resolution further to 1 = 6

�

do es not signi�-

can tly impro v e the mo del results further. The ECCO heat and fresh w ater 
uxes

generally lead to impro v ed mo del agreemen t with resp ect to observ ations o v er most

of the mo del domain, suggesting that wind stress alone is not su�cien t to driv e the

tropical o cean circulation. Com binations of ECCO and NCEP wind forcing �elds

can pro duce b etter mo del solutions, ho w ev er, neither ECCO nor NCEP winds sho w

clear sup eriorit y . It is exp ected that data assimilation with the 1 = 3

�

mo del will lead

to adjusted forcing �elds that b etter �t the data.
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1 In tro duction

Since the strong in
uence of the southern Oscillation (El Ni ~ no) on the extra-tropical

climate b egan to unfold (Bjerknes, 1966), m uc h atten tion fo cused on the in v estigation of

the tropical P aci�c o cean circulation (Johnson et al., 2002; Kessler, 2003; McPhaden et al.,

1998; McCreary et al., 2002) using b oth observ ations and n umerical mo dels (e.g., Bonjean

and Lagerlo ef (2002); Durand and Delcroix (2000); Lagerlo ef et al. (1999); Vialard et al.

(2001)). The global climate impacts asso ciated with the strong 1997-98 El Ni ~ no ev en t

further underscored the need for a b etter understanding of tropical P aci�c dynamics

and for accurate descriptions of the space-time structure of the tropical P aci�c Ocean

circulation. Studies to date ha v e b een based primarily on surface datasets suc h as sea

surface temp erature (SST), wind stress, and sea surface heigh t (SSH) �elds. With the

adv en t of AR GO and the presence of the TOGA-T A O buo y net w ork, the a v ailabilit y of

subsurface data is no w also b ecoming more complete. Ho w ev er, a detailed description

of the tropical P aci�c dynamics still requires the supp ort of mo del sim ulations driv en b y

surface 
uxes of heat, momen tum and fresh w ater.

A complete spatial and temp oral co v erage of surface 
uxes of momen tum and net heat

and fresh w ater, required to force o cean circulation mo dels is usually pro vided b y atmo-

spheric analysis cen ters. Ho w ev er, their forcing �elds are prone to random uncertain ties

(Y ang et al., 1999; Putman et al., 2000) and signi�can t mo del biases. T o some exten t this

can b e remedied b y using satellite wind stress �elds (Grima et al., 1999). Ho w ev er, Auad

et al. (2001) concluded from a study of the tropical P aci�c mo del resp onse to NCEP and

CO ADS/FSU forcing �elds that NCEP 
uxes o v erall yielded a b etter basin-wide o cean

hindcast, except for serious problems related to w eak in terann ual v ariabilit y in the tropics.

F urther impro v emen t of mo del sim ulations is exp ected to arise from constraining them

b y o cean observ ations through the use of data assimilation.

Man y previous assimilation attempts in the tropical P aci�c w ere based on tec hniques

suc h as optimal in terp olation or the so-called three dimensional v ariational metho ds (e.g.,

Behringer et al. (1998); 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 and
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dynamical consistency (i.e., conserv ation prop erties) in the time dimension. An example

of a more adv anced assimilation sc heme is implemen ted b y Bennett et al. (2000) who

used the represen ter metho d to assimilate T A O data in to an in termediate coupled o cean-

atmosphere mo del. Bonek amp et al (2001) 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) successfully

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.

This presen t study is part of the consortium for Estimating the Circulation and Cli-

mate of the Ocean (ECCO) pro ject in tended to dev elop a nested eddy-p ermitting regional

adjoin t assimilation pro cedure of the tropical P aci�c o cean. In co op eration with the Con-

sortium for the Ocean's Role in Climate (COR C) pro ject, w e in tend to constrain the

mo del b y all a v ailable data of the tropical P aci�c in order to study the dynamics of the

tropical P aci�c circulation. As a prerequisite to the data assimilation e�ort, the presen t

pap er presen ts detailed mo del-data comparisons without assimilation to test the mo del

skill and to demonstrate that the mo del is consisten t with the observ ations, within the

exp ected uncertain ties of b oth mo del and data. F or that purp ose w e explore the sensi-

tivit y of the mo del to the horizon tal resolution and to the forcing �elds and study its

dynamics as a function of mo del resolution. A �rst assimilation study based on the mo del

is pro vided b y Hoteit et al. (2006).

Observ ations from the tropical P aci�c o cean are a v ailable from the TOGA-T A O mo or-

ings (McPhaden et al., 1998), and from sev eral additional data sets that can b e used for

a comparison with the mo del results. Those include Exp endable Bath ythermographs

temp erature (XBT's) data from v olun tary observing ships (Ro emmic h et al. , 2001), tem-

p erature and salinit y data from the AR GO net w ork (Gould et al., 2004), surface drifters

v elo cit y data (Lagerlo ef et al., 1999), and satellite observ ations of sea surface heigh t

(SSH) from TOPEX/P oseidon (F u et al., 1994) and of sea surface temp erature (SST)

from Reynolds and Smith (1994).

F orcing �elds used during our study w ere dra wn from the National Cen ters for En-
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vironmen tal Prediction (NCEP)/National Cen ter for A tmospheric Researc h (NCAR) re-

analysis pro ject (Kalna y et al., 1996) as w ell as from the ECCO estimation (K• ohl et al.,

2006). The NCEP forcing is a v ailable on a 1

�

� 1

�

global grid and con tains t wice-daily

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

the sea surface. The ECCO forcing is the NCEP forcing adjusted b y a global state esti-

mation pro cedure using the MITgcm with a 1

�

� 1

�

global grid and the adjoin t metho d

assimilating a m ultiv ariate global o cean data set, as describ ed in detail b y Stammer et al.

(2002) and Stammer et al. (2004). In the curren t exp erimen ts, w e used the ECCO solu-

tion from iteration 69 as rep orted in K• ohl et al. (2006). The ECCO winds are giv en t wice

p er da y , and the heat and fresh w ater 
uxes are daily , the same as NCEP . The assim-

ilation system signi�can tly impro v ed the agreemen t of the 1

�

� 1

�

grid global mo del to

SSH and SST observ ations, but the skill of the ECCO forcing for nested higher-resolution

mo del runs remains unclear and will b e tested here. This question is of in terest to the

o cean comm unit y at large since it is part of the general question of ho w b ene�cial it is

to optimize lo w resolution mo dels and then use the optimized con trol parameters to force

higher resolution pro cess-mo dels.

The pap er is organized as follo ws. Section 2 describ es the mo del con�guration adopted

for our exp erimen ts. Section 3 describ es the ev aluation of the mo del with resp ect to the

di�eren t data sets and presen ts sensitivit y studies of the mo del to the forcing �elds and

the horizon tal resolution. Section 4 discusses the momen tum balance of the equatorial

circulation as sim ulated b y the mo del. Concluding remarks are giv en in section 5.

2 The Mo del

2.1 Mo del Description

The n umerical mo del (MITgcm) w as dev elop ed at the Massac h usetts Institute of T ec hnol-

ogy (MIT) and is describ ed b y Marshall et al. (1997). The mo del is based on the primitiv e

(Na vier-Stok es) equations on a sphere under the Boussinesq appro ximation. The n umeri-

cal co de is designed to enable the construction of its adjoin t using the automatic di�eren-

tiation to ol T AMC (Giering and Kaminski, 1998). In its curren t con�guration, the mo del
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is 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 the friction condition is quadratic at the b ottom

with a drag co e�cien t equal to 0 : 002 m

� 1

. The sub-grid scale ph ysics is appro ximated

b y a tracer di�usiv e op erator of second order in the v ertical, the eddy co e�cien ts b eing

parameterized b y the K-pro�le parameterization (KPP) mixed la y er mo del (Large et al.,

1994). The horizon tal di�usiv e and viscous op erators are either of second or fourth order,

dep ending on the exp erimen t (see T able 1). The mixing parameters are adjusted as the T able 1

cub e of the horizon tal grid spacing to accoun t for v arying horizon tal grid spacing.

The mo del domain co v ers the tropical P aci�c basin from 26

�

S to 26

�

N and from

104

�

E to 68

�

W . The v ertical resolution is 10 m from the surface to 300 m in depth,

with spacing gradually increasing b elo w 300 m for a total of 39 la y ers. The maxim um

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

prepared b y Smith and Sandw ell (1997). The study co v ers a 9-y ear p erio d from 16 Jan uary

1992 through 31 Decem b er 2000, whic h includes a strong El Ni ~ no ev en t. The mo del is

initialized with Jan uary p oten tial temp erature and salinit y �elds pro vided b y the ECCO

global optimization pro cedure on a 1

�

� 1

�

grid (K• ohl et al., 2006), with the v elo cit y �elds

adjusted o v er a 2-w eek p erio d. A relaxation term is also included in the surface la y er

tracer equations, relaxing surface temp erature and salinit y �elds to w ard Levitus mon thly

climatology (Levitus and Bo y er, 1994) with a 30-da y time scale.

NCEP and ECCO forcing �elds w ere in terp olated to matc h the horizon tal resolution

of the mo del grid and w ere applied with the same temp oral resolution.

2.2 Op en-Boundary Conditions

T o accoun t for large-scale circulation c hanges, the mo del is nested in to the ECCO global

1

�

optimization (K• ohl et al., 2006) whic h pro vides complete o cean pro ducts for the p erio d

1992 through 2002. T o this end, op en b oundaries (OB) are prescrib ed at 26

�

S and 26

�

N

using mon thly ECCO �elds, as w ell as at four straits in the Indonesian through
o w

(ITF). The Lom b ok Strait and Sum ba Strait are southern op en b oundaries, while the

Om bai Strait and the Timor passage are w estern b oundaries. The OB are sp eci�ed as
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describ ed b y Zhang and Marotzk e (1999) using mon thly mean results of the ECCO global

estimate.

The normal v elo cit y �elds across the op en b oundaries ha v e b een further adjusted (after

in terp olation to the higher resolution domains): (i) to imp ose the same transp ort at 26

�

N

and 26

�

S as in the global ECCO mo del, and (ii) to bring the time-mean v olume transp orts

across all op en b oundaries in to balance. The adjustmen ts at eac h b oundary are added as

a barotropic v elo cit y uniformly distributed o v er all grid p oin ts. A t the northern b oundary ,

the mean meridional transp ort o v er the en tire p erio d is 0 and mon thly v alues are less than

1 � 10

6

m

3

=s . The north w ard transp ort en tering the mo del at 26

�

S lea v es the mo del again

through the ITF. The partition of the 11 : 4 S v mean transp ort o v er 1992 � 2000 among

the di�eren t straits is as follo ws: 3 � 10

6

m

3

=s in the Timor passage, 5 : 8 � 10

6

m

3

=s in the

Om bai strait, 0 : 3 � 10

6

m

3

=s in the Sum ba strait, and 2 : 3 � 10

6

m

3

=s in the Lom b ok strait.

The transp ort through Sum ba strait w as neglected.

The adjustmen t to the barotropic v elo cities in the b oundaries are not constrained

to k eep the temp erature transp orts iden tical to the ECCO v alues. The v alues after ad-

justmen t w ere compared to the pre-adjustmen t v alues and to the ECCO v alues. A t the

northern b oundary , where the net v olume transp ort is zero, the time-mean meridional

heat 
ux o v er the en tire p erio d is 0 : 56 P W after adjustmen t, 0 : 6 P W b efore, and 0 : 46 P W

in the ECCO mean. The v olume transp ort do es not v anish at the other b oundaries so

the heat 
uxes cannot b e calculated, but the net heat 
ux out of the domain com bining

the southern b oundary and the ITF is ab out 0 : 6 P W .

3 Op en-lo op Sensitivit y Studies

3.1 Exp erimen ts

T o study the sensitivit y of the mo del state to details in the forcing �elds and to the mo del

horizon tal resolution, sev eral 9-y ear in tegrations w ere p erformed whic h are summarized in

T able 2. F or a test of the mo dels, sensitivit y to the horizon tal resolution, the mo del w as T able 2

run with three di�eren t horizon tal resolutions: 1

�

� 1

�

, 1 = 3

�

� 1 = 3

�

and 1 = 6

�

� 1 = 6

�

(v ertical

resolution is held constan t at 39 lev els), summarized in T able 1. F or this comparison, only
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the time step and the sub-gridscale horizon tal mixing of b oth heat and momen tum w ere

c hanged. During the resolution sensitivit y study , the mo del w as driv en b y the ECCO

forcing at eac h of the three resolutions.

Using 1 = 3

�

mo del resolution, forcing �elds w ere v aried, ranging from original NCEP

forcing to ECCO forcing. In addition v arious com binations of b oth forcing �elds w ere

used, suc h as NCEP winds com bined with ECCO heat and fresh w ater 
uxes. Also used

w ere NCEP forcing �elds with the time mean of the ECCO adjustmen ts added. Fig. 1 Figure 1

sho ws the 1992-2000 time mean of the ECCO adjustmen ts to the NCEP wind stress and

the standard deviation of the magnitude of the wind stress from NCEP and ECCO. It

can b e seen that the ECCO adjustmen ts increase the mean easterly wind stress in the

tropical P aci�c while making m uc h smaller c hanges in the meridional winds. There are

also strong north/south gradien ts (wind stress curl, not sho wn) in the ECCO zonal wind

adjustmen ts b et w een 5

�

N and 10

�

N , in the region of the NECC. The ECCO adjustmen ts

increase the north w ard wind stress north of the equator and east of 240

�

E . There is also

an increase in the south w ard wind stress just south of the equator in the eastern P aci�c,

increasing the div ergence on the equator. The heat 
ux (Stammer et al., 2004) in to the

o cean is signi�can tly decreased near the eastern edge of the domain. The fresh w ater 
ux

(Stammer et al., 2004) sho ws increased ev ap oration (b y ab out 10%) south of the equator

and in the w arm p o ol, while precipitation is increased in the cen tral P aci�c north of the

equator. The standard deviation of the NCEP and ECCO wind stress magnitude are

displa y ed in the lo w er ro w of the �gure. F or the ECCO winds, the wind stress v ariabilit y

is signi�can tly higher in the tropical P aci�c than pro vided b y NCEP .

These exp erimen ts help to determine the b est �rst-guess state for use in future assimi-

lation exp erimen ts. A t the same time w e quan tify the minim um mo del resolution required

for subsequen t data assimilation e�ort. The problem is to �nd the optimal balance b e-

t w een sp ending computational time on impro ving the mo del parameters and forcing �elds

or on increased horizon tal resolution. The presen t study , ho w ev er, cannot conclusiv ely

determine the real e�ects of (parameterized) mesoscale eddies in large-scale sim ulations

of the tropical P aci�c o cean. This problem has b een addressed previously b y Sto c kdale

et al. (1993) and Megann and New (2000).
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3.2 Mo del Ev aluation

In the follo wing w e will summarize the results of these runs. While it w ould b e simpler

to consider resolution and forcing c hanges separately , there are reasons to com bine the

comparisons. F or example, the ECCO forcing w as optimized for 1

�

� 1

�

resolution, and it

is instructiv e to compare the 1

�

� 1

�

mo del with the data at the same time as the higher

resolutions. The run of the regional mo del at 1

�

� 1

�

resolution with ECCO forcing tests

the op en b oundary conditions, since the solution should matc h the global 1

�

� 1

�

solution

except for the e�ects of the sp onge la y er at the b oundary and the enhanced v ertical

resolution (39 lev els in the regional mo del vs 23 lev els in the global mo del). Exp erimen ts

ECCOF and NCEPF will b e used to assess the qualit y of the adjustmen ts pro duced

b y ECCO optimization pro cedure with regard to the NCEP forcing �elds. Exp erimen ts

ECCOF and NEPCW only di�er in wind stress, to assess the qualit y of the wind forcing.

ECCOM w as p erformed to test the skills of the mean ECCO adjustmen ts. Finally , the

comparison b et w een exp erimen ts NCEPF and NCEPW, whic h are forced with di�eren t

heat and fresh w ater 
uxes but iden tical wind stress, will b e used to assess the e�ects of

these forcing.

3.2.1 Comparison with TOPEX/P oseidon

Fig. 2 compares the observ ed time-mean dynamic SSH from the TOPEX/POSEIDON Figure 2

(T/P) missions (min us the Earth Gra vitational Mo del 1996 (EGM96) geoid (Lemoine

et al., 1997)) as a function of longitude along the equator of the P aci�c with resp ectiv e

results from individual mo del runs. Although details in the SSH structure di�er sub-

stan tially at the w estern side of the section, the cross-basin slop e in SSH app ears w ell

repro duced in all mo del runs. W e note that the slop e is w eak est for the NCEPF and

NCEPW runs and that the largest di�erence b et w een exp erimen ts o ccur in the eastern

basin. The di�erences in slop e are most lik ely due to the increased mean easterly wind

stress in the ECCO forcing, although heat 
ux has some role, as can b e seen b y the

di�erence b et w een NCEPF and NCEPW. The di�erence b et w een ECCOM and NCEPW

is due to b oth the addition of the ECCO mean to the NCEP winds and the di�erence
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b et w een the ECCO and NCEP heat and fresh w ater 
ux v ariabilit y . The di�erence b e-

t w een ECCOF and ECCOM sho ws that the e�ect of ECCO v ariabilit y in all forcings is

signi�can t for mean equatorial SSH. The small di�erences b et w een ECCOF and 1SIXTH

sho w the insensitivit y of this measure to horizon tal resolution ab o v e 1/3

�

. Maps of the

mean di�erences b et w een the mo del runs and data (not sho wn) are dominated b y geoid

errors, but the comparisons to the surface curren ts dep end on the slop es of the mean SSH

and will b e discussed b elo w.

In Fig. 3 , the mo del SSH structure is compared to the observ ed SSH from the T/P Figure 3

missions a v eraged mon thly . Time and spatial means w ere remo v ed from the total signal.

Fig. 3 sho ws time series of the ro ot mean square (RMS) mis�t b et w een the mon thly mean

SSH estimated from T/P data and that sim ulated b y eac h mo del run. F or reference,

the observ ed RMS SSH relativ e to a horizon tal mean (not sho wn) v aries in terann ually ,

starting at ab out 15 cm in 1993 and increasing to ab out 16 � 17 cm at the end of 2000,

with a maxim um (ab out 18 cm ) during the 1997-1998 El Ni ~ no ev en t. The RMS mis�ts

in �gure 3 could b e non-dimensionalized to fractional RMS b y dividing b y the reference

RMS, and w ould range from a minim um of ab out .15 for the 1DEG run around 1995-1996

to ab out 0.5 for the 1SIXTH run in 1993 and late 1997. The 1

�

� 1

�

mo del run (1DEG)

sho ws the b est agreemen t with observ ations (ab out 4 : 5 cm RMS mis�t, or ab out 20% of

the signal) throughout the p erio d, follo w ed b y exp erimen t NCEPF and NCEPW (NCEP

winds with ECCO heat and fresh w ater 
uxes). An RMS error of 20% corresp onds to a

v ariance error of only 4%, whic h re
ects the qualit y of the ECCO �t to mon thly mean

v ariabilit y in the 1

�

mo del. Mo del runs with 1 = 3

�

and 1 = 6

�

resolution forced b y ECCO

�elds lead to the largest discrepancies relativ e to TP mon thly observ ations, sho wing that

the skill obtained for the 1

�

mo del do es not carry o v er to the higher resolutions. The small

di�erences b et w een NCEPW and NCEPF sho w the relativ ely small e�ect of the heat and

fresh w ater 
uxes on the horizon tal SSH structure. The mis�t for the ECCOM run is only

sligh tly w orse than for the NCEPF run whic h suggests that the v ariabilit y of the ECCO

winds is resp onsible for m uc h of the loss in skill in SSH horizon tal structure. The RMS

mis�ts b et w een the time mean SSH from the mo del runs and TP data o v er the whole

domain ha v e similar b eha vior, but do not v ary signi�can tly b et w een the di�eren t runs
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(9 : 4 cm for the 1DEG run, 10 : 2 cm from the NCEPW run, 10 : 8 cm for the NCEPF run,

11 : 05 cm from the 1SIXTH run, 11 : 4 from the ECCOF run, and 11 : 7 cm for the ECCOM

run). W e sp eculate that this is due to the dominance of the errors in the EGM96 geoid

o v er the o cean mo del di�erences.

Because the results from the runs NCEPF, ECCOF, and 1

�

� 1

�

roughly (lea ving out

1SIXTH) de�ne the en v elop e in Fig. 3, w e will restrict man y of the follo wing comparisons

with observ ations to those runs to reduce the complexit y of the �gures.

Figure 4 compares the observ ed p oin t-b y-p oin t standard deviation for the mon thly Figure 4

mean SSH with similar �elds obtained from exp erimen ts 1DEG, NCEPF and ECCOF,

resp ectiv ely . SSH anomalies w ere calculated relativ e to the p erio d 1993-2000 mean SSH

for observ ations and mo del sim ulations alik e. There are four main \hot sp ots" for SSH

v ariabilit y: on the equator in the cold tongue/ Ni ~ no3 region, north of the equator in

the eastern P aci�c where wind jets through orographic gaps suc h as T eh uan tep ec trigger

mesoscale eddies (Chelton et al., 2001; Kessler, 2002), near the east coast of Mindanao

where the NECC b egins and the NEC splits, and o� the east coast of New Guinea.

The run 1DEG repro duces these hot sp ots reasonably w ell, alb eit with somewhat

w eak v ariabilit y . The v ariabilit y of the SSH obtained from the NCEP forcing is generally

w eak er than observ ed, esp ecially in the eastern P aci�c. The dominance of the wind stress

as a source of v ariabilit y of SSH is clear when comparing the SSH results from NCEPF

and NCEPW, whic h are similar. The imp ortance of the time-dep enden t winds can b e

assessed b y comparing ECCOF and ECCOM. The largest di�erences reside in the eastern

P aci�c, where the T eh uan tep ec eddies are nearly absen t from the ECCOM run and the

cold tongue v ariabilit y is similar to NCEPF. This suggests that enhanced v ariabilit y of

the ECCO zonal and meridional wind stress in the eastern P aci�c is resp onsible for the

increased cold tongue v ariabilit y and for triggering the eddies in the eastern P aci�c. In

that region all mo del runs sho w a dynamic heigh t �eld that is qualitativ ely not unlik e that

sho wn b y Kessler (2002), with the ECCOF run ha ving the b est quan titativ e agreemen t in

the strength and lo cation of the Costa Rica Dome and the an ti-cyclone to the north w est

(not sho wn). Excess SSH v ariabilit y in the w estern P aci�c is reduced in the ECCOM run

compared to ECCOF, suggesting that the ECCO wind stress v ariabilit y in the w estern
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P aci�c is to o strong or that v ariabilit y is propagating w est w ard. The SSH v ariabilit y

of the run 1SIXTH run is comparable but ab out 15% stronger than what is found in

ECCOF.

T o summarize the results of the SSH comparison, the 1DEG run do es b est, sho wing

that the optimized forcings retain go o d skill in the regional mo del with higher v ertical

resolution. The ECCO forcings ha v e mixed results when applied to higher resolution

mo dels, generally giving b etter agreemen t in the eastern paci�c and w orse agreemen t

in the w est. Wind stress has the largest e�ect, but heat and fresh w ater 
uxes ha v e a

signi�can t e�ect on the mean structure.

3.2.2 Comparison with SST

The SST �elds pro vide an alternate measure of mo del p erformance, to compare and

con trast to the SSH comparisons. F or direct comparison with the SSH comparisons, w e

start b y examining the horizon tal structure of the mon thly mean SST. F or reference, the

observ ed RMS of the mon thly mean �elds relativ e to the temp oral mean v aries b et w een

0 : 8

�

C and 2

�

C . The RMS SST di�erences b et w een the mo del and Reynolds and Smith

(1994) mon thly mean SST �elds with the temp oral means remo v ed is plotted in Fig. 5

. The di�erences b et w een the di�eren t runs are relativ ely small, whic h is lik ely partly Figure5

b ecause in all runs the mo del w as restored to Levitus SST with a timescale of 30 da ys.

A t its largest, the relaxation term reac hed almost 20% of the atmospheric heat 
ux signal

o v er the cold tongue. Ov erall, the mo del SST structure di�erence with the observ ed

structure is less than 50% of the observ ed RMS. All mo del runs, except the 1DEG run,

ha v e w eak v ariabilit y in the cold tongue region. As b efore, b est results are obtained from

the 1DEG run. In con trast to SSH, ho w ev er, no w the NCEPF run pro duces the w orst

agreemen t with the data follo w ed b y the NCEPW run, while the ECCO forcing pro duces

the b est agreemen t at high resolution. This indicates that the optimized ECCO heat 
uxes

retain signi�can t skill in the higher resolution runs. Note also that the ECCOM run is

signi�can tly w orse at sev eral p oin ts in the record (1998 and 1999, in particular), suggesting

the imp ortance of the ECCO adjustmen ts time v ariabilit y , and that only correcting with
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the ECCO mean degrades agreemen t during anomalous p erio ds.

Mean SST from the mo del forced with the NCEP and ECCO forcing is compared to

the mean Reynolds SST in the left column of Fig. 6. The most imp ortan t features in the Figure 6

mean SST are the cold tongue in the east and the w arm p o ol in the w est. One of the

in teresting questions in global OGCMs has b een a cold bias in the cold tongue (Sun et al.,

2003). W e describ e some qualitativ e comparisons of these ma jor features, as a supplemen t

to the mis�t statistics already presen ted. Note that the mo del runs di�er visually , in spite

of the SST restoring terms men tioned ab o v e. Later runs without the restoring term v erify

that it do es not qualitativ ely c hange the di�erences b et w een runs.

In the east, the runs with ECCO forcing ha v e the least deviation from the Reynolds

mean. ECCOF, ECCOM, 1DEG, and 1SIXTH all ha v e roughly similar structure in the

eastern P aci�c, including an appro ximately correct cold tongue. The di�erence �elds

(mo del-Reynolds, not sho wn) sho w that the NCEPF cold tongue is o v er 2

�

to o w arm,

while the ECCOF cold tongue is appro ximately correct but is to o narro w in latitude.

The NCEPW run (not sho wn) is in termediate b et w een the t w o, with a cold tongue that

is signi�can tly co oler than NCEPF, but still w armer than ECCOF or the observ ations.

This suggests that b oth wind stress and ECCO forcing anomalies a�ect the cold tongue in

this mo del. ECCOM forcing (ECCO mean corrections added to NCEP) sho ws a sligh tly

b etter (colder) cold tongue than ECCOF. W e sp eculate that since the enhanced wind

stress v ariabilit y in ECCO forces increased eddy energy , these eddies ma y tend to mix the

cold tongue a w a y (Sw enson and Hansen, 1999).

In the w est, the p erformance of the ECCOF and NCEPF are mixed, with NCEP

forcing pro ducing an excessiv ely w arm maxim um temp erature, while the eddy p ermitting

runs with ECCO forcing sho w a strong linear feature at the NECC whic h is not seen in

the observ ations.

3.2.3 Comparison with T A O

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. The T A O arra y
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consists of ab out 70 Autonomous T emp erature Line Acquisition System (A TLAS) wind

and thermistor c hain mo orings and curren t meter mo orings in the tropical P aci�c b et w een

8

�

S and 8

�

N . All the data are daily a v erages based on a sample rate of at least one sample

p er hour.

A time-longitude plot of the SST anomalies along the equator from all runs is compared

to that of the T A O data in the righ t column of Fig. 6. As exp ected from Fig. 5, the

1DEG case do es the b est, with El Ni ~ no and La Nina ev en ts whic h are sligh tly stronger

than observ ed in the east but somewhat w eak er than observ ed in the w est. In the eddy-

p ermitting mo del, the ECCO winds pro duce ev en ts with appro ximately the righ t strength

in the east, but with signi�can tly less strength in the w est than NCEP winds, whic h are

to o w eak in the east, but closer to the observ ations in the w est. The 1SIXTH run has

similar (but ab out 15% stronger) v ariabilit y than the ECCOF run. A more quan titativ e

measure of the similarit y b et w een mo del and data comes from correlating the mo del SST

with the observ ed SST anomaly time series.

Figure 7 summarizes the p erformance of the mo del temp eratures in the form of cor- Figure 7

relations with T A O records at v arious longitudes, latitudes, and depths. Statistical tests

(based on the probabilit y of getting a correlation as large as the observ ed v alue b y ran-

dom c hance, when the true correlation is zero) rev ealed that signi�can t correlations at

the 95% con�dence lev el exist b et w een the observ ed and the sim ulated temp erature signal

at almost all T A O lo cations (insigni�can t correlations are mark ed in the �gure). Mo del

p erformance is go o d at 5 m and 100 m depth on the equator, but p o or at 250 m , p erhaps

b ecause of the smaller signal at depth (RMS of temp erature at 100 m is ab o v e 2

�

C com-

pared to ab out 0 : 5

�

C or less at 250 m ). The curv es are complicated, but the main features

o� the equator are: 1DEG is usually among the b est, except for 8

�

N , 5 m where NCEPF

and NCEPW are clearly the b est in the w estern P aci�c. This suggests that, ev en for the

1DEG mo del, ECCO winds are not go o d in the w est, as w e ha v e seen b efore. Note that

ev en ECCOM do es p o orly in the w est compared to NCEPF, so the mean ECCO winds

are adv ersely a�ecting the comparison in the w est.

Plots of cross-equatorial temp erature and salinit y sections at 170

�

W (not sho wn) sho w

no clear distinctions b et w een the di�eren t mo del runs.
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3.2.4 Comparison with Curren t Observ ations

An in-situ v elo cit y dataset is pro vided b y the standard W OCE-TOGA drifters with

drogues at 15 m depth (Y u et al., 1995) (Fig. 8). Time-mean drifter v elo cities w ere Fig. 8

computed as a v erages o v er 5-da y in terv als in 2

�

longitude b y 1 = 2

�

latitude bins from the

en tire time of the drifter record. The p ossible bias from the mismatc h b et w een the dura-

tion of the drifter dataset and that of the mo del runs w as though t to b e secondary to the

bias due to signi�can tly reduced observ ation coun t in the mo del time range (Lagerlo ef

et al., 1999).

The strongest curren ts in the region are the North Equatorial Coun ter Curren t

(NECC), the Equatorial Undercurren t (EUC), and the north and south Equatorial Cur-

ren ts (NEC and SEC) whic h are mainly wind driv en (Halp ern et al., 1995; Blank e and

Ra ynaud, 1997; P edlosky , 1996). The EUC is asso ciated with the thermo cline and halo-

cline structure on the equator (P edlosky , 1996) and is part of a 3-D wind-driv en circulation

pattern that rises to w ard the o cean surface as it tra v els from w est to east along the equa-

tor.

Ov erall the v elo cit y structures observ ed b y the drifters are qualitativ ely sim ulated b y

all the mo del runs. Once again, the ECCOF and ECCOM curren ts are to o strong in

the w estern tropics, where the NCEPF and NCEPW runs sho w b etter agreemen t with

the observ ed v elo cit y structures there. In con trast, ECCOF and ECCOM are b est in the

eastern tropics, including the enhanced div ergence on the equator, repro duce the banded

structure north of the equator. The line of north w ard v elo cit y seen in the ECCOF run

at the northern b oundary of the NECC is consisten t with the enhanced wind stress curl

there in the ECCO forcing.

The mean v alues of the zonal curren t in a section along the equator from the mo del

runs sho wn in Fig. 9 can b e compared with the mean curren ts estimated from ADCP Fig. 9

measuremen ts b y Johnson et al. (2002). The NCEPF and NCEPW runs pro duce EUCs

that are to o strong in the w est and sho w less tilt from w est to east than is observ ed.

The ECCOF and ECCOM runs ha v e the b est agreemen t with the observ ations, b oth in

sp eed and lo cation. The mean ECCO easterlies within 5

�

of the equator are 50% stronger
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than NCEP winds, and pro duce a 30% larger SSH heigh t di�erence (see Fig. 2) along the

equator b et w een 160

�

E and 240

�

E . The maxim um curren t sp eed in the EUC is ab out

15% higher for ECCOF, indicating that the dynamics are more complicated than a simple

frictional balance.

In the plane of the equator, the curren ts forced b y ECCO are in the b est agreemen t

with the ADCP mean curren ts. The T A O observ ations are also consisten t with this (not

sho wn). F or example, on a v erage, the v elo cities of the ECCOF EUC reac h ab out 1 : 0 m=s

at 110 m depth at 220

�

E , in agreemen t with the Johnson et al. (2002)'s analysis and the

mean from the T A O data, whereas the maxim um EUC sim ulated b y the NCEP winds

is around 0 : 85 m=s . The 1DEG run has a v ery sluggish EUC, sho wing the e�ects of the

p o or horizon tal resolution. The 1DEG run has higher v ertical resolution than the global

ECCO runs, whic h ha v e ev en w eak er EUC maxima, sho wing the imp ortance of v ertical

resolution. The 1SIXTH run has a sligh tly more compact EUC, but the di�erences are

not large, and the agreemen t with the data is not b etter than for ECCOF.

Figure 10 sho ws pro�les of standard deviation for the zonal (upp er ro w) and merid- Figure

10

ional (lo w er ro w) comp onen ts of curren t. The 1DEG runs are clearly to o w eak at all

lo cations. The ECCO wind stress do es the b est at 110

�

W for b oth zonal and meridional

v elo cit y , while NCEP winds pro duce lo w er v ariabilit y . Some of this v ariabilit y comes from

T ropical Instabilit y W a v es (TIW), whic h ha v e more realistic energies in runs with ECCO

winds. F urther w est, NCEP winds do b etter, consisten t with the previous discussion.

The ECCOF and 1SIXTH runs generally ha v e to o m uc h shallo w v ariabilit y in zonal and

meridional v elo cit y w est of the dateline, except for meridional v elo cit y at 165E. The excess

v ariabilit y in v elo cit y is probably due to the e�ects of the eddies gro wing on the stronger

curren ts driv en b y the ECCO forcing.

Lo oking at the correlation b et w een observ ed and sim ulated v elo cities plotted in Fig.

11 (insigni�can t correlations at the 95% con�dence lev el are mark ed in the �gure), all Figure

11

mo del runs do ab out the same at sim ulating the U v ariabilit y at 110

�

W and 147

�

E , with

the 1DEG mo del doing w ell except in the core of the EUC at 110

�

W . This ma y b e related

to the w eakness of the EUC in the 1DEG runs. In terestingly , 1DEG do es the b est at 150m

depth at 165

�

E . Note the small di�erences b et w een the NCEPF and NCEPW curv es in
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most cases with signi�can t correlation. The t w o runs di�er only b y the ECCO heat and

fresh w ater 
uxes, whic h do not apparen tly con tribute strongly to the v elo cit y v ariabilit y .

There is a large di�erence b et w een ECCOF and NCEPW for zonal v elo cit y at 165

�

E and

147

�

E ; the ECCO winds ha v e a negativ e e�ect on mo del skill for the zonal curren ts in

the w est.

4 Equatorial Momen tum Balances

The previous section fo cused on an analysis of the mo del's skill in sim ulating observ ed

mean and v ariable o cean structures in SSH, SST and in v elo cit y . W e will no w shift our

atten tion to the question: T o what exten t the mo del con v erges to w ard a stable estimate of

the time-mean equatorial momen tum balances as a function of mo del resolution?. T o this

end w e use the output from sev eral runs, driv en b y ECCO forcing, but whic h di�er in their

spatial resolution. The deterministic terms in the momen tum equation are calculated from

the 9-y ear mean v elo cit y and pressure �elds. These terms do not include the Reynolds

stress div ergences and friction terms. Ignoring the time dep endence, whic h is small in

a 9-y ear a v erage, the acceleration residuals a

x

and a

y

represen ting the eddy 
uxes and

frictions are:

a

x

= � f v + u � r u +

@ �

@ x

(1)

and

a

y

= f u + u � r v +

@ �

@ y

(2)

where � is the dynamic pressure, u is the 3-D v elo cit y , and f is the coriolis parameter.

Figure 12 sho ws zonal (left) and meridional (righ t) acceleration terms (m/s) for the 1

�

,

1 = 3

�

, and 1 = 6

�

n umerical mo del forced b y ECCO winds (from top to b ottom). T erms w ere

ev aluated along the section 189

�

E at a depth of 140 m , i.e. at the depth of the EUC at

that longitude. This lo cation is c hosen to b e a w a y from top ograph y , and near the cen ter

of the basin. The zonal momen tum budget sho ws the imp ortance of the zonal pressure

gradien t and the nonlinear terms. The meridional budget sho ws a nearly geostrophic

15



balance, as exp ected (P edlosky, 1996), with the matc hing slop es of the dp=dy and f u

terms suggesting the � u =

@

2

u

@ y

2

relationship holds, although it is not as go o d in the 1

�

mo del.

The zonal momen tum balance on the equator and esp ecially the role of non-linear

terms in the balance as a function of depth has b een examined previously b y Qiao and

W eisb erg (1997) from mo orings on the equator at 140

�

W . Comparisons of 1 = 3

�

and 1 = 6

�

mo del runs with the Qiao and W eisb erg (1997) results (not sho wn) rev eal qualitativ e

agreemen t, although the momen tum 
ux div ergences seen in the mo del are ab out 1/2 the

size of means seen b y Qiao and W eisb erg (1997). W e also see a negativ e lob e in w

@ u

@ z

b elo w the EUC, whic h is absen t in their data. Kessler (2003) examined the dynamics

of v ertically in tegrated equatorial curren ts using the Gen t and Cane (1989) mo del, and

found zonal momen tum 
ux div ergence with a qualitativ ely similar shap e to that found

here, although the �gures sho w the 
ux form of the balance, whic h m ust b e compared to

the sum of the individual term estimates sho wn here (the MITgcm uses the 
ux form in

the n umerics but the individual terms ha v e b een estimated separately here for discussion).

The 1

�

run sho ws signi�can tly p o orer balances, whic h is as exp ected. The shap es of the

curv es suggest that the 1 = 3

�

run has just su�cien t resolution to resolv e these imp ortan t

mean terms, and the turbulen t stresses (whic h are the residuals in the curv es) are similar

sizes in eac h case. W e conclude from the �gure that a mo del resolution of 1 = 3

�

should b e

barely su�cien t to p erform data assimilation in the tropical P aci�c.

5 Discussion

In this pap er w e ev aluated a general circulation mo del with v arying horizon tal resolution

and surface forcing for the tropical P aci�c o cean with op en b oundary condition against

di�eren t data set during 1992-2000. The mo del w as run with 1

�

, 1 = 3

�

, and 1 = 6

�

grid reso-

lutions and with com binations of forcing �elds obtained from NCEP and ECCO pro ducts.

The latter are the NCEP forcing adjusted b y a global 1

�

mo del optimization pro cedure

(Stammer et al., 2004). The goal of the study is to ev aluate the mo del and to determine

the mo del con�guration that can b e used in a quan titativ e data assimilation approac h
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at reasonable computational cost. The study also closely examined the b ene�t of using

optimized global coarse resolution pro ducts (ECCO) to force our nested higher resolution

tropical P aci�c mo del (b oundary conditions and surface forcing). Our main conclusions

can b e summarized as follo ws.

� As seen in man y other studies, the curren t system of the tropical P aci�c Ocean is

strongly sensitiv e to the wind stress forcing. The ECCO forcing app ears to pro duce

b etter mo del outputs than the NCEP forcing in the eastern P aci�c, but has to o

strong a wind-stress curl north of the NECC in the w estern P aci�c, forcing an o v er-

strong NECC. W e note that the heat 
ux is imp ortan t for impro ving the mean SST

of the sim ulations. ECCO heat 
uxes pro duce a more accurate cold tongue, and the

stronger ECCO wind stress in the eastern tropical P aci�c pro duces b etter tropical

instabilit y w a v es, as can b e seen in the standard deviation of meridional curren t at

110

�

W (see Fig. 10).

� The ECCO forcing �elds ha v e b een determined so that a 1

�

� 1

�

global mo del leads

to the b est agreemen ts with o cean observ ations. As a result, the forcing seem to b e

to o strong in some regions for a high resolution mo del with lo w er friction and b etter

ph ysical represen tation. Nev ertheless, there is still m uc h to b e gained b y using the

forcing optimized for a 1

�

� 1

�

mo del as a starting p oin t for a further optimization

with the higher-resolution mo del. The b oundary conditions w ere alw a ys tak en from

the ECCO mo del.

� The 1 = 6

�

run do es not sho w a signi�can t impro v emen t in the mo del p erformance o v er

the 1 = 3

�

run, despite the use of lo w er viscosit y and di�usivit y v alues. In con trast,

the increase in v ertical resolution from 23 lev els to 39 lev els and the asso ciated

decrease in the v ertical viscosit y has signi�can t e�ects on the tropical curren ts in

the 1

�

mo del runs. Ho w ev er, recen t results from a 1 = 3

�

run with 50 la y ers suggest

no signi�can t c hanges compared to the same run but with 39 la y ers.

� A 1 = 3

�

horizon tal resolution seems just su�cien t for a skillful sim ulation of the

tropical P aci�c circulation and its momen tum balances. With this resolution, the
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ECCO wind stress pro duces a NECC trough that is to o deep, resulting in o v erly large

instabilit y driv en b y eddy v ariabilit y in the w estern tropical P aci�c. The estimated

time v ariabilit y of the ECCO wind stress curl is imp ortan t for stim ulating eddy

v ariabilit y in the Gulf of T eh uan tep ec, whic h is nearly absen t in the NCEP-forced

runs.

� Because the 1 = 3

�

solution is sensitiv e to details of the di�usivit y and viscosit y v alues,

it will b ecome imp ortan t to include those parameters in the set of con trol parameters

in a optimization of the tropical P aci�c circulation.

The last t w o conclusions suggest that the optimization of the mo del parameters, suc h

as the forcing �elds and initial conditions, could impro v e the mo del b eha vior b y making

it more consisten t with the a v ailable data. Our next step will therefore b e to use the

adjoin t metho d to assimilate all a v ailable data in the tropical P aci�c Ocean. F ollo wing

the conclusions of this study , the 1 = 3

�

� 1 = 3

�

mo del will b e used for the optimization

with forcing �elds deriv ed from the ECCO 1

�

global solution.
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T able 1: Exp erimen ts for horizon tal resolution sensitivit y study .

Expt. ID Wind HF/E-P

NCEPF NCEP NCEP

ECCOF ECCO ECCO

NCEPW NCEP ECCO

ECCOM NCEP+Mean(ECCO) NCEP+Mean(ECCO)

T able 2: Exp erimen ts for F orcing sensitivit y study . In the table columns, \NCEPF" means

original NCEP forcing, \ECCOF" means optimized forcing from the ECCO estimation,

\NCEPW" means NCEP winds and ECCO heat and salinit y 
uxes, and \ECCOM"

means NCEP forcing plus mean ECCO adjustmen ts. In all cases, the mo del runs on a

1 = 3

�

� 1 = 3

�

grid. Exp erimen ts ECCOF and NCEPF will b e used to assess the qualit y

of the adjustmen ts pro duced b y the ECCO optimization pro cedure relativ e to the NCEP

forcing �elds. Exp erimen ts ECCOF and NECPW only di�er in wind stress, to assess the

qualit y of the wind forcing. ECCOM w as p erformed to test the skills of the mean ECCO

adjustmen ts. Finally , the comparison b et w een exp erimen ts NCEPF and NCEPW, whic h

are forced with di�eren t heat and fresh w ater 
uxes but iden tical wind stress, will b e used

to assess the e�ects of these forcings.
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Figure 1: Mean of the adjustmen ts imp osed b y the ECCO optimization pro cedure on

the NCEP wind stress (di�erences b et w een ECCO and NCEP mean wind stress) for the

(a) zonal and (b) meridional comp onen ts. Standard deviation of the (c) NCEP and (d)

ECCO wind stress magnitude. Units are in N =m

2

.
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Figure 2: Mean sea surface heigh t on the equator from TP data and the di�eren t mo del

runs.
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Figure 3: RMS di�erence with the spatial mean remo v ed b et w een the di�eren t mo del

runs and TOPEX/P oseidon anomalies. Units are in cm .
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(a) TP Data
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Figure 4: Standard deviation of mon thly-a v eraged sea surface heigh t �elds from (a)

T op ex/P oseidon data, (b) run with NCEP forcing, (c) 1 = 3

�

run with ECCO forcing,

(d) 1

�

� 1

�

run, (e) ECCOM forcing, and (f ) NCEPW.
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Figure 5: RMS di�erences (
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C ) b et w een the di�eren t mo del runs and Reynolds SST with

temp oral means remo v ed.
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Figure 6: L eft c olumn : Mean of the sea surface temp erature from (a) Reynolds data, (b)

run with NCEP forcing, (c) run ECCO forcing, (d) 1

�

� 1

�

run. R ight c olumn : Longitude-

time plots of the SST along the equator from the (a) T A O data, (b) run with NCEP

forcing, (c) run with ECCO forcing, (d) 1

�

� 1

�

run.
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Figure 7: Correlations b et w een T A O and mo del temp erature from runs with NCEP forcing

(blue), ECCO forcing but NCEP wind (red), ECCO forcing (green), NCEP forcing plus

mean ECCO corrections (magen ta), 1

�

� 1

�

with ECCO forcing (cy an), and 1 = 6

�

� 1 = 6

�

with ECCO forcing (blac k). The left column sho ws correlations at 5m depth, the middle

column sho ws 100m depth, and the righ t column sho ws 250m depth. The top ro w is 8

�

N ,

the middle ro w is the Equator and the b ottom ro w is 8

�

S . Insigni�can t correlations at

the 95% con�dence lev el are mark ed with sym b ols of the same colors.
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Figure 8: Mean zonal v elo cit y at 15 m depth from (a) drifters data, (b) run with NCEP

forcing, (c) run with ECCO forcing, (d) 1

�

� 1

�

run.
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Figure 9: V ertical distribution of the mean zonal curren t along the equator, from (a)

Johnson ADCP data, (b) run with NCEP forcing, (c) run with ECCO forcing, (d) 1

�

� 1

�

run. P ositiv e v alues indicate east w ard curren t.
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the meridional v elo cit y (lo w er panel) along the equator at 110

�

W , 165

�

E and 147

�

E

as estimated from the mo del ADCP measuremen ts, run with NCEP forcing, run with
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mean ECCO corrections, 1

�

� 1

�

run, and 1 = 6

�

� 1 = 6

�

run.
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Figure 11: V ertical distribution of the correlations b et w een T A O data and mo del zonal

v elo cit y from run with NCEP forcing, run with ECCO forcing, run with NCEP forcing

plus mean ECCO corrections, 1

�

� 1

�

run, and 1 = 6

�

� 1 = 6

�

run along the equator at 110

�

W ,

165

�

W and 147

�

E . Insigni�can t correlations at the 95% con�dence lev el are mark ed with

sym b ols of the same colors.
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Figure 12: T op: Zonal (left) and meridional (righ t) acceleration terms (m/s) at 140 m

depth for a 1

�

� 1

�

, 1 = 3

�

� 1 = 3

�

, and 1 = 6

�

� 1 = 6

�

n umerical mo del forced b y ECCO

forcing. The sections are sho wn at 189

�

E The top panel sho ws the balances for the 1

�

resolution, the middle sho ws the balance for the 1 = 3

�

resolution, and the b ottom sho ws

the balance for the 1

�

resolution.
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