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1 Introduction

For over 10 years the National Centers for Environmental PredictioBRINRas
employed coupled ocean-atmosphere numerical models for making seasongahitmirake
climate forecasts in an operational or quasi-operational mode (Ji et al. JL89&!., 1998; Saha
et al., 2005). A critical element of the forecast effort is an ocean datslasen system (ODAS)
that provides an estimate of the ocean state to initialize the ddigpéeasts. The original ODAS
was based on the Geophysical Fluid Dynamics Laboratory (GFDL) Modular Oaeai M
version 1 (MOM.v1) and was configured for the Pacific Ocean (Ji et al., 1985dta
assimilation method was a three-dimensional variational (3DVAR) sllewised by Derber
and Rosati (1989). The Pacific ODAS was later modified to incorporasedlvackground error
covariances (Behringer et al. 1998) and to assimilate satdtliteetry data (Vossepoel and
Behringer, 2000; Ji et al., 2000).

Over the last few years a new global ocean data assimilation sys@DA& was
developed to be the replacement for the Pacific ODAS, and to provide thecdo@ati
conditions for the new NCEP coupled Climate Forecast System (CFS).dbA%became
operational in 2003 and the CFS went operational in 2004. A simple descriptionZD DS is
provided by Behringer and Xue (2004), and a more detailed paper is in prepartatiguripose
of this report is to describe the impact of the addition of satellit@etry data to the standard or
operational GODAS. The report begins with a short description of the staB@dAS,
continues with a description of the altimetry data and how they are assihaled concludes
with a results section comparing the altimetry assimilation exeti with a Control that
assimilates no data and with the standard GODAS.

2 The Standard Operational GODAS

The GODAS is based on a quasi-global configuration of the GFDL MOMv3 (Paskinow
and Griffies, 1998). The model domain extends frof6® 65N and has a resolution of by
1° enhanced to 1f3n the N-S direction within 1Dof the equator. The model has 40 levels with
a 10 meter resolution in the upper 200 meters. This configuration reigrasamall
improvement over the Pacific ODAS which had & ¥&solution in the E-W direction and 28
levels in the vertical. Other new features include an explicitdueiace, the Gent-McWilliams
isoneutral mixing scheme and the KPP vertical mixing scheme. The GOD&8dd by the
momentum flux, heat flux and fresh water flux from the NCEP atmospheric IRgiara(R2)
(Kanamitsu et al. 2002). In addition the temperature the top modeldeeddxed to weekly
analyses of sea surface temperature (Reynolds et al., 2002), whileféloe satinity is relaxed to
annual salinity climatology (Conkright et al., 1999). Very short relaxatidogseare used (5
days for temperature and 10 days for salinity). The GODAS assisiitatgerature profiles and,
in another new feature, assimilates synthetic salinity praigesell. The assimilation method is
the same 3DVAR scheme used in the Pacific ODAS, but it has been modifiedribesssi
salinity and the code has been rewritten to run in a multi-processor computiranerest.



The standard GODAS has been used for a long reanalysis extending from 1979 to the
present. In this reanalysis GODAS assimilates temperatureggrifilm XBTs, from TAO,
TRITON and PIRATA moorings (McPhaden et al., 2001) and from Argo profiloads (The
Argo Science Team, 2001). The XBT observations collected prior to 1990 wereeddgoin the
NODC World Ocean Database 1998 (Conkright et al., 1999), while the XBi&sted
subsequent to 1990 are acquired from the Global Temperature-Salinitg Profect. A
synthetic salinity profile is computed for each temperature profifgyaslocal T-S climatology
based on the annual mean fields of temperature and salinity from the NOICQO¢ean
Database (Conkright et al., 1999). Figure 1 shows the monthly counts of theatemepprofiles
used in GODAS. The number of profiles can vary significantly from month to montthebvat
are longer term trends as well. For example, there is a gradualediecthe monthly counts after
1985 followed by a sharp recovery in 1990 when the source of the profiles changed.

There are also changes in the distribution of the profiles. For exampleA@enoorings
represent a fixed array of daily observations in the tropical B&dean that has no counterpart
in the 1980s. More recently the rapid growth of the Argo network represehtarbohportant
increase in the number of profiles and a departure from the older XBT ndtwaevkich the
profiles are confined to ship tracks. Figure 2 gives some flavor of tngehian the geographical
distribution of the profiles, most notably the expansion of the Argo arrayebat2002 and 2004
and the improvement in coverage of the southern hemisphere during thisltiofehese
changes in the data suite will have an impact on the GODAS analysis. Hpfeetais report
we are only concerned with the period of satellite altimetry beginnid@93 and extending
through the present. While during this period the overall observatigit@lexperiences
important changes, the Tao array remains relatively constant aadrthg discontinuity in 1990
in the XBT distribution is avoided.

3 The assimilation of satellite altimetry data

The standard GODAS 3DVAR scheme is essentially the same as thel®@igjiber and
Rosati (1989) scheme, although it has been adapted to assimilatg sakuidition to
temperature. In order to assimilate sea surface height (SSH) olmes\fatther modifications
are necessary. These same modifications were made earlier sxifie ®DAS and are
described in Behringer et al. (1998) and Ji et al. (2000), but will be cobveedig here as well.
The modified 3DVAR scheme minimizes a functional,

| = % {TTE™T} + % {[D(T) - To] "FYD(T) - Tg] + [D(LT) - dZo]"G[D(LT) - dZo]}

where the vector represents the correction to the first-guess prognostic traeerggtature and
salinity) computed by the moddd, is the first guess error covariance matfiyrepresents the
difference between the tracer observations and the first-giéssn interpolation operator that
transforms the first-guess tracers from the model grid to the olbiseri@cationsF is the
observation error covariance matrix for the tradetis,a linear operator that transforms a vertical
column of temperature and salinity corrections into an estimate obthection to the first-guess
dynamic height fieldG is the observation error covariance matrix for SSH,dahydepresents

the difference between the observed and first-guess SSH fields. Theatibsalt errors are
assumed to be uncorrelated, so the matrieesdG, have only diagonal elements, which are the
error variances of the observations. The last term on the right-hand aidenstraint imposed

by the observed SSH. It would be pointless to correct the model SSH dire¢dgdinthe SSH
observations are used to impose an integral vertical constraint omritbeted model temperature
and salinity fields. The relative magnitudes of these correctioosghout the water column
depend on the vertical structure of the first-guess error covariaatcie.nn other words, the



assimilation system preferentially corrects the model temperatursaanity where their
expected errors are greatest, making those corrections in such a wéyiag the model surface
dynamic height into closer agreement with the SSH observations. Ardhgdsumption in this
approach is that we can use the SSH observations to correct only ttienlzapart of the model
SSH and that it is safe to neglect the barotropic part. In the Tropiosiaduiregion of interest,
this may be a reasonable assumption.

The 3DVAR scheme avoids the problem of knowing the absolute SSH by asegnilati
only the variable part of the SSH and so in the minimization of the cost futicéi@itimetry
data and first-guess model SSH data each have their own long-temmenezved. In the case of
the model data a 1993—-99 seven-year mean is computed from the output of threl GQTAS
reanalysis.

Two experiments have been done that assimilate satellite altimigtgy/first of these
assimilates a merged TOPEX and Jason-1 dataset and runs from 1993 through 2062 while t
second assimilates a merged ERS-2 and Envisat dataset and runs from 19962008uén
these experiments only the data betwe€eis 2hd 46N were assimilated. The data sets were
provided by the AVISO SSALTO/DUACS as two internally consistent 8emées of sea surface
height deviations, relative to a 1993-99 seven-year mean. Both data setsosessqi to
remove residual orbit error, and to ensure compatibility between nmgs3iba TOPEX/Jason
data were corrected based on internal crossovers, while the ERS#datia were adjusted to the
TOPEX/Jason data to eliminate residual orbit error (Le Traon and ©g98; Lillibridge et al.,
2005). Figure 3 shows two examples of the along-track data at the timel8BHhe8 El Nino as
they are assimilated into the GODAS. The 10-day TOPEX cycle (12/287998) and the 35-
day ERS-2 cycle (12/14/97-1/18/98) overlap in time and illustrate the excddgree of
compatibility between the data sets. Table 1 lists information abewsatellite missions.

4 Evaluation

In this section the results of the altimetry assimilation experimeatscanpared to the
satellite altimetry data itself, island tide gauge data, Argo teatyre and salinity profiles and
zonal current profiles from the TAO array. To evaluate the imgabealtimetry data on the
GODAS, the same comparisons will be made using the results from the standa#& GO
reanalysis and from a Control run of the ocean model that is forced by th&2aaéa but that
does not assimilate any observations. Table 2 summarizes the modeherperi

4.1 Comparisons with satellite altimetry

For the purpose of these comparisons a simple Ol scheme was used to make monthly
maps of the TOPEX/Jason satellite altimetry on the GODAS grid. The neagesent monthly
deviations of SSH from the 1993-99 mean. In the comparisons that follow each $ielddaad
its own mean monthly climatology removed so that only the anomaly field®@ugared. The
maps were compared to the monthly average SSH anomalies from the Constalntad
GODAS analysis and the GODAS analysis that assimilates theXQ&son data. Figure 4
shows the correlations and RMS differences between the observatidhe amodel results for
the period 1993-2003. In the top two panels it can be seen that the Control does &leepdbna
in the equatorial Pacific and Indian Oceans. Once outside the equaingahe correlations
drop off and the RMS differences in the central and western North PacificestermwSouth
Pacific can become as large as 8 cm. The Control does a poor job of sinthiat88H in the
Atlantic Ocean. Correlations are low everywhere and negative sutiteopics. In the middle
panels, the standard GODAS, assimilating temperature and syntheiity ssiiows the impact of



the TAO array in the Pacific where the band of correlations greéeter0.8 has become broader
compared to the Control and the large RMS differences in the westeric Racd been greatly
reduced. The standard GODAS shows improvement over the Control in thecADaatin as
well. The negative SSH correlations in the North Atlantic are goneuglthoot in the South
Atlantic and elsewhere the correlations are stronger although notdartteeextent as in the
Pacific. In the Indian Ocean the standard GODAS shows no improvement over tha. Chmér
patterns in the correlation and RMS difference fields in the IndiaarOae similar for the
Control and the standard GODAS, suggesting that what skill existsctiraes from the model
itself. This is a reflection of the relatively poorer distribntdf assimilation data in the Indian
Ocean as compared with the Pacific and Atlantic Oceans. Finally, [ootteen panels the
GODAS analysis that assimilates the satellite SSH data iparech with that same data. It is
therefore not an independent test of the analysis. Neverthelesssithiéatisn of the SSH data
has resulted in broad improvements in the model SSH. Correlations ard8t&palmost
everywhere. In the Indian Ocean, where the standard GODAS SSH did not imprbee on t
Control, correlations are higher and RMS differences are generally.ldwthe Atlantic, the
SSH correlations with the observations are everywhere comparablsedritbe Pacific, while
in the standard GODAS they had been relatively weak. The RMS differehnedel SSH with
observations are less than 3 cm over large portions of the Atlantic afid. P&t the tropics the
RMS differences remain somewhat larger (4-5 cm) in the region tfahieal instability waves
and the recirculation of the Brazil current.

Similar comparisons were made to monthly maps based on the ERS-2/Envisat SSH
anomalies. In this case a GODAS analysis that assimilated th@/ER@sat data was used in
the comparisons along with the Control and the standard GODAS. The resaliswrein
Figure 5. The comparisons are nearly identical with those for the TOR&% SSH data shown
in Figure 4. Some slight differences do occur, but they may simply be due to tlee Shnat
span of the ERS-2/Envisat experiment (1996-2003) than for the TOPEX/Jpsoiment (1993-
2003). It is encouraging find that, on monthly time-scales, the ERS-2/Emigsbns could
provide the capability for the assimilation of altimetric SSH dfatsidual orbit errors can be
properly removed.

4.2 Comparisons with island tide gauges

We next compare the model output with island tide gauge data. The tide gauge data
not assimilated and are thus independent of all the model runs. Reseaitghideajauge data
were acquired from the University of Hawaii Sea Level Center in tine & monthly average
SSHs. Information about the gauges used here is listed in Table 3. Theisongare confined
to the tropics, six in the Pacific Ocean and one in the Atlantic Oceantimé-series are shown
in Figure 6 for the tide gauge SSHs and the model SSHs interpolated todledazations.

Each time-series has its own mean removed. The RMS differences andioogéta each tide
gauge / model pair are listed in Table 4. The gauges shown in Figure it@eaior outside the
margins of the TAO array in the western Pacific. The Control captuedarnge events, but it also
has large departures from the tide gauge records, most noticeably at Geaassimilation of
temperature and salinity largely corrects the standard GODA$s#nahd the assimilation of
altimetry SSH data corrects the GODAS analyses even further. Berléteer analyses the RMS
errors are 2-3 cm and the correlations with the tide gauge SSH exgd@alfle 4). Figure 6b
shows three gauges that are within one degree of the equator, two irstenvigacific and one
in the Galapagos in the eastern Pacific. For this group the SSH in tlrel@aoloser to the SSH
in the three GODAS analyses, even capturing the double peak of the 1997 El Nino arxd som
the subsequent small variations at the Galapagos. In the western Pacific thenmofiel runs
capture the extreme amplitudes of the 1997 event. They also misd gerestinable small



spikes in the 2001-02 tide gauge records at the two western sites. Aldpadéa site all three
GODAS analyses perform very well; the RMS errors are 2-3 cm and tledatioms exceed 0.96
(Table 4). At Limetree Bay in the Atlantic basin the standard dewiaf the tide gauge time-
series is about half the magnitude of the standard deviationsRadHe sites and the
correlations between the tide gauge SSHs and the model SSHs arbdoavidran at the Pacific
sites (Table 4). Nevertheless, the model runs do capture the theeedailptions in the tide
gauge record between 1993 and 2001 (Figure 6c).

4.3 Comparisons with observed temperature and salinity profiles

The next comparisons are between the model analyses and observed teenperfies
from the Argo floats and from the TAO and PIRATA moorings for the years 2000-2004. All of
the GODAS analyses assimilate these observations so they aredapgmdent of the Control.
The difference between a model analysis and an observed profile edfogninterpolating the 5-
day model output to the time and position of the observation and subtracting¢ineeolfrom
the model profile. Figure 7 shows the profiles of the mean and RMS differince latitude
bands: 6%5-30°S, 30S-10’S, 10S-10N, 1N-30°N and 30N-65°N. The upper panel in Figure
7a shows the comparisons for the Control; the largest mean errdr&rend the largest RMS
errors are 2-&. The comparisons for the standard GODAS analysis are shown in the lower
panel of Figure 7a. By assimilating these temperature data the nfeaandiés are reduced to
less than 0.0€ and the RMS differences are reduced to less thad@.116 the tropics and
subtropics the RMS differences drop off to less thafOielow 100 meters. The two panels in
Figure 7b show the nearly identical comparisons for the TOPEX/Jason-1 arg{ ER&at
GODAS analyses. The altimetry data was only assimilated betw&gmaB0 46N so the
comparisons for the southernmost and northernmost bands are essentially uncoantjease
for the standard GODAS. In the tropics and subtropics the temperateremt#s between the
model and the observations above 400 meters are nearly the same for theyahalgses as for
the standard GODAS analysis. However, below 400 meters the mean tempbiffeameces for
the altimetry analyses increase with depth to 0.2%0.5 hus in these experiments the
assimilation of altimetry improves the representation of SSHhifityain GODAS while
degrading slightly the temperature field below 400 meters. We will redutimst point later in the
discussion section.

Similar comparisons were done between the model analyses and obsenigd sali
profiles from the Argo floats. All of these GODAS experiments asgiendaly synthetic salinity
profiles so the observed salinity profiles are independent of all the madgtes Figure 8
shows the comparisons for the same latitude bands as for the temperaipaeisons in Figure
7. The upper panel in Figure 8a shows the comparisons for the Control. Atftloe she mean
errors range between -0.1and 0.2 psu while the RMS errors range between 0.4 and 1.0 psu. The
comparisons for the standard GODAS analysis are shown in the lower p&iwiref8a. It is
clear that the assimilation of synthetic salinity greatly redtleesnean error in the salinity field
and reduces the RMS error by about 50%. The largest errors in both thel @odtthe standard
GODAS are in the northern subtropics. Figure 8b shows the salinity cemafor the
TOPEX/Jason-1 and ERS-2/Envisat GODAS analyses. As with the termperatoparisons the
salinity comparisons for the southernmost and northernmost bands areafigsenthanged
from those for the standard GODAS. Also, as with the temperature ceogrihere is a slight
degradation in the comparison with the observed salinity profiles whetftithetgy is
assimilated; this effect is largest in the northern subtropics.

4.4 Comparison with current observations



A final set of comparisons was made between the model results and theuzmerakc
observed at five TAO locations along the equator in the Pacific Ocedte T hsts their
positions and the time periods for which data are available. Zonal tsufitem the model
analyses were interpolated to the same times and locations as thatts&rvhe means and
standard deviations for all of these time series are shown ineFdguin the top panel the mean
zonal currents in the three GODAS analyses are nearly idemtieassimilation of the altimetry
data has had little effect beyond what has already been achieved by rtha@ssiof
temperature and salinity. East of the dateline all of the model asajgs the depth of the
undercurrent core reasonably correct. The magnitude of the underautfenGODAS analyses
is good at 170V and 140W, but it is too weak at 13@/; the undercurrent in the Control is too
weak at all three locations. In the GODAS analyses the eastward fl@athehe undercurrent
core at 110w and below 200 m elsewhere is too strong and the westward surface flovi\at 170
and 140w is too weak. The Control run displays none of these deficiencies, snggesti they
may be artifacts of the assimilation process. West of the datelitg?’E all of the model
currents have an eastward bias over most of profile depth and they &gktioecthe change in
direction seen in the observations at 150 m. AfE@be undercurrent core in all of the model
runs is too shallow and too broad. Also at’Bthe currents in the GODAS analyses are too
strong to the east between 50 and 150 m and too strong to the west above 50 m, whiientise cu
in the Control run are reasonably good in these layers.

The lower panel in Figure 9 shows profiles of the standard deviation aftaéflow at
the five locations. If we discount the additional structure in the obdestandard deviations in
the upper layers, the general agreement between the model and obsepred isugood. The
currents in the GODAS experiments that assimilate altimetry Hata sore variability below
150 m at the three western locations and the currents in all the modétexye show this
behavior at the westernmost site at°&7

5 Discussion

It is clear from these experiments that the addition of altimetrysgasato the standard
operational GODAS leads to broad improvements in the representation af &Hanalysis.
However, as has been noted in the foregoing presentation the improvement in $8keinhas
accompanied by some loss of accuracy elsewhere. For example, assimitatietyy has led to
an increase in the RMS error in temperature and salinity below 400 m in thernaubtropics
and an increase in the variability of the zonal currents below 150 m in thernvequatorial
Pacific. There are also pre-existing problems in the standard GODA&teahdt been
improved by the assimilation of altimetry. For example, the undercurreh@&V Xemains too
diffuse and too weak, while the surface currents maintain an eastwardl b8/ and 140W
and a westward bias at°& and 16%E.

Some of these difficulties may be related to the fundamental problerods# imas that
is common to all of these experiments. If we can succeed in reducing model duigh thr
improvements to the model physics and to the forcing fields, we can expecitithitatisa
system to perform better regardless of the combinations of datadtestsamilated.

Other simple technical improvements to the assimilation systegmhanee a positive
effect as well and these will be explored in the near future. Thefitisese is to extend the
depth over which the assimilation is performed. In the experiments describdtidndata
assimilation extends only down to 750 m, the typical depth limit of most XBieproPushing
the lower limit to 1500-2000 m would make better use of the growing number of Arglerof
and allow a greater range for temperature and salinity adjustmenitedeoyithe assimilation of



altimetry. A possible benefit to GODAS might be improved SSH without@ease in the RMS
error in temperature and salinity below the thermocline. The seconddaotimange would be

to impose a partial geostrophic balance in the assimilation scherséhaghbeen shown to have a
positive effect on the tropical and equatorial circulation (Bixrgeal., 2002; Weaver et al.,
2003) and may help to improve the surface equatorial currents in the wesi@mifP&ODAS.

A final improvement would be to replace the synthetic salinity prafilasare used in the
standard GODAS with observed Argo salinity profiles wherever thepwilable. Some work
has already been done on this last project and the results will be tbet sxfilginother report
similar to the present one.
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Table 1. Satellite Mission Information

Satellite | Cycles

Start Date

End Date

TOPEX | 002-364

1992-10-02

2002-08-11

Jason-1| 022-07

12002-08-11

2004-01-18

ERS-2 | 001-085

1995-05-16

2003-06-22

Envisat | 017-023

2003-06-22

2004-02-03

Table 2. Description of model experiments

Name Forcing Assim Data Status
Control Reanalysis 2 None Developments
GODAS - Standard Reanalysis 2 Temperature, Salinity Operational

GODAS-T/J

Reanalysis

ZTemp., Sal., Topex/Jason

Developmental

GODAS -E/J

Reanalysis

2lremp., Sal., ERS-2/Envis

atDevelopmenta

Table 3. Tide Gauge Information

Sta | Location Country Lat Long Years

053 | Guam USA Trust 13-26N 144-39E | 1948-2003
005 | Majuro-B Rep. Marshall .| 07-07IN171-22E | 1993-2003
056 | Pago Pago USA Trust 14-17S 170-41\1948-2003
029 | Kapingamarang| Fd St Micronesig 01-06N | 154-47E | 1978-200]1
004 | Nauru-B Rep. of Nauru 00-325 166-55E 1993-203
030 | Santa Cruz Ecuador 00-45S 090-19w978-2003
254 | Limetree Bay USA 17-42N 064-45W| 1982-2003




Table 4. Tide Gauge vs Model Statistics (RMS of differences in ¢m

Location (TG std.dev. in cm) Control | Std GODAS | T/J GODAS | E/E GODAS
1093-2003" 1996-2003"
Guam (.50 RMS|  9.71 4.64 317 273
COR| 054 0.88 0.93 0.96
Maluro (717) RMS| 643 450 3.22 3.42
COR| 056 0.82 0.90 0.90
pago Pago (7.63)  |RMS|__ 4.80 3.12 225 229
COR| _ 0.80 0.92 0.96 0.97
Kapingamarangi (6.28yRMS | 5.00 3.75 3.18 3.43
ping 9 COoRl 082 0.89 0.93 0.94
RMS| _ 5.05 5.30 438 4.02
Nauru (9.02
auru (9.02) COR| 085 0.81 0.88 0.93
RMS|  4.39 273 210 197
Santa Cruz (9.04
anta Cruz 9.04) - F=sp 588 0.96 0.97 0.98
. RMS| 347 3.59 273 284
Limetree Bay (3.79
imetree Bay (3.79) | o oRT 0.45 0.65 0.74 0.75

* Nominal record lengths. Individual records may vary due to gaps in tide gauaydse

Table 5. TAO equatorial current observations

Location Dates
147E 5/1994-12/1997; 3/1999-12/2000; 10/2002-10/2003
165E 1/1993-12/1994; 5/1995-11/2003

170W 1/1993-12/2003

140W 1/1993- 8/1995; 9/1996-12/2003

110W 1/1993- 4/1994; 6/1994-12/2003




Number of Temperature Profiles per Month (NODC:1980-89; MEDS:1990-Present)
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Figure 1. Monthly counts of temperature profiles used in GODAS.




Figure 2. Annual distributions of temperature profiles.
Argo and Argo-like floats - blue

XBTs - gre@, Moorings - red,




Figure 3. Examples of along-track SSH deviations. Top: a TOPEX]
cycle (10 days). Bottom: an ERS-2 cycle (35 days).




Figure 4. Correlation and RMS differences between model and TOPEX/JasehSSH anomalies.
Top to bottom: the control, the standard GODAS, the GODAS assimilation of TR/Jsn-1.




Figure 5. Correlation and RMS differences between model and ERS-2/Ersat SSH anomalies.
Top to bottom: the control, the standard GODAS, the GODAS assimilation of ER-2/Envisat.




Figure 6a. Comparison of tide gauge SSH with model SSH at Guam, Majuro ang
Pago Pago.




Figure 6b. Comparison of tide gauge SSH with model SSH at Kapingamarangi,
Nauru and Santa Cruz.




Figure 6¢c. Comparison of tide gauge SSH with model SSH at Limetree Bay.




Figure 7a. Comparison of model and observed temperature profiles. Top: Corul.
Bottom: Std GODAS.




Figure 7b. Comparison of model and observed temperature profiles. Top: TR3sn GODAS.
Bottom: ERS/Env GODAS.




Figure 8a. Comparison of model and observed salinity profiles. Top: Control.
Bottom: Std GODAS.




Figure 8b. Comparison of model and observed salinity profiles. Top: TPX/Jsn GDAS.
Bottom: ERS/En GODAS.




Figure 9. Comparison of model and observed equatorial zonal velocity profiles. ToMean.
Bottom: St. Dev.




