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Preface

The ocean exhibits significant low frequency variability across a range of spatial scales
from regional to global, with much of the signal associated with atmosphere-ocean cli-
mate modes. Here we explore and evaluate the simulated inter-annual variability from
the oceanic component of the global NCAR Community Climate System Model (CCSM)
forced with historical (1958-1997) surface atmospheric reanalysis estimates and assorted
satellite data products. The simulations are conducted in a fully prognostic mode, reserv-
ing the oceanic observational data sets as independent measures of model skill. A new
anisotropic, horizonal viscosity scheme is introduced that, atypical for coarse resolution
models, results in the separation of the Gulf Stream off Cape Hatteras and the southward
penetration of the sub-polar gyre along the east coast of North America. The framework
for the forced historical simulations is discussed, and the model long-term subsurface drift
and initial condition sensitivity are characterized. Overall, the model shows considerable
skill in replicating observed inter-annual variability. Satellite data records of sea surface
temperature and height, while of limited total duration, are key evaluation data sets be-
cause of their relatively high temporal frequency (monthly) and complete spatial coverage,
and the model-data agreement is generally very good both in magnitude and phase. The
comparison with in-situ surface temperature, integrated heat content, and surface salinity
data is also favorable. Globally, the most significant inter-annual variability modes in both
the model and observations are tropical and mid-latitude ENSO signals in the Indo-Pacific.

The maximum variability in the subsurface fields occurs between 0 and 150 m and shifts
off the equator with depth associated with displacements of the tropical/subtropical gyre
boundaries. The largest disagreements between the simulated and observed subsurface
temperature and integrated heat content fields are in the Southern Ocean, Arctic, and
western boundary currents and can be attributed to limited observational sampling den-
sity, the model under-ice forcing parameterization, and errors in model gyre structure.
The historical subsurface oceanic data record is often sparse and incomplete, and in many
regions the model simulations may provide equally valid, alternative estimates of oceanic
low frequency variability.
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1. Introduction

The ocean exhibits significant low frequency variability across a range of spatial scales
from regional to global, with much of the non-seasonal signal associated with climate modes
such as the El-Nino Southern Oscillation (ENSO) (Neelin et al., 1998), the North Atlantic
Oscillation (NAO) (Seager et al., 2000), the Pacific Decadal Oscillation (Mantua et al.,
1997), the Antarctic Circumpolar Wave (White and Peterson, 1996), and the like. The
observed oceanic signal involves superposition and interaction among atmospheric forced
response, ocean-atmosphere coupling, and intrinsic oceanic modes. Our ability to untangle
this variability through observational and empirical studies alone is greatly limited by the
complexity of the climate system, the sparseness of field datasets (particularly for the
subsurface ocean), and the small number of observed realizations for infrequent phenomena.
Further, the natural variability is overlain by long-term secular trends (Levitus et al., 2000)
potentially associated with anthropogenic climate change.

Here we explore and evaluate the simulated inter-annual variability from the oceanic
component of the global NCAR Community Climate System Model (CCSM) forced with
historical (1958-1997) surface atmospheric state estimates from reanalysis and assorted
satellite data products. The simulations presented here are conducted in a fully prognostic
mode, reserving the oceanic observational data sets as independent measures of model skill.
Data assimilation and state estimation provide a complementary approach for describing
and quantifying oceanic variability (e.g., Ji et al., 1995; Rosati et al., 1995; Carton et al.,
2000a and 2000b; Stammer et al., 2001). The experience from synoptic weather forecast-
ing, however, suggests that improved understanding of the system also depends critically
on identifying and incorporating the correct physical dynamics into the underlying prog-
nostic ocean models and on continuously evaluating those models in forward mode against
observations. Further, the historical subsurface oceanic data record is often sparse and
incomplete, and in many regions the model simulations may provide alternative estimates
of oceanic variability.

A number of previous hindcast, ocean general circulation model studies investigate
oceanic inter-annual to decadal variability on regional scales using forcing either from
COADS surface ship observations or numerical weather product reanalyses. Examples in-
clude numerical experiments on: the ENSO driven signal in the tropical and mid-latitude
Pacific (e.g., Philander and Siegal, 1985; Harrison et al., 1989); climate regime shifts in
the North Pacific related to the PDO (e.g., Miller et al., 1994; Xie et al., 2000); sea surface
temperature and heat transport variability in the North Atlantic (e.g., Luksch, 1996; Hal-
liwell, 1998; Hakkinen, 1999); variability in Southern Ocean dynamics (e.g., Bonekamp et
al., 1999). Many of the studies, however, cover relatively short periods of time or include
incomplete surface forcing (e.g., winds alone or heat but not freshwater). On the global
scale, Maltrud et al. (1998) explored the sea surface height variability of a high resolu-

1



tion (1/5°) model forced with 1985-1995 ECMWF winds. What differentiates the present
study from the earlier work is the combination of a global spatial domain, multi-decadal
duration, and consistent heat, freshwater, and momentum forcing to the extent possible.

The goals of this paper are two fold. First, to present the data sets and simulation design
used for hindcasting inter-annual oceanic variability for the period 1958-1997. Second,
to evaluate relative to observations the magnitude and phasing of the resulting simulated
oceanic variability and its dependence on the model climatological state. The seasonal cycle
and dynamical processes governing the oceanic response to variable wind and buoyancy
forcing in the model will be explored in more detail in later papers.

The historical simulations are evaluated against the yearly mean NODC hydrographic
data (Levitus et al., 1998) spanning the full time period and monthly surface salinity data
for the tropical Pacific (Delcroix et al., 2000), monthly satellite sea surface temperature
(SST) (Smith et al., 1996), and monthly sea surface height (SSH) (Cheney et al., 2000)
for approximately the final one to two decades of the simulation. Local time-series are
included where appropriate. The subsurface in-situ data coverage, particularly prior to
the late 1960's and in the Southern Hemisphere, has significant temporal and spatial
gaps. Further, choices made in the treatment of data (e.g., quality control, interpolation
scales) can result in divergent inter-annual variability estimates (Chepurin and Carton,
1999; Lysne and Deser, 2002) between comparable historical reconstructions (White, 1995;
Levitus et al., 1998). The model-data comparisons, therefore, should be viewed as a joint
evaluation of two imperfect records, with neither presumed apriori a better measure of
reality. The analysis of the model simulation and observational data utilizes standard
statistical, cross-correlation, and empirical orthogonal function (EOF) techniques.

Overall, the results demonstrate that a substantial fraction of the observed, inter-annual
variability in the upper ocean can be reconstructed by forcing an uncoupled ocean model
with surface atmospheric reanalysis data. This may arise either because the ocean is indeed
simply responding to atmospheric forcing or because the atmospheric record already reflects
coupling and feedbacks from the ocean. The reality likely is some combination depending
on region and time-scale. The approach admittedly involves a certain degree of ambiguity
in separating the relative degree to which the ocean modulates the atmosphere, an issue we
defer here. Our focus is primarily on the global-scale signal, and more regional analyses
of the simulation are presented in related works (e.g., Pacific: Lysne and Deser, 2002;
Capotondi and Alexander, 2001; and tropical overturning circulations: McWilliams and
Danabasoglu, 2002).
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2. NCAR CCSM Ocean Model

2.1 General model description

The simulations discussed here are generated from the uncoupled oceanic component
of the NCAR CCSM, hereafter the NCAR CCSM Ocean Model or NCOM. NCOM is a
global, coarse resolution general circulation model (GCM) developed for climate studies
(Large et al., 1997; Gent et al., 1998). The model version (x2') is non-eddy resolving
with a zonal resolution of 2.4° and variable meridional resolution, %0.6° at the Equator
increasing to -1.2° poleward of 30°. The model uses a z-coordinate with 45 levels. The

vertical resolution is enhanced near the surface, with grid spacing increasing from about 8
m to 258 m at depth. Originally based on the GFDL primitive-equation model, a number
of physical parameterizations relevant for climate and natural variability studies have been
incorporated into NCOM. These include Gent-McWilliams (GM) mesoscale eddy mixing
(Gent and McWilliams, 1990; Danabasoglu et al., 1994), K-profile parameterization (KPP)
surface boundary layer dynamics (Large et al., 1994), air-sea bulk flux forcing (Large et

al., 1997; Doney et al., 1998), and anisotropic horizontal viscosity (Large et al., 2001).

One of our main, long-term research goals is to characterize the mean state and natural
variability of the physical ocean general circulation and the links to the global climate
system. As reported in Large et al. (1997), Doney et al. (1998), and Gent et al. (1998),
the present NCOM equilibrium ocean solutions show significant skill in reproducing major
features of climatic relevance. These include the net surface fluxes of heat and freshwater
and associated water mass transformations; the mean and seasonal water mass property
(temperature, salinity, density, and tracers) distributions; high latitude deep-convection
patterns; and the meridional ocean heat and freshwater transports. In more recent work,
the KPP vertical mixing scheme has been validated against Large Eddy Simulations for the
equatorial ocean (Large and Gent, 1999). Also, with the incorporation of an anisotropic
viscosity scheme (Large et al., 2001), the tropical Pacific velocity field compares quite
well both in pattern and magnitude relative to observations, with Equatorial undercurrent
speeds approaching 1 m sol.

Some biases remain in the mean state, which certainly can impact the strength and
expression of forced and natural modes of variability. A striking example is found in
the deep temperature and salinity vertical profiles in the Atlantic associated with the
too shallow outflow of North Atlantic Deep Water and resulting overly strong influence
of Antarctic Bottom Water below about 3 km. The model also shows a rather anemic

production of bottom waters in the Southern Ocean. Both of these problems can be
attributed to the poor representation of high latitude surface source waters and overflow
dynamics. In a parallel development effort, Doney and Hecht (2001) show that the deficient

Southern Ocean circulation can be improved to some degree by modifying the under-ice
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surface forcing and to a lesser extent by including a bottom boundary layer scheme.

2.2 Anisotropic viscosity scheme

The historical simulations are integrated with a modified version of the spatially-varying,

anisotropic horizontal viscosity scheme first presented by Large et al. (2001). The parame-
terization is designed as a compromise between physical realism and numerical constraints;
the guiding philosophy is to reduce explicit viscosities to the extent possible without gen-
erating excessive numerical instabilities. The modifications presented here allow our focus

to expand to the sub-tropical and sub-polar gyres. The form used is shown in Fig. 1. It
was derived after considerable experimentation but should still be considered an interim
solution. At the present resolution, the model simulation is uncomfortably sensitive to de-
tails of the viscosity coefficient distributions. Also, a more general, coordinate independent

treatment may be warranted.

Horizontal momentum flux divergence is formulated as a function of two, spatially-
varying horizontal viscosity coefficients, AMH and BMH. AMH operates along the direction
of each horizontal velocity component, and BMH operates cross-stream. The coefficients
are computed as the maximum of numerical and physical constraints:

AMH = max(AgRe(VO), Aeddy),

BMH = max(BMunk, Beddy),

In regions where the diffusive stability constraints are exceeded, both coefficients are re-
duced accordingly. In the absence of numerical considerations, the viscosity would be
isotropic, with both coefficients equal to a physically based viscosity Aeddy Ix 103 m2

S-
1 .

The alongstream component AMH is bounded also by a numerical grid Reynolds number

constraint AgRe(Vo) that is functions of a surface velocity scale Vo and depth. For the cross-
stream component BMH, numerical noise at high latitudes is controlled by specifying an
enhanced mesoscale eddy value Beddy, which is a function of Aeddy and latitude. Numerical

resolution of western boundary currents along coasts and topography (Munk layers) also

requires larger viscosity BMunk, which is applied fully within 3 grid points of all western
boundaries and then falls off as an exponential function of distance farther east.

The modifications used here to the Large et al. (2001) formulation have the overall

effect of making the subtropical and subpolar gyres much less viscous and hence more

physical. First, kinetic energy dissipation is ensured to be nonnegative-definite in the

volume integral by requiring AMH > BMH everywhere. Second, Beddy is reduced to Aeddy

equatorward of about 55°. Farther poleward, it increases to 50x 10 3 m2 s-1 at about 65°,
then remains constant. Third, V, is made a function of latitude, decreasing rapidly from
its equatorial value of 100 cm s-1 to 15 cm s-1 poleward of 300. The constraint that

AMH > BMH prevents realization of the full benefits of the reduction in AgRe. Therefore,
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BMunk is halved, though BMH is prevented, perhaps unnecessarily, from becoming too small
by doubling the length scale of the exponential fall off away from the western boundaries.

The impact of the anisotropic viscosity scheme is apparent in the time-mean global

barotropic streamfunction and North Atlantic velocities at 102 m (Fig. 2). Atypical for
coarse resolution climate models, the North Atlantic Gyre structure represents the separa-
tion of the Gulf Stream off Cape Hatteras and the southward penetration of the sub-polar
gyre along the east coast of North America. From a climate perspective, the improve-

ment in mean Gulf Stream separation and track (and thus SST and heat fluxes) is crucial

for describing correctly water mass formation and perhaps also for capturing the coupled

ocean-atmosphere dynamics associated with the North Atlantic Oscillation. Note, how-

ever, that the Gulf Stream/North Atlantic Current is much too broad (-1000 km) and

that the North Atlantic Current does not reattach to the boundary off of Newfoundland

but rather travels beyond the mid-Atlantic Ridge before turning northward. The wide

model Gulf Stream tends to displace the winter deep convection found south of the stream

associated with 18 OC mode water formation. In particular, Bermuda finds itself on the

southern edge of an eastward flowing Gulf Stream, rather than within the subtropical gyre.

The effect of the modified viscosity scheme on other western boundary current regions is

less pronounced. For example, a significant northward bias remains in the separation point

of the Kuroshio, so that unlike the North Atlantic, the southern extent of its extension

is better represented than the northern (Fig. 2). Although the improvements shown here

are encouraging, eddy viscosity parameterizations for coarse-resolution models remain an

on-going research issue.

3. Data Sets

3.1 Atmospheric forcing

The ocean model is driven by the net fluxes of momentum F, heat Q, and freshwater F:

= (1- fice) Tao + fice Tio = Tao

Qnet = (1 - fice) Qao + Qsi + ficeQs,

Fnet = (1 - fice) Fao + Fsi + ficeFs + (1 - fice)Fw.

This general form follows Large et al. (1997), where details are given about the diagnosis

of sea-ice concentration, fice, the fluxes Qsi and Fi due to sea-ice formation in the ocean

model, the strong under-ice restoring (Qs and Fs), the weak salinity restoring term, Fw,
and the balancing of the long term heat and freshwater (salinity) budgets. This balancing
includes reducing incoming solar by 12.5%, drying the surface air humidity by 6%, and

uniformly increasing the precipitation, P, by an annually adjusted factor, fp.

The atmosphere-ocean fluxes, Tao, Qao, and Fao, dominate in regions of greatest interest
(ice free and away from river mouths), so they have received the most attention. Historical
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atmospheric data for the 40-year period 1958-1997 are reconstructed based on the 6-hourly
NCEP/NCAR atmospheric reanalysis data (surface winds, air temperature, and humidity)
(Kalnay et al., 1996) supplemented by monthly satellite estimates of cloud fraction (Rossow
and Schiffer, 1991), surface insolation (Bishop and Rossow, 1991; Bishop et al., 1997), and
precipitation (Xie and Arkin, 1996; Spencer, 1993). The air-sea fluxes are calculated from
these data using traditional bulk formula (Large et al., 1994; NCAR Oceanography Section,
1996) and the model SST. The monthly data are interpolated to the reanalysis times, so
the model forcing can be updated every six hours over the forty year period. An important
feature of this bulk forcing scheme is that Qao and the evaporation part of Fao represent
best estimates of the true fluxes whenever and wherever the model SST is correct, but this
state can be maintained only if the ocean heat transport is well represented.

Differing from Large et al. (1997), precipitation is now based primarily on the Xie and
Arkin (1996) data set. These data are a global blend of atmospheric model output, ground
station records, and MSU (Microwave Sounding Unit) satellite estimates over the ocean
(Spencer, 1993). They represent an improvement in many ways over the original MSU data,
which tends to have positive biases in the mid-latitude storm tracks and does not cover the
polar regions. The Xie-Arkin precipitation rates in the Intertropical Convergence Zone,
however, appear excessive relative to the original MSU and other estimates. Therefore
we have created a combined MSU/Xie-Arkin data set (MXA) that replaces the Xie-Arkin
values with MSU data in the tropical Indian (550-100°E, 15°S-5°N) and western tropical

Pacific (1100-2300E, 16°S-15°N), with linear blending between the two data sets around
the edges of the boxes. A similar data merging is conducted for a small coastal region
south of Alaska.

The satellite forcing data sets cover only a portion of the full forty year historical period:
radiation and clouds (January 1983 to June 1991), Xie-Arkin (1979 and later), and MSU
(1979-1993). In the periods with no satellite coverage, we use the long term monthly
climatological values.

The model forcing for river runoff, sea-ice concentration, and ice-ocean fluxes are rela-
tively crude, so oceanic variability in regions significantly impacted by those processes is
not expected to be well reproduced in the model. Equating the ice-ocean stress 7o and Tao
is reasonable, but the strong under ice restoring terms, Qs and Fs, are not physical. The
freshwater flux represented by (fp - 1)P + Fw can be identified with river runoff. It does
not contribute to inter-annual model variability, because f, remains in the range 1.113 ±

0.007, and restoring is to climatological seasonal salinity. Since Fw is constructed with zero
global mean, the global mean runoff is a reasonable 11% of P. Furthermore, this runoff is
distributed near river mouths where low observed salinity gives large positive local values
of Fw.

6



3.2 Satellite and in-situ evaluation data

Observational data are crucial for evaluating the forced historical variability of the ocean
model. The model simulated temperature fields are compared with the gridded yearly
mean estimates from the NODC World Ocean Atlas 1998, WOA98 (Levitus et al., 1998),
generated from vertical profiles from bottle data, CTDs, MBTs, and XBTs. Yearly mean
fields of integrated heat content (0 to 400 m) are also derived from the NODC data set.
Salinity data are not available with sufficient time/space coverage to generate global maps
of inter-annual variability, but we can make comparisons against regional estimates, in
particular here the Etudes Climatiques de l'Ocean Pacifique (ECOP) monthly tropical

Pacific surface salinity fields (Delcroix et al., 2000). Monthly satellite time records are
utilized to evaluate SST (blended AVHRR and in-situ data product; Smith et al., 1996)
and SSH (TOPEX/Poseidon altimeter; Cheney et al., 1997; 2000). The satellite datasets
provide relatively complete spatial coverage but are available only for the latter part of
the period (e.g., TOPEX/Poseidon, 1993-1997).

In contrast, the in-situ data covers the entire record but the sampling density varies
considerably in both space and time. The number of profiles down to 400 m in the NODC
WOA98 dataset increases sharply after the mid-1960s with the introduction of the ex-
pendable bathythermograph (XBT) (Fig. 3, top panel). The map of sampling density
(1968-1997) also shows strong spatial biases, with a predominance of coastal and North-
ern Hemisphere profiles and more limited Southern Hemisphere coverage along a few major
shipping routes (Fig. 3, bottom panel). Generating a uniform gridded data product from
the heterogeneous NODC data set requires, therefore, a number of decisions regarding qual-
ity control standards and interpolation scales. The gridded WOA98 temperature fields are
available annually interpolated onto a l°x 1° grid for 1948-1998 (Levitus et al., 1998).

For comparison wit the model global SSH fields, we use a gridded, monthly anomaly
data product for the global TOPEX/Poseidon (T/P) sea level data set from Cheney et
al. (1997). The anomaly fields are with respect to the three-year period for 1993-1995,
and they are first computed at 10 latitude intervals along the T/P tracks. These are then
averaged in 4° (longitude) x 1° (latitude) boxes to construct the gridded product. We
further smooth the data to eliminate some grid-scale features in favor of large spatial scales,
using three passes of a local, five-point Gaussian filter. Several corrections are applied
including for the inverse barometer effect (Stammer and Wunsch 1994; Cheney et al.
2000), which is absent in the simulations because we did not include variable atmospheric
pressure as part of the model forcing. These gridded T/P data are available starting
October 1992, and thus the model's SSH variability for the last 5 years (1993-1997) can
be compared directly with the T/P data.

The ECOP sea surface salinity (SSS) data set consists of primarily "bucket" (1969-
1998) and ship thermosalinograph (1990-1999) measurements, along with more limited
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moored buoy, hydrocast, and CTD-derived data (Delcroix et al., 2000). A monthly, gridded
product (10° longitude by 20 latitude) is available for the tropical Pacific approximately
bounded by 16°S and 270N. The model-data comparison is limited to late 1975-early 1992,
a period of relatively complete sampling coverage.

3.3 Model sea surface height

With the rigid-lid approximation, the ocean model does not compute SSH prognostically.
Instead, a diagnostic computation, using the model output fields, is necessary to obtain
SSH distributions. In particular, we use the monthly-mean fields of the surface pressure
horizontal gradients. For each of these difference fields, a line integration is carried out from
an ocean point, starting arbitrarily with zero surface pressure, to every other active ocean
point in the domain. A normalization of the resulting fields by the product of a reference
density and the gravitational constant po then produces the model SSH distributions up
to an integration constant.

As discussed by Greatbatch (1994), because the ocean model conserves volume rather
than mass due to the Boussinesq approximation, any net expansion or contraction of
the ocean is not included in the above computation: a spatially uniform, but temporally
varying, constant needs to be added to each monthly-mean SSH field. Here, this integration
constant is evaluated as the horizontal mean of the steric height change over a month. We
compute the steric component of SSH based on the monthly-mean total heat and salt
fluxes, including the contributions from the internal ice formation. The required thermal
expansion and saline contraction coefficients are computed using the monthly-mean SST
and SSS distributions. This steric height evaluation represents a local computation; the
advective effects are not directly included, and it does not reflect changes in total mass.

4. Historical Integrations

4.1 Multi-decade simulation framework

The integration time history and spin-up for the historical model simulations are shown
in Fig. 4. By end of the spin-up at year 0, the solution had lost all memory of its ob-
servational based initial conditions. This is accomplished primarily through 333 years of
integration on a coarser x3' grid, with a factor of 50 acceleration (Danabasoglu et al.,
1996) applied to deep tracers, so that deep temperatures and salinities had advanced more
than 16,000 years. This is followed by five years without acceleration using a single repeat
year of forcing. The spin-up is completed by interpolating temperature and salinity to the
x2' grid, zeroing the velocities and integrating for five more years to allow for geostrophic
adjustment of the velocity field.
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In total, the x2' model is integrated with historical forcing, starting from year 0, for
160 years, or four of the 40-year cycles. The first two cycles show substantial drift in
basin mean, upper ocean (0-500 m) temperature and salinity, with most of the adjustment
occurring before model year 40-50. Final modifications to the anisotropic viscosity scheme
(Section 2.2) are introduced at year 48. Before these, there is a tendency toward excessive
variability in the strength and position of the Gulf Stream. The path of the stream varies
inter-annually, depending of the wind forcing, from close to its Fig. 2 position to being
fully trapped against the coastline as far north as Newfoundland. These modifications
also have the unexpected benefit of reducing the model drift. During the first cycle,
the tropical Indian and western Pacific Ocean salinities also become much fresher than
observed, motivating the construction of the blended MXA precipitation product (Section
3.1) that is used after year 67. At this time a different under ice data set is implemented for
the under ice salinity restoring, F,, and the last minor code changes are implemented. The
last two forcing cycles (model years 81-160) are identical, so the repeatability of oceanic
variability can be assessed and the implications of model drift determined. Except for the
long-term drift assessment and initial condition sensitivity calculations, all of the analyses
shown in the remainder of the paper are conducted on the final cycle (model years 121-160).

4.2 Model drift

The spin-up procedure reduces but does not eliminate model drift, especially in the lower
thermocline and deep waters. Also, there is a potential ambiguity in separating numerical
drift from long-term secular change driven by the limited, 40-year forcing record. Time
series processing techniques such as detrending potentially allow more of the low frequency
variability to be distinguished. But since our focus here is primarily on the inter-annual
signal in the upper ocean, we will assume the conservative position that any long-term
model trends that span the two repeat 40-year cycles are artifactual. The goal then is
to define those regions where drift is relatively unimportant. With respect to natural
variability, the relevant question is not so much the absolute magnitude of the drift but
rather the amplitude relative to the variability signal.

The basin mean temperature anomalies with respect to model year 80 on selected depth
surfaces are shown as a function of time in Fig. 5 for model years 81-160. At 102 m, the
two 40-year cycles are almost identical, and the impact of model drift is nearly impercep-
tible. By 422 m on average, the balance shifts, and the climate variability appears as a
minor signal on top of a large, approximately linear drift. Broadly similar patterns are
found for salinity but with larger drift tendencies relative to inter-annual variability in the
upper thermocline (not shown). The root-mean-square (rms) inter-annual variability in
temperature and salinity peaks between 50-150m at roughly 0.3-0.45 °C and 0.06-0.08
psu, depending on basin, decreasing as one moves down the water column while the drift
actually increases (Fig. 6).
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The drift can be approximated by differencing the model local temperature and salinity
values at the end of each cycle, i.e. the end of model year 160 minus the end of year 120.
The third column in Fig. 6 shows a comparison of the model inter-annual temperature and
salinity variances (model year 131-160) relative to the same quantities after the removal
locally of this linear trend. The temperature variance ratio is approximately 1.0 down to
300 m (Atlantic) and 400 m (Indian and Pacific), suggesting that the impact of model drift
on upper ocean temperature is relatively minor. Of course the impact of the drift is not
spatially uniform, and the variance ratio on depth surfaces is higher in the tropics where
denser isopycnals dome and ventilation rates are typically slower. Regions of elevated drift
are also observed in the Labrador Sea and in parts of the Atlantic and Indian sectors of
the Southern Ocean. Similar results are found for salinity but with more significant drift
relative to the climate signal in the upper water column, particularly in the Atlantic basin.

4.3 Initial condition sensitivity

Sufficient historical data are not available to fully initialize an ocean simulation in 1958,
and the repeat 40-year forcing cycle necessarily introduces errors because of inappropriate
initial conditions. In effect, water mass and circulation anomalies generated by 1990s
forcing propagate through the first several years of a new cycle. To explore the impact and
duration of this initial condition sensitivity, we run a 10-year branch integration for model
years 121-130 replacing the end of model year 120 fields (temperature, salinity, velocity)
with comparable data from model year 113 corrected for the linear, long-term drift (see
previous subsection). Model year 113 was chosen because it has significantly different
regional circulation and water mass patterns, particularly in the Labrador Sea and Gulf
Stream regions.

The large initial global average rms temperature and salinity differences between the
branch and control simulation, 1.0-1.5 OC and 0.1-0.2 psu in salinity in the upper water
column, diminish rapidly with time and are significantly less than the rms inter-annual
variability by the end of 10 years time (0.1 relative to 0.3-0.45 OC and 0.02 relative to
0.06-0.08 psu at 100 m) (Fig. 7). Spatial maps (not shown) demonstrate that subsurface,
regional differences of order 0.5 °C or more persist in the Kuroshio and Gulf Stream/North
Atlantic current through year 5, diminishing to a few tenths of a degree by year 10. Based
on the model drift and initial condition studies, we restrict the model-data evaluation in
the following analysis to the upper 400 m of the water column and final 30 years of the
integration (1968-1997). Given the time/space observational coverage (Fig. 3), this is not
a significant limitation.
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5. Results

5.1 Surface forcing and sea surface temperature

The spatial patterns and amplitude of the rms annual variability in model surface forc-
ing, net heat and freshwater fluxes, and wind-stress curl are displayed in Fig. 8. The
regions of largest inter-annual variability in net heat and freshwater flux are found in the
high-latitude, permanent and seasonally ice-covered regions associated with the under-ice
restoring terms and mismatches in individual years between the climatological ice mask
and the actual ice and atmospheric fields. Away from the polar regions, variability maxima
in heat and freshwater flux are observed in the tropical Pacific and Indian oceans driven
by ENSO, with the heat flux anomaly centered in the central Pacific and the freshwater
anomaly in the western Pacific and Bay of Bengal. At mid-latitudes, inter-annual vari-
ability maxima are located in the western boundary current regions and subpolar North
Atlantic where winter latent heat loss, evaporation, and water mass transformation rates
are largest in the model (Doney et al., 1998). The wind stress curl variability is generally
low in the tropics, with the exception of local subtropical maxima in the western Pacific,
increasing at mid- and high latitudes in the Southern Ocean, North Pacific, and North
Atlantic.

There is excellent model-data agreement in the spatial EOF patterns and temporal
principal component time-series comparisons with the Reynolds-Smith (Smith et al., 1996)
blended satellite and in-situ monthly SST product (1982-1997) (Figs. 9a and 9b) and
the in-situ WOA98 annual data (1968-1997) (Fig. 9c). The quantitative measures of
the agreement are the high spatial and temporal correlations (0.96 and 0.98 in Fig. 9a;
0.84 and 0.89 in Fig. 9b). In Figs. 9a and 9b, the respective mean seasonal cycles are
subtracted to create monthly anomalies, and the time series of all of the EOFs presented
here are normalized by the respective EOF variances; projection on the original data used
to construct the EOFs results in unit variance.

The first SST EOF in each case displays the classic ENSO pattern with variability in the
eastern tropical Pacific and North American west coast out of phase with western tropical
Pacific and subtropical gyres (Neelin et al., 1998). Note that the WOA98 first EOF shows
a weaker extension of SST variability into the Pacific sector of the Southern Ocean than
as found in the Reynolds-Smith data and model simulation. The much reduced variability
indicated by the first EOF and principal component of the annual data (Fig. 9c), compared
to monthly data (Fig. 9a), is a consequence of warmest ENSO temperatures occurring
around the new year, so that they are spread over two consecutive annual anomalies. The
spatial pattern for the second EOF of the Reynolds-Smith SST (Fig. 9b) is centered in
the North Pacific, with extensions to the tropical Pacific (positive) and North Atlantic
(negative). In addition to being highly correlated, the observed and modeled variability is

11



coherent at both inter-annual and seasonal frequencies. The second WOA98 EOF is weak
(not shown), accounting for less than 7% of the variance of the annual means. Sampling
noise and gaps in the observational data tend to obscure coherent inter-annual variability
signals in the in-situ data; the WOA98, however, is much better with regards to capturing
inter-annual variability in SST and subsurface temperature (see below) than the previous
data version, WOA94 (Levitus et al., 1994).

The model skill in replicating observed SSTs could in theory represent compensating
errors in model physics and surface heat fluxes, a common concern for ocean models forced
by a prescribed atmospheric state where the atmosphere has a large effective heat capacity

(e.g., Seager et al., 1995). This issue is examined in Fig. 10, which maps the correlation
coefficient between forty annual average heat fluxes and the changes in surface temperature
over the corresponding year. The "observations" are diagnosed by simply substituting the
Reynolds-Smith SST product for the active ocean model SSTs of the hindcast. There is
general agreement in the correlation patterns of these "observations" and the hindcast. The
most notable exceptions are in the eastern North Atlantic around 500N, where the modeled
North Atlantic current is problematic, and in the Southern Ocean where observations are
scarce (Fig. 3).

High positive correlation suggests heat flux and heat storage as the dominant balance in
the inter-annual heat budget, and indicates where inter-annual SST variability could largely
result from the specified atmospheric forcing. However, such regions are confined mainly
to the subtropics with lower correlation in observations perhaps due to measurement and
sampling errors. At midlatitudes the correlation tends to be lower, suggesting at least
some role for ocean processes. These processes include the effective depth to which surface
fluxes are mixed. At high latitudes sea-ice processes appear to play a very important
role, leading to negative correlation. There are also significantly high negative correlations
along the equator of both the Atlantic and Pacific basins. The indication here is that ocean
processes are forcing SST changes and that the surface heat flux response is a negative
feedback that cools warm anomalies and heats cold ones.

In the Pacific this signal follows the ENSO signal of warm and cold SST events, which
are retarded by surface heat fluxes, but are still so strong that there is overall negative
correlation in Fig. 10. To demonstrate, consider the thermal budget for the tropical Pacific,
shown in more detail in Fig. 11 as the first EOF principal components of model and
diagnosed net heat fluxes along with the temporal derivative of the model SST EOF. The
similarity of the model and "observed" net heat flux EOFs is marked by high spatial pattern
(0.73) and temporal (0.79) correlations (0.98 and 0.79) over the eastern tropical Pacific.
Furthermore, the model warming associated with the ENSO events of 1982-83, 1986-87,
1991-92 and 1997-98 is accompanied by negative (cooling) net heat flux, as indicated by
the shading in Fig. 11. The out-of-phase SST-heat flux relationship suggests that the
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model net heat flux anomalies are mostly a response to increasing SST (not the reverse)
and that the model SST signal (and thus model-data skill) reflects success in replicating
the oceanic physics. Therefore, little of the agreement in Fig. 9a can be attributed to the
use of "observed" surface air temperature and humidity in the bulk heat flux forcing.

5.2 Sea surface height

The variance comparison of the T/P and model SSH monthly anomalies (with respect
to the seasonal cycle) is presented in Fig. 12, showing that the model produces the spatial
patterns of the observed variability successfully in the Tropical Indo-Pacific. However, the
modeled variance is locally weaker than observed by more than a factor of 2 in the Pacific.
Similarly weak model variability is also seen in comparison studies involving finer resolution
simulations (Stammer et al., 1996; Stammer, 1997). Another obvious deficiency of the
model is the very anemic, if not absent, variability associated with the subtropical gyres
(western boundary currents) and the Antarctic Circumpolar Current. Mesoscale eddies,
which are not present in the NCOM coarse resolution model, create considerable high
frequency SSH variability in these regions, and although the T/P monthly data have been
spatially smoothed, significant aliasing of mesoscale variability into the monthly anomalies
remains an issue. Inadequacy of the forcing fields in the storm tracks may also play a
role. Although the steric component is a major factor in the seasonal SSH variability of
the extra-tropics (Stammer, 1997), it contributes very little to the inter-annual variability
(Fig. 12, bottom panel; note factor of 10 difference in scale). This indicates that on these
time scales SSH variability is mostly associated with dynamical processes.

We next compare the dominant spatial patterns of SSH variability for model and T/P
data, using EOF analysis. To reduce the data size, the model SSH is binned in boxes
7.20 in longitude and varying between 1.2°-2.4° in latitude. The T/P SSH is binned only
in latitude using 20-boxes. The first 2 EOFs, accounting for about half of the respective
variances (47% for T/P and 55% for model), are presented in Figs. 13a and 13b together
with the principal component time series. The agreement between the T/P and model
EOF patterns, particularly in the tropics, and principal component time series is quite
encouraging. In general, the model EOF variability is somewhat weaker (,25%) than
observed, and some of the T/P extra-tropical EOF patterns are not fully captured by the
model. EOFi is quite well separated from EOF2 and is associated with ENSO variability.
In particular, the onset and evolution of the 1997 event are clearly depicted in the EOF1
principal component time series. The second EOFs are much weaker and are concentrated
in the Indian Ocean, with an extension into tropical South Pacific in the observations
(though not in the model). EOF1 and EOF2 both also contain smaller amplitude, far field
signals in the mid-latitudes. Some features are common to both model and data (e.g.,
positive band in mid-latitude North Atlantic in EOF2), but in general the mid-latitude
features in the T/P data occur at smaller spatial scales than in the model.
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Model SSH variability at Bermuda, associated with the subtropical gyre, is compared
with the observed variability in Fig. 14. To emphasize the low frequency variability, the
model time-series is based on annual-mean data, and the observed and Sturges and Hong
(S&H) model time-series are filtered to exclude periods shorter than three years. In each
time-series the respective 1968-1997 time-means are subtracted. In spite of its coarse
resolution, inherent viscous nature, and overly broad Gulf Stream that encompasses the
Bermuda region, the NCOM simulation largely captures the observed SSH variability with
the biggest peak-to-peak amplitude of about 12 cm. This maximum is only slightly less
than observed and it represents a modest fraction of the height difference across the gyre.
Sturges and Hong (1995) demonstrated using a simple Sverdrup balance model with the
first baroclinic Rossby wave forced with processed observed winds (line S&H in the Fig. 14)
that this variability is mostly due to the surface winds.

5.3 Integrated heat content and temperature

The agreement between the model and observed WOA98 in-situ, integrated heat storage
(0-400 m) inter-annual variability is displayed in Fig. 15. The main spatial variability pat-
terns are comparable, with the most intense inter-annual variability in the tropical Pacific,
tropical South Indian Ocean, western boundary currents, Southern Ocean, and subpolar
North Atlantic. Compared to WOA98, the model heat content variability in the tropical
Pacific is more localized into discrete, zonal bands (Lysne and Deser, 2002). The model
contains considerably weaker variability in the Agulhas retroflection and Brazil-Malvinas
confluence, which almost certainly reflects the fact that the coarse resolution model is still
too viscous to capture fully the dynamics in these regions (see also Fig. 12). The model
variability is also lower than that in WOA98 along the Antarctic Circumpolar Current in
the Southern Ocean, but here the model-data differences likely are a combination of model
and forcing errors together with inadequate in-situ sampling.

The model-data cross-correlations for the annual heat storage anomalies (Fig. 15, bot-
tom panel) are large and significant (>0.6) in the North Pacific, Tropical Pacific, and
northern North Atlantic. The comparison shows essentially no relationship in the South-
ern Ocean and the Brazil-Malvinas variability maximum where the observed data coverage
is more limited (Fig. 3). Even specific features such as the sampling hole in the central
and eastern tropical North Atlantic (Fig. 3) show up distinctly as minima in the cross-
correlation field. An EOF analysis for 1968-1997 of the annual heat content anomalies
(not shown) highlights the same basic ENSO driven, tropical spatial patterns as found for
the SSH analysis, but the first two EOFs account for only 26% of total observed variability
as opposed to 48% for the model.

Comparison of the model and WOA98 in-situ temperatures at depth demonstrates
broadly similar results to the SST and heat content analyses already shown, though high-
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lighting more clearly the changes in the thermal variability patterns with depth. The
observed and model subsurface annual rms temperature variability peaks between 50-150
m before declining with depth (Fig. 6). The shape of the depth profiles in the Atlantic
and Pacific are simulated well by the model while the model variability maximum is shal-
lower for the Indian Ocean than observed. However, the magnitude of model basin rms
temperatures are 25-50% lower than the WOA98 data. One should note that the basin
comparisons exclude the Southern Ocean where the observed estimates may be too high
because of under-sampling and mesoscale noise (which should be damped in the annual
mean in well sampled regions).

The spatial structure of the model rms temperature variability (1968-1997) changes with
depth (Fig. 16). In the tropical Pacific, the maximum variability at the surface (4 m) is
located along the Equator in the eastern and central part of the basin. The maximum shifts
progressively westward and off Equator moving down the water column (Lysne and Deser,
2002), and regions of high variability are observed also in the thermocline (102 m) in the
tropical Indian and Atlantic Oceans. In the western boundary currents, the temperature
variability tends to extend vertically from the surface into the thermocline directly below.

The model and in-situ rms SST variability (not shown) are comparable in magnitude in
the western Equatorial Pacific, Kuroshio extension, and Gulf Stream/Labrador Sea max-
ima, though the background level is higher in the observations. The WOA98-model SST
correlation is strong generally everywhere except for the Southern Ocean and Arctic, the
latter a result of the model fixed under-ice temperature restoring that limits the model's
ability to generate the large polar variability found in WOA98. The model North Atlantic
current region contains larger annual temperature variability than found in WOA98, per-
haps due to a sensitivity of the flow path under the present anisotropic viscosity scheme.
The subsurface model-data annual temperature correlation is high in the North Pacific,
parts of the North Atlantic, and the western and eastern edges of the tropical Pacific but
shows considerably poorer agreement than for SSTs, especially at 262 m. The model also
does not capture the observed subsurface variability in the Agulhas retroflection. The spa-
tial patterns of the subsurface temperature EOFs (not shown) differ somewhat between
the model and data, and the principal component correlations are weaker than the surface
and integrated water column comparisons (0.5-0.6 versus 0.9-0.95).

5.4 Salinity

Salinity observations are limited, especially at depth, so the hindcast provides a rare
view of inter-annual salinity variability on a global scale. The basin average profiles of
model annual rms salinity variability are similar in shape to temperature except in the
upper 50-100 m where the salinity variability decrease towards the surface is much less
pronounced (Fig. 6). Spatial maps show variability maxima at the surface in the western
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and eastern tropical Pacific and eastern tropical Indian ocean (Fig. 17), associated with
ENSO driven changes in net freshwater flux (Fig. 8). High variability also occurs in the
western North Atlantic, with a positive/negative dipole pattern in the Gulf Stream and
Labrador Sea. The simulated subsurface patterns roughly match those noted above for
temperature, and an EOF analysis (not shown) demonstrates that the model temperature
and salinity typically vary in phase and are partially density compensating, with periods
of warm salty water alternating with cold fresh. Analysis of Sec. 5.5 shows that this
is a combination of vertical isopycnal displacements and propagation of compensating
temperature/salinity anomalies along isopycnal surfaces.

The EOF analysis of the model and ECOP SSS for the tropical Pacific (1975-1992)
(Figs. 18a and 18b) shows good general agreement in the spatial structure and magnitude
of the monthly SSS anomaly variability as well as the litprincipal component time-series. In
Fig. 18a model EOF2 is matched to the observed EOF1 and the reverse in Fig. 18b. The
principal component time-series in Fig. 18b tracks ENSO variability reasonably well, and
the EOFs in Fig. 18a appear to be associated with a zonal shift in the western tropical
freshwater signal particularly following the termination of the 1982-1983 El Nino. Note also
that climatological precipitation forcing is used up to year 1978 of the 40-year simulation
due to limitations of the satellite data sets.

5.5 Partitioning subsurface tracer variability

The subsurface inter-annual temperature and salinity variability from the model simula-
tions can be partitioned into components attributable to different physical mechanisms. In
the analysis below, we separate the tracer variability into two terms, that due to changes in
the water mass characteristics on isopycnal surfaces (sometimes refered to as "spiceness")
and that due to vertical and lateral displacement of isopycnal surfaces ("heave"). The
derivation differs somewhat from other methods proposed in the literature (Bindoff and

McDougall, 1994), but the overall objective is similar.

At each model grid cell and year y (1968-1997), we previously computed the annual mean
tracer anomaly on a depth surface XY (where X can be either temperature T or salinity S)
by differencing the annual mean tracer value Xy from the thirty year mean computed on a
constant depth surface < X >:

Xy =X- <X >.

The inter-annual rms variability fields for Ty and Sy were already shown in Figs. 16 and 17.
For the partitioning, we start by calculating a representative density value py = p(Ty, Sy) for
each year and define the "spiceness" Xy anomaly as the difference in the tracer relative to
the thirty year mean tracer value following that isopycnal surface at that point in space:

Xs = x y- < X py >
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Note that because the density field evolves in time, < Xpy > will vary from year to year. The
"heave" component is then defined as the remaining anomaly resulting from the difference

between the thirty year means of the tracer value on the isopycnal surface versus the fixed
depth surface:

Xy =< Xp - < X >.

Note that by construction:
Xy = X + Xh

In the special case where water mass characteristics on isopycnals remain constant with
time and tracer anomalies are due solely to vertical isopycnal displacement, then Ty =

S- = 0, Th = Ty andSh = Sy (pure vertical heave). In the opposite extreme of no vertical

displacement, py is constant with time, < X >=< X1p >, and Ty = Ty, Sy = Sy, and T h = Sh = 0

(pure spice). In the general case, both Xy and Xh are nonzero, and the first term represents

processes that produce a tracer anomaly with respect to the Eulerian, time-mean properties

on the py isopycnal while the second term is associated with displacements of the isopycnal
structure. Note that in regions with horizontal gradients in T and S along isopycnals,

horizontal water mass displacements can project onto both terms.

The main features of the inter-annual rms temperature variability seen in Fig. 16 are

mostly captured by the heave term Tyh at both 102 and 262 m (Fig. 19). Over most of the

ocean the contribution of Ty (not shown) is near zero at both depths, implying that inter-

annual temperature anomalies are primarily due to heave. Lysne and Deser (2002) reached

a similar conclusion in an analysis of the rms temperature variability maxima in Southwest
Pacific. The exceptions are the regions of the Kuroshio and Gulf Stream extensions, where

the contribution of Ty is important (not shown). In the Pacific sector of the Southern

Ocean, the zonal feature seen in Tyh at 102 m (Fig. 19, top panel) is even stronger in Ty,

but because these two components are negatively correlated in that location, there is no

evidence of any such feature in Fig. 16.

There are several patches of high salinity variability at 102 m in Fig. 17. Figure 20 (top

panel) shows that these are predominately Sy type anomalies, but since Sh is not negligible

(not shown) they are not purely spice anomalies. In fact, everywhere in Fig. 17 that shows

a significant rms variability in salinity has some component due to heave, Sy. At 262 m, S.

and Sh contribute comparable amounts to the rms variability of Fig. 17. This is especially
true across 200S in the Indian ocean, north of New Guinea, in the eastern North Pacific,
and in the Kuroshio extension. Significant negative correlation between spice and heave

anomalies is evident in the North West Pacific, resulting in little rms signal in Fig. 17 in
this region.
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6. Summary and Discussion

Historical oceanic data provide an intriguing yet incomplete picture e of low frequency
oceanic variability. It is of course now too late to acquire new observations of past events,
and thus the burden of describing such signals and understanding their dynamics will fall
jointly on synthesis and modeling studies, with data assimilation playing a significant role.
However, the results of this paper suggest that unconstrained forward models are important
tools as well, in particular because the data can be reserved as independent measures of
model skill. We outline a framework and present model solutions for a 40 year historical
simulation (1958-1997) using satellite and numerical atmospheric reanalysis forcing. This
approach has some potential limitations due to the availability and quality of the forcing
data (e.g., satellite records only exist from the 1970s on; the NCEP/NCAR reanalysis skill
varies in time as different data-streams come on-line), long-term model drift, and initial
condition sensitivity. Based on our analysis of the latter two issues, we limit our analysis
here to the upper water column (0-400 m) and the final 30 years of the integration which
coincides well with the observational sampling coverage.

Overall our model-data analysis shows good agreement between the historically forced,
prognostic ocean model simulations and observed variability on inter-annual time scales
over the global upper ocean. This may arise either because the ocean is indeed simply
responding to atmospheric forcing or because the atmospheric record already reflects cou-
pling and feedbacks from the ocean. The reality likely is some combination depending on
region and time-scale. The approach admittedly involves a certain degree of ambiguity in
separating the relative degree to which the ocean modulates the atmosphere, an issue we
defer here.

The satellite data records (SST, SSH), apart from being confined to the surface and
of limited duration, serve as excellent comparative data sets because of the relatively
frequent global coverage. Model agreement with these data is generally very good in both
the magnitude and phase of inter-annual variability. The model comparison with in situ
(WOA98) SST variability is also favorable, as it is with the very limited measurements of
SSS.

A number of general conclusions regarding upper ocean inter-annual variability can be
drawn from our model simulations. Globally, the ENSO signal is the most significant
variability mode, most notably for SSH, heat content, and surface properties (SST and
SSS), with substantial extension beyond the tropics into the mid-latitudes. The subsurface
temperature and salinity inter-annual variability peaks between the surface and 150 m but
remains substantial down to at least 400 m. The character of the variability appears to shift
off the equator with depth and is associated with displacements of the tropical/subtropical
gyre boundaries.
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Between the surface and 400 m, comparisons are restricted to analyzed data sets such as
the WOA98, and are hindered therefore by the inhomogeneous sampling in both time and
space. Not surprisingly, large model-data differences emerge in regions of sparse sampling
and in many cases the model results can be considered the better measure of historical
variability. Exceptions to this are high latitude regions influenced by our under-ice forcing
and variability dependent on the mid-latitude gyre structure. Specifically, the modified
anisotropic viscosity succeeds in allowing the North Atlantic sub-polar gyre to penetrate
south along the North American east coast. But the Gulf Stream is too broad, and the
North Atlantic Drift is too zonal, failing to deviate north-east off Newfoundland. Efforts
are underway to improve high latitude forcing by utilizing satellite measurements of the sea-
ice concentration, and at achieving a more realistic North Atlantic gyre structure through
higher resolution, better model physics, and modified bottom topography.

The number of subsurface temperature observations drops considerably in the deep ocean
below about 400 m, the nominal sampling depth of many XBTs, and subsurface salinity
measurements are limited throughout the water column. The advent of the ARGO profiling

float network should expand the observational coverage through the main thermocline, but
the historical deep water record is sparse and is likely to remain so in the future except
for a few isolated time-series stations. Preliminary analysis of the model solutions for the
intermediate waters (e.g., Labrador Sea and out-flowing deep western boundary current)
suggests that the model captures aspects of the inter-annual variability in this region as
well. Certainly longer integrations will be necessary, but more sophisticated time series
analysis can also be used to discriminate between low frequency variability, secular trends,
and model drift.

The NCOM historical model solutions and similar work provide a wealth of data, of
which the current study has just begun to exploit. Further studies are underway on the
simulated seasonal cycle and on the dynamical processes controlling the model subsurface

basin to global-scale variability patterns in velocity and hydrography.

Acknowledgments This work would not have been possible without the hard work and
collaboration of the numerous programmers and scientists involved in NCAR Oceanog-

raphy Section and the Community Climate System Model project. We wish to express
especial thanks to P. Gent for his comments, encouragement, and insight. This work was
supported in part from NOAA Office of Global Programs ACCP grant NA86GP0290 and
NSF grant OCE96-33681. NCAR is sponsored by the National Science Foundation.

19



References

Bindoff, N.L., and T.J. McDougall, 1994: Diagnosing climate change and ocean venti-
lation using hydrographic data. J. Phys. Oceanogr., 24, 1137-1152.

Bishop, J.K., and W.B. Rossow, 1991: Spatial and temporal variability of global surface
solar irradiance. J. Geophys. Res., 96, 16839-16858.

Bishop, J.K.B., W.B. Rossow, and E.G. Dutton, 1997: Surface solar irradiance from
the International Satellite Cloud Climatology project 1983-1991. J. Geophys. Res.,
102, 6883-6910.

Bonekamp, H., A. Sterl, and G.J. Komen, 1999: Inter-annual variability in the Southern
Ocean from an ocean model forced by European Centre for Medium-Range Weather
Forecasts reanalysis fluxes, J. Geophys. Res., 104, 13317-13331.

Capotondi, A., and M.A. Alexander, 2001: Rossby waves in the tropical North Pacific
and their role in decadal thermocline variability. J. Phys. Oceanogr., 31, 3496-3515.

Carton, J.A., G. Chepurin, and X. Cao, 2000a: A simple ocean data assimilation analysis
of the global upper ocean 1950-1995, Part II: Results. J. Phys. Oceanogr., 30, 311-
326.

Carton, J.A., G. Chepurin, X. Cao, and B.S. Giese, 2000b: A simple ocean data as-
similation analysis of the global upper ocean 1950-1995, Part I: Method. J. Phys.
Oceanogr., 30, 294-309.

Cheney, R., L. Miller, and J. Kuhn, 1997: TOPEX/POSEIDON altimeter gridded sea
level deviation analysis. [Available on-line from
http://ibis.grdl.noaa.gov/SAT/hist/tp products/topex.html.]

Cheney, R., L. Miller, C.-K. Tai, J. Kuhn, and J. Lillibridge, 2000: TOPEX/POSEIDON
altimeter along-track sea level deviation analysis. [Available on-line from
http://ibis.grdl.noaa.gov/SAT/hist/tp-products/topex.html.]

Chepurin, G.A., and J.A. Carton, 1999: Comparison of retrospective analyses of the
global ocean heat content. Dynamics Atmos. Oceans, 29, 119-145.

Danabasoglu, G., J.C. McWilliams, and P.R. Gent, 1994: The role of mesoscale tracer
transports in the global ocean circulation. Science, 264, 1123-1126.

Danabasoglu, G., J.C. McWilliams, and W.G. Large, 1996: Approach to equilibrium in
accelerated global oceanic models. J. Climate, 9, 1092-1110.

Delcroix, T., C. Henin, F. Masia, and D. Varillon, 2000: Three decades of in situ sea
surface salinity measurements in the Tropical Pacific Ocean 1969-1999, CD-ROM

20



Version 1.0, [Available on-line from http://noumea.ird.nc/ECOP/cadres.htm].

Doney, S.C., and M.W. Hecht, 2001: Antarctic Bottom Water Formation and deep
water chlorofluorocarbon distributions in a global ocean climate model, J. Phys.

Oceanogr., 32, 1642-1666.

Doney, S.C., W.G. Large, and F.O. Bryan, 1998: Surface ocean fluxes and water-mass
transformation rates in the coupled NCAR Climate System Model, J. Climate, 11,
1422-1443.

Gent, P. R., and J. C. McWilliams, 1990: Isopycnal mixing in ocean circulation models.
J. Phys. Oceanogr., 20, 150-155.

Gent, P.R., F.O. Bryan, G. Danabasoglu, S.C. Doney, W.R. Holland, W.G. Large, and
J.C. McWilliams, 1998: The NCAR Climate System Model global ocean component,
J. Climate, 11, 1287-1306.

Greatbatch, R.J., 1994: A note on the representation of steric sea level in models that
conserve volume rather than mass, J. Geophys. Res., 99, 12767-12771.

Hakkinen, S., 1999: Variability of the simulated meridional heat transport in the North
Atlantic for the period 1951-1993, J. Geophys. Res., 104, 10991-11007.

Halliwell, G., 1998: Simulation of North Atlantic decadal/multidecadal winter SST
anomalies driven by basin-scale atmospheric circulation anomalies, J. Phys.

Oceanogr., 28, 5-21.

Harrison, D., W.S. Kessler, and B.S. Giese, 1989: Ocean circulation model hindcasts of
the 1982-83 El Nino: Thermal variability along the Ship-of-Opportunity tracks, J.
Phys. Oceanogr., 19, 397-418.

Ji, M., A. Leetmaa, and J. Derber, 1995: An ocean analysis system for seasonal to
inter-annual climate studies. Mon. Wea. Rev., 123, 460-481.

Kalnay, E., M. Kanamitsu, R. Kistler, W. Collins, D. Deaven, L. Gandin, M. Iredell,

S. Saha, G. White, J. Woollen, Y. Zhu, M. Chelliah, W. Ebisuzaki, W. Higgins, J.
Janowiak, K.C. Mo, C. Ropelewski, A. Leetmaa, R. Reynolds, and R. Jenne, 1996:
The NCEP/NCAR reanalysis project. Bull. Amer. Meteor. Soc., 77, 437-471.

Large, W.G., and P.R. Gent, 1999: Validation of vertical mixing in an equatorial ocean
model using large eddy simulations and observations. J. Phys. Oceanogr., 29,
449-464.

Large, W.G., J.C. McWilliams, and S.C. Doney, 1994. Oceanic vertical mixing: A review
and a model with a nonlocal boundary layer parameterization. Rev. Geophys., 32,
363-403.

21



Large, W.G., G. Danabasoglu, S.C. Doney, and J.C. McWilliams, 1997. Sensitivity to
surface forcing and boundary layer mixing in a global ocean model: Annual-mean
climatology. J. Phys. Oceanogr., 27, 2418-2447.

Large, W.G., G. Danabasoglu, J.C. McWilliams, P.R. Gent, and F.O. Bryan, 2001:
Equatorial circulation of a global ocean climate model with anisotropic horizontal
viscosity. J. Phys. Oceanogr., 31, 518-536.

Levitus, S., T.P. Boyer, and J. Antonov, 1994: World Ocean Database 1994, Volume 5:
Inter-annual variability of upper ocean thermal structure. NOAA Atlas NESDIS 4,
U.S. Government Printing Office, Wash., D.C., 176 pp.

Levitus, S., J.I. Antonov, T.P. Boyer, and C. Stephens, 2000: Warming of the World
Ocean, Science, 287, 2225-2229.

Levitus, S., T. Boyer, M. Conkright, D. Johnson, T. O'Brien, J. Antonov, C. Stephens,
and R. Gelfeld, 1998: World Ocean Database 1998, Volume 1: Introduction. NOAA
Atlas NESDIS 18, U.S. Government Printing Office, Wash., D.C., 346 pp.

Luksch, U., 1996: Simulation of North Atlantic low-frequency SST variability, J. Cli-
mate, 9, 2083-2092.

Lysne, J., and C. Deser, 2002: Wind-driven thermocline variability in the Pacific: A
model/data comparison, J. Climate, 15, 829-845.

Maltrud, M.E., R.D. Smith, A.J. Semtner, and R.C. Malone, 1998: Global eddy-
resolving ocean simulations driven by 1985-1995 atmospheric winds, J. Geophys.
Res., 103, 30825-30853.

Mantua, N.J., S.R. Hare, Y. Zhang, J.M. Wallace, and R.C. Francis, 1997: A Pacific
inter-decadal climate oscillation with impacts on salmon production. Bull. Am.

Meterol. Soc., 78, 1069-1079.

McWilliams, J.C., and G.Danabasoglu, 2002: Eulerian and eddy-induced meridional
overturning circulations in the tropics. J. Phys. Oceanogr., 32, 2054-2071.

Miller, A.J., D.R. Cayan, T.P. Barnett, N.E. Graham, and J.M. Oberhuber, 1994: Inter-
decadal variability of the Pacific Ocean: Model response to observed heat flux and
wind stress anomalies. Climate Dynamics, 9, 287-302.

NCAR Oceanography Section, 1996. The NCAR CSM Ocean Model. NCAR Techni-
cal Note, NCAR/TN-423+STR, 84 pp. [Available from NCAR, P.O. Box 3000,
Boulder, CO 80307, USA].

Neelin, D.J., D.S. Battisti, A.C. Hirst, F.-F. Jin, Y. Wakata, T. Yamagata, and S.E.
Zebiak, 1998: ENSO theory, J. Geophys. Res., 103, 14261-14290.

22



Philander, S., and A. Siegal, 1985: Simulation of El Nino of 1982-1983. in Coupled

Ocean-Atmosphere Models, ed. J. Nihoul, Elsevier, 517-541.

Rosati, A., R. Gudgel, and K. Miyakoda, 1995: Decadal analysis produced from an

ocean assimilation system. Mon. Wea. Rev., 123, 2206-2228.

Rossow, W.B., and R.A. Schiffer, 1991: ISCCP Cloud Data Products. Bull. Amer.

Meteor. Soc., 72, 2-20.

Seager, R., Y. Kushnir, and M.A. Cane, 1995: On heat flux boundary conditions for
ocean models. J. Phys. Oceanogr., 25, 3219-3230.

Seager, R., Y. Kushnir, M. Visbeck, N. Naik, J. Miller, G. Krahmann, and H. Cullen,
2000: Causes of Atlantic Ocean climate variability between 1958 and 1998. J.

Climate, 13, 2845-2862.

Smith, T.M., R.W. Reynolds, R.E. Livezey, and D.C. Stokes, 1996: Reconstruction of
historical sea surface temperatures using empirical orthogonal functions, J. Climate,

9, 1403-1420.

Spencer, R.W., 1993: Global oceanic precipitation from the MSU during 1979-91 and
comparisons to other climatologies. J. Climate, 6, 1301-1326.

Stammer, D., 1997: Steric and wind-induced changes in TOPEX/POSEIDON large-
scale sea surface topography observations. J. Geophys. Res., 102, 20987-21009.

Stammer, D., and C. Wunsch, 1994: Preliminary assessment of the accuracy and pre-
cision of TOPEX/POSEIDON altimeter data with respect to the large-scale ocean

circulation. J. Geophys. Res., 99, 24584-24604.

Stammer, D., R. Tokmakian, A. Semtner, and C. Wunsch, 1996: How well does a 1/4°
global circulation model simulate large-scale oceanic observations? J. Geophys.

Res., 101, 25779-25811.

Stammer, D., C. Wunsch, R. Giering, C. Ekert, P. Heimbach, J. Marotzke, A. Adcroft,

C.N. Hill, and J. Marshall, 2001: The global ocean circulation during 1992-1997
estimated from ocean observations and a general circulation model, J. Geophys.

Res., submitted.

Sturges, W., and B.G. Hong, 1995: Wind forcing of the Atlantic thermocline along 32°N
at low frequencies. J. Phys. Oceanogr., 25, 1706-1715.

White, W., 1995: Design of a global observing system for gyre-scale upper ocean tem-
perature variability, Prog. Oceanogr., 36, 169-217.

White, W.B., and R. Peterson, 1996: An Antarctic circumpolar wave in surface pressure,

23



wind, temperature, and sea-ice extent. Nature, 380, 699-702.

Xie, P., and P.A. Arkin, 1996: Analyses of global monthly precipitation using gauge
observations, satellite estimates, and numerical model predictions, J. Climate, 9,
840-858.

Xie, S.-P., T. Kunitani, A. Kubokawa, M. Nonaka, and S. Hosoda, 2000: Inter-decadal
thermocline variability in the North Pacific for 1958-97: A GCM simulation. J.
Phys. Oceanogr., 30, 2798-2813.

24



Sur
9 0oN

45O°

EC

45O°

90°S

90°N

45°N

EQ

45°S

90°S

0° 90° 180° 270" 360"

Figure 1. Spatially-varying, anisotropic viscosities for the model surface layer based on a

modification of the Large et al. (2001) scheme. The viscosities are shown for the along-

stream (AMH) and cross-stream (BMH) directions in 103 m 2 s- 1. The contour interval is

10x10 3 m 2 s- 1
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Figure 2. Spatial map of model 40-year time-mean (top panel) global barotropic stream-
function (Sv, 1 Sv=10 6 m3 s-1) and (bottom panel) 102 m velocity (cm so1) for the
North Atlantic. The streamfunction contour interval is 10 Sv, and the shading indi-
cates counter-clockwise circulation. For clarity, velocity arrows are plotted only at every
second model zonal grid point.
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depths per year x 10 4) and geographical space for 1968 1997 (bottom panel).

27



-10
333

x3'
1985-1988 forcing
NCEP winds
MSU precip

1997 forcing
NSCAT winds
Xie Arkin precip
Started from rest

-5
5 -K-

F

x2'
Interpolated to new grid

40
40J 8.

- I
19

New viscosity1958-1997 forcing
NCEP winds

120
40

\I

80
h. 13 .-

MXA precip
New under-ice

restoring

160
40

\ 10

IC sensitivity run
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resolution, physical parameterization, surface forcing) are also noted (see text for more
details).
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Basin Average Annual Temperature Anomalies (°C)
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Figure 5. Basin average annual temperature anomalies at three depths as a function of
model year for the final two forty-year repeat forcing cycles. The annual anomalies for
the last year of each cycle (model years 120 and 160) are marked by diamonds. The

temperature anomalies are with respect to model year 80
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Figure 6. Basin average inter-annual root-mean-square (rms) variability as a function
of depth for temperature (left column) and salinity (middle column). Observational
estimates from the WOA98 data set (Levitus et al., 1998) are included for temperature.
Model variances are computed for both the original data set and a detrended data set
that removes the long-term drift over the 40-year forcing cycle. The ratio of the original
and detrended variances, a conservative measure of the model drift normalized by the
inter-annual variability signal, are shown in the right column (see text for more details).
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Figure 7. Vertical profiles of the global rms (initial condition minus control) temperature

(left panel) and salinity (right panel) differences between the control simulation and

initial condition sensitivity integration at one day, one year, and ten years.

31



Surface Flux Interannual RMS
40

30

20
O

10

i0

40

30

20

10

I:·

6

4

2

90S IWind Stress Curl 10 N/mO0O
0° 90° 180° 270° 360°

Figure 8. Spatial maps of the model rms annual surface flux anomalies for net heat flux

(top panel), net freshwater flux (middle panel), and wind stress curl (bottom panel).
The seasonal ice-covered regions are demarked by the yellow lines.
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Figure 9a. Spatial maps of the first empirical orthogonal function (EOF) mode for the

model (top panel) and Reynolds-Smith (R/S) (middle panel) monthly SST anomalies

(1982 1997) after removal of the mean seasonal cycle. The spatial pattern correlation

is 0.96. The contour interval is 0.2 °C, and the variances associated with each EOF are

given as percentages of the respective total variances. The time series of the Reynolds-

Smith (red) and model (black) first mode principal components are shown in the bottom

panel.
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Figure 9b. Same as in Fig. 9a except for the second EOF. The spatial pattern correlation
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Figure 9c. Spatial maps of the first empirical orthogonal function (EOF) for the model (top

panel) and WOA98 (middle panel) (Levitus et al., 1998) annual SST anomalies (1968-

1997). The contour interval is 0.2 °C, and the variances associated with each EOF are

given as percentages of the respective total variances. The time series of the WOA98

(red) and model (black) first mode principal components are shown in the bottom panel.
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Figure 10. Spatial distributions of the correlation coefficient between forty annual av-
erage heat fluxes and the changes in SST over the corresponding year from both the
observational record (top) and the model hindcast (bottom).
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Figure 11. Time series of the first EOF principal components (1982-1997) for the thermal

budget for the tropical Pacific (10°S to 10°N east of 150°E). The top panel shows the

model (solid) and diagnosed (dashed) net surface heat flux EOFs where the diagnosed

fluxes are computed using the Reynolds-Smith (R/S) SST and the same atmospheric

forcing as the model simulations. The bottom panel shows the model net surface heat

flux (solid) and the temporal derivative of the model SST (dashed). Shading denotes

periods when the model temporal derivative is opposite in sign to the net heat flux.
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Figure 12. Spatial maps of the variance of the monthly sea surface height (SSH) anomalies
(1993 1997) from TOPEX/Poseidon (top panel) and model (middle panel) after removal
of the respective average seasonal cycles. The steric component from the model is shown
in the bottom panel (note factor of 10 change in scale).
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Figure 13a. Spatial maps of the first empirical orthogonal function (EOF) (1993-1997)

for the model (top panel) and TOPEX/Poseidon (T/P) (middle panel) monthly SSH

anomalies after the removal of the average seasonal cycle for 1993 1995. The contour

interval is 1 cm, and the variances associated with each EOF are given as percentages

of the respective total variances. The time series of the TOPEX/Poseidon and model

first mode principal components are shown in the bottom panel.
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Figure 13b. Same as in Fig. 13a except for the 2nd EOF.
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Figure 14. Time-series of modeled (dashed) and observed (OBS, solid) SSH at Bermuda.

The OBS and S&H (dotted) time series, representing the observed variability and the

response of a simple model of wind forcing, respectively, are adapted by Sturges and

Hong (per. comm., 2000) from Sturges and Hong (1995) to include more recent data.

The OBS and S&H time series are filtered to exclude periods shorter than three years.

The model time series represents the annual and horizontal mean for [294.0°-298.8°E,

30.8°-33.2°N]. In each time-series, the respective 1968-1997 time-means are subtracted.
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Figure 15. Spatial maps of the rms annual heat storage (integrated 0-400 m) variability
(1968-1997) for the model (top panel) and observed (middle panel) WOA98 (Levitus et
al., 1998) data sets. The spatial map of the anomaly cross-correlation is shown in the
bottom panel.

42

90°N

45°N

EQ

45°S

90°S

16

12

YU iN

45°N

EQ

45°S

90°S

8 B

4

Io0
16

1 2

Yu IN

45°N

EQ

45°S

90°S

4

I o
1

0.6

0.2

0. 2

0.6
- -1

360°

400m Heat Storaqe

onols



90°0 N

45°N

EC

45O°

Qn°E

90 oN

45°N

EC

45"°

4 on

90°N

45°N

EQ

45°S

90°S

2

1 .6

1.2

0.8

0.4

H1O
-- -~~~~~~~~~~~~~~~~~~~~~~

2

1.6

1.2

0.8

0.4

-- -~~~~~~~~~~~~~~~~~~~~~
2

1.6

1.2

0.8

O.4

04IC

Figure 16. Spatial maps of the model rms annual temperature variability (1968 1997) at

three depths, 4 m (top panel), 102 m (middle panel), and 262 m (bottom panel).
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Figure 17. Spatial maps of the model rms annual salinity variability (1968 1997) at three
depths, 4 m (top panel), 102 m (middle panel), and 262 m (bottom panel).
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Figure 18a. Spatial maps of the empirical orthogonal function (EOF) (1975 1992) for

the model (EOF2) (top panel) and ECOP monthly sea surface salinity (EOF1) (middle

panel) anomalies after the removal of the average seasonal cycle. The contour interval

is 0.04, and the variances associated with each EOF are given as percentages of the

respective total variances. The time series of the ECOP and model first mode principal

components are shown in the bottom panel.
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Figure 18b. Same as Fig. 18a except for EOF1 of the model and EOF2 of the observations.
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Figure 19. Spatial maps of the rms annual heave component, T', of temperature variability

(1968-1997) at 102 m (top panel) and 262 m (bottom panel) (compare with total rms

variability in Fig. 16). See text for details.
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Figure 20. Spatial maps of the rms annual spice component, S$, of salinity variability
(1968 1997) at 102 m (top panel) and 262 m (bottom panel) (compare with total rms
variability in Fig. 17). See text for details.
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