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Abstract At the National Centers for Environmental
Prediction (NCEP), a reanalysis of the atmosphere, ocean,
sea ice and land over the period 1979-2009, referred to as
the climate forecast system reanalysis (CFSR), was
recently completed. The oceanic component of CFSR
includes many advances: (a) the MOM4 ocean model with
an interactive sea-ice, (b) the 6 h coupled model forecast as
the first guess, (c) inclusion of the mean climatological
river runoff, and (d) high spatial (0.5° x 0.5°) and tem-
poral (hourly) model outputs. Since the CFSR will be used
by many in initializing/validating ocean models and cli-
mate research, the primary motivation of the paper is to
inform the user community about the saline features in the
CFSR ocean component, and how the ocean reanalysis
compares with in situ observations and previous reanalysis.
The net ocean surface heat flux of the CFSR has smaller
biases compared to the sum of the latent and sensible heat
fluxes from the objectively analyzed air-sea fluxes (OA-
Flux) and the shortwave and longwave radiation fluxes
from the International Satellite Cloud Climatology Project
(ISCCP-FD) than the NCEP/NCAR reanalysis (R1) and
NCEP/DOE reanalysis (R2) in both the tropics and extra-
tropics. The ocean surface wind stress of the CFSR has
smaller biases and higher correlation with the ERA40
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produced by the European Centre for Medium-Range
Weather Forecasts than the R1 and R2, particularly in the
tropical Indian and Pacific Ocean. The CFSR also has
smaller errors compared to the QuickSCAT climatology
for September 1999 to October 2009 than the R1 and R2.
However, the trade winds of the CFSR in the central
equatorial Pacific are too strong prior to 1999, and become
close to observations once the ATOVS radiance data are
assimilated in late 1998. A sudden reduction of easterly
wind bias is related to the sudden onset of a warm bias in
the eastern equatorial Pacific temperature around 1998/
1999. The sea surface height and top 300 m heat content
(HC300) of the CFSR compare with observations better
than the GODAS in the tropical Indian Ocean and extra-
tropics, but much worse in the tropical Atlantic, probably
due to discontinuity in the deep ocean temperature and
salinity caused by the six data streams of the CFSR. In
terms of climate variability, the CFSR provides a good
simulation of tropical instability waves and oceanic Kelvin
waves in the tropical Pacific, and the dominant modes of
HC300 that are associated with El Nino and Southern
Oscillation, Indian Ocean Dipole, Pacific Decadal Oscil-
lation and Atlantic Meridional Overturning Circulation.

1 Introduction

Ocean initialization plays a critical role in seasonal-to-
decadal climate predictions since most of predictability on
those time scales comes from the ocean memory (Guilyardi
et al. 2009; Meehl et al. 2009). The National Centers for
Environmental Prediction (NCEP) has been involved in the
development of an ocean data assimilation system (ODAS)
for initialization of its operational coupled ocean—atmo-
sphere forecast systems since the early 1990s. The first
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version of the NCEP’s ODAS was based on the Geo-
physical Fluid Dynamics Laboratory (GFDL) Modular
Ocean Model (MOM) version 1 (MOM1) and configured
for the Pacific Ocean (Ji et al. 1995). A global ocean data
assimilation system (GODAS) was implemented in 2004
(Behringer and Xue 2004). Since then, many experimental
GODAS simulations have been conducted to assess the
impacts of assimilating Argo salinity profiles (Huang et al.
2008), of increasing the depth of the assimilation and of
modifying the assimilation method to be multivariate in
velocity (Behringer 2007).

The current operational GODAS is based on the GFDL
MOM version 3 in a quasi-global (65°S—-65°N) configura-
tion with 40 vertical levels and a horizontal resolution of
1° x 1° with an equatorial meridional resolution of 1/3°
resolution within 10° of the equator. The GODAS is
updated daily with a 2-day delay, and pentad and monthly
averages are used for real-time global ocean monitoring
products (http://www.cpc.ncep.noaa.gov/products/GODAS).

A common practice for initialization of the ocean
component of a coupled forecast system is to assimilate
various ocean observations into an ocean model forced by
atmospheric fluxes. For operational ocean analysis, a
hierarchy of ocean data assimilation methods have been
adopted at different centers, which range from optimal
interpolation (OI) (Balmaseda et al. 2008), three-dimen-
sional variational (3D-VAR) (Behringer et al. 1998), and
Kalman filter (Keppenne et al. 2008). In all these methods,
the analysis of the oceanic and atmospheric component is
done separately. A potential drawback of a separate oce-
anic and atmospheric assimilation is that imbalances
between atmospheric and oceanic initial conditions often
result in initialization shocks and degrade the model’s
forecast skill (Schneider et al. 1999). As a step forward,
several groups have been developing coupled ocean and
atmosphere data assimilation systems (Zhang et al. 2007).

Recently, at the NCEP, a new partially coupled ocean
and atmosphere data assimilation system was developed
and was used for the reanalysis of the atmosphere, ocean,
sea ice and land for 1979-2009 (CFSR, Saha et al. 2010).
The primary motivation for the CFSR was to provide
ocean, atmosphere, and land initial conditions for a re-
forecast of the climate forecast system (CFS) version 2,
CFSv2, for skill estimation and for the calibration of real-
time forecasts. The CFSR will also be extended as an
operational, real-time analysis system. Compared to the
NCEP/NCAR Reanalysis (referred to as R1, Kalnay et al.
1996) and the NCEP/DOE Reanalysis (referred to as R2,
Kanamitsu et al. 2002), some of the major advances in the
CFSR include (1) a 6-h coupled forecast for the first guess
field, (2) an interactive sea-ice model, (3) assimilation of
satellite radiances, (4) a high resolution atmospheric and
oceanic model, and (5) observed variations in CO,,
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aerosols and other trace gases and solar variations etc. For
details about the CFSR, see Saha et al. (2010).

Although the primary motivation of the CFSR was to
provide the best analysis of different components of the
Earth system from the perspective of forecast initialization
and improved prediction skill, the availability of a reana-
lysis from 1979 to present is an opportunity to also use it in
the context of climate research and climate monitoring.
With that goal, we provide a comprehensive evaluation of
the oceanic variability in the CFSR. We first quantify the
mean biases, linear correlations and root-mean-square
differences between the CFSR and observations, as well as
with previous analyses, in both the ocean surface fluxes and
oceanic fields. We also assess the capability of the CFSR in
simulating tropical instability waves and oceanic Kelvin
waves in the tropical Pacific, and documenting the domi-
nant modes of upper ocean heat content variability asso-
ciated with El Nino and Southern Oscillation (ENSO),
Indian Ocean Dipole (IOD), Pacific Decadal Oscillation
(PDO), and Atlantic Meridional Overturning Circulation
(AMOC). Other aspects of the CFSR are examined in
accompanying papers, including an assessment of the sur-
face climate variability (Wang et al. 2010), troposphere
(Chelliah et al. 2010), and stratosphere (Long et al. 2010)
variability.

The paper is organized into six sections. Section 2
provides a description of the GFDL MOM4 ocean model,
the 3DVAR analysis scheme, and ocean observations used
in the assimilation. Section 3 describes various data sets
that are used for the validation. Section 4 discusses the
results of the validation for the climatology and variability
in the CFSR. In Sect. 5, we assess and describe the domi-
nant modes of climate variability in the CFSR. The sum-
mary and conclusions are given in Sect. 6.

2 The oceanic component of the CFSR
2.1 The ocean model

For its ocean component, the CFSR uses the GFDL MOM
version 4p0d (MOM4) (Griffies et al. 2004). The zonal
resolution of the MOM4 is 1/2°. The meridional resolution
is 1/4° between 10°S and 10°N, gradually increasing
through the tropics to 1/2° poleward of 30°S and 30°N.
There are 40 layers in the vertical with 27 layers in the
upper 400 m of the ocean, and the maximum depth is
approximately 4.5 km. The vertical resolution is 10 m
from the surface to 240 m depth, gradually increasing to
about 511 m in the bottom layer. Compared to the MOM3
used in the current GODAS, the MOM4 is fully global with
an interactive sea-ice model, while the MOM3 is truncated
at 64°N and 74°S. In addition, the new configuration
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includes a mean climatological river runoff specified at the
model coastline (Griffies et al. 2004).

2.2 The ocean data assimilation scheme

A 3-D variational (3DVAR) analysis scheme, adapted from
Derber and Rosati (1989), has been modified to incorporate
a temporal and spatial varying background error covariance
(Behringer et al. 1998). The 3DVAR scheme minimizes a
cost function that measures the distances between analysis
and forecast weighted by the background error covariance,
and the misfits between analysis and observations weighted
by the observational error covariance. In the CFSR, the
background error covariance matrix is univariate in tem-
perature and salinity. The horizontal covariance is modeled
using a diffusion equation, which approximates a Gaussian
function that is stretched in the zonal direction with the
stretching being greatest near the equator (Derber and
Rosati 1989). The vertical covariance is similarly modeled
by a diffusion equation with length scales specified as a
function of depth such that at any level the scale is twice
the level thickness. The variance is set proportional to the
square-root of the local vertical temperature gradient
computed from the forecast (Behringer et al. 1998). The
observational errors are assumed to be uncorrelated. The
errors assigned to a temperature profile vary with depth
according to the square root of the vertical temperature
gradient and are scaled to have values between 1°C and
2.5°C. The standard error assigned to a salinity profile is a
constant 0.1 psu at all depths. Only the temperature data in
the top 750 m are assimilated into the CFSR.

The assimilation cycle is completed at 00Z, 06Z, 127,
and 18Z using the 6-h coupled model forecast as the first
guess field (Saha et al. 2010). All observations from the
previous 10-days are assimilated. The innovations are
weighted, the most weight is given to model-observation
differences closest to the time of the assimilation cycle.
Such an assimilation window will inevitably introduce
some lags, but we need to launch the forecasts as close as
possible to the current real time for improvement of
hindcast skill on lead times from weeks to seasons, and to
do so we tolerate an asymmetrical observation window.

For the top level of the model (5 m), the temperature
analysis is strongly nudged to the daily OI SST analysis
(described in Sect. 2.3), and the salinity to the mean cli-
matology based on the World Ocean Database 1998
(referred to as WOD1998) (Conkright et al. 1999). The
relaxation is done at 6-h intervals. A relaxation coefficient
of zero would mean no relaxation is done, while a coeffi-
cient of one would mean that the forecast field is replaced
by the prescribed field. In the CFSR, the relaxation coef-
ficient for both SST and SSS is set to 0.5. The purpose of
using relaxation at the surface is to provide a strong

constraint on the ocean at the interface with the atmo-
sphere, and compensate for possible model drift due to
errors in the surface heat and momentum fluxes.

It is important to point out that the CFSR is not a con-
tinuous dataset throughout the whole period of 1979-2009;
rather it is a combination of six data streams, each from a
different initial condition (Saha et al. 2010). The ocean
initial condition to begin each data stream came from a
stand-alone GODAS run that assimilates the same data sets,
but is forced by surface fluxes from the R2. Doing the
reanalysis in segments led to serious discontinuity in the deep
ocean (Fig. 15), which will have consequences for decadal
prediction. Cautions should be taken when the CFSR is used to
study oceanic variability on decadal time scales.

2.3 The ocean observations

The temperature observations used in the assimilation
include profiles from expendable bathythermographs
(XBTs), fixed mooring arrays—the Tropical Atmosphere
Ocean/Triangle Trans Ocean Buoy Network (TAO/TRI-
TON) (McPhaden et al. 1998) in the Pacific Ocean, the
Prediction and Research Moored Array in the Tropical
Atlantic (PIRATA) (Bourlés et al. 2008), the Research
Moored Array for African—Asian—Australian Monsoon
Analysis and Prediction (RAMA) in the tropical Indian
Ocean (McPhaden et al. 2009), and from the Argo profiling
floats (The Argo Science Team 2001). The XBT observa-
tions collected prior to 1990 are from the WODI1998
(Conkright et al. 1999), while XBTs collected subsequent
to 1990 are from the Global Temperature-Salinity Profile
Project (GTSPP) at http://www.nodc.noaa.gov/GTSPP.

Since subsurface salinity observations were extremely
sparse prior to the advent of the Argo array, synthetic
salinity profiles are assimilated in the CFSR. Each syn-
thetic profile is constructed from an observed temperature
profile and the local climatological T-S correlation based
on the WOD1998 (Conkright et al. 1999). An important
advantage of this approach is that it maintains water mass
properties over the course of the analysis. The disadvantage
is that some salinity variability is lost.

The altimetry sea surface height (SSH) data were not
assimilated in the CFSR. The method that we used in
assimilating altimetry in the GODAS (Behringer 2007)
assimilates only the variable part of the altimetry data. To
do this we require both a mean climatology of the obser-
vations and a mean climatology of the model. The model
climatology requires a long run of the CFSR assimilating
the same in situ data. This would require considerably
greater computing resources (i.e., running the CFSR for
climatology, and then running it again with the altimetry).
So the altimetry will be included in the CFSR at a later
stage.
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As indicated above, temperature and salinity in the top
level of the model are nudged to analyzed fields of
observed sea surface temperature (SST) and sea surface
salinity (SSS). The analyzed SST is the daily OI SST
(Reynolds et al. 2007), which includes the AVHRR-only
product version 1 from November 1981 through May 2002
and the AMSR+4+AVHRR product version 2 from June
2002 onward. From January 1979 through October 1981,
the HadISST (Rayner et al. 2003) is used as the OI SST is
not available prior to November 1981. The analyzed SSS is
the annual mean climatology based on the WODI1998
(Conkright et al. 1999).

3 Validation data sets

We use various in situ observational and analyses data sets
for validation of the CFSR. The latent heat flux (LHF) and
sensible heat flux (SHF) are from the objectively analyzed
air-sea fluxes (OAFlux) (Yu and Weller 2007) and the
shortwave (SW) and longwave (LW) radiation heat fluxes
are from the International Satellite Cloud Climatology
Project ISCCP-FD, Zhang et al. 2004). The LHF and SHF
from the OAFlux have been validated against the heat flux
estimates from the buoy observations, and its accuracy,
evaluated at 105 buoys, is about 9.6 Wm ™2 for LHF and
2.6 Wm ™ for SHF (Yu and Weller 2007). Uncertainties in
the SW from the ISCCP-FD are estimated to be 5% (Large
and Yeager 2009). The combination of the LHF and SHF
from the OAFlux and the SW and LW from the ISCCP-FD
(referred to as OA_ISCCP) provides an estimate for the net
ocean surface heat flux (NFLX). The monthly LHF and
SHF of the OAFlux from 1979-2009, and the monthly SW
and LW of the ISCCP-FD from 1984-2007, were down-
loaded from http://oaflux.whoi.edu/index.html, and linearly
interpolated to match the CSFR grid. Validation data sets
for wind stress are often limited in space and time (Smith
et al. 2001), and contain large uncertainties (Wittenberg
2004). We focus on an inter-comparison among four
reanalysis wind stress products, namely R1, R2, CFSR and
ERA40 (Uppala et al. 2005), for the common period
1979-2001 when the ERA40 is available. For the period
when the QuickSCAT winds are available, a decade-long
(September 1999-October 2009) Scatterometer Climatology
of Ocean Winds (SCOW, http://numbat.coas.oregonstate.
edu/scow/) is used for validation of the climatology for R1,R2
and CFSR during that period.

The monthly climatological temperature and salinity
analysis from the World Ocean Atlas 2005 (WOAO5)
(Locarnini et al. 2006; Antonov et al. 2006) is used to
validate the climatology of SSS and mixed layer depth
(MLD) in the CFSR. For validation of seasonal tempera-
ture and upper ocean heat content, the objective seasonal
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temperature analysis from the National Oceanographic
Data Center (NODC) (Levitus et al. 2009) is used. The
NODC temperature analysis is at 16 levels ranging from
the ocean surface to 700 m in depth on a global 1° x 1°
grid from 1955 to 2009. The temperature data was linearly
interpolated to match the CFSR grid, and the upper ocean
heat content is calculated as the average temperature in the
upper 300 m (referred to as HC300). For validation of the
CFSR salinity, the objective pentadal (5-year-running-
mean) salinity analysis from the NODC is also used.

Since the altimetry SSH data (referred to as Altimetry
hereafter) were not assimilated in the CFSR, it serves as an
independent data set for validation. The daily Altimetry
from 1993 to 2009 was downloaded from http://www.
aviso.oceanobs.com, then averaged into monthly means
and linearly interpolated to match the CFSR grid. For the
validation of ocean surface currents, the pentad currents
from Ocean Surface Current Analysis-Real Time (OSCAR)
(Bonjean and Lagerloef 2002) were downloaded from
http://www.oscar.noaa.gov. In addition, the monthly
ocean temperature, ocean currents and surface wind
measurements at four equatorial TAO moorings, and the
objective equatorial TAO temperature analysis (Mike
McPhaden, personal communication) were used in the
validation.

4 Validation of the oceanic component of the CFSR
4.1 Ocean surface heat fluxes and wind stress

Air-sea fluxes of momentum, heat and moisture are the key
to understanding atmospheric and oceanic variability and
their interactions. Taylor (2000) review the state-of-the-art
of air-sea flux estimation from various methods including
reanalysis products. Despite significant deficiencies in the
reanalysis products (Trenberth et al. 2001; Wang and
McPhaden 1999; Smith et al. 2001; Stammer et al. 2004,
Large and Yeager 2009), reanalysis fluxes are often used as
forcing in ocean data assimilation systems (Balmaseda
et al. 2008; Behringer and Xue 2004). The quality of the
ocean analysis is often highly dependent on the quality of
the reanalysis fluxes (Balmaseda and Anderson 2009). In
this section, we provide an assessment of the reanalysis
heat fluxes and wind stress simulated by the R1, R2, CFSR
and ERA40. A complementary assessment of the fresh
water fluxes is made by Wang et al. (2010).

4.1.1 Ocean surface heat fluxes
The net surface heat flux (NFLX) climatology of the RI,

R2 and CFSR is compared with that of the OA_ISCCP
(Fig. 1). The comparison results should be taken with
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Fig. 1 The net ocean surface
heat flux for Dec—-Jan-Feb (left
column) and for Jun—Jul-Aug

Net Heat Flux Climatology (1984—2007) (W/m?)
DJF JUA

(right column) averaged over
1984-2007. a OAFlux/ISCCP,
b R1 minus OAFlux/ISCCP,

¢ R2 minus OAFlux/ISCCP,

d CFSR minus OAFlux/ISCCP.
Unit is W/m?

(a) OAFIUX /ISCCP
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(d)CFSR — OAFlux/ISCCP
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caution, since the SW in the ISCCP is overestimated by 5%
(Large and Yeager 2009) and the OA_ISCCP has an
imbalance of 30 W/m? over the global ocean. During
boreal winter (DJF, left panel), the northern oceans lose
heat with the largest values over 150 W/m? over the wes-
tern boundary currents (Kuroshio Extension and Gulf
Stream), while the tropical and southern oceans gain heat
with maxima over 150 W/m? in the eastern equatorial
Pacific and high-latitude southern oceans (Fig. 1a). During
boreal summer (JJA, right panel), the tropical and northern
oceans gain heat, while the southern oceans lose heat
(Fig. 1a). In the subsequent discussion heat gain (loss) is
referred to as ocean warming (cooling).

50FE 100E 150E 160W 110W 60W

10W  50E 100F 150E 160W 110W 60W 10W

Compared to the OA_ISCCP, the R1 and R2 underes-
timate the warming in the tropics throughout the year, and
overestimate the cooling over the western boundary cur-
rents during boreal winter (Fig. 1b, c¢). The cooling bias in
boreal winter over the Kuroshio Extension and Gulf Stream
is mostly eliminated in the CFSR, and the deficient heat
gain in the tropics is also significantly reduced, except
large negative biases exist in the southeastern tropical
oceans (Fig. 1d). For most coupled GCMs, large warm
biases exist in the southeastern Pacific and Atlantic, which
have been attributed to a lack of low clouds and an over-
estimation of SW (Hu et al. 2008). Wang et al. (2010)
compared the mean SW from the CFSR with the ensemble

@ Springer



Y. Xue et al.: An assessment of oceanic variability

mean SW from three observational analyses. They suggest
that the SW in the CFSR is about 10-20 W/m? too weak in
the southeastern tropical oceans, consistent with the
negative biases in NFLX in those regions (Fig. 1d), but it is
about 10-20 W/m? too strong in the tropical Indian Ocean,
the western tropical Pacific, and the tropical North Atlantic
due to deficiency in cloudiness.

A comparison of the year-to-year variability of NFLX,
SW, LH, LW and SH is shown in Fig. 2. Although NFLX
should be close to zero averaged in the global ocean over a
long period, the NFLX averaged over the ocean between
60°S and 60°N for 1984-2007 in R1, R2, CFSR and
OA_ISCCP is 4.5 W/m?, 4.7, 14.7 and 30 W/m®, respec-
tively. In this sense, the budget closure in the CFSR may be
worse than that in the R1 and R2. However, the imbalance
in OA_ISCCP is as large as 30 W/mz, which has been

Annual Mean Heot Flux over Ocean (605—B0N)
{Black=0AFlux/ISCCP; Green=CFSR; Red=R1; Blue=R2)

{
a) Net Heat Flux {positive downward)

40
304 M
20- o
_____/““_"—“———--h____’,._—--_q____.-" S —
9 -%
0 -
1980 1985 1990 1995 2000 2005

‘b) Shert Wave Radiation
T AT

1B~
__-_-_-M’\/——.__"_V

1704 T T T T T
1980 1985 1930 1995 2000 2005

(C) Latent Heat Flux
120+

e /__--_..__,___—/_'\\__

110- T

mn-/__’rv_,w

90— T T T T T
1980 1585 1930 1995 2000 2005

(d) Long Wave Radiation

55843

1980 1985 1950 1995 2000 2005

15 (e) Sensible Heat Flux

5 T T T T T
1980 14985 1880 1985 2000 2005

Fig. 2 Time series of the annual mean of the a net ocean surface heat
flux, b short wave radiation, ¢ latent heat flux, d long wave radiation,
and e sensible heat flux averaged over the global ocean between 60°S
and 60°N for the period 1979-2008 for OAFlux/ISCCP (black line),
R1 (red line), R2 (blue line) and CFSR (green line). Unit is W/m?
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attributed to too strong amplitude of SW in ISCCP (Large and
Yeager 2009). Imbalance in NFLX is also common in ocean
heat flux products based on ship data (Berry and Kent 2009).

The global ocean mean NFLX from the R1 and R2 is at
about 9 W/m? during the 1980s and it decreases steadily in
the 1990s, remaining near zero during the 2000s (Fig. 2a).
This indicates the global net heat flux imbalance is reduced
as more observations become available. The global ocean
mean NFLX from the CFSR stays at about 13 W/m? from
1979 to 1998, but it increases suddenly around 1998/1999
(Fig. 2a), which coincides with a sudden decrease of
LH (Fig. 2¢). Similar jumps are found in precipitation,
humidity and other atmospheric variables and may be attri-
butable to the assimilation of the ATOVS radiance data
starting in October 1998 (Saha et al. 2010; Wang et al. 2010).

The SW from the CFSR is about 10-15 W/m? higher
than that from the R1 and R2, and is close to that from the
ISCCP-FD (Fig. 2b). The sharp decrease in SW from 1991
to 1993 is likely due to solar dimming caused by the
injection of volcanic aerosol from the Mt. Pinatubo erup-
tion in June 1991, which is missing in R1 and R2. The LH
from the CFSR is about 10-15 W/m? larger than that of the
R1 and OAFlux, and is very close to that of the R2 prior to
1998, but they depart abruptly from each other starting in
1999 (Fig. 2c). The LW of the CFSR is close to that of the
R1, but it is about 5 W/m? larger than that of the R2 and
ISCCP-FD. The low-frequency variation of LW is extre-
mely large in the ISCCP-FD in contrast to the R1, R2, and
CFSR. The ISCCP web site at http://isccp.giss.nasa.gov/
projects/flux.html suggests that the large variation around
2002/2003 is associated with a spurious change of the
atmospheric temperatures in the NOAA operational TOVS
products that are used in the ISCCP calculation. However,
all of the LWs converge after 2002. The uncertainties in
SH are about 5 W/m? (Fig. 2e).

4.1.2 Ocean surface wind stress

Uncertainties in the reanalysis wind stress products are
difficult to quantify due to a lack of validation data sets.
Efforts have been made to estimate uncertainties of wind
stress in the tropical Pacific (Wittenberg 2004; Trenberth
et al. 2001), in the annual climatology (Josey et al. 2002),
and in interannual variability (Smith et al. 2001). Different
approaches have been used to correct reanalysis wind stress
biases (Stammer et al. 2004; Large and Yeager 2009).
Because of large uncertainties in observational estimates,
here we intend to present an intercomparison among four
reanalysis wind stress products, namely the R1, R2, CFSR
and ERA40. The purpose is to illustrate the differences and
similarities among the reanalysis products.

Compared to the ERA40, the R1 zonal (TAUX) and
meridional (TAUY) wind stress are too weak in the
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equatorial Pacific (Fig. 3a), which is consistent with the
analyses by Wittenberg (2004), Stammer et al. (2004) and
Large and Yeager (2009). For the R2, major differences
from the ERA40 are stronger westerly wind stress in the
mid-latitude North Pacific and North Atlantic during boreal
winter and stronger westerly wind stress in the high-lati-
tude southern oceans during boreal summer (Fig. 3b). The
CFSR wind stress agrees well with the ERA40 wind stress
except that it overestimates the strength of the trade winds
in the central tropical Pacific, and the westerly wind in the
high-latitude southern oceans during boreal summer
(Fig. 3c). For anomaly correlation, it is relatively low (less

than 0.7) in the tropics, but very high (greater than 0.9) in
the extra-tropics. The CFSR generally agrees with the
ERAA4O0 better than the R1 and R2 in the tropical Indian and
Pacific. For both TAUX and TAUY, the correlation in the
tropical Atlantic is much lower than that in the tropical
Indian and Pacific Oceans, indicating poor agreements
among the reanalysis products in the tropical Atlantic.
The climatology differences from the ERA40 (Fig. 3)
can be compared with the climatology differences from the
QuickSCAT SOCW (Risien and Chelton 2008) for the
period from September 1999 to October 2009 (Fig. 4).
Risien and Chelton (2008) conducted a detail comparison

Surface Wind Stress Climatology {vectar) and Correlations with ERA40 {Shading)
Corr {Shading)

5 W

120E 180 1200 3
DJF u&v {vector), Corr of u {Shading)

(c) CFSR—ERA4C (vector) and Corr {Shading)
s = I‘ = c s ~

180 1700

0.3 0.4 0.5 0.8

Fig. 3 Comparison of wind stress from the NCEP reanalyses with
that from the ERA40 for Dec—Jan—Feb (left column) and for Jun—Jul-
Aug (right column) averaged over the years 1979-2001. Difference
vectors (N/mz) are shown if their amplitudes exceed 0.015 N/m?.
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Anomaly correlations (shading) are shown for the zonal component
(left column) and for the meridional component (right column). The
comparisons are for a R1, b R2, and ¢ CFSR
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Glimatclogy Differences of Wind Stress (Vector) and Wind Stress Amplitude (Shading)
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Fig. 4 Comparison of wind stress from the NCEP reanalyses with
that from the QuickScat SCOW for Dec—Jan-Feb (left column) and
for Jun—Jul-Aug (right column) for September 1999-October 2009.

of the climatology from the SCOW and R1, and their
comparison results are similar to ours. The climatology
differences from the SCOW for R1, R2 and CFSR show
some common bias patterns. Compared to the SCOW, the
reanalysis westerly wind stress in the high-latitude southern
oceans are all too strong; the easterly (southeasterly) wind
stress in the subtropical southern Indian and Atlantic Ocean
(in the subtropical southeastern Pacific) are all too strong
during summer; the westerly wind stress in the high-lati-
tude North Pacific and North Atlantic are all too strong
during summer. The differences may be partially caused by
the differences in the definition of wind stress. The Quik-
SCAT wind stress is the true wind stress on the sea surface,
taking account the difference between the wind velocity
and the surface velocity of the ocean, while the reanalysis
wind stresses does not account for the effects of surface
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Difference vectors (N/m?) are shown if their amplitudes exceed
0.015 N/m>. The comparisons are for a R1, b R2, and ¢ CFSR

ocean currents. In addition, the differences in the bulk
algorithms also contribute to the differences. The Quick-
SCAT wind stress is converted from equivalent neutral-
stability 10-m winds using the Large and Pond neutral
stability drag coefficient (Risien and Chelton 2008), while
the R1, R2, CFSR and ERA40 wind stress use the drag
coefficient derived with modified Charnock formula and
empirical stability functions. Detailed descriptions of the
bulk algorithms in the NCEP and ECMWF models can be
found in Renfrew et al. (2002). The equation for momen-
tum roughness length is the same for the R1, R2 and CFSR,
but the thermal roughness length in the R1 and R2 has been
found to be inappropriate under strong wind conditions and
to overestimate LHF (Zeng et al. 1998). The thermal
roughness formula of Zeng et al. (1998) is implemented
into the NCEP operational model as of 15 June 1998
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(Hua-Lu Pan, personal communication), so it is used in the
CFSR. Also note that the ERA40 contains wave-induced
stress through a coupled ocean-wave, atmosphere model
(Perter Janssen, personal communication).

To illustrate the differences in the time evolution of
different reanalysis winds, the TAUX averages over sev-
eral regions are shown in Fig. 5. It is seen in Fig. 5a that
the TAUX average in the NINO4 region (160°E—150°W,
5°S-5°N) from the R2 agrees with that from the ERA40
very well, while the TAUX is too weak in the R1 and too
strong in the CFSR before 1999. However, TAUX con-
verges in late 1990s when a large amount of satellite data is
assimilated (Saha et al. 2010). The easterly wind bias in the
CFSR prior to 1999, and the reduction of the bias after
1999, is shown clearly in Table 1. We note that the easterly
winds in the ERA40, R1 and R2 strengthened by 50, 61 and
33% from 1979-1998 to 1999-2001, while those in the
CFSR strengthened by only 15% largely because of too
strong easterly winds in the early period. We will further
analyze uncertainties in the equatorial Pacific winds in the
CFSR and their impacts on the quality of the equatorial
temperature analysis using the TAO data in Sect. 4.4.

In the eastern tropical Pacific, the TAUX in the R1 is too
weak, while TAUX agrees well with each other for the other
reanalyses (Fig. 5b). In the equatorial Indian Ocean, the TAUX
in the CFSR agrees well with other reanalyses mostly during the
strong easterly wind events (Fig. 5c). The TAUX in the equa-
torial Atlantic is about 0.01 N/m? stronger in the CFSR and R2
than those in the R1 and ERA40 (Fig. 5d). In the northern
oceans, the TAUX in the R2 is too strong, and the other three
products agree with each other well (Fig. Se, f). In the high-
latitude southern oceans, the westerly winds from the R1 and R2
have a clear upward trend, while those from the ERA40 and
CFSR do not (Fig. 5g). The average of TAUX over the global
ocean is positive, with the largest (smallest) value in the R2 (R1)
and the values in the CFSR and ERA40 close to each other
(Fig. 5h). Overall, CFSR is closer to ERA40 than R1 or R2.

4.2 SST, SSS, and mixed layer depth
4.2.1 SST

During the assimilation, the temperature at 5 m, also
referred to as the model SST, is strongly nudged to the

1—%r Running Mean TAUX (Shading=CFSR; Red=R1; Green=R2; Black=ERA40)
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Fig. 5 Time series of 1-year running mean of zonal wind stress in
several regions for CFSR (shading), R1 (red line), R2 (green line) and
ERA40 (black line). Unit is N/m? a Nino4 (5°S—5°N, 160°E—
150°W), b Nino3 (5°S-5°N, 150°W-90°W), ¢ Equatorial Indian
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Table 1 Comparison of zonal wind stress in the NINO4 region (160°E-150°W, 5°S-5°N) in R1, R2, CFSR with that in ERA40 averaged in

1979-1998 and 1999-2001, and differences in the averages

ERA40 R1 RI1-ERA40 R2 R2-ERA40 CFSR CFSR-ERA40
79-98 —-0.32 —-0.23 +0.09 —0.33 —0.01 —-0.41 —0.09
99-01 —0.48 —-0.37 +0.11 —-0.44 +0.04 —-0.47 +0.01
99-01 to 79-98 —0.16 —0.14 +0.02 -0.11 +0.05 —0.06 +0.1

Unit is dyn cm™?

daily OI SST (Reynolds et al. 2007). Wang et al. (2010)
showed that the mean CFSR SST is about 0.05-0.1°C
warmer than the daily OI SST in the tropical Indian Ocean,
the western tropical Pacific and tropical North Atlantic, and
they propose the warm SST biases are largely due to too
strong SW in those regions. Since the weekly OI SST
(Reynolds et al. 2002) has been widely used by research
and operational community, and it has been used in vali-
dation of the GODAS SST, it is useful to know how well
the CFSR SST compares with the weekly OI SST. Overall,
the CFSR SST is about 0.2-0.4°C colder than the weekly
OI SST except near the western boundary currents. In
contrast, the GODAS SST has departures as large as 1°C in
the equatorial upwelling regions, southern high latitudes,
and near the western boundary currents. In terms of
anomaly correlation and root-mean-square differences
(RMSDs), the CFSR SST is also superior to the GODAS
SST. The anomaly correlation of the CFSR SST is above
0.8 over most of the global ocean, except near the western
boundary currents, in the Bay of Bengal and mid- and high-
latitude southern oceans. The RMSDs are mostly less than
0.3°C except over the western boundary currents.

4.2.2 SSS

SSS plays an important role in many oceanic processes
such as Atlantic Meridional Overturning Circulation
(AMOC), the formation of Barrier Layer in the surface
layer of the tropics (Sprintall and Tomczak 1992) and
hence the mixed layer depth (Lukas and Lindstrom 1991;
de Boyer Montegut et al. 2007). SSS variations may also be
important in affecting ENSO variability, most notably in
the western Pacific where heavy precipitation leads to the
formation of a thin mixed layer.

In the CFSR, the salinity at 5 m is nudged to the annual
mean SSS from the WOD1998. However, an error in set-
ting the nudging coefficient led to a too strong damping in
the model SSS that essentially eliminated both seasonal
and interannual variability in SSS.

The climatology of SSS and its seasonal variation in the
CFSR and GODAS is compared with those from the
WOAOS5 (Fig. 6). The mean SSS in boreal winter (DJF) and
changes in SSS from boreal winter to summer (JJA) shown
in Fig. 6a, d, is consistent with those discussed by Levitus
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(1986). Compared to the WOAOS, the CFSR SSS is too low
near the Amazon River discharge region, and along the
eastern coast of China, Russia and North America
(Fig. 6b), which is largely attributable to the inclusion of
river runoff in MOM4. Without river runoff, the GODAS
SSS is too high near the Amazon River discharge region
and the Gulf of Guinea, in the Bay of Bengal, along the
eastern coast of China, Russia and North America
(Fig. 6¢). The seasonal change in SSS is well simulated by
the GODAS (Fig. 6f), but, due to a too strong nudging to
the annual mean SSS, the seasonal change is absent in the
CFSR (Fig. 6e).

4.2.3 MLD

A global climatology of mixed layer depth (MLD) has been
constructed based on individual temperature and salinity
profiles (de Boyer Montegut et al. 2007). Here we estimate
the climatology of MLD based on the annual climatology
of temperature and salinity using a criterion of density
difference of 0.25 kg m > between the surface and depth
of MLD.

The climatological MLD derived from the WOAOQS
shows that the MLD in boreal winter (DJF) (Fig. 7a) is
larger than 100 m in the central North Pacific, and larger
than 200 m in the high-latitude North Atlantic. MLD is
generally shallow in the Summer Hemisphere and in the
upwelling regions such as the eastern tropical Pacific and
tropical Atlantic (Fig. 7a, d). Compared to the MLD of
the WOAOS5, the MLD in the CFSR and the GODAS is
about 10-20 m deeper over a large portion of the tropics
(Fig. 7b, c, e, f). This is likely related to an underesti-
mation of the barrier layer which is quasi-permanent in
the western tropical Pacific and Atlantic, the Bay of
Bengal, and the eastern tropical Indian Ocean (de Boyer
Montegut et al. 2007). The departures of the CFSR and
GODAS from the WOAOS are generally large in mid-
and high-latitude southern oceans. The possible reasons
for the differences include uncertainties in surface
fluxes, and deficiencies in model physics. Note that the
WOAO5 climatology is calculated with very sparse
observations in the southern oceans, while the CFSR and
GODAS climatology is based on monthly data for the
period 1982-2004.
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Climatology of Sea Surface Salinity (SSS)
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Fig. 6 Sea surface salinity (SSS, salinity at 5 m) for Dec—Jan-Feb
(DJF) (left column) and seasonal differences between Dec—Jan—Feb
(DJF) and Jun—Jul-Aug (JJA) (right column). a, d The NODC
climatology from the World Ocean Atlas 2005, b CFSR-NODC

4.3 Upper ocean heat content and SSH
4.3.1 Upper ocean heat content

Estimation of upper ocean heat content (UOHC) using
ocean data assimilation systems can be affected by many
factors including uncertainties in surface forcings, ocean
model biases, limitations of data assimilation methods,
and changes in the input data (Carton and Santorelli
2008). Alternative methods for estimating UOHC are
objective analyses that use in situ data only (e.g. Levitus
et al. 2009) or combine satellite SSH measurement with
in situ data (e.g. Willis et al. 2004). The UOHC in the top
700 m is often used as an indicator of the warming of
global oceans due to anthropogenic causes (e.g. Levitus
et al. 2009) and represents the thermosteric contribution
to sea level rise (e.g. Kohl and Stammer 2008). However,
the UOHC in the top 300 m (HC300) is more often used
in validation of operational ocean analysis (Xue et al.
2010).

difference and e the CFSR seasonal difference, ¢ the GODAS-NODC
difference and f the GODAS seasonal difference. The average SSS
fields for the CFSR and GODAS are for the 1982-2004 period. Unit is
practical salinity unit

The linear trends of HC300 in 1993-2008 for NODC,
CFSR and GODAS are shown in Fig. 8a, b, c. The trend of
the NODC shows an increasing (decreasing) HC300 in the
western tropical Pacific (in the eastern tropical and sub-
tropical Pacific). The increasing HC in the central North
Pacific, and a decrease south of Alaska and off the west
coast of North America, is consistent with an overall
downward trend in the PDO index (Mantua et al. 1997). An
increase in the subpolar North Atlantic is related to the
weakening of the subpolar gyre since 1995 (Hakkinen and
Rhines 2004). A weak increasing trend exists in the tropical
Indian and Atlantic Oceans, and mid-latitude southern
oceans. The trend of HC300 is simulated well by the CFSR
except in the tropical Indian and Atlantic, and in the eastern
equatorial Pacific (Fig. 8b). The GODAS reproduces trends
in various ocean basins except in the tropical Indian, and
mid- and high- latitude southern oceans (Fig. 8c) where
observations are very sparse.

Time series of the HC300 anomaly (HC300a) averaged
over selected regions, drawn as boxes in Fig. 8, are

@ Springer



Y. Xue et al.: An assessment of oceanic variability

Climatology of Mixed Layer Depth
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Fig. 7 The mixed layer depth (MLD) for Dec-Jan-Feb (DJF) (left
column) and for Jun-Jul-Aug (JJA) (right column). The MLD is
calculated using a criterion of a density difference of 0.25 kg/m®
between the surface and the base of the MLD. The NODC

displayed in Fig. 9. Both the CFSR and GODAS agree very
well with the NODC in the tropical western Pacific, the
central North Pacific and the high-latitude North Atlantic
where an upward HC300a trend is prominent (Fig. 9a, d,
g). In the equatorial eastern Pacific (Fig. 9b), HC300a is
dominated by interannual variability. We note that the
GODAS agrees with the NODC, but the CFSR has a
warmer bias after 1999. We will discuss this issue further
in Sect. 4.4. In the subtropical northeast Pacific, both the
CFSR and GODAS agree well with the NODC, and have a
clear downward trend (Fig. 9e). In contrast, the trend in the
subtropical southeast Pacific is very weak (Fig. 9f). The
disagreements among the three products are quite large in
the equatorial Atlantic (Fig. 9¢) and the subtropical North
Atlantic (Fig. 9h), consistent with large discrepancies of
wind stress in those regions discussed in Sect. 4.1.2. We
also note that the global HC300a had a sharp decline from
1991 to 1994, likely due to the volcanic eruption of the
Mt. Pinatubo in June 1991 (Fig. 9i). The upward trend of
the global mean HC300a is simulated better by the CFSR
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climatology is based on the World Ocean Atlas 2005, and the
averages for the CFSR and the GODAS are for the 1982-2004 period.
Unit is m. a, d NODC, b, e CFSR-NODC, ¢, f GODAS-NODC

than by the GODAS. This is because the time that is taken
for the model to converge onto observations is shorter in
the CFSR than in the GODAS at the beginning of the
analysis, and the strong warming trend during the period
from 2000 to 2005 is better simulated in the CFSR than in
the GODAS (Fig. 9i).

4.3.2 SSH

SSH based on altimetry (Altimetry) provides an indepen-
dent validation of the HC variability due to its thermostatic
contribution. The linear trend of HC300a from the NODC
in 1993-2008 is consistent with the linear trend of Alti-
metry (referred to as AVISO in Fig. 8d) except that the
positive tendency in Altimetry is more prominent in mid-
and high- latitude southern oceans and in the tropical
Atlantic. The trend of SSH anomaly (SSHa) is well simu-
lated by the CFSR in the western tropical Pacific, North
Pacific, North Atlantic and high-latitude southern Indian
ocean, but it is poorly simulated in the tropical Atlantic,
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Fig. 8 Linear trend for 1993-2008 in the upper 300 m heat content
(HC300, °C/decade) anomaly from a NODC, b CFSR and ¢ GODAS,
and in the sea surface height (SSH, cm/decade) anomaly from

tropical Indian Ocean, and southeastern tropical Pacific.
The GODAS agrees with the Altimetry better than the
CFSR in the tropical Atlantic, but worse in the high-lati-
tude southern Indian Ocean.

The correlation of SSHa between the CFSR (GODAS)
and the Altimetry, and their differences, are shown in
Fig. 10a, b, c. The correlation between the CFSR and
Altimetry is high (>0.6) in the tropical and subtropical
Pacific, eastern North Pacific, western South Pacific, trop-
ical Indian Ocean and subpolar North Atlantic (Fig. 10a).
However, the correlation is low (<0.4) in the western North
Pacific, the Atlantic Ocean south of 40°N and most of mid-
and high-latitude southern oceans. Compared to the
GODAS (Fig. 10b), the CFSR has a higher correlation in
the tropical Indian Ocean, extratropical North Pacific and
North Atlantic, and high-latitude southern oceans, which
are likely attributable to improvements in the surface
forcings. However, the correlation in the tropical Atlantic
is seriously degraded in the CFSR (Fig.10c).

The RMSD of SSHa between the CFSR (GODAS) and
the Altimetry is generally low (<4 cm) in the tropical

1993-2008
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d AVISO, e CFSR and f GODAS. Time series of the average HC300
anomaly in the boxes drawn here are shown in Fig. 9

oceans, but high (>8 cm) near the western boundary cur-
rents, and in mid- and high-latitude southern oceans. The
CFSR has smaller RMSD than the GODAS in the trpical
Indian Ocean, near the Gulf Stream, and in high-latitude
southern oceans, but higher RMSD in the tropical Atlantic
and near the Antarctic.

4.4 Tropical Pacific

It is critically important to validate the quality of the ocean
analysis in the tropical Pacific, since it provides the ocean
memory for long-lead seasonal forecasts (Balmaseda et al.
2010). We use the TAO mooring data to validate the
subsurface temperature, subsurface currents, and the sur-
face winds, and use the OSCAR analysis to validate the
surface currents.

4.4.1 Comparison with TAO temperature profile

Validation at four equatorial TAO moorings at 165°E,
170°W, 140°W, 110°W provide a basin wide assessment
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Fig. 9 Time series of one-year running means of the HC300 anomaly
averaged in various boxes (refer to Fig. 8 for their locations) for
NODC (shading), CFSR (green line) and GODAS (red line). Unit is
°C. a Tropical western Pacific, b equatorial eastern Pacific,

for both the temperature and the velocity, and have been
widely used in the validation of ocean analyses (Behringer
et al. 1998; Behringer and Xue 2004; Balmaseda et al. 2008).

Figure 11 shows the departures of the CFSR tempera-
ture from the TAO temperature as functions of depth and
time at the four TAO mooring locations. In the western
(165°E) and central (170°W) Pacific, temperature depar-
tures are mostly negative at depths below 200 m. In the
eastern Pacific (140°W and 110°W), temperature depar-
tures are mostly negative before 1999, but become per-
sistently positive after 1999 with amplitude as large as 2°C.
This suggests that there is a shift in the quality of the CFSR
temperature analysis around 1998/1999.

4.4.2 Comparison with TAO current profile

The velocity measurements from the Acoustic Doppler
Current Profilers (ADCP) and Current Meters at the four
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equatorial TAO mooring sites (165°E, 170°W, 140°W
and 110°W) are combined to provide a more complete
velocity data set. Keeping the shift in the temperature
bias in mind (Fig. 11) we compare the current for the
1979-1998 and 1999-2008 periods separately (Fig. 12).
The TAO currents suggest little decadal changes in the
two periods, but the CFSR analysis indicates that the
surface zonal currents in the central and eastern Pacific
increased by more than 40 cm/s from the early to later
period. The GODAS currents are generally superior to
the CFSR currents in the central and eastern Pacific
(170°W, 140°W, 110°W), but inferior in the western
Pacific (165°E). The vertical average of anomaly corre-
lation in 1979-2008 between the CFSR (GODAS) and
TAO is 0.41 (0.33), 0.45 (0.59), 0.57 (0.58), and 0.52
(0.53), and the RMSD is 26 (29 cm/s), 27 (22 cm/s), 30
(23 cm/s), and 31 cm/s (27 cm/s) at the four sites,
respectively.
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Fig. 10 Anomaly correlations of SSH from a the CFSR and b the
GODAS with the AVISO altimetry, and ¢ difference between the
CFSR and GODAS correlations; Root-mean-square difference
(RMSD) of the SSH anomaly (cm) of d the CFSR and e the GODAS
with the AVISO altimetry, and f difference between the GODAS and

4.4.3 Comparison with OSCAR surface currents

The surface zonal currents (SZCs) in the CFSR and
GODAS are validated against the OSCAR currents, which
measures the average currents in the top 30 m. Figure 13
shows the comparison of the SZC averaged within the box
160°E-120°W, 2°S-2°N for the OSCAR, CFSR and
GODAS. The mean SZC are calculated separately for the
period 1979-1998 and 1999-2008 for the GODAS and
CFSR, and for the period 1993-1998 and 1999-2008 for
the OSCAR. It is interesting that the means of the OSCAR
ZSC in the two periods are indistinguishable, while the
means of the GODAS SZC and the CFSR SZC are different
in the two periods. Figure 13b indicates that the mean SZC
in the GODAS agrees well with that in the OSCAR in
1979-1998, but has a positive bias of about 18 cm/s during
the period 1999-2008. In contrast, the mean SZC in the
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CFSR RMSDs. The global average of the anomaly correlation
between the CFSR (GODAS) SSH and the AVISO altimetry is 0.45
(0.44) and of the RMSD between the CFSR (GODAS) and the
AVISO altimetry is 4.9 cm (4.7 cm)

CFSR (Fig. 13a) has a negative bias of 10 cm/s in
1979-1998, and a positive bias of 30 cm/s in 1999-2008.
For the whole period 1979-2008, the anomaly correlation
between CFSR (GODAS) and OSCAR is 0.61 (0.82), and
the RMSD between CFSR (GODAS) and OSCAR is
31 cm/s (20 cm/s), indicating the GODAS SZC is superior
to the CFSR SZC.

The positive biases in the CFSR SZC since 1999 are
related to the warm biases in the equatorial temperature
during the same period (Fig. 11). On the equator, the zonal
currents are maintained by a balance between the east—west
pressure gradient, the easterly winds and friction. As a
possible explanation (1) the easterlies did not increase as
much as observed at the end of 1998 when the ATOVS
data was assimilated (Tables 1, 2), (2) so the slope of the
thermocline did not increase as much as observed due to
the weaker strengthening of easterlies, (3) the assimilation
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Fig. 11 Differences between CFSR and TAO temperature (°C) at
four equatorial TAO mooring sites at a 165°E, b 170°W, ¢ 140°W,
and d 110°W for the period 1979-2008. The vertical average of the
anomaly correlation between CFSR (GODAS) and TAO is 0.84
(0.90), 0.81 (0.91), 0.80 (0.88), and 0.78 (0.85) at the four sites,
respectively, while the root-mean-square difference (RMSD) between
CFSR (GODAS) and TAO is 0.68°C (0.49°C), 0.71°C (0.43°C),
0.77°C (0.61°C), and 0.67°C (0.64°C), respectively

of TAO temperature data help increase the slope (but not
enough to avoid a shift in the temperature bias), (4) the
east—west pressure gradient, increased by the assimilation,
is not in balance with the too-weak easterlies, (5) and so the
currents accelerate to the east until the stress-pressure
gradient-friction balance is restored.

4.4.4 Comparison with TAO surface winds

To further understand the causes for the warm biases of the
subsurface temperature in the CFSR (Fig. 11), we estimate
the uncertainties in the surface winds in the CFSR using the
TAO winds at the four equatorial mooring sites (Table 2).
The mean biases of the CFSR from the TAO are easterlies
in the western (165°E) and central (170°W) Pacific in
1979-1998, which is consistent with the comparison result
with the ERA40 (Table 1). It is interesting to note that the
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easterly winds in the TAO strengthened by 1-2 m/s in the
west-central Pacific (165°E, 170°W) from the early to the
later period. However, the strengthening of the easterly
winds is severely underestimated by CFSR, largely due to
its overestimation of the easterly winds in the early period
(Table 2). The underestimation of the strengthening of the
easterly winds has a significant impact on the equatorial
temperature analysis, which is discussed in the next section.

Since GODAS does a good job in simulating the
HC300a in the western and eastern tropical Pacific
(Fig. 9a, b), it is interesting to check if the R2 winds, which
are used to force the GODAS, agree with the observations
better than the CFSR winds. Table 2 shows that the biases
in the R2 zonal winds are indeed smaller than those in the
CFSR zonal winds. More importantly, the R2 realistically
simulates the strengthening of the easterly winds in the
central Pacific, which plays a dominant role in forcing the
linear trend of HC300a in the western and eastern tropical
Pacific (Fig. 8a, c).

We also estimated uncertainties of the meridional winds
in the CFSR and R2 (Table 3). The CFSR overestimates
the strength of the mean meridional winds at 140°W
(110°W) by more than 100% (42%). The CFSR has a large
positive bias at 170°W in 1999-2008, which switches the
original northerly winds into southerly winds. The mean
biases in the R2 are generally smaller than those in the
CFSR, except they are very large in the western Pacific in
1979-1998.

4.4.5 Explanation of the eastern Pacific warm bias
in the CFSR since 1999

The underestimation of the strengthening of the easterly
winds in the CFSR around 1998/1999 provides a simple
explanation for the sudden shift in the equatorial tempera-
ture bias in the CFSR (Fig. 11). In the real world, in
response to the strengthening of the easterlies, the thermo-
cline became deeper in the west and shallower in the east. In
the CFSR, the increase in the easterlies is significantly less
than that in observations, largely due to the easterly wind
bias prior to 1998, so the mean slope of the thermocline
remained largely unchanged. The effect on the temperature
bias in the CFSR would be largest in the thermocline and
the bias would become colder in the west and warmer in the
east. This is exactly what we see in Fig. 11, as the bias shifts
to colder values at 165°E, while east of the dateline the bias
shifts to warmer values and becomes warmest at the two
most eastern sites, 140°W and 110°W.

4.5 Drifts in the equatorial temperature and salinity

The climatology of the equatorial temperature and salinity,
calculated from the seasonal NODC temperature for
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Comparison with TAO zonal current at Equator
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Fig. 12 Comparison of the mean zonal current (cm/s) of CFSR
(upper row, dotted line) and GODAS (lower row, dotted line) with the
TAO current (solid line) at four equatorial mooring sites at 165°E,
170°W, 140°W, and 110°W for two periods, 1979-1998 (black) and
1999-2008 (red). Note that only the periods when both the CFSR
(GODAS) and TAO data were available were included in calculation

1979-2008 and the 5-year mean NODC salinity for
1979-2004, is shown in Fig. 14a, d. In the climatology, the
thermocline, where the vertical gradient of temperature is
largest, slopes upward from west to east in the equatorial
Pacific and Atlantic, while in the equatorial Indian Ocean
slopes downward from west to east. The CFSR temperature
has a negative (positive) bias of about 0.5°C near the ther-
mocline in the central (far western) Pacific in 1979-1998,
while it has a positive bias of more than 1°C near the ther-
mocline in the central-eastern Pacific and 0.5°C below 200 m
in the eastern Pacific in 1999-2008 (Fig. 14b, c). The CFSR
temperature has a positive bias of 1°C in the equatorial wes-
tern Indian Ocean and the equatorial Atlantic.

The mean salinity in the equatorial Pacific is charac-
terized by fresh water (less than 34.8 psu) in the top layer
in the western and far eastern Pacific and at the depths
below 400 m, and saline water (more than 35.2) beneath
the fresh water in the western Pacific extending eastward
and upward to near the surface in the central Pacific
(Fig. 14d). Saline water presents in the west-central Indian
Ocean, with fresh water in the far eastern Indian Ocean.
The equatorial Atlantic is much saltier than the other two
ocean basins in the top 300 m. The CFSR salinity has
negative biases of 0.3 psu in the equatorial eastern Indian
Ocean. In the equatorial Pacific, CFSR salinity agrees well

of the means. The vertical average of the anomaly correlation for the
period 1979-2008 between CFSR (GODAS) and TAO is 0.41 (0.33),
0.45 (0.59), 0.57 (0.58), and 0.52 (0.53) at the four sites, respectively,
while the root-mean-square difference (RMSD) between CFSR
(GODAS) and TAO is 26 (29 cm/s), 27 (22 cm/s), 30 (23 cm/s),
and 31 cm/s (27 cm/s), respectively

with the NODC salinity in 1979-1998, but it has negative
biases of 0.5 psu near the thermocline and positive biases
of 0.1 psu below 400 m in 1999-2004 (Fig. 14e, f). The
CFSR salinity biases are largest in the equatorial Atlantic,
with a negative (positive) bias of 0.5 psu above 100 m
(below 300 m).

Since the CFSR was produced with six data streams
(Saha et al. 2010), we examine if there are any disconti-
nuities in the time series. The time evolution of the equa-
torial temperature and salinity anomalies averaged in each
ocean basin is shown in Fig. 15, where the vertical dash
lines indicate the times when one stream connects with the
subsequent one. In the equatorial Indian Ocean, the tem-
perature in the first stream is much warmer than the second
stream, and may be related to a spin up of the ocean model
from an initial ocean state in January 1979, which is too
warm compared to the initial ocean state in January 1987 at
the beginning of the second stream. There is little discon-
tinuity in temperature for the other streams. It is worth-
while to point out that the subsurface temperature below
500 m increased substantially around 2003 when the Argo
data became available. The positive salinity anomalies in
the first and last stream are associated with the positive
temperature anomalies due to assimilation of synthetic
salinity.
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Fig. 13 Comparison of zonal currents averaged within the box,
160°E~120°W, 2°S-2°N, a CFSR (red dotted line) and OSCAR
(black solid line) with their means prior to 1999 and after 1999 shown
as horizontal thick-solid lines, b GODAS (green dotted line), and
OSCAR (black solid line), c GODAS (green dotted line), CFSR (red
dotted line) and OSCAR (black solid line) in which their respective
means prior to 1999 and after 1999 were removed. The anomaly
correlation between CFSR (GODAS) and OSCAR is 0.61 (0.82) and
the root-mean-square difference (RMSD) between CFSR (GODAS)
and OSCAR is 31 cm/s (20 cm/s)

In the equatorial Pacific, the temperature anomaly in the
top 200 m is dominated by interannual variability associ-
ated with ENSO prior to 2000, while persistent positive

Table 2 Comparison of zonal winds (m/s) of CFSR and R2 at 10
1979-1998 and 1999-2008, and differences in the averages

anomalies extend from the surface to at least 900 m from
2000 to 2008. We also note that the subsurface temperature
below 200 m increased substantially around 1990 with the
availability of the TAO temperature profiles. Associated
with the increase of temperature around 1990 is a rapid
increase of salinity below 300 m in the early 1990s. Posi-
tive salinity anomalies in the top 300 m switched from
positive to negative anomalies around 1991, coincident
with the switch of salinity anomalies below 300 m.

The discontinuities and drifts in temperature and salinity
are largest in the equatorial Atlantic, particularly in the
deep ocean (note the differences in units and different scale
of y-axis). This is associated with the poor simulation of
SSHa in the tropical Atlantic (Fig. 10c). It is not clear what
factors contribute to the large drifts. Sensitivity experi-
ments need to be done in the future to find out the causes
for those drifts.

5 Simulation of climate variability
5.1 Tropical Pacific
5.1.1 Tropical instability wave

Tropical instability waves (TIWs) are commonly
observed phenomena in the tropical Pacific and Atlantic,
where they appear as westward-propagating wavelike
oscillations of the temperature front between cold
upwelling equatorial water and warmer water to the north
(Duing et al. 1975). The typical zonal wavelength and
period of TIWs in the Pacific are about 1,000-2,000 km,
2040 days (e.g. Qiao and Weisberg 1995). TIWs have
been recognized as key elements to equatorial mixed
layer heat, momentum budget, and air-sea coupling both
from observation and modeling studies (e.g. Hashizume
et al. 2001; Jochum and Murtugudde 2006). However,
TIWSs are not resolved in previous reanalysis datasets. An
important issue is how the CFSR reproduces observed
TIWSs activities.

Two observed SST data are used to validate CFSR
performance. One is the daily OI SST (Reynolds et al.

m with those of TAO winds at 4 m at four mooring sites averaged in

165°E 170°W 140°W 110°W

TAO CFSR R2 TAO CFSR R2 TAO CFSR r2 TAO CFSR R2
79-98 -0.7 -21 -1.7 —4.4 -5.0 —4.0 —5.6 =5.7 -5.6 =37 =3.7 -39
99-08 -25 —2.8 -2.5 —5.6 5.4 5.2 —5.6 =55 —5.6 34 3.7 —35
99-08 to 79-98 -1.7 -0.7 -0.8 —-1.2 -04 —-1.2 0.0 +0.2 0.0 +0.3 0.0 +0.4

Numbers are in bold whenever their differences from TAO are larger (less) than +0.5 (—0.5) m/s
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Table 3 Same as Table 2 except for the meridional winds

165°E 170°W 140°W 110°W

TAO CFSR R2 TAO CFSR R2 TAO CFSR R2 TAO CFSR R2
79-98 —0.64 —0.60 +0.08 —0.57 —0.28 —0.50 +0.31 +1.5 +0.69 +2.4 +3.4 +3.0
99-08 —-0.48 —0.52 —0.56 —0.45 +0.19 +0.10 +0.95 +1.9 +1.1 +2.5 +3.5 +3.3
99-08 to 79-98 +0.16 +0.08 —0.64 +0.12 +0.47 +0.60 +0.64 +0.4 +0.4 +0.1 +0.1 +0.3

Numbers are in bold whenever their differences from TAO are larger (less) than +0.5 (—0.5) m/s

Fig. 14 Average temperature
(left, °C) and salinity (right,
psu) in the 2°S-N2°N band for
a the NODC temperature for the
period 1979-2008, b the CFSR
minus NODC temperature for
the period 1979-1998, ¢ the
CFSR minus NODC
temperature for the period
1999-2008, d the NODC
salinity for the period
1979-2004, e the CFSR minus
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2007) for the period 1982-2008, the other one is the
TRMM Microwave Imager (TMI) SST version 4 from
Remote Sensing Systems (RSS) for the period 1999-2008.
Both OI SST and TMI SST are originally gridded at a
0.25° x 0.25°. These data sets were regridded to the CFSR
0.5° x 0.5° grid.

In order to extract signals in the TIWs, we apply
a bandpass filter to the data at periods of 20-40 days
and then isolate the component at zonal wave lengths
900-2,300 km. To facilitate comparison, we define a TIW
SST index as the spatial standard deviation of filtered SST
over the box 160°W-95°W, 0°N-3°N. Figure 16 shows the
evolution of TIW SST indices from the CFSR SST, OI SST
and TMI SST. The simulated TIW in the CFSR compares
well with the OI SST, which has been used to nudge the
model SST. TIWs in the CFSR and the OI SST are both
weaker than those in the TMI SST, particularly during

60E 120 180

1999-2002. TIWs are weak before 1982, since the monthly
HadISST was used to nudge to the model SST.

5.1.2 Oceanic Kelvin waves

The episodic easterly and westerly wind anomalies asso-
ciated with the Madden-Julian Oscillation (MJO), and
westerly wind bursts, force upwelling and downwelling
oceanic Kelvin waves (OKWs) that cross the equatorial
Pacific in about 2 months (Kessler et al. 1995). OKWs
have been linked to the onset and decay of El Nifio
(McPhaden and Yu 1999; Zhang and Gottschalck 2002;
Seo and Xue 2005). Figure 17 shows a comparison of the
OKWs, computed as the bandpass (20-120 days) filtered
depth of 20°C isotherm anomalies at 140°W and 1°S—-1°N
(Seo and Xue 2005), in the CFSR and GODAS with those
in the TAO data. Both the CFSR and GODAS agree with

@ Springer



Y. Xue et al.: An assessment of oceanic variability

Fig. 15 Depth—time plots of the
temperature (left, °C) and
salinity (right, psu) anomaly
averaged over the 2°S-N2°N
band in the equatorial Indian
Ocean (top row), the equatorial
Pacific Ocean (middle row), and
the equatorial Atlantic Ocean
(bottom row). Vertical dash
lines indicate the beginning of
each stream after 1 year spin-up
period

Fig. 16 Time series of the
spatial standard deviation in the
box 160°W-95°W, 0°N-3°N of
daily SST anomalies (°C) that
are band filtered at periods
20-40 day and wave lengths
890-2,249 km for CFSR (red
line), OI SST (black line) and
TMI SST (blue). The daily time
series has been smoothed by a
30-day running mean

the TAO during 1993-2008, and are also consistent with
each other during 1988-1993. However,
crepancies occur occasionally during 1979-1987. The
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uncertainties in OKWs in the early period should be
considered when the CFSR is used to study the long-term
variations of OKWs.

large dis-
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Fig. 17 Depth of the 20°C

D20 Anom. at 1404 and 1S—1N (20-120 Day Filtered) (Black=TAC; Green=CFSR; Red=GODAS)

isotherm anomaly (meter) band
filtered at periods 20-120 day at
140°W and averaged over 1°S—
1°N from the TAO temperature
(black solid line), CFSR (green
dashed line) and GODAS (red

dashed line)
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5.1.3 ENSO

ENSO is the strongest interannual signal in the tropics, and
has a significant impact on the global climate. The role of
ocean heat content as a precursor for ENSO has been
extensively documented in the literature (Wyrtki 1985; Jin
1997). Xue et al. (2000) suggested that there are at least
three independent EOF modes of ocean heat content that
contribute to ENSO forecast skill. Here we verify if the
three EOF modes of HC300a in the CFSR and GODAS are
consistent with each other.

Figure 18 shows that the first three EOFs and PCs of
HC300a from the CFSR are similar to those from the
GODAS, and the associated surface wind stress anomalies
are also remarkably similar. The percent variance
explained by the three EOFs is also similar, indicating that
they are indeed robust EOF modes well captured by both
ocean analyses. It should be noted that the means of the
CFSR HC300a in 1979-1998 and 1999-2008 have been
removed before the EOF calculation. This is because that
the CFSR temperature has a persistent warm bias in the
eastern Pacific after 1999 (Fig. 11).

5.2 Tropical Indian Ocean
Recently, the IOD has been identified as a coupled ocean—

atmosphere interaction phenomenon that features an east—
west dipole in SST coupled with surface winds in the

1998
| | : |
MM ol
1999 2000 2001 2002 2003 2004 2005 2008 2007

tropical Indian Ocean (e.g. Saji et al. 1999). The IOD has a
significant influence on global climate such as the Indian
summer monsoon, the Australia winter climate, and Afri-
can rainfall and is also connected with the tropical Pacific
ENSO (Yamagata et al. 2004). The first EOF of SST is a
basin-wide warming pattern reflecting the forcing of
ENSO, and the second EOF is the dipole SST (Yamagata
et al. 2004). In contrast, the first EOF of SSHa is a dipole
pattern mostly forced by surface winds associated with the
IOD (Rao et al. 2002). Off equatorial thermocline varia-
tions induced by Rossby wave processes, manifested in the
second EOF of SSHa, allow for a possible delayed and
negative feedback for the IOD (Rao et al. 2002).

We choose to use the Altimetry SSH to describe the
thermocline variations in the tropical Indian Ocean since
large uncertainties exist in HC300 due to sparse observa-
tions. The first two EOFs and PCs of SSH from the CFSR
and Altimetry are shown in Fig. 19. The linear trends in
each data have been removed before the EOF calculation
because of the large SSH trend in the tropical Indian Ocean
(Fig. 8). The EOF1 pattern of SSHa and the corresponding
regression pattern of surface wind stress capture the major
features of the dipole mode of thermocline variations with
a minimum near Java/Sumatra and a maximum in the
south-central Indian Ocean around 10°S, and an anti-
cyclonic wind anomaly in the southeastern Indian Ocean.
The EOF1 and PC1 of the CFSR and GODAS, accounting
for 27 and 26% of the total variance, respectively, agree
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Fig. 18 First three EOFs and
PCs of HC300 anomalies
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very well with those of the Altimetry, showing the largest
amplitude of the positive IOD events in 1982, 1994, 1997 and
2006. The EOF2 mode is similar to the second mode discussed
by Rao et al. (2002), who refer to it as a quasi-biennial mode. It
is encouraging that the EOF2 and PC2 of the CFSR and
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GODAS, accounting for 10 and 9% of the total variance,
respectively, also agree very well with those of the Altimetry,
implying the robustness of this mode. However, some dif-
ferences in the PC2 of the CFSR and GODAS are noticed prior
to 1986, indicating uncertainties in the early period.
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Fig. 19 The first two EOF
patterns of the sea surface
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5.3 North Pacific

Low-frequency fluctuations in the North Pacific are
characterized by two dominant modes of oceanic vari-
ability, the PDO (Mantua et al. 1997) and the more
recently recognized North Pacific Gyre Oscillation
(NPGO) (Di Lorenzo et al. 2008, referred to as DOS
hereafter). The PDO is defined as the dominant mode of
variability of North Pacific SSTa, which is highly

correlated with the dominant mode of SSHa (Chhak et al.
2009, referred to as C09). The NPGO is defined as the
second dominant mode of SSHa in the Northeast Pacific,
and is highly correlated with the second mode of North
Pacific SSTa, also referred to as the Victoria Mode (Bond
et al. 2003). Since the NPGO significantly correlates with
decadal variations of salinity, nutrients and coastal
upwelling, it is also a good indicator of decadal changes
in marine ecosystems (D08).
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The temperature and salinity signature of the PDO and
the NPGO is largely confined in the top 300 m of the water
column (C09). Therefore, we use HC300a to describe the
PDO and NPGO modes. The first two EOF patterns of
HC300a from NODC, CFSR and GODAS in 1979-2008
and their corresponding PC time series are shown in
Fig. 20. The EOF1 of the NODC (Fig. 20c) resembles the
EOF1 of SSH (DO08), characterized by negative anomalies

Fig. 20 The first two EOF
patterns of HC300 anomalies
(HC300a) (°C) for ¢, f NODC,
d, g the CFSR and e, h GODAS
for the period 1979-2008 in the
North Pacific. Anomalies are
relative to the average for the
period 1979-2008. For the

a PC1 and b PC2 time series,
the solid (dash) line represents
the NODC (GODAS), and the
shading is the CFSR. The
regression vectors of wind stress
anomalies of ERA40 (CFSR,
GODAS) onto the PCs of the
NODC (CFSR, GODAS) SSHa
are overlaid on the EOF patterns
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in the central northeast Pacific flanked by positive anom-
alies along the west coast of North America, and in the
Gulf of Alaska and Bering Sea. The regression pattern of
surface wind stress anomalies onto the PC1 (vector in
Fig. 20c) resembles an enhanced Aleutian Low—the first
mode of sea level pressure (SLP) anomaly in the North
Pacific (Trenberth and Hurrell 1994). The EOF1 of the
CFSR and GODAS generally agrees with that of the

2003 2005 2007 2009

2003 2005 2007 2009

E0N

0N

40N

J0M

GON

50N

40N

30N

60N

40N

40M

30N



Y. Xue et al.: An assessment of oceanic variability

NODC except the positive anomalies in the high-latitude
North Pacific are too strong and extend too far south. The
PC1 of the CFSR and GODAS agrees very well with the
PC1 of the NODC (Fig. 20a). The EOF1 accounts for 29,
29 and 28% of the total variance for NODC, CFSR and
GODAS, respectively.

The EOF2 of the NODC is characterized by a zonal
band of negative anomalies between 40°N and 50°N
extending southeastward in the subtropical northeast
Pacific (Fig. 20f). The associated surface wind stress
anomalies indicate positive (negative) SLPa in the sub-
tropical (subpolar) North Pacific, which is associated with
the second mode of North Pacific SLP (Walker and Bliss
1932). The EOF2 accounts for 21, 14 and 19% of the total
variance for NODC, CFSR and GODAS, respectively. The
EOF2 and PC2 of the CFSR and GODAS generally agree
with those of the NODC.

It is worthwhile to point out that the EOF2 of SSHa has
a dipole pattern with negative (positive) anomalies located
to the north (south) of 40°N (D08). It is shown in C09 that
negative (positive) salinity anomalies are collocated with
positive (negative) temperature anomalies and their con-
tributions to SSHa are additive, therefore enhancing SSHa
variability. However, the positive temperature anomalies
south of 40°N are much weaker than the negative tem-
perature anomalies north of 40°N (C09). Therefore, the
dipole SSHa pattern corresponds to the one pole HC300a
pattern (Fig. 20f-h).

5.4 North Atlantic

The EOF1 of the altimetry SSHa shows a weakening of the
North Atlantic subpolar gyre since 1995 (Hakkinen and
Rhines 2004), which is thought to be an indicator of a
slowdown of the AMOC. Boning et al. (2006) suggest that
the recent slowing subpolar gyre reflects a slowdown of the
deep western boundary current off Labrador, with conse-
quences on the strength of the AMOC in the subtropical
North Atlantic. These studies suggest that the PC1 of SSHa
or UOHCa is an indicator of the strength of the subpolar
gyre, and perhaps, can be regarded as the fingerprint of the
AMOC (Zhang 2008) (Fig. 21).

The EOF analysis of the NODC annual mean HC300a in
1956-2008 reveals two significant modes that account for
53 and 12% of the total variance, respectively. The EOF1
and PCI1 represent a warming trend of HC300a since 1993,
and the warming covers the entire North Atlantic with the
largest amplitude in the Labrador and Irminger Sea. The
projection of the Altimetry onto the EOF1 of the NODC
agrees well with the PC1 of the NODC, suggesting that the
PC1 is robust. The EOF1 and PC1 of the CFSR are similar
to those of the NODC except that the warming in the
Labrador Sea is underestimated. The regression of CFSR

wind stress onto the PC1 of the CFSR shows easterly wind
anomalies over the maximum warming region.

The EOF2 of the NODC is similar to the EOF1 of the
altimetry SSHa discussed by Hakkinen and Rhines (2004)
and Zhang (2008). The EOF2 and PC2 of the CFSR agree
well with those of the NODC except the CFSR shows an
initial spin up during the first 4-year integration. The PC2
indicates that the subpolar gyre trended upward from the
mid-60s, reaching a maximum in 1995, followed by a rapid
decline in 1996-1997, a rapid strengthening from 1998 to
2000, followed by a downward trend from 2000 to 2008.
The time evolution of the EOF2 is largely driven by
changes in heat flux and wind stress associated with the
North Atlantic Oscillation (NAO) (Boning et al. 2006). In
fact, the regression pattern of CFSR wind stress shows a
cyclonic (anti-cyclonic) circulation to the north (south) of
45°N, consistent with a positive NAO phase.

The CFSR is superior to the GODAS in simulation of
the two dominant modes. For example, the EOF1 of the
GODAS underestimates the maximum in the Labrador
Sea, and overestimates the minimum near 58°W and 44°N.
The PC1 and PC2 of the GODAS also have too much
high frequency variability. The possible reasons for the
improvement in HC300 simulation in the CFSR include an
interactive sea ice, better net surface heat fluxes (Fig. 1)
and better wind stress in North Atlantic (Figs. 3, 4).

6 Summary and conclusions

Recently, a new high resolution reanalysis from
1979-2009, the CFSR, was completed at the NCEP (Saha
et al. 2010). The CFSR uses a partially coupled ocean and
atmosphere data assimilation system. The oceanic com-
ponent of the CFSR, representing a new global ocean
analysis, will replace the current operational ocean analysis
produced by the Global Ocean Data Assimilation System
(GODAS). Compared to the GODAS, the oceanic com-
ponent of the CFSR includes many advances: (a) the
MOM4 ocean model with an interactive sea-ice, (b) a 6 h
coupled model forecast as the first guess field, (c) inclusion
of the mean climatological river runoff, and (d) high spatial
(0.5° x 0.5°) and temporal (hourly) model output. The
analysis presented in this paper is meant to inform the user
community about the salient features in the CFSR ocean
component, and how the ocean reanalysis compares with in
situ observations and previous reanalysis.

The main features on the climatology and interannual
variability of surface heat and momentum fluxes and var-
ious oceanic fields are summarized below:

e The net ocean surface heat flux of the CFSR has smaller
biases compared to the combination of the LH and SH
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Fig. 21 The first two EOFs and
PCs of the HC300 anomalies
(HC300a) (°C) for ¢, d NODC
for the period 1956-2008, e,

f the CFSR and g, h the GODAS
for the period 1979-2008 in the
North Atlantic. The anomalies
are relative to the 1993-2008
average. For the a PC1 and

b PC2 time series, the NODC is
represented by the black solid
line, the CFSR by the red dotted
line and the GODAS by the
black dotted line. Also included
are the regression coefficients of
the AVISO altimetry onto the
EOFs (blue dotted line). The
regression vectors of the CFSR
wind stress anomalies (dyn/cmz)
onto the PCs of CFSR HC300a
are overlaid on the EOF patterns
of CFSR HC300a
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from the OAFlux and the SW and LW from the ISCCP
than the R1 and R2 in both the tropics and extratropics.
However, an imbalance in the mean net heat flux over
the global oceans is larger (14.7 W/m?) in the CFSR
than that in R1 (4.5 W/m?) and R2 (4.7 W/m?). There
is a sudden increase (decrease) of net heat flux (latent
heat flux) around 1998/1999 with the assimilation of
the ATOVS radiance data starting in October 1998.

The ocean surface wind stress of the CFSR has smaller
biases and higher correlation with the ERA40 than the
R1 and R2, particularly in the tropical Indian and
Pacific Ocean. The CFSR wind stress climatology also
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compares with the QuickSCAT climatology better than
the R1 and R2 for the period September 1999—October
2009. However, the trade winds in the central tropical
Pacific are too strong prior to 1999, and become close
to the observations once the ATOVS radiance data are
assimilated in October 1998. A sudden reduction of
easterly wind bias is related to the sudden onset of a
warm bias in the equatorial eastern Pacific temperature
around 1998/1999.

In the equatorial Pacific, compared with the TAO
temperature, TAO currents and OSCAR currents, the
CFSR generally has lower skill than the GODAS,
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because of the changes in the means in the period 1979-
1998 and 1999-2008 associated with the onset of a
warm bias in the equatorial Pacific temperature around
1998/1999.

e The CFSR SST is about 0.2-0.4°C colder than the
weekly OI SST except near the western boundary
currents. The anomaly correlation is above 0.8 over
most of the global ocean, except near the western
boundary currents, in the Bay of Bengal and mid- and
high-latitude southern oceans. The RMSDs are mostly
less than 0.3°C except over the western boundary
currents. In summary, the CFSR SST agrees with the
OI SST much better than the GODAS SST.

e An error (discovered late during the execution of the
CFSR) damped SSS variability on both seasonal and
interannual time scales.

e As compared to the NODC, the linear trend of HC300
in 1993-2008 is simulated better by the CFSR than by
the GODAS in the mid- and high-latitude oceans, but
worse in the equatorial eastern Pacific and the tropical
Atlantic.

e As compared to the altimetry, SSH variability is
simulated better by the CFSR than by the GODAS in
the tropical Indian Ocean and extratropics, but worse in
the tropical Atlantic, which is related to the drifts in the
deep ocean.

e Drifts in the subsurface temperature and salinity within
each data stream are relatively small in the equatorial
Pacific and Indian Ocean, but are quite large in the
equatorial Atlantic.

e Initial spin up has adverse impacts on the first stream,
and changes of observations may cause abrupt changes
in the subsurface temperature and salinity.

In summary, the surface heat fluxes and wind stress from
the CFSR generally agree with observations better than the
R1 and R2. A complementary assessment of the fresh water
fluxes by Wang et al. 2010 suggests the fresh water fluxes
(precipitation minus evaporation) from the CFSR also
agree with observations better. The CFSR SST is signifi-
cantly better than the GODAS SST, and the HC300 and
SSH are also improved in the tropical Indian Ocean and
extratropics. A few deficiencies are noticed. Firstly, the
trade winds in the central tropical Pacific are too strong
prior to 1999, and become close to observations once the
ATOVS radiance data are assimilated in October 1998. A
sudden reduction of easterly wind bias is related to the
sudden onset of a warm bias in the equatorial eastern
Pacific temperature around 1998/1999, which has impli-
cations for ENSO prediction. Secondly, the use of six data
streams in the CFSR leads to large discontinuity in the deep
ocean temperature and salinity, which contributes to the
degradation of the SSH kill in the tropical Atlantic.

Thirdly, a too strong nudging to the annual mean SSS
damped SSS variability completely. To correct the above
deficiencies, a stand-alone GODAS, which assimilates the
same in situ data, but forced by the CFSR surface fluxes,
will be developed and evaluated. If it is found to be
superior to the CFSR, it will be used for the global ocean
monitoring  products  (http://www.cpc.ncep.noaa.gov/
products/GODAS).

The main features on simulation of Tropical Instability
Waves (TIW) and oceanic Kelvin waves in the tropical
Pacific, and the dominant modes of HC300 that are asso-
ciated with ENSO, 10D, Pacific Decadal Oscillation (PDO)
and Atlantic Meridional Overturning Circulation (AMOC)
are summarized below:

e SST anomalies associated with Tropical Instability
Wave (TIW) in the CFSR are similar to those in the
daily OI SST and TMI SST.

e Thermocline variations in the equatorial Pacific at
periods of 20-120 days are used to represent oceanic
Kelvin waves (OKWs). The OKWs in the CFSR are
consistent with those in the TAO and GODAS.
However, disagreements between the CFSR and
GODAS are apparent prior to 1987.

e There are at least three independent EOF modes of
HC300 that contribute to ENSO forecast skill (Xue
et al. 2000). The first three EOFs and PCs of HC300a
from the CFSR are similar to those from the GODAS
once the 1979-1998 and 1999-2008 means in the
CFSR are removed prior to EOF calculation to account
for the sudden onset of a warm bias after 1999.

e The first two EOFs and PCs of SSHa in the tropical
Indian Ocean in the CFSR and GODAS are similar to
those in the altimetry. Some disagreements between the
PC2 of the CFSR and GODAS are apparent prior to
1986, indicating uncertainties in the early period. The
EOF1 represents the IOD, and the EOF2 is related to
the quasi-biennial oscillation (Rao et al. 2002).

e The first two EOFs and PCs of HC300a in the Northeast
Pacific in the CFSR and GODAS are consistent with
those in the NODC. The EOF1 represents the PDO, and
the EOF2 is the recently identified North Pacific Gyre
Oscillation (NPGO) (Di Lorenzo et al. 2008; Chhak
et al. 2009), which significantly correlates with decadal
variations of salinity, nutrients and coastal upwelling.

e The first two EOFs and PCs of HC300a in the North
Atlantic in the CFSR are similar to those in the NODC,
while those of the GODAS have some biases. The
improvements in HC300 simulation in the CFSR are
probably attributable to an interactive sea ice and better
surface heat and momentum fluxes in North Atlantic.
The EOF1 represents the warming trend since 1990 and
the EOF2 features a strengthening of the subpolar gyre
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and subtropical gyre, which can be regarded as the
fingerprint of the AMOC (Zhang 2008).
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