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HCA  --  the averaged temperature anomalies in the upper 300m 
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OUTLINES 

•  Six ODA products 
•  The uncertainty of HCA in the current ODAs 
•  Validation of an Ensemble ODA dataset 
            - Leading EOF modes becoming more physically meaningful 
                  - Against the EOF maximizing signal-to-noise ratio (MSN EOF) (common?) 
              - Against AVISO sea level dataset (realistic?) 

           - Against PIRATA mooring dataset: five moorings 

•  Summary 
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Multiple Ocean Analyses 

•  Different model systems 
•  Different assimilation schemes 
•  Slightly different observational inputs 	
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GODAS, CFSR, SODA and ECDA, respectively. Both
ORA-S3 and COMBINE-NV are from ECMWF. ORA-S3

has been operational since August 2006, providing ocean

initial conditions for the ECMWF seasonal and monthly
forecasts since March 2007. It is based on the Hamburg

Ocean Primitive Equation (HOPE) model (1! with 0.3!
equatorial refinement and 29 levels), and 3D Optimal
Interpolation (OI) scheme to assimilate temperature,

salinity, altimeter derived sea-level anomalies and global

sea level trends (Balmaseda et al. 2008). COMBINE-NV is
a new ocean reanalysis which assimilates temperature and

salinity (not sea level anomalies) using NEMOVAR, a

variational data assimilation system based on the NEMO
ocean model at ECMWF. More precisely, COMBINE-NV

in this paper represents the NEMOVAR-COMBINE ocean

reanalysis (Balmaseda et al. 2010), which is slightly dif-
ferent from the ECMWF S4 operational ocean reanalysis

system (NEMOVAR-ORAS4). NEMOVAR-COMBINE is

delivered for the FP7 COMBINE project (http://www.
combine-project.eu/), and will be used for initialization

of decadal forecasts by the EC-EARTH consortium. The

ocean model has a resolution of 1! with an equatorial
refinement to 0.3! in meridional direction, and 42 vertical

levels. Both GODAS and CFSR were developed at NCEP.

GODAS is based on the Geophysical Fluid Dynamics
Laboratory’s Modular Ocean Model version 3 (MOM3) at

1! with an equatorial refinement to 0.3o in meridional

direction, and 40 vertical levels and a 3D variation scheme
(Behringer 2005). CFSR is a partially coupled data

assimilation system (Xue et al. 2011b), where the first
guess is provided by 6 h coupled model forecasts (Saha

et al. 2010). The oceanic model of CFSR is MOM4 with

interactive sea-ice, which has a resolution of 0.5! with
0.25! equatorial refinement, and 40 vertical levels. SODA

represents Simple Ocean Data Assimilation product, which

was generated jointly by University of Maryland and Texas
A&M University (Carton and Giese 2008). It is based on

optimal interpolation and the Parallel Ocean Program

(POP) version 2.1 numerics with 0.25! 9 0.4! resolution
and 40 vertical levels. In this study, the latest version (i.e.,

version 2.1.6) of SODA is used. The GFDL ECDA

assimilation system consists of an Ensemble Kalman Filter
applied to GFDL’s second generation fully coupled climate

model CM2.1 (Zhang et al. 2007). The ocean component of

the ensemble coupled data assimilation system is MOM4 at
1! with 0. 3! equatorial refinement and 50 vertical levels.

Table 1 summarizes the major characteristics of these

ocean analyses, including the models, resolutions, assimi-
lation methods, the assimilated data and the available

period. In summary, the reanalysis systems involve four

different OGCMs: HOPE, NEMO, MOM (version3 or 4),
and POP, two of which are employed on a coupled model

framework (i.e., for CFSR and ECDA). Most of the models

have medium resolutions (0.5!–1!), often with enhanced
meridional resolution in the tropics to better resolve the

equatorial oceanic waves. For our study, monthly mean

fields from these analyses are interpolated to a common
1! 9 1! grid. A variety of assimilation methods are used in

Table 1 Brief summary of ocean state estimation systems

System and institution
(reference)

Model and
resolution

Method Data Period

ORA-S3, ECMWF, EU
(Balmaseda et al.
2008)

HOPE 1X(0.3–1),
29 levels

3D OI with online bias
correction

Altimeter (sea level anomalies and global trends),
SST, T & S from XBT, CTD, Argo, TAO

1959–2009

COMBINE-NV
ECMWF, EU
(Balmaseda et al.
2010)

NEMO 1X(0.3–1)
42 levels

3D-VAR EN3_v2a data set (including ocean station/CTD, XBT,
Buoys, profilers inWOD05, GTSPP and ARGO)

1958–2008

GODAS, NCEP, USA
(Behringer 2005)

MOM3 1X(0.3–1)
40 levels

3D-VAR SST, T profiles from XBT, CTD, Argo, TAO 1979–2009

CFSR, NCEP, USA
(Saha et al. 2010)

NCEP CFS2
(MOM4
0.5X(0.25–0.5) 40
levels)

Partially coupled data
assimilation (3D-
VAR for OM)

SST, T &S profiles from XBT, CTD, Argo, TAO 1979–2009

SODA 2.1.6, UM/
TAMU, USA (Carton
and Giese 2008)

POP 0.25X0.4, 40
levels

OI Altimetry, satellite and in situ SST, T & S profiles
from MBT, XBT, CTD, Argo and other float data,
TAO and other buoys.

1958–2008

ECDA, GFDL, USA
(Zhang et al. 2007)

GFDL CM2
(MOM4
1X(0.3–1), 50
levels)

Coupled data
assimilation
(ensemble kalman
filter)

SST, T profiles from XBT, CTD, ARGO, TAO & S
profiles from CTD, ARGO

1979–2007
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Problems: HCA spreads so significantly among 
    different ODAs in the TA.  
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Questioning: results based on one ODA  
1) How realistic is the characteristics of TAV derived from one of these 

reanalysis products? 
2) How can we use analyses with this level of uncertainty to explain the 

physical processes of the TAV?  
3) How much can we trust the predictions of TAV with dynamical 

forecast systems initialized from these analyses? 



Xtotal=Xsignal+Xnoise 
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Claiming: Ensemble average of multiple ODAs 
  is a useful method to improve estimating the 
  changes of HCA. 

Xsignal --- the interannual (or longer) variance in reality, which       
 shows certain consistency among different reanalysis 
 products due to similar ocean datasets assimilated into them.  

 
Xnoise --- inherent in each individual product, which is associated 

 with the errors in different atmospheric forcing, different ocean 
 models, different assimilation schemes, and so on.  



•  Ensemble average  
reduces noise 
effectively  

•  S/N ratio improves  
significantly 

•  Signal exists in all 
analyses (masked by 
high internal noise) 

Heat Content Anomaly 
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SST: Contour; Wind Stress: Vector; Precip.: Color 

•  Leading EOF patterns 
become physically 
meaningful  

 
•  EOF1- Meridional 

mode 
•  EOF2- Zonal mode 
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•  Prove that the noise in 
the Ensemble_mean 
analysis is reduced to 
an acceptable level. 

Vs. 13.7% Vs. 9.0% 

Vs. 5.11 

Vs. 3.04 
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•  The related SLA 
patterns are similar; 

•  Two belts of positive 
SLA: along 15-20N 
and along 5N. 

4th	
  WCRP	
  Interna/onal	
  Conference	
  on	
  Reanalyses,	
  7-­‐11	
  May	
  2012,	
  Silver	
  Spring,	
  MD,	
  USA	
  	
  



13	
  

•  Warm oceanic 
anomalies in eastern 
equatorial Atlantic; 

•  Cold anomalies in the 
off-equatorial western 
Atlantic. 
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almost all regions north of 10!S and small negative

anomalies around 20!S and north of 20!N. It is accompa-
nied by a well-defined dipole structure in the SST anomaly

fields. Its extension southeastward to the equator may

potentially affect the second mode, i.e., Atlantic Niño. Its
time series represents a relatively low-frequency (i.e.,

Fig. 12 Time series of HC
anomalies for January
1998–2007 from PIRATA 5
mooring data, six ocean
reanalysis products and the EM
dataset: a (38!W, 15!N),
b (38!W, 8!N), c (35!W, 0),
d (23!W, 0), and e (10!W,
10!S)

Table 2 Anomaly correlations between the time series of HC anomalies from PIRATA mooring datasets and those from six ocean products and
Ensemble_mean dataset

Ensemble_Mean ORA-S3 COMBINE-NV GODAS CFSR SODA ECDA

(38 W,15 N) 0.74 0.55 0.81 0.83 0.58 0.47 0.30

(38 W,8 N) 0.82 0.76 0.86 0.82 0.49 0.74 0.61

(35 W,0) 0.83 0.77 0.66 0.84 0.57 0.72 0.59

(23 W,0) 0.91 0.81 0.78 0.86 0.68 0.72 0.65

(10 W,10S) 0.90 0.71 0.95 0.94 0.54 0.71 0.64

The correlations lager than those in EM analysis are shown in boldface
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decadal) variation; in particular, positive during the period
of 1979–1983 and 2003–2007, and negative during

1984–1986, 1988–1991, and 1999–2003. The second mode

corresponds to Atlantic Niño, characterized by warm oce-
anic anomalies in the eastern equatorial basin, and cold

anomalies in the off-equatorial western Atlantic. The

accompanying SST variability is positive anomalies in the
mid-eastern equatorial Atlantic. The associated time series

represents the interannual variability, such as the warm

events of 1981, 1984, 1988, 1996, 1997, 1999 and 2003.

Acknowledgments Funding for this study is provided by the
NOAA CVP Program (NA07OAR4310310). The authors would like
to thank Drs. J. Shukla and J. Kinter for their guidance and support of
this project. We are grateful to two anonymous reviewers for their
suggestions and comments. We would also like to thank Dr.
V. Krishnamurthy and an anonymous reviewer within COLA for their
comments on an earlier version of the manuscript. We thank EC-
MWF, NCEP, GFDL for providing their ocean data assimilation
analysis datasets and Dr. B. Giese for providing the SODA ocean data
assimilation analyses. The availability of these datasets makes this
analysis possible.

References

Allen MR, Smith LA (1997) Optimal filtering in singular spectrum
analysis. Phys Lett 234:419–428

Balmaseda MA, Mogensen K (2010) Evaluation of the ERA-
INTERIM forcing fluxes from an ocean perspective. ECMWF
ERA report series no. 6. http://www.ecmwf.int/publications/
library/do/references/list/782009

Balmaseda MA, Weaver A (2006) Temperature, salinity, and sea
level: climate variability from ocean reanalyses. Paper presented
at the CLIVAR/GODAE meeting on ocean synthesis evaluation,
August 31–September 1, 2006, ECMWF, Reading, UK. Meeting
presentation available at: http://www.clivar.org/organization/
gsop/synthesis/groups/Items3_4.ppt. Accessed 26 May 2009

Balmaseda M, Vidard A, Anderson D (2008) The ECMWF system 3
ocean analysis system. Mon Wea Rev 136:3018–3034

Balmaseda M, Mogensen K, Molteni F, Weaver A (2010) The
NEMOVAR-COMBINE ocean re-analysis. COMBINE technical
report no. 1. http://www.combine-project.eu/Technical-Reports.
1668.0.html

Behringer DW (2005) The global ocean data assimilation system
(GODAS) at NCEP, 11th symposium on integrated observing
and assimilation systems for the atmosphere, oceans, and land

surface (IOAS-AOLS), San Antonio, TX. Amer Meteor Soc, vol
3.3

Carton JA, Giese BS (2008) A reanalysis of ocean climate using
simple ocean data assimilation (SODA). Mon Wea Rev
146:2999–3017

Carton JA, Huang B (1994) Warm events in the tropical Atlantic.
J Phys Oceanogr 4:888–903

Carton JA, Santorelli A (2009) Global decadal upper-ocean heat
content as viewed in nine analyses. J Clim 21:6015–6035

Chang P, Ji L, Li H (1997) A decadal climate variation in the tropical
Atlantic Ocean from thermodynamic air-sea interactions. Nature
385:516–518

Chang P, Ji L, Li H, Penland C, Matrasova L (1998) Prediction of
tropical Atlantic sea surface temperature. Geophys Res Lett
25:1193–1196

Chang P, Saravanan R, Ji L, Hegerl GC (2000) The effect of local sea
surface temperatures on atmospheric circulation over the tropical
Atlantic sector. J Clim 13:2195–2216

Chao Y, Philander SGH (1993) On the structure of the Southern
Oscillation. J Clim 6:450–469

Chiang JCH, Bitz CM (2005) Influence of high latitude ice cover
on the marine intertropical convergence zone. Clim Dyn
25:477–496. doi:10.1007/s00382-005-0040-5

Corre L, Terray L, Balmaseda M, Ribes A, Weaver A (2010) Can
oceanic reanalyses be used to assess recent anthropogenic
changes and low-frequency internal variability of upper ocean
temperature? Clim Dyn. doi:10.1007/s00382-010-0950-8

Dee D et al (2011) The ERA-interim reanalysis: configuration and
performance of the data assimilation system. Accepted by Quart
J Roy Meteor Soc

Dong B-W, Sutton RT (2002) Adjustment of the coupled ocean-
atmosphere system to a sudden change in the thermohaline
circulation. Geophys Res Lett 29(15):1728. doi:10.1029/2002
GL015229

Enfield DB, Mayer DA (1997) Atlantic sea surface temperature
variability and its relation to El Niño-Southern Oscillation.
J Geophys Res 102(C1):929–945. doi:10.1029/96JC03296

Florenchie P, Reason CJC, Lutjeharms JRE, Rouault M, Roy C,
Masson S (2004) Evolution of interannual warm and cold events
in the southeast Atlantic Ocean. J Clim 17:2318–2334

Folland C, Palmer T, Parker D (1986) Sahel rainfall and worldwide
sea surface temperatures. Nature 320:602–606

Gemmell AL, Smith GC, Haines K, Blower JD (2009) Validation of
ocean model syntheses against hydrography using a new web
application. J Op Oceangr 2(2):29–41

Ghil M, Malanotte-Rizzoli P (1991) Data assimilation in meteorology
and oceanography. Adv Geophys 33:141–266

Handoh IC, Bigg GR (2000) A self-sustaining climate mode in the
tropical Atlantic, 1995–1997: observations and modelling. Quart
J Roy Meteor Soc 126:807–821

Table 3 Same as Table 2 but for root mean square deviations (RMSDs)

Ensemble_Mean ORA-S3 COMBINE-NV GODAS CFSR SODA ECDA Ensemble spread

(38 W,15 N) 0.37 0.51 0.32 0.30 0.53 0.55 0.57 0.29

(38 W,8 N) 0.34 0.38 0.30 0.37 0.87 0.44 0.53 0.36

(35 W,0) 0.17 0.20 0.24 0.17 0.28 0.22 0.27 0.15

(23 W,0) 0.11 0.16 0.17 0.15 0.21 0.27 0.23 0.16

(10 W,10S) 0.16 0.24 0.12 0.12 0.33 0.25 0.26 0.16

The ensemble spread among six ocean products is also shown in the last column. Units are !C. The RMSDs smaller than those in EM analysis are
shown in boldface

J. Zhu et al.: An ensemble estimation of the variability of upper-ocean heat content

123

4th	
  WCRP	
  Interna/onal	
  Conference	
  on	
  Reanalyses,	
  7-­‐11	
  May	
  2012,	
  Silver	
  Spring,	
  MD,	
  USA	
  	
  

Quantitative Comparisons vs PIRATA moorings   



Summary 
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•  There is considerable uncertainty in HCA from 
different analyses, especially in the tropical Atlantic; 

•  Ensemble average of multiple ODAs is a useful 
method to improve estimating the changes of HCA. 
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