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This is the final 64th edition of CLIVAR Exchanges to be 
produced through the ICPO at Southampton. Exchanges was 
first issued in February 1996 and has been published four times 
a year since then. It will continue be produced in future through 
the successor IPOs now being finalized by WCRP. 

This issue addresses the activities of the Ocean Reanalyses 
Intercomparison Project (ORA-IP). The CLIVAR Global 
Synthesis and Observations Panel (GSOP) started the ocean 
reanalyses intercomparison activities in September 2006, 
with a meeting hosted by ECMWF, in Reading UK. Since then, 
a couple of other meetings took place at MIT (September, 
2007) and Tokyo (October, 2008). At the latest workshop held 
jointly with the Global Ocean Data Assimilation Experiment 
(GODAE) OceanView in Santa Cruz, CA, USA, in June 2011, a 
decision was made to investigate the latest ocean reanalyses 
for real time climate monitoring and intercomparison. At that 
meeting, nine relevant ocean variables were identified, each 
with a responsible scientist from seven different institutions.  
Operational and reanalysis centres have volunteered to be part 
of this community effort, and produced their dataset which was 
then analysed by lead groups, one for each of those variables. 
Twenty-four different products entered the intercomparisons.  
The ultimate goal of the ORA-IP activity is the near-real time 
monitoring of ocean variability using indices based on an 
ensemble of reanalyses. Currently, low-resolution (1°) analyses 
span about 50 years, while high-resolution (1/4°) ones begin 
with the availability of altimetric data in 1993.   

Eight of those ocean variables – steric height, sea level, ocean 
heat content, depth of the 20 °C isotherm, mixed layer depth, 
salinity, surface fluxes and transports, and sea ice  - are the 
subject of a paper in this issue that presents the highlights 
of the work to date. The papers are complemented by a 
report on the outcome of a Workshop on Ocean Reanalysis 
Intercomparison held at ECMWF in July 2013. I thank all of the 
contributors for their timely contributions to this issue. 

2014 will be a year of significant changes for CLIVAR and 
the ICPO. The new CLIVAR structure developed at the 2013 
SSG in Kiel, with a focus on “Ocean and Climate: Variability, 
predictability and change”, will be reflected in the shortly to 
be released new web site and will be fleshed out at the Pan-
CLIVAR meeting to take place in The Hague, Netherlands, in 
July 2014. The ICPO will also move on 31st March 2015 from its 
currently location at the National Oceanography Centre (NOC) 
in Southampton, UK. My term as Director of the ICPO will end 
on that date. The ICPO staff also wish to take this opportunity 
to thank the NOC and the UK’s Natural Environmental Research 
Council for their many years of support and hosting of the ICPO 
in Southampton.

This is also an opportunity to mention the changes in the SSG 
membership. First of all, I would like to thank Martin Visbeck for 
his outstanding service and leadership as CLIVAR SSG co-Chair 
for the last few years. Martin will continue to serve on the SSG 
as a member for a further year. I also thank Valérie Masson-
Delmotte for her valuable service as SSG member. Secondly, 
I welcome the new incoming members, who will be part of 
this new phase of CLIVAR: Detlef Stammer (University of 
Hamburg, Germany), as new co-chair, Carlos Moffat (University 
Concepción, Chile), Stephen Griffies (NOAA-GFDL, USA) and 
Pascale Braconnot (CEA-CNRS, France). CLIVAR will continue 
to be a major player in the World Climate Research Programme.

OPEN CALL FOR NOMINATIONS
Every year, the CLIVAR Scientific Steering Group (SSG) and CLIVAR Panels and Working Groups review their 
membership. We are seeking nominations or self-nominations for new members to serve in all CLIVAR panels 
from January 2015. New members will play a key role in driving CLIVAR’s scientific agenda onto the next 
decade.

Detailed information about CLIVAR panels, including current activities and membership can be found on our 
website: www.clivar.org

Membership of CLIVAR Panels and Working Groups is usually on a rotating basis and the initial term of 
appointment is of three years. The CLIVAR SSG meets every year, while other Panel and Working Groups meet 
approximately every 18 months. We not only look for scientific excellence and a high level of commitment to 
the CLIVAR vision, but also aim to achieve a multidisciplinary, nationality, gender and age balance.
 
Please contact the International CLIVAR Project Office (icpo@noc.ac.uk) so we can send you further 
information about the nomination process.

DEADLINE FOR NOMINATIONS: 31st March
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Background
There is increasing demand for historical records of the ocean 
variability.  For example, historical records of the ocean are 
needed as a reference for monitoring the current state of the 
climate, and also to initialize and validate long-range (e.g. 
seasonal and decadal) forecasts. Observations alone are often 
inadequate to generate the required estimate of the ocean 
variables and diagnostic quantities. Ocean model simulations 
can provide some insight on the ocean variability, but they 
are affected by errors in model formulation, initial states and 
forcing, and are not directly constrained by observations.  
The combination of ocean models, atmospheric forcing 
fluxes and ocean observations via data assimilation methods 
has the potential to provide more accurate information 
than observation-only or model-only estimations.   These 
combinations are known as ocean reanalyses.

Ocean reanalyses are also referred to as ocean syntheses, 
which may be more appropriate since it reflects the process 
of objective synthesis of information from different sources. 
The designation reanalysis is not so intuitive, but mirrors the 
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equivalent convention used for the more consolidated activities 
in the historical reconstruction of the atmosphere, and it has 
been adopted here.

The production of ocean reanalyses is now an established 
activity in several research and operational centres. Ocean 
reanalyses are revisited every so often, and new ‘vintages’ are 
produced at intervals of about five years, when improvements 
in ocean models, data assimilation methods, forcing fluxes 
or ocean observations are available. A review of the state 
of the art on ocean reanalysis produced around 2006 is 
given by Stammer et al (2010) and Lee et al. (2009), among 
others. A new vintage has recently been generated, which has 
come about through the availability of new surface forcing 
fluxes (from new atmospheric reanalyses), improved quality-
controlled ocean datasets, which include important corrections 
to observations (Lyman et al., 2006; Wijffels et al., 2009, 
among others), as well as the steady improvement in the 
ocean models and data assimilation methods. There are low 
resolution reanalyses (1 degree), spanning a long time period 
(typically 50 years), as well as higher resolution products 
(about ¼ of degree), which exhibit eddy permitting capabilities 
and are available for shorter records (usually the altimeter 
period 1993-onwards).

Although new reanalysis vintages are produced infrequently, 
some of the reanalysis products are continuously brought 
to quasi-real time, with the model and data assimilation 
methodology kept frozen. This is the case of the ocean 
reanalyses produced in operational centres for the initialization 
of coupled forecasts. Reanalyses that are continuously brought 
up to real time have the additional advantage that they allow 
monitoring of relevant climate variables (Xue et al., 2010).

In spite of the continuous improvements in methodology, 
the robust estimation of the ocean history with reliable 
error bars is a major challenge.  In addition to the three-
dimensional estimation of the ocean state at a given time 
(the analysis problem), the estimation of the time evolution is 
also required in a reanalysis. The time evolution represented 
by an ocean reanalysis will be sensitive to the time variations 
of the observing system, to the errors of the ocean model, 
atmospheric fluxes and assimilation system, which are often 
flow-dependent, and not easy to estimate. An ad hoc but 
pragmatic way of measuring the current uncertainty of the 
reanalyses products is to conduct an intercomparison leading 
to a multi-reanalysis approach.  The multi-analysis ensemble 
approach has been already used successfully to study of the 
ocean heat content (Xue et al 2012, Zhu et al 2012), and to the 
initialization of seasonal (Zhu et al 2012, 2013) and decadal 
forecast (Pohlmann et al 2013). 

A coordinated community effort on the intercomparison of 
existing ocean reanalyses could indeed exploit the existing 
information for a variety of purposes, namely  i) quantifying 
uncertainty, ii) measuring progress in the quality of the 
reanalyses and iii)  defining  indices for ocean monitoring.  
These are the motivations for the current Ocean Reanalyses 
Intercomparison Project (ORA-IP).

ORA-IP
The joint GODAE OceanView/CLIVAR-GSOP (Global Synthesis 
and Observations Panel) workshop in Santa Cruz (13-17 
June 2011, Oke et al 2011) called for a community action on 
exploitation of the latest ocean reanalyses for real time climate 
monitoring and intercomparison. It was decided to proceed 
in two stages. Although the ultimate goal is the near realtime 
monitoring of the ocean through indices based on an ensemble 
of reanalyses, the first stage should be to complete an Ocean 
Reanalysis Intercomparison Project (ORA-IP).

A viable proposal was put forward in Santa Cruz, based on 
the criteria of minimum effort.  The following procedure was 
proposed: 

A)    Production centres: operational and reanalysis centres 
were to provide relevant information (gridded fields of 
basic primary variables) in agreed formats and grids 
(where applicable), to enable the agreed intercomparison 
procedure to be carried out.

 
B)  Processing centres: for intercomparison purposes each 

processing centre would take on a particular variable in 
which they have a strong interest and expertise. They would 
then be responsible for the intercomparison and eventually 
monitoring of that variable. 

They would process ensemble statistics based on the input 
from the individual production centres, and create relevant 
indices, metrics or graphics which could be directly compared. 

The ORA-IP initiative proposed in Santa Cruz 2011 obtained 
enough momentum: relevant ocean variables were identified 
and several scientists volunteered to carry out the analyses 
(called processing agents hereafter); the processing agents 
produced documents for specific data requests, grids and 
formats; and different production centres provided the data 
in the requested format. Table 1 provides a list of the variables 
chosen for intercomparison, along with the responsible agent. 
The different ocean reanalyses included in the study appear in 
table 2.  
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The intercomparison was to target different areas:
•	  Routine monitoring of indices of societal relevance with 

uncertainty estimates using the ensemble;
•	  Production of robust data sets for understanding the ocean 

and for initializing and evaluating decadal prediction and 
IPCC models;

•	  Recommendations for future reanalyses production by 
identifying the weaknesses of existing approaches and the 
suitability of the ensemble approach.

A first step meeting occurred during the CLIVAR-GSOP and 
Air-Sea flux evaluation workshop held the 27-30 November 
2012 in WHOI, USA, where preliminary results were discussed 
and workplans adapted for 2013 activities, with the milestones 
of the workshop in Ocean Reanalysis Intercomparison, held 
at ECMWF on July 1-3, 2013, and the GODAE OceanView 
Symposium, that occurred in Baltimore, USA, 4-7 November 
2013. In this issue of CLIVAR EXCHANGES we present a 
summary of the progress to date in the ORA-IP project. The 
articles, one per processed variable, show some highlights 
of the intercomparison.  The issue finishes with a report of 
the workshop on Ocean Reanalysis intercomparison held at 
ECMWF in July 2013. 
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Introduction
Ocean syntheses represent an important tool for climate 
research and underpin a number of forecast activities, such 
as operational oceanography and seasonal-to-decadal 
prediction (Rienecker et al. 2010). Intercomparison of ocean 
syntheses brings important insights into the performance 
of data assimilation systems and adequacy of the ocean 
observing system to constrain key variables of interest, such 
as ocean heat content change (Carton and Santorelli, 2008; 
Xue et al., 2010). Here we present preliminary results from an 
intercomparison of a number of state-of-the-art ocean data 
assimilation products that has been coordinated as a joint 
activity under the auspices of the CLIVAR Global Synthesis 
and Observations Panel (GSOP) and the Global Ocean Data 
Assimilation Experiment (GODAE). 

Data Processing
For the purposes of this intercomparison, production centres 
provided monthly-mean two-dimensional fields of depth-
integrated potential temperature, <θ> , from the surface to a 
number of fixed depths, defined as:

<θ>	=	∫	θ	(x,y,z)	dz	

with units of either K*m or degC*m. <θ> anomalies – 
referenced to some baseline period – were converted to ocean 
heat content anomaly by multiplying by reference values for 
density (1025 kg m-3) and specific heat capacity (3985 J Kg-1 
K-1). The integration depths specified were: 0-100m; 0-300m; 
0-700m; 0-1500m; 0-3000m; and 0-4000m. For some 
products the closest model level was used for the integration, 
provided that this was within a few metres of the specified 
depth. The data were analysed as a “true” integral, meaning 
that the summation is inclusive of all ocean model grid boxes. 
To aid comparison, the data were interpolated to the standard 
1 × 1 degree latitude-longitude grid used by the World Ocean 
Atlas 2009 (Locarnini et al., 2010). 

Time Series of Ocean Heat Content Change
Time series of global ocean heat content (OHC) change (Figure 
1) show best agreement for the upper levels and the products 
start to diverge as the integration is carried out to deeper levels. 
The largest rates of 0-4000m OHC rise during the 1990s exceed 
3 Wm-2 (expressed relative to Earth’s surface area) for some 
products initialized in the early 1990s and cannot be considered 
physical. They are most likely artefacts of system spin-up or 
“shock”. Trends over the period 2000-2009 result for 0-4000m 
OHC change give values between about 0.1 and 0.8 Wm-2. We 
note that the observation based objective analysis products 
ARMOR3D and EN3 are both near the upper end of this range.

Ocean heat uptake below 300m appears to increase markedly 
in the early 2000s for most products (Figure 2), qualitatively 
supporting the results of Balmaseda et al. (2013) from the 
ORAS4 system. Note that it is the trend or change signal for 
each layer that is important, rather than the values of OHC per 
se, which is somewhat dependent on the choice of baseline 
period. While there is qualitative agreement in the integrated 
time series the spatial patterns of change over the 2000s 
below 300m varies among ocean data assimilation products 
(not shown). The objective analyses ARMOR3D and EN3 both 
show a similar signal of deep ocean heat uptake to ORAS4, 
illustrating that this signal is inherent to the observations and 
can be captured without a dynamical model. 

Time-Mean Ocean Heat Storage and  
Seasonal Cycle
Time mean ocean heat storage in the 0-1500m layer 
(Figure3a+b) shows the largest differences in coastal regions. 
This could be genuine differences in the model bathymetry 
but may arise simply from the way in which different products 
are interpolated onto the regular 1 × 1 degree grid used 
for the comparison. Away from the boundaries, the largest 
differences occur in the North Atlantic and Southern Oceans 
along the Antarctic Circumpolar Current. While the Southern 
Ocean is notoriously poorly observed, the North Atlantic has 
good historical coverage and differences here may arise due 
to different XBT corrections applied to the input data (e.g. 
Abraham et al., 2013). Relatively large spread is also found 
in the Indian Ocean, most notably in the Arabian Sea and the 
southeast Indian Ocean near the Leeuwin Current region. 

The seasonal cycle in ocean heat storage (Figure 3c+d) shows 
the largest amplitude in the western boundary current regions 
and also large values in the tropical Pacific and Indian Oceans. 
As one might expect, the ensemble spread is greatest in areas 
associated with western boundary currents and the Agulhas 
Retroflection, which may be sensitive to the representation of 
these features in the models. In general, the ratio of ensemble 
mean to ensemble spread (“signal-to-noise”) looks lower at the 
high latitudes. Future analysis will break the water column into 
a number of different layers, which may provide greater insight 
into differences among the products.

Summary and Future Work
We have presented a preliminary comparison of OHC among 
a subset of the ocean data assimilation products assembled 
for the GODAE/GSOP intercomparison project. Time series of 
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OHC change show best agreement in the upper few hundred 
metres and products diverge markedly as one integrates 
to deeper levels. Several products show unphysically large 
rates of ocean heat uptake during the 1990s and this may be 
related to initialization shock. We note that many products are 
designed primarily for operational oceanography or seasonal 
forecasting so one cannot assume that all products are suitable 
for monitoring of climate change signals. The recently reported 
increase in ocean heat uptake below 300m (Balmaseda et al., 
2013) is qualitatively supported by many data assimilation 
products as well as the objective analysis products  that do 
not include dynamical models. The amplitude of the seasonal 
cycle for 0-1500m O HC seems to be relatively well-constrained 
throughout the global ocean, with the greatest ensemble 
spread in western boundary current regions and the Agulhas 
Retroflection. This result may be reflective of the different model 
resolutions used by the products and/or differing phase errors 
for the location of these features. Work is ongoing to expand 
the number of products in the intercomparison. Two particular 
areas of focus for future work are: (i) spatial patterns of OHC 
change during the recent slowdown in surface temperature rise; 
(ii) comparison of interannual variability and the extent to which 
the amplitude is constrained by the ensemble. 
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Fig 1: Time series of global ocean heat content anomaly, relative to a baseline period of 1993-2007. Note that SODA only includes grid boxes 
that span the full column and therefore will tend to underestimate OHC changes as the depth of integration increases. ARMOR3D and EN3 are 
statistical analyses and do not include a dynamic model component.
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Fig 3: a) the ensemble mean time-averaged ocean heat content for 0-1500m; b) the ensemble standard deviation of a); c) the ensemble mean 
amplitude of the seasonal cycle in ocean heat content for 0-1500m; d) the ensemble standard deviation of c). Units are °C metres. All values 
computed for the period 1993-2009 based on ARMOR3D, CFSR, GLORYS2V1, ECCOJPL, GODAS, MOVEC, MOVEG2, ORAS4 and SODA.

Fig 2: Time series of global ocean heat content anomaly for a number of depth intervals, relative to a baseline period of 1993-2000. ARMOR3D and 
EN3 are objective analyses and do not include a dynamic model component. Results presented here are qualitatively representative of all products 
analysed to date. 
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Introduction
Seawater density, which is closely linked to ocean dynamical 
processes, e.g. creating horizontal pressure gradient and 
regulating the vertical stability/instability of the water column 
to drive global ocean circulation (e.g. Rahmstorf, 2006; Wang 
et al. 2011), is determined by both temperature and salinity at 
a certain pressure level. Therefore, besides sea temperature, 
the salinity of seawater can also play a very important role in 
the oceanic circulation (e.g. Cooper 1988; Fedorov et al. 2004) 
and thus global climate (e.g. Wong et al. 1999; Clark et al. 2002; 
Zhang and Vallis 2006). However, the assimilation of observed 
salinity was typically ignored in the “first generation” data 
assimilation systems (Balmaseda et al. 2009) because of the 
lack of reliable salinity observations and an assumption that its 
effect on seasonal ENSO forecasts is negligible. For instance, 
some coupled dynamical models (e.g. Cane et al. 1986; Luo et 
al. 2005) can predict ENSO events 2-3 seasons in advance with 
a reasonable level of skill without any initial salinity information. 

The International Argo Project (see http://argo.jcommops.
org), which began in 2001 when floats were first deployed 
in the Atlantic Ocean and then increased coverage for the 
global ocean by 2006, significantly improved the sampling of 
salinity observations. Argo collects measurements of real-time 
temperature and salinity profiles in the upper 2000 metres, 
and can be used to infer steric sea level and ocean velocity. 
Argo plays a crucial role in improving salinity assimilation and 
the description of seawater density (e.g. Balmaseda et al. 2007; 
Huang et al. 2008; Yin et al. 2011), and thus, has shown positive 
effects on the prediction of ENSO events and also potential 
impact on multiyear time scale prediction of some coupled 
systems (e.g. Balmaseda and Anderson 2009; Wang et al. 2011; 
Zhao et al. 2013a, 2013b).  

Zhao et al. (2013a, 2013b) compared the seasonal hindcasts 
of the Australian Bureau of Meteorology Predictive Ocean 
Atmosphere Model for Australia (POAMA) with and without 
observed salinity assimilation. Their results showed that 
the hindcasts using ocean initial conditions with observed 
salinity assimilation provides a more accurate depiction of 
the upper-ocean state than without and better preserves the 
temperature/salinity relationship and therefore reduces any 
potential imbalances between subsurface temperature and 
salinity, thereby resulting in better prediction skill for ENSO 
events. 

Therefore, assimilating observed salinity to provide more 
accurate oceanic initial conditions for a seasonal forecast 
system is not only necessary but also completely feasible. At 
present, most “second generation” ocean data assimilation 
systems assimilate both near-real-time temperature and 
salinity profiles through a variety of assimilation methods 
(Balmaseda et al. 2009). Their use for operational seasonal 
forecasting around the world has been showing encouraging 
improvements for ENSO prediction skill. In addition to the 
observed ocean data, the performance of an ocean analysis 
system also depends on the ocean model, assimilation 
technique and atmospheric forcing. Because ocean analyses 
systems are developed by various assimilation methods 
utilising different ocean models with different atmospheric 
forcing fields, it is necessary to make a comprehensive 
assessment of salinity reanalyses from different ocean 
assimilation systems. 

The motivation of this paper is to investigate the representation 
of salinity in as many as possible assimilation systems. In 
particular trying to understand how much disagreement 
there is between the different re-analyses and how big this 
disagreement is compared to the signal.

Intercomparison of Re-Analyses
The systems contributing to this study are summarised in the 
table 1 of the introductory article in this issue. Reanalyses from 
fourteen ocean assimilation systems are used in this study. In 
addition three objective ocean analysis (based on statistical 
methods and no model) are used as independently derived 
verification datasets, although essentially using the same input 
data. One of the problems with verifying ocean analyses is the 
lack of independent data because in most systems all available 
salinity observations are assimilated.

In this first comparison the salt content in the top 700m 
(referred as S700) of the ocean is assessed. Figure 1a shows 
the difference of annual mean S700 between the ensemble 
mean of the re-analyses from the 14 assimilation systems 
(ENSM14S) and the ensemble mean from the three objective 
analysis systems (ENSMOA) over the period 1993 to 2010. The 
difference is largest, up to around 0.2 (psu*700m), in regions 
of strong frontal variability such as the Gulf Stream, Southern 
Ocean along the Antarctic Circumpolar Current and to a lesser 
extent the Kuroshio. In the tropics the difference is generally 
less than 0.05 (psu*700m).
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Figure 1b shows the spread of annual mean S700 in the 14 re-
analyses, measured relative to the ensemble mean. In general 
the largest spread, up to 0.15 (psu*700m), is also associated 
with the areas of greatest mean difference compared to the 
objective analyses (Fig. 1a) and corresponding to areas of 
strong variability. The spread is also relatively large in the 
eastern equatorial Atlantic and the western equatorial Indian 
Ocean, where the spread reaches up to 0.1 (psu*700m).

Figure 1c shows the correlation of S700 anomalies between the 
ENSM14S and ENSMOA for the period 1993-2010 and shows 
how well the variability in the ensemble mean of the re-analyses 
form the 14 assimilation systems agree with the variability in 
the ensemble mean from the objective analyses. Correlations 
are relatively high, greater than 0.75, in the equatorial and 
sub-equatorial Pacific, particularly in the central and west. 
They are also high in the eastern equatorial Indian Ocean, and 
throughout parts of the sub-tropical and mid-latitude oceans. 
Correlations are relatively low, less than 0.5, in the western 
tropical Indian Ocean and parts of the sub-tropical Atlantic, 
particularly downstream of the Mediterranean outflow.

Each assimilation re-analysis can be individually correlated 
with the ensemble mean of the objective analyses (ENSMOA). 
Then the spread in this correlation gives an indication of 
the disagreement in the estimate of variability between the 
different systems. This is shown in Fig 1d. There is no clear 
correspondence between this and Fig.1c, i.e., no clear relation 
between the reanalysis-objective analysis ensembles and the 
spread of the correlation between individual reanalysis and 
the objective analysis ensemble mean. There is low correlation 
spread, i.e. good agreement between the re-analyses in 
equatorial Pacific and Indian Oceans. The spread in correlation 
increases away from the equator, and is relatively high in the 
southern ocean. This is believed to be related to the relatively 
sparse in-situ sampling in the Southern Ocean.

Figure 2a shows the spread in the S700 anomalies (seasonal 
cycle removed) of the 14 re-analyses about the corresponding 
ENSM14S. Spread is largest in the sub-tropics and mid-
latitudes, particularly associated with western boundary 
currents and the southern ocean. This gives an estimate of the 
uncertainty in the salt content field. In the western boundary 
current regions and parts of the southern ocean it reaches 
over 0.1 (psu*700m). The standard deviation of the ensemble 
mean ENSM14S is shown in fig. 2b. This gives an estimate of 
the variability of the signal and is highest in areas of strong 
variability such as the western boundary currents. It is also high 
in the western equatorial Pacific and central Indian Ocean.

The ratio of the standard deviation of the ENSM14S to the 
spread gives an estimate of the signal to noise ratio (SNR). 
This is shown in Fig. 2c. SNR is greater than 1 in the equatorial 
west Pacific, central Indian Ocean and small regions of the 
mid-latitude ocean. However, over most of the oceans the SNR 
is less than 1, indicating that there is relatively large spread 
and therefore disagreement in the estimates of salt content 
anomalies among the different re-analyses.

Conclusions
Salinity variability has a significant impact on the density 
structure and therefore dynamics of the ocean. At present, 
most “second generation” ocean data assimilation systems 
assimilate both near-real-time temperature and salinity 
profiles through a variety of assimilation methods. Evaluating 
re-analyses is very difficult because of the lack of validation 
data, especially the independent datasets. In this study we 
looked at the ensemble mean of 14 re-analyses derived from 
ocean assimilation systems and compared that with the 
ensemble mean of three objective analyses that did not use 
a model. Spread in the 14 re-analyses gives an indication of 
disagreement between the re-analyses and an estimate of 
re-analyses error. The signal to noise (SNR) ratio provides an 
estimate of where the signal measured by the ensemble mean 
dominates over the noise measured by the ensemble spread. 

Only in limited areas, like the western equatorial Pacific, 
central Indian Ocean and limited areas in the subtropics and 
mid-latitudes does the SNR exceed 1. Over most of the oceans 
the SNR is less than 1, indicating that there is considerable 
disagreement in the estimates of the variability of the 700m 
salt content between the different re-analyses. The spread in 
the inter-annual anomalies of the re-analyses shows values for 
the 700m salt content exceeding 0.1 (psu*700m) in regions 
associated with strong variability such as western boundary 
currents and the Southern Ocean. More detailed analysis 
will be produced in a future paper, including an evaluation 
of salt content over shallower layers which will provide more 
information on the distribution of salinity differences between 
the re-analyses. It will also be interesting to split the analyses 
“pre” and “post” Argo period.
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Fig. 1: 
a)  Annual mean difference of S700 (Depth-integrated salinity over 0-700m) between the ensemble mean of 14 ocean assimilation systems 

(ENSM14S) and the ensemble mean of  3 objective analysis systems (ENSMOA) for the period 1993-2010.

b)  The ensemble spread of annual mean S700 of all 14 ocean assimilation systems about their ensemble mean (ENSEM14S). The interval of colour 
bar is 0.05 (psu*700m). 

c) Temporal correlation coefficients of the S700 monthly interannual anomalies between the ENSM14S and the ENSMOA for the period 1993-2010.

d) The ensemble spread of correlation coefficients of S700 anomalies from all 14 ocean assimilation systems about that from the ENSEM14S.

Fig. 1a

Fig. 1c

Fig. 1b

Fig. 1d
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Fig. 2:
a) The ensemble spread of the monthly inter-annual anomalies 

(representing the uncertainty or ‘noise’) of S700 anomalies for all 14 
ocean assimilation systems about the ENSM14S.

b)  The inter-annual standard deviation of S700 anomalies from the 
ENSM14S for the period 1993-2010 which can be considered as the 
certainty or ‘signal’. The interval of colour bar is 0.02 (psu*700m).

c)  The distribution of ‘signal-to-noise’ ratio of S700 anomalies from 14 
ocean assimilation systems for the period 1993-2010.

Fig. 2a

Fig. 2c

Fig. 2b
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The steric sea level (SSL) refers to the change of sea level 
due to thermal and haline expansion or contraction. Its rise is 
responsible for about the 30% to 40% of the total sea level rise 
during the last decades, according to recent estimates (e.g. 
Cazenave and Llovel, 2010).
Ocean reanalyses offer a unique methodology to investigate the 
steric sea level variability, especially prior of the full deployment 
of the Argo network. They synthesize ocean observations, 
atmospheric forcing estimates, and ocean model dynamics to 
provide a complete view of the ocean state in space and time.

During a recent CLIVAR/GSOP and GODAE meeting, a joint 
initiative among ocean synthesis producers was established 
in order to extensively compare some climate-relevant key 
parameters from global ocean reanalyses.  CMCC is leading the 
intercomparison of the steric sea level.

The scientific objectives of the comparison consist of i) 
quantifying the global SSL, its uncertainty and the reanalyses 
consistency and skill with respect to independent estimates; 
ii) assessing the regional SSL change and the agreement 
among ocean reanalyses; iii) quantifying the relative 
contributions of the thermal and haline components and iv) 
quantifying the relative contributions of different vertical depth 
ranges. We present here some preliminary results from the 
intercomparison exercise, which involved 20 products, of which 
16-ocean reanalyses and 4 observation-only products, thus 
representing a major effort in evaluating the SSL provided by 
state-of-the-art ocean reanalysis systems. Data were provided 
as 1993-2009 monthly means on regular grid of 1-degree 
resolution, the same grid of the World Ocean Atlas. Individual 
thermosteric and halosteric components, along with the total 
steric sea level, were provided not only for the full-depth ocean, 

but also for a number of selected vertical depth ranges (0-100, 
0-300, 0-700, 0-1500, 0-3000, 0-4000 m). For each product, 
we consider for the comparison the anomalies with respect to 
the product long-term mean (1993-2009).
The comparison strategy consists of a validation period (2005-
2009) and an extended intercomparison period (1993-2009), the 
former covering the gravimetry era, while the latter the altimetry 
era. Within the validation period, the ocean synthesis products 
are compared with   SSL estimates given by monthly means of 
altimetric sea-level anomaly minus gravimetric ocean bottom 
mass anomaly. For the total component (altimetry), gridded 
monthly maps of sea-level anomalies from AVISO were used, 
while for the ocean bottom pressure signal, the ensemble of the 
GRACE RL05 solutions over oceans, smoothed with a 500-km 
radius Gaussian filter, were adopted (Chambers and Bonin, 
2012). For the latter, the global effect of the atmospheric sea level 
pressure is estimated from the ECMWF ERA-Interim atmospheric 
reanalysis and removed from the fields. Glacial isostatic 
adjustment effects from Peltier (2004) are also removed. 
Additionally, an attenuation factor is multiplied to the GRACE 
fields of equivalent water in order to restore the original bottom 
pressure variability after the GRACE data smoothing procedure.

For the validation period, it turned out that the Global 
SSL (GSSL) fluctuations are quite well reproduced by the 
reanalyses, its ensemble mean leading to an anomaly 
correlation of 0.83 with the independent satellite estimates; 
the seasonality of the GSSL is generally well reproduced while 
linear trends exhibit larger uncertainty and variability among 
the reanalyses. Interestingly, the ensemble of the ocean 
reanalyses is more skilful than the ensemble of objective 
analyses (i.e. observation-only products, with 0.80 correlation). 
It is also more skilful than any other individual products. This 
applies also to the regional SSL: in terms of area-averaged 
point-by-point anomaly correlation with the reference dataset. 
Figure 1 depicts the 2005-2009 map of temporal correlations 
between the ensemble of the reanalyses and the reference 
dataset (altimetry minus gravimetry), suggesting that there 
exists a very high consistency of the reanalyses ensemble 
with the verification dataset all over the Global Ocean, except 
in the Southern Ocean south of approximately 55S, where 
however the availability of in situ observations is incomplete. 
The ensemble of the reanalyses owns again a correlation (0.84) 
higher than any individual product (0.77 at the maximum) 
and the ensemble of the objective analyses (0.74). This 
latter feature is especially evident in areas with a poor in-situ 
observing network and/or impact of deep and bottom waters 
(e.g. ACC, Bering Sea). Thus, the ensemble mean proves a 
robust tool for further diagnostics.

For the extended intercomparison period (1993-2009), the 
reanalyses ensemble shows a good consistency for the GSSL 
also with respect to previous works (e.g. Cazenave and Llovel, 
2010 for a compilation of results), with a linear trend of 1.06 +/- 
0.05 mm/yr and 1.19 +/- 0.05 mm/yr for the reanalyses and 
objective analyses ensembles, respectively. In the future, the 
use of the climatological seasonal cycle along with interannual 
trends from GRACE may be considered in order to extend 
back in the past the validation dataset. Generally, we found 
no consensus on the relative contributions of the thermal 
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and haline components of the GSSL: while the halosteric 
contribution impact on the GSSL trend is generally neutral or 
slightly negative, there is no clear consensus on its contribution 
to the GSSL variability, its explained variance ranging from 
50 to 95%; however almost all the products suggest that the 
halosteric component acts more on seasonal than interannual 
scales. 

We have also assessed the contribution of different layers of 
the ocean to the global steric sea level rise and variability. A 
specific goal of this task is to study the impact of the “mostly 
unobserved ocean” (considered below 700 m for the 1993-
2009 period), as depicted from ocean reanalyses, which 
accounts for the 20% of the interannual signal variability 
in the case of the reanalyses ensemble. Figure 2 shows the 
contribution of different vertical layers on the steric sea level 
linear trend, for the major oceans along with the Global Ocean, 
providing an example of the impact of the deep waters on the 
SSL estimate. Note for instance the significant contribution of 
the 700-1500 m SSL in the Indian Ocean.

The initial effort described here highlights the value of ocean 
reanalysis ensemble in studying SSL, and provides a sense of 
the consistency among different reanalyses. The analyses are 
planned to be performed again by including new and updated 
reanalyses in the future..
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Fig 1:. 2005-2009 Steric Sea Level Anomaly correlation between the reanalyses ensemble and the validation dataset (altimetry minus gravimetry) 
described in the text. The thick black line in the Southern Ocean defines the contour line in correspondence of the significance level (0.254 at 95% 
confidence level). Data north of 65N are missing.
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Fig 2: Contribution of different vertical layers to the total steric sea level linear trend (1993-2009) for the Global, Atlantic, Pacific, Indian and 
Southern Oceans. The colored bars refer to the linear trends obtained from the ensemble mean product, while the black box is in correspondence 
of the ensemble mean of the trend values obtained by individual products. Also shown the spread (standard deviation) among the estimates from 
all the products.
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Introduction
Sea level is considered as an essential climate variable, and 
has been selected to be part of ORA-IP (see introduction 
article above). Participants of this CLIVAR / Global Synthesis 
and Ocean Panel (GSOP) and GODAE OceanView joint effort 
provided the monthly means of the sea level in the required 
grid (regular 1 degree). The Sea Level is often referred as Sea 
Surface Height (SSH), and in what follows the two names will 
be used interchangeably. 

Sea level is different from other variables entering the 
intercomparison. Thanks to the altimeter missions, regional 
and global sea level changes are relatively well observed, and 
it is unclear if ocean reanalysis can provide additional value. 
Besides, due to the approximations used in their equations, 
ocean models cannot represent global changes in steric sea 
level. These can be diagnosed (see steric height article in this 
issue), and some (but not all) reanalyses systems make use 
of this indirect information to adjust their global mean sea 
level. For this reason, the analysis of sea level in ORA-IP mainly 
targets verification aspects, so as to identify the strengths and 
weaknesses of the different SSH products, a valuable feedback 
to the reanalyses producers, and to infer the validity and the 
robustness of the ensemble approach. The SSH from ocean 
reanalyses, if properly treated (removal of global means), can 
also be used to validate the altimeter-only sea level products; 
especially when compared with other independent data such 
as sea-level from tide gauges. 

This article presents preliminary results of the SSH 
intercomparison, offering a few verification diagnostics for the 
2005-2010 period.

Data
Monthly means from the ocean reanalyses CFSR, C-GLOR05, 
ECCO-NRT, ECCO-v4, GECCO2, ECDA, GloSea5, MERRA Ocean, 

GODAS, G2V1, PEODAS, ORAS4, MOVE-C, MOVE-G2, MOVE-
CORE, SODA and UR025.4, and from ARMOR3D and LEGOS 
(annual means) observation only products, were provided in a 
common format, detailed information is given in Table 2 of the 
introduction article. The reanalyses are performed at different 
spatial resolution, from 1° to ¼°, depending on the application.  
The Global mean sea Level is not constrained in the same 
manner in all products. Some products use a constant value 
for global mean sea-level, while others use the time varying 
altimeter-derived values of the global mean. The along-track 
satellite altimetry is also not assimilated in all the products 
(see introduction article Table 2), and only a few products use 
information from tide gauges.

Production centres provided monthly averaged sea surface 
height re-gridded and smoothed on the global 1°x1° WOA grid 
resolution (e.g., Locarnini et al. 2010).  Since the reference 
mean sea level is somehow arbitrary, all the products were 
referred to a common baseline by removing, for each product, 
the corresponding global average value for January 2005. 
The treatment of marginal and continental seas needed some 
consideration as well, and here we have opted to mask the 
Caspian Sea. Statistics were not computed for marginal seas 
not covered by all products, like the Mediterranean, the Red 
and the Black Sea. High latitudes were not masked, even if the 
sea ice seasonal extent might be a source of larger errors for 
the satellite altimetry Sea Level Anomalies (SLA) used by the 
assimilation. Similar errors would affect the Mean Dynamic 
Topographies (MDT) used in the SLA assimilation. 

Comparison with baseline products
The comparison with monthly estimates of the ARMOR3D SSH 
has been performed over the 2005-2010 period. ARMOR3D 
is mapped using optimal interpolation of along-track SLA 
anomalies from AVISO, added to a MDT that combines in-situ 
and satellite data (Guinehut et al. 2012; Mulet et al. 2012). 
The SSH from ARMOR3D is effectively the delayed gridded 
SLA product from AVISO plus an external MDT. In parallel, 
comparisons have been made with a selection of 72 tide 
gauges from the Global Sea Level Observing System (GLOSS) 
over the 1993-2010 period (see http://www.gloss-sealevel.
org/). Selecting criteria are based on the number observations 
available each day, and each month, in order to use time series 
as continuous as possible. Prior to the monthly averaging of 
the tide gauge time series, tides and inverse barometer were 
removed using the same geophysical models as AVISO for 
satellite altimetry, in order to match the sea level physical 
content of the reanalysis products. Every product time series is 
spatially interpolated to the time gauge location.

As an example, Figure 1a shows the correlation between the sea 
level from ARMOR3D and tide gauges, where each respective 
seasonal cycle is removed (correlation for the full signal are 
slightly lower, not shown). The correlation is higher in the open 
ocean than in the continental shelves, and it appears higher 
in the tropics than at higher latitudes. The low correlation of 
the altimeter sea level with sea-level from tide gauges over 
the continental shelves is interesting (notice low values on 
the Chilean Coast and the South and North-Eastern Atlantic, 
among other locations). It might depict mismatches between 
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tide gauge measured local sea level variations and larger scale 
ARMOR3D SSH that reflect open ocean dynamics.

Figure 1b summarizes the tide gauge statistics from the 
different reanalysis products as a Taylor diagram. Produced by 
comparing for each product a unique series of values created 
by adding up all the individual time series at each location and 
by assuming that the random variability of each time series 
for a given product have similar statistical properties. This 
approach is acceptable because statistics are computed on 
corresponding values in time and location. The low standard 
deviation of the LEGOS product is related to its the temporal 
resolution (annual rather than monthly means). There is 
some dispersion among the reanalysis products. Note that 
some products do not assimilate sea level information, and 
those that use altimeter information can do so with different 
methodologies, indeed, the altimeter information can be used 
in a variety of ways: to constrain only the baroclinic mode, or 
the barotropic mode, or to constrain the fresh water budget. 
The altimeter can be assimilated in anomaly mode (using 
anomaly values relative to a reference periods) or using the 
absolute values (which implies the use of an external MDT, 
which differs between systems). Note also that the ARMOR3D 
product exhibits 0.75 correlation and 5.5 cm rms difference 
with tide gauge, slightly better than some individual reanalysis 
products, but the best correlations are obtained by the 
ensemble mean

Interannual and seasonal variability of the 
ensemble
Eighteen products have first been analysed to infer the global 
and regional SSH variability over the 2005-2010 period. Since 
the use of ocean models cannot add any information on the 
variations of global mean sea level, this information has been 
removed from each of the reanalyses products. Thus, in this 
comparison, only the spatial patterns of sea level change are 
analysed, and the global mean sea level has been removed from 
the monthly means of the individual reanalyses. 

Figure 2a shows the 2005-2010 sea level trend spatial pattern 
from ARMOR3D with a mean value of about 2.7 mm/yr, 
compatible with other estimates (Meyssignac; Cazenave 2012). 
Figure 2b shows a synthesis of mean sea level variability, once 
the respective global sea level trends and mean seasonal cycles 
are removed from each product. The spread indicates that 
most reanalysis products do not properly represent the global 
sea level, as discussed above. This is a limitation of this sea 
level synthesis. However, an interannual pattern appears, with 
similarities and robust signals present in most time series, for 
example in 2007. The ensemble means estimate capture and 
reproduce these patterns.

Ensemble means have been estimated in several ways. First, 
using all available products each month (ENS_all), second by 
selecting all complete products over the 2005-2010 period, 
and excluding observation only products (ENS_05-10). Then 
by weighting the products, with weights based on correlations 
with ARMOR3D (ENS_cx), or based on the rms differences with 
ARMOR3D (ENS_rms). These ensemble means are respectively 
represented by star, reverse triangle, triangle and square 

symbols in Figures 2 and 3. The ENS_all has also been plotted 
in Figure 1b. It shows that the ensemble estimate captures 
most of the SSH variability contained in the different products, 
and overall has reduced errors.

Figure 3 shows, in the Tropical Pacific and Indian Oceans, that 
the different ENS estimates depict very similar interannual 
variability of the sea level changes. By construction, ENS_cx and 
ENS_rms offer better matching when compared to ARMOR3D 
regional trends, seasonal cycle and the other statistical 
measures. It is still not clear that using ARMOR3D as a reference 
for weighting the ensemble mean offers the most robust results, 
however, ensemble estimation calibrated by independent 
observations seems promising. Computation of the ensemble 
estimate can also be revisited, instead of using the mean, a 
median or other statistical function could be tested, as it is done 
for the SST GMPE product (Martin et al. 2012).

In the specific case of the Tropical Pacific Ocean (Figure 3a), ENS 
estimates exhibit strong anti-correlation with the Multivariate 
ENSO index (http://www.esrl.noaa.gov/psd/enso/mei/mei.
html ), confirming the sea level association with ENSO events, 
in particular, the succession of La Niña 2007-08, El Niño 2009, 
then La Niña 2010-2011 occurrences. In comparison, the SSH 
over the Indian Ocean (Figure 3b) shows less marked interannual 
variability, although interestingly the values from mid-2006 
to 2010 are consistently higher than those in 2005.  The 
characterization of the interannual variability needs longer time 
series. It is planned to extend this study to the period 1993-2010. 

Future perspectives
This intercomparison is ongoing. The next step is to extend 
the analysis to the 1993-2010 period. This should allow better 
characterising of the sea level change patterns at interannual 
time scales. The intercomparison will make use of the new 
SSH product generated under the ESA CCI initiative. Ensemble 
mean computation needs to be further investigated, in order 
to provide a robust methodology for providing ensemble 
estimates, spread, and errors.

Regional patterns of SSH variability have been already 
studied, but more robust analysis should be carried out using 
EOF methods. The steric height variations contribute to the 
integrated sea level changes. Joint analysis of sea level, steric 
height, salinity and heat fluxes should also be carried out. 
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Fig 1: Map of SSH seasonal anomaly correlation between the selected tide gauges and ARMOR3D (a). Taylor diagram of SSH comparison with tide 
gauges (b). Red dashed circles indicate the RMS differences to the tide gauge values (1 cm rms steps). Black star corresponds to the Ensemble 
Mean estimate (see text for explanations).

Fig 2: Global pattern of the sea level trend (in mm/year) computed over 2005-2010 with the ARMOR3D SSH product (a). Time series over 2005-
2010 of SSH seasonal anomalies averaged between 65N-65S (b). The seasonal cycle and the global trend of each SSH time series have been 
removed. Black curves correspond to Ensemble Mean estimates (see text for explanations).
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Fig 3: Time series over 2005-2010 of SSH seasonal anomalies averaged over the Tropical Pacific Ocean [100E-160W / 15S-15N] (a) and the Indian 
Ocean [38-100E / 12S-10N] (b). Black curves correspond to Ensemble Mean estimates (see text for explanations).

Fig 3 (a) Fig 3 (b)
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Introduction
Recent improvement in modelling and assimilation techniques 
and increased observations offer a better description of global 
ocean processes. Evaluation of global ocean syntheses in the 
context of observation-only estimates is thus required for the 
Global Synthesis and Observations Panel (GSOP) of CLIVAR. 
Since mixed layer depth (MLD) is one of the most important 
metrics for the dynamical process of climate variation and 
for biogeochemistry, intercomparison of the seasonal to 
interannual variabilities in the global MLD will provide useful 
information to further facilitate both the synthesis approach 
and the study of climate variability and predictability.

Data
The synthesis/reanalysis datasets used in this study are 
monthly mean temperature-salinity (TS) fields from EN3v2a 
(UKMO), ARMOR3D (CLS), G2V3 (Mercator Océan), C-GLORS 
(CMCC), UR025.4 (U-Reading), GloSea5 (UKMO), ORAS4 
(ECMWF), GECCO2 (U-Hamburg), MERRA (GSFC/NASA), 
ECCO-NRT (JPL/NASA), ECCO-v4 (JPL/MIT(Massachusetts 
Institute of Technology)/AER(Atmospheric and Environmental 
Research)), ECDA (GFDL/NOAA), PEODAS (BOM), K7-ODA 
(RIGC/JAMSTEC), K7-CDA (DrC/JAMSTEC), MOVE-G2 
(MRI/JMA), MOVE-CORE (MRI/JMA) and MOVE-C (MRI/
JMA) (see the introduction article (Balmaseda et al.) in this 
issue for detailed descriptions of the datasets). The first two 
estimates are based on the statistical relationship between 
observations only; the latter 16 estimates use physical models 
with horizontal resolutions between 1/4 to 1 degree and data 
assimilation methods (reanalyses).

The MLD used in this study is defined as the depth where 
potential density exceeds the 10-m depth value by Δρ	=	0.03 or 

0.125 kg m-3 (MLDr003/MLDr0125). Similarly, the isothermal 
layer depth (ILD) is defined as the depth where potential 
temperature differs from the 10-m depth value by ΔT = 0.2 or 
0.5˚C (ILDt02/ILDt05). These depths are calculated from the 
monthly TS fields of syntheses/reanalyses on the native grids 
and the interpolated values are compared with each other on 
global longitude-latitude grids with one-degree resolution.

To evaluate the above MLDs/ILDs in the GSOP community, we 
compare them with the open MLD/ILD datasets of MILA-GPV 
(JAMSTEC; Hosoda et al., 2010) and de Boyer Montegut et 
al. (2004; “deBoyer” hereafter). These are estimated as the 
average of MLDs for the individual TS profiles. In particular, 
MILA-GPV uses only the Argo profiles without interpolation 
between grid points, although the spatio-temporal coverage of 
the dataset is limited. Note that deBoyer provides the monthly 
climatological fields (MLDr003 and ILDt02). We also use 
MLDs/ILDs calculated from the monthly TS climatology of the 
World Ocean Atlas 2009 (WOA09; e.g., Locarnini et al., 2010).

In addition, we evaluate the ensemble mean of the 16 
reanalysis MLDs/ILDs (“ENSMEAN”; not including EN3v2a 
and ARMOR3D). Note that this can differ from MLD/ILD 
calculated from the ensemble mean TS fields. The MLD/
ILD fields from the individual reanalyses suffer from model 
biases, although they have the advantage of using dynamical 
knowledge. The individual reanalysis MLDs/ILDs actually 
exhibit various biases in the mean fields according to the 
diversity of the configurations of the assimilation systems 
(not shown). However, the ensemble approach can reduce the 
effects of the biases (e.g., Lee et al., 2009). Therefore, we focus 
further on the features of the ensemble mean fields for the 
reanalysis MLDs/ILDs in this study rather than on the detailed 
representations of the individual reanalysis fields, which will be 
described in future work.

Results
Figure 1 presents the zonal-mean monthly MLD/ILD normalized 
differences of EN3v2a, ARMOR3D, deBoyer, WOA and 
ENSMEAN from MILA-GPV. Note that values averaged over 
the Argo-rich 2005-2011 period are plotted for MILA-GPV, 
EN3v2a, ARMOR3D and ENSMEAN, while the climatological 
fields are provided by deBoyer and WOA. The differences 
between deBoyer and MILA-GPV (MLDr003 and ILDt02) are 
generally small, since MILA-GPV and deBoyer are comparable 
datasets that use individual TS profiles. Note that relatively 
large differences in high latitudes may possibly result from 
the spatio-temporally limited observations there, especially 
for the Argo floats. MLDs/ILDs for EN3v2a and ARMOR3D 
exhibit shallower biases due to the use of gridded and 
monthly mean TS fields. The shallower biases are larger in 
WOA due to the use of the climatological TS field. Since the 
MLD/ILD calculated from the averaged TS profile is more 
strongly affected by profiles from which shallower MLD/ILD 
are estimated (c.f., de Boyer Montegut et al., 2004), using the 
interannually averaged TS profiles (as in WOA) can generates 
further shallower biases in the MLD/ILD field than using the 
monthly averaged TS profiles alone. ILDt02s in WOA are 20 to 
40% shallower than MILA-GPV globally, which is consistent 
with the indication by de Boyer Montegut et al. (2004). Note 
that using larger values for criterion (Δρ = 0.125 kg m-3 and ΔT	
=	0.5˚C) reduces the biases. The shallower biases in MLDr0125 
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and ILDt05 for EN3v2a and ARMOR3D are generally less than 
20% except for high latitudes. We found that a large portion 
of these shallower biases result from vertical resolution of the 
gridded TS data (details not shown). For example, at the 200-m 
depth, the mean vertical resolution for the 16 reanalyses is 20 
m approximately, while the vertical resolutions are 50 m, 25 m 
and 50 m for WOA, EN3v2a and ARMOR3D respectively. Note 
that vertical smoothing adopted in the latter further reduce 
the effective vertical resolution. The biases in ENSMEAN are 
small due to relatively high vertical resolution in the reanalyses. 
In addition, model biases are cancelled in most areas in 
ENSMEAN, although large positive biases remain in regions 
where common biases are known in coarse resolution models 
(e.g., the Kuroshio Extension and Antarctic Circumpolar 
Current regions; Hasumi et al., 2010).

Figure 2 plots the zonal mean correlation coefficients of monthly 
interannual anomalies (ACCs). For ACCs between each pair of 
datasets, the larger criteria for the MLD/ILD definition (MLDr0125 
and ILDt05) exhibit larger values. In addition, ACCs between 
EN3v2a and ARMOR3D are larger than those between MILA-
GPV and EN3v2a/ARMOR3D. This greater consistency between 
EN3v2a and ARMOR3D is possibly attributed to the greater spatio-
temporal coverage of these datasets relative to MILA_GPV (using 
only the Argo data) even during 2005-2011. ENSMEAN’s ACCs with 
EN3v2a and ARMOR3D are similar to those between EN3v2a and 
ARMOR3D. ACCs of the individual reanalyses with EN3v2a and 
ARMOR3D are much lower (not shown), which implies that noise 
due to the model biases of the individual reanalyses in detecting 
the signal of monthly interannual anomalies is remarkably reduced 
by the ensemble-mean approach.

Summary and discussion
We evaluated the seasonal and interannual evolution of 
MLDs/ILDs in the global ocean syntheses/reanalyses. MLDs/
ILDs estimated from gridded and monthly mean TS profiles 
have shallower biases than the estimates from individual TS 
profiles, as indicated by de Boyer Montegut et al. (2004). The 
criterion Δρ=0.125 kg m-3 (ΔT=0.5˚C) used for the MLD (ILD) 
definition is more suitable than smaller criterion of 0.03 (0.2) 
for reproducing both seasonal and interannual variabilities, 
since the mean fields are represented with smaller biases 
and correlation coefficients of monthly interannual anomaly 
among datasets are larger due to using the larger criterion. A 
more consistent signal of the MLD/ILD interannual variability 
is detected in the syntheses that use all available TS data 
(including Argo data) and the statistical relations than in the 
dataset using only Argo data, even during the Argo-rich period.

In the ensemble mean of reanalysis MLDs/ILDs, model biases 
of the individual reanalyses are generally cancelled and a 
better seasonal cycle is represented with smaller biases than 
those in each of the syntheses/reanalyses. In addition, the 
interannual signal detected in the reanalysis ensemble mean is 
consistent with those in the observational syntheses (EN3v2a 
and ARMOR3D). The reanalysis ensemble mean therefore 
provides a robust representation of the global ocean seasonal 
and interannual variability in MLD/ILD, which can be applied to 
climate studies together with other intercomparison results, 
such as for the surface forcing and heat content variability (see 
Valdivieso et al. and Plamer et al. in this issue).

Biases still remain in the ensemble mean of the reanalyses 
in some areas. These are partly attributed to the consistent 
model biases within low resolution models (such as associated 
with the overshoot of the Kuroshio path). In high latitudes, 
consistency among all the observational and reanalysis 
datasets is relatively low in terms of both seasonal cycle and 
interannual variability. This is possibly due to defects in both 
the reproduction of model and the coverage of observations 
(see also the intercomparison of the sea-ice field (Smith et 
al.) in this issue). Therefore, observational studies that fully 
describe the high-latitudinal variability are required as well as 
further improvement in modeling and assimilation techniques.

Parameterizations and resolutions of models, forcing datasets, 
and assimilation approaches adopted for the reanalyses 
used in this study differ widely, and MLDs are sensitive to a 
few of them (e.g., parameterization of vertical mixing). This 
requires further improvement in reproducing consistent MLD 
distributions in the reanalyses. However, the notable results 
from their ensemble use suggest the potential for refinement in 
representing the seasonal-interannual evolution of global MLDs 
in the individual reanalysis, which would in turn lead to a further 
improvements in the ensemble mean MLDs.
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Fig 2: Zonal mean correlation coefficients of monthly interannual anomaly during 2005-2011 (defined in this study as monthly 7-year data with 
mean seasonal cycle for this period removed), among MILA-GPV, EN3v2a and ARMOR3D (upper) and between ENSMEAN and MILA-GPV/EN3v2a/
ARMOR3D (lower).

Fig 1: Zonal mean monthly 
MLDs and ILDs averaged 
over 2005-2011. (left 
column) MILA-GPV. 
Others: Differences from 
MILA-GPV, normalized by 
the MILA-GPV values.
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Introduction
Most of the indices looking at coupled atmosphere-ocean 
variability are usually based on surface temperature and 
atmospheric variables (for instance the Multivariate ENSO 
Index, Wolter and Timlin, 2011).  Yet, it is widely acknowledged 
that ENSO dynamics and predictability is largely related to 
the displacements of the equatorial thermocline. In general, 
thermocline depth integrates changes in wind circulation. 
Hence, having robust and meaningful indices of the 
thermocline can be very useful for monitoring and prediction.  

The depth of the 20°C isotherm (D20) has been considered as 
part of this intercomparison project as a proxy for thermocline 
depth and variability in the tropical oceans. Participants of 
this CLIVAR / Global Synthesis and Ocean Panel (GSOP) and 
GODAE OceanView joint effort provided agreed datasets for 
D20 (see introductory and recommendation articles).

The main objectives of this D20 intercomparison are to:  1) Use 
the D20 to characterise the upper tropical ocean variability 
over the recent years;  2) Infer the validity and the robustness of 
the ensemble approach; 3) Identify strengths and weaknesses 
of the different D20 products (reanalysis or observed), and 
feedback to producers; 4) Propose and test some D20 indices, 
in order to monitor the thermocline variability at regional scales.

Here we present preliminary results of the D20 synthesis, 
based on the first set of products provided. Results from 
updates to the reanalyses products delivered during the 
summer 2013 are not included here, but will be included in 
future work

Data
D20 monthly means from the seventeen ocean reanalyses, 
namely, CFSR, C-GLOR05, ECCO-NRT, GECCO2, ECDA, 
GloSea5, MERRA Ocean, GODAS, G2V1, PEODAS, ORAS4, 
MOVE-C, MOVE-G2, MOVE-CORE, SODA and UR025.4, and 
from 2 observation-only products without ocean models, 
namely, EN3v2a and ARMOR3D were first provided in a 

common format. In 2013, updated or extended datasets were 
provided for ECCO-v4, C-GLORS05V3, G2V3, MOVE-CORE, 
MOVE-G2, GFDL and PEODAS. Detailed information is given in 
Table 2 of the introduction article. Reanalyses are performed 
at different resolution, from 1° to ¼°, focusing on climate to 
eddy permitting issues. They are conducted with different 
models and use different forcing fields. All products employ 
in-situ temperature observations to control the estimate of the 
thermal field. However, the different reanalysis systems use 
data from different repositories, which may differ in the amount 
of data, corrections to the XBTs, and quality control decisions. 
Besides, when other types of observations (salinity, SST, 
SLA etc…) are employed using a multivariate framework, the 
thermal field can adjust, so, the assimilation of other variables, 
and more generally, the different data assimilation methods, 
can also result in different estimations of the thermal field.  

Production centres provided monthly averages of D20 re-
gridded and smoothed on the global 1°x1° WOA resolution (e.g., 
Locarnini et al. 2010). The absolute value of D20 depends on 
the vertical discretisation of the model used in each reanalysis. 
For the top 200-m-depth, a majority of products have between 
16 and 25 levels. Few have less. And there is the small group 
of eddy-permitting, NEMO based reanalyses, characterized 
by high vertical resolution of the upper ocean (1-m levels in 
the first level, then 31 levels for the first 200-m depth). D20 
estimation depends also on the computation method used. 
However, monthly averages of D20 should be less impacted 
by the vertical discretisation than instantaneous fields. 
Differences in the mean will be removed when discussing the 
interannual variability. There is some ambiguity regarding 
the definition of D20 monthly means included in the 
evaluations: these can be either “monthly means of D20 from 
instantaneous values” or “the D20 from the monthly means of 
the temperature field”. This should be taken into account when 
interpreting the results because different groups have used 
different methods for these preliminary diagnostics.

Results
D20 from the seventeen reanalyses products were considered, 
together with the observation-only products EN3v2a and 
ARMOR3D, used as references. Some of the reanalyses 
started in the early fifties, as can be seen in the time series of 
D20 in the tropical Pacific shown in Figure 1a. However this 
comparison focuses on the 2005-2010 period (Figure 1b). The 
largest differences between products appears at the beginning 
of each analysis, but there is increasing convergence as time 
goes on, and all the products offer similar patterns of variability 
(although the differences in the mean persist). Note that the 
Tropical Pacific is better controlled after the 1990’s, benefiting 
from the TOGA program and the TAO-TRITON observations. 
Discrepancies of the order of 30 to 50-m-depth at the 
beginning are reduced to 20-m-depth after 2005. Although 
this can be indicative of the increasing amount of observed 
temperature and salinity vertical profiles from ARGO, it can be 
also due to the larger spread during the “spin up” period (many 
of the reanalysis model products started in 1993). 

Figure 1a shows consistent interannual and decadal variability. 
The 1997/8 El Niño for example is clearly visible as an absolute 
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minimum. There is also an apparent deepening trend after 
1999. Figure 1b shows that all D20 estimates are matching 
ENSO variability: shallower values for the entire Tropical Pacific 
basin during El Niño, and deepening on average during La 
Niña. Equatorial indices (such as the Niño boxes) may be more 
appropriate for characterising ENSO variability while larger 
tropical indices may reflect better the decadal variability. More 
work is needed to characterize better the different modes 
associated with the thermocline vertical variations.

Similar multi-reanalysis time series have been performed for 
the other tropical oceans (not shown). Results show that there 
is a group of reanalyses conducted with the NEMO model 
(Madec 2008, red lines in figure 1) that are shallower than the 
other products. Observed product mean values (blue curves in 
figure 1) over the 2005-2010 period are respectively 15 and 5 
meters deeper for the Tropical Pacific and Atlantic areas (not 
shown). Different assimilation techniques and forcing functions 
are used for these reanalyses, thus excluding these factors as 
the main causes of this apparent shallow bias. Whether this is 
related to the NEMO physics, to the way D20 is diagnosed in 
the NEMO model still needs to be established. For instance, 
D20 monthly means from NEMO-based products are monthly 
means of D20 from instantaneous temperature values. The 
role of vertical discretisation, usually higher for these products, 
should also be assessed.

The Ensemble Mean (EM) of D20 estimates (black curve in 
Figure 1b) has been computed using all reanalyses for the 
2005-2010 period, and excluding the two observation-only 
(OO) products. Figure 2 shows the spatial pattern of D20 in the 
EM (2a), the differences between the two OO products (2b), 
and the difference between each of the OO products and EM 
(2c and 2d). On average, EM is shallower than the OO products 
on the centre of gyres, and deeper on both eastern and western 

boundaries of the ocean basins. The differences in the western 
boundaries may be related to the misrepresentation of the 
path of western boundary currents by the models. However, 
the differences computed similarly between EN3v2a and 
ARMOR3D indicate that for latitudes higher than 25°, and for 
western boundary current areas, these comparisons need to 
be revisited. Closer to the equator, the Ensemble Mean D20 is 
slightly too deep in the Indian and Atlantic Oceans, as well as 
in the eastern Pacific. And is shallower than the OO products in 
the Pacific Warm Pool.

Future work
Updated D20 products are planned to be used for future 
work, including extension in time. Ensemble Mean estimates 
computed by weighting the different products is going to be 
tested, in order to evaluate robustness of estimates, and of 
associated spreading and errors. Analysis of the seasonal and 
interannual variability of the D20 in each basin will be carried 
out over the 1993-2009 period, with focus on the different 
modes of the upper ocean variability. Some of the biases 
identified in this study need further investigation. In particular 
the impact of the vertical discretisation and the monthly 
averaging of D20 estimates. 
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Figure 1: Monthly time series of the D20 estimates averaged over the Tropical Pacific Ocean [100E-160W / 15S-15N] from 1948 to 2011 (a), and 
limited to the 2005-2010 period (b). The black curve corresponds to the Ensemble Mean estimate. Red lines are for the reanalyses based on the 
NEMO model. Blue curves correspond to observed products.
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Figure 2: D20 Ensemble 
Mean estimate evaluation 
using EN3v2a and ARMOR3D 
observed products. Global 
map of D20 Ensemble Mean 
estimate averaged over the 
2005-2010 period (a). D20 
differences with ARMOR3D (c) 
and EN3v2a (d) for the same 
period. And D20 differences 
between ARMOR3D and 
EN3v2a (b).
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Introduction
Fifteen global air-sea heat flux products obtained from ocean 
or coupled reanalyses were examined (Table 1); eight are 
from low-resolution (2˚ - 0.5˚) ocean reanalyses, four from 
eddy-permitting ¼˚ reanalyses, and the remaining three are 
low resolution coupled reanalyses. These reanalyses have 
each been run with different model configurations, data 
assimilation systems, observational data sources and forcing 
methodologies. Most reanalyses are forced with bulk forcing 
using an atmospheric dataset taken from an atmospheric 
reanalysis product. In these cases, assimilation of sea surface 
temperature (SST) observations directly influences the net 
surface heat flux computation, as turbulent fluxes for heat 
(latent and sensible) computed from bulk formulae, and the 
outgoing long wave radiation computed using the Stefan-
Boltzmann Law– sensitively depend on the SSTs.

The purpose of this work is to assess the global heat closure 
in the products, the consistency of the seasonal cycle and 
interannual variability between the products, and to compare 
with other available fluxes from a variety of sources (primarily 
satellite, ships, buoys and atmospheric reanalysis). However 
these other sources are not completely independent (with the 
exception of satellite based radiative fluxes) because they may 
also use SST or near surface meteorological data to generate 
products. Nevertheless, they do enable some assessment 
of the uncertainty due to variations in analysis method. The 
additional datasets include the OAFlux latent and sensible heat 
flux product (Yu et al., 2008) combined with ISCCP satellite-
based radiation (Zhang et al., 2004), the ship-based NOC2.0 
product (Berry and Kent, 2009), the Large and Yeager (2009) 
hybrid flux dataset CORE.2, and two atmospheric reanalysis 
products, the ECMWF ERA-Interim reanalysis (referred to 
as ERAi, Dee et al., 2011) and the NCEP/DOE reanalysis R2 
(referred to as NCEP-R2, Kanamitsu et al., 2002).

Results
Figure 1 shows the 17-yr mean global heat fluxes from each 
product and the 15-member ensemble of flux estimates, as 
well as the other global flux products and their interannual 
variability. Most model products have positive bias (flux into the 
ocean), although this is usually considerably smaller than for 

the observational products, e.g., ISCCP/OAFlux and NOC2.0, 
and smaller than atmospheric reanalyses in some cases. The 
largest interannual variability is seen for the PEODAS product 
which uses ERA-40 forcing fields until 2002, and NCEP-R2 
based forcing onwards. Interannual variations over 1993-2009 
are ~1 Wm-2 for the ensemble of 15 flux estimates. The models 
close their heat budget through the assimilation fluxes, shown 
separately for some products. These are mostly negative 
(removing heat from the ocean on the global average) with 
the net total heat fluxes then being positive (consistent with a 
warming trend) and usually smaller than 2 Wm-2.

Figure 2 shows the individual surface heat flux components and 
how they vary along ice-free latitudes based on an ensemble of 
10 products (the standard deviation is shaded) with available 
flux components (indicated in bold in Table 1) in comparison 
with observational and atmospheric reanalysis estimates. 
These heat flux components exclude the assimilation heat 
sources associated with the data assimilation, which are shown 
separately in Fig 1. The surface heat balance (Qnet) at low and 
mid latitudes is largely determined by shortwave radiation 
(Qsw) and latent heat flux (Qlat), as the net longwave outgoing 
flux (Qlw) is relatively constant, and the sensible heat flux 
(Qsen) is small (except in the western boundary currents). 
The ISCCP/OAFlux positive bias in Qnet is due to both higher 
Qsw and less negative Qlat over a range of latitudes. In Fig. 
1 the NCEP-R2 product shows a reasonably closed heat 
budget, but in Fig. 2 it clearly differs from the other products 
with a negative Qnet bias in the tropics and positive at higher 
latitudes, mainly due to Qsw but also Qlat. The ensemble of 
Qsw estimates is close to ERA-Interim as expected (6 in 10 
products are forced with ERAi Qsw). The other ensemble 
components, and the spread, are largely consistent with the 
observation based estimates, except perhaps at high southern 
latitudes where heat losses seem slightly larger.

Figure 3 presents maps of the consistency between the 14 net 
surface heat flux products, with Fig. 3a showing the ensemble 
standard deviation in the 17-yr mean seasonal cycles from 
each product (the mean flux biases have been removed), and 
Fig. 3b showing the Signal to Noise Ratio of the ensemble of 
interannual flux variability for the common period 1993 - 2009. 
The PEODAS fluxes were removed from this comparison as 
they were a clear outlier having large noise signals for both 
seasonal and interannual variability. The location of flux buoy 
sites and the values at these buoys are superimposed on the 
maps to indicate where independent in situ flux measurements 
may be available for validation and where further comparisons 
are underway. In Fig. 3a the blue shows large areas where the 
mean seasonal cycles largely agree month to month, with 
variability between products of <10 Wm-2. Time mean biases 
between the flux products have been removed so this shows 
deviations from the mean seasonal cycle through the 12 
months. The seasonal ensemble spread of the model products 
interpolated onto buoys Papa, WHOTS, SOFS, NTAS, Stratus 
and TAO-W, all have monthly deviations <10 Wm-2, while at 
buoy locations TAO-E, KEO and CLIMODE, they have higher 
variability up to 27 Wm-2. Given the short records and gaps 
in observational data from many of the flux buoys, it is these 
seasonal reanalysis product variations that are probably most 
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suitable for evaluating against local observations, as advocated 
in Yu et al. (2013).

The interannual variability from the ensemble of flux estimates 
in Fig 3b has a clearly consistent Signal to Noise Ratio up to 2 
for the ENSO region in the tropical Pacific, where the two TAO 
buoys are located and may be able to sample this variability. 
Outside the equatorial Pacific, the ensemble of flux estimates 
has some suggestion of consistent interannual variability at 
the buoy locations WHOTS in the tropical Pacific and Papa in 
the Gulf of Alaska, where the signal to noise ratios reach values 
of 1.2-1.3, respectively. Buoys Stratus and NTAS have a value 
of 1, with other buoy locations having values <1. Reviewing the 
individual timeseries of fluxes at the buoys (not shown), it is 
clear that buoys such as WHOTS and Papa (and by extension 
the other regions with Signal/Noise > 1 in Fig 3b), probably 
are showing consistent interannual signals from most of the 
reanalysis products. These Signal/Noise plots do not however 
show the level of spatially correlated variations, which might 
be brought out by an EOF analysis for example. Obvious 
signals to look for would be those associated with the PDO or 
NAO in the Pacific and Atlantic basins, respectively; however, 
the 17-yr timeseries is of course quite short to identify such 
variability. A more extensive comparison is underway, including 
using a smaller number of longer reanalyses, trying to identify 
interannual variability more clearly. There is also scope for 
looking at surface flux signals correlated with other variability 
identified in other reanalysis variables, e.g., Ocean Heat 
Content, as reported elsewhere in this issue.
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Data Sets Model Surface Forcing Period

1 BOM PEODAS
MOM2

2° x (0.5° - 1.5°), 25L
ERA40 to 2002; then NCEP-R2 1980-2012

2 ECMWF ORAS4
NEMO

1° x (0.3° - 1°), 42L
Flux Forcing

ERA40 to 1989, ERAi thereafter
1960-2009

3 MRI/JMA MOVECORE
MRI.COM

1° x 0.5°, 50L
CORE.2 + Bulk Fluxes 1948-2007

4 MRI/JMA MOVEG2
MRI.COM

1° x (0.3° - 0.5°), 52L
JRA-25 + Bulk Fluxes 1993-2012

5 GECCO2
MIT

1° x (0.3° - 1°), 50L
NCEP-R1 + Bulk Fluxes 1993-2010

6 ECCOv4
MIT

1° x (0.3° - 1°), 50L
ERAi + CORE Bulk Forcing 1993-2010

7 NCEP GODAS
MOM3

1° x (0.3° - 1°), 40L
NCEP-R2 Flux Forcing 1980-2011

8 CMCC CGLORS05V3
NEMO

0.5° x (0.25° - 0.5°), 50L
ERAi corr + CORE Bulk Forcing 1990-2011

9
Univ. Reading 

UR025.3
NEMO v2.3
1/4°,  46L

ERAi + CORE Bulk Forcing 1989-2010

10
Univ. Reading 

UR025.4
NEMO v3.2

1/4°, 75L
ERAi + CORE Bulk Forcing 1989-2010

11 Met Office- GloSea5
NEMO v3.2

1/4°, 75L
ERAi + CORE Bulk Forcing 1993-2010

12 Mercator GLORYS2v1
NEMO

1/4°, 75L
ERAi corr + CORE Bulk Forcing 1993-2009

13 MRI/JMA MOVE-C
MRI.COM

1° x (0.3° -1°), 50L
Coupled Model Fluxes 1993-2011

14 NCEP CFSR
CFSRv2/MOM4

0.5°x (0.25° -0.5°), 40L
CFSR 1980-2011

15 GFDL ECDA
CM2.1/MOM4 

1° x (0.3° - 1°), 50L
Coupled Model Fluxes 1993-2011

Table 1: Summary of the 
net surface heat flux 
products from ocean 
or coupled reanalyses. 
Data sets listed in bold 
have individual heat flux 
components as well. All 
data are available on a 
monthly mean basis and 
have been interpolated 
to a common WOA 1˚ 
by 1˚ grid. The 17-year 
period (1993 – 2009) 
is chosen for the flux 
comparisons based upon 
the overlapping time 
frame between products.

Fig 1: Time-mean global net 
‘Surface’ heat fluxes (grey bars) 
and their interannual standard 
deviations (red error bars) over 
the 17 years (1993 – 2009) 
spanned by all data sets. The 
15-member ensemble of ‘Surface’ 
flux products is also shown (dark 
grey bar), along with observation-
based or atmospheric reanalysis 
products to the right hand side 
(orange bars). Eight products also 
have ‘Assimilation’ fluxes (blue 
bars) computed by integrating 
temperature increments from the 
surface down to the bottom, along 
with ‘Total’ fluxes, i.e., ‘Surface’ + 
‘Assimilation’ fluxes (green bars). 
Positive is heat flux into the ocean. 
Units are in Wm-2.
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Fig 3: Net surface heat flux variability of an ensemble of flux estimates based on products 2 to 15 in Table 1. a) Standard deviation among flux 
products resulting entirely from the 17-yr mean (1993 – 2009) seasonal cycle of each product. Units are in Wm-2. b) Signal to Noise Ratio of 
interannual flux variability over the 17-yr period 1993 – 2009. The Signal is estimated as the temporal standard deviation of the ensemble mean of 
annual flux anomalies over 1993-2009, and Noise is the product standard deviation around the ensemble mean, averaged over the same period. 
The location of flux buoy sites and the values of the standard deviation and the Signal/Noise interpolated onto these locations are superimposed 
on the maps.

Fig 2: Time mean (1993 – 2009) zonal 
average of the net surface heat flux (Qnet) 
and its radiative (shortwave, Qsw; longwave, 
Qlw) and turbulent (latent plus sensible, Qlat 
+ Qsen) flux components from an ensemble 
of 10 ocean/coupled reanalyses (listed in bold 
in Table 1) in comparison with other surface 
heat flux products. Assimilation fluxes due 
to subsurface temperature updating are 
not included. The shading areas represent 
variability among the ocean/coupled 
reanalysis products. Positive is heat gain by 
the ocean and units are in Wm-2. The latitudes 
are limited to ice-free regions because not all 
products include sea ice.
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Introduction
The dramatically declining Arctic ice cover observed in recent 
years (Stroeve et al., 2012) has prompted a growing interest 
in resource exploration and marine traffic (e.g. Stephenson et 
al., 2011; Smith and Stephenson, 2013). This has in turn led to 
an increasing demand for reliable ice prediction capabilities 
on timescales from hourly to seasonal.  The predictability 
of sea ice cover on seasonal timescales has been a topic of 
much interest in recent years with skill being demonstrated 
by various systems (Merryfield et al., 2013; Chevallier et 
al., 2013). Of particular note, several studies (Kauker et al., 
2009; Chevallier and Salas y Mélia, 2012) have found that 
the predictability of seasonal ice extent anomalies is strongly 
dependent on the initial ice thickness distribution. This 
highlights a weakness in almost all ice forecasting systems 
in that they don’t include the explicit assimilation of ice 
thickness observations. Moreover, it remains to be seen how 
the predictability of the seasonal ice cover depends on the 
representation of various physical processes and model details, 
such as spatial resolution and the inclusion of an ice thickness 
distribution. By intercomparing various properties of the sea 
ice cover in existing ice-ocean reanalyses, we aim to highlight 
deficiencies and best practises in these systems toward 
answering the question: Are current ice-ocean reanalyses 
suitable for initializing seasonal forecasts of the ice cover? Here 
we present preliminary results from this intercomparison.

Sea Ice Models and Assimilation Methods
The ice-ocean reanalyses considered here use a variety of 
model resolutions, physics and analysis methods. Reanalysis 
details are provided in the overview article (Balmaseda et al., 
2014) in this issue. For the ECMWF reanalysis system, three 
versions of the system were considered whereby only the 
method of assimilation was varied (none, linear, non-linear; 
Tang et al., 2013). While this intercomparison does not include 
regional reanalyses, it can be considered however, to cover the 

range of most current practices in global reanalyses. Model 
resolutions used range from fairly low 1° resolution to eddy-
permitting 1/4° resolution. 

Sea ice models used here include two community models, the 
Los Alamos Community Ice model (CICE; Hunke and Lipscomb, 
2010) and the Louvain sea Ice Model (LIM; Fichefet and 
Maqueda, 1997), as well as independently developed models. 
While these models and their particular implementation details 
may vary widely, an important distinction is the representation 
of the ice thickness distribution. Some models (e.g. CICE) 
include a sophisticated multi-category approach, while others 
use a single ice category. This different treatment of ice 
thickness impacts both ice dynamics and thermodynamics 
(Martensson et al. 2012).

Another important distinction is in the application of ice 
assimilation. Many systems employ a simple nudging of ice 
concentration toward a gridded ice analysis product (e.g. OSI-
SAF, NSIDC), while a few systems use more sophisticated ice 
assimilation methods (e.g. 3DVar, SEEK). However, perhaps 
the most important aspect of ice assimilation is in how the 
increments to concentration affect ice thickness. Two systems 
(ECWMF and Mercator) supplied different versions of their 
reanalyses with/without ice assimilation and the impact on ice 
thickness is non-negligible, albeit unconstrained (not shown).

Sea Ice Thickness
As noted above, several studies have suggested that sea 
ice thickness may be a predictor for seasonal sea ice extent 
forecasting. Fig. 1 shows an example highlighting the large 
range of mean ice thicknesses found for the various ice-ocean 
reanalyses in March 2007. Also shown is a satellite estimate 
of the ice thickness derived from ICESat (Kwok and Rothrock, 
2009) for February/March 2007. In general, the reanalysis 
products all exhibit the basic feature of thicker ice cover north 
of the Canadian Arctic Archipelago and Greenland as seen 
in the observations, albeit to a varying degree. However, the 
thickness of ice in the central Arctic and along the Siberian 
coast varies widely. In particular, the reanalyses tend to cluster 
toward either overly thin ice (~1m) or overly thick ice (>3m), 
with perhaps only one or two showing realistic thicknesses 
of about 2m. These differences are larger than interannual 
variations and are on the scale of the decadal thinning of the 
ice cover (not shown). The relative contribution of the various 
factors (e.g. model physics and resolution, atmospheric 
forcing, data assimilation) that may be contributing to these 
differences is a topic of ongoing study. Such large biases may 
limit the usefulness of these products for seasonal forecasting. 
Moreover, the errors responsible for these differences 
may contribute to the poor performance of centennial ice 
projections in climate models (Stroeve et al., 2007).
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Lagged Correlations of Volume and Extent
Numerous questions remain open considering the extent 
to which different characteristics of the ice cover are 
actually predictable. An important indicator of potential 
predictability is the lagged covariance between a given 
predictor and predictand (Blanchard-Wrigglesworth et al., 
2011). Both Chevallier and Salas y Mélia (2012) and Blanchard-
Wrigglesworth et al. (2011) have suggested that volume plays 
a role in the prediction of the Northern Hemisphere sea ice 
extent. Here, we examine the lagged correlations between the 
total Northern Hemispheric volume and extent in the different 
reanalyses. Here the ice extent is defined as the total area 
covered by grid cells for which the ice concentration is greater 
than 15%. Fig. 2 shows the lagged correlations of volume and 
extent for several of the reanalyses. The lagged correlation 
between the Pan-Arctic Ice Ocean Modeling and Assimilation 
System (PIOMAS; Zhang and Rothrock, 2003) and the National 
Snow and Ice Data Center (NSIDC) ice extent is also shown for 
reference, as these are two widely used products. The y-axis 
shows the volume for the prediction start month (predictor), 
with the month of lagged correlation of extent (predictand) 
shown on the x-axis. As such, the diagonal elements represent 
the zero-lag correlations of volume and extent, with lag 
increasing to the right. 

Two main periods of predictability can be seen. First, all 
systems show a positive correlation of summer volume and fall 
extent, with 8 of the 12 products in Fig. 2 showing a correlation 
of greater than 0.9. This is likely related to the fact that thicker 
ice will have a greater chance of surviving the melt season and 
thus would contribute to a greater ice extent in fall. In addition, 
some systems also show predictability of the spring ice extent 
based on the winter ice volume. While the presence of these 
two periods of predictability is encouraging, the signal varies 
highly between systems. Thus, while there is a suggestion of 
a pattern, further study is required to understand the relative 
importance of the various factors affecting the forecasting skill.

One important factor appears to be the impact of assimilation 
of ice concentration on thicknesses. The three ECMWF 
reanalysis products vary only by the ice assimilation method 
(none, linear, non-linear; Tang et al., 2013), yet they show 
quite different correlations, even at lag 0. In particular, the two 
methods with ice assimilation show a total loss of the summer 
predictability for one method (ERAL), while another (ERAN) 
was able to maintain (and possibly enhance) the correlations. 
The impact of the assimilation method can also be seen in the 
mean ice thickness (Fig. 1), where ERAL has much thicker ice 
than ERAN.

Conclusions
Here, we present preliminary results from an intercomparison 
of sea ice fields from various global ice-ocean reanalyses. 
These reanalyses were produced with a range of systems, 
which can be broadly classified by the following characteristics: 
atmospheric forcing, sea ice model, ice observations 
assimilated and ice assimilation method. While still at an early 
stage, already the intercomparison of sea ice fields has raised 
a number of issues and questions. In particular, to what extent 
do the significant errors found in ice thickness limit seasonal 
forecasting skill? The various products exhibit important 
differences in both ice thicknesses and lagged correlations. 
Of particular interest is the strong impact found on lagged 
correlations depending on the treatment of ice thickness when 
assimilating ice concentration. This issue is compounded 
by the limited amount of ice thickness data to correct 
either model biases (e.g. due to surface flux imbalances) or 
errors in the assimilation of ice concentration data. Recent 
improvements in both the observational coverage, for example 
from IceBridge (Kurtz et al., 2013), Cryosat2 (Laxon et al., 
2013) and other satellite retrievals (e.g. thickness derived from 
AVHRR; Wang et al., 2010) provide much needed resources 
(e.g. Lindsay, 2010; Titchner and Rayner, 2014) to address the 
lack of thickness data.

1  
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Fig. 1: Example of monthly mean sea 
ice thickness for the various ice-ocean 
reanalyses for March 2007. Reanalysis 
details are provided in the overview 
article (Balmaseda et al., 2014) in this 
issue. Also show is a satellite estimate of 
sea ice thickness from ICESat.
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Fig. 2: Lagged correlations 
of Arctic sea ice volume 
and extent between various 
global ice-ocean reanalyses. 
Also shown are the lagged 
correlations between the 
PIOMAS system and the 
NSIDC ice extent. Correlations 
are computed over the period 
1993-2007, which is common 
to all reanalyses with the 
exception of ECDA. 
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For all the participants of the GODAE OceanView/CLIVAR 
GSOP intercomparison joint effort, by the beginning of 2013 
it was clear that a dedicated workshop was needed to discuss 
the results of the ORA-IP initiative. The workshop was held 
at ECMWF 1st-3rd July 2013. The scope of the workshop was 
limited to the understanding of the consistency and differences 
between the reanalysis products, the evaluation of fit-for-
purpose, and the possible exploitation of the suite of reanalysis 
using the ensemble approach. 

The workshop format consisted on presentations by the people 
responsible for variable processing, followed up by in-depth 
discussion of the results.   The following outcomes were expected:  

1)  Specific recommendations on how to finalize the 
intercomparison of chosen ocean variables (ocean heat 
content, mixed layer depth, steric height, sea level, 20-degree 
Isotherm, salinity, surface heat fluxes, transports, sea-ice).

2)  Recommendations on how to make the results and data 
accessible to the wide climate community.

3)  Recommendations on how to improve the ocean observing 
system, assimilation methods, models and surface fluxes.

The different points were discussed in two separate working 
groups, which provided recommendations in a final plenary session.

Recommendations
The recommendations were structured in two big themes: 
I) how to finalize the current intercomparison in the short 
term and II) how to exploit further the ocean reanalyses (in 
the medium term). The importance of using reanalysis for 
real-time climate monitoring was acknowledged during the 
workshop, but not discussed explicitly. It was considered that 
the recommendations for themes I) and II) provided guidance 
and infrastructure on how to extend the intercomparison to 
eventual real-time monitoring.  

Theme I: How to finalize the current intercomparison?
1)  Finalize the current intercomparison including the minimum 

base period 1993-2009. There should also be a focus study 
on the 2004-2009 Argo period.

2)  The intercomparison should include an evaluation of the 
ensemble mean, spread and signal-to-noise ratio for mean, 
seasonal cycle, interannual variability and trends.

3)  The ORA-IP results should be ready for presentation in the 
GODAE Ocean View Symposium (November 2013)

4)  The ORA-IP initiative and results should be announced in 
CLIVAR Exchanges

5)  The ORA-IP results should be published in a special issue 
of a peer-reviewed scientific journal, in order to reach the 
wider oceanographic and climate community. 

Theme II: How to exploit ensemble of ocean synthesis 

products further?
6)  To promote interaction with the user community. Climate 

scientist, seasonal and decadal forecasts community are 
users of ocean reanalysis products. The reanalysis can be 
used for process studies, for validation of climate models, 
and for initialization and verification of long lead forecasts.  

7)  To encourage the archive of individual reanalysis products in 
a user-friendly format, such as that adopted for the CMIP-5 
data repository (netcdf CF-compliant) or Obs4MIP.

8)  The ORA-IP variables should be archived in a public data 
repository, including ensemble means and spreads, in the 
grid used for the intercomparison (1x1 lat/lon regular grid) 
and in an user friendly grid and format  (netcdf CF-compliant 
format).  An ORA-IP version number should be part of the 
metadata. The version number is important if we want 
to trace progress between subsequent ORA-IP, including 
improvements in the observing system and in the assimilation 
methods.  Signal-to-noise ratios on different time scales are 
essential information to assess the adequacy of variables for 
process studies, forecast initialization, forecast verification 
and monitoring of climate indices. A public archive will benefit 
the interaction with the user communities.

9)  In addition to the ORA-IP ensemble mean and spread 
upon the overlapping 1993-2009 period, it would also be 
desirable to archive also the individual reanalysis products 
in the same grid and format, although this may not be easy 
in a first instance due to data policy issues. 

10)  The information in current public web pages such as 
reanalysis.org and EasyInit (https://icdc.zmaw.de/easy_
init_ocean.html?&L=1#c2231) should be as comprehensive 
as possible and kept up-to-date.

11)  To encourage interaction with the Working Group for 
Ocean Model Development (WGCMD) in the area of model 
evaluation and metrics.  

12)  To encourage interaction with the observation community 
to i) improve the observation quality control and ii) obtain 
guidance regarding observation uncertainty. The result of 
this interaction should be improved and consistent quality 
controlled data sets for assimilation and better formulation 
of the observation errors in the data assimilation.
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