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budget is growing with time. Increments control the most 
recent ocean heat uptake signals, highlighting imbalances 
in forced reanalysis systems in the ocean as well as in the 
atmosphere.
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1 Introduction

Climate monitoring has been a growing activity over the 
last decades especially since the threat of climate change 
has been acknowledged by the general public (Trenberth 
et al. 2016). Reconstructing the past climate is essential as 
it helps understand whether the recently observed climate 
changes are the result of the long-term natural variability 
or whether their origin is anthropogenic. Climate reanalysis 
has been shown to be a great tool for climate reconstruction 
by optimally combining observations and climate models 
(Dee et al. 2014). The National Centers for Environmental 
Prediction (NCEP) and the European Centre for Medium-
range Weather Forecasts (ECMWF) conducted extended 
climate reanalyses of the atmosphere over the twentieth 
century—using 20CR (Compo et  al. 2011) and ERA-20C 
(Poli et al. 2016), respectively—using, as much as possible, 
a consistent set of conventional surface observations. Such 
reanalysis datasets showed ability to detect climate signals 
from intra-seasonal to decadal timescales and long term cli-
mate trends.

The ocean modelling community has been using sur-
face forcing from atmospheric reanalyses to produce multi-
decadal ocean model simulations and ocean reanalyses. 
Ocean model intercomparisons have been carried out in 
the context of the Coupled Model Intercomparison Project 

Abstract This paper presents a ten-member ensemble 
of twentieth century Ocean ReAnalyses called ORA-20C. 
ORA-20C assimilates temperature and salinity profiles 
and is forced by the ECMWF twentieth century atmos-
pheric reanalysis (ERA-20C) over the 1900–2010 period. 
This study attempts to identify robust signals of ocean heat 
content change in ORA-20C and detect contamination by 
model errors, initial condition uncertainty, surface fluxes 
and observing system changes. It is shown that ORA-20C 
trends and variability in the first part of the century result 
from the surface fluxes and model drift towards a warmer 
mean state and weak meridional overturning circulation. 
The impact of the observing system in correcting the mean 
state causes the deceleration of the warming trend and 
alters the long-term climate signal. The ensemble spread 
reflects the long-lasting memory of the initial conditions 
and the convergence of the system to a solution compat-
ible with surface fluxes, the ocean model and observational 
constraints. Observations constrain the ocean heat uptake 
trend in the last decades of the twentieth century, which is 
similar to trend estimations from the post-satellite era. An 
ocean heat budget analysis attributes ORA-20C heat con-
tent changes to surface fluxes in the first part of the century. 
The heat flux variability reflects spurious signals stemming 
from ERA-20C surface fields, which in return result from 
changes in the atmospheric observing system. The influ-
ence of the temperature assimilation increments on the heat 
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Phase 6 (CMIP6) to investigate the origins and impacts of 
systematic model biases (Griffies et al. 2009, 2014, 2016; 
Danabasoglu et  al. 2014). Intercomparisons of ocean rea-
nalyses (Balmaseda et  al. 2014; Palmer et  al. 2014) have 
been coordinated by the CLIVAR Ocean Model Develop-
ment Panel (http://www.clivar.org/clivar-panels/omdp) to 
help quantify uncertainty due to changes in the observing 
system, model bias, atmospheric fluxes and assimilation 
methods and to provide a measure of the quality of the 
reanalyses. Extended atmospheric reanalyses such as the 
above mentioned 20CR and ERA-20C are now providing 
surface forcing for century-long ocean model simulations 
and data assimilation experiments. Müller et  al. (2015) 
conducted ocean simulations forced by 20CR and were 
able to link changes in water mass properties in the North 
Atlantic in the 1920s to sea level pressure variability. He 
et  al. (2016) studied the impact of the atmospheric forc-
ing on the intensity of the Atlantic Meridional Overturn-
ing Circulation (AMOC) in ocean hindcasts. Ocean data 
assimilation experiments were also conducted over the 
twentieth century. Giese et al. (2016) chose to only assimi-
late SST observations to produce an ensemble of ocean rea-
nalyses over the last 200 years forced by the 20CR version 
2. They successfully reconstructed the climate evolution of 
the upper-ocean temperatures and heat content. Yang et al. 
(2016) compared data assimilation strategies for historical 
ocean reanalyses using both SST and subsurface observa-
tions. Their results showed that model biases develop dur-
ing the first half of the twentieth century. By the 1950s, 
as the ocean observing system starts covering large scale 
regions, the ocean reanalyses exhibit large variability. Such 
variability can be a consequence of the large increments 
produced by the data assimilation when confronted with 
an increasing number ocean observations. In this context, 
a better understanding of the relationship between ocean 
model dynamics and its response to the atmospheric forc-
ing and the changes in the ocean observing system is cru-
cial when aiming for an improvement of the next genera-
tion of ocean historical reanalyses.

This study investigates these aspects in the first 10-mem-
ber ensemble of twentieth century ocean reanalyses pro-
duced at ECMWF as part of the EU-funded ERA-CLIM2 
project, called Ocean ReAnalysis of the twentieth century 
(ORA-20C). Surface boundary conditions come from 
the ERA-20C atmospheric reanalysis. ORA-20C cov-
ers the period 1900–2010 and has been used to initialize 
the coupled ECMWF reanalysis system (Laloyaux et  al. 
2016) for extended climate reconstruction. The analysis 
provided here will serve as a reference to understand the 
behaviour of future coupled datasets (Laloyaux et al. 2017). 
This study attempts to identify the sources of uncertainty 
behind the climate signals detected in ORA-20C. The 
ensemble information in ORA-20C is used to highlight the 

interaction between the model timescales and the evolv-
ing ocean observing system. An ocean heat budget study is 
carried out to assess to what extent interannual-to-decadal 
signals detected in the reanalysis fields are affected by the 
model drift, the ocean observing system and the atmos-
pheric forcing, respectively. Such a study also provides the 
first assessment of the ERA-20C atmospheric reanalysis 
surface fields from the perspective of the response of the 
ocean subsurface.

In the following, Sect. 2 describes the configuration and 
initialization strategy used to produce ORA-20C. Section 3 
focuses on the ocean heat content (OHC) from ORA-20C. 
Sensitivity to model drift, climate variability and long-term 
trends are addressed and comparisons with respect to exter-
nal products are carried out. Section  4 presents an ocean 
heat budget study for the attribution of interannual-to-dec-
adal signals in the OHC. Section 5 summarizes and draws 
the conclusions from this work.

2  ORA‑20C production

2.1  Configuration

ORA-20C reanalysis is conducted using the NEMO frame-
work version 3.4 (Madec 2008). The ORCA1Z42 configu-
ration used here corresponds to a 1° horizontal resolution 
with a refined mesh in the Tropics and 42 vertical levels 
with a first layer of 10-m thickness. NEMO includes the 
Louvain-la-Neuve Sea Ice Model (LIM) version 2 and 
active wave-ocean interactions using wave parameters from 
the atmospheric forcing (Breivik et  al. 2015). ORA-20C 
upper boundary conditions come from 3-h surface fields 
from ERA-20C. Surface heat and freshwater fluxes are 
estimated with the CORE bulk formula (Large and Yeager 
2004). The Sea Surface Temperature (SST) is constrained 
towards the control member of the HadISST2 monthly 
analysis (Titchner and Rayner 2014) by applying a surface 
heat flux correction (in  Wm−2). This correction is estimated 
as the difference between the model SST and the HadISST2 
analysis multiplied by a relaxation coefficient (here equal 
to −200  Wm−2 K−1, corresponding to a 2–3 day relaxation 
timescale). The Sea Surface Salinity (SSS) is constrained 
towards the SSS climatology from the World Ocean Atlas 
2013 (Locarnini et al. 2013) (WOA13) by applying a fresh 
water flux correction (in mm  day−1). This correction is esti-
mated as the difference between the model SSS and the SSS 
climatology from WOA13 multiplied by a relaxation coef-
ficient (here −33 mm day−1, corresponding approximately 
to a 1-year timescale). A weak 3D relaxation to subsurface 
temperature and salinity climatologies from the WOA13 is 
also applied. The restoration factor is in  s−1 and its strength 
is proportional the inverse of the relaxation timescale 

http://www.clivar.org/clivar-panels/omdp
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(20 years in that case). It means that with idealized clima-
tological forcing the model would converge to the speci-
fied climatological values in about 20 years. This term was 
introduced as a way to stabilize the system in long runs, but 
allowing decadal variability. The ORA-20C ensemble uses 
perturbations on the SST and surface fluxes generated fol-
lowing the method used by Hirahara et al. (2016).

2.2  Data assimilation and observations

ORA-20C assimilates ocean subsurface conventional 
observations with the NEMOVAR data assimilation sys-
tem using a 3D-VAR with a First Guess at Appropriate 
Time (FGAT) approach (Weaver et al. 2003, 2005; Vialard 
et al. 2003; Ricci et al. 2005; Daget et al. 2009). The use 
of NEMOVAR at ECMWF is thoroughly described in 
Mogensen et al. (2012), Balmaseda et al. (2013a) and Zuo 
et al. (2015), and hence only a broad description of the data 
assimilation procedure is provided here. A first free-model 
trajectory (first guess) is used to estimate the model depar-
tures with respect to the observations. The data assimila-
tion algorithms minimize a cost function ensuring optimal 
use of both observations and model physics. This proce-
dure provides an increment that is applied to the vector of 
state variables of the ocean model (temperature, salinity, 
ocean currents and sea level) to produce the ocean analysis. 

The increment fields from NEMOVAR are archived and 
monthly averaged. The temperature assimilation increment 
fields (in K  day−1) and their impact on the OHC and the 
ocean heat budget are discussed in Sects. 3 and 4.

In ORA-20C, NEMOVAR assimilates ocean tempera-
ture and salinity profiles with a 1-month data assimila-
tion window. Observations come from the UK MetOffice 
EN4.0.2 dataset (Good et  al. 2013) that uses a bias cor-
rection for bathythermograph data from Gouretski and 
Reseghetti (2010). The number of profiles is very low in 
the first part of the twentieth century (Fig.  1a) with most 
observations close to the coast in the Northern Hemisphere. 
The observing system grows with time (Fig.  1b, c) with 
more and more measurements from eXpandable Bath-
yThermograph (XBT) and conductivity temperature and 
depth (CTD) devices. The Southern Ocean remains poorly 
observed until the late 1990s. By the end of the ORA-20C 
period, the tropical arrays of mooring buoys and the Argo 
profiling floats provide a relatively good coverage of the 
global ocean (Fig. 1d).

2.3  Initialization

Initialising ORA-20C is a challenge because of the poor 
knowledge of the ocean state and the weak observational 
constraint in the early twentieth century. The ORA-20C 

(b) EN4 profiles location − 1950(a) EN4 profiles location − 1910

(c) EN4 profiles location − 1980 (d) EN4 profiles location − 2008

Fig. 1  Profile locations in the EN4 dataset for the years a 1910, b 1950, c 1980 and d 2008. Profiles from CTD are in blue, XBT in black, buoys 
in green and floats in red 
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ensemble should take into account such uncertainty and 
start from initial conditions covering a wide range of plau-
sible ocean properties and dynamics for January 1900. 
Such initial conditions are produced following a two-step 
process summarized in Fig.  2. A first twentieth century 
ocean model experiment without assimilation (referred 
to as NoDA in the next sections) is conducted over the 
1900–2010 period starting from initial conditions from 
ORAS4 (Balmaseda et  al. 2013a) taken on 1st January 
1979. The mismatch of atmospheric conditions between 
1900 and 1979 results in a spin-up of the model over the 
first decades of the twentieth century.

Assuming that the memory of the initial state has van-
ished in NoDA after the 1940s, the ocean state from 1st 
January 1959 is used to initialize three twentieth cen-
tury Ocean Data Assimilation (ODA) experiments start-
ing in 1900. These three ODA experiments use the same 
EN4 data and the same relaxation scheme as described in 
Sects. 2.1 and 2.2. The first experiment is a control ODA 
run (NoBC). In the second (BC1) and the third (BC2) ODA 
experiments, the bias correction scheme developed by 
Balmaseda et al. (2007) is activated. This scheme aims to 

correct for temperature and salinity biases in the extra-trop-
ical regions and applies a pressure correction in the tropical 
regions. The bias term is the sum of an offline bias esti-
mated as the monthly climatology of the ocean assimilation 
increments from a pre-production run over a well-observed 
recent period (here 1989–2008) and an online bias which is 
updated each analysis cycle. More details on the use of bias 
correction in NEMOVAR can be found in Mogensen et al. 
(2012) and Zuo et al. (2015).

Two different climatological biases are estimated from 
pre-production experiments forced by ERA-Interim (Dee 
et al. 2011) and ERA-20C, respectively, and applied in the 
BC1 and BC2 runs. NoBC, BC1 and BC2 show sensitiv-
ity to the bias correction settings in the poorly-observed 
early twentieth century [see more details in de Boisséson 
and Balmaseda (2016)], displaying a wide range of ocean 
states in terms of OHC (Fig. 3a) and Atlantic Meridional 
Overturning Circulation (AMOC, Fig.  3b). Ocean states 
at dates sampling different OHC mean states and different 
phases of the AMOC are chosen as initial conditions for 
the 10 members of ORA-20C (see stars on Fig. 3). Ocean 
states from the 1st January 1936, 1st January 1940, 1st 

Fig. 2  Initialization proce-
dure. A first twentieth century 
run without data assimilation 
(NoDA) is conducted. NoDA 
provides initial conditions for 
three twentieth century ODA 
runs. NoBC is a control ODA 
experiment. BC1 and BC2 use 
bias correction with different 
climatological components. 
NoBC, BC1 and BC2 provide 
the initial conditions for the 
ORA-20C ensemble members

(a) OHC 0−300m 60S−60N (b) AMOC 26N

Fig. 3  a Ocean heat content (in  Jm−2) averaged between 60S–60N 
in the layer 0–300 m. Experiment NoBC (control ODA without bias 
correction) is in black. Experiment BC1 and BC2 (with bias correc-

tion) are in blue and red, respectively. Stars are located at the dates 
selected as initial conditions for the members of ORA-20C
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January 1951 and 1st January 1959 are selected in experi-
ments NoBC and BC1. As experiment BC2 showed strong 
sensitivity to the bias correction, we selected only two 
ocean states from the 1st January 1930 and 1st January 
1965 that sample phases of large increase/decrease in the 
strength of the AMOC (Fig. 3b). The spread in initial con-
ditions is assumed to be representative of the uncertainty 
in 1900. The bias correction is not used in ORA-20C for 
consistency purposes—the climatological bias of the well-
observed period is not necessarily representative of the bias 
in the early twentieth century.

3  Ocean heat content in ORA‑20C

The evolution of OHC has been tagged in several studies 
as an indicator of the ocean heat uptake (Willis et al. 2004; 
Gregory et al. 2004; Levitus et al. 2012; Balmaseda et al. 
2013b; Durack et al. 2014; Cheng et al. 2015, 2017), a pro-
cess that is instrumental in climate studies (Abraham et al. 
2013; Palmer et al. 2015). In ORA-20C, the OHC gives an 
integrated view of long term signals and of the evolution of 
the ensemble spread.

3.1  Comparisons to other products

The OHC from ORA-20C is first compared to other prod-
ucts in the upper-ocean (0–300 m) to ensure its relevance. 
ORAS4 was the operational ECMWF ocean reanalysis 
until November 2016 (Balmaseda et  al. 2013a). It has 
five members and was produced at the same resolution 
as ORA-20C from 1958 to present. Along with the EN4 
temperature and salinity profiles, the Hadley Centre pro-
vides a monthly objective analysis (Good et  al. 2013), 
referred to as EN4OA, that allows one to estimate area 
averaged heat content. It is worth noting that EN4OA 
relaxes to climatology in the absence of observations. The 
Simple Ocean Data Assimilation reanalysis version 2.2.4 
(referred to as SODA, Carton and Giese 2008) is an ODA 
experiment conducted over the period 1871–2010 using 
20CR atmospheric forcings and assimilating temperature 
and salinity from the World Ocean Database 2009 (Boyer 
et  al. 2006). The upper-ocean heat content evolution in 
the different products is plotted as anomalies with respect 
to EN4OA average over 1970–2000 (Fig. 4a). In the first 
half of the twentieth century, the spread in OHC in ORA-
20C is rather large with ORA-20C ensemble members 

(a) OHC 0−300m 60S−60N (b) OHC 0−700m 60S−60N

(c) OHC 0−bottom 60S−60N (d) AMOC 26N

Fig. 4  a–c Ocean heat content (in  Jm−2) averaged between 60S–60N 
in a the layer 0–300 m, b the layer 0–700 m and c the total column. 
ORA-20C ensembles are in light red, ORA-20C ensemble mean in 
red, ORAS4 ensembles in grey, ORAS4 ensemble mean in black, 
SODA2.2.4 in green and EN4OA in blue. The heat content is plotted 
as an anomaly with respect to EN4OA average over 1970–2000 for 

all the products. d Intensity of the northward transport (in Sv) of the 
upper branch of the AMOC across 26 N at 1000 m depth. ORA-20C 
ensembles are in light red, ORA-20C ensemble mean in red, ORAS4 
ensembles in grey, ORAS4 ensemble mean in black, the ocean exper-
iment without ODA (NoDA) in dashed green and the measurements 
from the RAPID array in blue 
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lying somewhere in between EN4OA (which is pretty 
flat due to the relatively low number of available obser-
vations) and SODA. Both ORA-20C and SODA show 
a warming in the first half of the twentieth century that 
stopped between the 1950–1970s in agreement to what 
is seen at the surface in HadISST2 [Fig.  1 from Hers-
bach et al. (2015)]. This warming is not seen in EN4OA 
that mostly relaxes to climatology in that period. The 
upper-ocean warming in ORA-20C and SODA suggests 
a dynamical response of the model to the surface forcing 
and confirms the value of model-based ocean reanalyses 
with respect to observation-only products. In the last dec-
ades of the twentieth century, the upper-ocean heat con-
tent shows a similar warming trend in all products sug-
gesting a very robust signal. When considering deeper 
layers (Fig.  4b, c), differences between products get 
larger in the poorly-observed early twentieth century. In 
the latter period, all products are consistent in showing a 
warming trend. It is worth noting that, when considering 
the whole water column, ORA-20C shows a substantially 

stronger heat uptake in the 2000s than what is seen in 
SODA, ORAS4 and EN4OA.

3.2  Impact of the data assimilation 
on the representation of accelerated warming 
periods

The upper ocean (0–300 m) in ORA-20C shows a warm-
ing trend in the early twentieth century that is stopped in 
the mid-1950s (Fig.  5a). The OHC then drops to values 
as low as those seen in the 1930s before increasing again 
from the mid-1970s onwards. Similar OHC levels as in 
the 1950s are only reached in the 2000s after a period of 
accelerated warming starting in the late 1990s. The coin-
cidence between the drop in OHC and the start of the rela-
tively well-observed period suggests a shock due to data 
assimilation. The first twentieth century ocean experiment 
without ODA conducted within the initialisation proce-
dure (referred to as NoDA in Sect. 2.3) can help testing this 
hypothesis. The global OHC in NoDA behaves similarly 

(a) OHC 0−300m Global

(c) OHC 0−300m 2000s minus 1980s − NoDA (d) OHC 0−300m 2000s minus 1980s − ORA−20C

(b) OHC 0−300m 1945−1955 minus 1920s − ORA−20C

Fig. 5  a Upper panel global (90°S/90°N) average of the ocean heat 
content (in  Jm−2) for the layer 0–300 m in ORA-20C (ensemble mean 
in red and individual ensembles in light red) and in the ocean experi-
ment without ODA (NoDA, green); lower panel monthly indices 
of Pacific Decadal Oscillation (PDO, blue) and Atlantic Multidec-
adal Oscillation (AMO, red). These indices were retrieved from the 
National Oceanic and Atmospheric Administration (NOAA) website. 
The PDO index is estimated as the leading principal component of 
North Pacific monthly sea surface temperature variability (poleward 

of 20 N for the 1900–1993 period). The AMO index is estimated as 
a smoothed and detrended area weighted average of the SST over the 
North Atlantic (0–70N). b Difference (in  Jm−2) between the ocean 
heat content averaged over the period 1945–1955 and its average over 
1920s in ORA-20C control member for the layer 0–300 m. c, d Dif-
ference (in  Jm−2) between the ocean heat content averaged over the 
2000s and its average over the 1980s in ORA-20C control member 
and NoDA, respectively, for the layer 0–300 m
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to ORA-20C over the period 1910–1950 (Fig.  5a), show-
ing a slow upper-ocean warming until the late 1920s and 
an accelerated warming from the mid-1920s to the mid-
1950s. The spatial pattern of this accelerated warming is 
represented on Fig. 5b (only ORA-20C shown) as the dif-
ference in upper-ocean heat content between the 1920s and 
the 1945–1955 period. This difference shows a “horseshoe” 
pattern of cooling temperature in the North Pacific that 
is reminiscent of a transition from a positive to a nega-
tive phase of the Pacific Decadal Oscillation (PDO, Man-
tua and Hare (2002), see index on Fig.  5a lower panel). 
Over the 1950–1970 period, the upper-ocean heat content 
from NoDA remains relatively stable (Fig.  5a). This sug-
gests that the cooling seen in ORA-20C over that period is 
a response to the assimilation of a relatively large number 
of ocean observation that corrects the mean state of the 
model. The OHC in NoDA then grows steadily from the 
mid-1970s onwards. Unlike ORA-20C, the accelerated 
period of warming from the late 1990s onwards just contin-
ues the longer term signal. The spatial pattern of this recent 
warming again bears some marks of the transition to form 
a positive (prior to the late 1990s) to a negative PDO phase 
(from the late 1990s onwards) in both NoDA and ORA-20C 
(Fig. 5a, c, d). The general warming in the North Atlantic is 
also consistent with the transition from a negative (from the 

1980s to the mid-1990s) to a positive phase (from the mid-
1990s onwards) of the Atlantic Multidecadal Oscillation 
[AMO on Fig. 5a, Enfield et al. (2001)].

3.3  Evolution of the ocean heat content spread

In the first part of the twentieth century, the OHC spread 
in the ORA-20C ensemble is larger than the amplitude 
of the interannual-to-decadal variability (Fig.  4a–c). In 
the second half of the period, the spread rapidly reduces 
and ensemble members are all very close to the ensem-
ble mean. The time evolution of the spread depends on 
the state of the observing system but also on the model 
inertia. In the early twentieth century, the poor observ-
ing system cannot constrain the wide range of ocean ini-
tial states and the model needs time to adjust. The spatial 
pattern of the spread in the upper 700 m (Fig. 6a) shows 
relatively large values in the subpolar North Atlantic and 
the Tropical Atlantic (in particular in the Brazil-Malvinas 
confluence and along the Benguela Current). Those are 
key areas for the AMOC that also shows large spread in 
intensity at 26  N (Fig.  4d) from 1900 to 1915. Most of 
the spread comes from the choice of the initial conditions 
and disappears in the 1930s as ORA-20C members con-
verge. This rapid convergence suggests that the model, 

(a) Ensemble spread OHC 0−700m − 1910

(c) Ensemble spread OHC 0−700m −1980

(b) Ensemble spread OHC 0−700m − 1950

(d) Ensemble spread OHC 0−700m − 2008

Fig. 6  Ensemble spread of the heat content of the layer 0–700 m (in J/m2) in ORA-20C for the years a 1910, b 1950, c 1980 and d 2008. The 
spread is estimated as the standard deviation among annual averages of ORA-20C members
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unconstrained by observations, is drifting towards its pre-
ferred state with weak meridional circulation (as seen in 
NoDA, Fig. 4d). Large spread is also found in the subpo-
lar North Pacific and the Southern Ocean along the path 
of the Antarctic Circumpolar Current (ACC, Fig.  6a). 
With time, the number of observations is getting larger 
and the memory of the initial state is vanishing. By the 
1950s, the ensemble spread is largely reduced, especially 
in the subtropics (Fig. 6b). The tropical basins still show 
some spread, suggesting that adjustments are still ongo-
ing there and that the observational constraint is not 
strong enough to constrain the wind forced circulation. In 
the 1980s (Fig. 6c), the tropical spread has lowered. The 
remaining spread is now found in the Western Boundary 
Currents, along the North Atlantic Current, in the Nordic 
Seas and along the ACC. In the 2000s, the strong increase 
of available Argo data substantially reduces the ensemble 
spread on a global scale (Fig.  6d). Some spread is still 
found in the Southern Ocean where the sampling remains 
relatively poor (Fig. 1d), the ocean intrinsic variability is 
high (Penduff et  al. 2011) and the position of the ACC 
has been changing over time (Gille 2002).

3.4  Long‑term variability

Long term variability in ORA-20C gives insights into the 
behaviour of the system when transiting from a poor to a 
relatively strong observational constraint. Figure  7 shows 
differences in OHC between the periods 1910–1940 and 
1980–2010 for the ORA-20C control member. The upper 
ocean (0–300 m) overall shows a cooling in the tropics and 
a warming in the subtropics, particularly in the southern 
hemisphere (Fig. 7a). This hemispherical pattern is also a 
prominent feature in numerous free-ocean model (Durack 
et al. 2014). The ocean interior is warming in the tropical 
Indo-Pacific basin, suggesting some mixing between the 
surface and the subsurface (Fig. 7b). The tropical Atlantic 
is cooling from top to bottom. This behaviour is consist-
ent with the transition from low to relatively high AMOC 
activity (Fig.  4d). Stronger AMOC involves a transfer of 
tropical waters towards the north Atlantic, while the return 
branch of the AMOC transports cold waters southward into 
the ocean interior.

The equatorial temperature section from Fig.  7c high-
lights a cooling along the thermocline suggesting more 

(a) OHC 0−300m − 1980−2010 minus 1910−1940

(c) Equatorial Temp. 1980−2010 minus 1910−1940 (d) East Pac. Temp. 1980−2010 minus 1910−1940

(b) OHC 300m−btm 1980−2010 minus 1910−1940

Fig. 7  Difference (in  Jm−2) between the ocean heat content averaged 
over the period 1980–2010 and its average over the period 1910–1940 
in (a) the 0–300 m layer and (b) the 300 m-bottom layer. c Equato-
rial section (taken at 0 N) of the difference (in °C) between the tem-
perature averaged over the period 1980–2010 and its average over 

1910–1940 in ORA-20C control member. d Meridional section of the 
difference (in °C) between the temperature averaged over the period 
1980–2010 and its average over the period 1910–1940 in ORA-20C 
control member. The difference in temperature is longitudinally aver-
aged over the eastern Pacific (160W–90W)
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stratification and stronger equatorial counter currents in the 
later decades of ORA-20C. The eastern Pacific meridional 
section (Fig. 7d) shows that the cooling pattern is follow-
ing the shape of the thermocline slope towards the subtrop-
ics and is topped by a warming signal. This pattern sug-
gests a strengthening of the subtropical gyre circulation in 
the Pacific. Part of the equatorial cooling is related to the 
temperature assimilation increments, in particular in the 
Pacific basin (Fig. 8). When the observational constraint is 
low (like in the 1910–1940 period), the ocean model can-
not capture the correct equatorial thermocline (Fig.  8c). 
The assimilation of a relatively large number of observa-
tions in the second half of the twentieth century produces 
strong assimilation increments that bring the model closer 
to the observed state. This kind of model bias could be 
reduced with a suitable bias correction scheme as shown in 
Balmaseda et al. (2007).

Cold assimilation increments are very much localised at 
the Equator (Fig. 8). In the subtropics, assimilation incre-
ments are mostly positive (yellow to red colours on Fig. 8a) 

compensating for a trend toward negative surface heat flux 
(the ocean loses heat, blue colours on Fig.  9a). This heat 
loss is consistent with a strengthening of the large-scale 
surface atmospheric circulation in ERA-20C as shown by 
the zonal wind stress trend (Fig.  9b). Stronger westerlies 
in the subtropics and easterlies in the tropics can explain 
the increased gyre circulation. Equatorial counter currents 
also intensify as a response to warm surface waters being 
pushed to the western side of the basins. In the tropical 
Pacific, opposite trends in zonal wind stress in the western 
and eastern part of the basin indicate a trend toward wind 
divergence reminiscent of a La Niña-Modoki situation 
(Ashok and Yamagata 2009) that would favour upwelling 
in the Nino 3.4 region.

As a response to the increased wind forcing, the subpo-
lar Pacific and Atlantic Basins show cooling over almost 
the whole water column (Fig.  7a, b). Stronger westerly 
wind stress, negative temperature assimilation increments 
and heat loss over the Atlantic subpolar gyre (Figs.  8a, 
b, 9a, b) favour deep convection and the strengthening of 

(a) Temp. Incr. 0−300m 1980−2010 minus 1910−1940

(c) Equatorial Temp. Incr. 1980−2010 minus 1910−1940

(b) Temp. Incr. 300m−btm 1980−2010 minus 1910−1940

(d) East Pac. Temp. Incr. 1980−2010 minus 1910−1940

Fig. 8  Difference (in  Wm−2) between the temperature assimila-
tion increments averaged over the period 1980–2010 and their aver-
age over the period 1910–1940 in ORA-20C control member for a 
the 0–300  m layer and b the 300  m-bottom layer. The temperature 
assimilation increments are transformed from K  day−1 to  Wm−2 by 
integrating them over the corresponding layer and multiplying them 
by the sea-water density and heat capacity. c Equatorial section (taken 
at 0 N) of the difference (in K  day−1) between the temperature assimi-

lation increments averaged over the period 1980–2010 and their 
average over the period 1910–1940 in ORA-20C control member. d 
Meridional section of the difference (in K  day−1) between the tem-
perature assimilation increments averaged over the period 1980–2010 
and their average over the period 1910–1940 in ORA-20C control 
member. The difference in temperature increments is longitudinally 
averaged over the eastern Pacific (160W–90W)
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the AMOC in the late decades of ORA-20C (Fig. 4d). The 
strong wind stress signal seen over the southern Ocean 
coincides with the strengthening of the polar vortex linked 
with the negative trend in sea level pressure seen in the 
ERA-20C forcing (Poli et  al. 2015). This intensifying of 
westerlies may explain the cooling (warming) seen south 
(north) of the deep ACC (Fig. 7b) that suggests a strength-
ening of the polar front.

4  Ocean heat budget diagnostics 
for the attribution of interannual‑to‑decadal 
ocean heat content signals in ORA‑20C

As seen in Sect. 3.4, OHC variability in ORA-20C results 
from changes in the forcing and in the ocean tempera-
ture assimilation increments. Poli et  al. (2015) show that 
the atmospheric temperature increment in ERA-20C has 
an impact on the surface heat fluxes as the lower bound-
ary condition is fixed and cannot react to this increment. 
The surface variables from ERA-20C used to estimate the 
heat fluxes at the air-sea interface will transfer the influence 
of the atmospheric observations to the ocean heat budget. 
The ocean temperature assimilation increments and relaxa-
tion terms are responding both to the atmospheric forcing 
and changes in the ocean observing system. The ocean heat 
budget is then affected both by the ocean (directly) and 
atmospheric (indirectly) observing systems.

4.1  Global heat budget

On a global scale, changes in OHC equal the sum of the 
heat fluxes at the air-sea interface (positive downward), the 
flux correction from the SST relaxation, and the integrated 
temperature assimilation increment and relaxation to clima-
tology. The global ocean heat budget estimated offline from 

ORA-20C outputs is closing pretty well (residuals lower 
than ±0.5  Wm−2, Fig.  10a). The two largest terms of the 
budgets are net heat flux term (radiative plus turbulent flux) 
that is on average negative around −10 to −20  Wm−2 and 
the flux correction associated to the SST relaxation term 
that is on average positive around 10–15 Wm−2. These two 
terms explain most of the total OHC changes up to the end 
of the Second World War. From then on, the impact of the 
temperature assimilation increment gains more and more 
importance (Fig. 10a). The surface heat flux term bears the 
marks of the lack of atmospheric observations during the 
two World Wars (Fig. 11c) with stronger heat transfer from 
the ocean to the atmosphere (Fig.  10a). These two events 
are compensated by the SST relaxation term that constrains 
the ocean surface towards the HadISST2 analysis. The total 
heat flux term (net heat flux plus SST relaxation) shows a 
continuing decreasing trend following the Second World 
War that is compensated by an increasing trend in the ocean 
temperature increment (Fig. 10a). The two World War sig-
nals and the decreasing trend in heat fluxes are dominated 
by the surface latent heat fluxes in response to variations 
in surface wind intensities in ERA-20C (Fig. 11a, b). The 
wind speed changes are likely to be linked to changes in the 
marine wind observations. The signals coinciding with the 
World War periods reflect a sudden decrease in the number 
of marine wind observations at that time (Fig.  11c). The 
intensification of the surface wind seen in the second part 
of the twentieth century (Fig. 11b) coincides with measure-
ments from ships getting higher as the anemometer heights 
increase with time (Thomas et al. 2008).

4.2  Regional heat budget

Regional heat budgets give additional insights into the 
impact of the observing systems on the ocean state. The 
residual of such budgets provides an indirect estimate 

(b) Zonal Wind Stress 1980−2010 minus 1910−1940(a) Surf. Heat Fluxes 1980−2010 minus 1910−1940

Fig. 9  a Difference (in  Wm−2) between the surface heat fluxes aver-
aged over the period 1980–2010 and their average over the period 
1910–1940 in ORA-20C control member. b Difference (in  Nm−2) 
between the zonal wind stress averaged over the period 1980–2010 

and its average over the period 1910–1940 in ORA-20C control mem-
ber. Positive (negative) wind stress differences indicate stronger west-
erlies (easterlies)
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of the convergence of horizontal ocean heat transport 
within the region of interest (cyan curves on Fig. 10a–e). 
In the Northern extratropics (30N–70N), the impact of 
the increasing wind speed from ERA-20C (Fig. 11a, b) is 
clearly seen in the heat flux term (through the latent heat 
flux) that shows a sudden drop in the 1940s (Fig.  10b). 
This drop is compensated both by the SST relaxation and 

the temperature assimilation increment. The contribution 
of the temperature assimilation increment starts being sub-
stantial (around 10 Wm−2) as early as the 1950s thanks to 
the relatively good observational coverage at these latitudes 
(Fig. 1b). The convergence of the horizontal heat transport 
between 30  N and 70  N (Fig.  10b) shows a large spread 
at the start of the period, reminiscent of the AMOC spread 

(a) Ocean Heat Budget − Global (b) Ocean Heat Budget − 30N−70N

(e) Ocean Heat Budget − N. Atlantic plus Arctic (control member)

(c) Ocean Heat Budget − 30S−30N (d) Ocean Heat Budget − 70S−30S

Fig. 10  Total column ocean heat budget for ORA-20C ensemble 
members in the a global ocean, b the Northern extra-Tropics (30N–
70N), c the Tropics (30S–30N) and d the Southern extra-Tropics 
(70S–30S). e Similar heat budget for the North Atlantic plus Arctic 
basins (bounded by 30N and the Bering Strait) for ORA-20C control 
member. The terms of the budget are in W/m2. The depth integrated 
assimilation increment is in black. The depth integrated relaxation 
to the temperature-and-salinity climatology from WOA13 is in blue. 
The net ocean surface heat flux (positive downward) is in red. The 

flux correction associated with the relaxation to the HadISST2 analy-
sis is in green. The sum of the surface heat flux and its correction 
by the SST relaxation is in yellow. The temporal variations of ocean 
heat content are in magenta. The residual of the budget is in cyan. 
For regional heat budgets, the residual is an indirect estimate of the 
convergence of horizontal ocean heat transport within the region of 
interest. A positive residual indicates convergence of heat transport 
whereas a negative residual indicates divergence of heat transport in 
the region of interest
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seen on Fig.  4d. The heat transport convergence contri-
bution is positive around 15  Wm−2 in the early twentieth 
century. In the second half of the century the heat transport 
convergence has long periods over 20  Wm−2, suggesting 
enhanced meridional exchanges between tropics and sub-
tropics. We additionally diagnosed the heat budget of the 
North Atlantic plus Arctic basins (bounded by 30  N and 
the Bering Strait; for the control member only, Fig.  10e). 
The convergence of horizontal ocean heat transport (cyan 
curve on Fig.  10e) is a good indicator of the northward 
transport of heat across 30 N as the transport through the 
Bering Strait is comparatively small (not shown). The heat 
transport increase across 30 N from the 1950s is consistent 
with the strengthening of the upper branch of the AMOC 
advecting warm tropical waters poleward (Fig. 4d).

In the Tropics (30S–30N, Fig. 10c), the convergence of 
the horizontal heat transport is negative around −10 Wm−2 
as warm waters are advected poleward. The tempera-
ture assimilation increments start to really affect the heat 
budget from the 1990s onward with the deployment of the 
Tropical moored buoy arrays. In the Southern extratropics 
(70S–30S), the net heat flux term is strongly reacting to 
signals in the latent heat fluxes during the two World Wars 

(Figs. 10d, 11a). These signals are mainly driven by abrupt 
changes in surface wind speed (Fig.  11b) that are linked 
with the drop in available marine wind observations during 
these periods (Fig. 11c). The SST relaxation term compen-
sates for the changes in surface heat fluxes to keep the SST 
close to observations. The convergence of the horizontal 
ocean heat transport is positive around 8 Wm−2 with heat 
transferred from the Tropics towards higher latitudes. The 
temperature assimilation increment is on average relatively 
low due to the poor observation sampling (Fig. 1a–c). The 
deployment of Argo floats in the early 2000s (Fig. 1d) coin-
cides with strong positive temperature assimilation incre-
ments and subsequent adjustments in net heat fluxes and 
SST relaxation (Fig. 10d).

5  Summary and discussion

This study presents the ensemble of twentieth cen-
tury ocean reanalyses—called ORA-20C—conducted at 
EMCWF using ERA-20C (Poli et  al. 2016) as surface 
boundary conditions. The primary purpose of such an 
exercise is to provide a twentieth century record of ocean 

(a) Surface Latent Heat Flux (b) 10−meter wind speed

(c) Number of assimilated marine wind obs.

Fig. 11  Anomalies with respect to the 1900–2010 mean of a the 
surface latent heat fluxes (in  Wm−2) and b the 10-m wind speed (in 
 ms−1) from ERA-20C deterministic. The anomalies are averaged over 
the global ocean (black), the Northern extratropics (30N–70N, blue) 

and the southern extratropics (70S–30S, red). c Number of assimi-
lated marine wind observations from International Comprehensive 
Ocean–Atmosphere Data Set (ICOADS) assimilated in ERA-20C for 
the same regions as in a, b 
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states for climate reconstruction and initialization of cou-
pled ocean–atmosphere data assimilation experiments 
(Laloyaux et al. 2016, 2017). The evolution of the ensem-
ble information shows a system that is mainly controlled by 
the surface fluxes in the first half of the century. It takes 
a few decades for the memory of the initial conditions to 
vanish as the model is drifting towards its own climate. In 
spite of model biases and drift, the pattern of upper-ocean 
warming detected in ORA-20C from 1910 to 1950 is con-
sistent with climate indices such as the PDO and the AMO 
(Figs. 4, 5). As the ocean observing system grows, assimi-
lation increments have more impact on the ocean state. 
The transition from weak to relatively strong observational 
constraint causes a cooling in ORA-20C and a decelera-
tion of the subsequent warming trend from the 1970s to 
the mid-1990s. In the last decades of ORA-20C, the ocean 
heat uptake pattern is however consistent with the literature 
(Levitus et  al. 2012; Balmaseda et  al. 2013b; Rhein et  al. 
2013) and suggests links with PDO and AMO switching 
phases.

The transition from the poor to relatively strong observa-
tional constraints is a challenge in twentieth century ocean 
reanalyses. The unconstrained ocean model needs to be 
realistic enough to avoid spurious signals when observa-
tions become available (i.e. assimilation increments begin 
to alter the ocean mean state). In ORA-20C, the intensity 
of the AMOC can be up to 50% weaker in the sparse data 
period (and even more when compared to ORAS4 or the 
RAPID array, Fig.  4d) than in the well-observed period 
leading to spurious trends in water mass properties (Fig. 7a, 
b). Underestimated AMOC intensities are a common issue 
in ocean models at a 1-degree resolution (Danabaso-
glu et  al. 2014). Higher model resolution (Stepanov and 
Haines 2014; Talandier et al. 2014) and a better treatment 
of sea-ice (Vancoppenolle et al. 2009) can help improving 
the representation of the North Atlantic Ocean dynamics 
and freshwater balance that are crucial aspects for a real-
istic AMOC (Huang et  al. 2015). In the meantime, Yang 
et al. (2016) discuss the possible implementation of a bias 
correction scheme to reconstruct a better ocean state in 
poorly-observed periods. Adapting schemes such as those 
developed by Balmaseda et  al. (2007) for ORAS4 would 
probably help reducing the tropical bias and correct for the 
position of the equatorial thermocline (Fig. 7c). Variational 
techniques inspired from atmospheric reanalyses (Dee 
et  al. 2011) could also be options to investigate in future 
extended ocean reanalyses.

ORA-20C provides an assessment of the surface forcing 
from ERA-20C from the perspective of the ocean. The heat 
budget study carried out for ORA-20C shows that ERA-
20C heat fluxes are affected by spurious signals and trends 
in the first half of the twentieth century that are damped 
by the SST relaxation (Fig. 10). These signals seem to be 

linked to the evolving number and quality of wind speed 
observations assimilated in ERA-20C (Fig.  11). A lot of 
factors affect the quality of conventional surface wind 
observations (Ingleby 2010). Winds from buoys and drift-
ers can be affected by the sea state while consistency in 
measurements from ships suffer from changes in measure-
ment method (from visual to automated) and in the height 
of the vessels (Kent et  al. 2007). While the wind assimi-
lation improves the quality of the atmospheric circulation 
in ERA-20C (Poli et  al. 2013), consistency issues in the 
observed wind record affect the surface heat fluxes and thus 
the ocean heat budget. Thomas et  al. (2008) showed that 
consistency could be improved with adjustments methods 
for wind measurements from ships. Following different 
approaches, Berry and Kent (2010) and Tokinaga and Xie 
(2011) produced multi-decadal observation-based analyses 
of surface wind speed with bias corrections. Similar meth-
ods for bias correction could be used in climate reanalyses 
to improve the consistency of the air-sea fluxes.

As the number of ocean observations is increasing, the 
contribution of the temperature assimilation increments to 
the ocean heat budget is growing. From the 1950s onwards, 
the depth-integrated temperature assimilation increment 
shows a positive trend that compensates for a negative 
trend in surface fluxes (Fig. 10a). The heat content increase 
in the last decades of ORA-20C is mainly controlled by the 
assimilation increment instead of the downward surface 
heat fluxes, which indicates serious deficiencies in ocean 
models and surface fluxes. The compensation between sur-
face fluxes and temperature assimilation increments is a 
common feature to a lot of ocean reanalysis products (Val-
divieso et  al. 2015), suggesting inconsistencies at the air-
sea interface. Poli et al. (2016) showed that ERA-20C sur-
face fluxes are influenced by the atmospheric assimilation 
increment as the surface boundary condition is fixed. In 
ORA-20C, the atmospheric surface variables are fixed and 
cannot respond to the ocean changes that will then affect 
the surface heat fluxes. The heat budget study conducted 
here strongly suggests that the lack of dynamical interac-
tions between ocean and atmosphere is leading to counter-
intuitive behaviours.

Extending ocean reanalyses back in time using twenti-
eth century atmospheric reanalyses as surface boundary 
conditions is a challenging exercise. Extended ocean rea-
nalyses are useful to test data assimilation strategies (Yang 
et  al. 2016), monitor climate signals in the ocean (Giese 
et al. 2016), and assess the impact of the observing system 
changes on the reconstruction of the ocean over the past 
century. ORA-20C is the first ensemble of ocean reanalyses 
forced by the ERA-20C atmospheric reanalysis. It provides 
estimates of the ocean states over the 1900–2010 period. 
The analysis of climate signals and long-term trends high-
lights the challenges that remain to be tackled to make 



3796 E. de Boisséson et al.

1 3

substantial progress in the extended climate reanalysis 
fields. The ERA-20C atmospheric reanalysis is for the first 
time assessed from the perspective of the ocean highlight-
ing the limitations of forced reanalyses products at the air-
sea interface. These limitations argue for more coupling in 
the next reanalysis systems developed in numerical weather 
prediction centres. In that context, a twentieth century 
coupled ocean atmosphere reanalysis is being produced at 
ECMWF (Laloyaux et al. 2017). Comparisons with ORA-
20C will help understand the potential benefits of a coupled 
approach.
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