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1. INTRODUCTION

Oceanic reanalyses over multi-decadal periods are
powerful instruments to reconstruct the 3D-state of the
ocean and the large-scale circulation over the recent
past. Outputs are specifically useful for the analysis of
un-observed quantities, such as meridional overturning
circulation and oceanic fresh water and heat transports

[Masina et al., 2011]. An example of an important ap-
plication is the initialization of coupled climate models
with oceanic data assimilation products, as it has been
found that they can improve both the seasonal [e.g. Bal-
maseda et al., 2009; Alessandri et al., 2010] and the
decadal [Bellucci et al., 2013; Pohlmann et al., 2013] pre-
diction skills. Recently, international efforts provided
comparison and validation of different global oceanic
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ABSTRACT
Oceanic reanalyses are powerful products to reconstruct the historical 3D-state of the ocean and related circulation. At present a challenge

is to have oceanic reanalyses covering the whole 20th century. This study describes the exercise of comparing available datasets to force

Mediterranean Sea and global oceanic reanalyses from 1901 to present. In particular, we compared available atmospheric reanalyses with

a set of experiments performed with an atmospheric general circulation model where sea surface temperature (SST) and sea-ice concen-

tration are prescribed. These types of experiments have the advantage of covering long time records, at least for the period for which global

SST is available, and they can be performed at relatively high horizontal resolutions, a very important requisite for regional oceanic re-

analyses. However, they are limited by the intrinsic model biases in representing the mean atmospheric state and its variability. In this study,

we show that, within some limits, the atmospheric model performance in representing the basic variables needed for the bulk-formulae to

force oceanic data assimilation systems can be comparable to the differences among available atmospheric reanalyses. In the case of the

Mediterranean Sea the high horizontal resolution of the set of SST-prescribed experiments combined with their good performance in rep-

resenting the surface winds in the area made them the most appropriate atmospheric forcing. On the other hand, in the case of the global

ocean, atmospheric reanalyses have been proven to be still preferable due to the better representation of spatial and temporal variability

of surface winds and radiative fluxes. Because of their intrinsic limitations AMIP experiments cannot provide atmospheric fields alterna-

tive to atmospheric reanalyses. Nevertheless, here we show how in the specific case of the Mediterranean Sea, they can be of use, if not

preferable, to available atmospheric reanalyses.



reanalyses [Masina et al., 2017].
Atmospheric fluxes (momentum, heat and freshwa-

ter) needed for oceanic reanalyses can be derived using
bulk-formulae and they are usually taken from atmo-
spheric reanalysis products, such as NCEP/NCAR [Kalnay
et al., 1996], ERA40 [Uppala et al., 2005], JRA-25 [Onogi
et al., 2005] and ERA-Interim [Dee et al., 2011]. These
products assimilate meteorological observations into nu-
merical weather prediction (NWP) models. Atmospheric
reanalysis products share similar physical assumptions
and they assimilate common observations, but different
physical parameterizations and different assimilation
techniques or quality control procedures can yield dif-
ferent results. Sometimes corrections are applied to the
original atmospheric reanalyses adjusting them to avail-
able satellite-based and in-situ derived data [i.e. Large
and Yeager, 2004; Brodeau et al., 2010; Pettenuzzo et al.,
2010; Dussin and Barnier, 2013]. However, comparing
available atmospheric reanalyses, it is hard to conclude
with one product that agrees best with satellite-derived
observations [Chaudhuri et al., 2013].

In this study we describe the excercise of looking for
a suitable atmospheric forcing dataset to produce ocean
reanalyses over the Mediterranean Sea and the global
ocean for the whole 20th century. In regional oceanic re-
analysis’s applications, atmospheric forcing fields need
two important characteristics: relatively high spatial and
temporal resolution and passing surface winds. In the
Mediterranean Sea the assessment of surface winds forc-
ing is a pre-requisite to obtain realistic characterization
of the basin circulation [Demirov and Pinardi, 2002; Ko-
rres et al., 2000].

Because of the need to assimilate available observa-
tions with the largest coverage possible, most of the at-
mospheric reanalyses cover the last few decades. How-
ever, (proxy) observations of SST and of surface pressure
are available back to at least the beginning of the 20th

century. In fact, atmospheric reanalyses covering the
whole century using only surface pressure and SST are
now available. For example, the Twentieth Century Re-
analysis [20CRv2; Compo et al., 2011] assimilates only
surface pressure and it uses reconstructed monthly sea
surface temperature and sea-ice distributions as bound-
ary conditions. This reanalysis in fact has already been
used to force long global oceanic reanalyses [Yang and
Giese, 2013; Yang et al., 2014]. Similarly, the European
Center for Medium Range Weather Forecasts (ECMWF)
has provided a 20th 80 Century reanalysis (ERA-20C) that
assimilates only surface observations [Poli et al., 2013;
Stickler et al., 2014], with the aim of repeating a similar
exercise to that of Compo et al. [2011], in order to eval-
uate the feasibility of centennial atmospheric reanalyses.

These long atmospheric reanalyses assimilate only sur-
face fields observations without taking information from
upper air or remote sensors, with the aim of construct-
ing a time-consistent reanalysis affected as little as pos-
sible by changes in observing networks. This implies
however that the accuracy of such reanalyses is signifi-
cantly lower than their full-observations counterparts
[e.g. ERA-20C vs ERA-Interim, Poli et al., 2013].

At the time of this analysis, the only centennial at-
mospheric reanalysis available was 20CRv2. As it has
been considered too coarse to be used for the Mediter-
ranean Sea oceanic reanalysis we decided to explore an
alternative forcing dataset, i.e. an ensemble of exper-
iments performed with an Atmospheric General Circu-
lation Model (AGCM) with prescribed interannually
varying SST and sea-ice concentration as boundary
conditions, identified as AMIP-type experiments. The
acronym AMIP refers to the Atmospheric Model Inter-
comparison Project (AMIP) aimed at providing an en-
semble of experiments with different AGCMs forced
with the same boundary conditions [Gates, 1992].
AMIP-type experiments are important because they al-
low studying the way in which the atmosphere re-
sponds to the surface SST forcing in terms of heating
and water fluxes [Rowntree, 1972, 1976]. However,
they lack the feedback of atmosphere on ocean, hence
they do not perform as well in the regions where at-
mospheric forcing plays an important role in inducing
SST anomalies, such as the extra-tropics and tropical
Indo-Western Pacific regions [i.e. Lau and Nath, 1994;
Alexander et al., 2002; Krishnamurthy and Kirtman,
2003]. In the 1990s a variety of studies have shown
that a single realization of a simulation is of limited
use [Palmer, 1993; Stern and Miyakoda, 1995, among
others], hence in climatological applications scientists
started to provide a number of simulations with the
same boundary conditions but different initial condi-
tions (ensembles) to allow the natural instability of the
system to generate different realizations of the climate
variability.

Normally, reconstructed SST fields are able to ensure
realistic interannual variability of atmospheric temper-
ature, although their accuracy increases with time along
with the increase on the number of available SST ob-
servations. In fact, the ensemble of AMIP experiments
is able to reproduce the atmospheric warming for the
whole 20th century, in agreement with contemporary re-
analyses and reconstructions [Hersbach et al., 2015]. As
the SST contains the signature of important dominant
modes of variability, like El Ninõ Southern Oscillation
(ENSO) and the Pacific Decadal Oscillation [PDO Man-
tua et al., 1997], AMIP experiments are useful to study
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their forcing and associated teleconnections, including
the potential predictability [Grassi et al., 2012; Cherchi
and Navarra, 2013; Allen et al., 2014].

In this study, aware of the limitations described
above, we explore whether AMIP-type experiments
could represent a useful set of atmospheric variables to
force oceanic reanalysis for the Mediterranean Sea pri-
marily, and also for the global ocean. As far as we
know this approach has never been tested before. The
assessment of the atmospheric forcing from historical at-
mospheric reanalyses and AMIP experiments for global
and regional long oceanic reanalysis is an important
preliminary step before starting the reanalysis produc-
tion itself. To do that we compare AMIP-type experi-
ments and available atmospheric reanalyses in terms of
the variables needed for the bulk-formulae to provide
heat, water and momentum fluxes at the surface to the
ocean general circulation model. In our comparison, the
ERA-Interim reanalysis [Dee et al., 2011] is considered
as a reference to evaluate the performance of AMIP-type
experiments and other atmospheric reanalyses, as well
as their usefulness in this framework. In fact, ERA-In-
terim is the product used to produce MyOcean global
oceanic reanalyses [Masina et al., 2015] and the last
Mediterranean Sea reanalysis covering the period 1987-
2013 [Simoncelli et al., 2015].

The present study is organized as follows: Section 2
describes the datasets and the methodology used. It is
organized into (i) AMIP experiments (Section 2.1), (ii) at-
mospheric reanalyses and other observations (Section
2.2) and (iii) the variables selected for the comparison
and the methodology of the analysis (Section 2.3). Sec-
tion 3 collects the main results of the study organized
into comparisons between atmospheric reanalyses and
AMIP-type experiments in terms of annual and seasonal
mean climatologies for the Mediterranean Sea (Section
3.1) and the global ocean (Section 3.2). Some aspects of
the interannual variability and linear trends for both
Mediterranean Sea and global ocean are shown in Sec-
tion 3.3. Finally, section 4 summarizes the main con-
clusions of the study.

2. DATA AND METHODOLOGY

2.1 AMIP-TYPE EXPERIMENTS
The set of AMIP-type experiments (AMIP) is per-

formed with the ECHAM4 [Roeckner et al., 1996]
AGCM at T106L19 (about 1.1°) resolution. Different
initial conditions are applied to produce an ensemble
of nine members, all sharing the same interannually
varying SST and sea-ice concentration (SIC) taken

from HadISST1.1 [Rayner et al., 2003]. The nine AMIP
members do not share the same length in time: five
of them cover the period 1899-2010, while the other
four have been executed for a shorter period (1930-
2010). Concentrations of atmospheric CO2, ozone and
other greenhouse gases are fixed to the values aver-
aged for the 1990s. The whole ensemble has been
validated for tropical variability and teleconnections
in the South Asian monsoon region [Cherchi and
Navarra, 2013; Cherchi et al., 2018] and in southeast-
ern South America [Cherchi et al., 2014], mostly for
the second half of the 20th century. In AMIP impor-
tant coupling feedbacks like increased northward
transport of heat by ocean currents or changes in
infrared emission and increased absorbed solar radi-
ation because of more open water associated with loss
of sea-ice, are missing and they can be sources of
important limitations in their potential use over Polar
regions.

2.2 ATMOSPHERIC REANALYSES AND OBSERVATIONS
ERA-Interim is a reanalysis produced at ECMWF

that covers the meteorological satellite era (1979-pre-
sent). It implements a 4D-Var assimilation scheme
capable of assimilating all in-situ meteorological
observations, satellite radiance, GPS radio occultation
data and satellite-derived wind vectors. It uses an
adaptive bias correction scheme that avoids abrupt
changes of the analyzed parameters when the observ-
ing networks change [Dee and Uppala, 2009]. The
resolution is about 0.75° (T255) with 60 vertical lev-
els. Lower boundary conditions are provided by
different SST and sea-ice concentration analysis
schemes throughout the reanalysis period [Dee et al.,
2011]. The atmospheric greenhouse gases are assumed
to be globally well mixed and are set to observed
1990 values plus a linear trend [Dee et al., 2011].
ERA-Interim assimilates QuickSCAT data but it is not
visible in the spectral winds and it does not improve
the reanalysis fields [Milliff et al., 2011].

ERA-Interim precipitation is used here after being
corrected using the Global Precipitation Climatology
Project (GPCP) dataset [Adler et al., 2003]. The cor-
rected precipitation dataset (ERAINC) is the same used
in the CMCC MyOcean global ocean reanalysis [Storto
et al., 2016]. The correction is based on the applica-
tion of a spatially varying monthly climatological
coefficient, computed within the period 1989-2008 by
comparing ERA-Interim and a satellite based passive
microwave precipitation product [REMSS/PMWC,
Hilburn and Wentz, 2008]. The correction is able to
mitigate the overestimation of the ERA-Interim pre-
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cipitation in tropical areas [Janowiak et al., 2010],
thus significantly reducing the corresponding fresh
water bias in ocean applications [Storto et al., 2012].

The 20CRv2 is a long atmospheric reanalysis, from
1871 to 2010, that uses an Ensemble Kalman Filter to
assimilate surface pressure observations from the
International Surface Pressure Databank (ISPD). The
model resolution is about 2° (T62L28). Lower bound-
ary conditions (SST and SIC) are provided by the Met
Office HadISST1.1 [Rayner et al., 2003] dataset. The
model configuration uses a time-varying definition of

CO2 and aerosol concentrations, and a prognostic
ozone scheme. In 20CRv2 the treatment of the sea-ice
concentration near the coastal areas induces a warm
bias of the lower troposphere [Compo et al., 2011],
largely visible in terms of temperature at 2 m and
longwave and shortwave radiation at the surface.
20CRv2 has clear spectral signatures in surface wind
components, evident as oscillations in long-term
mean values [Kent et al., 2013].

Data from CPC Merged Analysis of Precipitation
[CMAP; Xie and Arkin, 1997] is included in the com-
parison in section 3.1, as it represents the reference
for precipitation in use for the Mediterranean Sea

operational forecasting system [Tonani et al., 2008;
Oddo et al., 2009; Tonani et al., 2011]. CMAP is a
technique which produces pentad and monthly anal-
yses of global precipitation merging observations
from rain gauges with estimates from several satellite-
based algorithms (infrared and microwave). Analyses
are available from 1979 to present in a global regular
2.5° spatial grid.

Gridded daily wind vectors, produced from the new
QuikSCAT wind retrieval (i.e. QuikSCAT V3,
ftp://podaac.jpl.nasa.gov/OceanWinds/quikscat/pre-

view/L2B12/v3) are available from 2000 to 2003 with
a spatial resolution of 0.25°. In the dataset, the com-
putation of daily gridded wind fields from
scatterometer wind observations is performed by
means of the same objective method used for the esti-
mation of daily ASCAT (DASCAT) wind fields
[Bentamy and Croize-Fillon, 2012].

Table 1 summarizes all the datasets considered
(reanalyses, observations and AMIP experiments),
with some details like: spatial resolution, type of data,
selected variables, region (i.e. global ocean or
Mediterranean Sea) and period of analysis, and refer-
ence.

Name Type Variables Region Period Resolution Reference

AMIP AGCM exp

T2M, U10, V10,
LWRD, SWRD,
PRECIP, MSL,
D2M, CLC

GLOB & MED 1901-2010 1.125°
Cherchi et al.

[2014]

ERA-Interim ECMWF reanalysis

T2M, U10, V10,
LWRD, SWRD,
PRECIP, MSL,
D2M, CLC

GLOB & MED 1979-2010 0.75° Dee et al. [2011]

20CRv2 NOAA reanalysis
T2M, U10, V10,
LWRD, SWRD,

PRECIP
GLOB 1901-2010 2°

Compo et al.
[2011]

ERA40 ECMWF reanalysis
T2M, U10, V10,

D2M, CLC
MED 1958-2001 1.125°

Uppala et al.
[2005]

ERAINC
Corrected ECMWF

reanalysis
PRECIP GLOB & MED 1979-2010 0.75°

Storto et al.
[2012]

CMAP
Satellite & gauge

data
PRECIP MED 1979-2010 2.5°

Xie and Arkin
[1997]

QuikSCAT Satellite data U10, V10 MED 2000-2003 0.25°
Bentamy and
Croize-Fillon

[2012]

TABLE 1. List of the datasets considered in the analysis with details of some characteristics, like: type of data, variables selected,
region of analysis (GLOB for global ocean and MED for Mediterranean Sea), length of the data, spatial resolution and ref-
erence.
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2.3 VARIABLES SELECTED AND METHODOLOGY
Because of the different bulk formulae needed to the

data assimilation schemes used for the Mediterranean Sea
[Pettenuzzo et al., 2010] and over the global ocean [Large
and Yeager, 2009], the variables considered in the com-
parison are different. In particular, they are air tempera-
ture at 2 m (T2M), dew point temperature at 2 m (D2M),
zonal and meridional wind components at 10 m (U10,
V10), mean sea level pressure (MSL), total cloud cover
(CLC) and total precipitation (PRECIP) for the Mediter-
ranean Sea. Total precipitation is the sum of convective
and large-scale liquid and solid precipitation. While they
are T2M, specific humidity at 2 m (SH2), U10 and V10,
downward longwave and shortwave radiative fluxes
(LWRD and SWRD, respectively) and PRECIP for the
global ocean.

The assessment of annual means (Section 3.1 and 3.2)
is done in terms of differences and root mean squared
error (RMSE). RMSE is computed taking the difference of
annual means for the datatsets of interest. For the
Mediterranean Sea the longest AMIP members available
(i.e. 5 out of 9) are used and compared. Annual and sea-
sonal means of temperature, humidity, sea level pressure
and cloud cover are based on the climatology of the pe-
riod 1979-2001 (Figures 1,2,4). While precipitation is
compared for the period 1979-2010 (Figure 3). Winds over
the Mediterranean Sea are assessed also in comparison
with QuikSCAT satellite data available from 2000 to 2003
(Figures 5,12). For all the variables, only sea-points in the
Mediterranean basin (6°W-37°E, 30°-46°N) are considered
in the analysis. Over the global ocean AMIP variables are
taken as ensemble mean and they have been compared
with ERA-Interim and 20CRv2 reanalyses. To be compared
the fields are interpolated onto a common horizontal grid,
and the coarsest (i.e. 2°) among them is chosen. Two pe-
riods of analysis are considered: 1979-2010, correspond-
ing to the period in common between the three datasets,
where all nine members are considered for the AMIP en-
semble mean (Figures 6-10), and 1901-2010 where only
the 5 longest members are considered for the ensemble
mean (Figure 11). As the analysis is focused over the
ocean, all the variables are masked over land-points.

The variability (Section 3.3) is analyzed in terms of
standard deviations and correlation coefficients of
monthly mean anomalies, removing the annual climatol-
ogy (Table 2 and 3). All values are computed as averages
over the Mediterranean Sea (MED) and over global ocean
(GLOB). For standard deviations, the time period is 1979-
2001 for MED values and 1979-2010 for GLOB values
(Table 2). Instead in Table 3 the period of analysis depends
on the length of the datasets considered and is specified
in brackets.

3. RESULTS

3.1 COMPARISON OVER THE MEDITERRANEAN SEA
Figure 1 shows the annual cycle of T2M, D2M, MSL

and CLC averaged over the Mediterranean basin for the
common period (1979-2001) comparing AMIP with
ERA40 and ERA-Interim. AMIP members tend to share the
same seasonal cycle but they differ from reanalysis prod-
ucts (Figure 1). In particular, AMIP members tend to
slightly overestimate T2M in boreal fall and winter (Fig-
ure 1a), while they slightly underestimate D2M in boreal
summer (Figure 1b). The discrepancy in T2M seasonal cy-
cle might be associated to the assimilation of SYNOP sta-
tions over land in both ECMWF reanalyses, spreading the
land temperature analysis increments over sea [Simoncelli
et al., 2011]. AMIP members have a MSL seasonal cycle
wider than both ECMWF reanalyses (∼14 hPa vs ∼6
hPa), with larger climatological values from October to
April and smaller ones from May to August (Figure 1c). For
CLC the seasonal cycle of AMIP members differs from both
reanalyses by about 5% and the differences are largest in
boreal summer (Figure 1d). In boreal fall, winter and
spring the differences between ERA40 and ERA-Interim
may be ascribed to the substantial upgrades of micro-
physics, radiation and convection schemes from one at-
mospheric reanalysis to the other [Dee et al., 2011; Beljaars
et al., 2006]. AMIP members tend to be closer to ERA-In-
terim, mostly in boreal winter and spring (Figure 1d).

Spatial maps of RMSE of AMIP T2M vs ERA-Interim
and ERA40 reanalyses show generally small values in the
Mediterranean basin (Figure 2). For AMIP vs ERA-In-
terim the largest values are located along the coasts (Fig-
ure 2a) with a maximum in the Northern Aegean Sea, close
to the Dardanelles (for details of the geography of the
Mediterranean Sea refer to Figure 5i). Instead for AMIP vs
ERA40 the largest values are mostly in the Mid and
Southern Adriatic (Figure 2b), where deep/intermediate
water mass formation might happen [Pinardi et al., 2015;
Simoncelli and Pinardi, 2018].

For PRECIP a comparison is done in terms of seasonal
cycle of precipitation area-averaged in the Mediterranean
Sea derived from AMIP members, ERA-Interim and CMAP,
and in terms of RMSE of AMIP versus observations and
reanalysis (Figure 3). The seasonal cycle of precipitation
suggests consistency among ERA-Interim and AMIP mem-
bers, with some differences in April, May and September
when ERA-Interim precipitation is more intense (Figure
3a). CMAP presents a narrower seasonal cycle with less
precipitation in November-December and more in April to
September (Figure 3a, yellow line). ERA-Interim has been
evaluated to give the correct water budget in the Mediter-
ranean Sea reanalysis for recent decades [1987-2017; Si-



moncelli et al., 2016]. Both RMSE maps of precipitation
(Figures 3b,c) exhibit the largest values in the Adriatic Sea
and in the northeastern side of the basin (Figures 3b,c), re-
flecting the latitudinal gradient of precipitation in the
Mediterranean Sea. The spatial RMSE pattern suggests a
latitudinal shift of AMIP precipitation field (Figures 3b,c).

Figure 4 shows the seasonal cycle of meridional and
zonal wind at 10 m, including the wind speed. AMIP
meridional winds have large negative values indicating
that AMIP northerly winds are more intense (Figure 4b),
while the zonal component is comparable between the re-
analyses and the AMIP members (Figure 4a). In terms of
wind speed, AMIP monthly climatology has a wider sea-
sonal cycle and the intensity is larger than both reanaly-
ses from September to June, with ERA40 having the
weakest wind (Figure 4c).

Winds are crucial in the Mediterranean Sea circulation
for the basin energetics [Cessi et al., 2014]. Thus, the first
concern is to get winds at appropriate magnitude in order
to maintain the bulk of the circulation energy. The surface
atmospheric wind (operationally defined at 10 meters
from the surface) is directly used to derive surface stress
and turbulent flux fields from bulk formulae. This implies
that errors in the determination of the winds can alter the
model forcing and have an impact on the output of the
ocean circulation models [Myers et al., 1998].

To better validate AMIP and reanalyses products, we
compare surface winds with satellite observations derived
from QuikSCAT data. In order to compare the different
datasets, AMIP and ECMWF reanalyses monthly mean data
have been horizontally interpolated onto the QuikSCAT grid,
masking land points over the whole Mediterranean basin.
The comparison of wind speeds in terms of spatial patterns
using the mean from 2000-2003 is shown in Figure 5. The
regions with most intense winds shown from QuikSCAT ob-
servations (Figure 5a) are the Gulf of Lion to the east of
Corsica, the Bonifacio Strait, the Sicily Strait, the sea re-
gions east and west of Crete and the Aegean Sea (see Fig-
ure 5i for details of the geography of the Mediterranean
291 Sea). The winds spatial patterns reflect the two main
wind regimes over the Mediterranean Sea: the strong and
northwesterly Mistral, crossing the western Mediter-
ranean, and the strong, dry northerly Etesian winds over
the Aegean Sea. Wind speed is largely underestimated in
both ERA40 and ERA-Interim (Figures 5b,c). On the oth-
er hand, AMIP members are able to reproduce both spa-
tial patterns distribution and intensities (Figures 5d,h). Nev-
ertheless, some features are not well captured by models’
products. For example, neither reanalyses nor AMIP are able
to reproduce the two maxima east and west of Crete, most-
ly associated with orographic forcing, as they all tend to
have just one maximum (Figure 5).

3.2 COMPARISON OVER THE GLOBAL OCEAN
The comparison of temperature at 2 m in terms of the

annual cycle shows that both AMIP and 20CRv2 are
slightly warmer than ERA-Interim (Figures 6a,c). Glob-
ally, they are warmer by about 0.3° C for the whole year-
climatology (Figure 6a). In the Northern Hemisphere,
they are both warmer by about 0.5° C in boreal summer,
while in boreal winter the bias in the 20CRv2 reanaly-
sis is almost doubled compared to AMIP (Figure 6b). In
the Northern Hemisphere the differences are smaller
than in the Southern Hemisphere, but in both cases the
largest discrepancies are found in local winters for
20CRv2 (Figure 6c). These biases are stronger in the po-
lar regions where 20CRv2 is drastically warmer (more
than 4°C) than ERA-Interim and AMIP (Figures 6d,e). In
fact, the RMSE in the polar regions is the largest (Fig-
ure 6g) and it is associated with the winter hemisphere.
Far from the poles, the differences in 20CRv2 are smaller
than 1°C (Figure 6e), with the lowest value of RMSE
apart for some coastal regions, like South America (Fig-
ure 6g). On the other hand, in AMIP the differences can
reach 1.5° C, and far from the poles the largest values
of RMSE are located in the western boundaries of the
oceans (Figure 6f), mostly along the Gulf Stream and the
Kuroshio currents. To have an idea on how the data sets
differ in time, Figure 6h shows squared differences of
monthly mean temperature averaged from 60°S to 60°N
for AMIP vs ERA-Interim (cyan line) and for 20CRv2 vs
ERA-Interim (red line). Excluding the high latitudes
where both AMIP and 20CRv2 have known large biases,
the error in 20CRv2 is smaller than in AMIP (Figure 6h).

The annual cycle of the zonal wind at 10 m in 20CRv2
is comparable to ERA-Interim, both in terms of intensi-
ty and seasonal evolution, for the global ocean and also
for the two hemispheres averages (Figures 7a,c). In AMIP
both intensities and seasonal evolution differ from ERA-
Interim (Figures 7a,c, cyan line). In particular, in the glob-
al ocean average the zonal wind at 10 m is overestimated
(more negative) in boreal winter (Figure 7a). Comparing
the two hemispheres, the bias is larger in the north and
the wind is overestimated in boreal winter but underes-
timated in boreal summer (Figure 7b). Conversely, in the
Southern Hemisphere the differences are smaller, still the
wind is underestimated compared to both ERA-Interim
and 20CRv2 (Figure 7c). In terms of spatial RMSE, it is
evident how the errors in AMIP are much larger than in
20CRv2 (Figures 7d,e), with maxima in the extra-trop-
ics and mostly in the western boundaries of the oceans
(Figure 7d). In 20CRv2 the differences are less than 1 m/s
in both the tropics and extra-tropics (not shown).

Considering the meridional wind component, the bi-
ases are generally smaller than for the zonal wind in both
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AMIP and 20CRv2 (Figures 8a,c), although AMIP has the
largest bias, mostly in the Southern Hemisphere winter
(Figure 8c), where it is overestimated. In the spatial pat-
tern RMSE values indicate that AMIP has more regions
with large errors, while 20CRv2 have the largest values
in intensity but localized in very few areas close to the
coasts (Figures 8d,e). As for temperature, Figure 7f and
Figure 8f show squared differences of monthly mean wind
at 10 m (zonal and meridional, respectively) averaged in
the global ocean for AMIP and 20CRv2 vs ERA-Interim
(cyan and red line, respectively). In both cases the error
is almost constant in time but it is much reduced in 20CRv2
compared to AMIP (Figures 7f,8f).

The annual cycle of downward shortwave radiation
shows that the values averaged over the global ocean in
AMIP are underestimated compared to ERA-Interim, while
in 20CRv2 they are slightly overestimated (Figure 9a). The

largest differences occur in boreal summer (Figures 9b,c)
and have a maximum in the Northern Hemisphere. In
AMIP the bias is negative almost everywhere except for
the eastern boundaries of the ocean (not shown) and the
largest RMSE values are in the tropics (Figure 9d). The
negative bias indicates that less shortwave radiation
reaches the surface, and it is likely that the reason is an
excess of low clouds in the tropics (not shown). Con-
versely, in 20CRv2 the bias is mostly positive (not shown)
and RMSE is larger along the western coasts of the con-
tinents (Figure 9e).

Similarly, the annual cycle of downward longwave ra-
diation shows the largest RMSE in boreal summer in the
Northern Hemisphere in AMIP (Figure 9g). The flux in
20CRv2 has values close to ERA-Interim both in terms of
intensity and of seasonal distribution (Figures 9f,g,h red
line). Considering the spatial pattern, AMIP has an over-
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FIGURE 1. Annual cycle of (a) temperature at 2 m (T2M, K), (b) dew point temperature at 2 m (D2M, K), (c) mean sea level pressure
(MSL, hPa) and (d) total cloud cover (CLC, %) averaged in the Mediterranean basin for ERA-Interim (black line) and ERA40
(yellow line) reanalyses and for the AMIP members (other colored lines). Climatologies are computed over the common
period between the three datasets, 1979-2001. The vertical bars represent the standard deviation with respect to the cli-
matology.



all positive bias (not shown) with the largest RMSE in the
tropics (Figure 9i) and a negative bias mostly in the

Southern Hemisphere in the middle latitudes (not shown).
Conversely, the RMSE is generally smaller in 20CRv2 (Fig-
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FIGURE 2. Annual mean RMSE of temperature at 2 m of AMIP ensemble mean vs (a) ERA-Interim and (b) ERA40. Climatologies
are computed over the common period between the three datasets, 1979-2001.

FIGURE 3. (a) Annual cycle of precipitation (mm/d) averaged in the Mediterranean basin for ERA-Interim reanalysis (black line),
CMAP data (orange line) and the AMIP members (other colored lines). Climatologies are computed over the common pe-
riod between the three datasets, 1979-2010. Maps are for annual mean RMSE of precipitation of AMIP (ensemble mean)
vs (b) ERA-Interim and (c) CMAP.



ure 9j) but with some maxima located in the polar regions
and along the western coasts of the continents (Figure 9j).

In the south-east Pacific region, off-the coasts of Peru
and Chile the westerly large-scale circulation flow inter-
acts with the Andes producing a persistent presence of
stratocumulus deck on the Pacific Ocean cooling the SST
and stimulating upwelling of ocean currents [Wood et al.,
2011]. There the AMIP experiments have large errors
mostly in terms of radiation (Figure 9) because these cou-
pled processes between ocean and atmospheric dynam-
ics driven by persistent cloudiness are not represented.

The annual cycle of the corrected ERA-Interim
(ERAINC) precipitation is shown in Figures 10a,c, to-
gether with the same variables from 20CRv2 and AMIP
experiments. The annual cycle indicates that 20CRv2
largely overestimates the precipitation averaged over the
global ocean, and the bias is comparably large in both
hemispheres (Figures 10a,c). In AMIP the bias in terms

of global averages is smaller, but in boreal summer
there is more precipitation than observed (Figure 10a).
In terms of the spatial pattern, the largest differences are
found in the tropics (Figures 10f,g). Both AMIP and
20CRv2 have a negative bias along the western bound-
aries of the ocean in the Northern Hemisphere (Figure
10d, e). Comparing the maps of annual mean differences,
it is clear that both AMIP experiments and 20CRv2
have limitations in terms of total precipitation. In the
case of the AMIP experiments the main reason is asso-
ciated with the well-known deficiencies of models in
representing convective processes in the tropics together
with the lack, in this type of experiment, of appropriate
air-sea feedbacks [Kirtman and Vecchi, 2011]. Monthly
mean squared differences in precipitation averaged in the
global ocean are generally larger in 20CRv2 than in
AMIP (Figure 10h).

When the comparison between AMIP and 20CRv2 of

9
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FIGURE 4. Annual cycle of (a) zonal wind (m/s) at 10 m, (b) meridional wind (m/s) at 10 m and (c) 10 m wind speed (m/s) averaged
over the Mediterranean basin for ERA40 (yellow line), ERA-Interim (black line) reanalyses and for the AMIP experiments
(other colored lines). Climatologies are computed over the common period between the three datasets, 1979-2001. The
vertical bars represent the standard deviation with respect to the climatology.



temperature at 2 m is applied to the longer period (1901-
2010), both the annual cycle and its spatial pattern reflect
the differences discussed for the shorter period: AMIP is
generally warmer than 20CRv2 except in the polar regions
where the latter is much warmer (Figure 11a). Apart from
the poles, the other largest RMSE in the annual mean are
close to the eastern coasts of the Northern Hemisphere
continents (Figure 11b). The timeseries of the squared dif-
ferences averaged from 60°S to 60°N over the ocean, thus
excluding the high latitudes, tend to reduce toward the
end of the record (Figure 11c). Differences for the other
variables in the longer time record are similar to those de-
scribed for the shorter period (not shown).

3.3 INTERANNUAL VARIABILITY AND TRENDS
To compare the interannual variability as reproduced

in the different datasets over both Mediterranean Sea
and global ocean, Table 2 and 3 contain standard devi-
ation values and correlation coefficients for temperature,
winds and precipitation. The standard deviation values
have been computed for the monthly mean anomalies
(thus removing the seasonal cycle) averaged over the
global ocean and the Mediterranean Sea. For T2M and
V10 the values are comparable among the three data sets
in the regions considered, while for U10 and PRECIP the
values in AMIP are much smaller (i.e. almost halved)
than in ERA-Interim, indicating a weaker variability
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FIGURE 5. Annual mean 10 m wind speed (m/s) for (a) QuikSCAT data, (b) ERA-Interim, (c) ERA40 and (d-h) AMIP experiments.
Climatologies are computed over the common period between the datasets, 2000-2003. Panel (i) shows some details of
the geography of the Mediterranean Sea.



(Table 2), except for the Mediterranean Sea region.
For global averages, the highest correlation coeffi-

cients between the monthly mean anomalies are found
in 20CRv2 (Table 3). In AMIP the values are smaller than
in 20CRv2 but significant except global ocean mean pre-
cipitation (Table 3). This poor correlation is explained by
the lack in the AMIP time series of the interdecadal vari-
ability found in the ERA-Interim record (not shown).
This weakness in AMIP results could be evinced also
from the time series of squared differences in monthly
mean precipitation shown in Figure 10h and previously
discussed. Over the Mediterranean Sea the correlation
coefficients between AMIP and the other datasets for all
the variables considered are statistically significant and
relatively high (Table 3).

Figure 12a shows monthly wind speed from 2000 to
2003, indicating that the AMIP members and the two re-

analyses considered have a realistic interannual vari-
ability. The fact that AMIP members strongly represent
the variability of the wind speed is important for ocean
modelling which requires wind data with good time ac-
curacy. This is confirmed also by the standard deviation
values for the zonal and meridional wind component
from which it is evident that ERA products have smaller
variability than AMIP (Table 2). ERA40 and ERA-Interim
have a large bias almost constant in time, while AMIP
members have errors, in most of the case smaller, and
variable in time (Figure 12c). The mean error in AMIP
is about 1 m/s and it can be considered more accurate
than the other reanalyses shown [Milliff et al., 2011]. The
most striking difference is the overall underestimation
of ERA40 and ERA-Interim seasonal cycle values, while
AMIP members mostly agree with QuikSCAT observa-
tions in boreal winter, fall and spring, even though
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AMIP ERA-Interim 20CRv2 ERA40 CMAP

T2M
GLOB 0.139 0.123 0.129

MED 1.334 1.405 1.378

U10
GLOB 0.083 0.154 0.154

MED 0.509 0.427 0.385

V10
GLOB 0.044 0.056 0.059

MED 0.386 0.427 0.332

PRECIP
GLOB 0.031 0.085 0.062

MED 0.339 0.314 0.399

AMIP vs
ERA-Interim
1979-2010

20CRv2 vs
ERA-Interim
1979-2010

AMIP vs ERA40
1979-2001

AMIP vs CMAP
1979-2010

T2M
GLOB 0.80* 0.83*

MED 0.81* 0.80*

U10
GLOB 0.30* 0.93*

MED 0.56* 0.56*

V10
GLOB 0.57* 0.90*

MED 0.59* 0.57*

PRECIP
GLOB 0.09* 0.44*

MED 0.66* 0.41*

TABLE 2. Standard deviation of monthly mean temperature at 2 m (T2M), zonal and meridional wind at 10 m (U10, V10) and pre-
cipitation averaged over global ocean (GLOB) and Mediterranean Sea (MED, 6°W-37°E, 30°-46°N). The values for precip-
itation in the “ERA-Interim” column are computed from the ERA-Interim corrected (ERAINC) dataset. The time period is
1979-2001 for MED values and 1979-2010 for GLOB values.

TABLE 3. Correlation coefficients of monthly mean temperature at 2 m (T2M), zonal and meridional wind at 10 m (U10, V10) and
precipitation averaged over global ocean (GLOB) and the Mediterranean Sea (MED, 6°W-37°E, 30°-46°N). In the 3rd and
4th column the corrected ERA-Interim dataset, ERAINC, is used for precipitation. The asterisk indicates values statistically
significant (95%) using a 2-tail Student t-test. The periods considered for the computation are specified for each case in
brackets.



they are weaker in boreal summer (Figure 12b).
Figure 13 shows the annual mean temperature at 2

m averaged over the global ocean (GLOB) and the
Mediterranean Sea (MED). The time series are shown for
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FIGURE 6. Annual cycle of temperature (K) at 2 m (T2M) averaged over (a) the global ocean, (b) the Northern and (c) the Southern
Hemisphere oceans (defined as averages from the Equator to the poles). Annual mean T2M in terms of (d, e) differences
from ERA-Interim and (f, g) RMSE vs ERA-Interim for AMIP and 20CRv2, respectively. The climatology is computed for
the period 1979-2010. (h) Monthly mean squared differences T2M for AMIP and 20CRv2 vs ERA-Interim (cyan and red
line, respectively), averaged from 60°S to 60°N (high latitudes are excluded as highly biased).



ERA-Interim (black line) and 20CRv2 (red line) reanal-
yses, and for AMIP experiments (cyan line). Both

20CRv2 and AMIP tend to overestimate the temperature
close to the surface, as discussed also above in terms of
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FIGURE 7. Annual cycle of zonal wind (m/s) at 10 m (U10) averaged over (a) the global ocean, (b) the Northern and (c) the South-
ern Hemisphere oceans (defined as averages from the Equator to the poles). (d,e) Annual mean U10 in terms of RMSE vs
ERA-Interim for AMIP and 20CRv2, respectively. The climatology is computed for the period 1979-2010. (f) Monthly mean
squared differences of globally averaged U10 (ocean points only) for AMIP and 20CRv2 vs ERA-Interim (cyan and red
line, respectively).



climatologies, but in both datasets, the value of the lin-
ear trend for the last decades of the century (i.e. 1979-
2010) is realistic when compared with ERA-Interim
(Table 4). In fact, over the global ocean the trend in ERA-
Interim is about 0.13° C/decade in agreement with ob-

servational datasets [Foster and Rahmstorf, 2011] and it
is 0.13 and 0.14 °C/decade in 20CRv2 and AMIP, re-
spectively (Table 4). When considering the whole cen-
tury (i.e. 1901-2010) the values in 20CRv2 reanalysis and
AMIP experiments are comparable and consistent, with
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FIGURE 8. Same as Figure 7 but for meridional wind (m/s) at 10 m (V10).
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FIGURE 9. Annual cycle of downward shortwave radiation (W/m2, SWRD) averaged over (a) the global ocean, (b) the Northern and
(c) the Southern Hemisphere oceans (defined as averages from the Equator to the poles). (d,e) Annual mean RMSE of AMIP
and 20CRv2 vs ERA-Interim, respectively. (f-h) same as (ac) and (i-j) same as (d-e) but for downward longwave radia-
tion (W/m2, LWRD). For both variables, the climatology is computed for the period 1979-2010.



the trend over the global ocean equals to 0.09 °C/decade
in 20CRv2 and to 0.08 °C/decade in AMIP (Table 4).

Despite in the AMIP experiments the transient atmo-

spheric GHG contribution is not directly included in the
atmosphere, the trends in temperature close to the sur-
face are reproduced, confirming our hypothesis that the
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FIGURE 10. Annual cycle of precipitation (mm/d) averaged over (a) global ocean, (b) Northern and (c) Southern Hemisphere oceans.
Annual mean PRECIP in terms of (d,e) differences and (f,g) RMSE vs ERA-Interim corrected dataset (ERAINC) for AMIP
and 20CRv2, respectively. The climatology is computed for the period 1979-2010. (h) Monthly mean squared differences
of globally averaged PRECIP for AMIP and 20CRv2 vs ERAINC (cyan and red line, respectively).



SST variability is more important for the ocean model
and the data assimilation system than the GHG one is,
at least over the ocean. Recently, He and Soden [2016]
reinforced and motivated the use of AMIP experiments
for simulating anthropogenic changes when resulting
from an SST prescribed change, despite the lack of con-
straints for energetically consistent surface fluxes.

In the case of the zonal wind at 10 m the variability
in 20CRv2 is much closer to the ERA-Interim than it is
in AMIP (not shown). Considering the discussion in pre-
vious sections these results are perfectly in line suggest-
ing that the biases in the ECHAM4 atmospheric model in-
fluence the performance in reproducing the surface zonal
mean wind and its variability. Rather the assimilation of
the sole SLP in 20CRv2 is enough to reproduce the zonal
wind either in the mean and in terms of variability. For
the trends as reported in Table 4, in the last decades of
the 20th century the values are very small (i.e. for the
global ocean -0.03 ms-1/decade in ERA-Interim and in
20CRv2, -0.02 ms-1/decade in AMIP). Also considering
the whole century, the values for AMIP are smaller than
for the 20CRv2 reanalysis (Table 4).

4. CONCLUSIONS AND DISCUSSION

An ensemble of AMIP-type experiments (AMIP) pro-
duced with an atmospheric general circulation model
prescribed with observed SST and sea-ice concentrations
is compared to available atmospheric reanalysis products
to evaluate it as atmospheric forcing for ocean data as-
similation systems designed for the production of
oceanic reanalyses for the whole 20th century. The com-
parison is divided into an evaluation for the Mediter-
ranean Sea and for the global ocean.

Over the Mediterranean Sea, AMIP members are
compared with ERA-Interim and ERA40 reanalyses. The
results shown indicate that over the Mediterranean
basin AMIP shows a realistic good performance of tem-
perature at 2 m (including dew point temperature), de-
spite some systematic biases in the mean sea level pres-
sure field and in the total cloud cover. In terms of
temperature at 2m and precipitation RMSE, the largest
differences from ERA40 and ERA-Interim reanalyses
values are found in the Adriatic Sea and in the north-
eastern side of the basin.
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FIGURE 11. (a) Annual mean difference and (b) RMSE of T2M in AMIP vs 20CRv2. The climatology is computed for the period 1901-
2010. (c) Monthly mean squared differences of T2M in AMIP vs 20CRv2 averaged from 60°S to 60°N.



The analysis of the surface winds revealed a surpris-
ing good performance both in terms of annual cycle and
spatial patterns, specifically when compared with an
available short record of satellite data (QuickSCAT). It is
likely that the high resolution of the AMIP experiments

as well the potential role of SST forcing in shaping sur-
face wind structures, made them the most suitable can-
didate to be used as atmospheric forcing for the pro-
duction of long oceanic reanalyses in the Mediterranean
Sea. In a preliminary assessment, the ocean reanalysis
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FIGURE 12. 10 m wind speed (m/s) averaged over the Mediterranean basin for the period 2000-2003 in terms of (a) monthly means
and (b) annual cycle for QuikSCAT data (blue dashed line), ERA40 (yellow line) and ERA-Interim (black line) reanaly-
ses and for the AMIP experiments (other colored lines). (c) Bias (i.e. difference) of monthly mean wind vs QuikSCAT.

T2M °C/decade ERA-Interim 20CRv2 vs AMIP

1979-2010
GLOB 0.13 0.13 0.14

MED 0.35 0.27 0.22

1901-2010
GLOB 0.09 0.08

MED 0.05 0.06

U10 ms-1/decade ERA-Interim 20CRv2 vs AMIP

1979-2010
GLOB -0.03 -0.03 -0.02

MED -0.02 -0.05 -0.05

1979-2010
GLOB 0.011 -0.005

MED -0.01 -0.01

TABLE 4. Linear trends of annual mean temperature at 2 m (T2M, °C/decade) and zonal wind at 10 m (U10, ms−1/decade) in ERA-
Interim, 20CRv2 and AMIP for the 1979-2010 decades and in AMIP and 20CRv2 for the whole century (1901-2010). The
trends are computed over the global ocean (GLOB) and the Mediterranean Sea (MED, 6°W-37°E, 30°-46°N).



forced with AMIP [Fratianni et al., 2015] is compared
with another ocean reanalysis forced with atmospheric
forcing from ERA-Interim, and the results indicate that the
two reanalyses products are of comparable quality. A de-
tailed work on the overall performance and quality of the
new ocean reanalysis in the Mediterranean Sea using
AMIP atmospheric fields will follow.

Over the global ocean a comparison is made between
AMIP (in terms of ensemble mean), 20CRv2 and ERA-In-
terim reanalyses. Here ERA-Interim is the reference for the
evaluation of the performance of the other two datasets.
The main conclusions from this comparison indicate that
in terms of annual cycle 20CRv2 is closer to ERA-interim
for meridional wind at 10 m, SWRD and LWRD, but the
AMIP ensemble mean is more realistic for the precipita-
tion. They are similar in terms of zonal wind at 10 m.
When analyzing the spatial patterns and associated RMS
errors, 20CRv2 is found to have more realistic patterns
than AMIP in the tropics for temperature at 2 m, merid-
ional and zonal wind at 10 m and downward radiative
fluxes. However, 20CRv2 has large biases at high latitudes:

for example, AMIP is more realistic in the polar region in
terms of temperature and LWRD, and is more realistic in
the mid-latitudes in terms of SWRD. For precipitation both
20CRv2 and AMIP have large biases in the tropics, and
both have dry biases in the northwest Pacific and north-
west Atlantic sectors.

Combining these results and mostly considering the
larger biases found in the spatial patterns in AMIP, 20CRv2
remains a better choice as atmospheric forcing for the
global ocean. However, the spectral signature in the wind
fields, as well as the warm biases in polar regions, appear
two non-negligible weaknesses of the 20CRv2 dataset for
ocean reanalysis applications. This justifies the adoption
of high-latitude atmospheric forcing bias-correction pro-
cedures as those described by Yang et al. [2017] for the
production of historical reanalyses. Moreover, the prolif-
eration of century long atmospheric and Earth’s system re-
analyses [e.g. CERA-20C Laloyaux et al., 2018], will allow
to have a better insight on the relative merits of histori-
cal atmospheric reanalyses and quantifying the underly-
ing uncertainty.
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FIGURE 13. Annual mean temperature at 2 m (T2M, K) averaged over (a) global ocean (GLOB) and (b) Mediterranean Sea (MED) for
20CRv2 (red line), AMIP (cyan line) and ERA-Interim (black line) from 1901 to 2010.



At interannual timescale AMIP has weaker variability
than ERA-Interim in terms of zonal wind at 10 m and pre-
cipitation. For precipitation averaged over the global
ocean, the correlation coefficient of monthly mean
anomalies (AMIP vs ERA-Interim) is the smallest. Con-
versely, 20CRv2 has standard deviation values of monthly
mean anomalies comparable to ERA-Interim and correla-
tion coefficients realistically high and statistically signifi-
cant for all the variables considered.

In our AMIP experiments the atmospheric GHGs are
constant but the SST prescribed from the observations
contains the signature of time-varying concentrations of
atmospheric gases. In fact, the comparison of linear trends
in the last decades between the three datasets indicates that
the values found for the temperature at 2 m are compa-
rable and consistent in the global ocean, as well as in the
Mediterranean Sea. This result suggests that the SST vari-
ability is more important than that from GHGs alone, at
least over the ocean. For zonal winds, the intensity of the
trends in AMIP is generally underestimated though very
small. AMIP has important shortcoming in the simulation
of the mean zonal wind and of its variability, except for
the Northern Hemisphere high-latitudes and the Mediter-
ranean region. The comparison of the trends during the
whole century between AMIP and 20CRv2 shows values
highly consistent in terms of temperature and zonal wind.

In our exercise, atmospheric forcing from AMIP ex-
periments have been evaluated as the optimal choice for
the Mediterranean Sea oceanic reanalysis because of their
relatively high resolution and the realistic representation
of surface winds in the region, probably driven by pre-
scribed SST forcing. Our objective here is not to promote
AMIP atmospheric forcing as better than atmospheric re-
analyses, rather we intend to show that for specific ap-
plications and considering their intrinsic limits they could
be of some use. At the time of our analysis the ECMWF
centennial atmospheric reanalysis (ERA20C) was not yet
distributed, at present or in the coming future it could be
interesting and useful repeating our exercise considering
the 20th century atmospheric reanalyses now available.
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