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Abstract This paper describes a new eight-member ensemble of ocean reanalyses spanning nearly 200
years from 1815 to 2013 generated using the Simple Ocean Data Assimilation system with sparse observa-
tional input (SODAsi) to explore long-term changes in the oceans. The eight ensemble members assimilate
surface temperature observations and use surface boundary conditions from an atmospheric reanalysis that
is loosely coupled to the ocean reanalysis. Both surface and subsurface quantities, such as dynamic height
and heat content, show a broad spectrum of variability. Surface temperature trends from 1815 to 2013 are
positive in most regions, with some important exceptions; the central Tropical Pacific, around Antarctica,
and in the Gulf Stream and Kuroshio extension regions all show cooling trends. A near-global average
shows warming of about 0.88C over the full period, with most of the warming occurring after 1920. There is
pronounced multidecadal variability in both the midlatitude and tropical oceans. In the North Atlantic
Ocean, temperature variability is highly correlated with the meridional overturning stream function, with
the largest correlation occurring when the stream function is advanced by 9 years. Trends of upper ocean
heat content and dynamic height from the 1950s onward compare well with previously published values.
Globally averaged heat content of the upper 700 m shows a nearly linear rise after the 1920s, requiring a
net downward surface heat flux increase of 0.47 W m22 into the ocean. This is close to published estimates
of the increased flux required to explain the heat content increase from 1971 to 2010.

1. Introduction

The response of the climate system, especially that of global mean surface temperature, to increasing
greenhouse gases in the atmosphere has been analyzed in a variety of ocean-atmosphere coupled climate
models [Meehl et al., 2007]. Understanding this response is important for understanding anthropogenic cli-
mate change and for improving climate predictions. There is a pressing need to validate the coupled cli-
mate models used for making predictions, so that scientists and policymakers understand their benefits and
limitations. Unfortunately, because few subsurface ocean observations were made before the late 1960s,
validations of oceanic changes are often restricted to those of sea surface temperature (SST).

To address the need for long-term SST records, several ‘‘reconstructed’’ SST data sets have been developed.
Spatially and temporally complete global data sets such as Kaplan SST v2 [Kaplan et al., 1998], HadISST 1.1
(Hadley Centre Sea Ice and SST, version 1.1) [Rayner et al., 2003], and ERSST v4 (Extended Reconstructed
SST, version 4) [Huang et al., 2015] are based on statistical interpolation techniques to reconstruct the SST
field. A drawback of these reconstructions is that they use recent patterns of climate variability in periods of
dense observations to estimate patterns of variability in earlier periods of sparse observations. This assumes
that the structure of climate variability in the earlier periods was similar to that in recent periods. However,
as shown by Giese and Ray [2011], the structure of important aspects of climate variability such as the El
Ni~no Southern Oscillation (ENSO) phenomenon varies considerably in time, raising the possibility that tradi-
tional methods to reconstruct SST fields do not capture the full range of the actual variability.

An alternative approach is to combine observations with model-generated estimates through the process
of data assimilation [Daley, 1991; Kalnay, 2003]. Algorithms have been developed to optimally merge sparse
observational data with guesses generated using state-of-the-art numerical models to provide estimates of
time evolving atmospheric and oceanic states. When used to estimate the state (an ‘‘analysis’’) of a geophys-
ical system in retrospect, such approaches are termed ‘‘reanalysis.’’
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A central concern with reanalysis data sets of sparsely observed periods is how they differ from a model
simulation. This was the subject of a series of experiments conducted at Texas A&M University and reported
by Carton et al. [2012]. In those experiments, observations for 1995–1998 were degraded to the observation
densities of 1925–1928, 1945–1948, and 1965–1968. No meaningful impact of hydrographic observations
was found before the late 1960s, but SST observations have an impact even for the sparse density of 1925–
1928. A second set of experiments was conducted by degrading the atmospheric forcing within the error
bars estimated from the 20CRv2 (20th Century Reanalysis version 2, Compo et al. [2011]) reanalysis. These
experiments show that if the historical representation of surface meteorological forcing is sufficiently accu-
rate (if we accept the 20CRv2 error estimates) then tropical phenomena of the magnitude of the 1997/1998
El Ni~no and associated 1997 Indian dipole and 1998 La Ni~na could be described qualitatively at least as early
as the 1920s and likely even earlier.

Reanalyses are useful for providing a long-term perspective on climate change. In this context it is notable
that Ray and Giese [2012] found no statistically significant trends from 1871 to 2008 in an oceanic reanalysis
data set (SODA 2.2.4) in the strength, frequency, duration, location, or direction of propagation of El Ni~no
and La Ni~na events. Their finding, however, has an important caveat that the surface forcing in SODA 2.2.4
was specified using the ensemble mean fields from the ensemble of atmospheric 20CRv2 reanalyses. This
averages out the high-frequency wind stress variability in periods of sparse observations. The effect is great-
er in the early part of the record when the few atmospheric observations do not adequately resolve the
high-frequency forcing.

Resolving the high-frequency component of the forcing can have an important impact on estimates of low-
frequency climate variability. For example, Yang and Giese [2013] found the structure of ENSO is different in
model integrations using ensemble mean forcing (as was used for SODA 2.2.4) compared to integrations
using individual member forcing. They attributed this to the fact that in the western Pacific, higher-
frequency components of the forcing substantially enhance evaporation and contribute to cooler SST. This
contribution acts to weaken the mean zonal SST gradient, and thus to weaken the amplitude of ENSO in
the western Pacific. Interestingly, Yang and Giese [2013] also found that using the individual member forcing
can strengthen ENSO in the eastern Pacific, because the stronger winds generate stronger oceanic Kelvin
waves that propagate to the eastern Pacific region of the shoaling thermocline.

In this paper, we explore an ensemble of oceanic reanalyses generated using individual members of an
ensemble of atmospheric forcing fields derived from an updated experimental version of the atmospheric
20th century reanalysis system. We are chiefly motivated by the need to improve the characterization of
oceanic variability in the 19th to the mid-20th centuries, especially in relation to that of the better-observed
more recent period.

2. Methods

The new reanalyses use the Simple Ocean Data Assimilation (SODA) methodology [Carton and Giese, 2008]
comprising the Parallel Ocean Program (POP) [Smith et al., 1992] ocean model and SODA algorithm. Several
previous versions of SODA spanning the 20th century [Giese et al., 2010; Giese and Ray, 2011; Ray and Giese,
2012] used ensemble mean atmospheric forcing from the 20th Century Reanalysis [Compo et al., 2011]. As
discussed by Yang and Giese [2013], relying on ensemble mean forcing is acceptable in times of numerous
observations but can generate large biases in times of few observations because the weather noise is aver-
aged out in times of few observations. In this paper, we describe a new version of SODA (SODAsi.3 where si
stands for sparse input) generated using individual ensemble members of atmospheric forcing fields from a
newer version of the 20th Century Reanalysis data set.

The SODA system has been described in detail elsewhere [Carton and Giese, 2008]. Briefly, the POP ocean
model is used with a horizontal resolution of 0.48 (zonal) 3 0.258 (meridional) and 40 vertical levels with
10 m spacing near the surface. The model covers the global domain with a distorted grid in the Northern
Hemisphere to allow for a displaced North Pole in order to adequately resolve the Arctic Ocean. The meridi-
onal resolution increases poleward to reduce the grid anisotropy that results from the Mercator coordinate
grid due to the convergence of meridians at high latitudes. K-profile parameterization is used for vertical
mixing, and biharmonic diffusion is used for horizontal mixing. River input is included with climatological
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seasonal discharge. There is no
explicit sea ice model; however
the surface heat flux is modified
when the surface temperature
reaches the freezing point of
seawater.

In the SODAsi.3 system presented
here, many elements of the SODA
system are retained. The major
difference is that only SST obser-
vations, contained in the Interna-
tional Comprehensive Ocean-
Atmosphere Data Set [ICOADS
Woodruff et al., 2010] version 2.5,
are assimilated, applying the spa-
tially and monthly varying bucket
corrections used in HadISST 1.1
[Rayner et al., 2003] to the ICOADS
observations. In contrast, all avail-
able surface and subsurface tem-
perature and salinity observations
were used in previous versions of
SODA. Our main motivation for
not using the subsurface temper-
ature and salinity profile data in
SODAsi.3 is to avoid generating

spurious decadal climate variability due to the rapidly increasing density of hydrographic measurements
after the 1950s.

Observations are assimilated in a sequential 10 day update cycle, with the model guess error covariances
specified from a simulation without assimilation. The assimilation cycle operates as follows. A 5 day simula-
tion from day t to day t15 is generated first. At day t15, an analysis is performed to produce an estimate of
the ocean state, using observations within 45 days of the analysis date. Innovations are calculated as the dif-
ference between the analysis and the first guess. Although only SST is assimilated, the covariance between
salinity and temperature is used to estimate salinity innovations, because updating only temperature cre-
ates spurious water masses [Carton and Giese, 2008]. For salinity there is a damping to climatology during
the model integration with a time scale of 5 years. The model is restarted at day t and integrated to day
t110 with temperature and salinity innovations added incrementally at every time step. At day t110, the
procedure is repeated. The model generated 5 day averages are mapped onto a uniform global 0.58 3

0.58horizontal grid using the spherical coordinate remapping and interpolation package of Jones [1999].

An important new feature of the SODAsi.3 system is its use of a ‘‘loosely coupled’’ ocean-atmosphere frame-
work to extend the reanalyses back to 1815. The loose coupling refers to alternating iterations of the
SODAsi and 20CR assimilations using boundary forcing from previous iterations, specifically a SODAsi.2
assimilation followed by a new 20CR assimilation and then by SODAsi.3, as depicted schematically in Figure
1. The left-hand column of Figure 1 shows the two atmospheric reanalyses (20CRv2b and 20CRv2d) and the
right-hand column shows the two ocean reanalyses (SODAsi.2 and SODAsi.3) that were generated. The iter-
ative coupling proceeds from the top of the figure to the bottom of the figure. In lieu of full coupling, such
a loose coupling attempts to improve the mutual consistency of the atmospheric and oceanic assimilations.

For the first iteration of this loosely coupled reanalysis, the 18 ensemble members of SODAsi.2 use bound-
ary conditions from 20CRv2 for the 1948 to 2012 period, and from an experimental version of 20CR
(20CRv2ex) that assimilates additional pressure observations [Cram et al., 2015] for the earlier 1846–1947
period. We refer to this combined 20CR version as 20CRv2b. The lower boundary conditions of SST and sea
ice concentration for 20CRv2 are from the UK Met Office HadISST 1.1 data set [Rayner et al., 2003] interpolat-
ed from monthly to daily resolution. For the 1871–1947 period, 20CRv2b also used HadISST 1.1, but for

Figure 1. Coupling strategy used to produce SODAsi.3. Experiments are described in the
text. The years for the 20CR system using specified SST source fields are indicated in the
left hand plots. The right hand plots indicate the span of years in the subsequent SODAsi
version.
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earlier periods the monthly HadISST 1.1 monthly climatology of 1871–1900 is prescribed. Because of a spec-
tral pattern in the surface wind stress from 20CRv2 [Kent et al., 2012], the surface wind stress average from
1979 to 2008 is removed and replaced by the ERA-interim [Dee et al., 2011] mean wind stress averaged over
the same period.

For the second iteration of the coupled system (see Figure 1), three experiments using the 20CR methodolo-
gy are combined to provide surface boundary conditions for SODAsi.3. We call this combination 20CRv2d.
The first segment extends from 1815 to 1930. Before 1846 this segment uses SST from an SST climatology
derived from the COBE v2 data set for the 1861–1890 period. From 1846 to 1930, the segment uses SST
from SODAsi.2. The second segment of 20CRv2d spans the 1931–2012 period. This segment is the same as
20CRv2c, which also uses SODAsi.2 for SST boundary conditions. The third segment is for the year 2013,
and this piece specifies SST from OISST v2 [Reynolds et al., 2007]. All segments specify sea ice concentrations
from the COBE v2 data set [Hirahara et al., 2014], with its 1861–1890 climatology specified before 1851.

Surface wind stresses from 20CRv2b and 20CRv2d are used for computing surface momentum fluxes and
solar radiation, specific humidity, cloud cover, 2m air temperature, precipitation, and 10 m-wind speed are
used for computing heat and freshwater fluxes. Daily averages are used as boundary conditions. All ensem-
ble members of the ocean reanalyses use the same ocean observations and assimilation system. The chief
benefit of generating such an ensemble of reanalyses is that it provides a measure of uncertainty in the
reanalyzed oceanic fields and in other fields derived from them, such as monthly or annual averages used
to study climate variability and change.

The atmospheric model used for 20CRv2b and 20CRv2d is the same as for 20CRv2 and is described by Com-
po et al. [2011]. It is a coupled atmosphere-land model based on the NCEP Global Forecast System (GFS)
with a horizontal resolution of 62 spherical wavenumbers (T62) and a vertical resolution of 28 hybrid sigma-
pressure levels. An 11 year solar cycle, time-varying CO2 concentrations and volcanic aerosols are pre-
scribed [Compo et al., 2011]. Volcanic aerosols after 1850 are prescribed using estimates of Sato et al. [1993].
Prior to 1851 volcanic aerosol estimates of Crowley and Unterman [2013] are used.

For surface pressure observations, three different versions of the International Surface Pressure Databank
(ISPD) [Cram et al., 2015, Compo et al., 2011] are used. 20CRv2 only assimilates surface and sea level pressure
observations from ISPD version 2. The observations in ISPD come from land stations, marine observations,
and tropical cyclone ‘‘best track’’ pressure observations and reports. Sea Level Pressure (SLP) from the
ICOADS marine observations is provided by ICOADS 2.4 for the period of 1952–2008 and by ICOADS 2.5 for
the period of 1846–1951. Tropical cyclone data are provided by the International Best Track Archive for Cli-
mate Stewardship (IBTrACs). As described by Compo et al. [2011], extensive quality control procedures are
conducted on ISPD observations before assimilating the pressure observations. For the period 1846–1948,
ISPD version 3 is used to generate 20CRv2ex. This version includes many additional observations over land
and ocean. Differences are described by Cram et al. [2015] and include pressure observations from hun-
dreds of new stations around the world and thousands of newly recovered marine SLP observations from
ships of exploration during the mid-19th to mid-20th centuries [Allan et al., 2011].

For 20CRv2d, surface pressure observations for 1815–1930 from the newly assembled ISPD version 4 were
used Cram et al. [2015]. This version incorporates new station and marine observations during the early 19th
to early 20th centuries from several ongoing digitization efforts by previous contributors to the ISPD [Cram
et al., 2015], and also incorporates new contributions facilitated by the Atmospheric Circulation Reconstruc-
tions over the Earth Initiative [Allan et al., 2011], including the citizen-science efforts of Oldweather.org and
WeatherDetective.org, the international efforts of the ERA-CLIM project [Stickler et al., 2014], and extensive
digitizations for stations back to 1815 [Brugnara et al., 2015].

The assimilation procedure for the new versions of 20CR used for SODAsi is the same as for previous ver-
sions: an Ensemble Kalman Filter algorithm based on an ensemble square root filter [Whitaker and Hamill,
2002; Whitaker et al., 2004, Compo et al., 2006; Compo et al., 2011]. For each 6 hourly analysis, an ensemble
of 56 9 hour ‘‘first guess’’ forecasts was generated and 56 6 hourly analyses were produced. 20CRv2 is the
first synoptic reanalysis data set extending back into the 19th century of very sparse observations, which
also provides estimates of the analysis uncertainty at each analysis time as the ensemble standard devia-
tion. Extensive comparisons with independent observations such as radiosonde data, numerical weather
prediction (NWP) forecasts, atmospheric reanalyses using all available observations, and statistical climate
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reconstructions have demonstrated that 20CRv2 accurately captures, within its estimated error bars, much
of the observed weather and climate variability [Compo et al., 2011; Br€onnimann et al., 2011, 2012; Compo
et al., 2013], including hydroclimatic variability [Greve et al., 2014].

3. Results

An important aspect of this work is to estimate uncertainty in the reanalysis fields. To address uncertainty,
we explore some properties of the observations used by SODAsi.2 and some properties of the prescribed
20CRv2b surface wind forcing. We use SODAsi.2 for this section because there are 18 ensemble members in
that experiment, as opposed to 8 in SODAsi.3. The variance and the ensemble spread are the same for the
two experiments in the period for which they overlap (not shown). The latitudinal distribution of ICOADS
2.5 observations is illustrated in Figure 2. Similar figures for the distribution of surface pressure observations
used by the 20CR system are presented by Cram et al. [2015]. The figure shows the zonally averaged num-
ber of observations as a function of latitude for the period from 1850 to the present.

There are few ocean observations digitally available anywhere before 1880. The number of observations
increases in the last decades of the 1800s, mostly because of measurements in the Atlantic Ocean, along
transects between Europe and the United States, and between Europe and South America. Figure 2 also
shows a noticeable hemispheric bias in the number of observations throughout the record, with more
Northern than Southern Hemisphere observations until the start of the 21st century. This bias is largest in
the latter half of the 20th century when many of the oceanographic and shipping observations were made
in the North Atlantic and North Pacific Oceans. There are also noticeable decreases during the two World
Wars, from around 1914–1920 and again in the early 1940s.

Despite the sparseness of observations in the late 1800s and early 1900s, Carton et al. [2012] show that these
observations, in conjunction with an atmospheric reanalysis that uses surface pressure observations, can
resolve much of the structure and evolution of ENSO. Current data rescue initiatives may improve upon the
sparseness of surface observations in future releases [Allan et al., 2011; Woodruff et al., 2010]. The number of
SST observations in the midlatitude northern oceans is much improved in the late 1950s (associated with the
International Geophysical Year), and the northern oceans remains relatively well observed to the present,
however the rest of the global oceans remain poorly observed until the end of the 20th Century. The introduc-
tion of the TOGA-TAO observing array in the 1990s increased the number of observations in the tropical Pacif-
ic, but it is not until the deployment of the Argo network of profiling floats in the early 2000s that coverage in
the Southern Ocean becomes comparable to that in the rest of the global oceans.

Figure 2. Time-latitude distribution of the number of SST observations each month in different latitude bands in the ICOADS 2.5 data set.
Note that the key represents a log scale.
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In addition to uncertainty introduced by the changing observation density, uncertainty is introduced via the
surface boundary conditions. Figure 3a shows the standard deviation of the 5-day mean zonal wind stress from
20CRv2b averaged over the 18 ensemble members used by SODAsi.2. As expected, variability is large at high
latitudes, and small in the tropics. The ensemble spread, taken here to be the RMS (Root Mean Square) of differ-
ences from the ensemble mean, is shown in Figure 3b and has a pattern similar to that of Figure 3a, with high
ensemble spread associated with regions of high variability. Interestingly, the ensemble spread in the North
Atlantic Ocean is considerably smaller than in the North Pacific Ocean, despite the larger variance in the North
Atlantic Ocean. This can be explained by the greater number of observations acting to reduce the ensemble
spread, particularly in the early part of the record, in the North Atlantic Ocean [Compo et al., 2011].

Given that the observational density in 20CRv2b is time-dependent, the ensemble spread is also time-
dependent. This is illustrated in Figure 4a, which shows the globally averaged standard deviation of the 5

Figure 3. (a) The temporal standard deviation of 5 day mean zonal wind stress (N m22) calculated using the 18 ensemble members of
20CRv2b used by SODAsi.2. The standard deviation is calculated from 1871 to 2011. (b) The time average of the ensemble spread of 5 day
mean zonal wind stress from the 18 members.
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day zonal wind stress (black line) and ensemble spread (red line), calculated in 3 year windows. In the late
1800s, the ensemble spread is reasonably similar to the temporal standard variation. However, as the num-
ber of observations increases throughout the 20th century, the intrinsic variability remains at approximately
the same level of about 0.7 N m22, whereas the ensemble spread decreases to about 0.20 N m22.

Uncertainty in the surface wind stress fields translates to uncertainty in SST in SODAsi.2. Figure 5 shows the
standard deviation and ensemble spread of 5 day averaged SST, also calculated using all data from 1871
through 2011. As expected, SST variability is largest in the northwestern Pacific and North Atlantic Oceans,
in the Southern Ocean from about 208S to the Antarctic coast, and in the eastern equatorial Pacific and
Atlantic Oceans. Other than in the eastern Pacific and Atlantic regions, most of the tropical oceans have rel-
atively little SST variability. By way of comparison, the ensemble spread (Figure 5b) reflects some of the
regions for which there is largest intrinsic ocean variability: the western boundary extension regions in the
Atlantic and Pacific Oceans; in the eastern tropical Pacific; and along the Antarctic Circumpolar Current
front. Interestingly, there is also a region of higher than average spread in the high latitude North Atlantic
Ocean, between Greenland and Norway. In the eddy region associated with the Antarctic Circumpolar Cur-
rent, there is modest SST variability, but large ensemble spread, suggesting that individual ensemble mem-
bers have eddies in different positions in these sparsely observed regions.

Although one expects SST variability to remain relatively stable through time, the same need not be true of
the ensemble spread, given the changes in observation density in both the atmosphere and ocean.
SODAsi.2 SST reflects this expectation. The global ocean average of the temporal standard deviation of SST
is indeed relatively constant at about 0.68C (Figure 4b). In contrast, the ensemble spread decreases from
about 0.458C at the start of the record to about 0.258C at the end of the record. There are some interesting
fluctuations in this downward trend. Notably, there is a brief period of lower spread in the 1880s, associated
with an increase in observations (mostly from the U.S. Marine Meteorological Journals Collection, [Woodruff
et al., 2010]), and increased spread during the two World Wars when fewer observations are available.

Figure 4. The temporal distribution of the standard deviation (black line) and ensemble spread (red line) of (a) zonal wind stress in N m22

averaged over the ocean from 20CRv2b and (b) SST from SODAsi.2. The standard deviation is calculated using a 3 year moving window
and is averaged over the 18 members used in SODAsi.2.
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A final methodological question is how many ensemble members are needed to represent SST variability in
the reanalyses. To address this issue, we explore the number of ensemble members needed to represent SST
in a different SST data set, in this case ERSST v4. We show in Figure 6 SST at 1408W and the equator for 1960–
1969 from SODAsi.2 and from ERSST v4 [Huang et al., 2015]. We choose this time period and location because
there are some, but not many observations during this time, and this location has a large ensemble spread to
temporal standard deviation ratio (compare Figures 4a and 4b). Clearly there is considerable spread between
the ensemble members. For the most part, the ensemble members bracket the estimate from ERSST v4,
although there are times (such as in 1962 and 1968) when ERSST v4 falls outside of the ensemble of estimates.

In Figure 7, we show the RMS difference between an ensemble average composed of 1 through all 18
ensemble members and the ERSST v4 SST estimate. Using just one ensemble member results in an RMS

Figure 5. (a) The standard deviation of 5 day mean SST (8C) averaged over the 18 ensemble members in SODAsi.2 (contour interval 0.28C).
The standard deviation is calculated from 1871 to 2011. (b) The time average of the ensemble spread of 5 day mean SST from the 18
ensemble members (shading interval 0.18C). Note differences in the scales.
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difference of just over 0.668C. However, using additional ensemble members quickly reduces this RMS dif-
ference, flattening out at a value of about 0.548C. After approximately eight ensemble members, including
additional members does not markedly reduce the difference between the ensemble mean and ERSST v4.
A similar analysis using other reconstructed SST products produces a similar result (not shown). Based on
these results, and the constraints of available computational resources, we elected to use eight ensemble
members for SODAsi.3.

3.1. Global Quantities
As an illustration of the new information available in SODAsi.3, using one of the ensemble members we
show the 5 day averaged evolution of the 1877/1878 El Ni~no event. All ensemble members have westerly
wind bursts and warm El Ni~no SSTs, but differ in their details. The ensemble member chosen (#8) was cho-
sen subjectively to show that the reanalysis captures both high and low-frequency characteristics of ENSO.
This event has been long suspected of being a major El Ni~no event [Kiladis and Diaz, 1986, Quinn et al.,
1987], but only sparse observations are available for this period (e.g., Figure 2). Therefore, many details of

Figure 6. Time series of SST at 1408W and the equator for the 18 ensemble members of SODAsi.2 (black), the ensemble average from
SODAsi.2 (blue), and from ERSST v4 (red).

Figure 7. Blue diamonds show the RMS difference between SST from ERSST v4 a mean constructed from 1 to 18 ensemble members from
SODAsi.2 and SST at 1408W and the equator for the period from 1960 through 1969.
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how this event developed are not well known. By consistently combining the dynamical atmospheric infor-
mation from the 20CRv2d, the ocean model, and the available SST observations, the SODAsi.3 improves
upon this situation. The left hand plot of Figure 8 shows a series of westerly wind anomalies, as represented
in zonal wind stress, from October 1876 through July 1877. These wind anomalies excite a strong Kelvin
wave response [Giese and Harrison, 1990] that induces a strong warming signal in the eastern equatorial
Pacific (Figure 8, right). When the easterlies strengthen in 1878 there is a rapid termination of the warm
anomalies, and drives the formation of tropical instability waves that are apparent in the SST record. For the
first time, estimates of the 3-dimensional ocean state associated with variability such as this event can be
compared to modern events such as in 1997/1998 and 2015/2016.

With this new data set, we can now examine ocean variability and trends. To begin, we turn our attention
to some indices of ocean structure. For this part of the analysis, we use monthly averaged values. Figure 9
shows the near global (608S–608N ocean average) SST from the eight ensemble members of SODAsi.3 and
from three widely used SST reconstructions (HadISST 1.1 [Rayner et al. 2003], ERSSTv4 [Huang et al., 2015],
and COBE v2 [Hirahara et al. 2014]). Each ensemble member from SODAsi is shown as a thin black line.
Because these are averaged in time over a month and averaged in space globally, differences between the
ensemble members are largely averaged out, and individual lines are difficult to resolve. Overall there is
excellent agreement between SODAsi.3 and HadISST 1.1. All of the SST products rely on a similar set of

Figure 8. (left) Zonal wind stress(contour interval 0.5 N m22) and (right) SST anomaly (contour interval 1.08C) from Ensemble member #08
of SODAsi.3. Both wind stress and SST have been averaged over 5 day intervals. Note the episodes of westerly wind stress and their rela-
tionship to warming in the east.
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observations, and SODAsi.3 and HadISST 1.1 use the same bucket corrections, so it is not too surprising that
there is overall agreement. Examining the time series in some detail, there is a period of cooling from 1880
through about 1910, warming from 1910 through the early 1940s, possibly a weak cooling from the 1940s
through the mid-1970s, and then continued warming from about 1980 to the end of the record. All four
products agree with these overall patterns.

There are some prominent differences between the three reconstructions, particularly in the early 20th cen-
tury, with ERSST and COBE v2 generally cooler than HadISST 1.1. This difference is most pronounced in the
early to mid-1900s, with both about 0.28C cooler than HadISST 1.1. Much of this difference, but not all of it,
can be attributed to different approaches to the bucket correction [Rayner et al., 2003]. Since SODAsi.3 uses
the HadISST 1.1 bucket corrections, there tends to be much greater agreement between SODAsi.3 and
HadISST 1.1 during the early 1900s. Importantly, SODAsi.3 has interannual variability before 1871, despite
the fact that 20CRv2b is forced with a climatology of SST from HadISST. This interannual variability in
SODAsi.3 (also present in ERSST and COBE) comes from observations in the ICOADS 2.5 data set, from sur-
face pressure observations being used by 20CRv2b, and from coupling between SODAsi.2 and 20CRv2d.
Note also that SODAsi.3 captures a cooling of about 0.28C associated with the Tambora eruption in 1815.

To further examine the agreement, we present the correlation and the RMS difference between SODAsi.3
and the reconstruction fields (Table 1). The correlation and RMS difference is computed at each grid point
using monthly values and then averaged zonally and from 608S to 608N. We also calculate the correlation
and RMS difference of departures from the seasonal cycle and smoothed with a boxcar average of 12
months (shown in parentheses). The correlation is uniformly high, with a correlation coefficient that ranges

between 0.87 for ERSST v4 and 0.89 for COBE v2.
Much of this high correlation comes from the season-
al cycle, so we removed the seasonal cycle and aver-
aged over 1 year. The correlations of anomalous SST
range from 0.69 for ERSST v4 to 0.75 for COBE v2. The
RMS differences also show good agreement between
the products, with an RMS difference from 0.76 to
0.898C including the seasonal cycle to between 0.67
and 0.778C for anomalous SST.

An EOF (Empirical Orthogonal Functions) analysis of
SST illustrates some of the patterns of variability

Figure 9. SST averaged from 608S to 608N for the eight SODAsi.3 ensemble members (shown as thin black lines) and from HadISST 1.1
(red line), ERSSTv4 (dark blue line), and COBE v2 (cyan line). All data sets have been smoothed with a 23 month Parzen filter.

Table 1. Comparison of SODAsi.3 Monthly Ensemble Mean
SST and SST From HadISST 1.1, COBE v2, ERSSTv3b, and
ERSST v4 for the Period From 1871 to 2012a

Correlation RMS Difference

HadISST 1.1 0.88 (0.70) 0.78 (0.67)
COBE v2 0.89 (0.75) 0.89 (0.73)
ERSST v3b 0.88 (0.70) 0.76 (0.74)
ERSST v4 0.87 (0.69) 0.80 (0.77)

aThe correlation and RMS difference are calculated at
each grid point and then averaged zonally and from 608S to
608N. Values with seasonal cycle removed and smoothed
with a 12 month boxcar average are shown in parentheses.
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present in SODAsi.3. The EOF analysis is performed on annually averaged SST. The first EOF (Figure 10a)
accounts for 39% of the total variance, and shows a nearly ubiquitous warming from about 1920 through
the end of the record. Although the sign of SST change is mostly positive, there are some important spatial
differences, and some regions that indicate cooling. Warming is strongest from 208S to 608S in the Southern
Hemisphere, in the western boundary region of the North Atlantic extending up to the Labrador Sea, and in
the central and high latitude North Pacific Ocean. There are also large values in the high latitude North
Atlantic Ocean. Regions of cooling include poleward of 608S along the coast of Antarctica, small regions in
the central equatorial Pacific Ocean, in the eastern equatorial Pacific and Atlantic Oceans and in the Gulf
Stream and Kuroshio extension regions. Cooling in the central Pacific was identified in an earlier SODA
reanalysis but is not apparent in the CMIP5 historical runs [Yang et al., 2014].

Figure 10. The first three EOFs of annually averaged SST anomalies in the 1871–2011 period. The (top) first, (middle) second, and (bottom)
third EOFs explain 39%, 15%, and 7% of the total variance, respectively.
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To investigate some of the possible physical mechanisms associated with the secular changes in SST seen
in EOFs 1-3, we present the tendencies of SST and surface wind stress for the reanalysis period over the
global oceans in Figure 11 with vectors that represent the change in zonal and meridional stress in N m22

century21. In the Pacific Ocean, there is cyclonic flow centered near 458N and 458S, broadly consistent with
an atmospheric circulation that has been shifted toward the equator. In the North Pacific Ocean, the cyclon-
ic flow generates a region of cooling in the Kuroshio extension region. In the tropics, there are increasing
easterly trade winds in the central and western Pacific, and weakening easterly trade winds in the eastern
Pacific. This divergence gives rise to the cooling region in the central and western Pacific Ocean [Yang et al.,
2014]. In the tropical Atlantic Ocean, there are stronger trade winds near the coast of Africa, giving rise to
the cooling tendency apparent there. In the North Atlantic Ocean, there are stronger midlatitude westerlies
that accompany a region of cooling in the central region of the basin. Throughout much of the Southern
Ocean (poleward of 608S), the tendency is easterly, driving cooling near the coast of Antarctica.

The second EOF (shown in Figure 10b) accounts for 15% of the variance and has considerable longitudinal
structure in the Pacific and Atlantic Oceans, and in the Southern Ocean. This variability has largely multide-
cadal time scales, and appears to be consistent with global representations of the Atlantic Multi-decadal
Oscillation [e.g., Newman, 2013]. One advantage of an ocean reanalysis is that it provides an estimate of the
3-dimensional fields of temperature and salinity governed by ocean dynamics. To better understand the
SST changes described by the EOF analysis, we computed the meridional stream function for the Atlantic
Ocean. The spatial average of reconstructed SST using the second EOF from 908W to 208E and from 358N to
808N (the region of greatest warming in the North Atlantic Ocean) is plotted in Figure 12 as a black line.
Plotted as a red line is the North Atlantic maximum of the stream function. The second EOF of SST is corre-
lated with the overturning stream function with a correlation coefficient of 0.69. Inspection of Figure 12 sug-
gests that there is a lag between the two time series. Interestingly, the correlation rises to 0.84 if the stream
function is advanced (implying that temperature leads stream function) by 9 years. Wind stress regressed
onto the principal component time series associated with the second EOF of SST is shown in Figure 13. The
winds show a weakening of the atmospheric circulation over much of the Atlantic Ocean, consistent with a
weakened equator-to-pole temperature gradient when the second EOF is in the positive state shown in Fig-
ure 10b.

Figure 11. The ensemble mean SST tendency (shaded) in 8C Century21 and wind stress tendency (vectors) in N m22 Century21 from 1815
through 2013.
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The third EOF explains just 7% of the variance and has a spatial structure that is reminiscent of ENSO (El
Nino Southern Oscillation) and is shown in Figure 10c. The temporal structure of this EOF is consistent with
the fact that ENSO events were strong in the late 19th and early 20th Centuries and again in the late 20th
Century, with weak ENSO from the 1920s through the 1950s (with a brief exception for the 1941–1943 El
Ni~no) [Giese and Ray, 2011]. Compo and Sardeshmukh [2010] demonstrated that this pattern’s structure

Figure 12. SST from the second EOF averaged from 908W to 208E and from 358N to 808N in 8C plotted as a black line (left axis). Also shown
is the maximum of the stream function in the North Atlantic Ocean in Sverdrups is shown as a red line (right axis). Both time series have
been smoothed with a 5 year box-car average.

Figure 13. Surface wind stress projected onto the temporal component of the second EOF of SST. Shading shows the second EOF of SST,
as in Figure 10b.
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reflects a combination of ENSO-related and ENSO-unrelated decadal variability. Interestingly, this pattern
also shows what has been termed a ‘‘climate shift’’ in 1976 [Giese et al., 2002], with a prominent warming in
the tropical Pacific Ocean and cooling in the North and South Pacific Oceans that have been related to var-
iations associated with the Pacific Decadal Oscillation [Newman et al., 2016]. There also appears to be a shift
to a cooler east Pacific SST just after 1900.

The reanalysis can also be used to investigate subsurface quantities. An important measure of ocean climate
is the heat content of the upper ocean [Levitus et al., 2012]. Figure 14a shows the temporal evolution of
globally integrated heat content of the upper 700 m in zettajoules (1021 joules) from the ensemble mean of
SODAsi.3. Also shown is heat content of the upper 700 m as estimated by Levitus et al. [2012] using

Figure 14. (a) Heat content from the surface to 700 m in zettajoules (1021 J) integrated globally for the SODAsi.3 ensemble mean (black
line). The data have been smoothed with a 23 month Parzen filter. Heat content 0–700 m from Levitus et al. [2012] is shown as a red line.
Both time series are adjusted to have zero mean from 1984 to 2013. (b) The time rate of change of heat content in W m22 averaged from
1815 through 2013.
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hydrographic observations. This comparison provides an independent check on the reanalysis, because
hydrographic observations are not assimilated in SODAsi. Both time series have been adjusted to have zero
mean for the last 30 years of the record, from 1984 to 2013. The reanalysis shows a nearly monotonic
increase from about 1920 to the present, with relatively brief periods of decreasing heat content in the late
1940s and early 1960s. Interestingly, these brief periods are much shorter than the cooling of SST from the
mid-1940s through the mid-1970s apparent in Figure 9. Heat content from SODAsi.3 agrees well with heat
content estimated by Levitus et al. [2012] from about 1980 onward. While there is greater discrepancy
before 1980, it should be noted that there are relatively few hydrographic observations during this period,
and before the introduction of the XBT in the late 1960s, they are almost all confined to the upper part of
the water column (above 200 m) [Carton and Giese, 2008].

Figure 15. (a) Dynamic height calculated relative to 1000 m in dyn-cm averaged globally. The data have been smoothed with a 23
month Parzen filter. The global average thermosteric height anomaly from 0 to 700 m produced by Levitus et al. [2012] is shown as a
red line. (b) The time rate of change of dynamic height in dyn-cm year21 averaged from 1815 through 2013.
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The time derivative of heat content gives the flux of heat required for the temperature change. The spa-
tial pattern of this flux in W m22, averaged from 1815 to 2013, is shown in Figure 14b. The flux required
to account for changes of heat content is large in the western Pacific and Indian Oceans, and throughout
much of the Atlantic Ocean. The largest values, at about 1 W m22 occur in the west Pacific Ocean just
north of the equator. There are regions of negative flux as well, in the Kuroshio extension region, in the
central North Atlantic Ocean, and in the region around Antarctica that also has cooling SST. Averaging
globally gives the total amount of heat transferred from the atmosphere to the ocean to account for this
net ocean warming. Because much of the heat content change occurs after about 1920, these fluxes are
considerably larger (and with slightly different spatial patterns) when calculated from 1920 to 2013. The
average flux needed to account for the global change in heat content to 700 m from 1920 to 2013 is 0.47
W m22. This value is quite consistent with the 0.42 W m22 reported in the IPCC AR5 as being required to
account for heat content changes from 1971 to 2010 as calculated using in situ observations [Rhein et al.,
2013].

The spatial variations in heat flux arise in part from changes in ocean circulation and the subsurface
redistribution of heat. In particular, the changes in the tropical Pacific Ocean are suggestive of a dynamic
redistribution of heat, broadly consistent with an intensified Walker circulation over the century [L’Heur-
eux et al., 2013, Sandeep et al., 2014, Yang et al., 2014]. The largest wind stress change (Figure 11) occurs
in the Northern Hemisphere, and in particular the North Pacific Ocean. The North Pacific wind stress
trend is mostly cyclonic, generally consistent with a southward migration of the Hadley cell circulation
[Giese and Carton, 1999]. South of this cyclonic circulation is a region of weaker anticyclonic circulation.
In the North Atlantic Ocean, there are mostly enhanced westerlies extending across the basin from about
308N to 608N. To the south there is weaker anticyclonic circulation, similar to the structure in the Pacific
Ocean.

In the tropical Pacific Ocean, there are enhanced easterlies (Figure 11) and in the eastern Pacific Ocean
there are weakened southeast trade winds, giving a surface wind divergence in the central Pacific Ocean at
around 1308W. Yang et al. [2014] identified this divergence as being responsible for the cooling tendency in
this region. Across the Southern Ocean, there is cyclonic flow in all three basins, consistent with the warm-
ing north of 608S and cooling south of 608S captured by the first EOF of SST (see Figure 10a).

Given the importance of temperature to sea level change, we expect changes in heat content to correspond
to regions of sea level change. Dynamic height relative to 1000 m is shown in Figure 15 in dynamic centi-
meters (dyn-cm). The globally averaged dynamic height is presented in Figure 15a and, as with heat con-
tent, shows an increase over the reanalysis period with an overall increase of about 9.0 dyn-cm, giving an
average rate of about 0.45 mm yr21, although much of this change occurs after 1920. After 1920, there is a
slightly stronger height increase from 1920 to about 1960, with a slightly weaker trend from 1960 to 2011.
Using the period from 1955 to 2010 gives a rate of increase of 0.55 mm yr21, quite similar to the value of
0.54 mm yr21 for thermosteric sea level rise reported by Levitus et al. [2012].

The spatial pattern of dynamic height tendency is shown in Figure 15b. It is similar, but not identical to the
change of heat content presented in Figure 14b. The west Pacific and Indian Ocean have prominent dynam-
ic height increases, while much of the eastern Pacific Ocean has weaker trends and the high latitude South-
ern Ocean shows a decreasing dynamic height tendency. Two regions where heat content and dynamic
height are distinctly different are in the Arctic and far North Atlantic Oceans. In the North Atlantic Ocean,
changes in dynamic height are relatively modest, whereas there are large changes in heat content sugges-
ting that there are important contributions from salinity to dynamic height. In the Arctic, there is decreasing
dynamic height but weakly increasing heat content, however we do not expect the reanalysis to perform
well in this region because the model lacks an active sea-ice component.

4. Summary and Conclusions

We present results from 18 member (SODAsi.2) and 8 member (SODAsi.3) ensembles of ocean reanalyses
with SODAsi.3 spanning the period from 1815 to 2013. The SODAsi ensemble members were generated
using ensembles of 20CR surface boundary conditions and a ‘‘loosely-coupled’’ iterative coupling between
the SODA and 20CR systems. The coupled system is particularly important for the SODAsi reanalyses
because although there are few ocean observations throughout most of the 1800s, there are atmospheric
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surface pressure observations in the early part of the record [Cram et al., 2015]. The ocean reanalyses draw
information about SST from these surface pressure observations via the momentum and surface heat fluxes
determined from the atmospheric reanalyses. The loosely coupled system lessens, but does not eliminate,
the problem of the time dependent density of SST observations.

Using ensemble member forcing corrects an important bias associated with using ensemble mean forcing.
During periods of few observations, the ‘‘weather noise’’ is averaged out of the ensemble mean, whereas
during periods of dense observations the weather noise is correlated across the ensemble members and so
is not averaged out. This can appear as a time dependent change in weather intensity as the number of
observations increases [e.g., Wang et al. 2013, 2014].

A second source of bias addressed by SODAsi has to do with the time dependent nature of observa-
tions in the ocean. Yang and Giese [2013] report that introducing hydrographic observations in the
1960s leads to increasing circulation strength, and introduces a spurious trend that is difficult to sepa-
rate from climate variability. This strengthening arises because the introduction of subsurface observa-
tions tightens the density gradients and thus acts to increase current speed. Because SODAsi uses only
sea surface temperature observations from ICOADS 2.5, the bias due to introducing hydrographic obser-
vations is eliminated. The only temperature observations that are assimilated in this new reanalysis are
the SST data in the ICOADS 2.5 data set. It should be noted that, by excluding hydrographic observa-
tions, SODAsi.3 is not as well constrained in modern times (post 1950s) as other ocean reanalyses that
use the full complement of observations. Instead, SODAsi.3 is intended for researchers who require a
continuous record over a 200 year period.

The SODAsi.3 SST fields show a wide range of variability on time scales that range from interannual to
decadal to trends. There is overall agreement between the reanalyses and previously published SST esti-
mates from reconstructions, however there are also some important differences. There is good agreement
in a pronounced trend in SST in both SODAsi.3 and reconstructed SST from the early 1900s to the present.
SODAsi.3 shows that the spatial pattern of this trend has increasing temperature throughout the global
oceans, except for a few regions of cooling. These regions include the central tropical Pacific and eastern
tropical Atlantic Oceans, the region around Antarctica, and in the Gulf Stream and Kuroshio extension
regions.

An EOF analysis of SST shows that in addition to long-term trends there is considerable multidecadal vari-
ability. In the North Atlantic, the multidecadal variability varies by about 0.58C. The second EOF structure is
highly correlated to the meridional overturning stream function, which varies in strength from about 15 Sv
to about 11 Sv. Interestingly, the correlation increases when a lag for the stream function is taken into con-
sideration. The maximum correlation (0.84) occurs when the stream function is shifted forward by 9 years.
These results are relevant to two recently published studies of North Atlantic SST and the meridional over-
turning stream function. Rahmstorf et al. [2015] find that a region of cooling amid overall warming in the
North Atlantic Ocean is related to a slowdown in the meridional overturning stream function. Although our
results also show a region of cooling amid an overall warming trend, we do not see evidence of an overall
trend of the overturning stream function. Instead, variations of the overturning stream function in SODAsi.3
are connected to the second EOF of SST. However changes in the stream function lag changes in SST by
about 9 years. This appears to corroborate the findings of Clement et al. [2015] who show that in their cou-
pled model, changes in North Atlantic warming do not require a concomitant change in ocean circulation.
Instead, they propose that changes in circulation respond to changes in SST, which is what we find as well.
There is an ongoing discussion of the relationship between North Atlantic circulation and decadal SST varia-
tions [Zhang et al., 2016; Clement et al., 2016; O’Reilly et al., 2016]. Historical ocean reanalyses, such as the
one presented here, may help us to understand the mechanisms that determine low frequency SST
variability.

One of the most important advantages of having a reanalysis over an SST reconstruction is that the reanaly-
sis has a full 3-dimensional representation of the ocean state, including an estimate of the circulation that is
dynamically balanced with the temperature and salinity fields. The 3-dimensional fields allow us to explore
climate change in the subsurface ocean. The ensemble average of dynamic height relative to 1000 m and
heat content integrated to 700 m agree well with values from an independent analysis that uses only
hydrographic observations. Both dynamic height and heat content show that their global averages increase
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nearly linearly from about 1920 to the present. The heat content increase requires a net flux of heat of
about 0.4 W m22.

The sensitivity of the ocean to ensemble forcing from the atmosphere raises the issue of how sensitive
would an atmosphere reanalysis be to ensemble forcing for SST. The results presented here suggest that a
similar study for the atmosphere could be instructive in understanding air-sea interaction in the context of
data assimilation. The logical extension of this study is that a fully coupled climate model with data assimila-
tion would result in a state estimate that better represents the coupled nature of the climate system than
separate reanalyses of the individual components.
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contract DE-AC02-05CH11231 and
contract DE-AC05-00OR22725,
respectively. Support for the Twentieth
Century Reanalysis Project data set and
the International Surface Pressure
Databank is provided by the U.S.
Department of Energy, Office of
Science Innovative and Novel
Computational Impact on Theory and
Experiment (DOE INCITE) program, and
Office of Biological and Environmental
Research (BER), and by the National
Oceanic and Atmospheric
Administration Climate Program Office.
The data used are available at http://
soda.tamu.edu.
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