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[1] Monthly gridded global temperature and salinity fields from the near-surface layer
down to 2000 m depth based on Argo measurements are used to analyze large-scale
variability patterns on annual to interannual time scales during the years 2003—-2008.
Previous estimates of global hydrographic fluctuations have been derived using different
data sets, partly on the basis of scarce sampling. The substantial advantage of this study
includes a detailed summary of global variability patterns based on a single and more
uniform database. In the upper 400 m, regions of strong seasonal salinity changes differ
from regions of strong seasonal temperature changes, and large amplitudes of seasonal
salinity are observed in the upper tropical and subpolar global ocean. Strong interannual
and decadal changes superimpose long-term changes at northern midlatitudes. In the
subtropical and tropical basin, interannual fluctuations dominate the upper 500 m depth.
At southern midlatitudes, hydrographic changes occur on interannual and decadal time
scales, while long-term changes are predominantly observed in the salinity field. Global
mean heat content and steric height changes are clearly associated with a positive trend
during the 6 years of measurements. The global 6-year trend of steric height deduced from

in situ measurements explains 40% of the satellite-derived quantities. The global
freshwater content does not show a significant trend and is dominated by interannual

variability.

Citation: von Schuckmann, K., F. Gaillard, and P.-Y. Le Traon (2009), Global hydrographic variability patterns during 2003—-2008,

J. Geophys. Res., 114, C09007, doi:10.1029/2008JC005237.

1. Introduction

[2] Monitoring the variability of ocean temperature and
salinity properties on interannual to decadal time scales is
essential to understand the climate system. Global observing
arrays have been set up in order to provide the necessary
data sets. Satellite observations give access to surface
currents and the total volume but fail to describe the internal
distribution of density. The relative contribution of heat and
salt to these density changes are also out of reach of the
remote sensing techniques. In situ measurements are thus
the only possibility for describing this type of variability.

[3] Global baroclinic variability reflects the motion of the
main thermocline [Wunsch, 1997] and its geographical
distribution shows a strong resemblance to mean dynamical
structures [Forget and Wunsch, 2007]. The largest signal of
global hydrographic variability is associated with the annual
cycle. Strongest seasonal sea surface temperature (SST)
changes occur at midlatitudes and are larger in the Northern
Hemisphere, reflecting the contrast between the two hemi-
spheres in the distribution of landmass [Fu and Cazenave,
2001; Antonov et al., 2004]. The geographical distribution
of seasonal sea surface salinity (SSS) fluctuations strongly
differs from the one observed in the temperature field
[Boyer and Levitus, 2002].
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[4] Low-frequency ocean variability is often controlled
by changes in modes of the atmospheric circulation [Palmer
et al., 2007]. The largest source of climate variability in the
instrumental record is El Nifio Southern Oscillation (ENSO)
associated with large amounts of interannual hydrographic
variability in the upper layer of the tropical basin [e.g.,
Willis et al., 2004]. The Indian Ocean Dipole (IOD) leads to
basin wide hydrographic fluctuations at interannual time
scales in the tropical Indian Ocean [e.g., Saji et al., 1999].
In the tropical Atlantic, two primary modes of interannual
climate variability occur, i.e., an equatorial and a meridional
mode [Servain et al., 1999]. Variability at interannual periods
of ocean circulation in the North Atlantic is related to the
North Atlantic Oscillation (NAO) [Eden and Willebrand,
2001]. In the North Pacific, large interannual fluctuations
are controlled by the Pacific Decadal Oscillation (PDO)
[Harrison and Carson, 2007; Carton et al., 2008]. At
southern midlatitudes the principal mode of atmospheric
forcing is the Southern Annular Mode (SAM) and oceanic
fluctuations in this region are triggered by this atmospheric
forcing as well as by the ENSO mode [Sallée et al., 2008;
Morrow et al., 2008].

[s] Owing to a lack of direct salinity observations,
previous analyses on signatures of ocean interannual vari-
ability have often concentrated on the temperature field,
assuming that changes in the density field result mostly
from temperature changes. However, the salinity effect
cannot be neglected. In the tropical Pacific, large fluctua-
tions of SSS are controlled by ENSO [Delcroix et al., 2005]
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and reach down to 175 m depth [Kessler, 1998]. In the
Atlantic Ocean, large-scale SSS interannual variabilities are
in part related to ENSO and NAO [Mignot and Frankignoul,
2003; Reverdin et al., 2007]. Salinity variability is also
important to understand observed satellite-derived sea level
variations, especially in regions where the haline steric
component plays a dominant role [Antonov et al., 2002;
Munk, 2003].

[6] Long-term fluctuations and trends characterize the
signal of ocean variability as well. Much of this variability
is known to be related to atmospheric and anthropogenic
forcings and it is difficult to identify its signatures as the
oceans do not warm uniformly across the globe [Barnett et
al., 2005]. Large parts of ocean heat content change has
occurred during the past 50 years in the upper 700 m of the
world ocean and the Atlantic Ocean contributes most to this
increase [Levitus et al., 2005] (hereinafter referred to as
LEO05). In addition, the long-term global warming trend is
also largely caused by warming in the Southern Ocean that
extends deep into the water column [Willis et al., 2004;
Sallée et al., 2008]. In the tropical basin warming and
cooling patterns are shallow and large amounts of heat in
the tropics are redistributed within the ocean, but little heat
is lost or gained in the global average [Willis et al., 2004;
Good et al., 2007].

[7] Large-scale coherent trends are also detected in the
salinity field during the past 50 years. In the Pacific Ocean a
freshening trend occurs in the tropical basin [4ntonov et al.,
2002; Delcroix et al., 2007]. In the Atlantic Ocean evidence
of a deep freshening in the northern subpolar gyre is
documented whereas in the subtropics and tropics an
increase in salinity can be observed [Curry et al., 2003;
Boyer et al., 2005]. In the Southern Ocean a large-scale
deep freshening is reported, predominantly in the Pacific
and Indian oceans [Wong et al., 1999; Antonov et al., 2002;
Boéning et al., 2008]. Moreover, a freshening signal can be
observed in both the Weddell and Ross seas [Boyer et al.,
2005]. The Indian Ocean is dominated by an increase in
salinity in the upper layer and a freshening in the subsurface
layer at the equator and at 40°S [Boyer et al., 2005].

[8] Strong increase of sea level associated with steric
expansion has been observed in the Pacific and Atlantic
[Antonov et al., 2005; Hdkkinen and Rhines, 2004; Douglass
et al., 2006; Cummins and Freeland, 2007] and in the
Southern Ocean [Lombard et al., 2005; Roemmich et al.,
2007; Willis et al., 2007; Morrow et al., 2008]. Antonov et al.
[2002] indicate that global freshwater changes also cause a
contribution to sea level rise. Furthermore, Cazenave et al.
[2009] argue that freshwater inflow from the continents
(mass changes) strongly contribute to the increase of total
sea level for the last 4 years. However, these results
strengthen on the one hand the discussion of the major
causes of the global sea level rise derived from tide gauge
measurements [Church and White, 2006] as for example
discussed by Munk [2003]. On the other hand, it also shows
the need to further compare and validate the global observ-
ing systems [Willis et al., 2008].

[9] The previous findings and remaining puzzles show
that analyses of global observing systems are needed to
fully describe key regions of large-scale ocean variability.
With the implementation of the Argo array [Roemmich and
Gould, 2003] a major step was made to set up a truly global
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observing system for temperature and salinity of the upper
2000 m depth. This study provides a detailed summary of
annual to long-term variability patterns of the global ocean
based on a uniform Argo database. The paper is organized
as follows. The gridded field is introduced in section 2. In
section 3 we carry out a detailed description of long-term
and seasonal hydrographic changes in the water column
down to 2000 m. Section 4 includes a description of global
interannual fluctuations. Conclusions are given in section 5.

2. A Gridded Field of Hydrographic
Measurements
2.1. Measurements and Analysis Method

[10] The basic materials for this study are the monthly
gridded fields of temperature and salinity properties of the
upper 2000 m over the period 2003—-2008. These fields
were obtained by optimal analysis of the large in situ data
set provided by the Argo array of profiling floats (www.
argo.net). Complementary measurements from drifting
buoys, CTDs and moorings are also used. Two important
data sets have been excluded from the analysis because of
proven or suspected biases. They are first, the XBTs and
XCTDs for which uncertainties in the accuracy of the fall
rate remain, and second, a small subset of Argo float profiles
of type SOLO (Sounding Oceanographic Lagrangian
Observer) that suffer a labeling error in the pressure [Willis
etal.,2007]. The data set was downloaded from the Coriolis
data center (one of Argo Global Data Acquisition Center,
GDAUC) at three dates: the period 2003—-2006 was extracted
in August 2007, the year 2007 in January 2008 and the year
2008 in February 2009. In total, the Argo measurements
account for at least 90% in 2003 and increase to more than
95% since 2006.

[11] The In Situ Analysis System (ISAS) designed to
reconstruct temperature and salinity fields on depth levels
[Gaillard and Charraudeau, 2008] is based on the gridding
method derived from estimation theory [Liebelt, 1967;
Bretherton et al., 1976]. This method is described in more
details by Gaillard et al. [2009] but is shortly summarized
below. The interpolated field, represented by the state vector
X, is constructed as the departure from the reference field
values at each grid point x/. The anomaly is estimated by
applying a gain matrix K on the unpredicted part of the
data y° — y/,

=2 $ KO —y) (1)

Pt =P —KC], @)

KOI - C()a(Cm) + R)_l7 (3)

where P’ is the a priori covariance of the field at grid points,
C,, the covariance matrix between analyzed and data
points, C,, the covariance matrix from data point to data
point and R the observation noise covariance matrix.

[12] The Coriolis data center produces in real time grid-
ded fields of weekly temperature and salinity with a former
version of ISAS (V3.6). We could have used this product
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(hereinafter named CORA) but we preferred to compute a
new product that we name Analyse, Reconstruction, et
Indicateurs de la Variabilit¢ Océanique (ARIVO), using
the latter version of ISAS (V4) that offers a number of
improvements. We summarize here the main characteristics
of ARIVO, and point out the differences with CORA. Some
of them are ascribable to the software version, others to
different choices of the parameters.

[13] ARIVO analysis is based on the same data set as
CORA: uncorrected data assumed of good quality by the
automatic quality control (QC-flags = 1 or 2) are used [4rgo
Data Management, 2005]. The data processing has been
improved in ISAS-V4 that now performs additional controls
against climatology and spike detection. For example, this
screening has detected 600 profiles with anomalies in 2007.
These erroneous points have been removed before analysis.

[14] The configuration is defined by the grid and the set
of a priori information such as the climatology, a priori
variances and covariances which are necessary to compute
the covariance matrices. The analyzed field is defined on a
horizontal 1/2° Mercator isotropic grid and is limited from
77°S to 77°N. There are 152 vertical levels defined between
the surface and 2000 m depth (59 levels in CORA). The
vertical spacing is 5 m from the surface down to 100 m
depth, 10 m from 100 m to 800 m and 20 m from 800 m
down to 2000 m depth. The reference field is the monthly
World Ocean Atlas 2005 [Locarnini et al., 2006; Antonov et
al., 20006] (hereinafter referred to as WOA05a and WOAOS5D,
respectively), whereas Antonov et al. [1998] and Boyer et al.
[1998] are used in CORA.

[15] Statistical information on the field and data noise are
introduced through the covariance matrices that appear in
equation (3). In CORA the variance was computed on the
2000—2004 database and, given the reduced size of the data
set, had to be averaged over large areas. In ARIVO the total
variance is computed at each grid point as the variance,
within a 5° square, of the anomaly of the 20022006 data
set relative to the monthly WOAO5a and WOAOS5b fields.
As for CORA, the covariance used in ARIVO results from
the sum of two gaussian functions. The largest scale is set to
300 km, and the second scale is proportional to the Rossby
Radius (bounded by the large scale). In CORA this scale
was uniform over large areas, in ARIVO it is defined at
each grid point. The analysis is performed once a month. In
summary, we expect to have obtained gridded fields based
on a cleaner data set, with improved resolution of the
boundaries and fronts, a better estimate of the signal
amplitude and a time sampling more adapted to the study
of interannual variability.

2.2. Errors of the Analyzed Field

[16] The information gain is measured by the statistical
variance of the estimation (0%), given by the diagonal P*
(equation (2)), expressed as the percentage of a priori
variance (0%). The lower the percentage the higher the
information extracted from the measurements. Where it
equals 100% no information has been gained and the field
remains identical to the reference fields WOAOS5a and
WOAO5b. The percentage of a priori variance (PAPV)
varies inversely to the data density and our maps of mean
PAPV (Figure 2) can be compared to the maps of “observed
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area coverage” produced by Lyman and Johnson [2008]
over a similar period. Our level of 90% error corresponds to
their 0.6 area coverage level and represents the limit of
acceptable estimate.

[17] The zonal average of PAPV over the global ocean
delivers a overview on the latitude and depth limits of the
estimate (Figures la and 1b). Temperature and salinity
cannot be estimated south of 60°S and north of 70°N. The
best estimation is obtained between 30°S and 50°N. The
error is roughly uniform over the upper 1000 m and starts to
grow below, particularly for salinity. The data coverage of
temperature as well as of salinity has strongly increased
from the year 2003 to the end of 2008 (Figures 1c and 1d).
However, the number of salinity measurements remain
smaller than the number of temperature measurements. This
is especially visible at greater depths (Figure 2¢) and will
have to be taken into account while estimating global
hydrographic variability patterns.

[18] As already noticed in the vertical sections, the data
coverage is not uniformly distributed in space and differ-
ences exist between the different basins (Figure 2). It is
higher along the equator for temperature in the upper layer,
because of the TAO/Pirata moorings. It is also better in the
western North Pacific and North Indian oceans where
deployments of Argo floats have been more intense. In
the Atlantic, we see the slight deficit in Argo profilers due to
the Solo problem that should be solved, at least in part, by
ongoing postprocessing.

[19] In this study we analyze various averages of the
individual estimates and it is thus necessary to evaluate
the error on these combined products. The estimate X of the
mean value of a variable x is

1 N
f:N;xi. (4)

Each sample x; is the sum of the true mean (u(x)), the
variability around the mean (x}) and the error (e,),

x; = p(x) +x{ + e (5)

The error on the estimate of the mean is thus
E[F - ()] = 5 (02 + 02), ©)
N

where o7 is the variance of the samples around the mean,
o? the variance of the error on each sample and N* the
number of independent samples.

[20] In the case of a time averaging, each monthly
analysis is considered as an independent estimate of the
anomaly relative to the reference climatology. Thus to
compute the error on the mean field over the period
2003-2008 we set N* = N = 72. The corresponding error
map is shown in Figures 3a and 3b. To evaluate the error on
each annual mean fields we set N* = N = 12.

[21] In the case of space averages, the number of inde-
pendent data depends on the covariance scales. Since we
use gaussian structure functions to define the covariances,
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the number of “dependent variables” around a given point
is given by the integral over space of the gaussian

OOex —zxzdxzﬁ. 7
/O p(=q*x*) 2% (7)
Using the largest correlation scales (300 km) gives, ¢ =
1/(6+/2), and the one side integral equals 6 /7/2. Thus for

a one-dimensional average the number of independent grid
points N* accounts,

N N

TN e

where N is the total number of grid points of one dimension
(e.g., 720 for a zonal average with a 0.5° grid). For a global
average N* can be evaluated as

*

(3)

N N
e — v —— 9
m*36m/2 177 ®)

In this case N is the total number of grid points of the global
field. As will be seen later in the paper, these errors are

significantly smaller than the observed large-scale seasonal,
interannual and 6-year mean anomaly signals (see Figure 3).
Generally, the signal-to-noise ratio is high in the upper layer
of the tropical basins and at midlatitudes, i.e., where
seasonal to interannual ocean variability appears to be large.
This shows that our gridded fields can be used to analyze
such large-scale signals. Note that Roemmich et al. [2008]
also demonstrated the effectiveness of Argo in resolving
large-scale ocean variability by using satellite altimetric
height as a proxy for steric height.

3. Mean Field and Annual Cycle

[22] In this section we discuss the global fields of ocean
temperature and salinity of the upper 2000 m depth for the
period 2003—-2008. We focus on the signatures of hydro-
graphic variability over the water column, first due to
long-term changes and second due to the annual cycle.
The long-term change is represented by the ARIVO mean
(2003-2008) anomaly relative to WOAO05a and WOAO5b.
The seasonal cycle is obtained as the 12 month harmonic of
the Fourier decomposition of the 6-year time series. The
results are presented as global zonal means.
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Figure 2. Horizontal map of percent of a priori variance for (a, b) temperature and (c, d) salinity
measurements at 100 m (Figures 2a and 2c¢) and 1000 m (Figures 2b and 2d) depth. The statistic

parameter is averaged in time during 2003—2008.

3.1. Mean 2003-2008 Anomaly

[23] The zonal mean temperature of the ARIVO 2003 —
2008 anomaly at 10 m is shown as a function of latitude in
Figure 4a (blue line). A clear hemispheric asymmetry of the
difference field can be observed. The anomalies are positive
north of 45°S and exceed 0.2°C between 20°N and nearly
70°N. The anomalies drop abruptly south of 45°S and tend
to zero. The results of the mean ARIVO near-surface
estimation can be compared to the satellite-derived SST
measurements (http://www.cdc.noaa.gov; National Oceanic
and Atmospheric Administration optimum interpolation
SST V2 (NSST)). A similar satellite-derived anomaly is
built by comparing two time periods, i.e., a short-term field
during the same period 2003—-2008 (NSSTy) and a long-
term estimation during the years 1990-2008 (NSST,).
The NSST anomaly is shown as a red line in Figure 4a.
The meridional distribution of the mean anomalies of the
ARIVO 2003-2008 anomaly and the NSST difference
estimation are similar. In particular, both estimations show
low amplitudes in the Southern Ocean, thus ruling out that
low values in this part of the global ocean are due to
insufficient sampling.

[24] The 2003—-2008 mean temperature anomaly at depth
is positive at most latitudes and amplitudes are large in the
upper 1000 m depth, especially in the Northern Hemisphere
(Figure 4b). Warming patterns are largest in the North
Atlantic Ocean, reaching nearly 2000 m depth (Figure 5).
Our results are in agreement with the positive temperature
trends observed in the studies of LEOS5 and Ishii et al.

[2006]. The Southern Ocean is characterized by a weak
positive anomaly extending to 1100 m depth centered at
40°S that occurs in all three ocean basins which is consis-
tent with the findings of Gille [2002], Cabanes et al. [2001],
Willis et al. [2004], and Ishii et al. [2006]. In addition, weak
warming near Antarctica can be observed in the ARIVO
mean anomaly as already noticed by Willis et al. [2004].

[25] Regional cooling patterns occur in the tropical sub-
surface layer and at intermediate depth in the subtropics and
tropics, as well as at northern midlatitudes (Figure 4b). The
cooling at intermediate depth exists in both hemispheres in
our results. Its signatures are strongest in the Pacific Ocean,
but also appear in the Atlantic on both hemispheres and in
the southern tropical Indian Ocean. In the results of LE0S
and Ishii et al. [2006] the cooling at intermediate depth in
the global tropics and subtropics is only observed in the
Southern Hemisphere because of changes in the Pacific
Ocean. Other regional cooling is centered at 40°N in deeper
layers (Figure 4b). It is considerably weaker compared to
previous estimations [LEOS5; Willis et al., 2004; Ishii et al.,
2006]. These differences suggests that fluctuations in this
area persist on interannual and decadal periods which
coincides with the explanation of LEOS. A similar explana-
tion can be figured out for the pattern at about 60°N. Our
results show warming in the upper 500 m depth and a
subsurface cooling pattern in this area. A cooling occurs in
the results of LEOS and Ishii et al. [2006], while warming
can be observed in the 10-year temperature trends provided
by Willis et al. [2004].
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[26] The zonal mean salinity ARIVO 2003—-2008 anom-
aly at 10 m is shown as a function of latitude in Figure 4c.
Largest differences emerge in the northern tropical ocean in
the area of the atmospheric convergence zones associated
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with freshening in this area [see also Delcroix et al., 2007].
North and south of this peak, 2003—2008 mean salinity
anomalies are positive showing patterns of salinity increase
in the surface layer of the southern and northern tropics as
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Figure 4. (a) Zonal average of the difference of National Oceanic and Atmospheric Administration
optimum interpolation SST V2 of a short-term (2003—-2008) mean minus a long-term (1990—-2008; red)
mean and of the ARIVO mean anomaly (2003—2008) minus WOAO05a and WOAOS5b temperatures at
10 m depth (blue) together with (b) the distribution at depth of the latter difference field. (c) Zonal
average of the difference field the ARIVO mean anomaly minus WOAO5a and WOAOS5b salinities at
10 m depth and (d) its corresponding vertical distribution.
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WOAOS for (left) temperature and (right) salinity at depth.

already noted by Curry et al. [2003] and Boyer et al. [2005].
North of 30°N the anomalies are positive except at about
40°N. Between 40 and 60°S a clear signature of surface
freshening can be observed.

[27] This meridional distribution can also be seen at depth
(Figure 4d). As for the temperature changes, anomalous
fluctuations from the WOAO5a and WOAOS5b climatology
mean states are strongly baroclinic in the upper 500 m depth
of the tropical basin. Outside the tropics, salinity signatures
reach down to 1000 m depth and even deeper at higher
latitudes. The increase of salinity in the southern subtropics
and tropics reach down to about 500 m depth. This
signature exists in all three ocean basins and is strongest
in the Atlantic Ocean. In its northern counterpart, the
ARIVO mean salinity anomalies are negative, a pattern
which is strongest in the Pacific basin because of a strong
La Nifa event in 2007, but also exists in the Atlantic and
Indian oceans (Figure 5, right). Our results differ from
previous estimations which showed an increase in salinity
of the upper tropics and subtropics in both hemispheres
[Boyer et al., 2005; Ishii et al., 2006]. These differences
reflect the high sensitivity of long-term means to strong
interannual signatures as ENSO in the tropical basin.

[28] Subtropical and tropical cooling at intermediate
depth is accompanied by a freshening in both hemispheres
(Figure 4d) and can be attributed to decreased evaporation-
precipitation (E-P) over the polar gyres [Wong et al., 1999].
The signature in the Southern Hemisphere occurs in all
three ocean basins and is strongest in the Pacific, whereas in
the Northern Hemisphere intermediate freshening predom-

inantly emerges in the Pacific Ocean with little evidence in
the Atlantic basin (Figure 5, right). In the analyses of Boyer
et al. [2005] and Ishii et al. [2006] the intermediate
freshening is limited to the southern tropics and subtropics.

[20] The difference field of Figure 4d indicates increasing
salinities from about 10°N to 77°N in the 0—1000 m depth
layer. One exception occurs in the upper 100 m depth
centered at about 40°N because of changes in the Pacific
basin (Figure 5). Increasing salinities in the global mean are
mostly due to positive anomalies in the North Atlantic and
northern Indian oceans (Figure 5, right). The results of
Boyer et al. [2005] and Ishii et al. [2006] show a strong
and deep reaching freshening signal at 20—30°N and 40—
70°N from the surface down to 3000 m depth, mostly in the
Pacific Ocean. Our results do not show this pattern in the
global zonal mean, but in the Pacific average. Only weak
indications of freshening occur in layers below 500 m
depth. Because of the dominance of the patterns in the
previous results and in our results it can be argued that
strong decadal fluctuations force the salinity changes in the
Northern Hemisphere, the same result which could be
figured out for the temperature estimation.

[30] Deep freshening dominates the Southern Ocean
between 40 and 60°S in the upper 1000 m of the water
column. This deep baroclinic freshening signature occurs in
all three ocean basins. Only week evidence of this feature
exists in the results of Boyer et al. [2005] in the South
Pacific and Atlantic as well as in the global mean in this
latitude band. Large-scale deep freshening is also reported
in the Pacific and Indian oceans [Wong et al., 1999; Antonov
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Figure 6. Global zonal average of the amplitude of the dominant harmonic of ARIVO (a) temperature
and (b) salinity in the upper 400 m during 2003—-2008. Contours show the variance in percent explained
by the seasonal signal. White dashed lines indicate the equator.

et al., 2002; Boning et al., 2008] which is linked to changes
in the atmospheric circulation [Morrow et al., 2008].

3.2. Annual Cycle

[31] While the seasonal temperature and salinity changes
in the surface layer are well described in the literature [e.g.,
Antonov et al., 2004; Boyer and Levitus, 2002] the global
ocean annual cycle at depth is poorly analyzed. Therefore,
we focus on the description of the vertical penetration of the
annual cycle of the hydrographic field during 2003—-2008.
The vertical distribution of the seasonal cycle of tempera-
ture is illustrated in Figure 6a for the upper 400 m depth.
Amplitudes of the annual harmonic of temperature are
maximum in the surface layer at midlatitudes and are
characterized by a hemispheric asymmetry with largest
amplitudes in the Northern Hemisphere, reflecting the
contrast between the two hemispheres in the distribution
of landmass [Fu and Cazenave, 2001; Antonov et al., 2004,
Stammer, 1997]. At midlatitudes, amplitudes decrease with
increasing depth but still exceed 1°C at depth greater than
100 m and the explained variance of the annual harmonic
accounts for 80% of total variance. In the subpolar regions,
surface intensified maxima of the seasonal amplitude of
temperature are also observed. One is centered at about
60°S and is known to occur also in some coupled ocean-
atmosphere simulations [Gleckler et al., 2006]. Although
amplitudes remain small in this region, the annual cycle
explains 80% of total variance in our results (Figure 6a).
Another peak appears north of 60°N, i.e., in the area of
seasonal sea ice coverage, and the seasonal amplitude as

well as its explained variance are high until depth of about
300 m. The annual cycle of temperature in the tropical basin
is subsurface intensified and exceeds 2°C at about 80 m
depth. Values of explained variance account for 40% of total
variance. Two areas of peaking seasonal amplitudes occur in
the tropical subsurface layer, i.e., in the northern equatorial
band and centered at about 10°N. These subsurface maxima
are associated with dynamical processes mainly triggered by
seasonal mixed layer depth variations, seasonal changes of
the mean zonal currents and equatorial wave dynamics
under the effect of wind stress forcing, rather than surface
heating [e.g., Schott and McCreary, 2001; Keenlyside and
Kleeman, 2002; Arhan et al., 2006; Kessler and Gourdeau,
2006; Forget and Wunsch, 2007].

[32] The use of the ARIVO product allows us to analyze
the seasonal cycle of global salinity at depth (Figure 6b). As
can be already seen in previous estimations, the annual
cycle of SSS is dominant in regions different from those
observed for SST [Antonov et al., 2004; Boyer and Levitus,
2002]. Indeed, seasonal amplitudes of salinity at depth
increase in areas where seasonal changes of temperature
are high, but the largest salinity changes occur in areas
where seasonal changes of evaporation, precipitation and
ice formation are important (Figures 6a and 6b). Moreover,
seasonal salinity changes are surface intensified at all
latitudes indicating that mostly coupled ocean-atmosphere
fluxes trigger the largest seasonal signatures of global ocean
salinity, rather than dynamical processes. The global aver-
age in Figure 6b also shows that the space scales of the
annual cycle of salinity are smaller and more regional
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Figure 7. Global zonal averages of standard deviations of annual mean (a) temperature and (b) salinity
derived from the ARIVO anomaly field 20032008 from the near-surface layer down to 2000 m depth.
Mean and maximum pycnocline depths are added (black lines).

compared to those of temperature (see also Reverdin et al.
[2007] for the Atlantic).

[33] Regions of high amplitudes include the tropical basin
and subpolar areas, still exceeding 0.1 below 100 m depth
especially in the latter domain. In the tropical basin,
seasonal salinity amplitudes increase just north of the
equator, i.e., in the ITCZ realm, and 40% of variability
are explained by the annual cycle in the upper 100 m depth.
A second peak of seasonal salinity persists just south of the
equator and its signatures are weaker and shallower com-
pared to its northern counterpart. Poleward of 60°N, the
amplitude of seasonal salinity change is large, and the total
variability in this area is explained with 40% by the annual
cycle from the surface down to about 200 m depth.
Enhanced amplitudes south of 60°S, which are mostly
located in the Weddell and Ross seas (not shown), are
confined to the upper 50 m depth and the explained variance
accounts for more than 60% of total variance. In this area, a
second maximum of annual salinity amplitude occurs at
100—200 m depth with values between 0.1 and 0.2. It
explains 20% of the total variance. However, the largest
amplitudes of the annual cycle of salinity can be observed in
the Northern Hemisphere induced by deep winter convec-
tion processes and seasonal ice formation.

4. Interannual Fluctuations

[34] The mean seasonal cycle is estimated at each grid
point from the temperature and salinity fields over the
6 years of measurements. The mean seasonal cycle is then

removed in order to emphasize interannual variability. The
characteristic magnitude of the ARIVO anomalies range
between +0.2°C for temperature and +0.02 for salinity
(Figures 8—10). Extreme values exceed +0.5°C/40.1 in some
parts of the global ocean, mostly occurring in the near-surface
layer (not shown). Those ranges of magnitude are of com-
parable size to previous estimates [e.g., Levitus and Antonov,
1997; Antonov et al., 2002]. The estimation on the error of
these fields has shown that the values of the large-scale
anomaly fields are significant (Figures 3¢ and 3d).

[35] The first general view indicates that various types of
interannual fluctuations occur in several latitudinal bands of
the global ocean, i.e., at midlatitudes between 30 and 60°, in
the subtropics between 20 and 35° latitudes and in the
tropics between 20°S and 20°N (Figures 7a and 7b). At
midlatitudes, temperature as well as salinity fluctuations are
surface intensified and reach down to depth of more than
1000 m. At northern midlatitudes, standard deviations are
strong compared to their southern counterpart reflecting a
clear hemispheric asymmetry as could be figured out for the
long-term and seasonal variability. Deep reaching interan-
nual fluctuations characterize also the subtropical basins
with maxima in the surface layer as well as about 500 m
depth. In the tropical basins dominant anomalies are mostly
confined to the upper 500 m depth layer (Figure 7a).
Differences between temperature and salinity fluctuation
patterns emerge mostly in the upper layer, predominantly
in the tropical band. In the subsurface layers temperature
and salinity variations are generally correlated [Forget and
Wunsch, 2007].
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Figure 8. Yearly zonal average of (left) temperature and (right) salinity anomalies in the Pacific basin

during 2003—-2008 for the upper 2000 m depth.

4.1. Middle and High Latitudes

[36] Overall, the amplitudes of the anomaly fields are
largest at northern midlatitudes. Indeed, the basin scale of
the North Atlantic is considerably smaller than that of the
North Pacific but its anomaly field is clearly strongest and
variability reaches down to 2000 m depth (Figures 8 and 9).
Comparable lower temperature and salinity amplitudes can
be observed in the North Pacific until depth of 1000 m

(Figure 8). In this basin, the meridional space scales are low
and the vertical anomaly field is characterized by strong
baroclinic stratifications, especially in the salinity field. The
deepest vertical extend of large anomalies is centered at
30°N. Previous results have shown that interannual to
decadal changes in the upper North Pacific are associated
with the atmospheric PDO forcing [Carton et al., 2008]. At
about 60°N deep reaching interannual fluctuations occur
which are surface intensified and change sign after 2 years.
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Figure 9. Same as Figure 8, but in the Atlantic basin.

[37] In the North Atlantic, meridional space scales are
larger and span up to 20° latitude in some years (e.g., in
2003; Figure 9). The variability patterns of temperature and
salinity at depth are associated with deep baroclinic strat-
ifications. Large interannual fluctuations dominate the
hydrographic field in the North Atlantic, and temperature
and salinity anomalies change sign because of the meridi-
onal movements of the subtropical and subpolar fronts
[Eden and Willebrand, 2001]. Superimposed on these
interannual fluctuations are long-term changes. A clear
warming and increase in salinity from the year 2003 to

2008 can be observed in the area between 30 and 50°N. A
rapid increase of temperature and salinity since the 1990s is
also observed in 50 years of hydrographic time series in the
northeast North Atlantic and Nordic Seas [Holliday et al.,
2008]. A recent increase in salinity due to decadal variabil-
ity in that area was also reported by Hatun et al. [2005].
Furthermore, the findings of Hdkkinen and Rhines [2004]
indicate that those changes are associated with fluctuations
of the subpolar gyre strength. North of 60°N, temperature
and salinity anomalies increase in the upper 800 m depth
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Figure 10. Same as Figure 8, but in the Indian basin.

and anomalies change sign after 2 years. Note that a similar
pattern could also be observed in the North Pacific.

[38] The higher latitudes in the Southern Ocean are less
stratified which means that interannual changes in the
atmospheric forcing at the surface can drive energetic, deep
reaching hydrographic variability [Speer et al., 2000]. This
is clearly reflected in our results of Figures 8—10 as large-
scale fluctuation patterns are characterized by a distinct
vertical homogenous structure. Concerning the time scales
of variability in the Southern Ocean interannual, decadal
changes as well as long-term changes can be observed. Our

findings in Figure 4b show that the changes of the 2003 —
2008 mean temperature anomaly with respect to the long-
term WOAO5a and WOAOS5b means are weak in this area,
whereas the yearly anomalies of Figures 8—10 show large
amplitudes. These two findings lead to the conclusion that
interannual to decadal variability dominates the temperature
changes in that part of the Southern Ocean rather than a
long-term trend. In contrast to this, long-term changes in
salinity can be observed in our estimation (Figure 4d). In the
yearly anomaly fields, 6-year trends predominantly occur in
the Pacific and Indian southern oceans (Figures 8 and 10)
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which coincides with the findings of Wong et al. [1999] and
Antonov et al. [2002].

[39] The distributions of anomalies in the upper South
Atlantic are different from those in the other basins. Ster/
and Hazeleger [2003] have shown that the coupled ocean-
atmosphere variability in the South Atlantic is largely
independent of the variability elsewhere, e.g., no relation
with the NAO was found and only a weak one with ENSO.
The South Atlantic is unique in transporting energy toward
the equator, forming an important link to the Meridional
Overturning Circulation (MOC). Ocean-atmosphere inter-
actions in this part of the basin may thus have implications
on other domains of the Atlantic Ocean. However, because
of the slow propagation of disturbances originating in the
southern basin the impact on the hydrographic field in the
North Atlantic persists only on long time scales which
cannot be addressed in this study.

4.2. Subtropical and Tropical Basin

[40] Except from the Indian Ocean, the current system in
this part of the global ocean is linked to shallow subtropical
cells (STCs) which act as a mechanism for transferring
mass, heat, salt and tracers between the subduction zones of
the subtropical gyres and the equatorial thermocline [e.g.,
Schott et al., 2004]. In the Indian Ocean, a cross-equatorial
cell exists which connects the southern subtropical subduc-
tion zone with the upwelling areas in the northern Indian
Ocean [Schott et al., 2002]. Through their effect on SST those
cells have been proposed as the oceanic component of
coupled modes of air-sea variability that influence atmo-
spheric climate on multiple time scales. However, the hydro-
graphic anomaly fields in Figures 8—10 are marked with
complex interannual changes in the subtropical basin and
superimpose long-term changes as observed in section 4.1.
Upper layer warming and increase in salinity can be only
observed in the subtropical southern Indian basin (Figure 10).
The intermediate cooling and freshening predominantly
occurs in the South Pacific subtropics and weak indications
also arise in its northern counterpart (Figure §). The domi-
nance of interannual fluctuations in this part of the global
ocean probably explains the difference in our estimation
(Figures 4b and 4d) to previous findings, especially in the
Northern Hemisphere. However, because of its complex
baroclinic structure hydrographic interannual variability in
the subtropics needs to be addressed in a more detailed
analysis elsewhere rather than in a global analysis.

[41] In the tropical basin, interannual variability is dom-
inant and the changes are marked by a complex baroclinic
structure. As expected, the dominant pattern of interannual
variability exists in the equatorial Pacific because of the
ENSO phenomenon. Largest amplitudes of the temperature
field can be observed in 2007/2008 during La Nifia con-
ditions which cover the upper 300 m depth of the equatorial
basin. Interannual fluctuations of the salinity field are also
strong in the equatorial band, especially during the La Nifia
period. Interesting to note is that during 2006 and 2007
positive salinity anomalies persist in the equatorial basin
while temperature changes sign because of the transition
from El Nifio to La Nifia conditions. During the same time,
temperature amplitudes increase in the tropical Indian
Ocean associated under IOD conditions (Figure 10). Similar
patterns occur in 2003, but weaker and with opposite sign.
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At the same time, large salinity anomalies can be observed
in the upper 500 m depth of the tropical basin which extend
into the subtropical Indian basin. In 2003, positive salinity
anomalies exist in the northern tropics, which change sign
south of the equator and become positive again south of
30°S. This meridional tripole pattern reoccurs in 2006 but
with opposite sign. Interesting to note is that in each case
this pattern reappears | year later, but slightly shifted
southward. A similar basin-wide signature is not evident
in the temperature anomaly field. In the upper 200 m depth
of the tropical Atlantic, a meridional dipole pattern in
temperature and salinity can be observed in the beginning
of our time series with opposite sign in the different hemi-
spheres (Figure 9). This pattern reoccurs in the year 2006,
but only in the salinity field.

4.3. Global Averages

[42] Global averages of heat content, freshwater content
and steric sea level are evaluated from the ARIVO field
during 2003—2008. Heat storage changes are calculated as
the integral from 0 to 2000 m depth of pc,T’(z)dz where T’
is the temperature anomaly presented in section 4.2. Fresh-
water content FW is derived from the salinity anomaly
fields S’ as the integral from 0 to 2000 m depth of

T !
FW:,Q/ ALSp) S

o(T,0,p) (S, +5) (10)

where a is the area of the global ocean, p is the density of
seawater, S, the mean salinity derived from the ARIVO
product (S, = 34.63pss) and p is the pressure. Details of this
method can be found in the paper by Boyer et al. [2007].
Steric sea level is calculated as the integral from 10 to 1500 m
depth of

AD:/a(S, T,p)dp—/@(3570717)dl77 (11)

P

where « is the specific volume which is equal to the inverse of
density [Gilson et al., 1998]. The mean seasonal cycle is
subtracted from the global average. Error bars of these
quantities are evaluated as described in section 2.

[43] Figure 11a shows the variability of globally averaged
deep ocean heat content computed from the monthly tem-
perature anomaly fields. A considerable warming is visible
from the year 2003 to 2008. The 6-year heat increase
implies an average warming rate of 0.77 + 0.11 W m ~.
Much of this increase in heat storage comes from the
Atlantic [Levitus et al., 2005] (Figure 5). Using satellite
altimeter height combined with in situ temperature profiles
the analysis of Willis et al. [2004] revealed an oceanic
warming rate of 0.86 £ 0.12 W m ™~ from mid-1993 through
mid-2003 in the upper 750 m depth. Their warming rate is
higher compared to our estimation indicating that either
changes in the 750—2000 m depth layer or interannual and
decadal changes contribute to the average warming. Levitus
et al. [2005] have shown that the world ocean heat content
(0—-3000 m) increased at a rate of 0.2 W m 2. This value is
much lower since it is an estimation over a much longer
time period and earlier.
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Figure 11.

Time series of global mean (a) heat storage (0—2000 m), (b) freshwater content (0—2000 m),

and (c) steric height (10—1500 m). The global mean sea level as measured by satellite altimetry (http://
www.aviso.oceanobs.com/msl) is added in Figure 11c with a dashed line.

[44] With the ARIVO product a global average of the
freshwater change in the upper 2000 m depth can be
established for the first years of Argo. Freshwater corre-
sponds to changes in mean salinity that can be due to E-P,
river runoff and ice melting. Mass changes due to the import
of freshwater from continents are not included. The global
average of freshwater content anomalies is dominated by
interannual changes. The 6-year trend from 2003 to 2008 is
very small (Figure 11b). During 2003, positive freshwater
content can be observed which changes sign in 2004 and
2005. In the years 2006 and 2007, an increase in freshwater
content reoccurs.

[45] Globally averaged steric sea level shows a positive
trend and the rate of changes from the years 2003 to 2008
can be estimated as 1.01 + 0.13 mm a ' (Figure 1lc).
Interannual fluctuations of global steric sea level exist but are
small compared to the long-term variability. In Figure 11c,
the global mean sea level as measured by satellite altimeter
(http://www.aviso.oceanobs.com/msl) is added for the same
time domain (dashed line). On these short time scales based
on this analysis, total sea level includes changes due to
temperature- and salinity-related steric expansion as well as
mass changes. The total sea level rise based on satellite
measurements accounts for 2.34 + 0.24 mm a ' during
2003-2008. Thus, the 6-year changes based on the steric
contribution alone constitute about 40% to the total sea level
rise during that time. The two time series in Figure 11c are

in good agreement from 2005 through 2007, but diverge
from 2003 through 2004 and in the year 2008. Regional
biases between the steric and the total sea level can be
observed between 30°S and 20°N in those years (Figure 12).
Indeed, the data coverage of the in situ measurements is
lower in the beginning of our time series (Figures 1c and 1d)
which probably induces the differences. But this is not the
case in the year 2008.

5. Conclusion

[46] Monthly gridded fields of temperature and salinity
from the surface down to 2000 m depth during 2003 -2008
have been used to produce estimates of global ocean
hydrographic variability at seasonal, interannual and longer
periods. During the 6 years of in situ measurements, an
oceanic warming of 0.77 + 0.11 W m™? occurred in the
upper 2000 m depth of the water column. This number is
roughly consistent with the 10-year heat content time series
published by Willis et al. [2004]. Although this represents a
significant increase in the rate of warming, the updated
long-term study of Levitus et al. [2009] shows that the upper
ocean (0—700 m) heat content increases to a plateau during
2004-2007, i.e., in the time domain of our study. Moreover,
our results show large interannual and decadal fluctuations
in several areas of the global ocean.
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Figure 12. Yearly global zonal average of steric height (10— 1500 m; solid line) and the corresponding
satellite-derived sea level anomalies (www.aviso.oceanobs.com; dashed-dotted line) during 2003—-2008
(note that only the first week of December 2008 was available in delayed mode).

[47] Major advances in measuring the global ocean
hydrographic changes have been made by the implementa-
tion of the Argo observing system and we have estimated
global freshwater content changes. Over the 6 years of
measurements, no significant freshwater rate can be observed
as the global average is dominated by interannual fluctua-
tions. But our findings also indicate that large areas of the
deep global ocean indeed show long-term tendencies, i.e., in
the Southern Ocean. Consistent with our findings, previous
studies have examined regional long-term changes in the
Southern Ocean which extend deep into the water column
[Roemmich et al., 2007; Morrow et al., 2008; Béning et al.,
2008].

[48] The rate of global sea level rise and its causes
remains a matter of intense debate [Munk, 2003; Cazenave
et al., 2009; Willis et al., 2008]. We have estimated a steric
sea level rise of 1.01 + 0.13 mm a~' for the 10—~1500 m
depth layer during 2003—2008. This number lies in the
range of the estimations during the last decade, but discrep-
ancies are considerably higher because of different estima-
tion periods as interannual and decadal changes play a
dominant role [e.g., Stephens et al., 2001; Roemmich et
al., 2007]. Our results have shown that the sea level from
altimetry and steric sea level are in good agreement during
the period 2005-2007, but diverge from 2003 through 2004
and in the year 2008. Thus, the 6-year trend deduced from
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in situ measurements is lower compared to the satellite-
derived quantities and 40% of the total sea level rate are due
to steric changes. Regional biases between the steric and
the total sea level occur in the tropical basin in the years
where the two curves diverge. Mass changes as measured
by altimetry, which are not included within our steric
estimation, are probably parts of the differences [see also
Cazenave et al., 2009]. Furthermore, the steric height
deduced from the ARIVO product is limited to 1500 m
depth. It is not clear whether changes of the deep ocean
largely contribute to the global mean steric sea level or
whether barotropic response seen with satellite altimetry
lead to the observed differences. Finally, it cannot be
excluded that systematic errors still remain in one or more
of the global observing systems [Willis et al., 2008].

[49] In addition to the rates of global hydrographic
changes, the large-scale spatial patterns of temperature
and salinity variability have been estimated. With our
findings it is possible to classify time scales of variability
within different latitude bands, at least over the period of
our in situ field. These show large amounts of interannual
and decadal fluctuations at northern midlatitudes which
reach deep into the water column. Largest and deepest
changes occur in the North Atlantic and meridional scales
are comparably lower in the North Pacific. The subtropical
basins experience rapid heat and freshwater changes at
interannual periods, some of which may have been exported
equatorward, especially in the Southern Hemisphere. At
intermediate depth, cooling and freshening occurs in both
hemispheres in the 2003—2008 mean anomaly field with
respect to WOAO5a and WOAO5b. A similar distribution
can be observed in the tropical basin. Although long-term
changes appear in the upper tropical basins, the hydrograph-
ic anomaly field is dominated by variability at interannual
time scales. At southern midlatitudes, hydrographic changes
occur on interannual to longer time scales and signals
spread uniformly over the water column.

[s50] Finally, regional differences in time and space
between the temperature and salinity variability patterns
could be examined. Regions of strong seasonal temperature
changes differ from those of the salinity field. Largest
amplitudes of the annual cycle of temperature emerge at
midlatitudes in both hemispheres, whereas for the salinity
field the amplitudes increase in the tropics and in the
subpolar global ocean. Large interannual changes dominate
the upper 200 m depth of the tropical Pacific, Atlantic, and
Indian oceans which are not in phase with those observed in
the temperature anomaly field and show up a different
baroclinic structure. At southern midlatitudes, decadal tem-
perature changes are dominant, whereas salinity fluctuations
occur on longer time scales.

[s1] However, our findings have shown that the global in
situ observing system reveals a large resource of informa-
tion representing the ocean state in the beginning of the 21th
century. New insight of current hydrographic changes could
be figured out, especially for the salinity field. With the
growing data set of Argo, the estimation of large-scale
variability and long-term changes from this global observ-
ing system, from which our study is part of, will deliver an
observational reference field to validate the state of global
assimilation models.
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