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[1] This study demonstrates a reconstruction of salinity profiles for the global ocean for the
period 1993–2008. All available temperature‐salinity (T‐S) profiles from the Global
Temperature‐Salinity Profile Program andArgo data are divided into two subsets; one half is
used for producing the vertical coupled T‐S empirical orthogonal function (EOF) modes,
and the other half is used for the verification.We employed a weighted least‐squares method
that minimizes the misfits between the predetermined EOF structures and independent
observed temperature and altimetry data. Verification shows that the South Indian and North
Atlantic oceans maintain good correlations to 900 m depth between the observed and
reconstructed salinity with altimetry data. Meanwhile, the Pacific and Antarctic oceans
below 500 m shows significant negative correlations which are associated with the
relationship between steric height and salinity variability in these basins. In order to
guarantee general agreement with observations for all ocean depths, we calculate a regional
correlation index considering the impact of altimetry data and employ it for our final
products. Except for the surface ocean, the pseudo salinity profiles show general
improvements compared to the existing climatology and the reanalysis outputs from the
Geophysical Fluid Dynamics Laboratory’s ensemble coupled data assimilation system.
Near the surface layer, reanalysis outputs show a relatively high performance due to
the coupling between the atmosphere and ocean. An assimilation system produces
reliable surface flux variability not accounted for the construction of the global pseudo
salinity profiles. These results encourage the application of the global pseudo salinity
profiles into an assimilation system for the 20th century when the observed salinity
data are sparse.

Citation: Chang, Y.‐S., A. Rosati, and S. Zhang (2011), A construction of pseudo salinity profiles for the global ocean: Method
and evaluation, J. Geophys. Res., 116, C02002, doi:10.1029/2010JC006386.

1. Introduction

[2] Most global ocean data assimilation systems are
unable to capture the observed salinity variability in the
20th century since salinity data are sparse compared to
temperature data (see Figure 1a). This scarcity of salinity
data leads to a systematic error in oceanic reanalysis since
salinity is dynamically relevant. Assimilation of altimetry
data without subsurface salinity observations is also likely
to degrade the model temperature field due to improper
temperature corrections, which are produced to compensate
for the dynamic height difference caused by an inaccurate
salinity field [Ji et al., 2000]. Using a state‐of‐the‐art
ensemble coupled data assimilation (ECDA) system devel-
oped by the Geophysical Fluid Dynamics Laboratory
(GFDL) [Zhang et al., 2007], it is shown that the inclusion

of salinity data from the Argo network in the 21st century
considerably increase the skill of the assimilation [Chang
et al., 2009]. Huang et al. [2008] showed that the Argo
salinity plays a critical role in improving the salinity
analysis, which in turn contributes to improved surface
current and sea surface height analyses within the global
ocean data assimilation system (GODAS) operated by the
National Centers for Environment Prediction (NCEP).
Smith and Haines [2009] also demonstrated improvements
in modeled temperature fields when Argo salinity data are
assimilated in addition to temperature.
[3] Therefore, sufficient salinity data are very important

for credible ocean data assimilation reanalysis. Without a
numerical model, some studies have tried to estimate salinity
profiles in the ocean interior from temperature and sea
level data [Maes, 1999; Vossepoel et al., 1999; Maes and
Behringer, 2000; Maes et al., 2000; Fujii and Kamachi,
2003]. They used vertical coupled temperature‐salinity
(T‐S) empirical orthogonal function (EOF) modes and
showed that EOF modes effectively represented the covari-
ance of temperature and salinity fields. In their studies,
salinity profiles were reconstructed from in situ temperature
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and sea level observations as well. However, they were lim-
ited to the particular areas where proxy data were sufficient to
calculate the predetermined T‐S EOF modes. In the 21st
century, we can obtain more than 100,000 temperature and
salinity profiles worldwide each year, thanks to the successful
international Argo project (data available at http://www.argo.
net/). This high‐density T‐S profile array (see Figure 1b),
with less seasonal and spatial bias in the upper 2000 m of the
ice‐free oceans, makes it possible to apply the previous
studies to the global ocean.
[4] The main purpose of this study is to examine the

possibility of salinity reconstruction for every ocean basin
and at depth based on a statistical approach. In addition, we
present collocated assessments by using independent ob-
servations, subsampled climatology and reanalysis outputs
from the fully coupled dynamical model. The following
section describes the datasets and analysis methods in detail.
Section 3 investigates the effect of the altimetry data on the
reconstruction of salinity profiles at various depths and
areas. Section 4 suggests a regional correlation index to
support better agreement with observations for all ocean
depths and regions. Validations for the resultant global
pseudo salinity profiles are provided in section 5. World

Ocean Atlas 2005 (WOA05) climatology [Locarnini et al.,
2006; Antonov et al., 2006] and reanalysis outputs from
the ECDA system of GFDL are used as additional sources
for verification. A summary and general discussions,
including the prospects for the application of the global
pseudo salinity profiles to the climate data assimilation
system for the 20th century, appear in section 6.

2. Data

2.1. T‐S Profiles

[5] The main datasets used in this study are collected from
the Global Temperature‐Salinity Profile Program (GTSPP)
(data available at http://www.nodc.nodcc.gov/GTSPP/) and
Argo database for the period 1993–2008. The quality con-
trol (QC) system used in this study considers not only the
conventional QC process based on the National Oceano-
graphic Data Center (NODC) technical report [Boyer and
Levitus, 1994] and Argo real‐time QC manual [Wong et al.,
2006], but also any systematic instrument errors such as the
XBT (expendable bathythermograph) fall‐rate equation
problem [Gouretski and Koltermann, 2007], Argo salinity
offsets identified from delayed mode QC methods [Wong

Figure 1. Spatial distribution of observed data in (a) 1993 and (b) 2008. Green dots indicate the loca-
tions of profiles with both temperature and salinity data used in this study and red dots are temperature
only data.
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et al., 2003; Bohme and Send, 2005] and pressure sensor
errors discovered in some fractions of the floats with FSI
(Falmouth Scientific, Inc.) and SBE (SeaBird Electronics,
Inc.) sensors [Uchida and Imawaki, 2008]. The same data
and QC process were originally used by Chang et al.
[2009] to generate the gridded T‐S analyzed fields for
the global ocean. All quality controlled data are interpo-
lated to the 17 standard depths from 10 m to 900 m.
Considering the small T‐S variability below the upper few
hundred meters and the maximum sampled depth of most
Argo profiles, 900 m depth is chosen for the floor in the
calculation of vertical EOF modes and the corresponding
pseudo salinity profiles.
[6] A total of 332,419 T‐S profiles with 17 standard

depths for 1993–2008 are obtained after applying the QC
system. Once the vertical coupled T‐S EOF modes based on
observations are determined, the goal of this study is to
reconstruct the salinity profiles using separate observed
temperature data without further resorting to direct ob-
servations of salinity. Therefore, in order to guarantee an
entire independent check for the comparison of the pseudo
salinity profiles with observations, T‐S observations are
separated into two subsets: a subset (166,259 profiles) only
for predetermining the EOF structures and a remaining
subset (166,160 profiles) for in situ temperature profiles and
the verification of pseudo salinity profiles.
[7] Figure 2 shows the number of quality controlled data

at 900 m depth in each 3° by 3° square box. As previously
mentioned, they are from one subset (166,259 profiles) of
the entire observations for the EOF structures. There are
more than 100 observations at 900 m depth near the main
current systems of the North Pacific and North Atlantic
subtropical gyres, North Indian Ocean, Mediterranean out-
flow, and Labrador Sea. Because of the lack of observations
in the Southern Hemisphere, there are many sparse data
areas in the Antarctic Ocean, especially south of 60°S.
Another data‐sparse region is found around the central
Atlantic Ocean. As previously mentioned, Argo floats with
systematic pressure errors were removed from our database.

This reduction is severe in the Atlantic Ocean, where most
of the problematic floats were located. On average, more
than 60 profiles are spread throughout each grid box. We
have also checked the seasonal distribution of available
datasets and found a similar spatial pattern, which indicates
that the datasets do not inherently contain a seasonal
sampling bias.

2.2. Satellite Altimetry

[8] For the altimetry data, we use delayed time gridded
data distributed by AVISO (Archiving, Validation and
Interpretation of Satellite Oceanographic data). The datasets
merge the TOPEX/Poseidon, Jason‐1, ERS‐1/2, and Envisat
satellite measurements on 1/3° by 1/3° grid points and
weekly updates since 1993 [Aviso Altimetry, 2008]. In order
to generate a pseudo salinity profile at the same position of a
temperature profile, we selected the proximate altimetry data
to the temperature profile. Themaximum sampling difference
between a temperature profile and altimetry data is expected
to be about 1/6° and 3.5 days, and shows no significant spatial
and temporal sampling bias, since the AVISO provides uni-
form fields. We believe that this sampling difference does not
affect the computation of pseudo profiles on a global scale.
We also compare them with monthly mean 1° by 1° gridded
climatology and ECDA outputs (see section 2.3). Their spa-
tial and temporal resolutions are not high enough for the re-
sults to be skewed by maximum sampling differences of the
magnitude of about 1/6° and 3.5 days.

2.3. Climatology and Reanalysis Data

[9] As additional sources of validation data, we used
World Ocean Atlas 2005 (WOA05) climatology and
reanalysis datasets from the GFDL’s ECDA system. Since
the ECDA system generates salinity fields based on the fully
coupled general circulation model with no climatological
salinity restoring, this comparison will be interesting.
Moreover, as we mentioned in the introduction, due to the
non‐stationary nature of the ocean observing system, it is
difficult to get reliable ocean state estimations when the

Figure 2. Number of data from a subset of total observations at 900 m depth for 1993–2008. They are
used to generate the vertical coupled T‐S EOF modes in each 3° by 3° square box.
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bulk of the ocean observations are only XBTs. If the
assessments of our global pseudo salinity profiles are
positive, we will assimilate them as a part of ECDA in
order to partially alleviate this problem. This will help to
better understand the sensitivity to the lack of salinity
data on the climate system. Therefore, it is meaningful to
compare the pseudo profiles with independent observa-
tions as well as the ocean reanalysis outputs from the
current ECDA version.
[10] The ocean component of ECDA is the fourth version

of the Modular Ocean Model (MOM4) configured with 50
vertical levels and 1° by 1° horizontal B‐grid resolution,
telescoping to 1/3° meridional spacing near the equator
[Griffies et al., 2004]. In this study, all model outputs for
1993–2008 were projected onto the WOA05 grid with 1° by
1° horizontal resolution and 17 standard depth levels from
10 m to 900 m. The assimilation system employed a two‐
step data assimilation procedure [see Zhang et al., 2007,
Figure 2] for an Ensemble Kalman Filter under a local least
squares framework with a superparallelizing technique
applied to the GFDL’s coupled climate model (CM2.1). The
climate model is initialized from the GFDL Intergovern-
mental Panel on Climate Change historical run using tem-
porally varying green house gas and natural aerosol
radiative forcing from 1861. More details about the ECDA
system and previous assimilation results in the 20th and 21st
centuries can be found in the papers by Zhang et al. [2007,
2009], and Chang et al. [2009].

3. Methodology

3.1. Predetermined EOF Modes

[11] First, we determine EOF sets representing the
combined variability of both temperature and salinity in the
vertical. These vertical coupled T‐S EOF modes in the ith
and jth index from 3° by 3° grid boxes of the global ocean

(1 ≤ i ≤ 120, 1 ≤ j ≤ 60) are computed from the sets of
combined profiles as follows:

X 1 i;jð Þ ¼ T 1 i;jð Þ
1; ::; T 1 i;jð Þ

17;S1 i;jð Þ
1; ::; S1 i;jð Þ

17;

� �
;

X 2 i;jð Þ ¼ T 2 i;jð Þ
1; ::; T 2 i;jð Þ

17;S2 i;jð Þ
1; ::; S2 i;jð Þ

17;

� �
;

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � ;
XN i;jð Þ ¼ TN i;jð Þ

1; ::; TN i;jð Þ
17;SN i;jð Þ

1; ::; SN i;jð Þ
17;

� �

where N is a number of combined profiles within the (i, j)
grid box and T and S are anomalies of temperature and
salinity at 17 standard depths relative to the long‐term
mean values of each grid box. We calculate these mean
values by simply averaging all the data within each grid
box for 1993–2008. In this study, we do not compute an
EOF mode at the (i, j) grid box where N is smaller than
10. We use up to the 10th mode, and their cumulative
variances are mostly in excess of 99.9%.
[12] It is not easy to explain what physical variation EOF

modes represent because they are calculated on the basis of
statistics alone. In addition, the purpose of this study is not to
analyze the T‐S EOF patterns in the individual ocean basins,
but to show the possibility of the reconstruction of salinity
profiles on the global scale. Therefore, as an example of the
vertical coupled T‐S EOF mode at the North Pacific region,
we just present the first five modes in Figure 3. More results
regarding the salinity reconstruction at the same area (denoted
as “NP” in Figure 4) will be investigated in the following
sections.
[13] Another difficulty is that the method in this study

works with the non‐stationary observed datasets. The mean
profile within the 3° by 3° grid box could be skewed by a
sampling difference in space and time. In order to address this
sampling issue, we provide two different EOF modes for two
independent periods (1993–2004 (hereafter “pre‐Argo
period”) and 2005–2008 (hereafter “Argo period”). Below

Figure 4. (a) Spatial distribution of available data sets for the two independent vertical coupled T‐S EOF
modes during two separate periods 1993–2004 (red) and 2005–2008 (blue) as shown in Figure 3. (b)
Number of monthly available datasets for two separate periods: 1993–2004 (red) and 2005–2008 (blue).
Total 283 (1,082) profiles are used for the period 1993–2004 (2005–2008).
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we briefly explain the physical interpretation of the
modes.
[14] The first three modes explain more than 80% of the

total field (Figures 3a, 3b, and 3c). These modes mainly
represent the baroclinic modes, that is, anomalies resulting
from a vertical displacement of the entire water column,
which agrees with the previous studies [Maes, 1999; Maes
et al., 2000; Fujii and Kamachi, 2003]. The first mode
(Figure 3a) has anomalies of the same sign for the temper-
ature and salinity at depths below 150 m. The near‐surface
feature of the first mode is a bit complex and cannot be
explained by only vertical displacements. It seems to rep-
resent the variability of water properties because tempera-
ture and salinity near the surface have opposite signs. They
are related to the air‐sea interaction, surface flux (precipi-
tation) change, mixing process, and so on.
[15] The second mode (Figure 3b) clearly represents the

baroclinic mode. Considering the mean vertical structures
of temperature (Figure 3f) and salinity (Figure 3g), the
salinity profile has a maximum (minimum) at 150 m (700 m),
while temperature decreases monotonically from the sur-
face to 900 m. If the displacement of the entire water
column is upward, for example, the anomaly in tempera-
ture will always be positive along the vertical, decreasing
to zero at the surface. The salinity anomaly will be positive
at the depth where the mean decrease is monotonically like
temperature but will change sign above (below) the salinity
maximum (minimum) located near 150 m (700 m) in the
mean.
[16] As we previously mentioned, EOFs are based on

statistics, so a simple physical explanation of individual
modes is not always possible. The baroclinic mode cannot
be explained by only one single mode and it can be con-
taminated by other kinds of variability. For instance, the
nodes of the second mode do not exactly match with the
structures of the mean profiles. Salinity EOF has two nodes
at about 200 and 500 m, not 150 m and 700 m, where
salinity tendency reverses. Temperature EOF also shows
maximum amplitude around 400 m with a reversal at 700
m depth. These maxima appear to be associated with the
strong variability in the main thermocline, so more ener-
getic signal around this depth can be captured in this
mode, especially for the Argo period. Therefore, the sec-
ond mode is associated with not only the vertical dis-
placement of the entire water column but also strong
variability in the main thermocline.
[17] The third mode (Figure 3c) shows a similar struc-

ture to the second mode. The sign of the salinity EOF
correctly reverses around 700 m. Therefore, the third EOF
also represents baroclinic mode. In addition, it shows
another change of the sign of temperature and salinity
around 300 m, which means that the direction of the

displacement represented by the third mode is reversed at
that depth. The higher modes (Figures 3d and 3e) have
more complex features and a simple physical explanation
of individual modes is not possible.
[18] It is also interesting to note the difference between the

two time periods. We can identify the distinction at the sur-
face of the first EOF and most of the second EOF. In the first
EOF, the Argo EOF (blue line in Figure 3a) shows relatively
strong variability in the upper 150 m of both temperature
and salinity. In the second EOF, the Argo EOF (blue line
in Figure 3b) is a full order of magnitude larger than the
pre‐Argo EOF (red line in Figure 3b) for temperature
between 100 and 700 m, and for the full depth range of
salinity. It seems that a much more energetic mode is
captured in the Argo period, which is related to the
increased number of profiles in the study area during the
Argo period. Standard deviations of the mean T‐S profiles
during the Argo period are relatively larger than those of
profiles during the pre‐Argo period (Figures 3f and 3g).
The spatial distribution patterns of the datasets for the two
time periods will be addressed in the next paragraph.
Another possibility is that it could have something to do
with any real physical changes between the two time
periods. We hope that more detailed analyses on the
temporal changes in the T‐S relationship around this area
will be given by separate studies.
[19] In this study, we emphasize the similarity of the two

independent EOF profiles rather than a physical explanation
of individual modes and detailed analysis. Two vertical T‐S
EOF modes in blue and red inks show very similar struc-
tures. They account for similar percentages of the total
variance as well, even though the prominent sampling dif-
ferences are found within the analyzed area (Figure 4). We
can easily check the large number of observations during the
Argo period compared to the pre‐Argo period. Datasets for
the pre‐Argo period also show the sampling bias in position;
they are limited at the western boundary of the study area
(Figure 4a). Meanwhile, no significant seasonal sampling
bias is found except for the winter season of the pre‐Argo
period (Figure 4b). In the pre‐Argo period, there are less
than 20 measurements during the winter season (January–
April), while the remaining months all have more than 20.
While the total number of measurements is low throughout
the year, it seems that winter is under‐sampled. We addi-
tionally checked the EOFs between the summer and winter
seasons, and found no significant distinction between them.
Pre‐Argo winter EOF also looked the same as the Argo
winter EOF. We obtained very similar results at other study
areas (Figure 10) of the global ocean (not shown). These
comparisons can ensure the representativeness of the ob-
servations where the same EOF modes were used.

Figure 5. Time series of (a) sea level (cm) and salinity (psu) anomalies at (b) 10 m, (c) 200 m, (d) 500 m, and (e) 900 m
depths, respectively. Gray lines indicate the salinity variability from in situ observations. Red lines denote the reconstructed
results by using both temperature and sea level data based on predetermined T‐S EOF modes. Altimetry data have been
subsampled in the locations of in situ profiles within the 325°E–335°E, 40°N–50°N. Note that compressed time axes are
used before 2003. Solid thick lines are smoothed by a 17‐month Hanning filter. Correlation coefficients (r) between
observed and reconstructed salinities are also presented on individual header labels, and parenthetical values are coefficients
from filtered datasets. All the correlation coefficients are significant within the 95% confidence level. (f, g, h, i, j) Same as
Figures 5a, 5b, 5c, 5d, and 5e except for the analysis area (145°E–155°E, 30°N–35°N).

CHANG ET AL.: GLOBAL PSEUDO SALINITY PROFILES C02002C02002

6 of 22



Figure 5
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3.2. Minimization

[20] The estimation of salinity vertical profile (S(k)n(i, j)

where the specified nth observation point in the (i, j) grid
box) is primarily estimated by a linear combination of the
dominant modes as follows [Maes and Behringer, 2000]:

S kð Þn i;jð Þ¼
X10
m¼1

cn i;jð Þ
m EOF S kð Þi;jm ð1Þ

where EOF_S(k)m
i , j is the vertical EOF structures of

the salinity deviation from the sets of combined profiles
(X1(i, j), X2(i, j), …, XN(i, j)), m is an index of the mode, and
k is an index of the standard depth. The cm coefficients are
determined by a weighted least squares minimization of the
difference between the estimates and the available in situ
temperature anomaly (TOBS(k)

n(i, j)) and sea level anomaly
data (SLAOBS

n (i, j)). As we previously mentioned, in situ
temperature observations (TOBS(k)

n(i, j)) are obtained by the
independent datasets to the predetermined EOF modes
(EOF_S(k)m

i , j).
[21] The cost function (Fn(i,j)) to be minimized is defined

as follows;

Fn i;jð Þ¼
X17
k¼1

wT kð Þi;j�2 kð Þn i;jð Þ X10
m¼1

cn i;jð Þ
m EOF T kð Þi;jm�TOBS kð Þn i;jð Þ

" #2

þ
X17
k¼1

wS kð Þi;j�2 kð Þn i;jð Þ X10
m¼1

cn i;jð Þ
m EOF S kð Þi;jm

" #2

þ wSLA�
2

X10
m¼1

cn i;jð Þ
m EOF DHAi;j

m � SLAOBS
n i;jð Þ

" #2

ð2Þ

where EOF_T(k)m
i, j represents the mth mode of the ver-

tical EOF structures of the temperature anomaly and
EOF_DHAm

i, j is the associated dynamic height anomaly for
the mth T‐S EOF mode in the (i, j) grid box. a(°c−1) and
b(psu−1) are the thermal expansion coefficient and the saline
contraction coefficient for their respective contributions to
specific volume [McDougall, 1987]. g(cm−1) is a scaling
factor for the sea level anomaly. The weights (wT(k), wS(k),
and wSLA) are specified to reflect the uncertainty both in the
observations and in the modes. In this study, we apply the
inverses of the standard deviations in each (i, j) grid box for
these combined uncertainties of temperature (wT(k)) and
salinity (wS(k)). Four is used as an estimate for sea level
weights (wSLA).
[22] The minimization is obtained by solving the system

of linear equations, which results from setting ∂F/∂cm = 0.
The computational burden is much lower than any dynam-
ical models, since we retain only 10 dominant modes for 17
vertical levels.

4. Pseudo Salinity Profiles With Altimetry
and Without Altimetry Data

[23] Figure 5 shows time series of pseudo salinity and real
observations averaged over two square boxes. All time
series are subsampled considering a spatial and temporal
variability of the observed data and averaged over the North
Atlantic (325°E–335°E, 40°N–50°N) and the North Pacific
(145°E–155°E, 30°N–35°N), respectively. They are denoted
as “NA” and “NP” in Figure 10. These two regions are

selected as our first study area, because large numbers of
data are distributed around these basins compared to the
other regions. We also expect that the altimetry data can be a
significant fingerprint for the salinity variability, especially
around the strong gyre system in the North Atlantic and the
North Pacific. Since salinity observations in the 20th century
are very sparse, the time axis scale is different before and
after 2003.
[24] It is clear that the salinity reconstruction is successful,

especially at 200 m and 500 m (correlation coefficients are
more than 0.6, both in raw and filtered data, within the 95%
confidence levels), and their variability is generally in line
with the sea level variation. From this result, we confirm
that the sea surface height with T‐S EOF mode can be a
significant fingerprint for the salinity variability in the ocean
interior, especially in the main thermocline of 200–500 m.
Meanwhile, there are areas where the salinity changes do not
follow the sea level variations (or negative correlations), so
that the reconstructed salinities are not reliable around those
areas shown in Figures 5b, 5e, 5g, and 5j.
[25] Figure 6 is another example showing the effect of the

altimetry data on the reconstruction of salinity profiles at
various depths. The time‐depth evolution of the salinity
observation along the trajectory of Argo float (Figure 6a) is
presented together with two estimations based on different
reconstruction processes. One is based on a fitting of the
T‐S EOF modes to both satellite altimetry and in situ tem-
perature profiles (hereafter “pseudo salinity with altimetry”),
and the other is based on a fit to the temperature profiles
only (we omitted the term 3 of the functional F (see (2);
hereafter “pseudo salinity without altimetry”). From the
observation, two dominant freshening events are found
during mid‐2006 and 2007 (Figure 6c). They are depicted
from the negative sea level anomaly at the same periods as
well (Figure 6b). It is clear that the inclusion of the sea level
data leads to a significant improvement in the salinity
reconstruction (Figure 6d), compared to the pseudo salinity
without altimetry (Figure 6e). However, a possible problem
of the reconstructed procedure with altimetry data is that the
sea level information is strongly constraining the salinity
variation up to the deep ocean layer. From the Argo ob-
servations, the positive salinity anomalies are found below
600 m during mid‐2006 and 2007. One encouraging fact is
that these positive anomalies can be detected by the pseudo
salinity field without altimetry information (Figure 6e).
Correlation between Argo salinity and pseudo salinity
without altimetry (blue line in Figure 6f) increases below
600 m, while correlation between Argo and pseudo salinity
with altimetry decreases (red line in Figure 6f). They are all
statistically significant within the 95% confidence level as
shown in the gray area. This reflects that, below 600 m at
this area, the salinity variation is controlled by an intrinsic
baroclinic T‐S relationship derived from only EOF modes
rather than the sea level signal from the surface.
[26] On the physical interpretation side, the positive cor-

relations between sea level (temperature) anomalies and
salinity anomalies are explained if the dominant source of
variability is the vertical displacement of the entire water
column, provided salinity is decreasing with depth like
temperature. This also explains why there is anti‐correlation
in the North Pacific because the salinity increases with depth
below around 700 m (Figure 6g). This relationship is already
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shown in Figure 3 as the baroclinic mode explaining the
vertical coupled T‐S EOF structures in a similar area.
[27] In order to generalize this result, we present the

global correlation maps with respect to observations at the
four subsurface levels: 10 m, 200 m, 500 m, and 900 m
(Figure 7). Correlation coefficients are obtained from the
time series for 1993–2008 by averaging all available pro-
files from the subset of observations within 1° by 1° square

box, even though EOF modes are calculated for 3° by 3°
boxes as shown in the previous section 3.1. The input
parameters for the construction of pseudo salinity profiles are
not only EOF modes but also altimetry and in situ temper-
ature information. The resolution of altimetry is 1/3° by 1/3°
and in situ temperatures have irregular resolutions (some-
where they provide much higher resolution datasets than 3°
by 3°). Therefore, we could obtain different pseudo sali-

Figure 6. (a) Trajectory of Argo float (ID 2900489) observed around the Kuroshio Current meandering
area during mid 2005–2008. (b) Time series of sea level anomalies along the trajectory of Argo float. The
time‐depth evolutions of salinity variability along the trajectories of Argo float are also shown. They are
from (c) observations from Argo float, the reconstruction results using (d) both temperature and altimetry
data, and (e) temperature only data. (f) Vertical correlations between observations and reconstructed
results by using both temperature (red) and altimetry and temperature only (blue) data. Gray area repre-
sents the correlation coefficient less than the 95% confidence level. (g) Mean vertical structure of temper-
ature (red) and salinity (blue) along the trajectory of Argo float.

CHANG ET AL.: GLOBAL PSEUDO SALINITY PROFILES C02002C02002

9 of 22



F
ig
u
re

7

CHANG ET AL.: GLOBAL PSEUDO SALINITY PROFILES C02002C02002

10 of 22



nities, even though the same EOF modes are used in a 3° by
3° box. In order to guarantee the statistical robustness of the
analysis, all the correlation coefficients which are not sta-
tistically significant within 95% confidence levels are also
removed from the results.
[28] In general, pseudo salinities with altimetry are cor-

related well with observations around 200–500 m. Their
spatial patterns with high correlation coefficients are similar
to the general ocean circulation patterns controlled by the
geostrophic balance. This implies that pseudo salinity
effectively represents the covariance of temperature and
salinity fields and the corresponding sea level changes.
[29] At 10 m depth, there is a degradation of pseudo

salinity compared to the existing climatology (Figure 7c).
Our current method relies on only predetermined combined
T‐S relationship and the sea level information; that is, no

surface fluxes like precipitation and river discharge can be
considered. To overcome this problem, previous studies
tried to directly add surface salinity observation to the
computation of least squares minimization, but their study is
restricted to only particular areas as emphasized in the
introduction. For a more realistic salinity change near the
ocean surface layer, we would need the combination of any
meta datasets such as existing climatology or reanalysis data
from the numerical model using the surface flux information
for the salinity adjustment. It is also very interesting that the
effects of sea level information on the pseudo salinity pro-
files vary with ocean basins. Up to 900 m, the South Indian
and North Atlantic oceans maintain good correlations
between observed and pseudo salinity with altimetry data,
while the Pacific and Antarctic oceans below 500 m depth
show significant negative correlations. From the time series

Figure 8. Correlation coefficients between (a) steric height and salinity, (b) steric height and temperature,
and (c) temperature and salinity at the selected depths (10 m, 200 m, 500 m, and 900 m) for 2003–2007.

Figure 7. Correlation coefficients at more than the 95% confidence level between observed salinity and (a) reconstructed
salinity with altimetry data, (b) reconstructed salinity without altimetry data, and (c) climatology salinity from WOA05 at
the selected depths (10 m, 200 m, 500 m, and 900 m) for 1993–2008.
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of 900 m averaged around the North Pacific (145°E–155°E,
30°N–35°N) shown in Figure 5j, we can also find the same
negative correlation pattern. This is related to the relation-
ship between steric height (temperature) and salinity vari-
ability around these basins as shown below.
[30] Using monthly mean gridded temperature, salinity,

and steric height fields for 2004–2007 from the study of
Chang et al. [2010], we calculate global correlation maps
among them at four subsurface levels (Figure 8). We also
compare the correlation patterns obtained by another grid-
ded data source which are generated from a different
objective analysis technique [Roemmich and Gilson, 2009].
In addition, we check much longer data sets and reanalysis
outputs from a 16‐year (1993–2008) simulation using the
ECDA system based on a fully coupled model (GFDL
CM2.1) [Delworth et al., 2006]. Results showed very sim-
ilar correlation patterns within the 95% confidence level
among three different datasets (not shown).
[31] A significant positive correlation between steric

height and temperature variation is evident around the
global ocean and all depth levels (Figure 8b), while corre-
lation with salinity shows very different characteristics
(Figure 8a). From 500 m at the North Pacific and Antarctic
oceans, a significant negative correlation between steric
height and salinity field is seen clearly. The North Atlantic
and South Indian oceans sustain high correlation patterns up
to 900 m depth, which is associated with the temperature
and salinity relationship around these basins as shown in
Figure 8c. The spatial correlation patterns between steric
height and salinity fields at 900 m (Figure 8a) are very
similar to the correlation patterns indicating the skills of
pseudo salinity with altimetry data shown in Figure 7a.
[32] As mentioned in section 3.1, these correlation pat-

terns and regional characteristics could be interpreted by the
heave of the water column associated with the mean struc-
ture of T‐S profiles and their EOF modes. We expect that
more detailed analyses on the basin scale characteristics of
the T‐S relationships with altimetry information will be
carried out in further separate studies.

5. Regional Correlation Index

[33] The previous section dealt with the effect of the
altimetry data on the reconstruction of salinity profiles and
showed the significant correlation patterns with independent
observations in various depths and areas. In order to gen-
eralize our findings from the section 4 and attain more
optimal global pseudo salinity profiles, we suggest a
regional correlation index in this section.
[34] For each 1° by 1° square box with 17 standard depth

levels from 10 m to 900 m, correlation coefficients are
calculated from three time series (pseudo salinity with
altimetry, pseudo salinity without altimetry, and WOA05
climatology salinity, respectively). As we mentioned before,
only correlation coefficients which are statistically signifi-
cant at more than 95% confidence levels are used for this
index. We choose one of four possible indices (0, 1, 2, 3) in
every ocean grid and depth as follows.
[35] Figure 9 is an example of the regional index at the

four subsurface levels. Red color denoted as index “1” in-
dicates the areas where the pseudo salinity with altimetry
resolves the real salinity variability very well, as seen to

predominate from 200 m to 500 m in all ocean basins. Blue
color denoted as index “2” represents the areas where
overall correlations of the pseudo salinity without altimetry
are better than those of pseudo salinity with altimetry and
the existing climatology. These areas are not dominant and
show no general spatial patterns. However, as shown in
Figure 6, they are important because any possible abnormal
salinity anomalies due to the strong sea level information
can be removed based on this index. Around the surface
layer, there is no significant improvement of pseudo salinity
fields (in fact, degradation compared to the existing clima-
tology), because our current method does not consider any
surface fluxes directly affecting the salinity variability. In
this study, we use WOA05 climatology salinity as our best
pseudo salinity at the yellow areas denoted as “3”. Finally,
index “0” indicates the areas where the significant negative
correlations are found between observations and pseudo
salinity with altimetry. This negative relationship has
already been investigated and explained by the correlation
pattern from the additional datasets shown in Figure 8. For
the optimal product of the global pseudo salinity profiles,
we take the opposite sign anomalies of the pseudo salinity
with altimetry at the green areas denoted as “0”.

6. Verification of Results

[36] Based on the four indices suggested in the previous
section, we newly generate pseudo profiles for the global
ocean and verify them with independent observations. Since
these criteria are empirically determined (no dynamical
constraints in depth), first we conduct a stability check for
individual pseudo salinity profiles, and the procedure for
computation is given by:

E ¼ lim
@z!0

1

�0

��

@z
;

in which r0 = 1020 kg/m3. For discrete samples, the density
difference (dr) between two samples is taken after one is
adiabatically displaced to the depth of the other. We apply
acceptable values as follows, which are the same as those
used by NODC [Boyer and Levitus, 1994]. Up to a depth of
30 m, inversions in excess of 0.03 kg/m3 are flagged. If the
density of the upper level is over 0.02 kg/m3 heavier than
that of the lower level for the depth range from 30 to 400 m,
or over 0.001 kg/m3 heavier for the depth range deeper than
400 m, the data are flagged as well. If a profile has two or
more unacceptable inversions, the entire data of the profile
are eliminated from further use. As a result, 16.6% of total
profiles (27,271 out of 163,985) are rejected from our final
products.
[37] Figures 11, 12, 13, 14, 15, and 16 provide the col-

located assessments by using time series of the real observed
salinity, our final pseudo salinity, WOA05 climatology, and
reanalysis outputs from the ECDA system, respectively.
They also include statistical results (vertical correlation
coefficients (CORR) and root mean square errors (RMSE))
and T‐S diagrams of each component. All the correlations
shown here are statistically significant within the 95%
confidence level. As shown in Figure 10, six different areas
are selected considering the oceanographic balance and the
number of available data. From 269 to 1450 profiles are
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Figure 9. Regional correlation index for the global salinity reconstruction at (a) 10 m, (b) 200 m,
(c) 500 m, and (d) 900 m depth. See the text for details on the meaning of each index number.
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used for the verification within these areas (NA: 1169, NP:
1365, SI: 385, EQ: 692, LSW: 269, and ANT: 1450). If we
define a large enough domain to represent the general
characteristics around the ocean basin, then all the time
series are smoothed out. In order to capture the small‐scale
variability, if the box mean area is defined too small, then
we do not obtain enough data to guarantee the significance
of correlation with each other.
[38] It should be noted that, as in Figure 5, all time series

do not reflect the absolute salinity variability averaged in the
study areas, but they are related to the sampling differences
for the match‐up points with observations in time. That is,
we subsample the WOA05 and ECDA time series (they are
1° by 1° uniform field) so that they are statistically similar in
coverage to the actual observations. For example, sub-
sampled WOA05 climatology that is not showing a strong
annual cycle reflects the huge sampling variability of the
actual observations within the study area. Since the salinity
observations in the 20th century are very sparse, the time
axis scale is also different before and after 2003.
[39] A general improvement of the pseudo salinity’s skill

is depicted in most ocean basins and depths. Especially at
the NA (Figure 11), NP (Figure 12), and SI (Figure 13)
areas, the increasing of correlation and reduction of RMSE

is very clear at all depths, which is associated with the strong
T‐S relationship and sea level effects on the construction of
pseudo profiles. The spreading patterns of the pseudo salinity
on the T‐S diagram (relatively large salinity deviations) are
also quite similar to real observations compared to existing
data sets, especially at the NA and NP areas.
[40] For example, along the 27 st isopycnal line at the NA

(Figure 11), the salinity variability from 34.8 psu to 36.5 psu
is observed for 16 years (1993–2008). Pseudo salinity re-
presents this salinity range very well (Figure 11g), while
climatology and ECDA resolves the small salinity variation
that is restricted to only about 35–36 psu (Figures 11h and
11i). At the NP area (Figure 12), the observed salinity range
(33.5–34.5 psu) around the 5°C isothermal line is correctly
estimated from the pseudo salinity (Figure 12g), while two
datasets show very small salinity deviation of about 34.0–
34.3 psu (Figures 12h and 12i). Meanwhile, at the SI region
(Figure 13), pseudo salinity shows relatively large salinity
deviation error (Figure 13g) compared to observation
including climatology and reanalysis outputs (Figures 13h
and 13i), which is associated with the large RMS error
below about 700 m shown in Figures 13d and 13f.
[41] Around other areas (EQ (Figure 14), LSW (Figure 15),

and ANT (Figure 16)), no significant improvement of the

Figure 10. Study areas for the evaluation of pseudo salinity profiles (NA (North Atlantic area):
325°E–335°E, 40°N–50°N; NP (North Pacific): 145°E–155°E, 30°N–35°N; SI (South India): 40°E–
50°E, 30°S–40°S; EQ (Equatorial Ocean): 175°E–185°E, 10°S–0°; LSW (Labrador Sea Water):
305°E–310°E, 55°N–60°N; ANT (Antarctic Ocean): 240°E–300°E, 65°S–55°S).

Figure 11. Time series of salinity from observation (gray), pseudo (red), WOA05 climatology (green), and reanalysis out-
puts from the ECDA system (blue) at (a) 10 m, (b) 200 m, (c) 500 m, and (d) 900 m depth. WOA05 and ECDA have been
subsampled at the locations of in situ profiles within the 325°E–335°E, 40°N–50°N. Note that compressed time axes are
used before 2003. (e) Correlation coefficients and (f) root mean square errors between the observation and (red) pseudo,
(green) climatology, and (blue) reanalysis from 10 m to 900 m depth. Temperature and salinity diagram from observation
(gray) and (g) pseudo (red), (h) climatology (green), and (i) reanalysis (blue) at all standard depths from 10 m to 900 m for
1993–2008.
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Figure 11
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Figure 12. Same as Figure 11 except for 145°E–155°E, 30°N–35°N.
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Figure 13. Same as Figure 11 except for 40°E–50°E, 30°S–40°S.

CHANG ET AL.: GLOBAL PSEUDO SALINITY PROFILES C02002C02002

17 of 22



Figure 14. Same as Figure 11 except for 175°E–185°E, 10°S–0°.
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Figure 15. Same as Figure 11 except for 305°E–310°E, 55°N–60°N.
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Figure 16. Same as Figure 11 except for 240°E–300°E, 65°S–55°S.
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pseudo profiles are found except for the correlation at the
LSW (Figure 15e). A common characteristic of these areas is
that they are easily affected by the air‐sea interactions rather
than the T‐S relationship in the ocean interior. An encour-
aging fact is that our salinity reconstruction is comparable to
the existing climatology, so it is acceptable as the global
pseudo salinity database. In this case, we can say that just
using climatological salinity is also acceptable around these
areas, and it is computationally easier than pseudo salinity.
We expect that detailed physical characteristics around these
areas will be investigated in separate studies.
[42] As for the reanalysis outputs from the ECDA system,

they show a relatively high performance near the surface
layer for the entire ocean regions (see all time series of 10 m
depth). This represents the successful coupling effects pro-
ducing reliable surface fluxes that affect the surface salinity
variability, which is not able to be considered in the con-
struction procedure of the global pseudo salinity profiles.
Around the subsurface, abnormal freshening biases of the
reanalysis outputs are found, especially at the SI (Figure 13)
and EQ (Figure 14) areas. These systematic biases are
from the base model drift errors due to the lack of salinity
data to constrain the reanalysis. Even though these biases
(mean RMSE is about 0.1 psu) are much smaller than
those of the base model, CM2.1 (mean RMSE is about
0.3 psu [see Gnanadesikan et al., 2006, Figure 3]), the
remaining biases could be effectively reduced from new
algorithm using adaptively‐inflated ensemble filtering
[Zhang and Rosati, 2010]. Without employing new
complicate assimilation algorithms, we can expect the
improvement of reanalysis outputs simply by assimilating
the global pseudo salinity profiles into our current ECDA
system as if they are real observations. This perspective
will be discussed further in the next section 7.

7. Summary and Discussion

[43] This paper examined the possibility of reconstruction
of salinity profiles for the global ocean. The method em-
ployed a weighted least squares procedure that minimizes
the misfits between the predetermined vertical coupled T‐S
EOF modes and independent observed temperature and
altimetry data. When we used both temperature and altim-
etry data, we obtained reasonable salinity estimations from
200 m to 500 m in most ocean basins. The south Indian and
North Atlantic oceans maintained good correlations up to
900 m depth between the observation and estimation by
using both temperature and altimetry, while the Pacific and
Antarctic oceans below 500 m depth showed significant
negative correlations with observations. This is associated
with the strong T‐S relationship and steric fields around
these basins. Around the surface layer, there was no
improvement of the salinity variability compared to the
subsampled climatology and reanalysis outputs from the
ECDA system. Based on a regional correlation index that
considered the impact of altimetry data on the pseudo
salinity profile, we derived optimal global pseudo salinity
profiles and verified them. They showed general improve-
ments for the global ocean, except for the sea surface
salinity that is mostly controlled by surface flux changes
rather than T‐S relationship.

[44] Generally, the analysis of salinity variability in a data
assimilation system strongly depends on the coverage of the
observed salinity data. Although international projects have
attempted to increase the sampling rate of salinity data,
salinity observations remain very poor prior to the Argo era.
Moreover, the Argo network is very young, so that the
important oceanic phenomena on interannual, decadal, or
longer time scales (such as the change of barrier layer depth,
thermohaline circulation including Atlantic meridional
overturning circulation, and so on) may not be well re-
presented in assimilation systems. Therefore, it is worth-
while to consider other methods for determining the salinity
field before the Argo period. Because the proper T‐S rela-
tionship does not significantly change in time as already
shown in Figure 3, the predetermined global T‐S EOF
modes presented in this study can be easily applied to
produce pseudo salinity profiles where only temperature
profiles existed in the 20th century. Fortunately, there are
enough available temperature and altimetry data since 1993,
and it has been already shown that the data assimilation’s
skill is significantly improved when enough observations
are included. Our next study will show the direct impact of
pseudo salinity profiles on the ECDA system for the 20th
century. This will help to better constrain the model biases
and better understand the sensitivity of the climate system to
the sparse salinity data. If the results are positive, assimi-
lation products using the global pseudo profiles will become
an important part of the updated reanalysis. This may be of
particular importance in the validation of decadal prediction.

[45] Acknowledgments. This research was supported by the Visiting
Scientist Program at the National Oceanic and Atmospheric Administra-
tion’s Geophysical Fluid Dynamics Laboratory (NOAA/GFDL), adminis-
tered by the University Corporation for Atmospheric Research (UCAR).
We acknowledge the international Argo and GTSPP program for the rich
publicly available database. Argo is a pilot program of the Global Ocean
Observing System. The altimeter products were produced by SSALTO/
DUACS and distributed by Aviso with support from CNES. We thank
A. T. Wittenberg and M. J. Harrison for their comments on the earlier ver-
sion of this paper. Suggestions made by anonymous reviewers were very
constructive in the revision of this paper.

References
Antonov, J. I., R. A. Locarnini, T. P. Boyer, A. V. Mishonov, and H. E.
Garcia (2006), World Ocean Atlas 2005, vol. 2, Salinity, NOAA Atlas
NESDIS, vol. 62, edited by S. Levitus, 182 pp., NOAA, Silver
Spring, Md.

Aviso Altimetry (2008), SSALTO/DUACS user handbook: (M)SLA and
(M)ADT near‐real‐time and delayed time products, version 1.9, Rep.
SALP‐DU‐P‐EA‐21065‐CLS, Ramonville St Agne, France.

Bohme, L., and U. Send (2005), Objective analyses of hydrographic data
for referencing profiling float salinities in highly variable environments,
Deep Sea Res., Part II, 52, 651–664, doi:10.1016/j.dsr2.2004.12.014.

Boyer, T. P., and S. Levitus (1994), Quality control and processing of his-
torical temperature, salinity, and oxygen data. NOAA Tech. Rep. NESDIS
81, 65 pp., Natl. Oceanogr. Data Center., Silver Spring, Md.

Chang, Y.‐S., A. J. Rosati, S. Zhang, and M. J. Harrison (2009), Objective
analysis of monthly temperature and salinity for the world ocean in the
21st century: Comparison with World Ocean Atlas and application to
assimilation validation, J. Geophys. Res., 114, C02014, doi:10.1029/
2008JC004970.

Chang, Y.‐S., A. J. Rosati, and G. A. Vecchi (2010), Basin patterns of global
sea level changes for 2004–2007, J. Mar. Syst., 80(1–2), 115–124,
doi:10.1016/j.jmarsys.2009.11.003.

Delworth, T. L., et al. (2006), GFDL’s CM2 global coupled climate
models. Part I: Formulation and simulation characteristics, J. Clim.,
19, 643–674, doi:10.1175/JCLI3629.1.

CHANG ET AL.: GLOBAL PSEUDO SALINITY PROFILES C02002C02002

21 of 22



Fujii, Y., and M. Kamachi (2003), A reconstruction of observed profiles in
the sea east of Japan using vertical coupled temperature‐salinity EOF
modes, J. Oceanogr., 59, 173–186.

Gnanadesikan, A., et al. (2006), GFDL’s CM2 global coupled climate
models. Part II: The baseline ocean simulation, J. Clim., 19, 675–697,
doi:10.1175/JCLI3630.1.

Gouretski, V., and K. P. Koltermann (2007), How much is the ocean
really warming?, Geophys. Res. Lett., 34, L01610, doi:10.1029/
2006GL027834.

Griffies, S. M., M. J. Harrison, R. C. Pacanowski, and A. Rosati (2004), A
Technical Guide to MOM4, 337 pp., NOAA Geophys. Fluid Dyn. Lab.,
Princeton, N. J.

Huang, B., Y. Xue, and D. W. Behringer (2008), Impacts of Argo salinity
in NCEP Global Ocean Data Assimilation System: The tropical Indian
Ocean, J. Geophys. Res., 113, C08002, doi:10.1029/2007JC004388.

Ji, M., R. W. Reynolds and D. Behringer (2000), Use of TOPEX/Poseidon
sea level data for ocean analysis and ENSO prediction: Some early results.
J. Clim., 13, 216–231.

Locarnini, R. A., A. V. Mishonov, J. I. Antonov, T. P. Boyer, and H. E.
Garcia (2006), World Ocean Atlas 2005, vol. 1, Temperature, NOAA
Atlas NESDIS, vol. 61, edited by S. Levitus, 182 pp., NOAA, Silver
Spring, Md.

Maes, C. (1999), A note on the vertical scales of temperature and salinity
and their signature in dynamic height in the western Pacific Ocean:
Implications for data assimilation. J. Geophys. Res., 104, 11,037–11,048,
doi:10.1029/1999JC900032.

Maes, C., andD. Behringer (2000), Using satellite‐derived sea level and tem-
perature profiles for determining the salinity variability: A new approach.
J. Geophys. Res., 105, 8537–8548, doi:10.1029/1999JC900279.

Maes, C., D. Behringer, R. W. Reynolds, and M. Ji (2000), Retrospective
analysis of the salinity variability in the western tropical Pacific Ocean
using an indirect minimization approach. J. Atmos. Oceanic Technol.,
17, 512–524.

McDougall, T. J. (1987), Neutral surfaces, J. Phys. Oceanogr., 17,
1950–1964.

Roemmich, D, and J. Gilson (2009), The 2004–2007 mean and annual
cycle of temperature, salinity and steric height in the global ocean from
the Argo program, Prog. Oceanogr., 82, 81–100.

Smith, G. C., and K. Haines (2009), Evaluation of the S(T) assimilation
method with the Argo dataset, Q. J. R. Meteorol. Soc., 135, 739–756,
doi:10.1002/qj.

Uchida, H., and S. Imawaki (2008), Estimation of the sea level trend south
of Japan by combining satellite altimeter data with in situ hydrographic
data, J. Geophys. Res., 113, C09035, doi:10.1029/2008JC004796.

Vossepoel, F. C., R. W. Reynolds, and L. Miller (1999), Use of sea
level observations to estimate salinity variability in the tropical Pacific,
J. Atmos. Oceanic. Technol., 16, 1401–1415.

Wong, A. P. S., G. C. Johnson, and W. B. Owens (2003), Delayed‐mode
calibration of autonomous CTD profiling float salinity data by theta‐S
climatology, J. Atmos. Oceanic Technol., 20, 308–318.

Wong, A., R. Keeley, and T. Carvel (2006), Argo data management quality
control manual, version 2.2., Rep. ar‐um‐04‐01., 33 pp., Argo Data
Manage., Brest, France.

Zhang, S., and A. Rosati (2010), An inflated ensemble filter for ocean data
assimilation with a biased coupled GCM, Mon. Weather Rev., 138,
3905–3931, doi:10.1175/2010MWR3326.1.

Zhang, S., M. J. Harrison, A. Rosati, and A. Wittenberg (2007), System
design and evaluation of coupled ensemble data assimilation for global
oceanic studies, Mon. Weather Rev., 135, 3541–3564, doi:10.1175/
MWR3466.1.

Zhang, S., A. Rosati, and M. J. Harrison (2009), Detection of multidecadal
oceanic variability by ocean data assimilation in the context of a “per-
fect” coupled model, J. Geophys. Res., 114, C12018, doi:10.1029/
2008JC005261.

You‐Soon Chang (corresponding author), A. Rosati, and S. Zhang, NOAA
Geophysical Fluid Dynamics Laboratory, Princeton University, Forrestal
Campus, 201 Forrestal Rd., Princeton, NJ 08540, USA. (you‐soon.
chang@noaa.gov)

CHANG ET AL.: GLOBAL PSEUDO SALINITY PROFILES C02002C02002

22 of 22



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


