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[1] The dominant mode of variability in the tropical Pacific is the interannual

El Nifio—Southern Oscillation phenomenon. More subtle variations are also evident on
decadal timescales reminiscent of the Pacific Decadal Oscillation (PDO). These variations
are superimposed on trends that are possibly linked to global climate change. A major
impediment for assessing this decadal and longer timescale variability is the shortness of
instrumental records. Near-surface salinity has not yet been systematically analyzed for
this reason. This article documents and interprets 1970—2003 observed tropical Pacific sea
surface salinity (SSS) changes. Given the time/space SSS data availability, the analysis
focuses on changes in three key regions, the western Pacific Warm Pool (WP), the South
Pacific Convergence Zone (SPCZ), and the Equatorial Cold Tongue (ECT). A PDO-like
signal shows up in these three regions, with some shifts in SSS appearing around the
mid-1970s, mid-1990s, and to a lesser extent in 1989—-1990. In addition, a clear
freshening trend of the order of 0.1 to 0.3 psu per 30 years appears in the WP, SPCZ, and
ECT, together with an extension of the low-salinity water surface in the WP and SPCZ.
On the basis of available precipitation (P) and evaporation (E) products, and on a survey of
the published literature, the PDO-like SSS changes are found to be qualitatively
consistent with P and E and/or horizontal and vertical salt advection in the WP and the

SPCZ. The repercussions and unsolved issues regarding the SSS decadal changes and

freshening trends are discussed.
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since 1970, J. Geophys. Res., 112, C03012, doi:10.1029/2006JC003801.

1. Introduction

[2] The most energetic climatic signal of the tropical
Pacific is the ENSO (El Niflo—Southern Oscillation)
phenomenon with periods of approximately 3—5 years
[Philander, 1990]. Energetic climate variability has also
recently been observed at lower frequencies than ENSO.
Detection of this low-frequency variability has been made
possible through the growing length of physical and bio-
logical time series data [Mantua et al., 1997; Mantua and
Hare, 2002], careful statistical reconstruction of time series
from unevenly distributed observations [Rayner et al., 2003;
Smith and Reynolds, 2003; Levitus et al., 2000], and
information from proxy data such as tree rings [Mann et
al., 1999; Evans et al., 2001] and coral skeletons [Corrége
et al., 2004]. Low-frequency change in the Pacific has also
been observed in forced and coupled model simulations
[e.g., Latif, 1998]. On the basis of these complementary
approaches, it has been possible to define the Pacific
Decadal Oscillation (PDO) [Hare, 1996], the Interdecadal
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Pacific Oscillation (IPO) [Power et al., 1999], the quasi-
decadal oscillation [Mann and Park, 1994] and the bideca-
dal oscillation [Minobe et al., 2002]. The degree to which
these phenomena are independent versus manifestations of
the same underlying physical processes is a matter of
debate, but there is clearly energy at decadal timescales
spanning both high and low latitudes in the Pacific (see
Tourre et al. [2001] for a description of the spatial patterns
and tropical phasing associated with these low-frequency
changes in sea surface temperature (SST) and sea level
pressure).

[3] Tropical Pacific climate changes may also be inter-
preted as abrupt shifts rather than as quasiperiodic low-
frequency oscillations. For the last century, these shifts were
evident in the mid-1920s, mid-1940s, mid-1970s, at the end
of the 1980s, and in the mid-1990s [Nitta and Yamada,
1989; Trenberth, 1990; Mantua et al., 1997, Hare and
Mantua, 2000; McPhaden and Zhang, 2002; Chavez et
al., 2003; Deser et al., 2004]. Interestingly, these shifts in
physical conditions, at times observed globally [Yasunaka
and Hanawa, 2005], were sometimes detected first from
drastic fish or bird population fluctuations [Mantua et al.,
1997; Chavez et al., 2003; Lehodey et al., 2003; Peterson
and Schwing, 2003]. Superimposed on ENSO, lower-
frequency variability, and abrupt regime shifts is the global
change signal that clearly shows up in SST [Cane et al.,
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1997], heat content [Levitus et al., 2000] and sea level
[Cabanes et al., 2001].

[4] While physics of ENSO is relatively well understood
[Wang and Picaut, 2004], the mechanisms responsible for
low-frequency oscillations and abrupt shifts are still widely
debated [e.g., Gu and Philander, 1997; Kleeman et al.,
1999; Knutson and Manabe, 1998; Timmermann and Jin,
2002; Pierce et al., 2002]. Moreover, their links with ENSO
are controversial. For example, the question remains as to
whether low-frequency changes induce ENSO modulations,
e.g., by modifying the mean state of the tropical Pacific
[Fedorov and Philander, 2000; Wang and An, 2002], or
whether the nonsymmetric character of El Nifio and La Nina
leaves a residual which shows up as low-frequency changes
[Timmermann and Jin, 2002, 2003; Rodgers et al., 2004b].
In the latter case, low-frequency variability would result
from ENSO physics, and not from mechanisms intrinsic to
low-frequency variability [Cane and Evans, 2000]. This
would explain the fair agreement (see section 3) between
the Southern Oscillation Index [Trenberth, 1984], often
used to classify the tropical Pacific as being either in an
El Nifio or La Nifia state, and the PDO index [Mantua et al.,
1997], often used to classify the Pacific north of 20°N as
being either in a positive or negative phase of the PDO.
Whatever the case, the obvious climate imprints of ENSO,
low-frequency oscillations, abrupt shifts and/or long-term
trend all need to be considered if one wants to correctly
assess our changing environment and the socioeconomic
impacts of climate variability [Glantz, 1996; Goddard and
Dilley, 2005]. The assessment of such imprints will further
help us in separating the natural variability from the
anthropogenic climate change.

[5] The sustained observing system established by inter-
national TOGA [World Climate Research Program, 1985]
program and maintained afterward has proven to be very
valuable for monitoring, understanding, and forecasting
ENSO variability [McPhaden et al., 1998]. However, his-
torical data sets are much less adequate for studying low-
frequency changes, abrupt shifts and long-term basin-scale
trends. In particular, very few studies have addressed
changes in salinity, which is important for describing and
understanding subduction processes [Dickson et al., 1988],
ocean spiciness [Schneider, 2000], mixed-layer depth [Lukas
and Lindstrom, 1991], barrier layer thickness [Delcroix and
McPhaden, 2002], sea level [Maes, 1998], current and
temperature structures [Huang et al., 2005], and the hydro-
logical cycle [Curry et al., 2003] on decadal timescales.
Among those studies that have focused on decadal salinity
variations in the Pacific, Overland and Salo [1999] found
consistent changes between sea surface salinity (SSS) and
precipitation (P) before and after the mid-1970s regime shift.
That study focused on three sites only in the NE Pacific.
Lukas [2001] noted a 1991-1997 near-surface salinity
freshening at the HOT (Hawaii Ocean Time series) station
located north of Oahu, Hawaii, with an apparent reversal
starting in 1998 possibly associated with the mid-1990s
regime shift. Antonov et al. [2002] reported evidence of a
1978—-1994 freshening in the upper 3000 m of the western
Pacific warm pool. Boyer et al. [2005], computing linear
trends on zonally integrated salinity, documented a freshen-
ing within 15°S—60°N in the upper 500 m and a salinity
increase within 20°S—30°S in the upper 200 m. Analyses
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based on coral data provide further relevant information on
decadal and long-term trend SSS changes at few isolated
locations in the Pacific [Asami et al., 2005; Cobb et al.,
2001; Cole et al., 1993; Guilderson and Schrag, 1999;
Juillet-Leclerc et al., 2006; Kilbourne et al., 2004; Urban
et al., 2000; Linsley et al., 1994, 2006].

[6] As a complement to these earlier studies, this paper
attempts to document and analyze SSS variability in the
tropical Pacific using a recently compiled data set covering
the 1970—2003 period. The rest of the paper is organized as
follows. Section 2 describes the in situ SSS data and data
processing. Sections 3 and 4 document evidence for decadal
variations and long-term trends, respectively, and discuss
the possible mechanisms responsible for the observed
changes. Discussions and conclusions are presented in
section 5.

2. Data and Data Processing

[7] The 1970-2003 SSS data originate from surface
samples and ThermoSalinoGraphs (TSG) measurements
obtained from voluntary observing ship (VOS) programs,
from conductivity/temperature sensors on TAO/TRITON
moorings, and to a lesser extent from salinity observations
collected during research cruises (Figure 1). Details about
the different SSS data sampling characteristics, the time
periods they cover, and data processing and quality control
procedures can be found in work by Delcroix et al. [2005].

[8] As the SSS data originate from different instruments,
the question arises as to how to combine the different data
sets, a procedure which is especially critical for the detec-
tion of climate shifts and long-term trends. To address this
question, Delcroix et al. [2005] relied on statistical compar-
isons between buckets samples, TSG, mooring and CTD
data. As a result, they subtracted 0.1 from all bucket
measurements and added 0.02 to all VOS-derived TSG
measurements, on the assumption that the biases were
stationary in time. In cases where the instrument types
could not be documented, no correction was applied. With
these caveats, comparison plots of SSS time series at
various locations provide confidence in using these constant
corrections, in particular because we did not detect an
obvious shift in SSS in 1992 at times when bucket samples
were replaced by TSG instruments for most regions. In the
equatorial cold tongue of the eastern Pacific however,
replacement only occurred in late 1996 for the round-the-
world merchant ships sampling this region at a time when
we observed a sharp regional drop in SSS (see section 3).
Since the TSG installed on these ships are less frequently
maintained because of the length of the trips between port
calls, and since bucket sampling in the engine room for
proper TSG calibration were performed for only about 50%
of all transects, the possibility exists that the post-1996 SSS
values may be underestimated by 0.1-0.2 for some voy-
ages. This underestimate can occur because fouling and/or
scouring of the TSG conductivity cell yields readings that
are biased low. We expect, however, that any low biases are
confined to the 1996—1998 period only, because tempera-
ture/conductivity sensors providing high temporal resolu-
tion were installed on the 95°W TAO/TRITON moorings in
early 1999.
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Figure 1. Long-term mean SSS in the tropical Pacific; contour interval is 0.5. Overplotted are the well-
sampled shipping lines (PX51, PX05, etc.; heavy black lines) and the TAO/TRITON moorings (black

dots) providing SSS observations.

[s] Following Delcroix et al. [2005], and in agreement
with their computed decorrelation scales, we gridded the
data onto boxes of 10° longitude, 2° latitude and 1 month.
Figure 2 shows the SSS record lengths in these boxes, as
expressed in decades. Time series equal to or in excess to
20 years (a reasonable minimum length to study decadal
changes) appear in the western tropical Pacific warm pool
(WP), the South Pacific Convergence Zone (SPCZ), and the
equatorial cold tongue (ECT). Hereafter, we focus chiefly
on these 3 regions. We examine variability at the scale of
both the above-noted grid resolution and at a finer grid
resolution along the well-sampled PX05, PX12 and PX17
ship tracks. Grid elements were chosen as 1 latitude and
1 month for PX05 and PX17, and 2° longitude and 1 month
for PX12, as in work by Delcroix et al. [2005]. The median

(instead of the mean) values of all SSS values within a grid
element were then computed to reduce the potential effects
of outliers due, for example, to localized shallow fresh
water lenses following rainstorms. Finally, data gaps smaller
than 3 times the grid element sizes were filled via a Lap-
lacian interpolation scheme [Delcroix and Hénin, 1991].
[10] As abackground to the present paper, we note that an
overview of the mean, standard deviation and seasonal SSS
cycle for all ship tracks (PX51, PX05, PX04, PX12, PX17)
crossing our three selected regions can be found in the work
of Delcroix et al. [2005]. Also, an analysis of the ENSO-
related SSS signal based on a subset of the present observa-
tions for the WP and the SPCZ is given by Delcroix and
McPhaden [2002] and Gouriou and Delcroix [2002], respec-
tively. These last two papers show, in particular: (1) the
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Figure 2. Lengths of SSS time series in 10° longitude x 2° longitude rectangles, as expressed in
decades. The two rectangles (10°S—5°N, 140°E—180° and 24°S—10°S, 160°E—140°W) delimit well-
sampled regions, and the nine stars represent locations with coral-derived 60,5 records, as discussed in
section 4.2.
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(left) Time functions and (right) spatial patterns of the first EOF for SSS along the (top)

PX05, (middle) PX12, and (bottom) PX17 mean shipping lines. Units are defined so that the product
between spatial pattern and time function represents psu. Note the different longitude and latitude scales

for the spatial patterns.

existence in the equatorial band near the dateline of a zonal
SSS front separating the low salinity of the western Pacific
warm pool waters from the central Pacific waters, (2) the
existence in the southwestern tropical Pacific of a NE-SW
oriented front separating the warm pool waters from salty
subtropical waters, and (3) the reverse displacements of these
fronts at the ENSO timescale, with the equatorial front
moving eastward during El Niflo and westward during
La Nifa over several thousands of kilometers.

[11] Additional data are used for the interpretation of SSS
changes. They include three different products for precipi-
tation (P): the 1948-2003 Precipitation Reconstruction
(PREC) data set product [Chen et al., 2004], the 1979—
2003 CMAP (Climate Prediction Center Merged Analysis of
Precipitation) product [Xie and Arkin, 1997], and the 1979—
2003 GPCP (Global Precipitation Climatology Project)
product [Adler et al., 2003] which, despite its shorter record
length, is more suited to inferring long-term trends [ Yin et al.,
2004]. Two different products are used for evaporation (E):
the 1948—2004 NCEP (National Center for Environment
Prediction) product [Kalnay et al., 1996], and the 1948—

2004 ECMWEF (European Centre for Medium-Range Weather
Forecasts) Re-Analysis product (ERA40). The SST variabil-
ity is inferred from the HadISST1 product [Rayner et al.,
2003].

3. Decadal SSS Variations
3.1. Observed Features

[12] Values along the well-sampled PX05, PX12 and
PX17 ship tracks are first considered. To filter out seasonal
variations, SSS variations equal or shorter than one year
were first removed by using a 25-month Hanning filter
[Blackman and Tukey, 1958]. The spatial patterns and the
associated time functions of the first empirical orthogonal
functions (EOF) of the filtered SSS are presented in
Figures 3a—3c for the three tracks; they represent 41%,
78%, and 85% of the low-frequency variance, respectively.
The spatial function is roughly a V shaped pattern in the
west along PX05 with values of opposite sign within and
outside of the equatorial band; it is close to a straight line
with positive values both in the SPCZ (PX12) and in the
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Figure 4. (top) Regression between the 1970-2003
25-month Hanning filtered SST and PDO; contour interval
is 0.1, and shaded areas are positive. (bottom) Time series
of 25-month Hanning filtered PDO (solid line) and
reversed SOI (dashed line). Units in the top plot are
defined so that the product between the contours and the
PDO represents °C. Note that the PDO is derived as the
leading EOF of monthly SST anomalies in the North Pacific
Ocean, poleward of 20°N. Positive values indicate warm
phases of the PDO, with a tropical SST signal corresponding
to the top plot. A schematic of the SST and wind signature
of the PDO, as well as some relevant references, can be
found at http://www.jisao.washington.edu/pdo/; see also

Mantua and Hare [2002] for a PDO review.

ECT (PX17). The three time functions show interesting
features in common with, in particular, an overall tendency
for negative values before the mid-1970s and after the mid-
1990s, and positive values in between except in 1989—1990
in the west and in the SPCZ. We note that the time function
for the ECT starts in 1976 only, preventing us from drawing
conclusions about the preceding years and in particular
about possible local manifestations of the mid-1970s regime
shift. Also, the negative values after the mid-1990s in
Figure 3c appear before those in the WP and the SPCZ
(Figures 3a and 3b) possibly due to the strong 1997-1998
El Nifo (as discussed below).

[13] The EOF functions imply saltier-than-average SSS
from about the mid-1970s to the mid-1990s, except for the
western equatorial band which experienced fresher-than-
average SSS during this period. Opposite conditions pre-
vailed before the mid-1970s, in 19891990, and after the
mid-1990s. Interestingly, the three EOF time functions in
Figure 3 correspond well to the PDO index which is also
generally negative before the mid-1970s and after the mid-
1990s, and positive in between except during 1989—1090
(Figure 4). Quantitatively, the best correlations between the
two time series are R = 0.61, 0.57, and 0.51, obtained when
the EOF time functions lag behind the PDO by 0 and
2 months for PX05 and PX12, and lead the PDO by
17 months for PX17. (Recall that the time function for
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PX17 is not directly comparable to the ones for PX05 and
PX12, as it starts after the mid-1970s shift only).

[14] The spatial patterns and the associated time functions
of the second EOF (not shown here) show remarkably long-
term trends for PX05 and PX12 that will be discussed later.
When the time series are first detrended before doing the
EOF analysis, the first EOFs are almost unchanged for PX05
and PX12, demonstrating the robustness of the PDO-like
signals. The situation is different for the PX17 in the
equatorial cold tongue, where detrending the time series first
alters the PDO-like signal. This sensitivity reflects the fact
that the 1976—2003 time series for PX17 does not include
the mid-1970s regime shift, which makes it difficult to
separate PDO-like signals and long-term trends via an
EOF analysis. It is therefore highly probable that the first
EOF of PX17 includes both a long-term trend and a PDO-
like signal, which emphasizes the constraints that limited
record lengths impose on our ability to draw definitive
conclusions about decadal variability.

3.2. Possible Forcing Factors

[15] In order to clarify future discussions, the equation
relating SSS and the possible forcing factors is first pre-
sented. If small-scale mixing processes are ignored, the
salinity balance is governed by the simplified equation

dS/dt + [(dh/dt) + w,_y)].H[(dh/dt) + w,_1)].(S — S,_p)/h
= (S/h). (E—P)

where d/dt = 9/0t + u.0/0x + v.0/0y is the total derivative
including local rate of change (0/0t) and advective (u.0/0x +
v.0/0y) components, S is salinity, h is the depth of the
salinity mixed layer, u is the zonal velocity (positive
eastward), v is the meridional velocity (positive northward),
w is the vertical velocity (positive upward), and H is the
Heaviside step function having the property that H = 0 if
[(dh/dt) + w, — )] < 0, otherwise H = 1 (entrainment at the
base of the mixed layer can increase the mixed-layer salinity,
but detrainment cannot.) All terms in the equation can be
separated into a fluctuating component (noted »’ and V' for
the horizontal velocity), and a time-mean component (noted
Uand ¥, so that u = U+« and v = V' + V). As we are
interested in decadal variability, 4’ and V' represent the
variations of the velocities at decadal timescales. (For
simplicity, this decomposition, developed to qualitatively
address potentially important processes, assumes interac-
tions between seasonal cycle and interannual variability with
decadal time fluctuations are weak.) Changes in P, E,
horizontal and vertical advection that could affect SSS
changes at the PDO timescales are now examined.
3.2.1. Precipitation

[16] Figure 5 shows the regression coefficients between
the 1970—2003 PDO index in Figure 4 and P changes
derived from the PREC product. A comparable result
applies for the period 1950—2003 and for the GPCP product
during 1979-2003. Negative values (dashed contours) in
Figure 5 reflect below average P during positive phases of
the PDO, and positive values (thin contours) above average
P during positive phases of the PDO. When PX05 and PX12
are superimposed on Figure 5, a fair agreement is observed
between the locations of below average P and saltier-than-
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Figure 5. Regression between the 1970—2003 25-month
Hanning filtered PREC precipitation product and the PDO;
contour interval is 0.2, and shaded areas are positive. Units
are defined so that the product between the contour values
and the PDO (as shown in Figure 4) represents mm/d.
Overplotted as thick black lines are the PX05, PX12, and

PX17 shipping lines.

normal SSS, and vice versa, depending on the positive or
negative phases of the PDO. For example, the positive PDO
period from the mid-1970s to mid-1990s is qualitatively
consistent with below average P and saltier-than-average
SSS for PX12 and the off-equatorial part of PXO05. The
question remains as to whether or not the rainfall changes
associated with the PDO could quantitatively account for
the SSS changes. To answer this question, we perform the
following simple order of magnitude calculations. At 15°S
along PXO05, a linear decrease of rainfall anomalies from
+0.5 mm/d in 1975 (—0.5 in Figure 5 multiplied by —1 for
the PDO in Figure 4) to —0.25 mm/d in 1977 (—0.5 in
Figure 5 multiplied by 0.5 for the PDO in Figure 4) would
result in a 274 mm freshwater deficit over a 2-year period.
This decrease would induce a rise in SSS of 0.27 assuming
a local balance of S; = — (S/h)P where the mixed-layer
depth & = 35 m. Looking at the PX05 EOF functions in
Figure 3a, the SSS anomalies rise from —0.16 in 1975
(—=0.4 for the time function in 1975 multiplied by 0.4 at
15°S) to +0.16 in 1977 (+0.4 for the time function in 1977
multiplied by 0.4 at 15°S) which implies a rise of 0.32 over
the 2-year period. Though admittedly crude, this calculation
and similar ones for different locations along the PX05 and
PX12 tracks suggest that the PDO-related P changes would
be sufficient to quantitatively account for a significant part
of the observed SSS changes in Figures 3a and 3b In
contrast, for the ECT (PX17), an obvious disagreement
shows up between P and SSS changes as positive (negative)
PDO periods with above (below) average P are inconsis-
tently associated with saltier-than-normal (fresher-than-
normal) SSS. The amplitude of the P changes linked to
the PDO is moreover quite small in the ECT according to
Figure 5.
3.2.2. Evaporation

[17] The regression coefficients (not shown here) between
the 1970-2003 PDO index versus the NCEP and ERA40
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evaporation products are, on average, about 1/3 of the P
changes shown in Figure 5. Also, the sign of the coefficients
derived from the two products are overall inconsistent with
one another, except in the SW tropical Pacific. In that
region, encompassing the western part of PX12 and the
southern part of PX05, the regression coefficients are of
opposite sign from those in Figure 5, meaning that E and
minus P combine constructively to change SSS on PDO
timescales. There, the arguments developed above for P
thus actually apply for P — E, with P accounting for about
75% of P — E changes.
3.2.3. Horizontal Advection

[18] Modifications of SSS along the three tracks at PDO
timescales could further result from variations in salinity
transport, due to either changes in the horizontal surface
currents (u'.S, or v.S,) or changes in the horizontal SSS

gradients (U.S; or V.S)). The observations do not allow us to
directly assess this mechanism on PDO timescales. How-
ever, the following qualitative discussion based on a syn-
thesis of information gathered in the published literature is
instructive.

3.2.3.1. Western Equatorial Pacific (Equatorial Part
of PX05)

[19] As noted by Picaut et al. [2001], from 1973—-1995,
the only time when the eastern edge of the western Pacific
warm pool between 4°N—4°S was located west of 150°E
was prior to 1976. For this 1973—1995 time period, these
authors demonstrated that zonal advection on ENSO
timescales appears to be the dominant mechanism for
the displacement of the eastern edge of the warm pool,
to the west of which is found relatively fresh surface
water. Delcroix and Picaut [1998] reached the same
conclusion regarding advection over the 1987-1988
period, indicating in particular that zonal salt advection
was mainly influenced by the changes in zonal current
(.S,) rather than that of zonal salinity gradient (U.S}).
More recently, Maes et al. [2004] for the 1992-2001
period established that the eastern edge of the warm pool
averaged between 2°N-2°S reached its westernmost
location during the end of the 1990s, in response to
anomalous zonal advection. Collectively, these results are
consistent with the 1970-2003 SSS changes we found
for the equatorial part of PX05 and suggest that anom-
alous westward (eastward) advection of high (low) salin-
ity waters contributes to SSS variability in that region on
PDO timescales.
3.2.3.2. SPCZ (Southern Part of PX05 and PX12)

[20] As mentioned in section 2, Gouriou and Delcroix
[2002] pointed out that over the 25 year period 1976—2000,
the southwestern salinity front located in the SPCZ moved
in the opposite direction as the equatorial front. They also
noted that the displacements of the SPCZ front follow
the sign of geostrophic current anomalies derived from
GEOSAT (1987-1988) and TOPEX/Poseidon (1993—
2000), as well as shifts in the region of high precipitation
associated with the warmest SST. While there may be some
ambiguities in assuming these results apply to our entire
study period, the arguments developed above for the WP,
the contrasting displacements of the two fronts on ENSO
timescales, and the excellent phasing of the PX12 and PX05
EOF time functions suggest that horizontal advection is
partly responsible for the occurrence of saltier-than-normal
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(fresher-than-normal) waters in the south western tropical
Pacific during positive (negative) PDO periods.
3.2.3.3. Northern Part of PX05

[21] Qiu and Joyce [1992] and Deser et al. [1999]
analyzed the 1969—1988 geostrophic transport of the Kur-
oshio Current south of Japan, and found a smaller transport
before the mid 1970s during the negative phase of the PDO.
On the basis of the 19932001 TOPEX/Poseidon sea level
measurements, Chavez et al. [2003] inferred a reduced
geostrophic component of the Kuroshio Current after
1997-1998, likewise during a negative phase of the PDO.
The mean SSS along PX05 shows a negative SSS gradient
of about S, = —0.35 psu per 1000 km poleward of 22°N [see
Delcroix et al., 2005, Figure 4]. Thus reduced (enhanced)
advection of high-salinity waters by anomalous surface
current (v/.S,) would tend to generate below (above) normal
SSS in the northern part of PX05 during the negative
(positive) phase of the PDO, as is observed in Figure 3.
The surface current changes that would be needed to
account for the SSS changes at the PDO timescale can be
estimated assuming a local balance of S, = —V'.S,. From the
PX05 EOF functions in Figure 3a, SSS anomalies rise from
—0.08 in 1975 (—0.4 for the time function in 1975 multi-
plied by 0.2 at 25°N) to +0.08 in 1977 (+0.4 for the time
function in 1977 multiplied by 0.2 at 25°N), which implies a
rise of 0.16 over the 2-year period running from mid-1975
to mid-1977. Using the S, value above, this SSS rise would
correspond to an increase of the Kuroshio of the order of
7 em s~ over the 2-year period. This order of magnitude
change is quite reasonable, suggesting that changes in the
Kuroshio Current on the PDO timescales could contribute to
changes in SSS in the northern part of PX05 via salt
advection. Interestingly, these current changes are qualita-
tively consistent with the basin-scale circulation changes
that would result from E — P anomalies observed in the
western half of the basin during different phases of the PDO
[see Huang et al., 2005]. The SSS changes in the northern
part of PX05 could therefore be induced both by direct local
(see the second paragraph in section 3.2) and indirect
remote effects of E — P anomalies on ocean circulation.
3.2.3.4. Eastern Equatorial Cold Tongue (Equatorial
Part of PX17)

[22] The mean spatial distribution of SSS exhibits a
well-marked ESE-WNW salinity front (S,, S,) in the
eastern equatorial Pacific (Figure 1). Along PX17, this
SSS gradient leads to changes of about 1.2 psu between
1°N and 1°S [Delcroix et al., 2005, Figure 5c]. Slight
displacements of that front in the zonal and/or meridional
directions could thus strongly impact SSS values in the
equatorial part of PX17. However, changes in the surface
circulation (', V') are poorly known at seasonal-to-
interannual timescales in the eastern Pacific [Kessler,
2006], and so understandably largely unknown on PDO
timescales. Thus it is not possible to assess the possible
role of horizontal advection in accounting for the SSS
changes shown in Figure 3c.

3.2.4. Vertical Advection

[23] The possible contribution of vertical advection is
most relevant for the equatorial parts of PX05 and PX17,
so we concentrate on these transects only. Analyses of

DELCROIX ET AL.: SSS CHANGES IN THE TROPICAL PACIFIC

C03012

observations indicate changes in mean thermocline depth
(averaged over 5 to 10 years) before and after the mid-
1970s, i.e., during a negative and positive phase of the
PDO. The thermocline was inferred to be deeper in the
western equatorial Pacific before the mid-1970s, and slightly
shallower in the eastern equatorial Pacific [Guilderson and
Schrag, 1998; Wang and An, 2001; McPhaden and Zhang,
2002]. These changes suggest that equatorial upwelling
penetrated farther to the west during negative PDO periods.
Such a situation is observed during La Nifia period when a
“chimney” of high-salinity waters in the upper 100 m
shows up in the equatorial band [see Delcroix and Picaut,
1998, Figure 4b]. Upwelling would bring high-salinity
water to the surface, in accordance with our observations
showing above- average SSS in the equatorial part of PXO05.
Similar reasoning would suggest that for the equatorial part
of PX17, enhanced upwelling during negative PDO would
result in above-normal SSS, which is not observed in our
data.

[24] While notable differences show up for the amplitude
of the thermocline depth anomalies between the above-
noted observational and various modeling studies [see
Chang et al., 2001; Wang and An, 2001, 2002; Karspeck
and Cane, 2002], they all conclude that there is an increase
(decrease) in the zonal slope of the thermocline along
the equator during negative (positive) PDO periods. The
Equatorial Undercurrent (EUC) velocity is to first-order
proportional to the thermocline slope [McCreary, 1981;
McPhaden, 1981; Yu and McPhaden, 1999] and modeled
EUC transports weaken after the mid-1970s [Rodgers et al.,
2004a]. Thus an alternative hypothesis for the ECT is that
the import of high-salinity water changed because of anom-
alous EUC transport variations (u'.S,). This would imply
higher-than-normal SSS during negative PDO phases in the
ECT which, however, is at odds with our observations.
Another possibility is the occurrence of PDO-related anom-
alous salinity water at the EUC source (u.Sy), possibly
associated with the advection of spiciness anomalies sub-
ducted at 20° to 30°S in the eastern-central part of the
Pacific [see McCreary and Lu, 1994; Kessler, 1999;
Schneider, 2000; Bratcher and Giese, 2002; Giese et al.,
2002]. While we have no way to assess a possible spiciness
anomaly pathway, a detailed examination of recently com-
piled CTD casts at 165°E—170°E (S. Cravatte et al.,
Observed subsurface salinity changes in the south tropical
Pacific since 1950, manuscript in preparation, 2007), the
best sampled longitudes in the western equatorial Pacific,
reveals that salinity at the EUC level was saltier before the
mid-1970s [e.g., Hisard et al., 1969] and after the mid-
1990s [e.g., Eldin et al., 2004] than during the mid-1970s to
mid-1990s [e.g., Delcroix and Eldin, 1995]. This would
imply higher-than-normal SSS during negative PDO phases
in the ECT, which likewise conflicts with our observations.

[25] To sum up, the timing of PDO-related SSS changes
revealed by the EOF analysis appears to be qualitatively
consistent with E — P, horizontal and/or vertical advection
for PX05 and PX12. The equatorial part of PX17 is the only
place where no qualitative explanation was found to account
for the SSS changes. Quantitatively, the notable discrep-
ancies in P and E products, the absence of long time series
for surface currents, and the lack of information about the
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Figure 6. Time series of monthly SSS values at reported
locations. The low-frequency curves represent the 61-month
Hanning filtered values used to highlight SSS changes at
periods longer than the ENSO timescales. The straight lines
represent the linear least squares fits of the monthly values
used to quantify linear trends.

depth of the salinity mixed layer all prevent us drawing
more robust conclusions.

4. Long-Term Trends
4.1. Observed Features

[26] The 1970—-2003 time series of monthly values in
SSS averaged over four well-sampled regions located in the
northern, equatorial and southern parts of the western
tropical Pacific and in the ECT are shown in Figure 6.
Aside from the seasonal and ENSO variability described in
previous papers (see section 2), the decadal timescale
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variations extracted by the EOF analysis described above
are also evident in the raw monthly data. For example, in
the western equatorial Pacific region (1°N—1°S, 140°E—
160°E), there is an overall tendency for higher-than-average
SSS before the mid-1970s and after the mid-1990s as well
as below average SSS from the mid-1970s to the mid-
1990s.

[27] Our interest in Figure 6 for this discussion though is
the remarkable long-term downward trends that appear in
the four regions. To quantify these trends, a simple linear
regression analysis was performed on each time series,
yielding values of —0.12, —0.23, —0.29 and —0.32 psu
per 30 years for the northern, equatorial and southern parts
of the western tropical Pacific and the ECT, respectively. As
a cautionary note, the trend in the ECT, which is the
strongest of the four regions, may be due to a combination
of the strong impact of the 1997—1998 El Nifio toward the
end of the record, the lack of data before the shift in the
mid-1970s, and the possible fresh bias in shipboard TSG
data that may have been introduced in 1996—1998. With
regard to the impact of the 1997—1998 El Niflo, the trend is
reduced in magnitude from —0.32 to —0.11 psu per 30 years
if we do the computation ignoring 1997—1998.

[28] Figures 7 and 8 show a more comprehensive view of
the long-term trends computed for each grip point along the
PX05, PX12 and PX17 ship tracks. There is an overall
tendency for downward trends along each track, with values
less than —0.25 psu per 30 years (=—0.008 psu/yr) between
about 10°S—25°N for PX05, west of the dateline for PX12,
and north of 5°S for PX17. Upward trends of the order of
+0.12 psu per 30 years (=+0.004 psu/yr) are found within
5°S-22°S for PX17, slightly to the north of the area of
positive trend in zonally integrated salinity found in the
tropical Pacific by Boyer et al. [2005]. This 5°S—22°S
positive trend may however reflect the relative shortness
(19 years) of the regional times series covering the 1979—
1997 years only. As a sensitivity study, the trend becomes
positive (+0.08 psu per 30 years) in Figure 6d when
computed over the 19 years period running from 1976 to
1994 rather than negative (—0.32 psu per 30 years) when
computed over the 29 years period running from 1975 to
2003. The data span is thus clearly a key factor affecting the
quantification of trends, especially when sudden changes
occur in the time series such as in the mid-1990s [see
Weatherhead et al., 1998].

[29] To complete the description of long-term trends,
Figure 9 shows time series of the amount of ocean surface
covered by SSS values lower than 34.8 in the western
equatorial Pacific (10°S—5°N, 140°E—180°) and lower than
35.0 in the SW Pacific (24°S—10°S, 160°E—140°W). The
limits of these two important regions were selected so that
to assure a good data distribution (Figure 2). The 34.8
threshold was chosen as this isohaline adequately represents
the zonal SSS front characterizing the eastern edge of the
warm pool, and the 35.0 isohaline delimits the low-salinity
water in the SPCZ from the high-salinity water in the south-
central tropical Pacific. Both regions exhibit an increase of
the surface covered by low-SSS waters, these areas increas-
ing by more than 50% from the beginning to the end of the
record, with slopes of 1.8 and 1.2 x 10° km? per 30 years
for the equatorial and off-equatorial regions, respectively.
These values correspond to about 4.9 and 3.2 degree’
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Figure 9. Monthly time series of the surface covered by
(a) SSS lower than 34.8 in the 10°S—5°N, 140°E—180°
region and (b) SSS lower than 35.0 in the 24°S—10°S,
140°E—140°W region. Units are 10° km”. The low-
frequency curves in both plots represent the 61-month
Hanning filtered values used to highlight SSS changes at
periods longer than the ENSO timescale. The straight lines
represent the linear least squares fits of the monthly values
used to quantify linear trends. The horizontal line near
6.5 units in Figure 9a denotes the maximum possible covered
surface (i.e., 40° longitude x 15° latitude).

latitude x longitude per year. In addition, we note a hint of a
PDO-type signal in both time series. In particular, in the
equatorial region, the area covered by SSS < 34.8 tends to
be below average before the mid-1970s, after the mid-1990s
and during 1989-1990, and above average for the remain-
ing time period.

[30] The decreasing trends in SSS we observed are
qualitatively consistent with those inferred from coral-
derived 6O,z records collected in the tropical Pacific (see
Figure 2 and Table 1). The good agreement of these coral-
derived records with our instrumental records increases our
confidence in the realism of the 1970—2003 SSS freshen-
ing, and suggests the freshening to be more than regional in
scale.

4.2. Possible Forcing Factors

[31] Determining the factors that could induce long-term
trend in SSS is a difficult problem, even qualitatively. Long
time series of P and E are suspect for this purpose, and it is
not possible to accurately calculate horizontal and vertical
advection. Thus we attempt only to determine overall con-
sistency between atmospheric forcing and oceanic response
using available data sets and a survey of the published
literature.

[32] Figure 10a shows the 1970—2003 linear trends in P
derived from PREC. Downward trends appear as a horse-
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shoe pattern with maximum values located roughly in the
ITCZ and SPCZ, while upward trends are found within
about 5°N—15°S in the eastern half of the basin. As shown
in Figure 10b, restricting the time period to 1979-2003 (as
for CMAP and GPCP in Figures 10c and 10d) does not
change the general pattern though maximum downward
trends now appear centered on the equator near 165°E.
The CMAP product over the same period also portrays the
horseshoe pattern with however enhanced negative values,
especially in the ITCZ. Figures 10a—10c are overall con-
sistent with calculations obtained from in situ rainfall
measurements only, either over 1971-1990 [Morrissey
and Graham, 1996] or 1970-2000 [Deser et al., 2004].
In contrast, a well-marked disagreement shows up when
comparing the 1979-2003 trends derived from the GPCP
(Figure 10d) and the three other products. The GPCP
product, considered as the most reliable P product for trend
calculation as it does not include atoll data [Yin et al., 2004],
indicates significant upward P trends in the NW Pacific and
in the region of the ITCZ and SPCZ, consistent with the
response of global climate models forced by greenhouse gas
emissions [Allen and Ingram, 2002]. As far as P only is
concerned, trends from the PREC or CMAP products are
totally inconsistent with our SSS trends (Figures 7 and 8). In
contrast, trends from the GPCP product are qualitatively
consistent in general with the SSS trends obtained along
PX05 and PX12. Notable exceptions arise in the western
equatorial Pacific (the equatorial parts of PX05) and in the
SE Pacific (PX17) where other processes would have to be
important (assuming the GPCP product is a reasonable
representation of reality).

[33] The 1970-2003 E trends are shown in Figure 11 for
the NCEP and ERA40 products. As noted for P trends, well-
marked qualitative and quantitative disagreements show up
among these products, consistent with previous studies
analyzing and comparing shorter E time series [Kubota et
al., 2003; Feng and Li, 2006]. This prevents us from
drawing robust conclusions about the potential role of
E trend in driving SSS trends.

5. Discussion and Conclusion

[34] An analysis of 1970—2003 SSS data collected in the
tropical Pacific enables us to detect PDO-type signals and
long-term trends in three well-sampled regions: the western

Table 1. Sites With Coral-Derived 60,3 Records Providing
Information About Low-Frequency SSS Changes in the Tropical
Pacific?

Location Position References
Fiji 17°S—179°E Le Bec et al. [2000];
Juillet-Leclerc et al. [2006]
Guam 13°N-145°E Asami et al. [2005]
Maiana 1°N-173°E Urban et al. [2000]
Nauru 1°S—-166°E Guilderson and Schrag [1999]
Palmyra 5°N-162°W Cobb et al. [2001]
Rarotonga 21.5°S-160°W Linsley et al. [2006]
Santo 16°S—176°E Kilbourne et al. [2004]
Secas Islands 8°N-82°W Linsley at al. [1994]
Tarawa 1°N-172°E Cole et al. [1993]

See also Figure 2.
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Figure 10. Comparison of precipitation trends computed from (top left) the PREC product over 1970—
2003, (top right) the PREC product over 1979—-2003, (bottom left) the CMAP product over 1979-2003,
and (bottom right) the GPCP product over 1979—-2003. See section 2 for details about the PREC, CMAP,
and GPCP products. Contour intervals are 0.2, and units are m after 30 years.

Pacific warm pool (WP), the SPCZ and the Equatorial Cold
Tongue (ECT). PDO-type signals appeared as shifts in SSS
appearing around the mid-1970s, mid-1990s, and to a lesser
extent in 1989—1990. Specifically, except in the equatorial
part of the WP, we found above-average SSS from the mid-
1970s to the mid-1990s (except in 1989—1990), and below-
average SSS before the mid-1970s and after the mid-1990s.
Opposite changes took place for the equatorial part of the
WP. In the WP and the SPCZ, these PDO-type SSS changes
were found to be qualitatively consistent with precipitation,
evaporation and/or horizontal and vertical circulation
changes. In the ECT, the only possibility of explaining the
SSS changes is horizontal advection. However, we were not
able to assess the importance of this process in absence of
adequate in situ data and published information.

[35] For the three well-sampled regions, we further docu-
mented notable decreasing trends in SSS of the order of
0.1 to 0.4 psu per 30 years. These decreases are related to an
increasing trend of the ocean surfaces covered by low-
salinity waters in the WP (SSS < 34.8) and the SPCZ
(SSS < 35.0). In searching for tentative explanations for
these trends, we found qualitative agreement with trends in
the GPCP precipitation product in the NW Pacific and in the
heavy rainfall regions of the ITCZ and SPCZ. However,
there were notable differences between the GPCP and both
CMAP and PREC precipitation products, reinforcing con-
clusions from some recent studies that GPCP may be more
suitable than CMAP and PREC for use in the analysis of
low-frequency precipitation changes [Yin et al., 2004;
Yaremchuk, 2006].

[36] The indication of a PDO-like signal in SSS in the
WP, SPCZ and ECT, the evidence of SSS trends, as well as

1.2

30°N

20°N

10°N 0.8
0°
0.6
10°S

0.4
20°8

0.2

30°S
120°E

160°E

160°W 120°W

30°N

20°N -
10°N -8

0°
10°8

20°8

30°S
120°E

160°E

160°W 120°W

Figure 11. Comparison of evaporation trends computed
from (top) the ERA40 product and (bottom) the NCEP
product, both over 1970—2003. See section 2 for details
about the ERA40 and NCEP products. Contour intervals are
0.2, and units are m after 30 years.
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suggestions for forcing factors, have interesting repercus-
sions regarding the link between ENSO and the PDO, the
possible influence of ENSO on SSS trends, mixed-layer
characteristics, and sea level changes. These issues are
discussed below.

5.1. ENSO and the PDO

[37] Changes in SSS during El Nifio (La Nifia) events
[see Delcroix, 1998, Plate 3b] show interesting similarities
with those we detected during the positive (negative) phases
of the PDO. The regression coefficients between the 1970—
2003 SOI and P changes (not shown here) are similar to
those shown in Figure 5. Horizontal advection has been
shown to be a likely contributor to SSS changes in the WP
and in the SPCZ at the ENSO timescales [Picaut et al.,
1996; Gouriou and Delcroix, 2002]. Equatorial upwelling is
enhanced in the ECT and has a surface signature as far west
as PX05 during La Nifia events [Delcroix et al., 1992;
Sprintall and McPhaden, 1994]. Spot hydrographic obser-
vations and TAO/TRITON-derived continuous time series
show that the EUC weakens or completely vanishes during
El Nifio events while it strengthens during La Nifia events
[Firing et al., 1983; Yu and McPhaden, 1999; Johnson et
al., 2002; Izumo et al., 2002; Izumo, 2005]. The zonal tilt
of the thermocline is enhanced (reduced) during La Nifia
(El Nifio) events. Hence changes in SSS, P, horizontal and
vertical advection during positive (negative) PDO periods
are remarkably akin of those observed during El Nifio
(La Nifia) periods. This agrees with Figure 4 showing that
positive (negative) PDO periods clearly tend to be associ-
ated with more frequent El Nifio (La Nifia) events. Part of
the PDO-like signal could thus be simply due to an
increasing number or length of El Niflo/La Nifia events,
an issue that is currently under debate [e.g., Rodgers et al.,
2004b].

5.2. ENSO and SSS Trends

[38] It is tempting to attribute a large part of the increas-
ing size of the region covered by low-salinity waters in the
10°S—5°N, 140°E—180° region to the greater number of
El Nifio versus La Nifia events that took place during the
study period, since El Nifio events produce a relative
increase of the surface covered by low-SSS waters. This
increase is evident for example in 1972—1973, 1976—1977,
1982-1983, 1986—-1987, 1992-994, 1997-1998, and
2002 (Figure 9a). The opposite effects however apply for
the SPCZ region (Figure 9b) where all El Nifio events result
in a decrease of the surface covered by low-SSS waters.
Hence, despite the possible effects of El Nifio, there are still
positive trends in both regions signifying that the trends do
not result directly from ENSO mechanisms.

5.3. Mixed-Layer Characteristics

[39] The trends in SSS result in noteworthy modifications
of the surface layer as illustrated for the well sampled
10°S—5°N, 140°E—180° region. In Figure 9a, we showed
that the surface covered by low (<34.8) SSS value has
increased by about 50% from 1970 to 2003. A similar
percentage is obtained for the surface covered by SST
warmer than 29°C (not shown here), indicating that the
warm and fresh pool expands over time. When computing
the density changes resulting from the cumulative effects of
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SSS and SST changes in that region, this results in a trend of
—0.013 kg m* yr ', in which about 60% are due to
salinity. Computation of the 1970—1995 density trend for
the same region, based on the independent temperature and
salinity data described by Boyer et al. [2005], gives values
of —0.013, —0.010, and —4.10 * kg m > yr_ ' for the 0, 50
and 75 m depth levels, respectively. The decreasing density
trend in this region thus chiefly occurs near the surface only,
which should affect stratification across the base of the
mixed layer. Surface density changes accumulated over two
to three years are actually the same order of magnitude as
the 0.03 kg m > threshold frequently used to estimate the
depth of the mixed layer from a surface value [de Boyer
Montégut et al., 2004].

5.4. Sea Level Changes

[40] Numerous papers show that correlation between sea
level and surface dynamic height computed from tempera-
ture profile and mean T/S curve is lower in the western
tropical Pacific than elsewhere on seasonal to interannual
timescales because of the influence of salinity changes [e.g.,
Busalacchi et al., 1994]. That salinity influence on sea level
also applies at the PDO timescale and for long-time trend.
As an example, for the WP where the near-surface temper-
ature is of the order of 28°—29°C and the SSS changes are
generally representative of the upper 35 to 50 m [Cronin
and McPhaden, 1998], the PDO-type signal converts into
alternating sea level changes of the order of —3 to +3 cm
between the negative and positive phases of the PDO. Also,
the trend in density computed in the above paragraph
converts into an increase of sea level of about 2 cm over
30 years (for 2 = 35 m), 1.2 cm of which would be due to
salinity alone. This increases amounts to 33—66% (20—40%
because of salinity alone) of the 1—-2 mm yr ' global sea
level change estimated from tide gauges over the last
century [Church et al., 2001]. Hence the salinity contribu-
tions to sea level need to be considered when determining
causes for the regional rate of sea level change and when
discussing long-term sea level changes from altimetry
measurements covering the last decade [Cazenave and
Nerem, 2004].

[41] To conclude, our observations of a PDO-like signal
and long-term trends in SSS raise a number of interesting
issues. (1) The inability to derive quantitative conclusions
regarding the driving mechanisms for SSS changes on
decadal timescales emphasizes for the most part the lack
of trustworthy E — P products on these timescales. There is
a clear need to improve these products, which perhaps may
be aided by ongoing collection of in situ SSS data, as well
as the future satellite-derived salinity and rainfall measure-
ments [Kerr et al., 2001; Koblinsky et al., 2003]. It is
important that our observed SSS signals be reproduced in
climate models in order to gain confidence in simulated
low-frequency changes, and improved products of both SSS
and E — P will help to establish the veracity of these signals.
(2) The decreasing trends we found in SSS are opposite to
those found for the tropical Atlantic [Curry et al., 2003;
Boyer et al., 2005] while both tropical oceans experienced
an increase in SST [Cane et al., 1997; Xue et al., 2003].
This underscores the complex relationship between SSS,
SST and E — P changes that are worthy of further inves-
tigation as they relate to the global hydrological cycle.
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(3) The observed SSS freshening and SST warming trends
constructively combine to reduce the near-surface density
and, in doing so, induce a more stable and thinner mixed-
layer depth, if we assume, as discussed above, that subsur-
face density changes are significantly smaller. This would
tend to favor warmer SSTs, alter the ocean-atmosphere
coupling strength and the character of ENSO and low-
frequency variability [Neelin, 1989; Maes et al., 2002].
(4) The PDO-related SSS and SST changes (Figures 4
and 5) are of same sign and so tend to compensate in density
in the eastern equatorial Pacific cold tongue. On the basis of
model results [see Harper, 2000], the possibility exists that
these surface T/S variations may be influenced by spiciness
anomalies originating in the southeast Pacific extratropics
that have made their way to the equator via a western
boundary and/or interior pathway. It would be valuable to
test this hypothesis from a comprehensive analysis of
available in situ temperature and salinity profiles. (5) The
SSS freshening trends we observed may reflect modifica-
tions of the hydrological cycle and/or oceanic circulation in
response to global change. The question remains, however,
as to whether our 1970-2003 freshening is part of a longer
trend due to anthropogenic forcing or just part of a continuum
of low-frequency natural variability. The interpretation of
few 60,5 coral records suggests that freshening in the Coral
Sea started by the end of the 19th century [Hendy et al.,
2002]. Additional paleoclimate indicators at multiple loca-
tions in the Pacific, the continuation and enhancement of the
present in situ SSS monitoring system, and future global
remotely sensed SSS observations will in combination help
us to answer this question.
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