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The influence of salinity on tropical Atlantic instability waves
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Abstract sea surface salinity (SSS) data derived from the Aquarius/SAC-D satellite mission are analyzed
along with other satellite and in situ data to assess Aquarius’ capability to detect tropical instability waves
(TIWs) and eddies in the tropical Atlantic Ocean and to investigate the influence that SSS has on the variabil-
ity. Aquarius data show that the magnitude of SSS anomalies associated with the Atlantic TIWs is +0.25
practical salinity unit, which is weaker than those in the Pacific by 50%. In the central equatorial Atlantic,
SSS contribution to the mean meridional density gradient is similar to sea surface temperature (SST) contri-
bution. Consequently, SSS is important to TIW-related surface density anomalies and perturbation potential
energy (PPE). In this region, SSS influences surface PPE significantly through the direct effect and the indi-
rect effect associated with SSS-SST covariability. Ignoring SSS effects would underestimate TIW-related PPE
by approximately three times in the surface layer. SSS also regulates the seasonality of the TIWs. The boreal-
spring peak of the PPE due to SSS leads that due to SST by about one month. Therefore, SSS not only affects
the spatial structure, but the seasonal variability of the TIWs in the equatorial Atlantic. In the northeast
Atlantic near the Amazon outflow and the North Brazil Current retroflection region and in the southeast
Atlantic near the Congo River outflow, SSS accounts for 80-90% of the contribution to mean meridional
density gradient. Not accounting for SSS effect would underestimate surface PPE in these regions by a fac-
tor of 10 and 4, respectively.

1. Introduction

Thousand kilometer zonal scale propagating waves with typical periods of tens of days have been observed
in the tropical Pacific and Atlantic Oceans, affecting the physical and biogeochemical properties of the
ocean and its interaction with the atmosphere [e.g., Legeckis, 1977; Legeckis and Reverdin, 1983; McPhaden
et al.,, 1984; Hayes et al., 1989; Luther and Johnson, 1990; Yoder et al., 1994; Qiao and Weisberg, 1995; McPha-
den, 1996; Xie et al., 1998; Chelton et al., 2000; Liu et al., 2000; Polito et al., 2001; Lee et al., 2012]. These tropi-
cal instability waves (TIWs) are generated from barotropic and baroclinic instabilities associated with the
horizontal and vertical shear of equatorial current systems and related density gradients [e.g., Philander,
1978; Weisberg and Weingartner, 1988; McCreary and Yu, 1992; Masina et al., 1999; Grodsky et al., 2005; Joc-
hum et al., 2004; Lyman et al., 2007; von Schuckmann et al., 2008]. The magnitudes of TIW-related variability
as seen from different oceanic parameters exhibits regional and temporal variations, varying on seasonal to
interannual time scales in association with changes in the equatorial current systems. They are more ener-
getic north of the equator because of the stronger shear of equatorial currents and the associated density
gradients in the northern edge of the cold tongues in both basins [e.g., Chelton et al., 2000]. They are also
stronger and last longer in the Pacific than the Atlantic Ocean due to the stronger equatorial current shear
and density gradients in the Pacific [e.g., Chelton et al., 2000]. TIWs are important to ocean dynamics such
as eddy-mean flow interaction and mixed-layer processes [e.g., Baturin and Niiler, 1997; Grodsky et al., 2005;
Jochum and Murtugudde, 2006; Menkes et al., 2006; Kim et al., 20071, ocean-atmosphere interactions [Hayes
et al., 1989; Xie et al., 1998; Liu et al., 2000; Chelton et al., 2001; Yu and Liu, 2003; Pezzi et al., 2004], and
marine biogeochemistry [e.g., Feely et al., 1994; Strutton et al., 2001; McCain et al., 2002; Gorgues et al., 2005;
Evans et al., 2009].

TIWs are among the suite of waves in the equatorial regions, including Kelvin Waves and equatorial Rossby
waves that affect ocean-atmosphere coupling. Polito and Liu [2003], Farrar [2008], Farrar and Durland [2012]
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discussed TIWs in the context of equatorial waves in wavenumber and frequency space. While equatorial
Rossby and Kelvin waves affect large-scale ocean-atmosphere coupling associated with El Nino-Southern
Oscillation through the effect of basin-scale zonal SST gradient on the Walker Circulation, TIWs also affect
smaller-scale air-sea interaction to regulate the tropical climate variability. In particular, TIW-related SST
anomalies influence the (vertical) turbulent mixing in the marine atmospheric boundary layer, causing
anomalies in ocean surface wind stress and wind stress curl that propagate westward in association with
the downwind and crosswind SST anomalies of the TIWs [e.g., Liu et al., 2000; Chelton et al., 2001; Polito
et al,, 2001; Hashizume et al., 2001; Chelton, 2005].

Until recently, studies of the physical properties of TIWs have focused on satellite measurements of sea sur-
face temperature (SST), sea surface height (SSH), ocean surface wind, and ocean color as well as sparse in
situ mooring observations of temperature, salinity, and currents. The recent advances in sea surface salinity
(SSS) remote sensing such as the Aquarius/SAC-D satellite mission [Lagerloef et al., 2008] and the Soil Mois-
ture and Ocean Salinity (SMOS) Mission [Boutin et al., 2012] have provided a significant new capability to
enhance our knowledge of the TIWs. Aquarius, launched in June 2011, has been providing SSS measure-
ments since September 2011 with 7 day global coverage. Lee et al. [2012] demonstrated the advantage of
Aquarius’ SSS in improving the understanding of Pacific TIWs. In particular, Aquarius SSS data captured the
dominant 17 day TIWs near the equator that were not well observed by SST and SSH. These waves traveled
nearly twice as fast as the dominant 33 day TIWs away from the equator (that were well captured by SST
and SSH). The improved detection of the 17 day waves was due to the fact that the meridional gradient of
SSS is relatively strong while that of SST is relatively weak near the equator. The magnitude of the SSS sig-
nals associated with TIWs in the Pacific (approximately = 0.5 practical salinity unit, or psu) is significantly
larger than the target accuracy of the Aquarius mission (0.2 psu over the time scale of a month and spatial
scale of 150 km). As mentioned earlier, TIWs in the Atlantic are generally weaker than those in the Pacific.
There has been no systematic assessment of Aquarius’ capability to study Atlantic TIWs. The motivation of
this study is to perform such an assessment.

Many studies in the past of TIW energetics [e.g., Weisberg and Weingartner, 1988; Qiao and Weisberg, 1998;
Jochum et al., 2004] did not take into account the effect of salinity on energy transfer between the mean
flow and TIWs. However, significant salinity fluctuations have been observed that could regulate the baro-
clinic energy transfer between the mean flow and TIWs [McPhaden et al., 1984]. In particular, precipitation
associated with the Inter-Tropical Convergence Zone (ITCZ) affects the seasonal (and conceivably interan-
nual) variation of the horizontal gradient of SSS (and thus surface density) [Dessier and Donguy, 1994]. More-
over, the timing of the precipitation effect on the SSS gradient could be different from the timing of the
variation of the SST gradient that is controlled by other processes. Therefore, it is important to quantify the
temporal and spatial structure (1) of the SSS gradient associated with the mean flow, (2) of the SSS signa-
ture associated with the TIWs, and the relation between (1) and (2).

Based on limited observations collected by a mooring from the Prediction and Research Moored Array in
the Atlantic (PIRATA) at 0°, 23°W, Grodsky et al. [2005] found that taking salinity variations into account in
the mixed layer substantially increased the estimate of baroclinic energy conversion. Moreover, accounting
for the salinity effect made the baroclinic conversion comparable to barotropic conversion. This may explain
some of the discrepancies in previous studies about the relative roles of baroclinic and barotropic instability
associated with TIW. However, as we will show, the location of the Grodsky et al. [2005] study at 0°, 23°W is
actually not in the region where TIWs are the strongest. Nevertheless, that study motivates us to examine
the contribution of salinity to TIWs over the entire equatorial Atlantic Ocean.

The main objective of this study is to assess Aquarius’ capability to detect Atlantic TIWs and to examine the
effect of SSS on Atlantic TIWs. Specifically, we investigate two aspects of SSS variability in contrast to those
of SST: (1) the effect on the mean horizontal gradient of surface density and (2) the effect on the TIW-
related surface density anomaly and PPE. The former has a significant implication to the latter since baro-
clinic instability tries to flatten the horizontal density gradient and thus convert the background available
potential energy to TIW-related PPE [e.g., Grodsky et al., 2005]. The readers are referred to the Appendix A
for a mathematical description of the energy budget associated with TIWs, how SSS affects TIW energetics,
and the motivation and rationale of focusing on background density gradient, density anomalies, and PPE
in our analysis. In this study, we also examine the spatial and seasonal variability of the TIWs in relation

to SSS.
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Most existing studies of Atlantic TIWs focused on TIW characteristics in the central equatorial Atlantic where
the waves are most energetic. While that is also the main focus of this study, we also broaden the scope to
examine the variability on TIW time scales in the northwestern equatorial Atlantic in relation to the Amazon
plume and the North Brazil Current (NBC) retroflection into the North Equatorial Countercurrent (NECC) as
well as in the southeastern Atlantic near the Congo River outflow in the southern edge of the South Equato-
rial Current (SEC). Variability in these regions is not associated with TIWs in the traditional sense, but it does
involve the instability of the flow field such as the variability associated with the retroflected NBC and the
NECC. The variability of the currents in this region is often discussed in the context of eddies and rings [e.g.,
Johns et al., 1990; Johns et al., 1998; Castelao and Johns, 2011]. Whether the variability in the northeast and
southwest Atlantic are better described as eddies or Rossby waves [e.g., Polito and Sato, 2003] are beyond
the scope of this study. Here we focus on the relation of the SSS variability in these regions to river dis-
charges and the influence of SSS on TIWs.

In the next section, the satellite and in situ data products used in our analysis are described. Section 3
presents the results of the analysis. In section 3.1, we compare the time-mean spatial structure of SSS and
the corresponding salinity gradients from Aquarius and Argo-derived products, with an emphasis on meridi-
onal gradients since they are the dominant component of the horizontal density gradient. This is followed
by an investigation of the time-mean SSS and SST structure and their contributions to the meridional gradi-
ent of surface density. The analysis of the mean meridional gradient of surface density is important to the
interpretation of the spatial structure of TIW-related variability discussed subsequently. In section 3.2, we
present our analysis of the propagating characteristics, spatial structure, and seasonality of TIWs and com-
pare the temporal variability of Aquarius and PIRATA data. In section 3.3, we discuss the relative contribu-
tions of TIW-related SSS anomaly (SSSA) and SST anomaly (SSTA) on surface density anomalies and PPE. Our
findings are summarized in section 4.

2. Data

The data products used in the present study include satellite-derived SSS, SST, and SSH as well as in situ
data from Argo floats and the PIRATA array. The SSS product is a level-3 gridded product generated by the
Earth and Space Research (http://esr.org) based on Version 2, level-2 Aquarius SSS data distributed by the
Physical Oceanography Distributed Active Archive Center (PO.DAAC, http://podaac.jpl.nasa.gov) for the
period of September 2011 to November 2013. The level-2 SSS data were mapped to a 1/3° grid using a
second-degree local polynomial fit with a 150 km search diameter. Daily maps are generated with a 7 day
time window, the repeat period of Aquarius. A 1.5° smoothing is applied to the data to further suppress
noise. Aquarius SSS data within approximately 150 m of the coasts are subject to land contamination. The
1.5° smoothing actually masks out some of the data near the coasts that are land-contaminated. Regions
near river plumes are often associated with large spatial gradient of SSS, posing a challenge to a robust
gridding to produce level-3 maps. Efforts are underway by the Aquarius project to improve the level-3
gridding algorithm. The SST product is the 1/4°, daily Optimal Interpolation Sea Surface Temperature
(OISST) based on a blending of Advanced Very High Resolution Radiometer (AVHRR) and in situ SST [Reyn-
olds et al., 2007, ftp://ftp.nodc.noaa.gov/pub/data.nodc/ghrsst/L4/GLOB/NCDC/AVHRR_OI). The SSH product
is the 1/3°, daily maps of SSH from AVISO (http://www.aviso.oceanobs.com/) that merged data from all
available altimeters.

The Argo products are the 1°, monthly gridded maps from the Asia-Pacific Data-Research Center (APDRC) of
the International Pacific Research Center (IPRC) (http://apdrc.soest.hawaii.edu/projects/Argo/daa/gridded/
On_standard_levels/) and from the Scripps Institution of Oceanography (SIO) (http://www.argo.ucsd.edu/
Gridded_fields.html). The shallowest depth sampled by most Argo floats is 5 m. The 5 m Argo salinity
(referred to as Argo SSS hereafter) is used for comparison with Aquarius SSS, which measures the upper

1 cm of the ocean. Some of the differences between the 5 m salinity measured by Argo and SSS measured
by satellites, such as Aquarius and the European Space Agency’s Soil Moisture and Ocean Salinity (SMOS)
mission, might be related to actual near surface stratification of salinity [e.g., Boutin et al., 2013]. The PIRATA
[Bourlés et al., 2008] data were obtained from the Pacific Marine and Environmental Laboratory (PMEL) of
the National Oceanic and Atmospheric Administration (NOAA), http://www.pmel.noaa.gov/tao/data_deliv/
deliv.html. The salinity measurements at T m depth (the shallowest depth sampled by PIRATA) were used
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for comparison with Aquarius
SSS. Hereafter, the 1 m PIRATA

(a) 2012 mean SSS from Aquarius

36 salinity measurements are
referred to as PIRATA SSS. Here
35 we focus on the mooring data
at 0° N, 23°W that has a near
34 continuous record during the
i Aquarius period. This also facili-
50w 40w 30W  20W  10W 0 10E tates the comparison with the
finding by Grodsky et al. [2005]
(b) 2012 mean SSS from APDRC Argo maps who used the mooring data at
10N " " " this location to study the TIWs.
8Nt 36
6N
3n-
oF -/ - T ] 35 3. Results
2s}
gg: 3.1. Time-Mean SSS Structure
asl 34 and Contribution to Density
10S i
50W  40W 30W 20W 1OW 0  10E Gradient ,
Salinity affects TIWs by influ-
encing the background density
(c) 2012 mean SSS from SIO Argo maps and regulating the TIW variabil-
1N T —— ' ' ' 36 ity. Before discussing these
waves, we describe the effect
of salinity on the mean meridi-
35 . . .
onal density gradient, which
supplies mean available poten-
34 tial energy to PPE through bar-
108 50W  40W  30W 20W  10W 0 10E oclinic conversion (see the
Appendix A). Meridional gradi-
Figure 1. Annual mean SSS for 2012 from (a) Aquarius, (b) APDRC Argo product, and (c) SIO ent is more relevant to the pre-

Argo product. The unit is psu. The asterisks in the west and east mark the locations near the

; R ! ) ; dominantly zonal propagation
exits of the Amazon and Congo Rivers into the Atlantic Ocean (same for all spatial maps in R
the rest of the paper). of the TIWs than zonal gradient

[Chelton et al., 2000]. However,
there are coastal regions such as that near Brazil in the west and the Gulf of Guinea in the east where non-
meridional gradient is also important to the regional processes. We will not discuss these coastal processes
in this study in order to keep the focus on the open ocean variability.

Figure 1 compares the 2012 annual mean SSS from the Aquarius, the APDRC, and the SIO Argo products for
the equatorial Atlantic. The comparison is performed for 2012 only because the monthly gridded Argo
maps from SIO (based on the delayed mode Argo data) only reached January 2013 at the time of our study.
The spatial structure of annual mean SSS from Aquarius (Figure 1a) is qualitatively similar to that from the
Argo products (Figures 1b and 1c) in terms of the overall southeast-northwest orientation of the mean SSS
gradients. However, Aquarius SSS shows a much finer structure than the Argo products (especially the
APDRC product). For example, the freshening effect of the ITCZ in the northern equatorial Atlantic is much
sharper in Aquarius than in Argo. Moreover, Aquarius is able to capture smaller-scale features in several
regions: (1) the high-salinity water carried by the NBC in the northwest, (2) the low-salinity water associated
with the Amazon outflow and the NBC retroflection into the NECC, and (3) the low salinity water near the
Congo River outflow in the southeast. The tongue of lower salinity water extending westward from the lati-
tude of the Congo River outflow (near 5°S) along the southern edge of the SEC is clearly shown in the
Aquarius data but is not captured by the APDRC Argo product. It is however evident in the SIO Argo prod-
uct to some extent. These differences are related to the much sparser sampling by Argo floats and the rela-
tively large smoothing scales used in generating the smooth gridded Argo maps. Argo float distribution
over the global ocean is approximately one float per 3° X 3° on average and is even coarser near the coasts,
which limits the ability of Argo data to resolve the smaller-scale structure. The positions of the Argo floats in
2012 (supporting information Figure S1) show that there are several regions where the float density is very
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(a) 2012 mean meridional SSS gradient from Aquarius

T T T T

50w  40W  30W 20W  10W 0 10E

(b) 2012 mean meridional SSS gradient from Argo

50W 40w 30w 20W 10W 0 10E

(c) 2012 mean meridional SSS gradient from SIO Argo maps

50W 40W 30W 20W 10W 0 10E

Figure 2. Annual mean meridional gradient of SSS for 2012 from (a) Aquarius, (b) APDRC

Argo product, and (c) SIO Argo product. The unit is psu-km™".

(a) Mean SST

50W 40W 30W 20W 10W 0 10E
(b) Mean SSS

36
35.5
35
34.5
34
33.5

50W 40w 30w 20W 10W 0 10E

Figure 3. Temporally averaged (a) SST in °C and (b) (Aquarius) SSS in psu for September
2011 to August 2013.

low or no floats at all, such as
the northwest equatorial Atlan-
tic, eastern equatorial Atlantic
between 38°W and 27°W, and
southeast equatorial Atlantic.
Therefore, the gridded Argo
maps in these regions are sub-
ject to larger errors. While the
SIO Argo product has a finer
structure than the APDRC Argo
product for the annual mean, it
is noisier on monthly time
scales.

Due to Aquarius’ better spatial
resolution, the Aquarius-
derived meridional SSS (Figure
2a) have a much finer structure
and larger gradients than those
derived from Argo data (Fig-
ures 2b and 2c). Therefore,
Aquarius SSS presents a signifi-
cant advantage in the study of
wave and eddy interaction
with mean flow that involves
the analysis of horizontal den-
sity gradients. Figure 3 shows
the 2 year (September 2011 to
August 2013) mean SST and
Aquarius SSS. The time-mean
SST pattern is characterized by
the cold tongue extending
from southeastern part toward
the central equatorial Atlantic
and bounded by the warmer
waters to the north and west.
Therefore, the meridional SST
gradient is large primarily in
the eastern and central equato-
rial Atlantic. The time-mean
SSS pattern is characterized by
the salty South Atlantic waters,
which extend from the south-
east to northwest. In the west,
the meridional gradient of SST
becomes much smaller while
that of SSS remains relatively
large.

The relative contributions of
time-mean meridional gra-
dients of SST and SSS (g—; and
g—i) to the meridional gradient
of surface density (g—ﬁ) are
approximated from the linear
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(a) Mean density meridional gradient due to SST equation of state for seawater
such that 2200 y —apy & B T and
=Bpo’, % \where o is the
1 thermal expansion coefficient,
f is the saline contraction coef-
ficient, and p, is mean density
-1 of seawater (1025 kg-m ). At
) the sea surface, 26.7°C mean
temperature and 35.3 psu
mean salinity for the equatorial
Atlantic Ocean (5°S-5°N) dur-
2 ing the period of the study, the
1 values of o and p are
3.11%107*C "and 7.36 X
107* psu respectlvely. The
-1 resultant 222 and 0" ) are
shown in Flgure 4. The nega-

‘ il L tive values of surface meridio-
50w 40w oW 20w 1OW 0 10E nal density gradient indicate
(c) 9p/ay at 1°N (d) 9p/dy averaged over 30°-5°W warmer and/or fresher surface
waters to the north and vice
versa.

50W  40W 30W 20W  10W 0 10E
(b) Mean density meridional gradient due to SSS

—— SST contribution
—— SSS contribution

In the northern equatorial
Atlantic, 22D y s generally Iarger
in the eastern half while 228 is
larger in the western half of
the basin The zonaI distribu-
tions of D and 2265) at 1°N
where TIWs have been found
Figure 4. Time-mean meridional gradient of surface density contributed by (a) SST and (b) to be the most energetic for

5SS for September 2011 to August 2013. The unit is 10~° kg-m . (c) The zonal distribution SST [e.g., Chelton et al., 2000;
at 1°N. (d) The meridional distribution for the zonal average between 30° and 5°W. Caltabiano et al.,, 2005] are
.’

dploy
Latitude

EOW 35W 20W  5W  10E -1
Longitude Jdp/dy

shown in Figure 4c. In the east between 19°W and 5°E (the two crossings of the two curves), the ratio of
%D ang & a Lis 1.6. In the west between 47° and 19° (the two crossmgs of the two curves), the ratio of
‘r"’(s ) and ‘7" 7) s 1.8. The meridional distributions of 222 and 225 y averaged |n the central equatorial Pacific
between 30° and 5°W are presented in Figure 4d. The values of D) and 225) y ) are similar between 0° and
2°N, especially at 1°N where they are equal (where the two curves cross) Within 5° of the equator, the larg-
est difference between ‘7‘(’,, and 228 y ) oceurs at 1°S where ‘7’(’)5,) is 14 times larger than 9"}/ In the NBC retro-
flection region in the northwest (47°-40°W, 4°-6°N), SSS accounts for approximately 90% of the meridional
density gradient. The freshwater discharge from the Congo River in the southeast sets up positive density
gradients between 2 and 4.5°S and negative density gradients south of 4.5°S to the east of 5°E. For the
region near the center (4.5°-6.5°S, 5°~10°E) of the Congo River outflow, SSS accounts for 80% of the contri-
bution of mean meridional density gradient. These features of mean meridional density gradient are helpful
to understand the spatial variability of TIW characteristics and PPE as discussed in the next section.

3.2. Spatial and Temporal Signature of TIWs in SSS, SST, and SSH

Aquarius is able to capture the salinity structure of the Atlantic TIWs. The example in Figure 5 shows the
spatial structure of the TIWs on 30 December 2011. In the figure, plot a shows SSS and SST; plot b shows
SSS and SSHA; plot ¢ shows SST and SSHA. Another example for 16 July 2012 is shown in Figure S4 (support-
ing information). The examples correspond to the season when the Amazon plume went northwestward
(Figure 5a) and the season when it turned eastward along with the retroflection of the NBC (supporting
information Figure S2a). The signature of TIW SST is strongest in the central part of the basin (especially
between 10° and 20°W) slightly north of the equator, which is consistent with previous observations
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(a) SSS & SST: 30-Dec-2011 (e.g., by Caltabiano et al. [2005]
10N N ' i based on satellite measure-
NPy . ! N R i - ments of SST). While the wave
| t?gsj/\,v ] structure in SST diminishes
0F 4 AR, 71:) : . 35 toward the west, that in SSS
» ' remains very clear in the north-
5Sf * e west. In the central equatorial
- ; a4 Atlantic, the wave signature in
50W 40W 30W 20W 10W 0 10E SSS, SST, and SSHA are more

coherent. For example, a north-
ward protrusion of the higher
SSS is generally associated

with a lower SST. Both of these
correspond to a lower SSHA.
This is similar to the TIW-
related structure in the eastern
equatorial Pacific for SSS, SST,
and SSHA [e.g., Lee et al., 2012,
Figure 1]. These coherent
changes among SSS, SST, and
SSHA are not seen in the north-
west Atlantic near the NBC ret-
roflection region. Figure 8b
actually shows high (low) SSS
associated with positive (nega-
tive) SSHA in this region. These
24 SSHA are probably related to

(b) SSS & SSH: 30-Dec-2011

10N

SN[

ol

55

29 barotropic instability associ-
- Ne= : i ated with the NECC [Jochum
50w 40W 30w 20W 1ow 0 10E and Malanotte-Rizzoli, 2003]
. ) that radiate to the NBC to
Figure 5. TIWs spatial structure on 30 December 2011 shown by SSS, SST, and SSH: (a) SSS K
in color shading and SST in contours. (b) SSS in color shading and SSH in contours, and (c) affect the generation of the
SST in color shading and SSH in contours. The units for SSS, SST, and SSH are psu, °C, and NBC rings,

cm, respectively.
Figure 6 shows the comparison

between Aquarius and PIRATA SSS at 0°, 23°W (the mooring location with the longest near continuous
record during the Aquarius period) for the unfiltered values and for the filtered anomalies in the 20-50 day
band. Chelton et al. [2000] found that the TIWs were energetic at periods shorter than 50 days. We found
that the variability shorter than 20 days is very weak in the tropical Atlantic. We therefore focus on the 20—
50 day band. The filter used is a second-order, zero-phase (forward-reverse) Butterworth filter. Before filter-
ing the PIRATA time series, the short data gap in early 2013 seen in Figure 6a was filled in by linear interpo-
lation. At this location, the time mean value of Aquarius SSS is fresher than that of PIRATA SSS by 0.03 psu.
The root-mean-squared (RMS) difference between Aquarius and PIRATA SSS anomalies is 0.17 psu. The RMS
difference between the respective 20-50 day filtered values is 0.08 psu. The RMS difference of 0.17 psu is
smaller than the mission target accuracy of 0.2 psu over 1 month and 150 km even though the RMS differ-
ence we calculated includes time scales shorter than a month. Part of the difference seen in Figure 6 is due
to the fact that the effective spatial resolution of the Aquarius maps is approximately 150 km whereas the
PIRATA measurements are point-wise observations. The standard deviation of the Aquarius SSS (0.23 psu) is
smaller than that of the PIRATA SSS (0.28 psu) by 17%. For the 20-50 day filtered time series, Aquarius’
standard deviation (0.10 psu) is smaller than that of PIRATA (0.13 psu) by 25%. The smaller variability in
Aquarius SSS is consistent with the effects of spatial averaging. The correlation between the Aquarius and
PIRATA time series is 0.79 both for the unfiltered and filtered time series. The value of the correlation coeffi-
cient is significant at the 95% confidence level even if we assume that the data are independent at 7 day
time scale, which is the running time window for the daily Aquarius maps. Figure S3 (supporting informa-
tion) compares the unfiltered and filtered time series of salinity anomalies for Aquarius and PIRATA. The
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Figure 6. Comparison of Aquarius and PIRATA SSS (a) and 20-50 day filtered SSS anomalies (b) at 0°, 23°W.
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Figure 8. Longitude-time distribution 20-50 day, 4-20° longitudinal filtered (a) SSSA, (b) SSTA, and (c) SSHA at 5°N near the latitudes
where the NBC retroflects into the NECC. The units are psu, °C, and cm, respectively. The dashed lines correspond to 0.5 m-s~' reference
for westward propagation speed.

variance explained by the 20-50 day filtered time series is 25% for Aquarius and 31% for PIRATA. They are
statistically significant because a two-sample F-test suggests that the unfiltered and the unfiltered-minus-
filtered (i.e., residual) time series do not have the same variance at 95% confidence level.

Westward propagation is evident in the SSSA, SSTA, and SSH anomaly (SSHA) data. An example is shown in
Figure 7 for the longitude-time distributions of the anomalies of these variables at 1°N for the period band
of 20-50 days and wavelength band of 4-20°, which encompass the most energetic TIWs in frequency and
wavenumber space reported by various studies. The second-order, zero-phase Butterworth filter is used
both for the temporal and spatial band-pass filtering. Westward propagation speed estimated from the
Radon Transform for the data between 40°W and 5°E is 0.49, 0.51, and 0.51 m-s™ ' for the SSSA, SSTA, and
SSHA, respectively. The 0.5 m-s~ ' westward propagation speed is depicted by the dashed line in Figure 7.
This is higher than the 0.3 m-s~" speed estimated from microwave (TMI) SST during 1998-1999 by Chelton
et al. [2000] at the same latitude of the Atlantic Ocean for 50 day high-pass signals. Whether this difference
is due to time period or due to different data sets will be investigated in the future in order to keep our
focus on the role of salinity on TIW energetics. During part of the study period, slower propagation is evi-
dent in the western than the eastern part of the basin. This is the case, for instance, in early 2012 for both
SSSA and SSTA.

The maximum amplitude of the SSS signals at this latitude, approximately =0.25 psu (Figure 7a), is smaller
than that of the TIWs in the Pacific between 0° and 2°N by approximately 50%. Apart from the dominant
westward propagating signals, there are weaker anomalies that appear to propagate eastward. These
anomalies reflect the noise in the measurements. Their magnitudes, approximately 0.05-0.1 psu for SSSA,
0.1-0.2°C for SSTA, and 0.5-1 cm for SSHA, are well within the respective measurement uncertainties.

The seasonality of the TIW-related SSTA and SSSA signatures are somewhat different. In the central part of
the basin, the strongest SSSA signals occur earlier than the strongest SSTA signals by tens of days (this is
illustrated more clearly in Figure 11 that will be discussed later). As explained in the next section in relation
to Figure 15, this is because the timing of the peak magnitude of meridional SSS gradient occurred earlier

LEE ET AL.

©2014. American Geophysical Union. All Rights Reserved. 8383



@AGU Journal of Geophysical Research: Oceans 10.1002/2014JC010100

(a) SSSA, 5°S (b) SSTA, 5°S (c) SSHA, 5°S
- 0.2 05 .
2013.8 . 2013.8 2013.8[ o
- 5
- . o 04 - - o
20136 015 20136(%. = \ 20136 ;‘\\\ S
- N S /S - AN
- \ - - e,
o~ - \ -
-e = - - 0.3 - -
2013.4 [ SN - 2013.4 -~ — - 2013.4] = N
- a =T = 0.1 - -
- - . 1o NN <
- - . - 1 X -
20132 ] 2013.2 20132 ~"
- - - - = -
- - r 10.05 . -
2013 | S - 2013 S F 01 2013 -
- = . -
- -
e = A ~
@ - - .- - -
£ 201285 - e L 1, 20128 : L1y 20128[Ma
= - : -, == ~
- —~ - \ \; .
20126 | ~_ o 20126 201261 = ~
S SN F o 2o SIS
- T~ mwm 005 - N AN Sl
- LD - SN -~ - "-.\
2012.4 v 20124 - L. 2012.4 | ™ . W
- - - - 02 \:
5% D NN
20122 - 01 20122 - 20122} o
» . - - . 03
v - - R
2012 o 2012 - 2012 -
-0.15 o -
- Ol -0.4 — '-: X
2011.8 = 2011.8 - 2011.81 % N
- .S
| - - - - | 02 - 05 -
30W 20W 10W 0 30W 20W 10W 0 30W 20W 10W 0
Longitude

Figure 9. Longitude-time distribution of 20-50 day, 4-20° longitudinal filtered (a) SSSA, (b) SSTA, and (c) SSHA at 5°S near the latitudes of
the Congo River outflow. The units are psu, °C, and cm, respectively. The dashed lines correspond to 0.5 m-s~ ' reference for westward
propagation speed.

than that of meridional SST gradient, so that the same TIW velocity signal affects SST and SSS perturbations
differently. In terms of spatial structure, the strongest signals for all three parameters are centered near
10°-20°W at this latitude. However, the SSSA signals are somewhat more evident than the SSTA signals in
the western and eastern part of the basin. This is particularly true at other latitudes (not shown) where the
meridional SST gradients do not extend as far west compared to 1°N.

At 5°N (Figure 8), westward propagation is evident in all 3 variables but is the clearest in SSHA. Note
that the range of the color scale for SSTA is 0.5°C in Figure 8 and 1.5°C in Figure 7, and that for SSHA
is 5 ¢cm in Figure 8 and 3 cm in Figure 7. These choices allow a better visualization of the dominant sig-
nals at 5°N and 1°N. The westward propagation speed estimated from Radon Transform for the data
east of 35°W is 0.46, 0.44, and 0.46 m-s~' for SSSA, SSTA, and SSHA, which are not statistically different.
Based on the average phase speed of 0.45 m-s~' and average frequency of 0.0035 cycle-day~' for this
band, the average wavelength and wavenumber are 1111 km and 0.0009 cycle-km™". This frequency-
wavenumber characteristics lies between the dispersion curves of the mixed Rossby-Gravity Wave (i.e.,
Yanai Wave) and the first-baroclinic Rossby Wave [e.g., Polito and Sato, 2003, Figure 3; Farrar, 2008, Fig-
ure 1] and close to the dispersion curve for the theoretical prediction of TIWs [Lyman et al., 2005, Figure
9; Farrar, 2008, Figure 1]. Therefore, the westward propagating waves at this latitude are more suitably
described as TIWs. Based on analysis of SSH data, Polito and Sato [2003] showed that the first-baroclinic
Rossby Waves in the northern equatorial Atlantic is energetic primarily west of 35°W with a dominant
period of 63 days, phase speed of 0.33 m-s~', and wavelength of 1622 km. These characteristics are
quite different from those of the westward propagating signals shown in Figure 8. Richardson and Rever-
din [1987] also discussed meanders associated with the retroflection of the NBC into the NECC based
on in situ data.

For SSSA (Figure 8a), there appear to be eastward propagating signals in the western part of the basin start-
ing around midyear, especially in 2012. This is the time when the retroflection of the NBC into the
eastward-flowing NECC is the strongest, accompanied by the eastward intrusion of the low salinity water
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Figure 10. Longitude-time distribution of the surface density anomaly at 1°N due to 20-50

day, 4-20° longitudinal filtered (a) SSSA and (b) SSTA. The unit is kg-m73. The dashed lines 54b) and the 4°-20° band-pass
correspond to 0.5 m-s~ ' westward propagation speed. SSSA (supporting information

Figure S4c). The eastward
propagation tendency is likely to be related to the eastward advection by the NECC as well as by the precip-
itation associated with the Inter-tropical Convergence Zone (ITCZ). The time-mean eastward surface velocity
at 5°N between 40° and 20°W is approximately 0.2-0.25 m-s~ ' [Lumpkin and Garzoli, 2005]. But the east-
ward velocity of the NECC is stronger during early summer and exhibits strong interannual variation, for
example, with a value of about 0.2 m-s™ " in July 2004 and 0.4 m-s~" in July 2005 [Urbano et al.,, 2008]. The
eastward propagation speed estimated from the Aquarius data in the second half of 2012 using Radon
Transform is 0.81 m-s~' for the unfiltered data and 0.53 m-s™"' for the 4-20°, 20-50 day band-pass filtered
data. While these estimates are faster than the surface speed of the NECC, they are not very robust because
of the limited time period used for the estimation. In particular, the higher speed estimated from the unfil-
tered data is a result of some of the near zonal structure. The nature of the eastward propagating signals
seen in Figure 8 and Figure S4 (supporting information) needs further investigation.

At 5°S (Figure 9) near the center latitude of the Congo River outflow and the southern edge of the
SEC, there is evidence of westward propagation in SSHA and SSTA with a speed that varies in space
and time. Some of the signals (e.g., in SSTA) originate from the eastern side of the basin, i.e.,, the
Congo River outflow. Others emerge in the middle of the basin. In SSSA, westward propagating fea-
tures are not as coherent and the magnitude of the anomalies is relatively small except in the eastern
side near the Congo River outflow region. This is likely because the magnitude of the SSS signals
related to these waves away from the Congo River outflow region is at the noise level of the
Aquarius data.

3.3. Relative Contributions of SSS and SST to Surface Density and Potential Energy

The relative contributions of SSSA and SSTA to surface density anomaly at 1°N are shown in Figure 10 with
Po pS’and —p, oT presented in plots a and b (where S”and T"are SSSA and SSTA shown in Figures 7a and
7b). The contribution by SSSA is comparable to that by SSTA in the central parts of the basin. However,
SSSA generally makes larger contributions in the western and eastern part of the basin. The time series of
Po BS and —p, T at (1°N, 16°W) is shown in Figure 11. The standard deviations for the two contributions

LEE ET AL.

©2014. American Geophysical Union. All Rights Reserved. 8385



@AGU Journal of Geophysical Research: Oceans

10.1002/2014JC010100

Contribution to 20-50 day SSS and SST to surface density at 1°N, 16°W

0.4 T T

0.3

0.1

Density anomaly (Kgxm's)
o
1

—— SSS contribution
—— SST contribution

— 4 1 1 1 1 1 1 1 1 1 1
2011.8 2012 2012.2 2012.4 2012.6 2012.8 2013 2013.2 2013.4 2013.6 2013.8

Time

Figure 11. Contributions of 20-50 day filtered SSSA and SSTA to surface density anomaly at 1°N, 16°W.

are 0.08 and 0.09 kg-m 2 at this location. Overall speaking, SSSA and SSTA contributions to surface density
anomaly reenforce each other because of the opposite sign of time-mean SSS and SST gradients at this
location (Figure 3). Thus the same meridional current advecting these gradients (Figure 4) will produce
reenforcing tendencies of density variability.

(a) Contribution of 20-50 day SSTA to surface density

50W  40W  30W

Figure 12. The standard deviation of the contribution of 20-50 day (a) SSTA and (b) SSSA to

50W  40W  30W

20W 10W 0  10E

20W 10w 0 10E
(b) Contribution of 20-50 day SSSA to surface density

1

surface density anomaly. The unit is kg-m . The upper limit of the color shading is 0.16.
The large values near the coasts with a maximum up to 1.2 near the Amazon outflow are
shown by contours starting from 0.2 with in increment of 0.2.

The spatial structure of the
20-50 day period SSTA and
SSSA contributions to surface
density anomalies (i.e., the
standard deviation of the con-
tributions of the filtered SSTA
and SSSA to density anomaly)
are shown in Figure 12. A band
with relatively large SSTA con-
tribution extends from approxi-
mately 23°W to the eastern
boundary (Figure 12a). The
maximum SSTA contribution to
density anomaly occurs near
(1°N, 16°W). The SSSA contri-
bution to density anomaly is
also large near this location
(Figure 12b). In the equatorial
zone and west of 23°W, SSSA
has a larger contribution. This
includes the PIRATA mooring
location of (0°, 23°W) where
Grodsky et al. [2005] performed
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Figure 13. The time mean of the (a) total PPE, (b) direct contribution by SSTA, (c) direct contribution by SSSA, all for the 20-50 day signals. The unit is Joule-m . The crosses correspond
to locations where the PPE time series are presented in Figure 14. (d) The time mean contribution by 20-50 day signals to PPE due to SSTA-SSSA covariability and the sum (c) and (d)
that reflects the combined direct and indirect effect of SSS. The unit is Joule-m™>. The crosses correspond to locations where the PPE time series are presented in Figure 14.

their analysis of salinity’s influence on TIWs. In the northwest near the Amazon outflow and NBC retroflec-
tion into the NECC and in the southwest near the Congo River outflow region, the surface density anomalies
are almost entirely contributed by SSS.

While the contributions of SSTA and SSSA to surface density anomaly are relatively linear through the linear
equation of state p’= p,(-aT’ + S’) at the sea surface, their contributions to surface PPE are not. Assuming
the TIW-related SST and SSS anomalies are representative of the corresponding anomalies averaged verti-
cally within the mixed layer, the PPE for the mixed layer (referred to as PPE for the sake of convenience
hereafter) can be expressed as

PPE = gp”/(2poy) = 9po>/2p0s [(-aT) + (BS)? - 20 fT'S’] [Weisberg and Weingartner, 1988; Grodsky et al., 2005,
also see equation (A(A2b)) in the Appendix A), where p,, is the vertical gradient of mean density at the base
of the mixed layer (determined from Argo data in the equatorial Atlantic). It includes the direct contribution
of SSTA (the first term), SSSA (the second term), and the contribution due to the covariability of SSTA and
SSSA (the third term). The sum of the second and third term indicates the effect of total contribution by
salinity, i.e., the effect that would be missed if salinity were not taken into account in the analysis of PPE.
PIRATA mooring data suggest that TIW-related anomalies of temperature and salinity primarily occur in the
mixed layer [Grodsky et al., 2005]. Therefore, mixed-layer PPE is very helpful to understand the baroclinic
conversion associated with TIW-mean flow interaction.

Figure 13 shows the 2 year (September 2011 to August 2013) mean of the total PPE, direct contribution by
SSTA, SSSA, and SSTA-SSSA covariability, and the sum of the latter two, all for the 20-50 day signals. Within
2-3° of the equator, large PPE is seen in the central equatorial Atlantic between 25°W and 0°E north of the
equator and east of 0°E south of the equator. This pattern resembles that of the mean meridional density
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Figure 14. Time series of 50 day running average of PPE and the contributions by SST only, SSS only, and by SST-SSS covariability at the
four locations marked by the white crosses in Figure 13. The legends for the curves are the same for different plots.
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Figure 15. Contribution of SSS and SST to (a) PPE and (b) meridional density gradient at 1°N, 16°W. The legends for the curves are the
same for two plots.
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gradient shown in Figure 2a). In addition, large PPE

Table 1. Time-mean PPE and the Contributions by SST, SSS, : . . . .
Y is found in the NBC retroflection region in the north-

SST-SSS Covariability Obtained From the Time Series

Presented in Figure 14 are Listed in Columns 2-5° west and the Congo River outflow region in the

PPE PPEt PPEs PPEts PPEs+PPEts PPE/PPEt southeast (Figure 13a). The direct contribution of
1°N,16°W 158 55 33 7.0 10.3 29 SSTA to PPE (Figure 13b) is largest in the equatorial
0%,23*'W 54 19 14 21 35 29 zone. The direct contribution of SSSA to PPE (Figure
5°S,8°E 81 21 40 20 6.0 40

13¢) and the contribution of SSTA-SSSA covariability
- - —— : to PPE (Figure 13d) both have a local maximum in
e et 1 oSl S0 S 4™ the centraknorth equatorial Atantic between 0 and
el 7. 2.5°N and between 23°W and 10°W. The positive
contribution by the SSTA-SSSA covariability in the
central equatorial Atlantic is because the perturbation of the mean meridional gradients of SST and SSS
(Figures 3a and 3b) by TIW-related meridional velocity generally results in positive SSTA and negative SSSA,
and vice versa. Figure 13 also suggests that the PPE near the NBC retroflection and the Congo River outflow
regions are primarily contributed by SSSA.

5°N,48°W 98 09 7.7 1l 8.9 104

To examine the seasonality of the PPE and the contributions of SSTA and SSSA to it, we present in Figure 14
the time series of the 50 day running mean of PPE and the contributions by SST only, SSS only, and SST-SSS
covariability for the four locations masked by the white crosses in Figure 13. They include (a) 1°N, 16°W
(where the PPE is the largest), (b) a PIRATA mooring location at 0°, 23°W where Grodsky et al. [2005] found a
substantial role of salinity in baroclinic energy conversion rate (i.e., the conversion of background available
potential energy to the PPE), (c) 5°S, 8°E near the Congo River outflow, and (d) 5°N, 48°W near the NBC ret-
roflection. The time-mean values of PPE and the contributions SST, SSS, SST-SSS covariability from these
time series are listed in Table 1, denoted by PPE, PPEt, PPEs, and PPEts. The value of PPEs+PPEEts, reflecting
total contribution by SSS, and the ratio between PPE and PPEt, indicating how many times PPE would be
underestimated if SSS effects are ignored, are also listed in the table.

At 1°N, 16°W, the largest contribution to PPE comes from PPEts, followed by PPEt and PPEs (Table 1). Con-
sidering only the SST contribution, i.e., ignoring the direct and indirect effects of SSS, would underestimate
the PPE by almost three times. The seasonal peak of the PPE occurs around boreal spring both in 2012
and 2013. It is interesting to see a burst of PPE in early 2012, which can also be identified in Figure 10. The
spring peak of PPEs leads that of PPEt (Figure 14a). To investigate this further, we compare the time series
of SSS and SST contributions to PPE (Figure 15a) with their contributions to meridional density gradient
(Figure 15b). If the seasonality of the PPE is related to baroclinic instability (see equation (A(A2b)) of the
Appendix A), one would expect to see a seasonal correlation between the PPE and the background meridi-
onal density gradient. The latter is a factor of the baroclinic conversion term in the middle of the right
hand side of equation (A(A2b)) in the Appendix A. From Figure 15a, the estimated lead time of the boreal-
spring peak of PPEs over that of PPEt is 35 days in 2012 and 28 days in 2013. The boreal-spring peak of
the SSS contribution to meridional density gradient also leads that of the SST contribution during this sea-
son (Figure 15b). The correlation between the time series of the SSS (SST) contributions to PPE and SSS
(SST) contributions to meridional density gradient is 0.73 (0.54), both being significant at the 95% confi-
dence level. The values of the correlation are moderate probably because we are only analyzing the merid-
ional component of the density gradient, and there is some dependence on the scale over which the
meridional gradient is estimated (we used a central difference scheme on the 1/3° grid). Nevertheless,
they illustrate the overall relation between the PPE and the magnitude of the meridional density gradient.

At the PIRATA mooring location of 0°, 23°W, the relative contributions by PPEt, PPEs, and PPEts to PPE are
similar to those at 1°N, 16°W (Table 1). Ignoring the effects of SSS would also underestimate PPE by approx-
imately three times. This is consistent with the finding of Grodsky et al. [2005] who found that including
salinity effect increased the estimated baroclinic energy conversion rate by a factor of three at this location.
This agreement suggests that TIW-related surface PPE is primarily contributed by baroclinic energy conver-
sion in this region.

For the location near the Congo River outflow (5°S, 8°E), PPEs is twice as large as PPEt while PPEts is close
to PPEt. Ignoring SSS effect would underestimate PPE by a factor of four, indicating a more important role
of SSS in this region than in the central equatorial Atlantic. On average, the Congo River discharge has a
maximum around November-December and a secondary peak around April-May [Materia et al., 2012]. The
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(a) Total PPE (60-90 days) PPE time series near the Congo
10N 50 River outflow region (Figure
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four times smaller than that in
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2 smaller than that of 2013 by a
58 10 factor of two. An analysis of
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Figure 16. (a) The time mean of the total PPE, and (b) the contribution by SSSA for the 60— . disch fth
90 day signals. The unit is Joule-m ™. The locations of the crosses are the same as those in maximum discharge o €
Figure 13. Congo River in late 2013 is

smaller than that in 2012 by
4% (not shown). While this is not inconsistent with the smaller effect of SSS on PPE in 2012, it is not clear if
the 4% reduction in Congo River discharge is sufficient to affect the meridional SSS gradient to reduce the
SSSA by a factor of two. The potential effect of precipitation on SSSA on the 20-50 day time scales needs to
be investigated.

At the location near the NBC retroflection region (5°N, 48°W), PPEs has a dominant contribution to PPE. Not
accounting for SSS effect would underestimate PPE by a factor of ten (Table 1). The PPE peak occurred in
July 2012 and 2013 (Figure 14d), which is consistent with the timing of maximum discharge of the Amazon
River [Lentz, 1995] and the NBC retroflection [Johns et al., 1990].

The discussion so far has emphasized the 20-50 day period band where TIWs exhibit significant variability.
However, Johns et al. [1998] reported that the variability in the NBC retroflection region was dominated by
fluctuations with periods near 25-40 days and 60-90 days, with the former being more surface trapped.
Therefore, we also examined the PPE for the 60-90 day signals. Figures 16a and 16b are equivalent to Fig-
ures 13a and 13c but for the 60-90 day signals. The largest PPE for this period band occurs near the NBC
retroflection and the Congo River outflow regions. The total effects of SSS account for approximately 90%
of the contribution to PPE, with 63-73% due to the direct effect of SSS.

4. Conclusions

More than 2 years of SSS data derived from the Aquarius/SAC-D satellite mission are analyzed along with
satellite-derived SST and SSH and in situ salinity data from Argo and the PIRATA array to assess Aquarius’
capability to detect TIWs in the tropical Atlantic Ocean and to investigate the effects of SSS on these forms
of variability. Aquarius SSS data are able to capture the phase propagation and seasonal variability of the
SSS signature related to the Atlantic TIWs. At 1°N where the TIWs are the most energetic in terms of SSS
and SST variability, the magnitude of the TIW-related SSS anomalies is +0.25 psu, which is smaller than their
Pacific counterpart by 50%. The averaged westward propagation speed estimated from SSSA, SSTA and
SSHA at this latitude is 0.5 m-s™~' during the period of the study.

In the central equatorial Atlantic, SSS contribution to the mean meridional density gradient is similar to the
SST contribution. It becomes larger (smaller) than the SST contribution in the western (eastern) part of the
basin by a factor of 1.5-2. Because of its significant contribution to mean meridional density gradient, SSS
plays an important role to TIW-related surface density anomalies and PPE. Its contribution to the latter
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comes from both the direct effect of SSS and the indirect effect due to SSS-SST covariability that reenforce
the density anomalies. Not accounting for SSS effect would underestimate surface PPE by approximately
three times. This is in excellent agreement with Grodsky et al. [2005] who found that the inclusion of salinity
increases the estimated baroclinic energy conversion rate by a factor of three at the 0°, 23°W PIRATA moor-
ing location. SSS also affects the timing of the seasonal variability of the TIWs. The peak of the PPE in boreal
spring due to SSS leads that due to SST by approximately one month.

In the northeast Atlantic near the Amazon outflow and NBC retroflection and in the southeast near the
Congo River outflow, SSS effects account for 80-90% of the mean meridional density gradient. As a result,
intraseasonal variations of SSS (on time scales of 20-90 days) in these regions have a dominant contribution
to surface PPE. The timing of the seasonal peaks of surface PPE in these regions coincide with those of the
maximum discharge of the Amazon and Congo Rivers, respectively.

Our study offers a basin-wide perspective for the equatorial Atlantic Ocean and illustrates the important
influence of salinity both on the spatial structure and on the seasonal variability of the TIWs. It also provides
another demonstration of Aquarius’ contribution to improving the understanding of TIWs.

Appendix A : Energy Budget for Fluctuating Flow

The influence of salinity on the TIWs can be considered from the perspective of TIW energetics. Let V'
=(u v, w) represent the vector velocity with the corresponding zonal, meridional, vertical component,
p, and p denote potential density and pressure. These fields can be decomposed into the background
and perturbation (i.e., the deviation from the background):

u=u+u, v=v+v, w=w+w, p=p+p’, p=p+p’ (A1)

where the overbar and apostrophe represent the time average over a period longer than that of the pertur-
bations (e.g., 50 day running mean in our case) and the deviation from that time average (i.e., the perturba-
tions over 20-50 day time scales). We examined the variability less than 20 days and found them to be very
weak. Following Brooks and Niiler [1977], the approximate equations that govern the temporal change of
the perturbation kinetic energy (PKE) and perturbation potential energy (PPE) averaged over the periods of
the perturbation are given by:

F0U OV ——0u OV

1 d/— — -
_ —(J2+v2)= — — — —
2p°dt (u % ) po(—U'v ay uv X uu X Vv By) (A2a)

+po(—mg_g —W%)—v Vo —gwy (A2b)
1 dpo d =7\ _ dpo - _ﬁ%_ﬁ%_ T
29(62) dt(p )=9 az) TUP TV g ) (A3)

The four terms on the right-hand side (RHS) of line (A2a) of equation (A2a) represents the conversion
between background kinetic energy and PKE through the horizontal Reynolds stresses acting on the hori-
zontal shear of the currents, usually referred to as barotropic (instability) conversion. The first two terms of
line (A2b), involving the vertical Reynolds stresses acting on the vertical shear of the currents, are associated
with Kelvin-Helmholtz instability. The third term of line (A2b) is the pressure work. In the PPE equation
(equation (A3)), the first two terms on the RHS represent the conversion between background available PE
and PPE (i.e., baroclinic conversion). The last term of equations (A2) and (A3) couple the two equations
together with a common vertical buoyancy flux w’p’, reflecting the conversion between KE and PE. The
sign and magnitude of this term due to TIWs are poorly known in large part because there is no measure-
ment of vertical velocity. For this reason, most studies of energetics combined equations (A2) and (A3) to
remove this common term [e.g., Brooks and Niiler, 1977; Rossby, 1987; Weisberg and Weingartner, 1988; Grod-
sky et al., 2005]. If w/p’ is small, the temporal changes of PKE and PPE would be primarily associated with
barotropic (and Kelvin-Helmholtz) and baroclinic conversions, respectively.

The calculation of baroclinic (and barotropic) conversion requires velocity time series. Mooring measure-
ments of velocity are very limited, basically confined to a few locations at the equator and often with gaps
in the time series. There exist surface current products based on satellite altimetry (to obtain the surface
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geostrophic velocity) and wind stress estimates from atmospheric analysis or reanalysis (to obtain the wind-
driven frictional velocity) for the Aquarius period. An example is the Ocean Surface Current Analysis Real-
time (OSCAR) [Bonjean and Lagerloef, 2002, http://podaac.jpl.nasa.gov/dataset/OSCAR_L4_OC_third-deg].
The reliability of the estimated surface current near the equator is an issue because of the use of a beta
approximation as the geostrophic assumption breaks down. Also, meridional velocities in the OSCAR prod-
uct near the equator are not as accurate as zonal velocities. Moreover, the fidelity of atmospheric analysis
winds (through which the frictional component of the surface velocity is derived) is questionable on TIW
time scales because they do not resolve TIWs as scatterometers do [Wen et al., 2012]. Wen et al. [2012] also
found that the coupled assimilation used in generating the NOAA Climate Forecast System Reanalysis
(CFSR) product results in an improvement in the representation of the TIW expression in the surface fluxes
(including wind stress). Given the challenge of estimating the fluctuations of the surface currents on TIW
time scales accurately near the equator (especially for the meridional component), estimating PPE presents
an advantage in studying TIW energetics because it does not require velocity information (even though it
limits the ability to diagnose the relative contribution of zonal and meridional baroclinic conversion). This is
the main motivation for our analysis of PPE in this study.

From equations (A2) and (A3), one can see that salinity can affect TIW energetics through different varia-
bles/quantities of the energy budget. Salinity can affect the background horizontal density gradient ‘Z—ﬁ and
g—‘; (with the latter being dominant). It also affects the density anomaly p’ and thus the horizontal buoyancy
flux u’p’ and v/p’. Both of these will influence the baroclinic conversion. The baroclinic conversion changes
the PPE, which by itself is proportional to the square of the density anomaly. The vertical buoyancy flux
w'p’ is also affected by salinity and regulates the conversion between KE and PE. The discussion of the influ-
ence of salinity on the TIWs presented in this paper focuses on the effects of SSS on the background density
gradient, density anomaly, and PPE for reasons described above.

Note that the approximate energy equations (A2) and (A3) do not include dissipation and the effects of
atmospheric forcing such as the direct generation of KE by wind stress and direct production of surface
density anomaly by air-sea heat flux and evaporation-precipitation. Because TIWs are coupled ocean-
atmosphere features, there would be some contributions from atmospheric forcing on TIW time scales.
However, such contributions might be small compared to the variability purely associated with the oceanic
instability because the existence of TIWs are fundamentally due to oceanic instability even though they are
modulated by air-sea interaction.
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