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[1] Rossby waves have been well identified in satellite
derived sea surface height (SSH), sca surface temperature
(SST) and ocean color observations. Studies of Rossby
waves have yet to include sea surface salinity (SSS) as a
parameter, largely because presently available in situ
measurements of salinity lack sufficient spatial and
temporal coverage, and as of now no methods are
available for measuring salinity from a satellite. In this
paper, we demonstrate that Rossby waves can be observed in
SSS in the Indian Occan by using simulations of the 1/12°
global Hybrid Coordinate Ocean Model (HYCOM).
HYCOM results compared favorably to SSS data provided
by Argo floats and the World Ocean Atlas 2005 (WOAOS5) in
selected grid boxes in the Indian Ocean. Hovmdller
diagrams of HYCOM SSS anomalics and gradient show
the distinct westward propagating signature of Rossby
waves, with a steeper slope in longitude/time plots further
from the equator. The propagation speeds, calculated from a
2D Radon Transform are comparable with new theoretical
speeds for Rossby waves. Annual westward propagating
signals in the SSS simulations at most of the latitudes in the
Indian Ocean coincide with previous studies. We hope that
future studies of Rossby waves in SSS using model results
and eventually satellite measurements of salinity data will
allow a better understanding of Rossby wave dynamics.
Citation: Heffner. D. M., B. Subrahmanyam, and J. F. Shriver
(2008), Indian Occan Rossby waves detected in HYCOM sca
surface salinity, Geophys. Res. Lett., 35, L03605, doi:10.1029/
2007GL032760.

1. Introduction

[2] Although planetary wave theory has been around
since the late 1800s, and was hcavily improved upon by
Carl-Gustav Rossby in the 1930s and 40s, it wasn’t until the
advent of satellite altimetry that oceanographers were able
to observe Rossby waves throughout the world’s oceans
[Chelton and Schlax, 1996; Cipollini et al., 2000]. Chelton
and Schlax [1996] werc not only the first to show the
presence of Rossby waves throughout the world using sea
surface height observations from TOPEX/Poseidon (T/P)
altimetry, but also demonstrated that the standard linear
theory for Rossby wave propagation was lacking, as it could
not account for the observed phase speeds which were in
general faster, by a factor greater than 2 in some parts of the
ocean. Killworth et al. [1997] extended the theory to
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account for the mean background flow and Kilhwvorth and
Blundell [2003a, 2003b] (hereinafier referred to as KB2003)
further extended it to include the combined effect of mean
flow and topographic slope. These extensions, especially
the mean flow, resolve most of the discrepancy between
theory and obscrvation.

[3] Rossby waves have been well identified in sea surface
height (SSH) measurements from Geosat and T/P altimetry
[Perigaud and Delecluse. 1992; Chelton and Schlax. 1996;
Cipollini et al., 1997; Subrahmanyvam et al., 2001]. Recent
studies showed that aside from SSH, Rossby waves have
also been detected by satellite in sea surface temperature
(SST) [Cipollini et al., 1997; Hill et al., 2000], and ocean
color data [Cipollini et al.. 2001; Uz et al., 2001; Killworth
et al., 2004]. Rossby waves are generally casier to identify
in the SSH measurements from altimetry than SST or ocean
color observations because altimetry is an all weather sensor
not disrupted by clouds. Although Rossby waves have been
observed in SSH, SST, and ocean color, studies on Rossby
waves have yet to include sea surface salinity (SSS) as a
parameter, largely because presently available in situ meas-
urements of salinity lack sufficient spatial and temporal
coverage.

[4] Satellite measurements of SST using passive (infra-
red) and active (microwave) radiometers have been available
since the 1970s, but as of the writing of this paper, no
methods are available for measuring SSS from a satellite,
although there are two planned satellite missions-Aquarius
and SMOS. The European Space Agency’s (ESA) Soil
Moisture and Ocean Salinity (SMOS) mission has been
designed to observe soil moisture over the Earth’s land-
masses and salinity over the oceans. The SMOS satellite
launch is scheduled for 2008 (http:/www.esa.int/esal.P/
LPsmos.html). Aquarius/SAC-D is a space mission devel-
oped by NASA and the Space Agency of Argentina (Com-
ision Nacional de Actividades Espaciales, CONAE), which
is planning to launch in 2009.

[s] Despite the importance of the Indian Ocean in the
global climate system, in situ data in this region is quite
sparse both in time and space. Development of a systematic
observing system in the Indian Ocean is well behind those
in the Pacific and Atlantic Oceans. We hope that the
combination of SMOS and Aquarius salinity missions will
provide detailed SSS observations for the Indian Occan
from which Rossby wave signals can identified. Rossby
waves are prominent in the southern Indian Ocean, existing
as an annual westward propagating signal between 10°S and
12°S [Perigaud and Delecluse, 1992; White, 2000; White et
al., 2004], and as semiannual signals between 20° and 35°S
[Morrow and Birol, 1998; Birol and Morrow, 2001].
Quartly et al. [2003] compared Rossby waves at various
latitudes in the Indian Ocean, and found that between 15°S
and 29°S, planctary wave signals in occan color, SSH, and
SST data were in phase with each other, while at 34°S,

1 of 6



L.03605 HEFFNER ET AL.: ROSSBY WAVES DETECTED IN SALINITY L03605
345 T T T T T T T T T
E.O (5N- 58, 80 95E)
—4— HYCOM
344 —a—Argo .
\ - \(l,’ 1 1@ 1 WOADS

Feb Mar Apr May Jun

Ju  Aug Sep Oct Nov Dec

Figure 1. Annual variation of HYCOM, Argo, and World Ocean Atlas 2005 (WOAOS5) sea surface salinity in the E10 box

(5°N-5°S, 90°-95°E) during 2003 - 2006.

ocean color lagged SSH by a quarter of a cycle, and SSH
lagged SST by a quarter of a cycle.

[6] The purposc of this study is to demonstrate that
Rossby waves can be observed in SSS. Up until this point,
nobody has shown that Rossby waves can be seen in SSS at
least in the Indian Ocean, largely because there is currently
no easy way to acquire basin wide salinity data. This paper
demonstrates that Rossby waves can be identified in the sca
surface salinity (SSS) signal, using HYbrid Coordinate
Ocean Model (HYCOM) simulations as a proxy for the
awaited SSS data.

2. HYCOM Model Simulations

[7] The HYbrid Coordinate Ocean Model (HYCOM) is
isopycnal in the open, stratified ocean, but uses the layered
continuity equation to make a dynamically smooth transi-
tion to a terrain-following coordinate in shallow coastal
regions, and to z-level coordinates in the mixed layer and/or
unstratified seas [Bleck, 2002]. It maintains the significant
advantages of an isopycnal model in stratified regions while
allowing higher vertical resolution near the surface and in
shallow coastal arcas, hence providing a better representa-
tion of the upper ocean physics.

[§] In this study we used global HYCOM with 1/12°
horizontal resolution (~7 km at mid-latitudes) and 32
hybrid layers in vertical. The model is configured on a
Mercator grid from 78°S to 47°N, while north of this
latitude an Arctic dipole patch is used to avoid the singu-
larity at the pole.

[¢9] HYCOM was initialized using monthly mean temper-
ature and salinity from the 1/4° Generalized Digital Envi-
ronmental Model (GDEM3) climatology [NAVOCEANO,
2003] in August. This experiment was then run for 13 years
using climatological monthly mean wind and thermal forcing
constructed from the 1.125° European Centre for Medium-
Range Weather Forecasts (ECMWF) Re-Analysis (ERALS)
over the 1979 1993 time frame. In addition, 6-hourly
variability from the ECMWEF operational model over the
period September 1994 - September 1995 was added to the

climatological wind forcing (but not the thermal forcing) to
add the higher frequency variability needed for realistic
simulation of the surface mixed layer. In order to keep the
cvaporation minus precipitation budget on track, the model
weakly relaxes to monthly mean SSS from the Polar Science
Center Hydrographic Climatology (PHC) SSS. The PHC
climatology is chosen for its accuracy in the Arctic region
[Steele et al., 2001]. The actual SSS relaxation e-folding
time depends on the mixed layer depth (MLD) and is
(30 days x 30 m/MLD m) days. i.e. it is more rapid when
the MLD is shallow and less so when it is deep. The SSS
relaxation is sufficient to avoid long-term drift in SSS. but
not so strong as to inhibit SSS anomaly formation. The SSS
relaxation is in addition to the evaporation-precipitation
budget.

[10] Once the model was determined to be equilibrated
after being spun-up with climatological forcing, the simula-
tion was then continued using 3 hourly Navy Operational
Global Atmospheric Prediction System (NOGAPS) winds,
heat fluxes and precipitation fields for the period 20032006
as the forcing. This version of the model uses the NASA
Goddard Institute for Space Studies level 2 (GISS) mixed
layer scheme and includes monthly river runoff from 986
global rivers. There is no assimilation of any ocean data,
including SST, and no relaxation to any other data except
SSS to keep the evaporation minus precipitation balance on
track. A data assimilative version of this model is presently
being developed as the ocean model component of an eddy
resolving operational nowcast/forecast system for the Naval
Oceanographic Office (NAVOCEANO).

[11] Figure | shows an example of a comparison of mean
monthly (2003 2006) HYCOM SSS with World Ocean
Atlas 2005 (WAO0S) salinity, PHC climatology and Argo float
data in the Equatorial Indian Ocean box (EIO: 5°N-5°S,
90°-95°E). Argo and WOAOS track each other closely, with
HYCOM salinities varying between +0.15 psu compared
with Argo and WOAOS. The PHC climatology exhibits
similar variability to ARGO, WOA and HYCOM, with the
largest differences in March—April and September. When
considering the limitations on the accuracy of measurements
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Figure 2.
(d) July 2005.

of SSS, The differences between the 3 climatologics aren’t
significant. It is also evident from this figure that the SSS
relaxation is sufficient to prevent large drift in SSS, but not
so strong that the SSS is tightly constrained to follow PHC,
thereby suppressing the SSS anomalies of interest. The
correlation satisfied us that these HYCOM simulations of
SSS could be used to study Rossby waves in the Indian
Ocean. Comparisons have been made in other boxes
throughout the Indian Ocean (not shown) where Argo data
is available, which showed similar results.

3. Methods

[12] The first simple technique we used to locate Rossby
waves in the HYCOM SSS simulations was to produce
longitude/time plots (also know as Hovméller diagrams)
along several latitudes within the Indian Ocean. Rossby
waves show up in these diagrams as westward moving
diagonal features, with a decreasing slope in longitude/time
plots closer to the equator. To make the waves casier to see,
we removed the temporal and spatial means. From these
diagrams a rough estimate of the wave speeds can be
computed, however this method is quite subjective, and can
be rather slow when trying to consider an entire ocean basin.

[13] In order to get more objective results, we applied a
discrete 2D Radon Transform (RT) [Chelton and Schlax,
1996; Cipollini et al., 2000; Challenor et al., 2001] to the
SSS gradients, which were regridded to 0.5 degrees longi-
tude by 10 days to reduce noise [Cipollini et al., 2001], and
were de-trended in time and space. Rossby wave speeds
aren’t necessarily constant across lines of latitude [Chelton
and Schlax, 1996; Killworth et al., 1997], yet the Radon
Transform identifies the most energetic source propagating
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HYCOM sca surface salinity anomalics during (a) January 2004, (b) July 2004, (¢) January 2005, and

at a constant speed [Cipollini et al., 2000; Challenor et al.,
2001], so to reduce the problems this may cause, at each
latitude for consideration we segmented the diagrams into
5 degree (longitude) sections, and applied the Radon
Transform to cach segment. We also applied a Fast Fourier
Transform (FFT) to the de-trended longitude/time (L/T)
plots of SSS gradient in order to get wave number and
frequency to calculate Rossby wave phase speeds (not
shown here). Finally we compared Rossby wave phase
speeds obtained from HYCOM SSS with the new theoret-
ical speeds of KB 2003.

4. Results

[14] The SSS anomaly (SSSA) for the months of January
and July for the years 2004 and 2005 are presented in
Figure 2. These snapshots were selected because they
illustrate the large seasonal and interannual variability that
occurs in Indian Ocean SSS, and a strong Rossby wave
signal can be scen propagating throughout that time period,
across various latitudes (Figure 3). The southern tropical
Indian Ocean exhibits positive SSSA in Austral Summer
(January) and negative SSSA in Austral winter (July). The
surface salinity distribution highlights the presence of low
salinity waters (negative SSSA) from the castern basin,
entering the Indian Ocean through the Indonesian
Through-Flow (ITF) between 5°S and 15°S (July 2004
and 2005, Figure 2). In January, 2004 and 2005, the ITF
signature in the southcastern region (10 15°S and cast of
90°E) is nearly absent. The absence of the ITF signature in
January and its presence in July (in both the years) is related
to the seasonal variation in the magnitude of the ITF
[Gordon and Fine, 1996]. The flow of low salinity ITF
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SSS Gradient 12° S

Figure 3. Longitude/Time plots of (lefl) sea surface salinity anomaly and (right) sea surface salinity gradient at 12°S,

20°S, and 34°S.

waters towards western Australia in July 2005 is more
pronounced than in July 2004. The dominant positive SSS
anomalies in July between 8S and 12S can be attributed to
the upwelling (divergence) in the region of a thermocline

ridge [Annamalai and Murtugudde, 2004]. The other im-
portant features are the occurrence of negative SSSA ofl
southeastern Madagascar in January (both in 2004 and

2005) and the opposite variation in July in the same region.
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Figure 4. Comparison of HYCOM SSS Rossby wave speeds with the speeds predicted by Killworth and Blundell

[2003a, 2003b].

The more negative SSSA off Madagascar in January may be
related to the local precipitation, while the positive SSSA in
July in the same region may be related to the coastal
upwelling. South of 15°S, one encounters the sub-tropical
high salinity zone extending from the South Africa coast to
the eastern basin. The strong north-south salinity gradients
would lead to strong lateral mixing between the high
salinity waters and low salinity waters. In this strong
gradient zone, the propagation of low frequency Rossby
waves can be seen as westward moving salinity anomalies.

[15s] The model results exhibit Rossby waves at all the
latitudes from 40°S-20°N in the Indian Occan, however the
Rossby waves are not clear in the salinity signal north of
12°N. Figure 3 shows SSS anomalies as a function of time
(left) and SSS gradients (right) along the latitudes 12°S,
20°S, and 34°S. The Rossby waves in Figure 3 are largely
generated once per year, with the expected decrease in
phase speed with increasing latitude. The dominance of
annual Rossby waves is consistent with Birol and Morrow
[2001]. From these measurements, a rough estimation of
speed can be calculated, roughly 19 cm/s at 12°S, 8.8
9.6 cm/s at 20°S, and 3.1 3.2 cm/s at 34°S. While it is
casier to visualize the Rossby waves in the SSS anomaly
figures (Figures 3a, 3b, and 3c) the westward propagating
features can also be scen in the gradient figures (Figures 3d,
Je. and 3f) that were used in the Radon Transform.

[16] The results of the discrete Radon Transform
(Figure 4) compared quite well with the new theoretical
speed for Rossby waves given by Killworth and Blundell
[2003a, 2003b]. As can be seen in Figure 4, latitudes 40°S
to 10°S match the predicted speed for baroclinic first mode
Rossby waves, yet interestingly none of the northern
latitudes matched the predicted first mode baroclinic Rossby
wave speeds. The Radon Transform results between 9°N
and 16°N matches the predicted travel speeds for second
mode baroclinic Rossby waves. The northern and southern
hemisphere (NH and SH, respectively) baroclinic mode
phase speed differences likely resulted from our application
of the Radon Transform in the NH not considering the Bay

of Bengal and the Arabian Sea basins separately. These two
basins have different physical characteristics (specifically in
salinity) that result in the phase speed differences between
NH and SH.

5. Conclusions

[17] A global version of the Hybrid Coordinated Occan
Model (HYCOM) is used to investigate if Rossby waves
can be seen in sea surface salinity (SSS) in the Indian
Occan. As of this writing, this question has not been
addressed due to temporally and spatially sparse observa-
tions of SSS. Our analysis of HYCOM SSS shows that
realistic Rossby wave signals can be observed in SSS
throughout the Indian Ocean. Not only do the speeds of
the signals match well to the Killworth and Blundell [2003a,
2003b] theoretical speeds, but they also compared very well
with previous work on the Indian Ocean [Perigaud and
Delecluse, 1992; Morrow and Birol, 1998; Subrahmanyam
et al., 2001].

[18] In the future we hope the SMOS and Aquarius
salinity missions will help us to identify and detect these
Rossby waves more easily, although it may be a bit of a
challenge, depending on whether these satellite measure-
ments can identify any small-scale salinity gradients. In
future studies, we plan to investigate further the dynamical
processes by which Rossby waves affect SSS. These pro-
cesses will be examined using satellite derived parameters
such as SSH, SST, ocean color, along with results from
HYCOM.
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