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Interannual coupled Rossby waves in the extratropical Indian Ocean propagate west-
ward in covarying pycnocline depth, sea surface temperature, and meridional sur-
face wind anomalies from the west coast of Australia between 15°S and 35°S, taking
3–4 years to transit the interior ocean to Madagascar. In the interior subtropical gyre,
where the tuna longline catch (TLC) mainly concerns two species (albacore and bigeye),
these waves have been observed to affect year-to-year changes in catch, with wave
crests (troughs) in the main pycnocline associated with high (low) TLC anomalies.
This suggested that tuna longline catch is associated with the entrainment of nutri-
ent-rich pycnocline water into the photic zone and a subsequent increase in primary
productivity there. Here, this hypothesis is examined within the context of SeaWiFS
chlorophyll concentration (CC). We find the situation the opposite of that expected,
with wave crests (troughs) in the main pycnocline associated with low (high) CC
anomalies averaged over the photic zone. These results are shown to be consistent
with a model relating the anomalous CC tendency to upper-layer divergence in the
wave, not unlike that relating surface slicks to upper-layer divergence in internal
gravity waves. Thus, the connection between interannual coupled Rossby waves and
TLC in the interior subtropical gyre does not appear to derive from wave-induced
modulation of the pelagic food web.

tendency is driven by anomalous meridional heat
advection by the geostrophic flows of the coupled Rossby
wave and SST anomalies are dissipated by an anomalous
SST-induced sensible-plus-latent heat flux to the atmos-
phere. The latter relationship is consistent with the lower
troposphere thermal and vorticity balances, wherein the
warm SST-induced sensible-plus-latent heat flux anoma-
lies convectively drive anomalous low-level convergence,
the latter balanced by the anomalous meridional advection
of planetary vorticity to yield poleward MSW anomalies
(White and Chen, 2002). This covariance between warm
SST and poleward MSW anomalies has been found in
other instances of coupled Rossby waves observed over
the extra-tropical ocean (White et al., 1998; White, 2000b,
2001; White and Annis, 2003). In the present study, we
find these interannual coupled Rossby waves in covarying
SLH, SST, and MSW anomalies also fluctuating in phase
with the anomalous chlorophyll concentrations (CC) from
the satellite-born Sea-Viewing Wide-Field of View Sen-
sor (SeaWiFS).

1.  Introduction
White (2000a) recently found interannual coupled

Rossby waves propagating westward across the extra-
tropical Indian Ocean from 15° to 35°S in TOPEX-
Poseidon sea level height (SLH) and National Centers for
Environmental Prediction (NCEP) sea surface tempera-
ture (SST) and meridional surface wind (MSW) from 1993
to 1999. He found each variable propagating westward
in fixed phase with one another at speeds ranging from
0.03 to 0.07 m s–1 (less than for uncoupled Rossby waves),
taking 3–4 years to travel from Australia to Madagascar.
In these coupled Rossby waves, warm SST anomalies
overlie and are displaced to the west of high SLH anoma-
lies and poleward MSW anomalies overlie warm SST
anomalies. The former relationship is consistent with the
upper ocean thermal balance, wherein the anomalous SST
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Recently, Marsac et al. (2004) found interannual cou-
pled Rossby waves in the extratropical Indian Ocean ex-
erting a significant influence on year-to-year variability
in tuna longline catch (TLC) during autumn-winter (April
through August). In this domain, the species of tunas
caught with longline gear are albacore (Thunnus alalunga)
and bigeye (Thunnus obesus) tuna, with hooks set at
depths between 100 and 250 m in the upper part of the
main pycnocline just below the photic zone. In marine
ecosystems, these tunas are among the most efficient
predators at the top of the food chain, with very high en-
ergy requirements. Thus, they generally concentrate in
regions where the prey density is largest (Laurs et al.,
1984; Korsmeyer and Dewar, 2001). Marsac et al. (2004)
found year-to-year variability in TLC propagating west-
ward across the Indian Ocean in phase with interannual
coupled Rossby waves, with high TLC anomalies associ-
ated with low SLH and shallow pycnocline depth anoma-
lies. They proposed that shallow pycnocline depth anoma-
lies in the coupled Rossby waves produce a biological
enrichment of the surface well-mixed layer (and the photic
zone) that benefits the tunas, their prey, and presumably
other apex predators. The latter had been observed in
mesoscale Rossby waves, ranging from ~200 km wave-
length (Cipollini et al., 2001) to ~1000 km wavelength
(Mete Uz et al., 2001) for periods <6 months, wherein
shallow pycnocline depths are associated with larger chlo-
rophyll concentrations (CC’s).

In the present study we test the hypothesis of Marsac
et al. (2004) by examining the influence that interannual
coupled Rossby waves in the extratropical Indian Ocean
exert on primary productivity inferred from CC measured
remotely by SeaWiFS (e.g., Hooker and McClain, 2000).
We conduct this case study over the 4 years from 1998 to
2001, when SeaWiFS data was available. This 4-year
record allows one cycle of the interannual coupled Rossby
wave to be examined. We find these Rossby wave crests
(troughs) in the pycnocline associated with smaller
(larger) chlorophyll concentrations (CC), the opposite of
that found in mesoscale Rossby waves (Cipollini et al.,
2001; Mete Uz et al., 2001). Thus, the anomalous
upwelling arising from the propagation of the coupled
Rossby wave across the interior subtropical gyre does not
appear to transport (or entrain) nutrient-rich pycnocline
water into the photic zone. With this biological process
excluded from consideration, we examine the conserva-
tion of anomalous CC averaged over the photic zone, the
latter presumed to be confined to the surface well-mixed
layer. We find Rossby wave-induced divergence in the
photic zone generating an anomalous CC tendency that
is negative, as observed.

2.  Data and Methods
In this study we utilize six variables from four dif-

ferent sources. We utilize monthly SST and MSW from
NCEP and the National Center for Atmospheric Research
(NCAR) reanalysis (Kalnay et al., 1996) over the 9 years
from 1993 to 2001. Over the global ocean, the NCEP-
NCAR reanalysis incorporates the Comprehensive Ocean-
Atmosphere Data Set (COADS) surface marine weather
observations (Slutz et al., 1985; Woodruff et al., 1993)
the Reynolds’ SST data set (Reynolds and Marsico, 1993),
and atmospheric soundings from weather ships and sat-
ellites (Kalnay et al., 1996). These in situ and satellite
data are assimilated into the NCEP-NCAR reanalysis
model, made available monthly on a ~2° longitude-lati-
tude grid extending over the globe from 1950 to 2001.

We utilize monthly SLH data from the TOPEX-
Poseidon (T-P) satellite altimeter over the 9-year record
from 1993 to 2001. These SLH data are remotely sensed
along discrete ground tracks laid down by the satellite
over the global ocean, with tracks repeated every 10 days.
Subsequently, these track data are interpolated onto a 1°
latitude-longitude grid each month from 60°S to 60°N (Fu
et al., 1994).

We utilize monthly tuna longline catch (TLC) from
the extratropical Indian Ocean over the 6 years from 1993
to 1999, compiled by the Indian Ocean Tuna Commis-
sion (Marsac et al., 2004). The longline is one of the prin-
cipal gears used to catch tuna in the extratropical Indian
Ocean. This gear operates at depths ranging from 50 to
250 meters (Hanamoto, 1987; Mizuno et al., 1999) and
targets adult fish with sizes greater than 1.1 m. The data
set used here has TLC compiled each month over 5° lati-
tude by 5° longitude spatial blocks. However, not all
longline fishing activities are reported, thereby underes-
timating the total catch in the TLC dataset. Moreover,
year-to-year variability in TLC represents not only
changes in local concentration but also in its catchability
by longline gear. Thus, we remain cautious in the inter-
pretation of results.

We utilize the monthly chlorophyll concentrations
(CC) measured by the satellite-born SeaWiFS for the 4
years from 1998 to 2001 (e.g., Hooker and McClain,
2000). The SeaWiFS was designed to monitor the color
of the ocean, the latter providing the means to estimate
the chlorophyll concentration (in mg m–3) and primary
productivity in the upper ocean. Since the extinction depth
of visible light is near 30 m in the open ocean, SeaWiFS
estimates CC anomalies averaged over most of the photic
zone down to ~100 m depth. This photic zone is confined
to the well-mixed layer extending from the sea surface to
the top of the main pycnocline during most of autumn,
winter, and spring.

We also utilize the 18°C isotherm depth (Z18) con-
structed each month over the Indian Ocean from 1993 to
2001 using the Scripps Institution of Oceanography (SIO)
upper ocean temperature reanalysis (White, 1995; White
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et al., 2001). The SIO reanalysis is based on all tempera-
ture profiles available at the National Oceanographic Data
Center (NODC) (Levitus et al., 1998a, b), interpolated
onto a 2° latitude by 5° longitude grid over most of the
global ocean (i.e., from 30°S to 60°N). The interpolation
scheme utilizes the spatial covariance structure of upper
ocean temperature variability to weight the data surround-
ing each grid point (White, 1995).

Prior to analysis, we interpolate the six variables onto
the 2° latitude by 5° longitude grid of the Z18 data,
centered at the middle of each month. Next, we computed
long-term monthly means at each grid point over the 6-
year record from 1993 to 1999 for the SLH, SST, Z18,
and TLC variables, and over the 4-year record from 1998
to 2001 for the SLH, SST, Z18, and CC variables. Subse-
quently, we subtracted monthly long-term means to pro-
duce anomalies about the seasonal cycle.

Next, we low-pass filter the time sequences of
monthly anomalies with a half-power point at 3 years,
allowing us to focus on the interannual variability in these
records (Kaylor, 1977). Prior to low-pass filtering, we ap-
plied maximum entropy spectral analysis (Andersen,
1974) to reduce loss of data at the ends of each time se-
quence due to filtering, and to preserve the integrity of
the filter response. Thus, maximum entropy spectral co-
efficients were used to extend the time sequences by an
amount equal to half the filter width on both ends of the
record. This extension allows the half-power point crite-
rion to be preserved in the response function, and it al-
lows over half the variance of each signal at the end points
to be faithfully represented (White, 2000a).

3. Interannual Coupled Rossby Waves in the Indian
Ocean
The animation sequences of maps for interannual

SLH, SST, and MSW anomalies extending across the In-
dian Ocean (0° to 34°S) for the 6 years from January 1993
to January 1999 (Fig. 1) display westward phase propa-
gation in all three variables over most of the record, with
variables better aligned after January 1994 than before.
The wave crests and troughs exhibited in each variable
are aligned in the northwest-southeast direction so that
wavenumber vectors (normal to the crests and troughs)
are directed westward and poleward. After 1995 the am-
plitudes of all three variables became more robust and
better aligned with one another (that is, better coupled)
than previously. The phase relationships between vari-
ables can be ascertained from the dashed reference lines
(Fig. 1). Along this line, warm (cool) SST anomalies can
be seen overlying high (low) SLH anomalies, and
poleward (equatorward) MSW anomalies can be seen
overlying warm (cool) SST anomalies. These phase rela-
tionships are consistent with those determined from co-
herence and phase analysis (White, 2000a). The slope of

Fig. 1.  Animation sequence of maps for interannual SLH, SST,
and MSW anomalies over the Indian Ocean (0° to 34°S,
30°E to 130°E), displayed every 6 months from January
1993 to January 1999. Positive (negative) SLH and SST
anomalies and poleward (equatorward) MSW anomalies
range from yellow to red (blue to purple) colors with con-
tour intervals of 2.5 cm for SLH anomalies, 0.05°C for SST
anomalies, and 0.05 m s–1 for MSW anomalies. Dashed lines
repeated in each animation sequence, connecting dots near
25°S, provide a reference. The sense of propagation comes
from following anomalies of similar sign from one map to
the next in each animation sequence of maps.

the dashed reference line yields a westward phase speed
of –0.04 ± 0.01 m s–1 near 28°S.

These animation sequences reveal three important
aspects of coupled Rossby waves in the extratropical In-
dian Ocean on interannual timescales. First, they are cou-
pled more intensely during the later 2/3 of the 6-year
record than during the earlier 1/3, as evidenced by the
better alignment of the three variables and their higher
amplitudes after mid-1994 (Fig. 1). This indicates that
the coupling of the Rossby waves with the overlying at-
mosphere can be intermittent, more intense during some
epochs than others for reasons which are not understood.
This can be expected to produce epochal changes in phase
speed as well. Second, these coupled Rossby waves can
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be seen originating at the eastern boundary along the west
coasts of Indonesia and Australia, where they appear to
be pumped by the anomalous MSW along these coasts,
as observed along the west coast of North America (White
and Saur, 1983). Third, once formed at the eastern bound-
ary, these Rossby wave propagate westward together with
the MSW anomalies in the overlying atmosphere. The
maintenance of amplitude as the coupled Rossby wave
propagates westward from the eastern boundary is a con-
sequence of an instability in the coupled wave, allowing
growth to balance dissipation in the wave (White and
Annis, 2003). Recently, Potemra (2001) found interannual
Rossby waves emanating from the northwest coast of
Australia stemming from Kelvin waves propagating
poleward from the equator, driven by zonal winds in the
western equatorial Pacific Ocean. It remains to be deter-
mined whether the interannual MSW anomalies along the
boundary are instigated by Kelvin wave-induced coastal
upwelling/downwelling.

4. Statistics of Tuna Longline Catch and Chlorophyll
Concentration
We begin by displaying the distribution of mean TLC

and CC, and the RMS of the interannual TLC and CC
anomalies over the extra-tropical Indian Ocean, the former

computed over the 6 years from 1993 to 1999 and the
latter computed over the 4 years from 1998 to 2001 (Fig.
2). The sources of these two data sets allow these statis-
tics to overlap by only one year. The distribution of mean
TLC is maximum near 32°S (Fig. 2(a)), but this maxi-
mum runs parallel to the gyre’s poleward and eastward
limbs as defined by the horizontal distribution of mean
pycnocline density (Peixoto and Oort, 1992, p. 193). This
is consistent with the report by Laurs et al. (1984), who
found tuna to be visual feeders, hunting their prey in the
clear water of the interior subtropical gyre but near fronts
where prey is concentrated. Presumably, the presence of
tuna prey is enhanced by increased primary productivity
in the photic zone, with energy transferred from first to
intermediate levels in the food web. Thus, it comes as no
surprise to find the distribution of maximum mean TLC
(Fig. 2(a)) aligned parallel to the interior edge of maxi-
mum mean CC along the poleward and eastward limbs of
the subtropical gyre (Fig. 2(b)). The RMS of both
interannual TLC and CC anomalies (Figs. 2(c) and (d))
can be seen to overlay the mean TLC and CC, respec-
tively. This relationship is consistent with interannual
anomalies arising from the anomalous horizontal
advection and/or the anomalous divergences/conver-
gences in the mean state.

5. Influence of Interannual Coupled Rossby Waves
on Tuna Longline Catch
Now we introduce our plotted animation sequences

of maps for interannual SLH, Z18, and TLC anomalies
across the Indian Ocean (20°S to 40°S) for the 6 years
from June 1993 to June 1999 (Fig. 3). This figure dis-
plays westward phase propagation of the coupled Rossby
wave in all three variables over most of the record, the
waves initiated at the west coast of Australia and taking
3 to 4 years to transit the Indian Ocean. The phase rela-
tionships among the three variables can be discerned
qualitatively by the dashed reference lines repeated in
each animation sequence (Fig. 3). Along these dashed
lines, low SLH anomalies can be seen aligned with or
displaced to the west of shallow Z18 anomalies, with high
TLC anomalies generally overlying shallow Z18 anoma-
lies.

To confirm quantitatively the zonal phase relation-
ships among the three variables, we plot time-longitude
diagrams of interannual SLH, Z18, and TLC anomalies
from 70°E to 110°E along 28°S for the 6 years from 1993
to 1999 (Fig. 4(a)). The sloping black line, repeated in
each diagram, is aligned with the coupled Rossby wave
trough in Z18 anomaly, which usually corresponds to a
crest in SLH anomaly (see Section 7 below). It yields a
westward phase speed of –0.03 ± 0.01 m s–1, the same as
for the sloping dashed line in Fig. 3. Using this sloping
black line as a reference, we observe high TLC anoma-

Fig. 2.  Distributions of mean TLC (a) and CC (b) over the
Indian Ocean, together with those of their interannual RMS
variability ((c) and (d), respectively). The mean and RMS
variability of TLC is computed over the 6 years from 1993
to 1999, while that for CC is computed over the 4 years
from 1998 to 2002. Hatching is for effect. Contours of mean
TLC and CC are 10 tons per year per 5° block and 0.05
mg m–3, respectively, while those for the RMS of interannual
TLC and CC anomalies are 5 tons per year per 5° block and
0.0025 mg m–3.
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6. Influence of Interannual Coupled Rossby Waves
on Chlorophyll Concentration
Next, we plot animation sequences of maps for

interannual SLH, Z18, and CC anomalies across the In-
dian Ocean (20°S to 40°S) for the 4 years from January
1998 to June 2001 (Fig. 5). This figure displays the west-
ward phase propagation of the coupled Rossby wave in
all three variables over the 4-year record, with waves ini-
tiated at the west coast of Australia and taking 3 to 4 years
to transit the Indian Ocean. The phase relationships be-
tween variables can be discerned qualitatively from the
sloping dashed reference line repeated in each animation
sequence (Fig. 5). Along these dashed lines, low SLH
anomalies can be seen overlying or displaced to the west
of shallow Z18 anomalies, with low CC anomalies gen-
erally overlying shallow Z18 anomalies.

To confirm quantitatively the phase relationships
among the three variables, we have plotted time-longi-
tude diagrams of interannual SLH, Z18, and CC anoma-

Animation Sequences of Interannual Anomalies
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Fig. 3.  Animation sequences of maps for interannual SLH, Z18,
and TLC anomalies over the subtropical gyre in the Indian
Ocean (20°S to 40°S, 50°E to 120°E), displayed every 6
months from June 1993 to June 1999. Positive (negative)
SLH, Z18, and TLC anomalies range from yellow to red
(blue to purple) colors, with contour intervals of 2.5 cm for
SLH anomalies, 1.0 m for Z18 anomalies, and 5 tons per
year per 5° block for TLC anomalies. Dashed lines are re-
peated in each animation sequence, connecting the dots near
28°S and providing a reference. The sense of propagation
comes from following anomalies of similar sign from one
map to the next in each animation sequence of maps.

Fig. 4.  (a) Time-longitude diagrams of interannual SLH, Z18
and TLC anomalies across the Indian Ocean from 70°E to
110°E at 28°S from 1963 to 1999. Positive (negative)
anomalies are unshaded (shaded). Sloping dashed lines re-
peated in each diagram allow the alignment of westward
phase propagation among the 3 variables to be realized.
Contours intervals for SLH, Z18, and TLC anomalies are 2
cm, 2 m and 10 tons per year per 5° block. (b) Zonal-lag
cross-correlations between Z18 and SLH anomalies and
between Z18 and TLC anomalies, with 90% confidence lim-
its given by the horizontal dashed lines for 6 effective de-
grees of freedom respectively (Snedecor and Cochran,
1980).

lies propagating westward together with shallow Z18
anomalies, with low SLH anomalies occurring directly
over shallow Z18 anomalies east of 90°E, but displaced
nearly 90° of phase west of 95°E. This is confirmed by
the zonal-lag cross-correlation between interannual Z18
anomalies and interannual SLH and TLC anomalies (Fig.
4(b)). This alignment of high TLC anomalies with shal-
low Z18 anomalies in these interannual coupled Rossby
wave is consistent with that observed by Marsac et al.
(2004).
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lies from 60°E to 110°E along 28°S for the 4 years from
January 1998 to December 2001 (Fig. 6(a)). The sloping
black line, repeated in each diagram, is aligned with the
Rossby wave trough in Z18 anomaly. This yields a west-
ward zonal phase speed of –0.04 ± 0.01 m s–1, the same
as for the sloping dashed line in Fig. 5. Using this slop-
ing black line as a reference, we observe low CC anoma-
lies propagating westward together with shallow Z18
anomalies, with low SLH anomalies aligned with shal-
low Z18 anomalies. This is confirmed by the zonal-lag
cross-correlation between interannual Z18 anomalies and
interannual SLH and CC anomalies (Fig. 6(b)). This re-
lationship between Z18 and CC anomalies is the oppo-

site of that observed in both small and large mesoscale
Rossby waves of intra-annual period (Cipollini et al.,
2001; Mete Uz et al., 2001). This indicates that the proc-
ess of upwelling and/or entrainment of nutrient-rich
pycnocline water into the surface well-mixed layer above
interannual Rossby wave crests does not operate in the
interior subtropical gyre of the Indian Ocean.

7. Vertical Section of Interannual Coupled Rossby
Wave Propagation
To determine the vertical depth scale of the

interannual Rossby waves propagating westward in the
main pycnocline of the extratropical Indian Ocean, we
have constructed an animation sequence of vertical sec-
tions of interannual upper ocean temperature anomalies
for the 8 years from June 1993 to June 2001 (Fig. 7). In
this animation sequence, each section extends vertically
from the sea surface to 400 m depth and zonally from
60°E to 110°E. The upper ocean temperature anomalies
are meridionally averaged from 24°S to 28°S in order to

JAN
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JAN
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JAN
2000

JAN
2001

Animation Sequences of Interannual Anomalies

SLH Z18 CC

-12 -6 0 6 12 -6 -3 0 3 6 -0.01 -0.005 0.00 0.005 0.01

Fig. 5.  Animation sequence of maps for interannual SLH, Z18,
and CC anomalies over the subtropical gyre in the Indian
Ocean (20°S to 40°S, 60°E to 120°E), displayed every 6
months from January 1998 to June 2001. Positive (nega-
tive) SLH, Z18, and CC anomalies range from yellow to
red (blue to purple) colors, with contour intervals of 3 cm
for SLH anomalies, 1 m for Z18 anomalies, and 0.0025
mg m–3 for CC anomalies. Dashed lines are repeated in each
animation sequence, connecting the dots near 28°S and pro-
viding a reference. The sense of propagation comes from
following anomalies of similar sign from one map to the
next in each animation sequence of maps.

Fig. 6.  (a) Time-longitude diagrams of interannual SLH, Z18
and CC anomalies across the Indian Ocean from 60°E to
110°E at 28°S from 1998 to 2002. Positive (negative)
anomalies are unshaded (shaded). Sloping dashed lines re-
peated in each diagram allow the alignment of westward
phase propagation among the 3 variables to be realized.
Contours intervals for SLH, Z18, and CC anomalies are 2.0
cm, 2 m, and 0.02 mg m–3. (b) Zonal-lag cross-correlations
between Z18 and SLH anomalies and between Z18 and CC
anomalies, with 90% confidence limits given by the hori-
zontal dashed lines for 6 effective degrees of freedom re-
spectively (Snedecor and Cochran, 1980).
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smooth the result .  This record length spans the
intercomparison of SLH, Z18, and TLC anomalies from
1993 to 1999 (Figs. 3 and 4) and the intercomparison of
SLH, Z18, and CC anomalies from 1998 to 2001 (Figs. 5
and 6).

In this animation sequence we find the Rossby waves
in interannual upper ocean temperature anomalies propa-
gating westward from the west coast of Australia, taking
3-to-4 years to transit the section, consistent with the
waves displayed in Figs. 3 and 5. The wave propagation
can be seen to occur near 100 m depth at 110°E, extend-

ing from 100 to 300 m at 85°E, and extending from 100
to 400 m at 60°E. Superimposed on this propagation is a
standing wave component of upper ocean temperature
variability in the upper 100 m near the middle of the sec-
tion, which was quite intense during the first half of the
record but much weaker during the second half. The later
conditions allowed the Rossby wave propagation at mid-
depth to be recognized more easily.

Earlier, we found the zonal phase lag between SLH
and Z18 anomalies from 1993 to 1999 (Fig. 4(b)) to be
different from that observed from 1998 to 2002 (Fig. 6(b)),

Fig. 7.  Animation sequence of the vertical section of interannual
temperature anomalies for 8-years from 1993 to 2001, each
vertical section extending from the surface to 400 m depth
and zonally along 28°N from 60°E to 110°E. Positive (nega-
tive) temperature anomalies range from yellow to red (blue
to purple) colors, with contour intervals of 0.2°C cm. The
sense of propagation comes from following anomalies of
similar sign from one section to the next in the animation
sequence.

Africa Australia

Southern Hemisphere

coupled Rossby wave travels westward

Fig. 8.  Schematic diagram illustrating the influence that cou-
pled Rossby waves have on chlorophyll concentrations (CC)
in the interior subtropical gyre of the Indian Ocean, where
horizontal mean CC gradients are weak but vertical mean
CC gradients are robust. The Rossby wave travels westward
in the negative x-direction, with a crest in sea level height
(i.e., the red line at the sea surface) associated with a trough
in pycnocline depth (the red lines in the main pycnocline).
The Rossby wave is an internal wave in the main pycnocline,
with sea level height anomalies responding to changes in
the thickness of upper layer of uniform density. The hori-
zontal and vertical flow vectors indicate the relatively weak
divergent flows of the Rossby wave. The vertical velocity
is maximum at the top of the main pycnocline and decreases
linearly to zero at the sea surface. The anomalous CC ten-
dency, ∂CC′/∂t, occurs at the same longitude as the anoma-
lous pycnocline depth tendency, ∂h′ /∂t, as a consequence
of the anomalous vertical advection of the mean CC, the
latter maximum at the sea surface and decreasing
exponentially with depth. This upper-layer divergent (con-
vergent) motion is balanced by correspondingly weaker
convergent (divergent) motion spread over the main
pycnocline, diminishing into the deep ocean below.
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with the 90° phase difference west of 90°E during the
earlier period disappearing after 1997. From inspection
of the animation sequence of anomalous upper ocean tem-
perature sections (Fig. 7), this secular change can be ex-
plained in the following way. Interannual SLH anoma-
lies are mostly thermosteric, arising from temperature
anomalies integrated over the column. The latter has two
principal sources: (1) vertical displacements in the main
pycnocline from baroclinic Rossby waves (i.e., effecting
adiabatic thermosteric changes in SLH); and (2) heat stor-
age changes in the upper layer accompanying SST anoma-
lies (i.e., effecting diabatic thermosteric changes in SLH).
In the upper ocean west of 90°E (Fig. 7), we find the in-
tense standing wave component of upper ocean tempera-
ture anomaly during the first half of the record contribut-
ing more to the thermosteric SLH anomalies than do the
pycnocline temperature anomalies arising from the
Rossby wave propagation at mid-level. Thus, SLH anoma-
lies are decoupled from the Z18 anomalies over the west-
ern ocean during the first half of the record. But during
the second half of the record they mimic the behavior of
Z18 anomalies.

8. Conserving Chlorophyll Concentration in the
Presence of Interannual Coupled Rossby Waves
Now we consider the conservation equation for

anomalous chlorophyll concentration in the upper layer
of the ocean within the context of interannual coupled
Rossby waves in the absence of biological sources and
sinks i.e.:

∂CC′ /∂t = –VH·(∇ HCC′) – VH′ ·(∇ HCC) + w′(CC/H), (1)

where CC and CC′  are the mean and anomalous chloro-
phyll concentration (mg m–3) averaged over the upper
layer, respectively; and VH and VH′  are the mean and
anomalous horizontal velocity vectors averaged over the
upper layer, respectively; and w′  is the anomalous verti-
cal velocity averaged over the upper layer (i.e., w′  =
0.5∂h′/∂t) arising from the propagation of the interannual
Rossby wave in the main pycnocline below, as illustrated
in the schematic diagram (Fig. 8). In the upper layer, the
vertical velocity is maximum at the top of the pycnocline
(i.e., ∂h′/∂t), positive downward, decreasing to zero at
the sea surface, associated with anomalous divergence in
the upper layer (i.e., ∂h′ /∂t = –H∇ ·VH′). While SeaWiFS
measures the average CC in the photic zone, the mean
CC has a vertical profile that is maximum near the sea
surface and decreases exponentially with depth, as illus-
trated in Fig. 8. This profile follows the extinction of vis-
ible sunlight with depth (Parsons et al., 1990, p. 94). It
yields a vertical gradient of mean CC in the upper layer
that is scaled as (2CC/H). Thus, the CC′  tendency on the
left-hand-side of Eq. (1) is balanced on the right-hand-

side by the sum of the mean horizontal advection of CC−
by VH, the residual horizontal advection of CC by VH′ ,
and the residual vertical advection of CC by w′ , with the
mean vertical velocity assumed to be zero throughout the
column.

We have ignored biological sources and sinks of the
CC′  tendency in Eq. (1), allowing CC′  to be treated as a
conserved quantity. A source/sink term could have been
included, representing changes in primary productivity
occurring in response to the anomalous upwelling/
downwelling of nutrient-rich pycnocline water into the
upper layer through the passage of the interannual Rossby
wave. This would allow a growth term (KCC′) to be added
to the right-hand-side of Eq. (1), taking the form –K(CC/
H)h ′ , where h′  is the anomalous depth of the main
pycnocline and K–1 is the e-folding time scale for growth
in chlorophyll concentration. In this case, a Rossby wave
crest (i.e., h′  < 0) would produce a positive CC′  tendency
on the left-hand-side of Eq. (1) in response to the nutri-
ent-rich water penetrating into the upper layer. In the
coastal zone and near open ocean fronts, a biological
source/sink term of this kind is appropriate since
upwelling is known to transport nutrient-rich pycnocline
water into the upper layer (Parsons et al., 1990, p. 30).
Based on this conventional wisdom and its validation in
mesoscale Rossby waves of intra-annual period (Cipollini
et al., 2001; Mete Uz et al., 2001), Marsac et al. (2004)
proposed that the upwelling associated with interannual
Rossby waves in the interior subtropical gyre likewise
transports nutrient-rich pycnocline water into the upper
layer, providing the simplest explanation for the associa-
tion between positive (negative) TLC anomalies and
Rossby wave crests (troughs). However, the Marsac et
al. (2003) hypothesis in the interior subtropical gyre has
already been rejected by observing the association be-
tween negative (positive) CC′  and Rossby wave crests
(troughs) (Fig. 6). This means that vertical displacements
of the main pycnocline of ~5 m per year by the passage
of interannual Rossby waves across the interior subtropi-
cal gyre of the Indian Ocean are unable to transport (or
instigate the entrainment of) nutrient-rich pycnocline
water into the upper layer. Thus, we resort to explaining
the observed phase relationship between CC ′  and
pycnocline depth anomalies in purely dynamic terms (Eq.
(1)).

The conservation of vorticity in the upper layer of
the ocean on spatial scales much larger than the Rossby
radius of deformation yields the long Rossby wave equa-
tion (e.g., Pedlosky, 1987); i.e.,

βv′  = –f(∇ H·V′) = (f/H)∂h′ /∂t, (2)

where v′  is the anomalous meridional component of hori-
zontal velocity; β is the meridional gradient of Coriolis
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parameter (f), and h′  is the anomalous depth of the main
pycnocline, positive downward. This Rossby wave equa-
tion is not coupled to the atmosphere, nor does it need to
be for our present purposes. However, in future studies
the coupling may be found to have an impact on the con-
servation of CC′  in the upper layer of the ocean through
the turbulent exchange of heat and mechanical energy with
the atmosphere across the air-sea interface.

We now combine the two conservation equations
(i.e., Eqs. (1) and (2)), making a simplifying assumption
that ∇ H·CC ≈ ∂CC/∂y and VH ≈ 0 in the interior subtropi-
cal gyre. This yields

∂CC′ /∂t = v′[(f–1)∂f/∂y – (CC–1)∂CC/∂y](CC), (3)

where the CC′  tendency on the left-hand-side of Eq. (3)
is balanced on the right-hand-side by the sum of the
anomalous meridional advection of CC and the anoma-
lous meridional advection of planetary vorticity in the
presence of CC. Thus, the upper-layer meridional
geostrophic velocity component in the coupled Rossby
wave not only contributes to the CC′  tendency through
anomalous meridional advection of the background gra-
dient of CC, but also through the anomalous convergence/
divergence in the upper layer in the presence of the expo-
nential profile of CC with depth (Fig. 8).

When we substitute a wave form (i.e., exp(i(kx – σt)))
for CC′  and h′  into Eq. (3), where v′  = (g′ /f)∂h′ /∂x, this
allows the amplitudes of the waves (CCO′  and hO′) to be
related; i.e.,

CCO′  = –[(CC)[(f–1)∂f/∂y – (CC–1)∂CC/∂y](g′/f)(k/σ)]hO′ .
(4)

Because f < 0 in the southern hemisphere, ∂CC/∂y < 0 in
the interior subtropical gyre, and (k/σ) < 0 for westward
propagating Rossby waves, the two terms in brackets on
the right-hand side of Eq. (4) are of opposite sign, tend-
ing to cancel. Thus, where the divergence term (i.e.,
(f–1)∂f/∂y) dominates on the right-hand side of Eq. (4),
CCO′  and hO′  fluctuates in phase with one another. But
where the advection term (i.e., (CC–1)∂CC/∂y) dominates,
CCO′  and hO′  fluctuate out of phase with one another.

We compute the coefficient linking CCO′  and hO′  in
Eq. (4) (i .e. ,  –f–1∂f/∂y + CC–1∂CC/∂y)) over the
extratropical Indian Ocean from 20°S to 40°S (Fig. 9(a))
based on the distribution of CC already displayed (Fig.
2(b)). This distribution shows the linking coefficient to
be positive (i.e., (f–1)∂f/∂y > (CC–1)∂CC/∂y) over most
of the interior subtropical gyre, including along most of
the 28°S section except near the middle of the gyre. On
the other hand, near the poleward limb of the subtropical
gyre at 36°S the linking coefficient is negative (i.e.,
(CC–1)∂CC/∂y > (f–1)∂f/∂y). We test this result by exam-

ining time-longitude diagrams of interannual CC and SLH
anomalies, the latter acting as a surrogate for Z18 anoma-
lies from 1998 to 2002 along both 28°S and 36°S in the
Indian Ocean (Fig. 9(b)). These time-longitude diagrams
and corresponding zonal-lag cross-correlations (Fig. 9(c))
show interannual CC and SLH anomalies cross-correlated
positively in the interior subtropical gyre (where the link-
ing coefficient is positive) and cross-correlated negatively
near the poleward limb of the subtropical gyre (where
the linking coefficient is negative), as expected from Eq.
(4).

9.  Discussion and Conclusions
We have found interannual coupled Rossby waves

propagating westward across the extratropical the Indian
Ocean over the 9 years from 1993 to 2001. These waves

Fig. 9.  (a) Distribution of the linking coefficient (i.e., –(f–1∂f/
∂y – CC–1∂CC/∂y)) in Eq. (4) over the subtropical gyre of
the Indian Ocean from 20°S to 40°S and 50°E to 120°E,
with a contour interval of 0.25 × 10–6 m–1. Positive (nega-
tive) estimates are unshaded (shaded). (b) Time-longitude
diagrams of interannual SLH and CC anomalies across the
Indian Ocean from 60°E to 110°E at 28°S (left) and 36°S
(right) from 1998 to 2002. Positive (negative) anomalies
are unshaded (shaded). SLH (CC) anomalies are in units of
cm (mg/m–3). (c) Zonal-lag cross-correlations between SLH
and CC anomalies at 28°S (left) and 36°S (right), with 90%
confidence limits given by the horizontal dashed lines for 6
effective degrees of freedom respectively (Snedecor and
Cochran, 1980).
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emanate from the west coast of Australia, taking 3-to-4
years to transit the interior ocean to the longitude of Mada-
gascar. In the interior subtropical gyre, we find these cou-
pled Rossby waves influencing year-to-year changes in
tuna longline catch, with Rossby wave crests (troughs) in
the main pycnocline associated with high (low) catch
anomalies, as observed by Marsac et al. (2004). Earlier,
Marsac et al. (2004) proposed that this relationship stems
from the transport of nutrient-rich pycnocline water into
the upper layer through anomalous upwelling introduced
by the passage of interannual Rossby waves in the main
pycnocline. They expected to find shallow (deep)
pycnocline depth anomalies associated with more (less)
primary productivity (or chlorophyll concentration), as
observed already in mesoscale Rossby waves of intra-
annual period by Cipollini et al. (2001) and Mete Uz et
al. (2001). This hypothesis was predicated on the basis
of the belief that greater TLC should coincide with en-
hancement of the pelagic food web.

We tested the Marsac et al. (2004) hypothesis by ex-
amining year-to-year changes in chlorophyll concen-
tration in the context of these interannual coupled Rossby
waves. Unfortunately, we did not have CC and TLC
datasets overlapping to any significant degree, so we could
only link the two variables to SLH and Z18 anomalies
over their respective periods of availability; i.e., 1993 to
1999 for TLC and 1998 to 2002 for CC. During the latter
epoch, positive (negative) CC anomalies in the upper layer
were associated with Rossby wave troughs (crests) in the
main pycnocline, the opposite of that observed in Rossby
waves by Cipollini et al. (2001) and Mete Uz et al. (2001).
Thus, we were left to explain the observed phase rela-
tionship between CC and pycnocline depth anomalies in
purely dynamic terms, neglecting the biological sources/
sinks of primary productivity.

So we proposed a purely dynamical model to explain
how interannual coupled Rossby wave crests and troughs
in the main pycnocline generate weak and strong
interannual CC anomalies, respectively, in the surface
well-mixed layer. We examined the theoretical CC budget
of the upper ocean in the absence of sources and sinks.
We found it driven principally by anomalous meridional
advection of the background meridional CC gradient by
the anomalous geostrophic flow of the Rossby waves and
by the anomalous vertical advection of the mean vertical
CC gradient in the photic zone associated with anoma-
lous divergence and convergence in the upper layer ac-
companying the coupled Rossby waves. We found the
anomalous vertical advection dominating in the interior
subtropical gyre where the mean meridional CC gradi-
ents are relatively weak and the mean vertical CC gradi-
ents are assumed to be relatively strong. This mechanism
produces the observed phase relationship between cou-
pled Rossby wave crests and troughs in the main

pycnocline, and weak and strong CC anomalies, respec-
tively, in the surface well-mixed layer above it. The
behavior of this mechanism is analogous to that of pro-
ducing surface slicks in response to divergences and con-
vergences of internal gravity waves in the near-shore en-
vironment. On the other hand, we found the anomalous
meridional geostrophic advection dominating near the
poleward limb of the subtropical gyre where the mean
meridional CC gradients are relatively strong. The latter
mechanism produces the observed phase relationship be-
tween coupled Rossby wave crests and troughs in the main
pycnocline and strong and weak CC anomalies, respec-
tively. This latter phase relationship is the same as that
observed in mesoscale Rossby waves by Cipollini et al.
(2001) and Mete Uz et al. (2001), but it may occur for
different reasons.

To test this model, we computed the coefficient link-
ing CC and SLH anomalies in the model budget, finding
the linking coefficients to be positive over most of the
interior subtropical gyre and negative over the poleward
limb of the subtropical gyre. Next, we constructed time-
longitude diagrams of interannual SLH and CC anoma-
lies over these positive and negative linking coefficients.
Indeed, we found the observed phase relationship between
SLH and CC anomalies to be positive (negative) where
the linking coefficients are positive (negative). This pro-
vided an explanation for the influence that interannual
coupled Rossby waves exert on chlorophyll concentra-
tion in the two sub-regions of the subtropical gyre. In the
interior subtropical gyre, Rossby wave divergence domi-
nates, increasing (decreasing) the chlorophyll concentra-
tion over deep (shallow) pycnocline depth anomalies.
Near the poleward limb of the subtropical gyre, Rossby
wave geostrophic advection dominates, increasing (de-
creasing) the chlorophyll concentration over shallow
(deep) pycnocline depth anomalies.

The interannual variability in TLC in the interior
subtropical gyre of the Indian Ocean occurs below the
photic zone in the main pycnocline at depths of 100 to
250 m, with year-to-year variability occurring out of phase
with CC in the photic zone. This result indicates that the
connection between Rossby waves and tuna longline catch
observed in the interior subtropical gyre by Marsac et al.
(2003) does not derive from some simple wave-induced
modulation of the pelagic food web.
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