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Pacific Ocean. Behind the leading edge, counterclockwise and clockwise vortices were generated
at the equator and at 15°S, respectively, at around
120°E. The clockwise vortex northwest of Australia corresponded well with a real tropical
cyclone named Isobel. The 7-km grid run successfully predicted this tropical cyclone at the
proper location and time, even after the integration
continued for more than 2 weeks.
On 2 January 2007, a smaller cloud system was
simulated at around 105°E in association with a
clockwise vortex (Fig. 4B). This clockwise vortex
near the south end of Sumatra originated from a
tropical depression–type (TD-type) disturbance
(21), which changed its direction from westward
to eastward west of 90°E around 29 December 2006
(Fig. 3, C and D). As the negative-vorticity region
proceeded eastward, a rainband system began to
grow around 130°E, traveled to the northwest of
New Guinea, and developed into a mature system
at around 148°E on 6 January 2007 (Fig. 4D).
Around 6 January 2007, a large amount of moisture northeast of New Guinea provided suitable
atmospheric conditions for the growth of cloud
systems (Fig. 4C). Moisture was transported mainly
from the central Pacific, where the SST was as
warm as in the western Pacific because of an El
Niño event (fig. S3). The eastward-propagating
rainband system brought low-level cool air into
the South Pacific Convergence Zone (fig. S2), and
the convective center of the MJO shifted from the
maritime continents to the Pacific Ocean. Rainband systems northeast of New Guinea were also
observed in the other MJO events during TOGACOARE IOP (Tropical Ocean Global Atmosphere–
Coupled Ocean Atmosphere Response Experiment,
Intensive Observation Period) from November
1992 to February 1993 (22, 23).
Overall, the 7-km grid run realistically reproduced the slow eastward migration of the
MJO from the Indian to the Pacific Ocean. However, some features could have caused errors in
the movement speed of the MJO. The 7-km grid
run failed to simulate individual clouds correctly
during the month-long integration. The zonal
wind velocity tended to be overestimated over
the tropics, and the effect of the overvalued surface precipitation might result in inaccuracy in
the estimated amount of latent heat release.
Despite these imperfections, the leading edge of
the active convective envelope was positioned
almost identically to that of observational data
sets after the integration of more than 3 weeks
on 6 January 2007. A possible explanation for
the good correspondence between the 7-km grid
run and observations is that the temporal evolution of the MJO is dominated by large-scale
systems that the 7-km grid can resolve sufficiently. As inferred from the results of resolutionsensitivity studies using cloud-resolving models
in limited domains (24, 25), GCRMs probably
have the ability to respond to a given large-scale
forcing and restore statistical equilibrium states in
a realistic time scale, even if a coarse horizontal
resolution is used.

Our results demonstrate the potential ability
of GCRMs to make month-long MJO predictions when they run with realistic initial conditions. The principal factors governing the realistic
eastward migration of the MJO were the interference of preceding rainband systems from New
Guinea and drier air over an area with a relatively cool SST, an eastward-propagating signal that
originated from a TD-type disturbance, and abundant moisture supply from the east, probably in
association with a westward-propagating disturbance. These results support the hypothesis
derived from analyses of the TRMM (Tropical
Rainfall Measuring Mission) data, which showed
that a group of eastward-propagating Kelvin
waves and their interaction with westwardpropagating equatorial Rossby waves play a crucial role in MJOs (26); and they emphasize the
influence of topography and the zonal SST
gradient on the MJO.
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Using the new Argo array of profiling floats that gives unprecedented space-time coverage of
the upper 2000 meters of the global ocean, we present definitive evidence of a deep tropical ocean
component of the Madden-Julian Oscillation (MJO). The surface wind stress anomalies associated
with the MJO force eastward-propagating oceanic equatorial Kelvin waves that extend downward
to 1500 meters. The amplitude of the deep ocean anomalies is up to six times the amplitude
of the observed annual cycle. This deep ocean sink of energy input from the wind is potentially
important for understanding phenomena such as El Niño–Southern Oscillation and for interpreting
deep ocean measurements made from ships.
he Madden-Julian Oscillation (MJO) (1–3)
is characterized by large-scale (1000 km
across) precipitation anomalies that propagate slowly eastward from the Indian Ocean to
the western Pacific. The lifetime of an individual MJO event is between 30 and 60 days.
Dynamically, the MJO can be interpreted as a
moist atmospheric Kelvin-Rossby wave in the
tropics (4) and a modified Rossby wave response
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propagating on the climatological basic state in
the extratropics (5). The MJO is thermodynamically coupled with the upper layers of the tropical
1
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Fig. 3. Latitude-depth
section of weekly mean
Argo temperature anomaly at 140°W on 21
January 2004. Contours
are at ±0.15°, 0.35°, and
1.5°C (see scale bar).
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scends to 2000 m, ascends to the surface,
measuring a vertical profile of temperature and
salinity, then descends again to its parking depth.
Argo data have already been used to study middepth circulation at high latitudes (22) and
seasonal temperature variation below the thermocline in the Pacific (23). The 10-day temporal
resolution provides a new opportunity to study
the spatial variability of the deep ocean on
intraseasonal time scales.
Here, we used Argo data to reveal the oceanic
component of the MJO downward into the deep
Pacific, in a case study of the December 2003–
February 2004 MJO event. Outgoing longwave
radiation (OLR) was used as a proxy for precipitation (24), as low values of OLR are indicative
of deep clouds and precipitation in the tropics. In
the uppermost panel of Fig. 1A, which shows the
Argo data for 10 December 2003, the positive
OLR anomalies over the western Pacific indicate
reduced precipitation (dry phase of MJO) with
easterly surface wind anomalies, and the negative
OLR anomalies over the eastern Indian Ocean
indicate enhanced precipitation (wet phase of
MJO) with equatorial westerly wind anomalies.
A further region of positive OLR anomalies over
the central Indian Ocean indicates the next dry
phase of the MJO. These precipitation anomalies
then propagate slowly eastward. The 56-day
period shown in Fig. 1A covers slightly more
than one full cycle of the MJO.
The MJO exerts a thermodynamical control
on the ocean mixed layer via changes to the
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surface shortwave and latent heat fluxes. Negative OLR anomalies imply more deep clouds, a
reduction in the downward surface shortwave
flux, and a cooling of the ocean surface. Intraseasonal latent heat flux (evaporation) anomalies
are mainly controlled by changes in the total
(climatological mean plus anomalous) surface
wind speed. West of the date line, westerly surface wind anomalies reinforce the mean westerlies there (Fig. 1A). The total wind speed will
increase, increasing evaporation from the ocean
surface and cooling it. East of the date line,
westerly anomalies partially cancel the mean
easterlies, reducing the total wind speed and
evaporation and providing a warming anomaly
to the ocean. The sea surface temperature (SST)
response to these changes in the surface fluxes
is lagged by approximately one-quarter of the
MJO cycle, or 1 to 2 weeks (6).
The surface shortwave and latent heat flux
anomalies lead to changes in the equatorial
western Pacific SST throughout this particular
MJO event, as clearly illustrated by the gridded
Argo temperature anomalies (24). Initially, the
positive SST anomalies in the equatorial western
Pacific on 10 December (Fig. 1B) are due to the
dry MJO phase and increased downward
surface shortwave flux, as well as the reduction
in evaporation and upward latent heat flux from
the anomalous easterlies weakening the total
wind speed, over the previous week. These flux
anomalies are still present on 10 December, and
a week later, on 17 December, there are still
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Indian and Pacific oceans (6–8). Anomalous surface fluxes of shortwave (solar) radiation due to
cloudiness changes, and latent heat due to
evaporation from the ocean surface through surface wind speed changes, both heat and cool the
ocean mixed layer by up to 1°C in a strong MJO
event (6).
In addition, oceanic equatorial Kelvin waves
in the central and eastern Pacific are forced by
MJO wind stress anomalies (9–12). A sequence
of MJO events can force a train of eastwardpropagating equatorial Kelvin waves along the
thermocline in the Pacific, which can trigger an
El Niño event (13, 14) such as the event of 1997–
1998 (15, 16). The MJO has a direct impact on
the ocean biosphere: The MJO-forced oceanic
Kelvin waves modulate the surface chlorophyll
concentration through vertical entrainment, with
implications for the fishing industry (17).
The upper tropical ocean component of the
MJO has been well documented (6–8), but the
data have not been available to examine whether
there is a deep tropical ocean component. The
deepest MJO-linked observations in the tropical
ocean—from the Tropical Atmosphere Ocean
(TAO) moored buoy network in the tropical
Pacific—extend down to only 500 m (9). A 50day oscillation has been observed in currents
down to 3000 m depth in the Indian Ocean,
consistent with a zonally propagating Rossby
wave (18), but these limited data have not been
linked to the MJO or any atmospheric surface
forcing. However, the MJO can influence the
deep ocean in high latitudes (19).
Therefore, it seems plausible that the MJO
may influence the deep ocean in the tropics, but
the limited hydrographic data that exist do not
have the temporal resolution necessary for an
analysis of intraseasonal variability. However,
this situation has begun to change because of
the advent of the Argo ocean observing system
(20). Argo floats have been deployed since 2000
and are at the core of current efforts to set up a
global ocean observing system (21). Today almost 3000 floats are operational, providing unprecedented global coverage of the world oceans.
Each float drifts at a typical parking depth of
1000 m for ~10 days. In ~2 hours, it then de-

Fig. 2. Longitude-time
section (Hovmöller diagram) of equatorial (averaged 5°S to 5°N) Argo
temperature anomaly at
the 850-dbar level. Contour interval is 0.05°C
(see scale bar). The thick
solid line indicates the
phase propagation of
the downwelling Kelvin
wave.

Depth (m)

Fig. 1 (opposite page). Weekly mean anomalies
(annual cycle subtracted) from 10 December
2003 to 4 February 2004 in the western Pacific.
(A) OLR. Shading interval is 20 W m−2 (see scale
bar); wind vectors are 1000 hPa. The length of
the vector arrows is proportional to the magnitude of the wind vector. The standard wind vector
in the lower left corner has magnitude 10 m s−1.
The zero climatological-mean zonal wind contour
is shown by a solid line. (B) Longitude-depth
sections of Argo temperature along the equator
(averaged 5°S to 5°N). Note the change of
vertical scale at 200 m. Contours are at ±0.05°,
0.15°, and 0.4°C (see scale bar). The depth of the
mean thermocline (20°C isotherm) is shown by
the thick line.
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positive SST anomalies over the western Pacific.
However, the wet phase of the MJO has now
moved over the western Pacific. The associated
reduction in the downward surface shortwave
flux, and the increased evaporation from
surface westerlies enhancing the mean winds,
lead to negative SST anomalies there from 24
December 2003 to 14 January 2004. When the
next dry phase of the MJO arrives around 7
January, the flux anomalies begin to change
sign and positive SST anomalies return from 28
January onward.
The SST anomalies in the equatorial western
Pacific that are consistent with thermodynamical
forcing by the surface flux anomalies extend
down through the mixed layer to about 50 m
depth (Fig. 1B). Below this depth, the new Argo
data set allows us to document the dynamical
ocean mechanisms that become important below
the mixed layer. On 10 December, the negative
SST anomalies between 100 and 200 m in the
western and central Pacific show an upwelling
oceanic equatorial Kelvin wave that has arisen
as a forced response to the surface easterly wind
stress anomalies above. With the arrival of the
wet phase of the MJO over the western Pacific
on 17 December, the associated surface westerly
anomalies (a “westerly wind burst”) begin to
force a downwelling oceanic equatorial Kelvin
wave, with a small region of positive SST anomalies at thermocline depth (180 m; thick line in
Fig. 1B) at 150°E. These positive and negative
temperature anomalies at the thermocline also
extend coherently downward into the deeper
ocean, to around 600 m.
By 24 December, the upwelling and downwelling Kelvin waves have propagated eastward
along the thermocline. The largest-amplitude
Argo temperature anomalies follow the thermocline, as this is the level of greatest vertical
temperature gradient. The coherent temperature
anomalies extend from the thermocline down to
1500 m, the deepest level of observations. From
31 December to 4 February, the upwelling and
downwelling Kelvin waves continue to propagate eastward and also extend downward to at
least 1200 m. The deep anomalies have a large
amplitude. The maximum anomaly observed at
600 m is 0.45°C (on 4 February at 105°W); at
850 m, the maximum anomaly is 0.25°C (on
28 January at 130°W). These are greater by a
factor of 3 to 6 than the amplitude of the annual cycle, which is 0.08° and 0.07°C at these
locations, respectively, as calculated from the
Argo data (24). Their amplitudes are also larger
than the predicted deep ocean Kelvin wave
response to intraseasonal wind forcing in an
ocean model (25).
When the next dry phase of the MJO arrives
over the western Pacific on 14 January (Fig. 1A),
its easterly surface wind stress anomalies force
another upwelling equatorial Kelvin wave. The
associated negative temperature anomalies then
propagate eastward along the thermocline and
extend down to 1300 m (Fig. 1B).
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The coherent eastward propagation of the
upwelling, downwelling, and second upwelling
phases of the deep Kelvin wave can be clearly
seen in Hovmöller diagrams of the temperature
anomalies in the deep ocean at 850 dbar (Fig. 2)
and in the thermocline at 150 dbar (fig. S1). The
average phase speed of the waves (slope of solid
lines in Fig. 2 and fig. S1) is c = 2.8 m s−1,
consistent with the typical observed phase speed
of first-internal-mode equatorial Kelvin waves
on the thermocline (12, 26). The vertical tilt of
the anomalies can clearly be seen in a comparison of the two Hovmöller diagrams; the
temperature anomalies in the thermocline (fig. S1)
lead those in the deep ocean (Fig. 2) by a quarter
cycle. The latitude-depth section of the temperature anomalies (Fig. 3) shows the characteristic
spatial structure of a theoretical equatorial Kelvin
wave. This has a maximum at the equator, then
decays toward the poles with a Gaussian structure, exp(–by2/2c), where y is distance northward
from the equator, and b = 2.3 × 10−11 m−1 s−1 is
the latitudinal gradient of planetary vorticity.
Using the observed value of c = 2.8 m s−1, we
find that the latitudinal trapping scale is y0 =
(2c/b)1/2 = 490 km ≈ 4.4° latitude. This is
consistent with the observed latitudinal structure of the deep Argo temperature anomalies in
Fig. 3.
The vertical structure of the waves can be
interpreted in terms of standing and vertically
(downward) propagating components. The
vertical phase lines (or, equivalently, zeroanomaly contours) in, for example, the eastern
Pacific on 7 January indicate a standing component. Conversely, the phase line (zero-anomaly
contour) that tilts downward and eastward in
the eastern Pacific on 21 January indicates downward (energy) propagation of the Kelvin wave
(27, 28), with a vertical wavelength of about
800 m, which is consistent with the theoretical value (24). Alternatively, the tilted phase
lines and apparent vertical propagation can
be interpreted as a superposition of vertical
modes. However, in the Pacific, vertical
modes of order 3 and higher are all subjected
to critical layer dissipation in the equatorial
undercurrent (25), and the deep structure is
consistent with wave-mean flow interaction
effects superimposed on a first-mode baroclinic structure.
The Argo data have facilitated an unprecedented view of the deep tropical Pacific
Ocean on short (intraseasonal) time scales. This
had not previously been possible, as conventional hydrographic data have inadequate time
resolution and spatial coverage, and the TAO
moored buoy network has a maximum depth of
only 500 m. The MJO has been shown to force
eastward-propagating equatorial Kelvin waves
that extend downward into the deep ocean.
Although intraseasonal Kelvin waves have been
well studied in the near-surface layers (9, 25, 26),
there has been no opportunity to observe the
deeper signal until now. These Argo-observed
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deep ocean Kelvin waves have larger amplitude
than the annual cycle and model predictions, and
they could potentially increase the errors in
vertical structure, circulation, and heat content
from hydrographic sections (29) if a Kelvin wave
passed through at the time of the section. The
anomalies in the deep (e.g., 600 m) geostrophic
zonal currents, calculated from the Argo temperature and salinity data, are typically 1 cm s−1.
This is the same magnitude as the mean
geostrophic current at these depths (below the
equatorial undercurrent). Hence, these anomalies
are a large perturbation to the mean currents and
represent a substantial transfer of energy from the
surface, where they are forced, to the deep ocean,
where they must be dissipated.
The propagation of the Kelvin wave into
the deep ocean will have effects on deep
ocean biology and chemistry, and should be
included in coupled models of the MJO. Furthermore, these deep ocean Kelvin waves will
have an impact on ocean circulation outside
the equatorial wave guide. Upon reaching
the eastern boundary, the equatorial Kelvin
wave will trigger meridionally propagating
coastal Kelvin waves along the coastline of
the Americas, which will then trigger westwardpropagating Rossby waves back into the ocean
interior.
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Asymmetric Mating Interactions Drive
Widespread Invasion and
Displacement in a Whitefly
Shu-Sheng Liu,1* P. J. De Barro,2 Jing Xu,1 Jun-Bo Luan,1 Lian-Sheng Zang,1
Yong-Ming Ruan,1 Fang-Hao Wan3
The role of behavioral mechanisms in animal invasions is poorly understood. We show that asymmetric
mating interactions between closely related but previously allopatric genetic groups of the whitefly
Bemisia tabaci, a haplodiploid species, have been a driving force contributing to widespread invasion
and displacement by alien populations. We conducted long-term field surveys, caged population
experiments, and detailed behavioral observations in Zhejiang, China, and Queensland, Australia, to
investigate the invasion process and its underlying behavioral mechanisms. During invasion and
displacement, we found increased frequency of copulation leading to increased production of
female progeny among the invader, as well as reduced copulation and female production in the
indigenous genetic groups. Such asymmetric mating interactions may be critical to determining the
capacity of a haplodiploid invader and the consequences for its closely related indigenous organisms.

B

iological invasions threaten agricultural
and natural systems throughout the world
(1). Invasive animals often thrive at the

expense of indigenous, closely related organisms, and insight into the causes of animal invasions often hinges on detailed assessments of

Fig. 1. Changes of the mean proportions of the exotic B biotype and
indigenous biotypes of Bemisia tabaci after introduction of B. (A) ZHJ1
versus B on cotton at seven locations in Zhejiang, China, from 2004 to
2006. The map covers the area 122°E to 119°E from east to west and
27°30´N to 30°N from south to north. Of the seven locations, Jiande is
in a western mountainous area with less transport activity relative to the
www.sciencemag.org
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behavioral mechanisms (2). Closely related species often have incompletely isolated mate recognition systems conducive to reproductive
interactions and interference (3), but rarely have
such behavioral mechanisms been isolated and
tested in an experimental setting to reveal their
contribution to invasion biology (1). Here, we
combined long-term field monitoring, caged population studies, and detailed behavioral observations to investigate the mechanisms underlying
the widespread, rapid invasion by a genetic group
of the whitefly Bemisia tabaci (Gennadius)
(Hemiptera: Aleyrodidae).
The whitefly B. tabaci, a haplodiploid species,
is a genetically diverse group including many
morphologically indistinguishable populations
that differ in biological characteristics but display
clear geographic distributions, with indigenous
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other six locations along the east coast, where transport of vegetables
and ornamental plants is frequent. (B) AN versus B on Sonchus
oleraceus at 17 locations in Queensland, Australia, from 1995 to 2005.
The map covers the area 153°30´E to 142°E from east to west and 34°S to
14°40´S from south to north. Data from the other 17 locations are not
depicted because of space.
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