Trendsin the Indian Ocean Climatology due to anthropogenic
induced global war ming.

Prepared by
Alan Aldrin Meyer and Steven Weerts
Coastal Systems Research Group, CSR, Sellenbosch, South Africa.

e-mail:ameyer @csir.co.za

The global ocean’s heat content has increased B x43> J from 1955 to
1998 corresponding to a mean temperature incrda3€37C (fig. 1). A trend that
will continue into the 2% century.
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Fig. 1. Time series of 5 year running composites for 1265398 ocean heat content for the
upper 3000 m for the global and Indian Ocean. Tteal trend is plotted as a red line.

The Indian Ocean shows the same warming trend 1jigThe warming trend
for the Indian Ocean is positive south and alongS4and along 2% (fig. 2). In
contrast, a large negative trend is centred betsaeriL(S (figs. 2 and 5).

The scientific understanding of these warming andling trends in the Indian
Ocean is still developing, but observational datad mumerical modelling results have
allowed for important insights as to the dynamiesibd the changing climatology.
This changing climatology can only be describehia tontext of the anthropogenic
induced alterations to the atmosphere of the SoutHemisphere and its impact on
the ocean circulation of the Southern Ocean.
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Fig. 2. Linear trend of the zonally integrated heat contd the Indian Ocean for 100 m thick
layers. Trend values are plotted at the midpointadh 100 m layer. Contour intervals is 1 x
10" J/year. (after Levitus et al., 2005).

The main climate mode of the Southern Hemisphelenavn as the Southern
Annular Mode (SAM) an index of the pressure gradieeasured between % and
56°S. A high (positive) SAM index indicates an intdiusition of the mid-latitude
westerlies and a lower (negative) SAM to a relamif the westerlies. SAM has
been steadily increasing over the last 40 yearstdwnthropogenic induced global
warming and ozone hole depletion over Antarcticabsédvational data and
contemporary climate models show that the positread in SAM has lead to an
intensification and southwards shift of the SH wdats, with a consequential
acceleration of the planet’'s largest ocean cuyttbet Antarctic Circumpolar Current
(ACC) (Fig. 3).
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Fig. 3. Changes in the westerlies and atmospheric stmidturesponse to different CO2
concentrations. Bands of westerly winds in the Nemh Hemisphere (NH) and Southern
Hemisphere (SH) separate the warm air (red shadesje tropics from the cold air (blue
shades) over the poles. a) Atmospheric structudaytoOver recent decades, higher CO2
concentrations have made the warm air warmer aadsthirounding envelope of cold air
cooler, especially near the top of the troposph&re thermal contrast across the zones of
strong westerlies in the NH and SH is thereforeagme and the westerlies have become
stronger and have shifted polewards in responsBrdposed atmospheric structure at the last
glacial minimum (LGM). With less CO2 in the atmospé, the thermal contrast in the middle
of the atmosphere was decreased, and the westaibétstherefore relatively weak. The
strongest westerlies were also significantly nasththe ACC, where they would have had
much less impact on the ocean.



Furthermore, satellitein-situ observations and climate model simulations all
reveal an amalgamation of the subtropical gyrethefPacific, Indian and Atlantic
Oceans (called the Southern Hemisphere Super Gyked via inter-ocean outflows
south of Australia and Africa (fig. 4).
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Fig. 4. The mean steric height for the 0 to 40Gyet (contour interval 0.02 m), showing the
Super Gyre connections between the subtropicakgyf¢he Atlantic, Indian and the Pacific
Oceans. Connections are via the Agulhas Retraflecind Tasman outflow, south of Africa
and Australia, respectively. The southern bounddrthe Super Gyre is in contact with the
eastward flowing Antarctic Circumpolar Current bétSouthern Ocean.

Since, the southern boundary of the Super Gyre c®ntact with the eastward
flowing ACC, the acceleration of the ACC has bed&oven to have lead to an
intensification and southwards shift of the SH sudpical gyres over the last 40
years, with a concomitant intensification of thé-$ropical gyres’ western boundary
currents, e. g., Agulhas, Brazil and East Austna@airrents.

The southward shift in the South Indian subtropiggte is thus in part
responsible for, 1) the warming along®80as warm water transport to these region
increases via a stronger Agulhas Current), andoR)tle off-equatorial upwelling
(intensification of the tropical gyre, with concent shoaling of the thermocline ridge
between Seychelles and Madagascar). Model ststi@s clearly the correlation of
an increasing SAM and the warming and cooling tseoder the Indian Ocean (fig.

Indian Ocean

Latitude

0° 60°E 120°E 180°W 120°W 80°W 0°
Longitude




Fig. 5. Spatial pattern of the correlation of monthly S$muh Hemisphere sea surface
temperatures with the Southern Annular Mode (SAMIeX. Red colours denote an increase in
surface temperature in response to a positive @&angSAM, blue colours the reverse.
Correlations are shown for a 1 month lag, whictedive clearest ocean temperature response
to the SAM.

Modern global climate models based on present ttagspheric CQ@levels and
projected levels of increasing G@vels, motivated by the IPCCs estimates of a 1%
increase in C@per year up to the year 2100, show that the abrewel in the S. H.
ocean circulation will continue. The climate modeliscidate the following;

1) A further intensification and southward shift oetimid-latitude westerlies
with an affiliated increase in the Antarctic Circpotar Current transport,

2) A southwards migration and intensification of theuthern Hemisphere
Sub-tropical gyre circulations;

3) A further intensification of the western boundamyrrents — e. g., the
Agulhas Current, East Australian Current and thezBiCurrent, and

4) Further warming of the Southern Hemisphere oceamsden 40 to 513,
with increased off-equatorial subsurface upwelangl cooling between 5 to
10°S.

The changes to the climate of the SWIO is com@itasince the changes
induced by global warming, may be masked by othertsr -climate variability, i. e.
ENSO and the Indian Ocean Dipole modes. For exaampladditional and important
forcing of the off-equatorial south Indian Oceawrthocline is the transmission of
ENSO induced thermocline anomalies from the Pagitic the Indian Ocean through
the Indonesian passages. Moreover, It was showrdtheng La Nina and/or negative
Indian Ocean Dipole, a southward migration of theut8 Equatorial Current (the
northern boundary of the south Indian Ocean sytdab gyre), with most of its
transport diverted south of Madagascar. This in tnduces the intensification of the
tropical gyre (thus the shoaling of the thermoclindge), and a reduction of
Mozambique Channel Through-flow. The transport keards through the
Mozambique Channel is mainly in the form of largdi-gyclonic eddies containing
equatorial warm water. A reduction in this warmmgport will lead to a cooling of the
waters of the Mozambique Channel. Satellite derised surface height for the La
Nina/negative IOD event of 2007/8 (Fig. 6), show thtensification of the tropical
gyre, as well as large cyclonic eddies in the Mdzigire Channel (unpublished data,
2009). The latter two phenomena will lead to a icgpbf the water column in the two
SWIO regions.
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Fig. 6. Sea Surface Height anomalies (cm) for tlautls Western ndian Ocean
integrated for the period January 2008 to June 2088 South Equatorial Current (SE
is forced southwards around tlsland of Madagascar, the tropical gigéntensified, an
the southward transport of warm water through thezaibique cannel via an-
cyclonic eddies is reduce

One of the most prominent oceanic feature of thelGWirculation is the
Agulhas Current. The Agulhas Current transf about 70 Sv (S¥ 1C° m® s?) from
the equatorial regions so-westwards along the contm@l margin of southea
Africa. South of Africa the Agulhas Cient bifurcates, with most its transport
returring to the South Indian Ocean as the Agulhas Refument, north of 4°S.
The second branch of the bifurcatAgulhas is leaked into thsouth ast Atlantic
Ocean as large scale (up to km in diameter) Agulhas RingsAdulhas Leakage
A stronger Agulhas Curnt transport has been predicted atderve due to global
warming. Certain model studi' indicate that the increase of Agulhas rrent
transport will lead to an assiated stronger Agulhas Leakage, while ot clearly
show the oppositethat an increase in Agulhas Current transport keddl to a highe
frequency Upstream Retroflections, with a concontitfecrease in Agulhas Leage.
Either way, the impact of a stronger Agulhas Curreil have defnite effectson the
climate of the SWIO.

The scientific review and analysis presented hegederived fron very recent
scientific observations, and scientific papers eonimig the wrming and cooling
trends and theimmplications tc the biology of the SWIGare not yet available. Tt
impact of the intensification of the south Pac#id-tropical gyre hashowever, been
documented. For example, contemporary researchgdésuthe soth western Pacifi
Ocean have already revealthat the alteration in the East Australian Cunt’s
physical behaviour igorrelated to a southward displacement of marinecisp
boundaries, invasion of foreign marine fauna andidespread decrease in stal
primary production along the so-eastern coast of Australia. Similar, biological
ecosystem impact may be expected for the coagjadrdordering the Agulhas al
East Madagascar Currents. Moreover, if you consttier spéal distribution o
ecosystemgor the SWIO (fig. 7 and overlay the predicted changes due to clir
change, e. g., the shoaling of the thermoclidge (cooling trend)pne would expe
these coastal ecosystems to change accorc. The shoaling of the thermocline rid



hasbeen positively correlated to the sea surface temtyoe, thus with a thinning «
the mixed upper layer to shallower than the preagatage of 80m, you may expec
significant decreasm surface and si-surface temperatures for the re¢s between
Seychelles and Madagascar and the Mozambique CheSimilarly, other areas wi
be affected by increases in tempera
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Fig. 7. Spatial distribution of mangrove forestraloreefs, shrimp, sardines and tuna for
South Western Indian Ocean (afRichmond, 2002). Overlay (blue stippled region)wlarea
of predicted shoaling of the thermocline due tontjes to the climate of the SW as predicted.

While little has been published on the biologicHeets of climate induce
circulation and physicaehemical changes in the SWIO, widespread changede
expected. These are likely to affect many of thgior's fisheriec Many fishery
specieshave small dispersive larv that are heavily reliant on ocean curr.
Changes circulation patterns couesult in changes recruitment patterns, with lal
being moved into different areas, and consequeiftssim the location of som
fisheries.Alternatively reproductive effort may be completébst, with larvae nao
able to locate suitable settlement hat. Changes in primary production as a resu
changes circulation will also have a marked affest trophic chains with likel
consequences for fisheries spe( Changes in river discharges as a result of ctd
rainfall regimes could have similar ects with reduced nutrient and detrital loe
delivered into coastal watt.

The likely effect of water temperature on biogepdia distributions ha
already been noted for some marine fish speciéseitwIO. Climate change effects
on key habitats witih the WIO regio are likely to play a major role in shapir
fisheries.In this regard, discussion of three major ecotaegzertinent. Coral reef
mangroves and seagrass beds are common acrosd@he=@on. All are importar
in artisanal, subsisten@ad commercial fisheri, as areas of high productivity and
providing structural habitat for many spe:. All are presently threatened by dirt
exploitation, ongoing coastal development and d¥agran, destructive fishin
practises and pollution. (mate change is now an additional threat.



The effect of global warming on corals is well ureleod. Coral bleaching
events in the WIO have had devastating effectsooal Ispecies and reefs. Global
patterns show that these events have increasedequdncy and severity. Ocean
acidification as a result of GOevels increasing also threatens corals. Thusl cora
coverage is expected to decline over many partiseofvorld and in areas of the WIO.
At face value, increases in temperature and (&®els might result in increases in
coverage and spatial extent of mangroves and ssmgaSea level rise, increased
severity of sea storms, coastal erosion, increasedmentation due to land erosion
and increased turbidity are likely to have the apigoeffect however, and threaten to
reduce mangrove and seagrasses (as well as céatribilne loss of corals).

Thus, climate change effects threaten to changdafmentally the nature of
WIO fisheries as we know them today. In some céshsries will be reduced or lost,
while in others fisheries are likely to move asa@geg distributions change. Clearly
this will have impacts to national economies ad a®local communities, their use of
coastal resources and human population distributiaoastal areas. In this document
we are only speculating on potential impacts toheiges from climate and
oceanographic changes predicted and observedddd\ilO. It is our responsibility
as scientists and marine system managers to mahiory concomitant changes to
the ecosystems are observed in response to thécteced/ariations in the SWIO
climatology.

Summary:

Both observational data and global climate modetsisthat the Indian Ocean
is warming up due to global warming. The warminghiswvever geographically
specific, with most of the warming concentratednglddS. Affiliated with the
warming is an off-equatorial subsurface coolings@ation and model results show
that these climatological changes are due to matgytwined factors, of which the
intensification of the subtropical gyre systems #rar southward displacement were
identified as the main factors. Observations alsggest that during La Nina and/or
negative 10D a southward migration of the SEC irduan intensification of the
tropical gyre and a reduction in warm water tramsgbrough the Mozambique
Channel, causing a shoaling of the thermocline.edamty still remains concerning
the feedback of an observed stronger Agulhas Cuorethe SWIO climatology.

The lack of observational data and downscaled ¢émaodels for the SWIO,
and especially the Agulhas Current Region are tunate drawbacks and will impact
on our ability to assess the consequences of ghalaaming on regional coastal
ecosystem regimes and climate more robustly. Ihasyever, believed that with the
various new initiatives in monitoring and modellingf the region a more
comprehensive understanding of global warming irtgpaan the SWIO will be
forthcoming.

There are well documented links between circulatamd physico-chemical
conditions in oceans and the fisheries that thgypsu. There is therefore every
reason to expect climate change impacts to refteathanges in SWIO fisheries.
Effects will manifest due to changes in biogeogsam target species and the
distribution of their larval stages. Ecosystem @8ewill result even if non-fisheries
species are impacted. Productivity of offshore epalstal waters will be impacted by
changes in circulation as well as fluvial runoftteans, and thus the trophic basis for
some fisheries is likely to be effected. Ecotomeshe WIO that play major roles in
fisheries are coral reefs, mangroves and seages limate change impacts on



these systems will result in major changes to fislse Clearly this will have impacts
to the regions economy and its people.

Note: This scientific review was produced using a tofd2@ scientific publications,
of which 13 were published after 2005. You are wele to request the referenced
version of this scientific review by contacting areg@csir.co.zgAlan Meyer).




