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Thermocline domes in the world ocean



  

Thermocline dome in the southwestern Indian 
Ocean

The water temperature is colder in this dome region because of 
upwelling of cold water from below.

Annual mean temp. 
at 100 m depth

Cross-section 
of temp. 
along 7.5°S



  

Seasonal variation of the Seychelles Dome

The seasonal variation of the dome is dominated by 
semiannual cycle owing to local Ekman pumping.

Yokoi et al. (2008) Hermes and Reason (2008)



  

Importance of the Seychelles Dome

High biological productivity resulting from upwelling 
of nutrient-rich water (Xie et al. 2002)

Tropical cyclone activity is linked with the 
thermocline and SST anomalies in the SD region 
(Xie et al. 2002)

SSTA over the SD influences the Indian summer 
monsoon (Annamalai et al. 2005; Izumo et al. 2008)



  

Mean chlorophyll concentration (Xie et al. 
2002)
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Anomaly in tropical cyclone days (Xie et al. 
2002)
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1) When the dome is weak in late spring, positive SSTA over the 
dome region tends to keep the ITCZ to the south of the equator 
longer than usual.
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2) This leads to weaker coastal upwelling and positive SSTA in the 
Somali upwelling region.
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Izumo et al. (2008)

Thermocline dome, Somalia upwelling, and 
West Indian monsoon rainfall

3) As a result, enhanced evaporation and moisture transport leads 
to stronger West Indian monsoon rainfall.



  

SST difference between years of delayed and 
early Indian summer monsoon onset dates

(°C)

May

There are warm SST anomalies in the SD region.
Annamalai et al. (2005)



  

Importance of the Seychelles Dome (SD)

High biological productivity resulting from upwelling 
of nutrient-rich water (Xie et al. 2002)
Tropical cyclone activity is linked with the 
thermocline and SSTA in the SD region (Xie et al. 
2002) 
SSTA over the SD influences the Indian summer 
monsoon (Annamalai et al. 2005; Izumo et al. 2008)

Important to understand interannual variations of 
the SD



  

Influence of Rossby waves on the interannual 
variations of the SD

Masumoto and Meyers (1998): Showed the existence of the 
Rossby waves forced in the southeastern Indian Ocean.
Xie et al. (2002): Rossby waves along 10°S is correlated with 
ENSO (variance contribution=64%) and the Sumatra cooling.
Rao and Behera (2005), Yu et al. (2005): Rossby waves to the 
north (south) of 10°S is mainly associated with the IOD (ENSO).



  

Purpose of this study

Past studies related to the interannual variations 
of the dome focused on the propagation of 
Rossby waves and did not quantitatively 
examine the role of local wind stress anomalies.

Using outputs from an OGCM, we have 
investigated the role of both local and remote 
forcing in the interannual variations of the SD.



  

Description of the OGCM

MOM3.0 (Pacanowski and Griffies 1999) 
Domain: 15°E-70°W, 52°S-30°N
Horizontal resolution: 0.5° x 0.5°
25 vertical levels
Topography: ETOPO5
Lateral mixing: Smagorinsky (1963)
Vertical mixing: Pacanowski and Philander (1981)
Sponge layer at both meridional boundaries
Spin up for 20 years by the monthly mean wind stress from 
the NCEP/NCAR reanalysis data and surface heat flux 
calculated by bulk formula using the simulated SST and 
atmospheric variables obtained from the reanalysis data.
Integrated for 30 more years (1978-2007) by the daily mean 
data from the NCEP/NCAR reanalysis data.



  

Annual mean depth of 20°C isotherm (D20)

WOA05 OGCM

Seychelles Dome Index (SDI)



  

Seychelles Dome Index (SDI)

OGCM SDI vs. SODA SDI (1980-2007)=0.73
OGCM SDI vs. AVISO SSHA SDI (1993-2007)=0.80



  

Monthly climatology of D20 in the SD region 
and its standard deviation

The interannual variations of the SD are seasonally locked to 
boreal winter, and the standard deviation of SDI is largest when 
the SD is strongest in December.

The impact on the surface layer may be large.

Monthly climatology of SDI Standard deviation of SDI
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SDI in Dec.-Jan.-Feb.

Anomalous years in which the SDI in boreal winter is above 
or below 0.9 standard deviation are selected to identify:
Weak SD: 1982-83, 1994-95, 1997-98, 2002-03, 2006-07
Strong SD: 1980-81, 1983-84, 1987-88, 1992-93,  
                  1998-99, 2005-06



  

Composite of the weak SD years
SSTAD20 anom. Ekman anom.

Jul. (0)

Oct. (0)

Jan. (+1)

Apr. (+1)

contour：
95% sig.



  

Time-longitude diagram of D20 anomaly 
along 7.5°S (weak SD years)

shading：
95% sig.



  

Upper 100 m heat budget anomaly (weak SD 
years)

The anomalous rate of change in heat content is mainly 
explained by the vertical heat advection anomaly.

O: 95% confidence level
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Vertical velocity anomaly (weak SD years)

The local Ekman pumping anomalies play an important role in 
the interannual variation in addition to the Rossby waves as 
suggested by past studies.

O: 95% confidence level

w = Ekman( ) + Remote( )



  

Summary (1)

Using outputs from an OGCM, we have investigated 
the mechanism of the interannual variations of the 
SD.
The SD becomes anomalously weak (strong) as a 
result of anomalous local Ekman downwelling 
(upwelling) and arrival of downwelling (upwelling) 
Rossby waves.

Weak SD years



  

Impacts on the SST above the SD

How do the interannual variations of the SD 
affect variations in the mixed layer temperature 
and thus the SST?

(This is an important question because it is the 
SST that interacts with the overlying 
atmosphere.)



  

Mixed layer temperature balance
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MLT and MLD anomaly (weak SD years)

The MLT becomes anomalously warm during the weak SD 
years; it reaches the maximum of about 0.6°C in Jan. (+1)-Feb. 
(+1).
Since the SST in the SD region is close to 28°C, it may have a 
large impact on the atmospheric convective activity even 
though the amplitude of anomaly is relatively small.



  

MLT and MLD anomaly (weak SD years)

The MLD anomaly in the weak SD years increases from austral 
winter to summer, reaching the maximum anomaly of 11 m in 
Dec. (0).



  

MLT tendency anomaly (weak SD years)

The anomalous warming is mainly due to the positive anomaly 
in the vertical diffusion and horizontal advection terms.
The surface heat flux term damps the anomalous warming.



  

Temperature difference anomaly (weak SD 
years)

The positive anomaly in the vertical diffusion term may be 
explained by the temperature difference between the mixed 
layer and the layer below. 

 The temperature below 
the mixed layer becomes 
anomalously warm owing 
to the deeper thermocline.



  

Temperature difference anomaly (weak SD 
years)

When the MLD is anomalously thick, the vertical turbulent 
diffusion across the bottom of the mixed layer becomes less 
efficient in cooling the water column of the mixed layer.

 The temperature below 
the mixed layer becomes 
anomalously warm owing 
to the deeper thermocline.



  

Ekman heat transport anomaly (weak SD 
years)

The positive anomaly in the horizontal advection is due to the 
anomalous easterly that causes the anomalous southward 
Ekman heat transport during austral spring.



  

Surface heat flux term anomaly (weak SD 
years)

The negative anomaly of the surface heat flux contribution is 
mostly due to the contribution from the shortwave radiation (it 
becomes less efficient to warm the thicker mixed layer).



  

Surface heat flux term anomaly (weak SD 
years)

The cooling by the latent heat flux and longwave radiation 
becomes less efficient to cool the thicker mixed layer.



  

Summary (2-1)

The thermocline becomes deeper owing to local Ekman 
downwelling and arrival of downwelling Rossby waves.



  

Summary (2-2)

As a result of deeper thermocline, the temperature below the 
mixed layer becomes warmer, and leads to less cooling by the 
vertical diffusion.  



  

Summary (2-2)

The easterly wind stress anomaly induces southward  Ekman 
heat transport and warms the mixed layer.



  

Summary (2-3)

The warmer MLT results in enhanced latent heat loss as well as 
less shortwave radiation reaching the ocean surface because 
of more cloudiness.



  

Summary (2-4)

The MLD becomes thicker, and this leads to less efficient 
cooling by the vertical diffusion, longwave radiation, and latent 
heat flux.  Thus, positive MLT grows further.  



  

Summary (2-4)

This MLTA is partly damped by less efficient warming by 
shortwave radiation.


