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Anomalous variation of sea surface height in Southwestern Indian Ocean 


A. C. Pandey*, Shailendra Rai & A. P. Mishra 


K. Banerjee Centre of Atmospheric and Ocean Studies, University of Allahabad, Allahabad 211 002, India 


*[E-mail: avinashcpandey@rediffmail.com ] 


Model produced sea surface height anomalies (SSHA) are compared with Topex/Posiedon altimetry observation for the 
 region 65° 15' S to 30° 45' S and 29° 15' E to 120° 45' E covering the Indian Ocean. Some resemblance was found between 
 model and observation except for Agulhas return current system region. The interannual variability of the sea surface 
 temperature anomaly (SSTA) and SSHA have been studied using 24 years model run data for the domain given above. This 
 analysis demonstrates high correlation between SSTA and SSHA as evidenced by observational studies using altimetry data. 


Sea surface height variability in Southern Indian Ocean (SIO) is much higher compared to other parts of the Indian Ocean. 


Negative dipole mode event of Indian Ocean Dipole (IOD) was found in mode 2 of Empirical Orthogonal Function (EOF) 
 analysis.  


[Key words: Southern Indian Ocean, Indian Ocean sea surface height, sea surface temperature, Indian Ocean dipole] 


1. Introduction 


  Ocean together with atmosphere is two components 
 of the climate systems. The sea surface temperature 
 (SST) is one of the important parameter that drive the 
 tropical atmosphere-ocean interaction. A Change in 
 SST is governed through the heat balance in the 
 surface mixed layer of the ocean. This is influenced 
 by turbulent fluxes of momentum and buoyancy (heat 
 and freshwater) at the sea surface, entrainment 
 processes at its lower boundary and by advective and 
 diffusive processes within the mixed layer itself 1. 
 Although some of the effects of interior variability on 
 SST were observed and studied in the early 1980s 
 they were assumed to be small in magnitude and were 
 mostly treated as small-scale noise. Strikingly large-
 scale correlation has been reported between SST and 
 sea surface height (SSH) fields2,3, and that leads to 
 serious questions regarding our understanding of 
 processes responsible for observed SST and SSH 
 variation, their relation to surface heat fluxes and 
 changes in the oceanic heat content and ocean 
 dynamics. 


  Indian Ocean SST variability plays a major role  
 in determining the monsoon circulation and rainfall as 
 is shown in many modeling4 and observational 
 studies5,6. Studies done from satellites gave a pattern 
 of large mesoscale variability in SSH due to 


peculiarities of the bottom topography7 in southern 
 Indian Ocean (SIO). The variability study of SST 
 anomaly (SSTA) and SSHA has been studied using 
 empirical orthogonal function (EOF) analysis. Before 
 doing EOF analysis, the model produced SSHA is 
 compared with the observational data of 
 Topex/Poseidon (T/P) altimeter for the period 
 October, 1992 to August 2002. SST and SSH data of 
 MOM3.0 output for 24 years period have been used 
 for the analysis. The analysis will lead further insight 
 into the role the ocean plays in setting observed SST 
 pattern and for better understanding of processes 
 governing SST and SSH changes and air-sea coupling 
 mechanism. 


2. Model and Data Description 


  The ocean general circulation model (OGCM) used 
 in this study is a version of the GFDL Modular Ocean 
 Model8-10. Its domain is that of the world oceans 
 between 74° 15' S and 65° N. The zonal resolution is 
 1° 30'. The meridional resolution is 30' between 10°N 
 and 10°S, gradually increasing to 1° 30'. There are 25 
 levels in the vertical. The model is forced by the 
 monthly averaged surface wind stress from the 
 NCEP-NCAR reanalysis for the period 1958-
 1998.The original surface reanalysis is on irregular 
 grid with a zonal resolution of 1°52'30" and Gaussian 
 latitudes of grid spacing less than 2°, which is linearly 
 interpolated to the OGCM grids. The model surface 
 salinity and surface heat flux is relaxed to Levitus11


__________ 
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(2)monthly climatology and relaxation time scale is  
 100 days. 


  Observational data of SSHA used here is collinear 
 difference analysis of TOPEX/POSEIDON altimeter 
 data for cycles 2 to 364 (3 October 1992-11 August 
 2002) and each cycle is of ≈ 9.92 days12. Data is sea 
 level deviation with respect to a 3-year mean (January 
 1993-December 1995), averaged along 1° latitude 
 interval of along satellite track. Now this data set of 
 10-day interval is averaged to monthly mean of 1º 
 along track time series to 3° × 1° resolutions.  


  In the recent years there have been several studies 
 in which EOF analyses were used to highlight 
 potential physical mechanism associated with climate 
 variability. Here EOF analysis of SSTA and SSHA 
 are used to identify dominant modes of interannual 
 variability. The anomaly of each variable is calculated 
 by subtracting respective monthly mean climatology 
 from the model run data. The region of our study is 
 65° 15'S to 30° 45' N and 29° 15' E to 120° 45' E.  


3. Results and Discussion 


  For spatial comparison of SSHA we have compared 
 the seasonal SSHA from model output and T/P 
 observation. The three seasons are discussed which 


are defined as January-February-March-April (JFMA) 
 (summer), (May-June-July-August (MJJA) 
 (monsoon) and September-October-November-
 December (SOND). 


  Figures 1A and 2A show the averaged SSHA from 
 observations and model output respectively for the 
 season JFMA (summer). Maximum sea surface rise of 
 3 to 6 cm was found near Indonesian throughflow 
 (ITF) region, the model captures this feature also but 
 its strength is in the range of 0 to 3 cm but with small 
 patch of negative anomaly. SST variability of this 
 region is supposed to be the early predictor of Indian 
 monsoon rainfall 6. Average sea level fall of 0 to 4 cm 
 was found between equator to 25°S from T/P 
 observation in the longitudinal band of 40°E to 80°E 
 but this is not well captured by the model although 
 negative anomaly of 2 cm found from equator to 20°S 
 and a band of positive anomaly is seen between 20°S 
 to 25°S.  


  Maximum elevation was found near ITF region for 
 the season MJJA season (Figs 1B and 2B) and this is 
 also seen by model with differing strength. Sea 
 surface fall is found in Arabian Sea and Bay of 
 Bengal (BoB) region of Indian Ocean for this season 
 both by model and observation. The common feature 


Fig. 1—Sea surface height anomaly (cm) for the seasons (A) January-February- March-April (JFMA), (B) May-June-July-August 
(MJJA) and (C) September-October-November-December (SOND) seasons from Topex/Poseidon observation 



(3)of BoB is negative SSHA at southwestern part 13 and 
 this was shown by model and observation for the 
 three seasons. Maximum negative elevation of 4 to 6 
 cm was found in the region 10°S to 17°S and this 
 phenomenon is well captured by the model for the 
 same region but with slightly less strength. Positive 
 elevation was found near Brahmputra basin both by 
 model and observation. 


  Most part of Arabian Sea and Bay of Bengal region 
 showed sea level rise of 0 to 2 cm and maximum 
 negative elevation was found near Madagascar region 
 from observation and model output for the season 
 SOND (Figs 1C and 2C). Two dipoles placed together 
 can be seen for all the seasons discussed above i.e. 


negative elevation between equator to 20°S, sea level 
 rise between 20°S to 30°S, sea level fall for the region 
 30°S to 40°S and finally positive elevation between 
 40°S to 60°S. This feature is observed also from T/P 
 observation although the spatial coverage is slightly 
 different from model but the structure is same. 


  Strongest mismatch in SSH is found for the small 
 region 35°S to 45°S and 30°E to 50°E for the three 
 seasons discussed above. The model and the 
 observation show completely out of phase in terms of 
 elevation in this region. This region is Agulhas 
 Retroflection (AR)14,15 , separation of Agulhas current 
 from southern tip of South Africa. Sea level rise is 


found in this region due to two reasons (i) due to AR 
 and (ii) shallow bottom topographic structure in this 
 region. This region is having shallow bottom 
 topography and is influenced by small mesoscale 
 eddies seen by satellite studies16 and model is unable 
 to distinguish these eddies due to coarse resolution in 
 this part.  


  The pattern correlation coefficient for the three 
 seasons was computed for area of our domain and 
 found to be 0.18, 0.21 and 0.24 respectively for 
 JFMA, MJJA and SOND seasons respectively. We 
 have seen the observed spatial structure of SSHA for 
 Indian Ocean is matching with the model output, so 
 EOF analysis of model output can be performed for 
 time variability study. We have calculated combined 
 EOF for SSTA and SSHA both. Figure 3 represents 
 1st mode of combined EOF for two variables viz. 


SSTA and SSHA. The percentage of variance 
 explained by each variable in its own data set is 
 24.1% for SSTA and 46.1% for SSHA. The spatial 
 patterns in Fig 3A, 3B is re-dimensionalized by 
 multiplying constants. Its Principal Components (PC) 
 is shown in Fig 3C, which is normalized by its 
 maximum. Model SSTA resides symmetrical about 
 40°S. However it is noticeable that SSTA to the south 
 of 40°S is elongated upto 60°S (between 60°E  
 to 115°E)  and  the  intensity  is  more  than   twice  as  


Fig. 2—Sea surface height anomaly (cm) for the seasons (A) January-February- March-April (JFMA), (B) May-June-July-August 
(MJJA) and (C) September-October-November-December (SOND) seasons from Model output. 



(4)compared with their northern counterpart (north of 
 40°S and south of 25°S). Region between Antarctic 
 polar Front and sub-Antarctic front showed maximum 
 sea level fall up to 30 cm, which is remarkable. The 
 vigorous inter-basin exchange accomplished by the 
 ACC admits the possibility of oceanic connections; 


where anomaly formed in one basin may be carried 
 around the globe to influence climate at remote 
 locations 17. The cold SSTA is elongated and occupies 
 larger domain of the basin with weak warm SSTA in 
 the smaller region between 30°S to 40°S, may be due 
 to strong Agulhas current system at the southern coast 


of Africa continent. The corresponding pattern of 
 SSHA (Fig 3B) is consistent with that of SSTA, 
 suggesting a connection between them, although there 
 are few nominal differences between them. Cold 
 SSTA represents negative sea level elevation and 
 warm SSTA represents upwelling, however, the 
 region 35°S to 25°S and 80°E to 100°E showed 
 cooling yet there is no sign of sea level fall in this 
 region. 


Fig. 3—The spatial structure of 1st EOF mode for monthly mean anomaly (A) SST and (B) SSH from 24 year (1975-1998) model output 
 (contour interval is 0.30°C and 4 cm respectively). Regions with SSTA lower (greater) than –1.5°C (1.5°C) and SSHA lower (greater) 
 than –30 cm (15 cm) is darkly shaded. (C) Represents principal component (nondimensional) 


  Figure 4 represents 2nd mode EOF of SSTA and 
SSHA, which explains 8.3% and 9.2% of total 
variance for SSTA and SSHA respectively. The PC of 



(5)2nd mode demonstrates an oscillation with a time scale 
 of 2 to 4 years. Cold SSTA is seen in two regions; one 
 in the tropical Indian Ocean (10°S-20°S and 
 40°E-75°E) and other in the region 40°S-60°S to 
 30°E-50°E, corresponding to the cooling in these 
 regions, sea level fall is also noticeable in Fig. 4B. 


The equatorial and southern trade wind anomalies 
 together form an anomalous cyclonic atmospheric 
 circulation over the Southern Ocean, which decreases 
 SST in southwest part18. Warm SSTA is evidenced 
 mainly in two regions, one in the region 10°N to 10°S 
 and 80°E to 100°E and another in the region 40°S to 
 55°S having same zonal direction, the corresponding 
 positive elevation found in these regions are not as 


strong as sea level fall. Negative Dipole mode event 
 of recently discovered Indian Ocean Dipole (IOD) 
 both by observation and modeling studies19, 20 is seen 
 for SSTA and SSHA both but the center of negative 
 pole extends in the meridional direction towards 
 Madagascar. 


Fig. 4—The spatial structure of 2nd EOF mode for monthly mean anomaly (A) SST and (B) SSH from 24 year (1975-1998) model output 
 (contour interval is 0.25°C and 2.5 cm respectively). Regions with SSTA lower (greater) than –1.0°C (1.0°C) and SSHA lower (greater) 
 than –15 cm (15 cm) is darkly shaded. (C) Represents principal component (nondimensional) 


  For an observed SST anomaly (T′) the change in 
 SSH is calculated by the equation (1). 


dz
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η  … (1) 


α  being thermal expansion coefficient, z is the ocean 
depth 



(6)  The SSH rise of the order of 2 cm was found for 
 SST anomaly of 1°C for upper 200 m depth of the 
 ocean by substituting h = 200m in Eq. 1. But it is 
 clear from all the three modes that cooling of 0.1°C 
 represents sea level deepening of 20 to 30 cm whereas 
 warming of 0.1°C corresponds to maximum 
 deepening of 10 cm which is very large which 
 indicates possibility of other processes than upper-
 ocean heat content.  


  For comparison we have calculated EOF mode for 
 SSTA and SSHA separately and their PCs for the two 
 modes are shown in Fig 5A, 5B. Correlation 
 coefficient of 0.94 and 0.87 was found between PCs 
 of SSTA and SSHA for mode1 and mode 2 
 respectively with the confidence level of 99.9% using 
 Students’ t distribution function.  


4. Conclusion 


  The model produced SSH anomaly field is 
 compared with the T/P altimetry data set. The model 
 is able to produce the SSHA in most part of the Indian 
 Ocean as compared to T/P data set, as evidenced by 
 positive pattern correlation of 0.18, 0.21 and 0.24 
 respectively for JFMA, MJJA and SOND seasons. 


The observed out of phase in SSH from model and 
 observation for Agulhas return current system region 


may be due to inability to resolve the complex eddies 
 of this region due to coarse resolution of the model.  


Fig. 5—The principal component of SSTA (dark line) and SSHA (dashed line) for (A) mode 1 and (B) mode 2 (non dimensional). 


  Evidence of negative dipole mode19 event in the 
 tropical Indian Ocean is seen in Mode 2 of the EOF 
 analysis both in SST and SSH. Much resemblance 
 was found between SST and SSH anomalies on the 
 spatial domain under study although with 
 discrepancies at several places. High correlation 
 between SST and SSH anomalies shows connection 
 between them which are shown by many altimetry 
 observational studies3. 
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