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Abstract: The physical decomposition method suggested by Qian (2012) is used to examine the interannual vari-
ability of sea surface temperature (SST) and anomaly (SSTA) in the Indian Ocean (IO) for the period 1945−2003. 
The monthly mean SSTs taken from the global ocean reanalysis produced by the Simple Ocean Data Assimilation 
(SODA) are decomposed into four terms. The first term is the zonally averaged monthly climatological SST 
([ ( )])tT ϕ , which features relatively warm surface waters in the tropical IO and relatively colder surface waters 
over the southern IO. This term also has a relatively low SST pool between the Equator and 20°N. The SST at 
the center of the pool in summer is about 1−2°C lower than in spring and autumn. The second term is the spatial-
ly-varying monthly climatological SSTA *( ( , ))tT λ ϕ , due mainly to the topographic effect and seasonal variation in 
wind forcing. The values of *( , )tT λ ϕ  are negative over the western coastal waters and positive over the east-
ern coastal and shelf waters in the tropical and northern IO. The third term is the zonally-averaged transient 
SSTA ([ ( , ) ] )YT tϕ ′ . The largest values of [ ( , ) ]YT tϕ ′  occur over the subtropical and mid-latitudes of the IO, which 
differs from the SSTA in the tropical waters of the Pacific Ocean. Time series of zonally and meridionally aver-
aged ( , )YT tϕ ′  in the tropical-subtropical IO is strongly correlated with the Indian Ocean basin-wide (IOBW) 
mode. The fourth term is the spatially-varying transient SSTA *( ( , , ) )YT tλ ϕ ′ . The REOF analysis of the fourth term 
demonstrates that the first REOF is correlated strongly with the South Indian Ocean Dipole (SIOD) mode. The se-
cond REOF is correlated strongly with the equatorial Indian Ocean dipole (IOD) mode. The third REOF is highly cor-
related with the tropical IOBW mode. 
Keywords: Physical decomposition method, Indian Ocean, sea surface temperature, interannual variability, 
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1. Introduction 

he Indian Ocean (IO) is the smallest but dy-
namically complicated among the world’s three 
major oceans (i.e., the Pacific, Atlantic and In-

dian Oceans). The IO is also the warmest among  

these three major oceans, with continuous warming of 
about 0.7−1.2°C during 1901–2012 (Roxy et al, 2015). 
The main physical processes responsible for this cen-
tury-long warming, however, remain to be fully un-
derstood (Saji and Yamagata, 2003; Roxy et al, 2014). 

T 

http://dx.doi.org/10.18063/SOM.2017.01.005
Tangbo
Typewritten Text

Tangbo
Typewritten Text

Tangbo
Typewritten Text



Examination of Interannual Variability of Sea Surface Temperature in the Indian Ocean 

 

50 Satellite Oceanography and Meteorology (2017)–Volume 2, Issue 1 

The IO plays a very important role in affecting the 
regional climate variability such as the temporal and 
spatial variability of the Asian monsoon (Annamalai 
and Murtugudde, 2004). The temporal and spatial 
variability of the SST in the IO was suggested to play 
a very important role in the global climate variability 
(Abram et al, 2008; Chu et al, 2014).The rapid warm-
ing in the IO was also suggested to be partially re-
sponsible for a significant decrease of up to 20% in 
phytoplankton in this region over the past six decades 
(Roxy et al, 2016).   

Circulation and hydrography in the IO also have 
significant seasonal and interannual variability. The 
interannual variability of the SST in the IO were stud-
ied previously based on observations and numerical 
simulations (Wu and Meng, 1998; Saji et al, 1999; 
Meng and Wu, 2000; Cai et al, 2005; Yang et al, 2007; 
Cai et al, 2008;Chu et al, 2014; Zhao et al, 2016). 
Based on observational SST data and three sets of re-
analysis data in the IO over the period 1958–1998, 
Saji et al. (1999) examined a pattern of internal varia-
bility in the SST anomaly (SSTA) known as the Indian 
Ocean Dipole (IOD) mode. This IOD mode features 
anomalously low SSTs off Sumatra and high SSTs in 
the western IO, with noticeable wind and precipitation 
anomalies. The IOD mode was found to account for 
~12% of the SSTA in the IO (Saji et al, 1999). Li et al. 
(2003) studied the origin of the Indian Ocean di-
pole-zonal (IODZ) mode. They demonstrated that the 
IODZ is a dynamically coupled atmosphere-ocean 
mode, of which instability depends on the annual cycle 
of the basic state. The IODZ was found to have a dis-
tinctive evolution characteristic compared to the El 
Niño, and to be a weakly damped oscillator in the ab-
sence of external forcing. Yang et al. (2007) investi-
gated a basin-wide warming pattern known as the In-
dian Ocean Basin-wide (IOBW) mode based on t he 
atmospheric reanalysis dataset produced by the Na-
tional Centers for Environmental Prediction/National 
Center for Atmospheric Research (NCEP/NCAR). The 
IOBW mode is characterized by a ba sin-wide warm-
ing or cooling with about 3-year period. Yang et al. 
(2007) demonstrated that the IOBW mode is the 
dominant mode of SST variability in the IO and this 
mode peaks in late winter and persists into the fol-
lowing spring and summer in response to an El Niño. 
Meyers et al. (2007) discussed years of El Niño, La 
Niña, and interactions with the tropical Indian Ocean.  
Saji and Yamagata (2003) studied that spatial and 

temporal characteristics of the IOD mode in SST and 
surface winds using available observations between 
1958 and 1997. Chu et al. (2014) investigated fu-
ture changes (2050–2099) of the IOD and IOBW 
modes together with mean state and El Niño and 
Southern Oscillation (ENSO) relationship under the 
anthropogenic global warming using 20 coupled at-
mosphere-ocean models. Wang et al. (2016) studied 
that the evolution of IOD and its forcing mecha-
nisms based on the analysis of coupled model simula-
tions that allow or suppress the ENSO mode of varia-
bility. Their results indicated that ENSO is not funda-
mental for the existence of IOD. Zhao et al. (2016) 
examined the relationships between the IOBW and 
IOD of SSTAs over the tropical IO and ENSO phase 
transition during the following year for the period 
1958–2008 and found that the positive (negative) 
phases of the IOBW and IOD in the tropical IO are 
possible contributors to the El Niño (La Niña) decay 
and phase transition to La Niña (El Niño) about one 
year later. Liu et al. (2016) examined the IOD pre-
dictability, measured by the Indian Dipole Mode Index 
(DMI), at the seasonal time scale using the multiple 
model ensembles and the recently developed infor-
mation-based theoretical framework of predictability. 
Although significant research has been done about the 
SSTAs in the IO, the interannual and decadal variabil-
ity in the SSTA in the IO are not well understood and 
deserve further studies. 

In most of previous studies on interannual variabil-
ity of hydrography, it is common to calculate the cli-
matological mean annual cycle averaged over the 
study period (30 years or longer) from the original 
(observed or simulated) fields and then extract annual 
anomalies from the original fields with the annual cy-
cle removed (Titus et al, 2013). If the original fields are 
the monthly mean fields (such as monthly mean SSTs), 
the original fields are decomposed into the climato-
logical mean monthly means and anomalies. This kind 
of decomposition is simple but has a drawback since 
the decomposition of climatological mean monthly 
means and associated anomalies is not based on main 
physical processes responsible for the climate varia-
bility. 

Qian (2012) suggested an alternative method kn-
own as the physical decomposition (PD) method in 
the study of spatially-varying, time-dependent atmos-
pheric conditions during extreme weather conditions. 
The key of the PD method is to decompose an atmos-
pheric variable such as temperature, humidity, wind 
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and potential height, into four terms based on the main 
physical processes affecting the state variable. These 
four terms consist of (a) the time-averaged zonal 
symmetric term, (b) the time-averaged asymmetric 
term, (c) the planetary-scale transient disturbance term, 
and (d) the weather-scale transient disturbance term. 
The PD method has successfully been used in studies 
of extreme weather events such as the regional persis-
tent drought, heavy rainfall, extreme low air tempera-
tures, and extreme hot weathers (Qian, 2012; Qian and 
Li, 2012; Qian and Liang, 2012; Qian and Zhang, 
2012a, b ; Zhu et al, 2012).  

The main objective of this study is to use the PD 
method suggested by Qian (2012) to examine the 
interannual variability of the SSTs in the IO. We will 
demonstrate the usefulness of this method in the study 
of low-frequency variability in the large-scale hydro-
dynamics in the oceans. The structure of this paper is 
as follows. Section 2 describes the oceanographic data 
and the PD method used in this study. Section 3 pre-
sents the analysis of interannual variability of the 
SSTA in the IO using the PD method. Section 4 i s a 
summary and conclusion. 

2. Data Sources and Physical Decomposition 
Method 

The oceanographic data used in this paper consist of 
the monthly mean SSTs from January 1945 t o De-
cember 2003 in the IO between 28.25°E and 116.25°E 
and between 76°S and 30°N. The monthly mean SSTs 
over this study region were extracted from the Simple 
Ocean Data Assimilation (SODA) reanalysis of ocean 
climate variability (Carton et al, 2000a,b), with a hor-
izontal resolution of is 0.50° by 0.50° and 40 z-levels 
in the vertical. The SODA reanalysis was constructed 
using an ocean circulation model based on Geophysi-
cal Fluid Dynamics Laboratory MOM2 physics. The 
ocean circulation model was driven by the surface 
wind reanalysis produced by the NCEP/NCAR (1948– 
2004) and the European Center for Medium-Range 
Weather Forecasts (1958–2001), the monthly mean 
precipitation flux data of the Global Precipitation 
Climate Program (GPCP), the sea level heights meas-
ured by the satellite sea level altimeter, and the sea 
surface temperatures measured by the improved infra-
red Very High Resolution Radiometer (AVHRR). The 
SODA also used an optimal interpolation data assimi-
lation scheme, which combines numerical model 
forecasts with various observations including hydro-
graphic profiles, ocean station data, moored tempera-

ture and salinity measurements, surface temperature 
and salinity observations from a variety of instruments 
(e.g., MBT, XBT, CTD, ARGO), SSTs from night 
time infrared observations from satellites, and satel-
lite based sea level altimetry. The indices for the IOD, 
IOBW and South Indian Ocean dipole (SIOD) were 
taken from the dataset constructed by the National 
Climate Center of China. (http://cmdp.ncc-cma.net/Mon-
itoring/cn_nino_index.php?product=cn_nino_index_io
bw). 

The physical decomposition method suggested by 
Qian (2012) is used to decompose the monthly mean 
SSTs ( ( , , ) )YT tλ ϕ  (in the IO to four physically mean-
ingful terms: 
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where t represents a gi ven month varying between 
January and December, subscript Y represents a given 
year varying between 1945 and 2003, λ represents the 
longitude, φ represents the latitude, the overbar repre-
sents time mean over the study period (1945–2003), 
and square brackets represent zonal averaging. The 
phrase of “zonally averaged” in this study is defined 
as averaging along a latitude circle (or in the east-west 
direction) using data points with non-zero water 
depths over the study region (28.25°E–116.25°E and 
76°S−30°N). 

The four terms on t he right-hand side (RHS) of 
Equation (1) represent SST responses to different 
large-scale physical processes in the IO. The first term 
represents the zonally averaged monthly climatologi-
cal SST associated with the seasonably-varying solar 
radiation. The second term represents the spatial-
ly-varying monthly climatological SSTA due to the 
topographic effect and seasonal variation in wind 
forcing. The third term represents the zonally aver-
aged transient SSTA and we will show later that this 
term is highly correlated with the IOBW mode. The 
fourth term represents the spatially-varying transient 
SSTA.  

We follow Qian (2012) and calculate the first 
term based on   

 ( ) ( )
1 1

1 , ,
Y P N

t Y
Y

T T t
P N

λ

λ
ϕ λ ϕ

= =

= =

  =  × ∑ ∑  (2) 

where P is the total number of years during the study 
period, N is the total number of data points in the lon-
gitudinal direction (assuming uniform grid spacing in 
this direction), λ =1 and λ =N represent respectively 
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the first and last point in the longitudinal direction at 
each latitude circle, and t and ϕ  have the same 
meanings as in Equation (1). It should be noted that 
only SSTs (or T(λ,ϕ,t)Y) at data points with non-zero 
water depths are used in Equation (2) and following 
equations. The first term of the decomposition 
is ,therefore, a function of latitude and climatological 
months and this term is associated mainly with the 
solar radiation. The latter has significant seasonal and 
latitudinal variations as mentioned above. 

The second term of the decomposition is calculat-
ed based  

 ( ) ( ) ( )*

1

1, , ,
Y P

t tY
Y

T T t T
P

λ ϕ λ ϕ ϕ
=

=

 = −  ∑  (3) 

This term depends on longitude, latitude and climato-
logical months and it represents the SSTA affected by 
local topography and wind forcing.  

The third term of the decomposition is calcul-
ated based on  

 
1
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and this term is a function of latitude and time (spe-
cific month and year).  

Finally, the fourth term of the decomposetion ca-
n be calculated based on 
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which means that the fourth term is the residual of ori-
ginal data field with the first three terms removed.  

3. Results 

The physical decomposition method presented in Sec-
tion 2 is used to examine the interannual and seasonal 
variability in SSTs in the IO. Figure 1 presents the 
latitude-month distribution of the first term of the de-
composition, which is the zonally averaged mo-
nthly climatological SST [ ( )]tT ϕ  in the IO. The dis-

tribution of [ ( )]tT ϕ  in the IO is correlated strongly 
with seasonal variations of the solar radiation in the 
region, which is characterized by relatively warm sur-
face waters of 20°C−28°C with moderate seasonal 
variations in the tropical region (between 20°N and 
25°S) and relatively colder surface waters of less than 
14°C with smaller seasonal variations over the south-
ern region(at latitudes of greater than 40°S).There are  
relatively large seasonal variations in [ ( )]tT ϕ  over 

the northern IO between the Equator and 30°N. The 
26°C isotherm of [ ( )]tT ϕ  is located at about 20°S in 
summer months of the Southern Hemisphere, and then 
gradually moves to the Equator from summer to win-
ter months in the Southern Hemisphere. Figure 1 also 
shows a pool of relatively low values of [ ( )]tT ϕ  in 
the northern IO between the Equator and 20ºN in 
summer and winter months, which is due mostly to 
the local topography and general oceanographic cir-
culation in the region (Qian, 2012).  
 

 
Figure 1. Latitude-month distribution of the zonally averaged 
monthly climatological sea surface temperature [ ( )]tT ϕ  in the 
Indian Ocean. 
 

Figure 2 presents spatial distributions of the second 
term of the physical decomposition (i.e., the spatial-
ly-varying monthly climatological SSTA, Tt

*(λ,ϕ) in 
four climatological months of January, April, July and 
October. Distributions of Tt

*(λ,ϕ) in these four months 
are chosen to represent the seasonal variations of this 
term. At high latitudes of greater than 45°S in the 
southern IO, Tt

*(λ,ϕ) are negative and similar in these 
four months, with large negative values over the 
southern IO centered roughly at 50°S. At mid lati-
tudes between 15°S and 40°S in the IO, distributions 
of Tt

*(λ,ϕ) are characterized by positive anomalies 
over the western part and negative over the eastern 
part of the region in these four months. The 
large-scale wind forcing at high latitudes in the IO is 
responsible for the above-mentioned distributions of 
Tt

*(λ,ϕ) at the high- and mid-latitudes shown in Figure 2 
(Qian and Liang, 2012). Over the northern IO (to the 
north of 10°S) in these four months, the values of 
Tt

*(λ,ϕ) are negative over the western coastal waters 
and positive over the eastern coastal and shelf waters. 
It should be noted that negative values of Tt

*(λ,ϕ) over 
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Figure 2. Distributions of monthly climatological sea surface temperature anomaly *( , )tT λ ϕ  in (A) January (B) April, (C) July and 
(D) October in the Indian Ocean. 

 
the western coastal waters in the northern IO are 
stronger in summer and autumn months than in winter 
and spring months (Figure 2). This can be explain-
ned by intensive coastal upwelling driven by strong 
southerly winds in the northern and tropical IO in the 
summer and autumn seasons. Over the eastern coastal 
and shelf waters of the northern IO, the positive values 
of Tt

*(λ,ϕ) are associated with the downwelling asso-
ciated with the southerly winds. In winter and spring 
seasons, by comparison, relatively small values of 
Tt

*(λ,ϕ) can be explained by relativeely weak wind 
forcing in the tropical and sub- tropical IO in these 
two reasons. 

Figure 3 presents latitude-month distributions of the 
third term of the decomposition (the zonally averaged 
transient SSTA, [ ( , )]YT tϕ ′  during the 59-year peri-

od between 1945 and 2003. There is significant tem-
poral and meridional variability in [ ( , )]YT tϕ ′  in the 
IO, with indications of propagations of the anomalies 
in the meridional direction (i.e., the north-south direc-
tion). To examine the temporal and meridional varia-
bility of these anomalies, the IO is separated from 
north to south to the tropical/subtropical zone (25°N– 
25°S, zone A), mid-latitude zone (25°S–45°S, zone B), 
and mid/high latitude zone (45°S–70°S, zone C). In 
zone C, the SST anomalies of [ ( , )]YT tϕ ′  propagate 
southward from the mid-latitude zone to high-latitude 
zone, with propagation periods of about 6 months. The 
southward propagations of positive anomalies of 
[T(ϕ,t)]′Y from mid-latitudes to high-latitudes in zone C 
occur in years of 1945, 1946, 1947 1948, 1952, 1955, 
1956, 1958, 1965, 1966, 1967, 1988, 1989, 1992, 
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Figure 3. Latitude-year distributions of zonally-averaged transient sea surface temperature anomaly SSTA ( , )YT tϕ ′  in the Indian 

Ocean in periods (A) 1945−1955, (B) 1955−1965, (C) 1965−1975, (D) 1975−1985, (E) 1985−1995, and (F) 1995-2003. 
 
1994, 1997, and 2003. By comparison, southward 
propagations of negative anomalies of [T(ϕ,t)]′Y occur 
in years 1962, 1973, 1 974, 1986, 19 88, 1989, 1991, 
1993, 1994, 1996, 1999, 2000 and 2002. Furthermore, 
southward propagations of many positive (negative) 
anomalies occur before (after) the 1980s. 

To determine the dominant frequencies of variab-
ilities in [T(ϕ,t)]′Y over zone C, the monthly values of 
zonally averaged transient SSTA are averaged merid-
ionally between 45°S and 70°S to obtain spatially 
(zonally and meridionally) averaged transient SSTA 
over this zone defined as [T(ϕ,t)]′Y. The spectral analy-
sis for time series of [T(ϕ,t)]′Y yields periods of domi-
nant variabilities of about 2, 10 and 30 years for zone 
C. Over the transition between zones A and B, large 
temporal variabilities occur in [T(ϕ,t)]′Y, with relatively 
short periods of about 2−3 years (Figure 3). In zone 
A, by comparison, positive and negative values of 
[T(ϕ,t)]′Y occur alternatively. The spectral analysis of 

time series of [T(ϕ,t)]′Y in zone A yields two dominant 
periods of about 3 and 20 years. 

To determine correlation between time series of 
spatially averaged transient SSTA [T(ϕ,t)]′Y over dif-
ferent zones in the IO, a cross-correlation analysis 
is conducted and results are presented in the Table 1. A 
high correlation occurs in time-series of [T(ϕ,t)]′Y 
between zone A (tropical/subtropical IO) and zone B 
(mid-latitude IO), with the maximum correlation coef-
ficient of~0.65 at the time lag of ~4 months (time se-
ries in zone B is leading). The correlation in time 
series of [T(ϕ,t)]′Y between zone B (mid-latitude IO) 
and zone C (mid/high-latitude IO) is also statistically 
significant, with the maximum correlation coefficient 
of ~0.37 at the time lag of~72 months (time series in 
zone B is leading). Therefore, the large variability in 
the spatially averaged transient SSTA (or [T(ϕ,t)]′Y) at 
mid-latitudes in the IO (25°S–45°S) propagate both 
northwards to zone A and southwards to zone C  
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Table 1. Results of cross-correlation analyses of spatially av-
eraged [ ( , )]YT tϕ ′  between different zones in Indian Ocean. 

Index Leading  
Zone 

Lagging 
 Zone τ (in months) Maximum  

Rxy 
1 Zone C Zone B 0 0.11 

2 Zone B Zone C 72 0.37 

3 Zone B Zone A 4 0.65 

4 Zone A Zone B 0 0.63 

5 Zone A Zone C 120 0.29 

6 Zone C Zone A 5 0.13 

Zone A is the tropical/subtropical region (25°N–25°S). Zone B is 
the mid-latitude region (25°S–45°S). Zone C is the mid/high latitude 
region (45°S–70°S). In the table, τ is the time lag at which 
the cross-correlation coefficient (Rxy) is the maximum, and “Leading 
Zone” and “Lagging Zone” mean zones with the leading and lagging 
time series in the analyses. 
 
respectively, with northward propagations to zone A 
to be stronger than the southward propagations to 
zone C in the IO.  

An important question is raised regarding the re-
lationship between the zonally and meridionally aver-
aged transient SSTA [T(ϕ,t)]′Y and the Indian Ocean 
dipole (IOD) mode and Indian Ocean basin-wide 
(IOBW) mode. A cross-correlation analysis indicates 
that time series of spatially averaged SSTA [T(ϕ,t)]′Yin 
zone A (tropical-subtropical IO) is correlated to the 
IOD mode with the maximum correlation coefficient 
of~0.42 at the time lag of~6 months (IOD is leading). 
The time series of [T(ϕ,t)]′Y in zone B (mid-latitude IO) 
is also correlated to the south Indian Ocean Dipole 
(SIOD) mode, with the maximum correlation coeffi-
cient of ~0.4 at the time lag of about one year. There-
fore, both IOD and SIOD modes play a very important 
role to the temporal variability of [T(ϕ,t)]′Y A correla-
tion analysis also indicates that the spatially averaged 
SSTA [T(ϕ,t)]′Y in zone A is strongly correlated with 
the IOBW mode, with the maximum correlation coef-
ficient of ~0.97 at the zero lag. Figure 4 presents time 
series of [T(ϕ,t)]′Y in zone A and the IOBW index. 
Both time series shown in Figure 4 have a warming 
trend, with significant interannual and decadal variab-
ilities.  

We next examine the fourth term of the physical dec-
omposition given in Equation (5), noted as T(λ,ϕ,t)Y

*′, 
using the rotating empirical orthogonal function (REOF) 
analysis. The REOF linearly transforms the spatial 
patterns derived by the conventional EOF analysis 
into a rotated basis (Lian and Chen, 2012). The main 
advantage of the REOF analysis is that it simplifies 

 
Figure 4. Time series of the Indian Ocean Basin (IOBW) mode 
index (red) and spatial averaged SSTA [T(ϕ,t)]Y

′ in zone A 
(tropical-subtropical Indian Ocean) (blue) during the period 
1950–2003. 
 

spatial structures while retaining the robust patterns 
(Hannachi et al, 2006).  

Figure 5A and Figure 6 present respectively the 
pattern and time-dependent coefficient for the first 
REOF mode of T(λ,ϕ,t)Y

*′. This mode accounts for 
~4.3% of the total variance of the SSTA in the IO. The 
spatial distribution of the first REOF mode in the IO 
is consistent with the typical pattern of the subtropical 
Indian Ocean Dipole (STIOD). The mode coefficient 
of the first REOF is correlated significantly with the 
STIOD index, with the correlation coefficient to be 
about −0.74 during the period 1958–2003 (Figure 6A). 
The mode coefficient of the first REOF for T(λ,ϕ,t)Y

*′ is 
also highly correlated to the spatially averaged 
T(λ,ϕ,t)Y

*′ in the mid-latitude IO (zone B) during the 
period 1948−2003, with the correlation coefficient of 
about −0.55 at the time lag of ~13 months (the 
mode coefficient is leading). Therefore, the first REOF 
for T(λ,ϕ,t)Y

*′ in the IO, as well as the spatially aver-
aged [T(ϕ,t)]′Y in the mid-latitude IO, is caused by the 
subtropical Indian Ocean dipole (STIOD) rather than 
the tropical Indian Ocean dipole (IOD), which differs 
from the counterparts in the Pacific Ocean. It 
should be noted that the horizontal distribution of the 
first REOF for the SSTA shown in Figure 5A is simi-
lar to the SSTA distribution in the tropical Pacific 
Ocean, both of which are caused mainly by the wind 
forcing. For the simplicity of discussion, only the 
wind forcing in the north-south direction (meridional 
wind) is considered. Figure 5B presents the spatial 
pattern of the third REOF for the fourth term of the 
meridional wind T(λ,ϕ,t)Y

*′ decomposition in the IO 
during the period 1948–2003. The third REOF explains 
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Figure 5. Spatial distributions of (A) the first REOFs for the 

fourth term of the decomposition *( , , )YT tλ ϕ ′  and (B) the third 
REOF for the meridional wind in the Indian Ocean. 
 

 

 
Figure 6. Time series of the mode coefficient (blue) of the first 
REOF for the fourth term of the decomposition T(λ,ϕ,t)Y

*′. Also 
shown in (A) time-series of the subtropical Indian Ocean dipole 
(STIOD, red dashed) and (B) time series of the third REOF for 
the meridional wind in the Indian Ocean (red). 
 
reasonably well the spatial distribution of the first 
REOF for T(λ,ϕ,t)Y

*′. A comparison of time series of 
the first REOF mode coefficient for T(λ,ϕ,t)Y

*′ with 
time series for the third REOF mode coefficient for 
the fourth term of the meridional wind T(λ,ϕ,t)Y

*′ de-
composition during the period 1948-2003 is shown in 

Figure 6B. These two-time series are highly correlated, 
with the correlation coefficient to be ~0.66 (the 
meridional wind is leading). The main physical ex-
planation for the high correction between the anoma-
lous meridional winds and SSTA in the IO is due to 
the fact that the direction of Ekman transport in deep 
waters of the South Hemisphere is 90° to the left-hand 
side of the wind direction. As a result, the positive 
SSTA over the eastern region of zone B (mid-latitude 
IO) shown in Figure 6A can be explained by anoma-
lous downwelling generated by the positive anomalies 
of meridional winds to the south-east of the positive 
SSTA (Figure 6B). Similarly, the negative SSTA over 
the western region of zone B shown in Figure 6A can 
be explained by anomalous upwelling generated by 
negative anomalies of meridional winds to the south-
east of the negative SSTA. 

Figure 7 presents the pattern and mode coefficient 
of the second REOF for T(λ,ϕ,t)Y

*′ during the period 
1945–2003. This component accounts for about 4.0% 
of the total variance of the SSTA in the IO. The gen-
eral pattern of the second REOF features a tripole dis-
tribution in the southern IO between 15°S and 50°S. 
The mode coefficient for the second REOF has a line-
ar trend, indicating this mode represents partially the 
response of the SSTA to the global warming. A corre-
lation analysis indicates that the time-dependent coef-
ficient for the second REOF mode is correlated with 
the spatially averaged third term of the decomposition 
in zone A [T(ϕ,t)′Y], with the correlation coefficient of 
~0.38 (the second REOF is lagging). The time-dep-
endent mode coefficient of the second EROF is al-
so correlated with the IOD mode with the correla-
tion coefficient of about −0.3 at the zero lag. There-
fore, it can be argued that the second REOF mode 
represents partially the IOD mode. 

Figure 8 presents the pattern and time-dependent 
mode coefficient of the third REOF for T(λ,ϕ,t)Y

*′. This 
mode accounts for about 3.4% of total variance of the 
SSTA in the IO. This mode has more small-scale fea-
tures than the first two REOF modes as expected. Ex-
cept for coastal and shelf waters of the eastern and 
western IO, the third REOF represents the general 
warming trend over the central IO. The time series of 
the third REOF is correlated highly with the IOBW 
mode, with the correlation coefficient of ~0.71 (IOBW 
is leading). 

4. Summary and Conclusion 

The physical decomposition (PD) method suggested by  
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Figure 7. (A) Spatial distribution and (B) time-series of the 
mode coefficient of the second REOF for the fourth term of the 
decomposition T(λ,ϕ,t)Y

*′ in the Indian Ocean. 
 
Qian (2012) was used in this study to examine the 
temporal and spatial variability of sea surface temper-
ature (SST) and associated anomaly (SSTA) in the 
Indian Ocean (IO), with a special emphasis of the 
interannual variability. The monthly mean SST data in 
the IO were taken from the Simple Ocean Data As-
similation (SODA) reanalysis of ocean climate variab-
ility (Carton et al, 2000a), with a horizontal resolution 
of is 0.50° by 0.50° and 40 z-levels in the vertical. 

The monthly mean SSTs in the IO were decom-
posed to four physics-based terms using the PD met-
hod. The first term ( )[ ]tT ϕ  represents the zonally 
averaged monthly climatological SST associated with 
the solar radiation. The second term Tt

*(λ,ϕ) represents 
the spatially-varying monthly climatological SSTA 

 

 
Figure 8. (A) Spatial distribution and (B) time-series of the 
mode coefficient of the third REOF for the fourth term of the 
decomposition T(λ,ϕ,t)Y

*′ in the Indian Ocean. 
 
due to the topographic effect and seasonal variation in 
wind forcing. The third term [ ( , )]YT tϕ ′  represents the 
zonally averaged transient SSTA. The fourth term 
T(λ,ϕ,t)Y

*′ represents the spatially-varying transient 
SSTA.  

The zonally averaged monthly climatological SST 
(the first term ( )[ ]tT ϕ ) in the IO was found to have 
relatively warm surface waters of 20°C–28°C with 
moderate seasonal variations in the tropical region 
(between 20°N and 25°S) and relatively colder surface 
waters of less than 14°C with smaller seasonal varia-
tions over the southern region(at latitudes of greater 
than 40°S). This term has relatively smaller seasonal 
variability in the mid-latitudes (35°S−50°S) than other 
regions of the IO. This term also features a pool of 
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relatively lower SST of 1−2°C in summer (July−Sep-
tember) than in spring and autumn over the tropical 
IO between the Equator and the 20°N.  

Due to the effect of coastline and seasonal variabil-
ity in surface wind forcing, the spatially-varying 
monthly climatological SSTA (second term: Tt

*(λ,ϕ)) 
has significant temporal and spatial variability. In the 
northern IO between 10°S and 20°N, this term fea-
tures large positive anomalies over the eastern coastal 
waters and large negative anomalies over the west-
ern coastal waters in summer and autumn. In the other 
two seasons, the spatial differences in the SSTA are 
relatively small between the eastern and wester-
n coastal waters in the northern IO, due to relatively 
weaker winds in winter and spring. At mid-latitu-
des between 15°S and 30°S in the IO, positive values 
of Tt

*(λ,ϕ) occur over the western part and negative 
values over the eastern part of the region in these four 
months. At high latitudes of greater than 45°S, distri-
butions of Tt

*(λ,ϕ) in these four months are similar and 
negative, with large negative values over the south-
western IO centered roughly at 45°E and 50°S. The 
large-scale wind forcing at high latitudes in the IO is 
responsible for the above-mentioned distributions of 
Tt

*(λ,ϕ) at the high and mid latitudes. 
Based on distributions of zonally averaged transient 

SSTA (the third term: [T(ϕ,t)]′Y), the IO was separated 
to the tropical/subtropical zone (25°N–25°S, zone A), 
mid-latitude zone (25°S–45°S, zone B), and mid/high 
latitude zone (45°S–70°S, zone C). The positive (neg-
ative) anomalies of [T(ϕ,t)]′Y were found to propagate 
from zone B to zone C before (after) 1980s. It was 
also found that the largest and most important SSTA in 
the IO occurred in the subtropical and mid-latitude IO 
(near 40°S) rather than in the tropical IO, which differ 
from the occurrence of the largest SSTA in the tropical 
Pacific Ocean. Furthermore, the zonally and merid-
ionally averaged SSTA [T(ϕ,t)]′Y in zone A is stro-
ngly correlated with the Indian Ocean basin-wide 
(IOBW) mode, with the maximum correlation coeffi-
cient of ~0.97 at the zero lag. The large SSTAs denot-
ed by [T(ϕ,t)]′Y are correlated with large anomalies in 
the southerly winds in the mid-latitude IO, with the 
wind forcing to be leading about 3 months. 

The temporal and spatial variability of the fourth 
term of the decomposition (noted as T(λ,ϕ,t)Y

*′) was 
examined using the rotated empirical orthogonal func-
tion (REOF) analysis. It was found that the first REOF 
is correlated strongly with the South Indian Ocean 

Dipole (SIOD) mode. The second REOF is correlated 
strongly with the equatorial Indian Ocean dipole mode 
(IOD). The third REOF is highly correlated with the 
tropical IOBW mode. The time-dependent coefficients 
for the second and third REOFs have a significant 
warming trend.   

The PD method was found in this study to be useful 
in examining the seasonal and interannual variability 
of the SST and SSTA in the IO. This method was orig-
inally developed for the analyses of extreme atmos-
pheric conditions (Qian, 2012). It should be noted that 
the PD method does not consider the direct effect 
of coastline. The coastline, however, plays strong con-
straints in oceanographic conditions much more than 
in atmospheric conditions. Future studies are needed 
to include the coastline effect in the physical decom-
position method.  
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