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Extraordinary multi-seasonal episodes like El Niños of 1982–1983 and 1997–1998 and their widespread
teleconnection eAects have spurred varied investigations on the changes in sea surface temperature (SST)
variability in the post-WWII period. Most of them have been region-speciBc. We investigate here change
in the variance of SST anomaly (SSTA) in the world oceans from 1951–1980 to 1981–2010. Our search for
quantitative patterns, in space and time, is aided by a new decomposition of SSTA annual cycle in three
orthogonal components, one time-independent, one low frequency (LF, periods: 4–12 months) and one
high frequency (HF, periods: 2–3 months). High SSTA variability occurs in small regions clustered near
the equator, middle and high latitudes. Sixteen high variability regions (HVR) are identiBed on the basis
of a threshold. Spread over nearly 10% of the ocean area, they occur in four clusters: two in the equatorial
cluster, four each in the northern and the southern mid-latitude clusters and six in the Arctic cluster. We
Bnd that the plots of HVR-averaged and zonally averaged SSTA variance in 1951–1980 and 1981–2010
show a general tendency of decrease in SSTA variability south of *15°S and increase north of *15°S, and
a consequential increase in north–south asymmetry. We further Bnd that HVR-averaged HF variance and
HVR-averaged LF variance are strongly correlated.
Keywords. Climate change; El Niño; sea surface temperature; interannual variability; seasonality;
climate science; orthogonal decomposition; normal modes.

1. Introduction
Effects of changing climate on sea surface temperature (SST) variability have probably been most
dramatic in the Eastern and the Central Equatorial
PaciBc Ocean (ECPO). SST in the normally cold
ECPO varies on time scales of 2–8 years from a
warmer-than-normal state (El Niño) to a colderthan-normal state (La Niña). This variation is
closely linked to the oscillation of sea level pressure
across the Southern PaciBc Ocean (Southern
Oscillation). This ENSO phenomenon is a consequence of strong interaction between the atmosphere and the ocean in low latitudes and has been

studied for long. The SST anomalies of El Niño in
1982–1983 and 1997–1998 turned out to be exceptionally large and so were also their consequences,
anomalous Coods and droughts, in tropics and
extratropics (Philander 1983; McPhaden 1999).
Furthermore, El Niño in 2004–2005 was unusual in
the sense that anomalies were positive in the
Central PaciBc Ocean and negative in the Eastern
PaciBc Ocean indicating a new pattern of variability (Ashok et al. 2007). ENSO is now, broadly
speaking, well understood, although its complexity
is such that there are ongoing debates on many
aspects (McPhaden et al. 2006; Timmermann et al.
2018). Also, in the last two decades, there have
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been numerous investigations of the eAect of climate change on ENSO (Yeh et al. 2009; Collins
et al. 2010; Kim et al. 2014; Cai et al.
2014a, b, 2015a, b, 2018; Brown et al. 2017; VegaWesthoA and Sriver 2017; Freund et al. 2019;
Seager et al. 2019; Roy et al. 2019; Rana et al.
2019).
While SST variability in the tropical Indian
Ocean and the tropical Atlantic Ocean is smaller
than in the tropical PaciBc Ocean, dominant patterns of variations have been identiBed and the
eAects of climate change on them have also been
investigated (Saji et al. 1999; Abram et al. 2008;
Ihara et al. 2008; Cai et al. 2009a, b, 2013, 2014a, b;
Tokinaga and Xie 2011; Chowdary et al. 2012).
Investigations on SST variability outside the
tropical ocean have focused on large scale patterns
of variability and have extensively used empirical
orthogonal functions. The patterns give insight
into internal modes of variability and tend to have
time scales of about a decade or several decades
(Deser et al. 2010).
The present work differs from the earlier works
in two important ways. First, it is global in its
approach. Second, orthogonalisation that is used
here does not depend on data. These issues are
sufBciently important to warrant further
elaboration.
Sea surface temperature variability, on interannual as well as on multi-decadal scale, has been
viewed earlier largely from a regional perspective, with a few exceptions (Hu et al. 2020; Mann
et al. 2020). These investigations have sought to
elucidate the underlying oceanic and atmospheric
processes, to identify internal modes of variability, to devise ways of detecting/forecasting
abnormally high or low SST anomalies, and to
examine their correlation with anomalies in local
marine ecology and with anomalies in rainfall in
distant lands through teleconnections. The
objective of the present paper is of a different
kind. It is to examine how SST variability has
changed in the post-WWII decades during which
the climate seems to have changed rather
rapidly. In this context, it seems to be appropriate to view the world ocean holistically. Concentration of high variability of SST in several
rather small regions is dealt with by formulating
a general criterion for deBning high-variability
regions and by studying the properties of the
ensemble of the high variability regions.
Orthogonal decomposition is often an important
part of methods of data analysis. A vector is
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represented as a sum of coefBcients multiplied by
basis vectors, which are orthogonal in some sense.
In empirical orthogonal function, or principal
component method, the basis vectors depend on
the data. In the present method, the basis vectors
are deBned in terms of trigonometric functions of
time, as described in the next paragraph, and are
therefore independent of the data.
A key element in the present analysis is the
splitting of the annual cycle in three orthogonal
components, a time-independent (annual mean,
AM) part, a low frequency (LF) part and a high
frequency (HF) part. The division is based on the
representation of annual cycle as a 12-dimensional
vector and a transformation that gives a new set of
basis vectors (Yajnik 2016). For each of the Bve
frequencies (k = 1 to 5 cycles per year), there is one
basis vector (j = 2k) to represent its cosine function
and another (j = 2k+1) to represent its sine function. The Brst (j = 1) and the last (j = 12) basis
vectors represent cosine functions for zero frequency and for six cycles per year, respectively. LF
part is the vector sum of the components for three
lower frequencies (k = 1 to 3) and HF part is the
vector sum of components for the remaining three
frequencies (k = 4 to 6). Orthogonality ensures that
SSTA variance is the sum of variances of the three
parts of SSTA annual cycle.
Here we investigate quantitatively to what
extent climate change has resulted in changes in
the three components of the annual cycle. We have
focused our investigation on six post-WWII decades (1951–2010) as the uncertainties in this period
are lower than in the earlier period. In particular,
we examine how the variances of SSTA and its
three components have changed from the Brst tridecadal period to the next.
The plan of the paper is to recall brieCy the
vector formulation and to explain the three-way
splitting of the annual cycle in the next section. The next section presents results and discussion. It Brst deals with latitudinal distributions of
zonally averaged variance of SSTA, AM variance
and LF variance in 1951–1980 and compares them
with those in 1981–2010. It then deals with the
global plots and the histograms of SSTA variance
in these two periods, which leads to the determination of a threshold for deBning high variability
regions (HVR). The section ends with identiBcation of 16 HVRs and an investigation of the properties of HVR-averaged variances of the ensemble.
The last section highlights salient features of major
conclusions.
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2. The method

2.2 A new orthogonal decomposition

2.1 Annual cycle as a 12-dimensional vector

In this paper, the annual cycle is resolved in three
orthogonal components, an annual mean (AM)
component, and a low frequency (LF) component
and a high frequency (HF) component:

The following description of the vectorial representation is a simpler version of what was
given earlier (Yajnik 2016). Let Ti denote
monthly mean SST at a given point in a given
year, where indices i and j run from 1 to 12.
Then the annual SST cycle may be represented
by a vector T (=Tiei) in a 12-dimensional
vector space with ei as unit orthogonal basis
vectors (ei.ej = dij), where summation convention for repeated indices is used with the
usual notation of scalar product and Kronecker
delta.
Let fi denote another set of basis vectors deBned
by f i ¼ FT
ij ej where the transformation Fij is given
by
if j ¼ 1;
Fij ¼ 1;
pﬃﬃﬃ
¼ 2 cosðixk Þ; if j ¼ 2k;
pﬃﬃﬃ
¼ 2 sinðixk Þ; if j ¼ 2k þ 1;
¼ ð1Þi

ð1Þ

if j ¼ 12;

where x = p/6 and k runs from 1 to 5. Since FT F ¼
12I; f i : f j ¼ 12dij ; i.e. f i are orthogonal and are of
pﬃﬃﬃﬃﬃ
magnitude 12.
The annual cycle vector T is equal to ci f i . More
explicitly, the monthly temperatures can be written as:
"
#
pﬃﬃﬃ X
c2k cosðixk Þ þ c2kþ1 sinðixk Þ
Ti ¼ c1 þ 2

T ¼ T AM þ T LF þ T HF

ð3Þ

where the three components are deBned by
TiAM ¼ c1 ;
k ¼3
pﬃﬃﬃ X
TiLF ¼ 2
fc2k cosðixk Þ þ c2kþ1 sinðixk Þg;
k¼1

TiHF

k¼5
pﬃﬃﬃ X
¼ 2
fc2k cosðixk Þ þ c2kþ1 sinðixk Þg þ ð1Þi c12 :
k¼4

ð4Þ
Consider a multi-decadal SST record Tn where
the index n indicates the calendar year. Let T
denote the mean annual
 cycle for a 30-year period
and let T 0n ¼ T n  T denote the deviation, or the
anomaly, in the nth year from the mean annual
cycle.
In the present paper, the main concern is with
the change in the variability of the anomaly from
one 30-year period to another. 30-year variance of
SST anomaly (SSTA) is used as the metric of its
variability. The anomaly is taken relative to the
mean annual cycle over the local 30-year period.
(Both variance and the mean are for the same
30-year period.) The SSTA variance is given by
!
1 X X 02
2
0
ð5Þ
c ;
r ðT Þ ¼
30 n i in

k

þ ð1Þi c12 ;
ð2Þ
where ci are the components of the coefBcient
 1 T 
F T .
vector c ¼ 12
F and fi are called here Fourier matrix and
Fourier basis vectors partly to honour Fourier,
and partly to acknowledge the correspondence
of equation (2) with Fourier series. But it is
important to recognise that the coefBcients ci
would, in general, vary from year to year. So
we call the normal modes (Bve regular modes
for frequencies 1–5 cycles per year and two
degenerate modes) associated with the above
transformation as annually modulated normal
modes.

0
where cin
denotes the anomaly of the coefBcient cin
as well as the ith coefBcient of T 0n . Then, in view of
equation (4), we get:






r2 ðT 0 Þ ¼ r2 T 0AM þ r2 T 0LF þ r2 T 0HF : ð6Þ

The above relation is central to this work.

2.3 Data and computations
The results reported here are based on the global
monthly Extended Reconstructed Sea Surface
Temperature version 5 (ERSSTv5) dataset (Huang
et al. 2017b). This dataset has gone through a long
evolution starting from its Brst version (Smith and
Reynolds 2003). Further information on the
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version 5 can be found in related papers (Huang
et al. 2017a, 2018, 2019).
The computations were initially done in single
precision using Ferret v6.67. Subsequently, computations were repeated in double precision with
Ferret v7.3 and PyFerret v7.5. Variances of SSTA
and its three components were calculated independently and equation (6) is used as an internal
check on numerical errors. Detrending has not been
done as the present method does not need it.
3. Results and discussion
3.1 Zonally averaged variances
Latitudinal variation of zonally averaged variances
of SSTA T 0 gives an overview of the major spatial
and temporal patterns (Bgure 1a). Angular brackets denote zonal average. The distribution of
\r2 ðT 0 Þ[ in 1951–1980 (full black line) is dominated by Bve peaks: one at the equator, one at
mid-latitude and one at high latitude in each
hemisphere. There is a pronounced north–south
asymmetry, the northern peaks being higher and
narrower. The distribution of \r2 ðT 0 Þ[ in
1981–2010 (dotted black line) shows two major
changes in comparison with 1951–1980: (a) The
peaks at the equator and the northern mid-latitudes are higher and the peaks in the southern
hemisphere are lower, thereby increasing asymmetry, and (b) the northern high latitude peak has
a small southward shift and a tendency to split into
three peaks.
Figure 1(a) also shows the distribution of zonally


averaged AM variance \r2 T 0AM [ (red line) and


LF variance \r2 T 0LF [ (blue line) in 1951–1980
(full line) and 1981–2010 (dotted line). They have
peaks similar to SSTA variance although they are
not as pronounced. Interestingly, the 1951–1980
distribution of LF variance (full blue line) is quite
similar to that of SSTA variance (full black line).
The changes in the three variances from
1951–1980 to 1981–2010 (dotted vs. full lines in
Bgure 1a) have a common trend, namely, a
decrease (dotted lines below full lines) south of a
crossover latitude and increase (dotted lines above
full lines) north of it, except possibly in a few
windows. The crossover latitudes for \r2 ðT 0 Þ[ ;




\r2 T 0AM [ and \r2 T 0LF [ are respectively,
13°S, 11°S and 21°S. There is one window
(65°N:71°N) for the Brst, no windows for the second and two windows (41°N:51°N and 61°N:71°N)

Figure 1. (a) Latitudinal variation of zonally averaged variances of SSTA T 0 , annual mean component T 0AM , and low
frequency component T 0LF . Angular brackets denote zonal
average. Note that dotted curves (for 1981–2010) are below
the full line curves (for 1951–1980) of the same colour south of
a crossover latitude between *10°S and *20°S and are
mostly above the full curves north of it. (b) Latitudinal
variation of ratios of zonally averaged variances. Note that
high frequency component T 0HF contributes at most *15% to
zonally averaged SSTA variance, except at very high latitudes. Also, AM component contributes less than *50% at
most latitudes outside the tropics, and its contribution is more
in 1981–2010 than in 1951–1980 between *20°N and 80°N.

for the third. Basically, this common trend suggests that the increase of north–south asymmetry
in the last six decades in variance of SSTA and its
two major components is a major global pattern.
Peaks of SSTA variance at mid-latitudes can be
attributed to baroclinic instability of the troposphere, which provides a mechanism for poleward
energy transport by mid-latitude eddies (Marshall
and Plumb 2007), and associated weather systems,
which give rise to sea surface temperature variations having larger time scales according to a model
of stochastic wind forcing (Frankignoul and
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Figure 2. (a and b) Spatial distribution of SSTA variance (°C2) for 1951–1980 and 1981–2010. Contour lines are at intervals of
0.2 °C2. Note that variance peaks in the northern mid-latitudes and high latitudes tend to be higher than in the southern midlatitudes and high latitudes. Also, this contrast is more in 1981–2010 than in 1951–1980. (c and d) Spatial distribution of
variance of SSTA after Bltering out high frequency component for 1951–1980 and 1981–2010. Scale and contour intervals are the
same as in (a). Note close resemblance of (c) to (a) and (d) to (b), despite reduction in levels.

Figure 3. Area-weighted histogram of SSTA variance (see
table 1).

Hasselmann 1977). North–south asymmetry
arises due to larger landmass in mid-latitudes in
the north than in the south and correspondingly
lower oceanic thermal capacity. Increase in
SSTA variance in 1981–2010 may possibly be
attributed to faster warming since mid-70s that
can be discerned from the reported annual global
mean surface temperature data (Hartmann et al.
2013, Bgure 2.20). Also, there is a view that a
shift in climate regime has occurred in mid-1970s
(Wang and An 2001; Powell and Xu 2012; Dai
et al. 2018). Interestingly, asymmetry has been
reported in hemispherically averaged heat content anomaly in the upper ocean (\2000 m) based
on Argo Coat data during 2006–2018 (Durack
et al. 2018).
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Table 1. Area-weighted histograma of SSTA variance.
Rangeb

0:0.1

0.1:0.2

0.2:0.3

0.3:0.4

0.4:0.5

0.5:0.6

0.6:0.7

0.7:0.8

c

1951–1980
1981–2010
Change

14.87
12.87
–2.000

28.02
32.12
4.100

22.17
25.13
2.960

13.26
11.79
–1.470

8.772
5.715
–3.057

5.021
3.359
–1.662

2.726
2.425
–0.3010

2.429
2.251
–0.1780

Range

0.8:0.9

0.9:1.0

1.0:1.1

1.1:1.2

1.2:1.3

1.3:1.4

1.4:1.5

[1.5

1951–1980
1981–2010
Change

1.242
1.107
–0.1350

0.6888
0.8078
0.1190

0.2529
0.7603
0.5074

0.1245
0.3868
0.2623

0.1840
0.2919
0.1079

0.01441
0.4270
0.4126

0.07755
0.1369
0.05935

0.1498
0.4316
0.2818

a

Ocean areas for various ranges of SSTA variance as a percentage of total ocean area represented in the ERSSTv5 database
(Huang et al. 2017b).
b
Values of range of SSTA variance are in °C2.
c
All results reported here are based on computations in double precision; and values reported in all tables are rounded-oA values.

How much does AM component contribute
to the SSTA variance? Figure 1(b) shows


\r2 T 0AM [ as a fraction of \r2 ðT 0 Þ[ for
1951–1980 (full red line) and for 1981–2010 (dotted
red line). It shows that AM component contributes
less than 50% over large parts of the two hemispheres outside the tropics for both the periods.




Also, \r2 T 0AM [ and \r2 T 0LF [ together
account for *85% to *95% of \r2 ðT 0 Þ[ in both
the periods, except for northernmost latitudes
([80°N). Therefore, in view of equation (6), HF
modes contribute at most *15% to the zonally
averaged SSTA variance outside the arctic region.
3.2 SSTA variability in the world ocean

Figure 4. (a) Definition sketch of high variability regions
(HVR). Oceanic cells where SSTA variance is at least 0.6°C2
in 1951–1980 are shown in light magenta and the rest of the
oceanic cells are shown in light green. (b) A schematic map
showing the change from 1951–1980 to 1981–2010 in the
average SSTA variance for each high variability region (in
°C2) (see tables 2 and 3).

Figure 2(a and b) shows the contours of SSTA
variance in the two tri-decadal periods. Clearly,
the spatial variation of r2 ðT 0 Þ is quite complex, and
so also are changes. However, a few salient features
are noteworthy.
The prominent ridge in the Central and the
Eastern Equatorial PaciBc Ocean, its intensiBcation and the change in the longitudinal distribution
of r2 ðT 0 Þ have been extensively investigated and
widely reported in the literature on account of their
connection with the El Niño phenomenon. The
high variability peaks in the southern hemisphere
are clustered near 40°S and 60°S. They are generally lower than in the northern hemisphere peaks in
1951–1980 and they tend to get even lower in
1981–2010. However, two small coastal regions
show an increasing trend: One oA the coast of
Ecuador and Peru, and the other, oA the coast of
Angola. Two large high variability (say, [ 0.6°C2)

Page 7 of 13 144

J. Earth Syst. Sci. (2021)130:144
Table 2. High variability regions (HVR).
HVR ID

Latitude rangea

Longitude rangea

Arctic cluster
A1
51°N:67°N
3°E:29°E
A2
67°N:79°N
23°E:87°E
A3
57°N:73°N
173°E:157°W
A4
67°N:73°N
141°W:111°W
A5
59°N:69°N
47°W:15°W
A6
69°N:81°N
21°W:19°E
Northern mid-latitude cluster
N1
41°N:47°N
29°E:43°E
N2
35°N:47°N
157°E:135°W
N3
21°N:35°N
119°W:105°W
N4
37°N:51°N
77°W:39°W
Equatorial cluster
E1
5S°:3°N
177°W:87°W
E2
21°S:1°N
87°W:69°W
Southern mid-latitude cluster
S1
47°S:39°S
21°E:29°E
S2
41°S:33°S
127°W:97°W
S3
49°S:41°S
57°W:47°W
S4
49°S:41°S
31°W:11°W

HVR areab

Approximate geographical location

0.3328
0.5382
0.4964
0.1133
0.3720
0.4019

Baltic Sea and Eastern North Sea
Barents Sea and Kara Sea
Chukchi Sea and Bering Sea
Beaufort Sea
Denmark Strait and Southwest Greenland Sea
Northeast Greenland Sea

0.1528
2.0332
0.3792
1.0731

Northern Black Sea
North PaciBc Ocean east of Japan
North PaciBc Ocean oA Northwest Mexican Coast
North Atlantic Ocean north of Sargasso Sea

2.3791
0.7971

Central and Eastern Equatorial PaciBc Ocean
Eastern PaciBc Ocean oA Ecuador and Peru Coasts

0.1547
0.6334
0.1869
0.3739

Southern Ocean south of Cape of Agulhas
South PaciBc Ocean
Southwest Atlantic Ocean northeast of Falkland Island
South Atlantic Ocean

a

ERSSTv5 database is based on 2°92° cells and latitude and longitude of their centres have even values (Huang et al. 2017b).
Consequently, the boundaries of HVR have odd valued latitudes and longitudes.
b
Area of oceanic cells of HVR as a percentage of total area of oceanic cells of ERSSTv5 database (Huang et al. 2017b).

bands in the North PaciBc and the North
Atlantic Ocean around 40°N show increase in
area, change in shape and in spatial distribution.
In addition, there are several smaller regions in
coastal areas, semi-enclosed basins and even
inland seas in the northern latitudes that have
high variability and some of them show large
changes too. To mention a few, the North Sea,
the Baltic Sea, the Greenland Sea, the Labrador
Sea and the Bering Sea. It is also interesting to
note that large parts of the North and the Central
Indian Ocean, the West PaciBc Ocean and the
West Atlantic Ocean where sea surface temperatures are high enough to be in the warm pool
range ([28°C) through most of the year, having
low variability (say, \0.2°C2).


If we look at similar global maps of r2 T 0AM þ




r2 T 0LF , or equivalently \r2 T 0  T 0HF [ , for
1951–1980 and 1981–2010 (Bgure 2c and d), they
give a fairly good indication of the SSTA variability and its change. Thus, if the high frequency
component is Bltered out, the resulting approximation T 0  T 0HF would give a fairly good indication of the spatial distribution SSTA variance as
well as change over a 30-year period, except near
the northern high latitudes.

3.3 High variability regions
3.3.1 Two modes of definition
If we wish to proceed further quantitatively, we
have two options. One option is to examine changes over time in regions where SSTA variance is
above a certain threshold. In this case, the
boundaries of the regions would, in general, change
with time and consequently, in addition to their
average variances, their centre, size, shape and,
even topology, may change. The second option is to
identify regions where SSTA variance for a certain
tri-decadal period is above a certain threshold and
to examine changes in variances averaged over
these Bxed spatial regions. The former approach,
which may be called Lagrangian, has the potential
of giving more detailed information, but is more
complex. The latter approach, which may be called
Eulerian, is adopted here for its relative simplicity.
3.3.2 Histogram of SSTA variance
and threshold determination
What should be the threshold? Since the cell area
depends on the latitude, we consider the areaweighted histograms of SSTA variance for
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Table 3. Variance of SSTA and its components in high variability regions.

1951–1980
1981–2010
% change
1951–1980
1981–2010
% change
1951–1980
1981–2010
% change
1951–1980
1981–2010
% change
1951–1980
1981–2010
% change
1951–1980
1981–2010
% change
1951–1980
1981–2010
% change
1951–1980
1981–2010
% change

HVR

SSTA var.

AM var.

LF var.

HF var.

HVR

SSTA var.

AM var.

LF var.

HF var.

A1

0.6900
1.0292
49.2
0.7149
0.6586
–7.9
0.8624
0.8072
–6.4
1.2225
0.9970
–18.4
0.7562
0.6069
–19.7
0.4338
0.3707
–14.5
0.6454
0.7413
14.9
0.6491
0.7057
8.7

0.2192
0.4607
110.1
0.2398
0.2613
9.0
0.2734
0.2565
–6.2
0.2898
0.2566
–11.5
0.3093
0.3852
24.5
0.1707
0.1880
10.2
0.1804
0.3350
85.6
0.2292
0.3261
42.3

0.3934
0.4666
18.6
0.3812
0.3195
–16.2
0.4645
0.4457
–4.0
0.7574
0.6105
–19.4
0.3626
0.1827
–49.6
0.2163
0.1546
–28.5
0.3817
0.3488
–8.6
0.3522
0.3227
–8.4

0.0773
0.1019
31.7
0.0939
0.0778
–17.1
0.1246
0.1050
–15.7
0.1754
0.1298
–26.0
0.0842
0.0390
–53.7
0.0468
0.0280
–40.1
0.0833
0.0576
–30.9
0.0677
0.0570
–15.8

N3

0.6833
0.7920
15.9
0.5784
0.5924
2.4
0.7635
1.0171
33.2
0.7905
1.0022
26.8
0.7210
0.3647
–49.4
0.6278
0.3674
–41.5
0.6685
0.4285
–35.9
0.7088
0.3337
–52.9

0.3307
0.3356
1.5
0.2568
0.2627
2.3
0.4234
0.5069
19.7
0.4601
0.5797
26.0
0.1713
0.1255
–26.8
0.2707
0.1506
–44.4
0.2689
0.1174
–56.3
0.2838
0.1304
–54.1

0.2873
0.3966
38.0
0.2670
0.2629
–1.5
0.3005
0.4611
53.4
0.2801
0.3720
32.8
0.4811
0.2123
–55.9
0.3136
0.1911
–39.1
0.3286
0.2578
–21.5
0.3488
0.1849
–47.0

0.0654
0.0598
–8.4
0.0546
0.0668
22.2
0.0396
0.0491
23.8
0.0503
0.0505
0.3
0.0685
0.0269
–60.8
0.0434
0.0257
–40.9
0.0711
0.0533
–25.0
0.0762
0.0184
–75.8

A2

A3

A4

A5

A6

N1

N2

1951–1980 and 1981–2010 (Bgure 3 and table 1).
Logarithmic scale has to be used, as there is a large
variation in areas. Increase in percentage areas
from 1951–1980 to 1981–2010 occurs in two ranges:
0.1–0.3°C2 and from 0.9°C2 and above. So it does
not seem unreasonable to pick 0.6°C2, the midpoint between these ranges, as the threshold. Note
that the total area of the cells where the variance is
above the threshold is 7.9% of the total oceanic
area in the ERSSTv5 database in 1951–1980 and
9.0% in 1981–2010.
3.3.3 IdentiBcation of high variability regions
(HVR)
Figure 4 shows 2°92° cells where r2 ðT 0 Þ exceeds
0.6°C2 in 1951–1980 in light magenta and the rest
in light green. Regions bounded by latitude or
longitude segments are selected so that they circumscribe connected cells with r2 ðT 0 Þ above the
threshold. In the case of coastal regions, only the
oceanic part of the region is considered. Also, to
limit the number of regions to be taken up for
further investigation, we exclude very small regions

N4

E1

E2

S1

S2

S3

S4

in which the area of the connected cells with r2 ðT 0 Þ
above the threshold is \0.1% of the oceanic area
covered by ERSSTv5. We had to use our judgment
in one case to avoid overlap between two adjacent
regions, and in two cases, to separate a coastal
region from an adjacent deep-sea region.
The above process leads to identiBcation of 16
regions (Bgure 4, table 2). They are termed high
variability regions (HVR). They occur in four
clusters: the equatorial (E) cluster has two HVRs,
the northern mid-latitude (N) cluster and the
southern mid-latitude (S) cluster have four HVRs
each and the Arctic (A) cluster has six HVRs. The
identiBcation code for HVR consists of a letter
followed by a number. The letter indicates the
cluster, and the number is given in increasing order
of mean longitude (Bgure 4 and table 2).
3.4 Changes in HVR-averaged variances
from 1951–1980 to 1981–2010
Figure 5(a) shows area-weighted averages of SSTA
variance of 16 high variability regions (blue and
red circles) against their mean latitude (see also
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Figure 5. (a) Latitudinal variation of HVR averaged SSTA
variance, and comparison with other averages. The x-axis
shows the mean latitude of HVR. All averages are areaweighted. S, E, N and A indicate the range of mean latitudes of
HVRs in the Southern mid-latitude, the Equatorial, the
Northern mid-latitude and the Arctic cluster, respectively.
Note that the largest increase and the largest decrease in
cluster averaged SSTA variance occur in the Equatorial and
the Southern mid-latitude cluster, respectively. (b) Latitudinal variation of spatially averaged AM variance/spatially
averaged SSTA variance for HVR regions and comparison
with other averages. Notation in (b) is the same as in (a). Note
that AM variance contributes less than 50% in most of HVRs
(see tables 3 and 4).

table 3). Square brackets denote area-weighted
average over speciBed region such as HVR, a
cluster, four clusters, a hemisphere or global ocean.
Interestingly, two pairs of HVRs (N1, N4 and S3,
S4) have equal mean latitudes (44°N and 45°S).
Intra-cluster variation of SSTA variance in the
Arctic cluster is much larger than in the rest of the
clusters. This diversity in the polar region is partly
due to the geometry of the cells where SSTA
variance is above the threshold (e.g., A6) and
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prevalence of ice during several months in one case
(A4).
It is noteworthy that the largest increase in
SSTA variance from 1951–1980 to 1981–2010
occurs in the E cluster (0.243°C2, 31.5%) and
the largest decrease occurs in the S cluster
(–0.300°C2, –45.1%). Their magnitudes are much
larger than the change in the 4-cluster average
of SSTA variance (0.048°C2, 6.9%). As
Bgure 5(a) shows vividly, the changes in these
two clusters are considerably larger than the
change in the global average (0.001°C2, 0.5%), in
the northern hemisphere average (0.048°C2,
16.3%) and in the southern hemisphere average
(–0.035°C2, –2.9%).
Figure 5(b) shows the HVR-averaged AM variance as a fraction of HVR-averaged SSTA variance
of each of 16 HVRs vs. their mean latitude. It is
interesting to note that AM variance is less than
50% in most of the HVRs. Also, cluster average of
the ratio decreases in S and E clusters and increases in N and A clusters. These changes are larger
than the change in the global average of the ratio.
Figure 6(a) shows the regression of the AM
variance ratio to the LF variance ratio. One may
expect the points to lie between 0.85 \ x + y \
0.95, as we have seen that HF component contributes between 5% and 15% variance. But what is
surprising is the remarkably high R2 value ([0.94)
of the linear Bt. There is a small increase in the
slope a from –1.209 in 1951–1980 to –1.166
in 1981–2010 and hardly any change in the intercept b.
The above strong correlation leads us to examine
the relationship between HF variance and LF
variance. Figure 6(b) shows the plot of HVR
averaged HF variance vs. HVR averaged LF variance along with a linear Bt for each tri-decadal
period. The value of R2 is rather high ([0.7). The
intercept is quite small in both the periods and
there is a small decrease in the slope from
1951–1980 to 1981–2010.
3.4.1 Equivalence of two models
Is there a connection between the two regressions given
in Bgure 6(a and b)? Consider two models: y = ax + e
(model A) and z 0 ¼ a 0 x 0 þ 1 þ e0 (model B). The
transformation x 0 ¼ x=ðx þ y þ z Þ; z 0 ¼ z=ðx þ y þ
zÞ; a 0 ¼ ða þ 1Þ and e0 ¼ e=ðx þ y þ z Þ enables
one to derive the model B from the model A and vice
versa. So the two models are equivalent.
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Table 4. SSTA variance and its decomposition: Hemispheric and global averages.
Period

Variance of
SSTA

Variance of ann.
mean

Variance of LF
modes

Variance of HF
modes

0.1238
0.1629
31.6

0.1415
0.1521
7.5

0.03000
0.02861
–4.6

0.1311
0.1103
–15.9

0.1187
0.1088
–8.3

0.02081
0.01692
–18.7

0.1279
0.1333
4.2

0.1287
0.1277
–0.8

0.02484
0.02204
–11.3

Northern hemisphere
1951–1980
0.2953
1981–2010
0.3435
% change
16.3
Southern hemisphere
1951–1980
0.2707
1981–2010
0.2359
% change
–12.9
Global ocean
1951–1980
0.2815
1981–2010
0.2831
% change
0.6

Table 5. Linear regression parameters for Bgure 6(a, b).
Figure no.
6(a)

Period
1951–1980
1981–2010

6(b)

1951–1980
1981–2010

Casea
A
B
A
B
A
B
A
B

a
–1.2092 ± 0.1332b
–1.2047 ± 0.1332
–1.1663 ± 0.1570
–1.1779 ± 0.1571
0.2460 ± 0.0631
0.2104 ± 0.0662
0.2065 ± 0.0677
0.1855 ± 0.0688

b
1.0024
1
0.9942
1
–0.0145
0
–0.0078
0

± 0.0687
± 0.0773
± 0.0245
± 0.0235

R2
0.9593
0.9592
0.9404
0.9403
0.8129
0.7940
0.7265
0.7179

a

Case A refers to unconstrained minimization and case B to minimization with a speciBed value of
the intercept b.
b
The number after ± sign indicates 2-sigma interval.

To apply the above result to the linear Bts
of Bgure 6(a and b), let x, y, and z be
 2  0LF   2  0HF 
 

, r T
and r2 T 0AM ; respectively.
r T
But then the sum of the slopes (= a þ a0 ) has to be
–1. The sum of slopes in Bgure 6(a and b) is –0.9632
for 1951–1980 and –0.9595 in 1981–2010 (see
table 4, case A). So the condition is satisBed within
5%. To see whether this small discrepancy is due to
the intercepts of the Bts not being exactly 1 in
Bgure 6(a) and 0 in 6(b), we constrained the
intercepts of the Bts to be 1 and 0, respectively, in
Bgure 6(a and b). The resulting Bts are not shown
in Bgure 6(a and b), but the resulting parameters
are given in table 4. The resulting change in the
values of slopes in Bgure 6(a and b) makes the sum
of slopes equal to –0.9943 for 1951–1980 and
–0.9924 for 1981–2010 (table 4, case B). So the
condition of the sum of the slopes to be –1 is

satisBed within 1%. Thus we are justiBed in
treating the linear regression models of Bgure 6(a
and b) as equivalent to a good approximation.
4. Conclusions
4.1 Complex spatial structure of SSTA
variability
The spatial structure SST variability is complex.
Sixteen high variability regions clustered in four
latitudinal bands are identiBed in this paper based
on a threshold of 0.6°C2. They provide a framework
for quantitative analysis. North–south asymmetry
is a major feature of the latitudinal variation of
SSTA variance. Also, high frequency component of
SSTA annual cycle does not significantly aAect the
spatial distribution.
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and the thermal equator. It further suggests an
increase in the variability of the northern Hadley
cell (zonally averaged) and a decrease in the variability of the southern Hadley cell. These inferences need to be corroborated by using other types
of data like satellite cloud data and outgoing long
wave radiation data and also by modelling.

4.3 Diversity of the Arctic cluster
The Arctic cluster has the largest number of high
variability regions. It is also the most diverse cluster.
HVR A1 is the only HVR in the Arctic cluster that
has undergone an increase in SSTA variance from
1951–1980 to 1981–2010 and the increase (49.2%) is
the largest amongst all the HVRs. Also, the increase
in its AM variance is surprisingly high (110.1%).
Clearly, HVRs of this cluster deserve much greater
attention in future, as large changes in SST variability would have major implications on marine
ecology, Bshing, navigation and oAshore oil exploration, apart from teleconnection eAects.
4.4 Strong correlation between HP and LP
variances

Figure 6. (a) Scatter plots of AM variance/SSTA variance
against LF variance/SSTA variance (all averaged over HVR
regions) and least square Bts. Note that the intercept b is
approximately 1. (b) Scatter plot of HVR-averaged HF variance
against HVR-averaged LF variance for 1951–1980 and
1981–2010 and least square Bts. Note that the intercept b is
very small. Table 5 gives the values of parameters for the case
when the intercept for (a) and (b) is constrained respectively to 1
and 0 and also 2-sigma intervals for the parameters. Note the
change in parameters from 1951–1980 to 1981–2010 is not
statistically significant as it is less than 2-sigma intervals.

4.2 Clusters with maximum increase
and decrease in SSTA variance
The equatorial cluster has undergone the largest
increase in average SSTA variance from 1951–1980
to 1981–2010. The adjacent southern mid-latitude
cluster, on the other hand, has undergone the largest decrease. Changes in the HVRs in these two
clusters are remarkably homogeneous in the sense
that variances of all components have either
increased or decreased. This behaviour suggests a
change in the variability of the annual latitudinal
translation of the Inter Tropical Convergence Zone

The most intriguing result of the present work
is the linear correlation between HVR-averaged
HF variance and HVR-averaged LF variance
(Bgure 6b) with large R2 values. The change in the
regression parameters from 1951–1980 and
1981–2010 is not statistically significant (table 5).
Most probably, this correlation indicates that the
disturbances in the atmosphere and the ocean,
which give rise to HF variance, depend on the
stability conditions in the atmosphere and the
ocean for their initial growth as well as their ultimate peak intensity. Therefore, they depend on the
local state of the troposphere and the upper ocean
relative to the sea surface, which are inCuenced by
LF variations. Since there is no discernible dependence on latitude, one would infer that the length
scales of these disturbances are smaller than the
local Rossby Radius.
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