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Abstract

The evolution of atmospheric perturbation potential energy (PPE) over the tropical Indian Ocean is analyzed during a
composite positive IOD event using reanalysis datasets for the period 1948-2015. The IOD modulates the variation in PPE,
which then affects perturbation kinetic energy (PKE) through energy conversion. The PPE anomalies in the lower tropo-
sphere (1000-850 hPa) as the dominant layer of the PPE in the whole troposphere (1000—150 hPa) present a dipole pattern
corresponding to the anomalous variation in SST during the IOD event. When cold SST anomalies (SSTAs) first appear in
the eastern Indian Ocean (IOD-E), they reduce the atmospheric PPE in the lower troposphere rapidly. The negative PPE
anomalies lead to less energy conversion to PKE, restraining the surface wind convergence over the IOD-E and weakening
the climatological Walker circulation. Meanwhile, the surface easterly wind anomalies strengthen, which depresses the
thermocline to the west and gives warmer SSTAs in the western Indian Ocean (IOD-W). The PPE anomalies and energy
conversion (Cy) over the IOD-W are opposite to those over the IOD-E, the anomalous easterly wind continues to develop, and
the positive SSTAs in the IOD-W reach a peak. Thus, the response of the Walker circulation over the Indian Ocean provides

a positive feedback during the IOD event and explains the delayed effect of IOD-E SSTAs on IOD-W SSTAs.

1 Introduction

The Indian Ocean zonal dipole mode (IOD) is a dominant
mode of the Indian Ocean on an interannual time scale (Saji
and Goswami 1999; Webster et al. 1999; Drbohlav et al.
2007). The positive phase of the IOD is characterized by
strong positive sea surface temperature anomalies (SSTAs)
in the tropical western Indian Ocean and negative SSTAs
in the tropical southeastern Indian Ocean, accompanied by
pronounced anomalous easterlies over the central equato-
rial Indian Ocean. The positive IOD leads to drought over
Indonesia and heavy rainfall and floods over East Africa,
while the situation is reversed in the negative phase (Webster
et al. 1999). The 10D has been studied extensively owing
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to its great impact on the Asian monsoon (Li and Mu 2001;
Guan and Yamagata 2002; Ashok et al. 2003, 2004; Saji
and Yamagata 2003; Behera and Yamagata 2003; Yamagata
et al. 2004; Ding et al. 2010; Li and Wu 2011a, b; Yang et al.
2015) and El Nifio—Southern Oscillation (ENSO) (Ashok
et al. 2001; Luo et al. 2010; Izumo et al. 2010; Dong et al.
2016; Wang et al. 2016; Zhou et al. 2017).

Previous researches on the interannual variability of IOD
events focused on the changes in mixed layer depth or the
temperature changes in the upper Indian Ocean (Li et al.
2002; Drbohlav et al. 2007; Rao et al. 2009; Hong et al.
2008a, b) and on its triggering mechanisms and processes
of the related positive and negative feedback (Murtugudde
et al. 2000; Annamalai et al. 2003; Saji and Yamagata
2003; Kumar et al. 1999; Zhang et al. 2018). The major-
ity of these studies suggested that the Bjerknes feedbacks
(Bjerknes 1966, 1969) may operate in the equatorial Indian
Ocean (Webster et al. 1999; Li et al. 2003). This dynamic
feedback involves interactions among the zonal SST gradi-
ent, the low-level zonal wind in the central equatorial Indian
Ocean, and the east—west thermocline displacement. For
example, negative SSTAs off Sumatra induce anomalous
low-level easterlies in the central equatorial Indian Ocean,
which depress (lift) the thermocline to the west (east).
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The raised thermocline to the east enhances SST cooling
through upwelling of anomalously cold subsurface water.
The enhanced surface cooling further amplifies the easterly
wind anomalies. The IOD develops through this positive
dynamic feedback. Given the great impact of the anomalous
circulation on the evolution of an IOD event, it is impor-
tant to explore the causes of the related abnormal atmos-
pheric circulation to improve our understanding of the role
of atmospheric processes in the dynamic feedback of the
I0OD. The long-term motion of the atmosphere is driven by
the external energy supply, with friction acting to dissipate
the motion (Peix6to and Oort 1974; Li and Chou 1997). It
is therefore important to understand IOD dynamics from the
perspective of energetics, as the generation and maintenance
of the abnormal circulation are related to the transport and
conversion of energy.

Earlier theories of atmospheric energetics have confirmed
that external diabatic heating cannot be directly converted
into kinetic energy of the atmosphere, suggesting that the
underlying surface forcing is not a direct source of kinetic
energy. In fact, only a small percentage of the total poten-
tial energy in the atmosphere can be converted into kinetic
energy (Lorenz 1955; Oort 1964, 1971; Peixdto and Oort
1974), and the change in kinetic energy is directly related
to changes in atmospheric circulation. Therefore, Lorenz
(1955) proposed the concept of available potential energy
(APE) to solve the problem of energy efficiency and for-
mulated the modern framework of atmospheric energetics.

Several improvements have been made to extend Lorenz’s
classical theory to the local scale (Smith 1969a; Smith and
Horn 1969b; Johnson 1970; Edmon 1978; Oort et al. 1989;
Gu 1990; Hu et al. 2004). However, because these local APE
theories still adopt the APE formulation, which defines the
minimum total potential energy as the atmospheric reference
state when the stratification is horizontal and statically stable
(Lorenz 1955), this approach is not suitable for investigating
local atmospheric energetics because the reference condition
is ideal and physically unreachable (Gao et al. 2006). These
limitations led Li and Gao (2006) to propose a more realistic
concept of perturbation potential energy (PPE) by deducing
some properties of atmospheric adiabatic processes under
physical constraints. The PPE can better reflect the local
energy efficiency than the APE theory (Gao and Li 2007,
2012, 2013; Li et al. 20164, b; Dong et al. 2017; Wang et al.
2018). For instance, Wang et al. (2015) confirmed that PPE
is an important link between non-adiabatic heating and local
kinetic energy changes. And Dong et al. (2017) investigated
the variability in tropical Pacific atmospheric energetics using
PPE and suggested a possible negative feedback in the atmos-
phere during an ENSO cycle, which may explain the bursts
of westerly or easterly wind that occur mainly in the western
Pacific. Furthermore, Wang et al. (2012, 2015) used the baro-
clinicity of the atmosphere to introduce the concept of layer
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perturbation potential energy (LPPE) by decomposing the PPE
in the vertical direction. They further investigated the vertical
structure of atmospheric PPE and applied the theory to explore
the variability in the South China Sea summer monsoon and
East Asian summer monsoon to explain the mechanisms con-
trolling monsoon intensity (Huyan et al. 2017).

Given the importance of PPE theory for local dynamic pro-
cesses and the fact that few studies have examined the atmos-
pheric evolutionary processes of IOD events from the perspec-
tive of energy, the aim of this study is to investigate the spatial
and temporal variations in atmospheric PPE and the effect of
PPE on the local atmospheric circulation through energy con-
version over the tropical Indian Ocean during an IOD event.

The remainder of this manuscript is organized as follows.
Data and methodology are described in Sect. 2. The aim of
Sect. 3 is to identify the relationship between SST and PPE dur-
ing a composite IOD event, while Sect. 4 considers the impor-
tant role of PPE as a link between the underlying external forc-
ing and local kinetic energy. Section 5 describes the temporal
and spatial evolution of PPE and the interrelation of PPE in
different layers. The possible mechanism by which PPE affects
atmospheric circulation anomalies is discussed in Sect. 6, fol-
lowed by the main conclusions and discussion in Sect. 7.

2 Data and methodology

2.1 Data

This study employs monthly average datasets including tem-
perature, winds, vertical velocity, and surface pressure from
the National Centers for Environmental Prediction—National
Center for Atmospheric Research (NCEP/NCAR) reanalysis
(Kalnay et al. 1996). The horizontal grid resolution is 2.5° X
2.5° and there are 11 levels (1000-150 hPa) in the vertical. The
SST data is from the Hadley Centre sea ice and sea surface
temperature (HadISST) datasets (Rayner et al. 2003) with a
grid resolution of 1° x 1°. The period covered is from January
1948 to December 2015.

2.2 Methodology

By considering some important properties of an adiabatic
atmosphere, Li and Gao (2006) proposed the PPE as the dif-
ference in atmospheric total potential energy (TPE) between
the actual state and the conditional minimum reference state
via adiabatic redistribution, which is related to the state of the
atmosphere before redistribution. We thus obtain a mathemati-
cal expression for PPE in isobaric coordinates as follows:
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where PPE,(i = 1,2,...) is the ith moment term of PPE.
Here, p is pressure; T is temperature; p, is the reference
pressure (usually taken as 1000 hPa); k = R/ Cp, where R
is the gas constant of dry air and C,, is the specific heat at
constant pressure; y, = g/C, is the dry adiabatic lapse rate;
and 6 = T(py,/p)*, where 0 is potential temperature. 7’ is
the perturbation temperature from the reference state and p,
is the surface pressure. The first- and second-moment terms
of PPE are expressed as

p‘Y
PPE, = 1 T'dp, 2)
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Note that the global average of PPE, is zero and the values
of the global average of PPE, are equal to the value of the
APE, while on the regional scale, PPE, is the dominant term of
PPE and is an order of magnitude larger than the second-order
term and other higher-moment terms that can be neglected (Li
and Gao 2006). Therefore, PPE may be approximated by the
sum of PPE, and PPE,.

The governing equations of PPE and atmospheric perturba-
tion kinetic energy (PKE) are as follows:

PPE = Cyx + G + HBF ppp, 4)

PKE = —Cyg + D + HBFyy, 3)
_ -2
where PKE = KE — KE, and KE = i Op“ V dp, Cy repre-

sents the energy conversion between PPE, and PKE:

Py

Cyx = 1 (wa — wa)dp, (6)

8 Jo
where @ is the vertical velocity in pressure coordinates and
a is the air specific volume. When Cy is positive, cold air
ascends or warm air descends and energy is converted from
PKE to PPE; conversely, when C is negative, warm air
ascends or cold air descends and PPE is converted to PKE.
Here also, G is the diabatic heating to the atmosphere and
D represents viscous dissipation. The HBF terms stand for
the horizontal boundary flux. The governing equations show
that the change of external non-adiabatic heat (AG) will
lead to the change of PPE (APPE) directly, then changing
the term of Cyg (ACy). As the bridge of the energy conver-
sion between PPE and PKE, ACy will lead to APKE, and
APKE mainly manifests in the change of initial atmospheric

circulation.
In view of the baroclinic of the atmosphere, the local energy
distribution is also significantly abnormal in the vertical direc-
tion. Therefore, the atmospheric PPE is studied in different

layers (Wang et al. 2012). The precise definition of layer PPE
is as follows:
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p, and p, are the lower and upper limits of the verti-
cal integration over the pressure range, respectively.
LPPE=LPPE, +LPPE,. Similarity layer Cx and PKE can be
obtained through changing the range of vertical integration.
In the present study, the monthly mean climatology is
first calculated for the period 1948-2015 and anomalies are
then defined as departures from this climatology. A proce-
dure is applied to the data to remove a linear warming trend
in the Indian Ocean (Saji and Yamagata 2003). A 5-month
running mean and a 7-year high pass filter are then applied
to all datasets to remove the intraseasonal and interdec-
adal variation, respectively. Following Saji and Goswami
(1999), the dipole mode index (DMI) is defined as the dif-
ference in SSTAs between the tropical western Indian Ocean
(10°S-10°N, 50°-70°E, hereafter referred to as the west pole
of the IOD, IOD-W) and the eastern Indian Ocean (10°S-0°,
90°-110°E, hereafter referred to as the east pole of the IOD,
IOD-E). Based on this index, the years 1961, 1963, 1972,
1976, 1982, 1983, 1987, 1991, 1994, 1997, and 2006 are
selected to represent the major positive IOD events, and
1958, 1960, 1964, 1971, 1992, 1996, and 1998 to represent
the major negative IOD events (Saji and Yamagata 2003).
These positive and negative IOD years are referred to as
IOD-years, and other (non-IOD) years as nlOD-years. To
further investigate the relations among SST, PPE and PKE,
a PPE anomalies dipole-like index (PDI) is defined as the
difference in the normalized area-averaged PPE anomalies
between the western Indian Ocean (15°S—-15°N, 60°-80°E)
and southeastern Indian Ocean (15°S-0°, 100°-120°E):

PDI = PPE anomalies;ses_;5:N 60°—80°E)

— PPE anomalles(1505_00!1000_1200 E)’

and the PKE anomalies index (PKEI) is defined as the
normalized area-averaged PKE anomalies over the equa-
torial Indian Ocean (10°S—10°N, 70°-90°E). We define
PDI (lower) for the lower (1000-850 hPa) troposphere and
PDI (middle—upper) for the middle—upper (600-200 hPa)
troposphere.
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3 Delayed effect of IOD-E SSTAs on IOD-W
SSTAs

For the convenience of the following discussion and to
introduce the delayed effect of IOD-E SSTAs on IOD-W
SSTAs, the evolution of composite SSTAs and surface wind
anomalies associated with the IOD are displayed in Fig. 1.
Although these features are well-known, we use this figure
to set the scene here for the complex problem addressed in
this study. Some of the main features are as follows. Cold
SSTAs first appear surrounding the Indonesian islands by
May—June, especially in the Java upwelling area (i.e. the
IOD-E), accompanied by southeasterly wind anomalies in
the southeastern Indian Ocean (Fig. 1a). The cold SSTAs
continue to develop and move to the equator along the Indo-
nesian coastline from July to August. Meanwhile, SSTAs
become larger in the IOD-W accompanied by strengthened
equatorial easterly wind anomalies (Fig. 1b); the IOD peaks
in September—October (Fig. 1c) and then rapidly vanishes
(Fig. 1d). These are essentially the same features as seen
in previous studies (Saji and Goswami 1999; Hong et al.
2008a, b). The SSTAs in the IOD-E and IOD-W vary oppo-
sitely and the IOD-E SSTAs lead the IOD-W SSTAs during
the composite IOD event. However, there is no significant
negative correlation between the IOD-E SSTAs and IOD-W
SSTAs. In addition, the lead—lag correlation between the

(@) May-Jun 2

15N »>

158 A

15N +
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IOD-E SSTAs and IOD-W SSTAs indicates significant
simultaneous positive correlations, and the maximum posi-
tive correlation occurs when the IOD-E lags I[OD-W by 3—4
months (Fig. 2), indicating that the western and eastern parts
of the Indian Ocean are more likely to have SSTAs of the
same sign. This is consistent with previous results (Nicholls
and Drosdowsky 2001; Dommenget and Latif 2002; Feng
and Meyers 2003; Krishnamurthy and Kirtman 2003). Why
then are the results of the composite and correlation analyses
inconsistent?

To examine this question, the lead—lag correlations
between IOD-E SSTAs and IOD-W SSTAs for IOD-years
and nIOD-years are displayed in Fig. 2. The maximum
negative correlation (r=—0.34) in IOD-years occurs when
IOD-E SSTAs lead IOD-W SSTAs by 2 months, which is
totally different from the results for all years and for nIOD-
years. This implies that during the IOD events there is a
delayed effect of IOD-E SSTAs on IOD-W SSTAs; i.e.,
cold SSTAs in the IOD-E first develop, then warm SSTAs
in the IOD-W gradually grow, reaching their peak after 2
months, which is consistent with the composite analysis
above. However, in nIOD-years there is significant simul-
taneous positive correlation between the IOD-E and IOD-
W, and the maximum positive correlation occurs when
IOD-E SSTAs lag IOD-W SSTAs by 2 months. These
results indicate that the evolution of SSTAs in the IOD-E
and IOD-W during 10D years is entirely different from
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Fig. 1 Evolution of composite SSTAs (°C) and low-level (1000-850 hPa) wind anomalies (m sHina May-Jun, b Jul-Aug, ¢ Sep-Oct, and d
Nov-Dec during positive IOD events. The shaded areas and arrows are significant at the 99% level (Student’s 7-test)
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Fig.2 Lead-lag correlations between the SSTAs in the IOD-E and
IOD-W (negative lags denote IOD-E leading IOD-W). Solid black,
blue, and red lines are for all-years, IOD-years, and nlOD-years,
respectively. The dashed lines represent the 95% confidence levels
based on the effective numbers of degrees of freedom

(a) PPE anomalies (1000-850hPa)

that during nIOD-years. This explains the lack of negative
correlation between IOD-E SSTAs and IOD-W SSTAs in
previous studies, as it is due to the influence of nIOD-
years, which make up more than 70% of the time series so
that there is a positive correlation between IOD-E SSTAs
and IOD-W SSTAs when all years are included. In the
following we will further elaborate on this delayed effect
of IOD-E SSTAs on IOD-W SSTAs from the perspective
of energetics.

4 Linking role of PPE during an 10D event

Figure 3 shows correlations of the DMI with atmos-
pheric PPE anomalies in different layers and PKE
anomalies over the whole troposphere over the equato-
rial Indian Ocean. The most prominent features are the
significant negative correlation between PPE anomalies
in the lower troposphere (1000-850 hPa) and DMI over
the southeastern Indian Ocean (15°S-0°, 100°-~120°E),
and positive correlation over the western Indian Ocean
(15°S-15°N, 60°-80°E). In the middle—upper tropo-
sphere (600-200 hPa), Fig. 3b shows that the region of
positive correlation is located mainly over the western
Indian Ocean and there is insignificant correlation over
the southern Indian Ocean. In contrast, we note that
the region of correlation between PPE anomalies of the

(b) PPE anomalies (600-200hPa)

(@4
15N 15N —\//o \)/ |
0 /|
Qﬁoq
158 155 </}
T T T T
6 _ 90E 120E 90E 120E
(c) PPE anomalies
(¢4
15N - i / 15N
0 /]
01 \? ﬁ ’
Q&o&:
158 o 158
T T
60E 90E 120E
BT T T T 7 [
08 -06 -0.4 -02

Fig.3 Correlations between the DMI and a PPE anomalies in the
lower troposphere (1000-850 hPa), b PPE anomalies in the middle—
upper troposphere (600-200 hPa), ¢ PPE anomalies in the whole trop-

osphere (1000-150 hPa), and d PKE anomalies. The areas enclosed
by solid lines are statistically significant at the 99% confidence level
(Student’s t-test)
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whole troposphere (1000-150 hPa) and DMI is similar
to that of the upper troposphere; i.e., mainly over the
western Indian Ocean (Fig. 3c). These results suggest
that when a positive IOD event occurs, the SSTAs are
cold in the southeastern Indian Ocean and warm in the
western Indian Ocean, and there is also a corresponding
dipole pattern of PPE anomalies in the lower troposphere
(1000-850 hPa). However, the PPE anomalies in the mid-
dle—upper troposphere (600-200 hPa) do not change over
the eastern Indian Ocean and the PPE anomalies over the
western Indian Ocean are positive. The PPE anomalies
of the whole troposphere (1000-150 hPa) seem to have
similar features to the PPE anomalies in the middle—upper
troposphere (600-200 hPa). These are only simultane-
ous correlations and the relationship of PPE anomalies
between the whole troposphere (1000—150 hPa) and dif-
ferent layers are discussed in detail below.

Correlations between the DMI and PKE anomalies
over the whole troposphere are shown in Fig. 3d. Nega-
tive correlations dominate the equatorial Indian Ocean,
which means that PKE anomalies decrease when an IOD
occurs. Although there is a significant positive correla-
tion away from the equator, this will not be discussed
further, as we focus on the energy changes of the equato-
rial Indian Ocean.

Figure 4a illustrates the lead—lag correlation coeffi-
cients between the DMI, PDIand PKEI over the whole
troposphere. It is clear that the KEI has the largest nega-
tive coefficients with DMI and PDI for simultaneous cor-
relations, indicating that SST and PPE have important
effects on PKE during the IOD event. To further study
the relationships between PDI, DMI, and PKEI over the
whole troposphere, partial correlations are also calcu-
lated. As shown in Fig. 4b, the connection between DMI
and PDI is slightly affected by removing the effect of
PKEI, which suggests that the IOD has a significant con-
trol on PPE. In contrast, the partial correlations between

Fig.4 a Lead-lag correlations (a)

DMI and PKEI change drastically when the effect of the
PDI (over the whole troposphere) is removed. This indi-
cates that PPE plays a major role in the influence of IOD
on PKE. In addition, the partial correlations between PDI
and PKEI become insignificant after removal of the SSTA
signal. These results suggest that the physical linkage
between PPE and PKE is more direct than that between
the IOD and PKE. The variation in PPE is modulated by
the IOD, and the PPE can then affect PKE through energy
adjustment and conversion.

5 Evolution of PPE during the IOD event
5.1 Temporal variation in PPE

To further investigate the relationship between SST and PPE,
and the relationship of PPE in different layers of the tropo-
sphere during the IOD event. Figure 5a shows the standard-
ized time series of PDI (lower) and DMI, and Fig. 5d their
lead-lag correlations. Generally, in the most years, there are
extremes of positive PDI (lower) when a strong positive IOD
event occurs, and the conditions are reversed in the nega-
tive phase (Fig. 5a). Notably, DMI has the largest positive
correlation with PDI (lower) at zero lag (r=0.60) (Fig. 5d).
In contrast, the amplitude of PDI (middle—upper) changes
relatively smaller (Fig. 5b) and the largest positive correla-
tion with DMI is 0.38 when the PDI (middle—upper) lags
DMI by 1-2 month (Fig. 5e). Over the whole troposphere,
PDI is more consistent with DMI changes (Fig. 5c), and
the largest positive correlation with DMI is 0.66 at zero lag
(Fig. 5f). The correlation reduces significantly after the PDI
(lower) signal is removed, as shown by the dashed line in
Fig. 5f, and PDI (lower) explains more than 60% of the total
variance of PDI, while the correlation reduces a little after
removing the PDI (middle—upper) signal. These results sug-
gest that the PPE anomalies of the whole troposphere have a

(b)

between the DMI and PDI (long | == r(PDI, KEI)
dashes), DMI and PKEI (solid 0.60 —romi po) ]
line), and PDI and PKEI (short /
dashes). b Same as a, but for
partial correlations. (X, Y) is
the correlation between the vari-
ables X and Y, and pr(X, Y/Z) is
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------ pr(PDI, KEI/DMI)
——pr(DMI, KEI/PDI)
0.60 o —-- pr(DMI, PDI/KEI)
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the partial correlation between
X and Y with the variable Z
removed. The horizontal dashed
lines are 99% confidence levels
(Student’s r-test)
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Fig.5 Standardized time series of the DMI and a PDI (lower, 1000—
850 hPa), b PDI (middle-upper, 600-200 hPa), and ¢ PDI (1000—
150 hPa) during the period 1948-2015. Lead-lag correlation (thick
solid lines) between the DMI and d PDI (lower), ¢ PDI (middle—

coherent response to the SSTAs during the IOD event, and
there is no lag on the monthly scale. The high value of vari-
ance and the simultaneity indicate that the PPE anomalies
in the lower troposphere are the dominant layers affecting
the distribution of PPE anomalies of the whole troposphere.

5.2 Spatial variation in PPE

To compare the evolution of SSTAs and PPE anomalies dur-
ing the IOD event, Fig. 6 shows the composite SSTAs and
PPE anomalies (1000-850 hPa) for the 11 extremely positive
10D events mentioned in Sect. 2. At the initial stage of the
positive IOD event (Fig. 6a), negative PPE anomalies and
SSTAs in the southeastern Indian Ocean occur at the same
time as positive PPE anomalies in the southwestern Indian
Ocean. As the SSTAs intensify in the Indian Ocean, PPE
anomalies develop into an evident dipole pattern over the
tropical Indian Ocean, consistent with the distribution of

lag months

upper), and f PDI (1000-150 hPa). In f the thin dashed line is the par-
tial correlation with the PDI (middle—upper) removed, and the dotted
line is the partial correlation with the PDI (lower) removed. The hori-
zontal dashed lines in d—f are 99% confidence levels (Student’s ¢-test)

SSTAs from July to August (Fig. 6b). Then, from September
to October (Fig. 6¢), the SSTASs in the eastern Indian Ocean
reach their peak while those in the western Indian Ocean
continue to increase, as negative PPE anomalies weaken
over the eastern Indian Ocean and positive PPE anomalies
expand eastwards over the western Indian Ocean. After
October (Fig. 6d), the SSTAs in the Indian Ocean weaken
rapidly and warmer SSTAs in the western Indian Ocean
expand eastwards, showing a tendency to Indian Ocean basin
mode, and positive PPE anomalies continue to expand east-
wards over the western Indian Ocean, ultimately covering
the entire Indian Ocean. During the evolution of the IOD,
the temporal and spatial characteristics of the PPE anoma-
lies (1000-850 hPa) are essentially the same as those of the
SSTAs.

Figure 7 shows the composite middle—upper PPE anom-
alies (600-200 hPa). Positive PPE anomalies change sig-
nificantly until July and mainly dominate the region over
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Fig.6 Evolution of composite SSTAs (shading, °C) and lower trop- IOD event. The shaded areas and arrows are significant at the 99%
ospheric (1000-850 hPa) PPE anomalies (contours, 10* J m™2) in a level (Student’s ¢-test)
May—Jun, b Jul-Aug, ¢ Sep—Oct, and d Nov—Dec during the positive

(a) May-Jun (b) Jul-Aug
U
15N 15N
o
15S 158 -//_—i\_'_/ﬂiff__,,,,,ij_‘\
= : E T =
120E
15N 15N
0 0
158 158 Sp——
—— ——————

120E

Fig.7 Same as Fig. 6, but for the middle—upper (600-200 hPa) tropospheric PPE anomalies
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the western Indian Ocean (Fig. 7b). The change of PPE in
the middle—upper troposphere lags that at 1000—850 hPa.
The evolution of composite PPE anomalies of the whole
troposphere (1000—150 hPa) during the IOD event is simi-
lar to that of the PPE anomalies in the lower troposphere
(not shown). The above results show that when the IOD
event occurs, the strongest response of the PPE anomalies of
the whole troposphere (1000-150 hPa) is in the lower layer
of the troposphere where the changes are consistent with
those of the SSTAs. To better explore the vertical evolution
of the PPE anomalies over the western and eastern Indian
Ocean during the IOD event, Fig. 8 shows time—height plots
of composite PPE anomalies over the IOD-W and IOD-E
during the positive IOD event. In the lower troposphere
(1000-850 hPa), positive PPE anomalies in the IOD-W
appear after June, then peak in September and persist until
the next year. Significantly negative PPE anomalies in the
IOD-E start much earlier than May, peak in July and August,
weaken rapidly during September to October, and sharply
translate into positive PPE anomalies in December (Fig. 8b).
Moreover, in the middle—upper troposphere (600-200 hPa),
positive PPE anomalies in the IOD-W occur 2-3 months
later than the lower tropospheric PPE anomalies, and then
gradually intensify until the next year, whereas no such fea-
tures are found in the IOD-E. These results indicate that the
negative PPE anomalies in the IOD-E are located mainly in
the lower troposphere, corresponding to the cooling SSTAs
in the IOD-E, while positive PPE anomalies in the IOD-W
are significant over the whole troposphere, corresponding to
the warmer SSTAs in the IOD-W. However, the changes of
PPE anomalies in the middle—upper troposphere lag those
in the lower troposphere.

6 Energetic effects on atmospheric
circulation

The atmospheric PPE, as a key link between the local under-
lying external forcing and the variability in PKE, is expected
to influence the atmospheric circulation over the tropical
Indian Ocean. Figure 9a shows the lead—lag correlations
between DMI and low-level zonal wind anomalies (U-wind),
and their partial correlation with the effect of PDI removed.
Note that the correlation of DMI and U-wind is highly sig-
nificant (r = —0.68) when U-wind lags by 1 month. After
the PDI signal is removed (black dashed line), the rela-
tionship between them clearly weakens. Furthermore, the
lead—lag correlations between U-wind and SSTAs in the
IOD-E and IOD-W show that the U-wind occurs simultane-
ously with the IOD-E SST and leads the IOD-W SST by 2
months, which suggests that the U-wind develops consist-
ently with the IOD-E SST and enhances positive SSTAs in
the IOD-W 2 months later. The weakened partial correla-
tions indicate that the PPE serves as a bridge linking the
Indian Ocean SSTAs and the zonal wind anomalies over the
equatorial Indian Ocean. The correlations between U-wind
and SSTAs in the IOD-E and IOD-W suggest that the zonal
wind anomalies may further influence the evolution of the
IOD through air—sea interaction. The same characteristics
can be demonstrated in the temporal evolution (Fig. 9b). The
intensity of the U-wind is remarkably high along with highly
negative SSTAs in the IOD-E during May—July, and then the
SSTAs in the IOD-W continue warming, rapidly enhancing
the U-wind that peaks in October, and then drops. After
removing the PDI signal, the intensity of U-wind decreases
significantly, the weakened circulation decreases the depres-
sion of the thermocline to the west, at the same time, wind
stress curl also make some contribution to the change of the
thermocline (not shown). Thereby the SSTAs in the IOD-W

(a) IoD-wW (b) IOD-E
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Fig. 8 Time-height plots of composite PPE anomalies (10* J m™2) over a the IOD-W and b IOD-E during the positive IOD event. The areas sur-
rounded by the solid lines are statistically significant at the 99% level (Student’s #-test)
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Fig.9 a Lead-lag correlations of U-wind (5°S-5°N, 70°-90°E,
1000-850 hPa) with the DMI (black solid line), the DMI after the
PDI is removed (black dashed line), IOD-W SST (blue dashed line),
and IOD-E SST (blue solid line) for IOD-years. The thin horizon-
tal dashed lines are 99% confidence levels (Student’s t-test). b Time

decrease. The anomalous easterlies are not strengthened in
October, and thus the IOD cannot develop.

Equation (5) demonstrates that energy can be converted
between PPE and PKE through Cy, which is approximately
equal to the PKE variation that drives atmospheric circu-
lation. Figure 10 presents the evolution of the composite

T T T T T T T T T T
Mar Apr May Jun Jul Aug Sep Oct Nov Dec +1Jan

months

evolution of composite standardized IOD-E SST (blue solid line),
I0OD-W SST (blue dashed line), U-wind (black solid line) and U-wind
with the PDI removed (black dashed line) during the positive IOD
event

anomalous atmospheric circulation and Cy during the IOD
event in the form of longitude—pressure cross-sections along
5°S-5°N. In Fig. 10a, b, positive Cy is located over the east-
ern Indian Ocean with significant downward motion, and
zonal winds begin to strengthen during July and August.
As the IOD event enters its mature phase (Fig. 10c), the
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Fig. 10 Evolution of composite C, (W m™2) and zonal circulation
(arrows) averaged over 5°S—5°N in a May—Jun, b Jul-Aug, ¢ Sep-
Oct, and d Nov—Dec during the positive IOD event. Anomalies in Cy
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region and value of positive Cy over the IOD-E reach their
maximum. In contrast, Cy is negative over the IOD-W and
the anomalous circulation over the Indian Ocean is charac-
terized by easterly anomalies in the lower troposphere and
westerly anomalies aloft, with downward anomalies over the
Maritime Continent and upward anomalies over the IOD-
W:; this opposes the climatological Walker circulation over
the tropical Indian Ocean. During November and December
(Fig. 10d), negative Cy over the IOD-W reaches its maxi-
mum magnitude, while the anomalous circulation contin-
ues to develop and easterly wind anomalies in the lower
troposphere are evident over the whole equatorial Indian
Ocean. The opposite energy conversion processes over the
IOD-E and IOD-W indicate that the changes in atmospheric
PPE have different influences on the atmospheric circula-
tion, especially the surface wind stresses that are of great
importance in IOD dynamics. Over the IOD-E, when Cy
is positive, the atmospheric PKE decreases, weakening the
lower level convergence of the climatological Walker cir-
culation over the IOD-E, and anomalous surface easterly
wind develops. The change in Cy over the IOD-W occurs
later than over the IOD-E. When Cy is negative over the
I0OD-W, atmospheric PKE increases, further enhancing the
lower-level anomalous convergence (similar results can be
obtained when the ERA-Interim datasets are employed,
not shown here). The climatological Walker circulation

(a) DMI leads 0 month

continues to weaken and the anomalous easterly wind
reaches its maximum.

To further quantify the statistical relation of the PPE
anomalies with Cy and atmospheric circulation, the
lead—lag correlations between DMI and the 40°-120°E
equatorial zonal circulation and Cy, and the correlations
with the PDI signal removed, are presented in Fig. 11. The
maximum positive DMI is concurrent with the maximum
positive Cy in the IOD-E (Fig. 11a), indicating that fewer
PPE anomalies can convert into PKE when the SSTAs are
negative, while negative Cy occurs in the IOD-W, lead-
ing to more energy converting into PKE, thereby gen-
erating an anomalous Walker circulation. A month later
(Fig. 11b), the negative Cy in the IOD-W peaks, which
leads to enhancement of the anomalous Walker circulation,
resulting in a rapid strengthening of anomalous easterly
wind. After the PDI is removed, as shown in the right
panels of Fig. 11, the C intensity decreases sharply and
the anomalous Walker circulation almost vanishes. These
results suggest that the energy conversion processes over
the IOD-E and IOD-W provide a positive feedback to the
development and maintenance processes of IOD evolution.

The schematic diagram in Fig. 12 illustrates the positive
feedback during a positive IOD event. When a typical pos-
itive IOD event develops in the tropical Indian Ocean, cool
SSTAs first appear in the IOD-E, rapidly deceasing the
atmospheric PPE in the lower troposphere, and negative
PPE anomalies lead to less energy converting into PKE,
weakening the surface wind convergence over the IOD-E
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Fig. 11 a Correlations of the DMI with C (shading) and zonal cir-
culation (arrows). b Same as a, but for the DMI leading by 1 month.
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the PDI signal removed. Values exceeding the 99% confidence level
(Student’s #-test) are indicated by shading and arrows
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Fig. 12 Schematic diagram of
atmospheric energy variation
and corresponding circulation
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and thus the climatological Walker circulation. Mean-
while, the surface easterly anomalies strengthen and pre-
vail along the west coast of Sumatra and raise the coastal
thermocline to be shallow. After 1-2 months, stronger
easterly anomalies force deepening of the thermocline in
the IOD-W, leading to warmer SSTAs (Bjerknes 1969;
Jin et al. 2006; Yokoi et al. 2008). Following the develop-
ment of warmer SSTAs in the IOD-W, the PPE anomalies
and Cg over the IOD-W have opposite characteristics to
those in the east, and the climatological Walker circulation
weakens further. As a result, the zonal winds in the lower
troposphere remain strong, maintaining the SSTAs, which
provide a positive air—sea feedback in the development and
maintenance processes of IOD evolution.

7 Summary and discussion

This paper analyzes the relationships between the atmos-
pheric PPE anomalies and the SSTAs over the Indian Ocean
basin and the evolution of the PPE anomalies during an IOD
event. Furthermore, the influence of atmospheric PPE anom-
alies on the atmospheric circulation and the effects of energy
conversion on the evolution of the IOD in atmospheric pro-
cesses are analyzed.

The PPE anomalies are significantly correlated with the
10D, corresponding to the anomalous variation in SST, and
PKE anomalies are accordingly suppressed or enhanced over
the equatorial Indian Ocean during the IOD event. The rela-
tion between DMI, PDI, and PKEI suggests that PPE is the
key link between the underlying external forcing and PKE.

During the IOD event, PPE anomalies in the lower tropo-
sphere (1000-850 hPa) present a dipole pattern in response
to the SSTAs and their evolution is essentially synchro-
nous with that of the SSTAs. Negative PPE anomalies and
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SSTAs first occur in the IOD-E. As the SSTAs intensify
in the Indian Ocean, PPE anomalies develop into a notice-
able dipole pattern over the tropical Indian Ocean from July
to August. Then, negative PPE anomalies weaken over the
IOD-E and positive PPE anomalies expand eastwards, cov-
ering the entire Indian Ocean. The change of PPE in the
middle—upper troposphere lags that in the lower troposphere.
PPE anomalies of the whole troposphere (1000-150 hPa)
have the strongest response in the lower troposphere and
have similar features to the PPE anomalies in the lower
troposphere (1000-850 hPa).

During the IOD event, the IOD-W SSTAs have a delayed
effect on the IOD-E SSTAs. The correlations between
U-wind and SSTAs at the two poles suggest that the U-wind
may cause this delayed effect through air—sea interaction,
and the PPE has important impacts on the U-wind during the
10D event through energy conversion. When Cy is positive
in the IOD-E, there is less conversion of PPE anomalies into
PKE, and atmospheric PKE decreases, weakening the lower-
level convergence of the climatological Walker circulation
over the IOD-E. Anomalous surface easterly wind develops
along the west coast of Sumatra and shallows the coastal
thermocline, while warmer SSTAs in the IOD-W begin to
develop. The PPE anomalies and Cy over the IOD-W are
opposite to those in the east, and the anomalous easterly
wind continues developing and the positive SSTAs in the
IOD-W reach their maximum.

In this study we focused on the positive feedback mecha-
nism of the IOD event. Further studies are needed to inves-
tigate the role of PPE in the transition from maturity to
decay of the IOD event. In addition, the Indian Ocean lies
upstream of the Asian summer monsoon region. As one of
the principal sources of water vapor for the Asian summer
monsoon, the impacts of Indian Ocean surface forcing on
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energy conversion in the Asian monsoon region will be the
focus of future work.
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