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Abstract The Indian Ocean Dipole (IOD) is an important natural mode of the tropical Indian Ocean (TIO). Sea surface tempera-
ture anomaly (SSTA) variations in the TIO are an essential focus of the study of the IOD. Monthly variations of air-sea heat flux, rate
of change of heat content and oceanic thermal advection in positive/negative IOD events (pIODs/nlODs) occurring after El Nifio/La
Nifia were investigated, using long-series authoritative data, including sea surface wind, sea surface flux, ocean current, etc. It was
found that the zonal wind anomaly induced by the initial SSTA gradient is the main trigger of IODs occurring after ENSOs. In plODs,
SSTA evolution in the TIO is primarily determined by the local surface heat flux anomaly, while in nlODs, it is controlled by
anomalous oceanic thermal advection. The anomalous southwestern anticyclonic circulation in pIODs enhances regional differences
in evaporative capacity and latent heat, and in nlODs, it augments the east-west difference in the advective thermal budget. Further,
the meridional anomaly mechanism is also non-negligible during the development of nIODs. As the SWA moves eastward, the me-
ridional SWA prevails near 60°E and the corresponding meridional anomalous current appears. The corresponding maximum merid-
ional thermal advection anomaly reaches 200 W m ™~ in September.
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1 Introduction

The Indian Ocean Dipole (I0OD), recognized as an ano-
malous modal signal in tropical SSTs, exists in the tropi-
cal Indian Ocean (TIO) and has a significant influence on
its surroundings and the El Nifio/La Nifa in the tropical
Pacific (e.g., Saji et al., 1999; Webster et al., 1999; Saji
and Yamagata, 2003; Behera et al., 2006; Forootan et al.,
2016; Nur’utami and Hidayat, 2016). The IOD is an im-
portant natural ocean-atmosphere coupled mode in the
Indian Ocean. Strength of the IOD can be defined as the
10D index, which is the difference in the average SSTAs
between IOD Region 1 (10°S—10°N, 50°-70°E, noted as
R1) and IOD Region 2 (0°—10°S, 90°—110°E, noted as R2).

The twin signals, IOD and EINifio/LaNifa (ENSO), are
usually treated as a combination. Plenty of historical ob-
servations and model results have indicated that ENSO
could influence the occurrence of IOD (e.g., Annamalai et
al., 2003; Chowdary and Gnanaseelan, 2007; Yang et al.,
2010; Stuecker et al., 2017), and even the evolution of
10D (e.g., Allan et al., 2001; Bracco et al., 2005; Behera
et al., 2006; Saji et al., 2006; Cai et al., 2011, 2012; Hong
et al., 2014; Ham et al., 2017) in the TIO. Widely ac-
cepted air-sea interaction mechanisms in IOD events in-
clude the Bjerknes feedback (Bjerknes ef al., 1969), the
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wind-evaporation-SST feedback (Li et al., 2003), the oce-
anic Rossby wave adjustive process (Webster ef al., 1999;
Huang and Kinter, 2002; Xie et al., 2002; Rao and Behera,
2005; Spencer et al., 2005), the SST-cloud-radiation feed-
back (Hong et al., 2008a, b), and the wind-thermocline-
SST feedback. Recently, IOD categorization was investi-
gated in some studies based on the relationship between
the IOD and ENSO. Guo (2015) categorized the 10Ds
primarily into two types, according to different triggering
conditions. Type I I0ODs (first type) occurring in the de-
veloping phase of ENSO are triggered by the anomalous
Walker Circulation (WC), while Type II I0Ds (second
type) occurring in the year after ENSO are triggered by the
internal air-sea interaction, which is induced more by the
initial zonal SSTA. Triggers of Type II IODs indicate the
inhomogeneous basin-wide warming/cooling in the TIO.
According to previous work, trigger conditions of Type
I IODs, resulting from the weakened/strengthened WC
induced by ENSO in the tropical Pacific, are widely ac-
cepted (Annamalai et al., 2003; Fischer et al., 2005; Zhong
et al., 2005; Hong et al., 2010). However, quite a few
uncertainties in the internal ocean-atmosphere interaction
in Type II IODs need to be further investigated. In addi-
tion, previous research has focused on the large-scale
atmospheric circulation anomaly, and the focus of 10D
research has been primarily the WC anomaly and atmos-
pheric forcing. To investigate the SSTA variation in the
TIO in depth, the following issues should be addressed:
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How do ocean-atmosphere processes affect the evolution
of the mixed layer temperature (MLT) in Type II IODs?
What role does seawater self-movement play in Type II
I0ODs? Is there any difference in the triggers of Type II
plODs and Type II nIODs?

Using long-time series data obtained from authoritative
organizations, the heat budget of the mixed layer during
the formation and development phases of positive/nega-
tive Type Il IODs were studied using synthetic analysis,
anomaly analysis, and relationship analysis. This paper is
organized as follows: Section 2 introduces the data and
methods. Section 3 focuses on the analysis and results of
the evolutions of various factor anomalies in the mixed
layer. Discussion and summary are given in Sections 4
and 5, respectively.

2 Data and Methods

In order to examine the variability of SSTA and the cor-
responding SWAs for the different types of 10Ds, Sea
surface wind (SSW) and SST were obtained from the data-
set CERA-20C (January 1901-December 2010, http://apps.
ecmwf.int/datasets/) of the European Centre for Medium-
Range Weather Forecasts (ECMWF). and the dataset of the
newly developed Ocean-Air Fluxes. The product currently
includes ERA-Interim, ERA-20C, ERA-20CM, ERA-40,
CERA-20C, efc. Here the latest product CERA-20C dataset,
as the final version of ERA-20CM and ERA-20C, were
adopted to demonstrate the anomalies, SSWA, and SSTA.
CERA-20C assimilated surface pressure and marine wind
observations as well as the ocean temperature and salinity
profiles from 1901 to 2010, and corrected the errors of the
past observation and model data. The Ocean-Air Fluxes
project originates from the Woods Hole Oceanographic
Institution, and surface heat flux fields were derived from
combining optimal satellite measurements and outputs of
surface meteorological fields using the bulk flux algorithm
3.0 (Yu et al., 2004). Here the monthly averaged data
were selected at a 0.75°x0.75° resolution.

In this paper, monthly evolutions of sea surface heat
flux were investigated through Q. (surface net heat flux),
SW (shortwave radiation flux), LW (longwave radiation
flux), LH (latent heat flux), and SH (sensible heat flux)
data, acquired from the datasets published by both ECM-
WF and Ocean-Air Fluxes. In total, there were 10 10D
events occurring in the year after an ENSO during the past
63 years (Guo, 2015). Data and anomalies for pIODs/
nlODs were synthesized.

Ocean temperature and monthly climatology of hori-
zontal velocity at different levels were used to calculate
oceanic thermal advection and the heat content change
rate. These datasets were derived from simple ocean data
assimilation (SODA) reanalysis developed at the Univer-
sity of Maryland (Carton ef al., 2000a, b; Carton and Giese,
2008). Velocity and temperature fields were in 5-day in-
tervals spanning 1970-2009 with a 0.5°x0.5° horizontal
resolution and a 10m vertical resolution near the surface,
for a total of 40 vertical levels. Mean value was calcu-
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lated using the values of different levels according to the
seasonal variation in the mixed layer depth (MLD). The
MLD adopted here was from the U.S. NRL (Naval Re-
search Laboratory), Stennis Space Center. The method of
NMLD (Naval Research Laboratory Mixed Layer Depth)
climatology calculation accommodated not only in-situ
data but also climatological datasets that typically have a
much lower vertical resolution.

To investigate the monthly variations in Type II pIODs/
nlODs, the methods of synthetic analysis, anomaly analy-
sis, and lead/lag relationship analysis were adopted in the
data processing. Upper ocean heat budget was calculated
by the three-dimensional heat conservation equation:

At
h

oT
pC R (——+v-VT+w—2)=0,, (1
ot
in which Q, represents the net income or loss value at
the sea surface:

O =SWHLW+LH+SH , )
where p is the sea water density; C, is the heat capacity of
seawater; T represents MLT; v is the horizontal velocity
vertically averaged in the mixed layer; w is the vertical
entrainment velocity; A¢ is the temperature difference
between the mixed layer and the adjacent layer below it.
Further, pC,h-0T/0t is the rate of heat content change term;
pC,hvVT is the thermal advection term, and pC,hiw-At,/h
is the vertical thermal entrainment term. Considering the
average and anomalous values of these variables in Type
11 I0Ds,

T=T+T", 3)
Ohet :Qnet +Qr:et > 4)
v=y+v , w=w+w . 3)

Here, according to actual ocean currents in the mixed
layer and magnitude comparison, the anomaly analysis of
the vertical thermal entrainment term, pC,hwAt,/h, could
be neglected due to its minor contribution. Thus, Eq. (2)
can be transformed into:

oT+T) = =
pCph-%ZQnet + Qe +pC (7 V) V(T +T,
(6
aT/ ’ ’ mo, — 7,
pCph-Eanet+pCph-(v VT +v-VT'), @)

where pC,h:(0T'/0f) indicates the rate of change of the
heat content anomaly, and Q.. is the net heat flux anom-
aly. Horizontal velocity v can be defined as U+ V. The
term pC ph-(v'-Vf +v-VT’), which represents the thermal
advection anomaly, is given by:

oT oT

C h-(V'NT+v-VT')=pC h-—U’+pC h-—V'+
pCLh( )=pC, m pC, &
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Among the four terms on the right side of Eq. (8),
pCph-al_"/ax-U " indicates the anomaly induced by the
zonal anomaly of current; pCph-aT/ay-V’ indicates the
anomalyinduced by the meridional anomaly of current,
and pCph-8T'/8x-l7+pCph-8T'/8y-I7 is the anomaly due
to the SSTA variability.

3 Analysis and Results

3.1 Heat Content Change Rate and Q¢

The change rate of heat content (HC) in the mixed layer
was calculated as pC,h-0T/0t. Correlation of the monthly
averaged evolutions of HC change rate and O, in posi-
tive/negative Type 11 IODs (hereafter shortened to pIODs/
nlODs) is displayed in Fig.1. Here, 07/0¢ is calculated as
the difference between the mean MLT of the last five and
the first 5 days in one month. Generally, Corr<HC, Q>
(correlation between the change rate of the HC and sea
surface Q) in pIODs is closer than that between nIODs
in the TIO basin. Values of Corr<HC, Q,> exceed 0.6,
and the corresponding significance, exceeds 95% in most
areas of the R2 in pIODs (Fig.1a). However, some areas
of RI, particularly those near 60°E, show much lower
correlation, even a weak negative correlation in nIODs.

The IOD is a natural zonal mode and the ocean variables
always show zonal distribution. Considering the complex
land-sea distributions in the TIO, the average value of me-
ridians along the zonal direction could represent the varia-
tions of the main physical quantities. Here, the monthly
averaged evolutions of HC change rate in the mixed layer
are denoted in Fig.2. Variations in pC,h-0T/0t displayed in
plOD/nIOD were almost consistent. Given phases of

HC change rate showed a significant transition in R1 (Figs.
2a and 2c¢) from April to May, and the 07/0¢ changed from
positive to negative, which indicated heat loss in the mixed
layer. In general, the average MLT in R1 kept decreasing
when I0ODs were forming, while, in the same period, the
average MLT showed an obvious opposite phase in some
areas of R2. This process indicated that, during this pe-
riod, HC difference between R1 and R2 were signifi-
cantly augmented.
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Fig.1 Correlation of the rate of change of HC and sur-
face Qe in plODs/nlODs. Dotted regions denote sig-
nificance>95% level.
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Fig.2 Monthly estimates of the rate of change of HC in nIODs ((a), (b) correspond to R1, R2) and pIODs ((c), (d) cor-

respond to R1, R2).

3.2 Sea Surface Heat Flux

Month-to-month evolution of surface heat flux anoma-
lies in plOD/nlOD are shown in Fig.3. Overall, the mag-
nitude of each component in pIODs was significantly lar-
ger than those in nlODs, and the seasonal variations in

pIODs were more obvious. In pIODs, the anomaly of LW
was only —5Wm 2 or less throughout the year, and SH
anomaly was also minor. Therefore, a discussion of the
variations in LW and SH are not required here. Maximum
SW anomaly reached 10Wm ™ and —5Wm 2 in R1 and
R2, respectively. Evolution of SW in pIODs could enlarge
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the differences in heat budget anomalies between the two
regions, a result of its regionally inhomogeneous surface
heat budget. However, the temporal variability of SW did
not show any seasonal character. Variations in LH anom-
aly showed the most significant difference between the
two regions and presented the clearest monthly character.
During the period of plOD (from April to June), the
maxima of LH were on the order of 20Wm 2 and ~10W

m 2 in R1 and R2, respectively. In some way, variability
of LH determined the evolution of Q. in pIODs. How-
ever, all components of the O, anomaly in nIODs were
<5Wm ? throughout the year, and they did not have ob-
vious seasonal or spatial variability. Spatial distributions
of O, anomaly in plODs/nlODs corresponded to the
Corr<HC, Q,> shown in Fig.1 due to the consistent re-
gional difference in distribution.

SW-A-P LW-4-P SH-A-P
Dec C} /
Nov | ¢ ,0\
Oct - =
Sep | o
Aug 'c'{
= = &
g Jul
= Junf &
May ¢ <10
Apr E
Mar -
Feb -6 g
Jan —
SW-A-N
Dec 7
5
Nov | lp\
Oct |
o
S
£ e
=}
= <\>
E:
[\ iy <
: h ; : i b i A . :
50°  70°  90° 110°E 50° 70° 90° 110°E 50° 70° 90° 110°E 50° 0°  90° 110°E 50° 70° 90° 110°E

L D O (Wm?)

-50 -40 -30 -20 -10 0

10 20 30 40 50

Fig.3 Monthly evolutions of surface heat flux anomalies. First row and second row denote pIODs and nlODs, respectively.
From left to right, SW, LW, LH, SH, and Q, are displayed ordinally.

3.3 Oceanic Thermal Advection Anomalies

Section 3.2 indicates that atmospheric thermal forcing
might have been the main driver for the MLT variation in
R1 and R2, particularly in pIODs. However, the variabil-
ity of surface heat flux anomaly in Fig.3 is not in full ac-
cord with the change rate of HC variation, and the spatial
distribution in Fig.1 indicates that the least correlation
appeared in the areas near 60°E of RI1, particularly in
nlODs. Temporal lags and spatial discordance might be
explained by oceanic thermal advection displayed in Fig.4.
The ocean current can be expected to have an important
influence on the change in 07/0¢ through Eq. (1) because
the oceanic thermal advection term reflects the effects of
oceanic dynamic processes on SST; warm or cold water
transported by the horizontal current had effects on the
local heat budget balance. Here, another important term
in Eq. (1), the advective thermal effect in the mixed layer,
is investigated.
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The oceanic thermal advection anomalies distributed
along the zonal direction are shown in Fig.4. Colors de-
note values of oceanic thermal advection in the areas.
Negative phase indicated the heat gain from the dynamic
process in the ocean, while the positive phase indicated
the heat loss of the ocean. Significant oceanic thermal
advection anomalies always appeared in R1, during the
period of formation and development of IODs (from June
to October). Location of the anomalies appeared near
60°E of R1, which corresponded well with the minimum
correlation in Fig.1. In the plODs, maximum negative
anomalies reached 200 Wm ™~ near 60°E in August and
September, while maximum positive anomalies reached
200 W m 2 near 55°E. In the nIODs, positive anomalies
were clearly dominant, reaching 200-400 W m > near 60°E,
from June to October.

To further characterize the oceanic advective effect near
60°E, the terms pCph@]_"/ax-U_', pCPh-BT/ByV', and
pC,h-0T0x-U+pC,h-0T7dy-V in plODs/nlODs are
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given in Fig.5. In general, the advective effect in nIODs Fig.6 shows that the composited differences (mean val-
was more significant than that in pIODs through compari-  ues of R1 minus mean values of R2) were cross-correla-
son of magnitudes: each anomalous term in nlODs was tive to the corresponding IOD index (also the mean SSTA
larger than their corresponding one in pIODs. Distribution ~ in R1 minus the mean SSTA in R2). At the monthly ave-
of advective thermal anomalies induced by MLT anomaly

showed little monthly character in Fig.5¢ and Fig.5f. In Dec Hy-A-P
addition, maxima in a few areas exceed 50 (or —=50)Wm 2, Nov (@)
so the term pC,h-0T70x-U+pC,h-0T/dy-V , as a de- g:;:P 66 30h
pendent variable here, is not the main factor inducing the Aug | gog 100 o (d
oceanic thermal advection anomaly and thus, does not g Julp goo (| [(F
require accounting here. The anomalous term pC,h- = mt;: 4 . 0
oT/ox-U’ displayed in Figs.5a and 5d, induced by the Aprt : )
zonal current anomaly, shows different strengths in pIODs Mar |
and nIODs. During the period of formation and develop- ';:: e 1 , el
ment of the IOD, the anomaly showed a weak anti-phase 50° 70° 90° 110°E
oscillation in pIODs, and the amplitude between positive Dec Hu-A-N
and negative anomalies was —100—100 W m 2 While in Nov | ®)
nlODs, the maximum positive anomalies were clearly g:; | o ¢ b
dominant, reaching 100-300 W m ? around 60°E. Further, Augh 0 o0 g0 0
thermal anomalies induced by the meridional anomalous E Jul |5 - i i 0
current, pC,h-0T/dy-V’ shown in Figs.5b and 5e, should p= Nf;; (.t I
not be neglected. Comparison of anomalies in pIODs and Apr 0
nlODs showed a different tendency. In pIODs, maximum 1:13'; R .
areas of negative anomalies were mainly located at 60°E, Too B ; i ;
reaching —100 W m™ in August and September, which 50° 70° 90° 110°E
determined the evolution of the total negative thermal  ———— L M
o . . 400 -300 -200 -100 0 100 200 300 400
anomalies in pIODs. In nIODs, maximum areas of posi-
tive anomalies were also mainly located at 60°E, reaching Fig.4 Monthly evolutions of oceanic thermal advection
100-200 W m > from July to October. anomalies in IOD years. (a) pIODs, (b) nIODs.
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Fig.5 Monthly evolutions of oceanic thermal advection anomalies. Terms pC A - oT/ox-U’ pCh- oT/oy -V,
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Cross-correlation to 10D Index
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Correlation

Months

Fig.6 Composited cross-correlation between the differ-
ences (R1-R2) in thermal advection/Q, and the respec-
tive IOD index.

(a)

rage state, differences in oceanic thermal advection be-
tween R1 and R2 were highly corrective to the IOD index,
and the maximum positive (negative) correlation coeffi-
cient of 0.65 (—0.6) was found in the negative (positive)
IOD event, with a lag of two (one) months.

3.4 Mean Current Anomalies in IODs

IOD events always occur at the end of summer and
disappear in autumn. Variations in spatial distribution con-
cerning the current anomaly from May to October are
shown in Fig.7 and SWAs and SSTAs in the correspond-
ing months during pIODs/nlODs are shown in Figs.8 and
9. Generally speaking, 1) the magnitude of current anoma-
lies shown in nlODs was more significant than that in
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d layer from May to October. (a) pIODs, (b) nIODs.
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plODs, particularly in the coastal areas in R1; 2) in the
period of IOD development (from July to September), the
current anomalies in nlODs significantly increased, but
not for pIODs, and 3) the major direction of the anoma-
lous current in pIODs/nlODs showed opposite results.
Results displayed in Section 3.3 indicates that the spa-
tial distribution of anomalous thermal advection in nIODs
was more significant than that in pIODs. As shown in Fig.
9, SWAs in nIODs form an obvious anomalous wind cir-
culation at the center of the TIO in boreal summer. While
different from SWAs, the westward mean current anom-
aly is prevailed in those areas, and the zonal anomaly was
not obvious (Fig.7b). At the end of summer, the anoma-
lous wind circulation moved eastward, and the direction
of SWA in R1 changed with the local SSTA variation.
From August to September, as the SWA increased, the
zonal and meridional anomalous currents both appeared
and induced the thermal advection anomalies in R1. Cur-
rent anomaly was significant for both zonal and meridional
directions near 60°E, due to the existence of the zonal and
meridional SSTA gradients. In October, the current anom-
aly began to decrease in the whole ocean basin and the

SSTA and SWA in plODb 5

anomalous wind circulation moved back. Magnitude of
SWA in pIODs was larger than that in nlODs and the
main directions in the corresponding areas were opposite,
which was different from the average current anomaly in
the mixed layer.

4 Discussion

The term pC,h-0T/0¢ in Eq. (1) determines the variabil-
ity of MLT, and Eq. (7) indicates that the SSTA variation
is primarily controlled by the surface heat flux anomaly
and anomalous oceanic thermal advection. Meanwhile,
evolution of the HC change rate did increase the differ-
ence in SST between R1 and R2 during the formulation
of Type II 10Ds; this promoted the occurrence of nlODs
but inhibited pIODs. The relationship between the change
rate of HC anomaly and 0, anomaly was highly correla-
tive in R1 and R2, except for the areas near 60°E. Vari-
ance in the O, anomaly played a crucial role in MLT
variation, and among the four components in Eq. (2), LH
determined the O, variation in pIODs. First, the magni-
tudes of O, anomalies in Type II pIODs were generally
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Fig.9 Distribution of SSTA and SWA from May to October for nIODs.

several times larger than those in nIODs, which corrobo-
rated the result that the Corr<HC, Q> in pIODs was
higher than that in nIODs, overall, in the TIO. Second,
the contribution of LH in pIODs had a wider influence in
the space and time domain than that in nIODs. The evolu-
tion of the LH anomaly should be considered as the main
reason for O, variation in most regions.

Oceanic thermal advection, which represented a typical
thermal transport process by the ocean water self-move-
ment, played a crucial role in R1. Combined with the re-
sult that the Corr<HC, Q,> in plODs was higher than
that in nIODs, oceanic thermal advection anomalies in
most areas, inducing local heat loss or to gain, could be
considered as a reasonable explanation for the inconsis-
tency between the rates of change in the HC anomaly and
the O, anomaly appearing in the areas near 60°E. In the
relevant region, the magnitude of oceanic thermal advec-
tion in the nlODs greatly exceeded that in the pIlODs
from June to October, as the larger magnitudes of current
anomalies show in Fig.7. Considering the lag correlation
shown in Fig.6, the composite heat loss indicated that
mean oceanic thermal advection played a crucial role in

@ Springer

the increase in negative SSTA. Different from the QO
anomaly, the anomalous advective heat relied not only on
atmospheric forcing, but also on the background current
field (Fig.10). Considering the distribution of the mean
current of the mixed layer from May to October, the su-
perimposed current in nlODs was stronger than that in
pIODs, thus the advective thermal effect on nIODs was
more significant.

Zonal current anomalies in the equatorial region agreed
well with the local SWA from June to October. Figs.8 and
9 indicate that the regional SSTA difference was the di-
rect reason for the formation of SWA, so this process
could be explained by the ‘zonal SSTA and SWA trigger’
proposed in Guo (2015). Nevertheless, the results showed
that the meridional anomalous thermal advection was also
non-negligible during the formation of I0Ds, particularly
nlODs. With the development of nlODs, the anomalous
wind circulation moved toward the east, and the merid-
ional SWA was prevailing in the areas near 60°E in R1.
SSTA gradient also exited in a S-N direction, besides the
zonal distribution. As the center of SSTA moved eastward,
the meridional SSTA difference appeared near 60°E in R1
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and the southward component of SWA formed in the
months from August to October. In pIODs, the superim-
posed wind in the corresponding areas, where the anoma-
lous wind circulation was located, was strong in the east-
ern TIO and weak in the western TIO. Evaporative capac-
ity was enhanced/weakened by the SWA and relative hu-
midity during the occurrence of IOD, which could explain
the regional difference in LH. The large-scale General
Atmospheric Circulation (GAC) anomaly in the pIlODs,
which was left by the ENSO that occurred in the previous
year, was concretely represented as the stronger initial
fields, including the SSTA, SSWA, SLPA, in the TIO.

The MLD anomaly in IODs is not discussed here. To
verify the accuracy of the calculations and account for
the error, the seasonal MLD depth in the TIO for R1 and
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R2 are displayed in Fig.11. Vertical entrainment term
was less than 5Wm > throughout the whole year. The
residual term would slightly increase since June in each
IOD index region, which may be due to an error in data
or calculation during the period of seasonal increase in
MLD.

5 Summary

In this study, long-series data obtained from official
sources was adopted to investigate heat conservation in
the mixed layer during Type II IODs occurring in the year
after ENSO with statistical methods. Conclusions are
summarized as follows: 1) The SSTA difference (between
R1 and R2) in pIlODs occurring after an El Nifio is more
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controlled by the significant regional differences in sur-
face heat flux anomalies, which are related to the initial
anomalous air-sea field. Effect of self-movement of ocean
water, especially the advective thermal transport anomaly
in the region R1 induced by the anomalous current, acts
as a more dominant factor in the formation of nlODs. 2)
Appearance of the zonal oceanic thermal advection anom-
aly is triggered by the zonal current anomaly and SWA
induced by the zonal SSTA gradient. It is noteworthy that
this trigger accords well with the mechanism proposed by
Guo (2015). In nlODs, the zonal SSTA gradient could
increase the advective thermal effect in R1 and enlarge
the SSTA difference between R1 and R2, while in pIODs,
the zonal mechanism would enhance the regional differ-
ence in evaporative capacity and LH. 3) Besides the zonal
SSTA gradient, the meridional SSTA difference and the
SWA induced meridional current anomaly were also non-
negligible. With the center of SSTA moving eastward, the
meridional SWA difference appears near 60°E in R1 due
to the regional meridional SSTA difference. Meridional

@ Springer

thermal advection makes a crucial contribution during the
formation of I0Ds, particularly nIODs.

In the future, we will continue to explore more ocean-
atmosphere triggers of Type II IODs (occurring after an
ENSO). From the view of large-scale air-sea interaction,
combined with the atmospheric theory of ‘teleconnec-
tions” we would conduct further analysis of the variations
in the large-scale radial atmospheric and zonal atmos-
pheric circulations, through long-series meteorological
observation or modeling data. We also anticipate that
numerical simulation, coupling regional atmospheric and
oceanic models, will obtain more detailed data and ex-
plore more triggers.
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