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Abstract In the study authors analyzed the interannual

relationship between the Arctic Oscillation (AO)/North

Atlantic Oscillation (NAO) and the tropical Indian Ocean

(TIO) precipitation in boreal winter for the period

1979–2009. A significant simultaneous teleconnection

between them is found. After removing the El Niño/

Southern Oscillation and Indian Ocean dipole signals, the

AO/NAO and the TIO precipitation (0�–10�S, 60�–80�E)

yield a correlation of ?0.56, which is also consistent with

the AO/NAO-outgoing longwave radiation correlation of

-0.61. The atmospheric and oceanic features in association

with the AO/NAO-precipitation links are investigated.

During positive AO/NAO winter, the Rossby wave guided

by westerlies tends to trigger persistent positive geopo-

tential heights in upper troposphere over about 20�–30�N

and 55�–70�E, which is accompanied by a stronger Middle

East jet stream. Meanwhile, there are anomalous down-

ward air motions, strengthening the air pressure in mid-

lower troposphere. The enhanced Arabian High brings

anomalous northern winds over the northern Indian

Ocean. As a result the anomalous crossing-equator air-flow

enhances the intertropical convergence zone (ITCZ).

On the other hand, the anomalous Ekman transport

convergence by the wind stress curl over the central TIO

deepens the thermocline. Both the enhanced ITCZ and the

anomalous upper ocean heat content favor in situ precipi-

tation in the central TIO. The AO/NAO-TIO precipitation

co-variations in the IPCC AR4 historical climate simula-

tion (1850–1999) of Bergen Climate Model version 2 were

investigated. The Indian Ocean precipitation anomalies

(particularly the convective precipitation along the ITCZ),

in conjunction with the corresponding surface winds and

200 hPa anticyclonic atmospheric circulation and upper

ocean heat contents were well reproduced in simulation.

The similarity between the observation and simulation

support the physical robustness of the AO/NAO-TIO pre-

cipitation links.
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1 Introduction

The coupled ocean–atmosphere variations in tropical

Indian Ocean (TIO) exhibit dominant interannual timescale

variability, ranging from 2 to 5 years (Huang and Kinter

2002). A various factors can influence TIO climates,

including the regional sea surface temperature (SST) and

remote forcings (Schott et al. 2009). Previous studies have

recognized the important roles played by the Indian Ocean

SSTs, including the basin-scale variations, the oceanic

dipole, the subtropical dipole, and the western tropical

Indian Ocean SST (see review of Schott et al. 2009, and

references herein). There are two dominant modes in TIO

SST variability. One is the basin-wide monopole mode,

which accounts 25.9 % of the total variance for monthly

SST during period 1949–2005 with a center in 50�–80�E,
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0�–20�S (e.g., Taschetto et al. 2011). And the other is the

Indian Ocean dipole (IOD) mode, which is featured with

the west-east dipole structure of SST and the coherent

anomalies in wind and precipitation (Saji et al. 1999;

Webster et al. 1999; Saji and Yamagata 2003). Huang and

Kinter (2002) examined the TIO atmospheric and oceanic

variability, and found that the leading mode of precipita-

tion has a positive-west and negative-east structure, which

accounts for 20.5 % variance, being consistent with the

IOD. These two modes are of importance with respect to

their regional and teleconnection climate influence (Schott

et al. 2009). Positive SST anomalies favors in situ atmo-

spheric convection over the ocean (Xie et al. 2002;

Annamalai et al. 2005). Thus warmer local SSTs and more

upper ocean heat contents tend to cause more-than-normal

precipitation. For example, Annamalai et al. (2005) per-

formed model experiments which demonstrated that pre-

cipitation over the southwest Indian Ocean is related to

local SST anomalies. By exciting remote precipitation and

atmospheric wave trains, the TIO air-sea anomalies also

exert teleconnection influence outside Indian Ocean (e.g.,

Watanabe and Jin 2002; Guan et al. 2003; Annamalai et al.

2007; Yuan et al. 2008; Yang et al. 2009; Li et al. 2008a;

Qu and Huang 2011).

Remote forcings can influence TIO climate through

modulating atmosphere or/and oceanic processes. The El

Niño/South Oscillation (ENSO) is widely recognized as the

most important external forcing for the TIO interannual

climate variability (Huang and Shukla 2007). The anoma-

lous subsidence of Walker Circulation over the Indian

region results in less precipitation, suggesting that the low-

frequency variability over TIO and its rim would be

modulated by tropical Pacific SST, although their tele-

connection stability may change with other factors (Kumar

et al. 1999; Huang et al. 2010). Klein et al. (1999) indicated

that through the atmospheric bridge ENSO-induced circu-

lation causes anomalous cloud cover, evaporation, and the

net heat flux. This mechanism is evident in the east TIO

and western Pacific. The Indian Ocean basin-wide SST and

the IOD could co-vary with ENSO. Furthermore, The SST

anomalies in the Indian Ocean exert influence on atmo-

sphere when the ENSO decays, exerting delayed impacts

over Indian Ocean and surrounding regions in the next year

(Izumo et al. 2008; Xie et al. 2009). Xie et al. (2002) found

that much of SST variability in the western tropical

southern Indian Ocean is not locally forced but due to

oceanic Rossby waves that propagate from the east. These

westward waves can explain up to 50 % of the total vari-

ance in certain seasons. ENSO-induced Rossby waves

result in significant anomalies in SST, particularly, in the

TIO where the thermocline is shallow (Xie et al. 2009). In

response to the arrival of oceanic Rossby waves there are

positive SSTs in the western equatorial Indian Ocean

during January–March. In association with the deepened

thermocline another positive SST anomaly centered on

about 65�E and 8�S develops, and an anomalous rain-belt

appears to its south (Xie et al. 2002). With prescribed Indian

Ocean SST anomalies during boreal winter of El Niño

years, Watanabe and Jin (2002) found an increase precipi-

tation in western Indian Ocean and a decrease in western

Pacific. In addition to tropical Pacific SSTs, increasing

evidence shows that identifiable signals originate from mid-

high latitudes over North Atlantic sector (e.g., Hsu et al.

1990; Pan and Li 2008). Evidence shows that the Arctic

Oscillation (AO)/North Atlantic Oscillation (NAO) is

related to tropical intra-seasonal time scale variations (Zhou

and Miller 2005; Lin et al. 2009; Yuan et al. 2011; Lin and

Brunet 2011), where the Rossby wave is suggested to play

key roles for this teleconnection. For example, Pan and Li

(2008) demonstrated that the mid-latitude disturbances

propagate southeastward and the signals originated from

west Europe can reach the TIO within several days and

results in intraseasonal oscillation anomalies. Goswami

et al. (2006) and Syed et al. (2012) examined the interannual

relationship between precipitation over India and NAO with

focus on boreal summer. Lu et al. (2006) and Luo et al.

(2011) reported that Indian Ocean basin climate might be

modulated by the Atlantic Multidecadal Oscillation. Con-

necting through a Rossby wave train from the North

Atlantic across South Asia, a warm phase of Atlantic

Multidecadal Oscillation can enhance the Indian summer

monsoon and results in more precipitation there. Whether

there is connection between boreal winter AO/NAO and

TIO climate on the interannual time scale, however, is not

been clearly addressed by previous studies.

The aim of the present work is to explore the interannual

linkage between the AO/NAO and the TIO precipitation

variability in boreal winter and the possible mechanism.

The rest of the manuscript is organized as follows. Sec-

tion 2 describes the data and methods used in the study.

The climate background over Indian Ocean is described in

Sect. 3. Section 4 presents the statistical relationship

between winter AO/NAO and tropical Indian Ocean pre-

cipitation. The AO/NAO-related regional atmospheric cir-

culation and the upper ocean heat content anomalies are

demonstrated in Sects. 5 and 6, respectively. In Sect. 7 the

possible physical explanation for AO/NAO-TIO precipi-

tation linkage and their reproducibility in historical climate

simulation are discussed. Finally, the major findings of the

study are summarized in Sect. 8.

2 Data and method

The AO index is the corresponding time coefficients of the

first empirical orthogonal function of the monthly sea level
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pressures (SLP) north of 20�N (Thompson and Wallace

1998). Because the AO develops most active during Jan-

uary–February–March (JFM) among all seasons (Thomp-

son and Wallace 2000), we confined our analysis season

within boreal winter, i.e., JFM. Parameters of interest (AO,

precipitation, and atmospheric circulation) are all averaged

from January through March to yield the seasonal means

for the analysis period of 1979–2010. We would like to

indicate that seasonal mean precipitation for the 3 months

would filter out the synoptic-intraseasonal scale variations.

In particular, the Madden-Julian Oscillation variations

would largely be smoothed out. We tried to replace the AO

index with station SLP-based NAO index (Jones et al.

1997), and found that the corresponding changes in TIO

precipitation and atmospheric circulation are almost same

as derived using AO index. Thus in the following analysis

we used only the AO index.

The gridded monthly precipitation rate of CMAP is used

(Xie and Arkin 1997). This data set has a 2.5� lati-

tude 9 2.5� longitude resolution and available from 1979.

For comparison, satellite observation of interpolated out-

going longwave radiation (OLR) data is analyzed (Lieb-

mann and Smith 1996), also of 2.5� resolution.

Atmospheric circulation data employed in the study is

taken from the ERA Interim datasets with a 1.5� spatial

resolution and 37 pressure levels in vertical direction. The

monthly mean fields used in the study are available from

January 1979 (Dee et al. 2011). In addition, the gridded

monthly extended reconstructed sea surface temperature

(ERSST v3b) with a resolution of 2� latitude 9 2� longi-

tude are utilized (Smith et al. 2008).

To focus on the inter-annual timescale variability of TIO

climate and its connection to AO/NAO, all climate time

series are high-pass filtered by using a Butterworth filter.

Only the components with time periods shorter than

10 years are remained and employed in the following

analysis. Climates over Indian Ocean and its rims are lar-

gely impacted by ENSO and IOD (e.g., Schott et al. 2009,

among many others). We removed ENSO and IOD signals

in the variables of interest by means of multi-regression

analysis. Here the ENSO signal is measured by Niño 3.4

SST. And the intensity of the IOD is represented by

anomalous SST gradient between the western equatorial

Indian Ocean (50�–70�E and 10�–10�N) and the south

eastern equatorial Indian Ocean (90�–110�E and 10�–0�N)

(Saji et al. 1999). Since ENSO has a phase-locking feature

with a mature peak in boreal winter, we simply fit the Niño

3.4 SST and IOD from boreal winter (i.e. from the pre-

ceding December to March) to climate variables by using

the least-squares technique (Wilks 2006). Then the esti-

mated ENSO- and IOD-related components are subtracted

from the raw climate time series, the residuals are regarded

as ENSO-IOD-free parts and subjected to analysis.

3 Climatology

Prior to exploring the linkage between AO/NAO and TIO

climate, the climatological settings of precipitation and

atmospheric circulations are described. These would help

understand the TIO climate anomalies in association with

AO/NAO. The rain-belt is located in southern TIO,

approximately between equator and 30�S where the pre-

cipitation is above 4 mm day-1. The center ([8–10

mm day-1) spans from Madagascar in about 20�S tilting to

about 5�S in the eastern TIO. The westerlies are aloft the

rain-belt, being a result of convergence between the

northeastern winds from the northern Indian Ocean and

the southeastern winds from the south. This is known as the

intertropical convergence zone (ITCZ), which results in

abundant rainfall. During JFM the precipitation ratio to the

annual amount is from about 20 % near the equator to about

50 % near Madagascar. Note that even though the ratio is

somewhat small in the northern Indian Ocean, extreme

precipitation may occur. Such as March 2008, southern

India and Sri Lanka experienced the largest rainfall anom-

aly of the last 30 years since 1979 (Vialard et al. 2011).

The dominant northeastern wind in the northern Indian

Ocean is tightly linked to the large-scale anticyclone

between 15�–30�N and 35�–90�E (hereafter referenced to

as Arabian High). Particularly, the air mass, moves along

the eastern flank of the Arabian High, can intrude to western

Madagascar along the western coast of Africa after crossing

the equator. This is a very important atmospheric circula-

tion system as will be discussed in the following analysis. In

the middle troposphere (500 hPa), a weak trough between

20�–30�N and a neighboring ridge in 50�–60�E can be

found. At 200 hPa, a westerly jet core with the horizontal

wind exceeding 50 ms-1 is anchored between 20� and

30�N, known as the Middle East jet stream or South Asian

jet which plays crucial roles in meridional trapping and

producing teleconnection variability (Branstator 2002). We

note that the TIO atmospheric circulation in lower tropo-

sphere in April evidently differs from JFM, where the ITCZ

moves northward and is located along the equator (see also

Vialard et al. 2011, figure 5). Taking into account this

seasonal march of the circulation and rainfall, we adhere to

analyze the JFM climate anomalies in Indian Ocean when

the basic circulation settings remain relatively similar and

ITCZ keeps its position. This is essential when considering

the precipitation variations over the southern TIO.

4 Simultaneous correlations between AO/NAO

and precipitation

We examined the possible connection between AO/NAO

and Indian Ocean precipitation in a straightforward way by
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computing their Pearson correlations. The CMAP precipi-

tation correlations are computed for each grid, and plotted in

Fig. 2 as contour lines. To get an idea of their quantitative

values the regression coefficients are also estimated by using

an ordinary least-squares approach (Wilks 2006), where

precipitation is used for the predictand variable and the AO

index for the independent. The regression coefficients are

plotted in color shadings in Fig. 2. Given the degree of

freedom of the samples (30), the critical correlation coeffi-

cient for the 95 % significant level is approximately ±0.35.

We note that significant positive correlations are located

approximately along two belts over the TIO and rims. One

belt spans from eastern Arabian Peninsula, across north-

western India, and to south China. Compared to the first belt,

the significant precipitation anomalies over the tropical

Indian Ocean are much more remarkable. Along this belt

there are two positive centers. One center is in the eastern

TIO and the other in the central. Noteworthily, the anomalies

in about 0�–10�S and 50�–80�E show more uniform spatial

structure. In association with one unit larger JFM AO index,

there are precipitation anomalies of[1 mm day-1 and their

correlation with AO is above ?0.40. The OLR anomalies

have a consistent pattern. The negative anomalies are dom-

inant in south Indian Ocean, tilting from the western equator

to the southeast. The center appears in the central TIO where

the negative departures are lower than -3 Wm-2 and col-

located with the precipitation anomalies. Miller et al. (2003)

analyzed the composites of OLR (the high AO years minus

the low years) and reported that the negative OLR anomalies

show a basin-wide scale in east–west direction, the mini-

mums below -10 Wm-2 are located along approximately

0�–10�S. This is generally consistent with our results.

To analyze the temporal features between JFM AO and

precipitation, we computed the regional mean precipitation

and OLR averaged from region of 0�–10�S and 60�–80�E

which is shown by rectangle in Fig. 2. Generally, the pre-

cipitation varies well in-phase with AO/NAO (Fig. 3). The

peaks of 1983, 1989 and 2002 are evident in two timeseries.

They have a correlation of ?0.56, significant at the 95 %

level. Their significant link can also be supported by the

strong relationship between AO and OLR (r = -0.61, see

also Table 1). Their correlation can also be found in the

original un-filtered timeseries (Fig. 3b, and see Table 2 for

value details). Based on the statistical analysis from

observations we may conclude that, in association with

positive phase of JFM AO/NAO, the anomalous positive

precipitation anomaly in central tropical Indian Ocean is the

dominant feature over the Indian Ocean basin. By com-

paring Figs. 1 and 2, we can also find that the AO/NAO-

related precipitation belt in central TIO is about 5 degrees

north to its climatological location (about 5�–10�S).

An arisen question is whether the situation changes

when other months are included. Here we computed the

correlations by taking into account possible time lags. The

JFM AO shows no evident correlation with April–May

precipitation, r = ? 0.17. For OLR the correlation is

-0.13, not significant neither. The rapid disappearance of

AO signals in the central TIO precipitation may be due to

the following facts: (1) The AO weakens notably in April

and after, and (2) the basic atmospheric circulation setting

in TIO differs much from JFM, where the location of ITCZ

moves to the equator (Fig. 3).

We would indicate that as can be seen in Fig. 2 the pre-

cipitation in the eastern Indian Ocean tends to decrease,

although the correlations are not significant. This feature

resembles a west-east contrast pattern in precipitation and

OLR. We carefully compared this pattern with the IOD

related precipitation anomalies (Saji et al. 1999; Saji and

Yamagata 2003). The outstanding feature of precipitation

anomalies induced by IOD is the positive anomalies in

Indian Ocean and rims west of 60�E, being accompanied by

a negative counterpart east of 80�E. In addition, the IOD

signal develops into a mature phase in boreal autumn and

wanes quickly. The analysis season of our study is confined

to JFM. Xie et al. (2002) showed the TIO climate anomalies

in associated with ENSO. During JFM the anomalous

positive SSTs appear in western TIO, with center in 60�–

70�E, 5�–10�S, the aloft surface wind stress is featured by an

anticyclonic pattern. Instantly, the anomalous precipitation

anomalies are located to the south flank of the SST anom-

alies (Xie et al. 2002, figure 14). Taking into account the

difference in structure and seasonality, therefore, we should

state that the spatial feature of precipitation anomalies as

shown in Fig. 2 can hardly be regarded as an IOD-pattern,

neither an ENSO-pattern. This is further supported by the

atmospheric circulation analysis in the following section.

We additionally performed the analysis in reverse,

regressed the JFM northern hemispheric geopotential

heights of 925 and 200 hPa upon the TIO precipitation

time series (figures not shown). And found that over the

Table 1 Correlations among climate timeseries of AO, 200 hPa

zonal wind shear, precipitation, and OLR

JFM AO DU200 CMAPa OLRa

JFM AO – ?0.54c ?0.56c -0.61c

DU200 (?0.54)c – ?0.45c -0.49c

CMAP (?0.47)c (?0.40)b – -0.89c

OLR (-0.59)c (-0.46)c (-0.85)c –

Correlations shown in parentheses are computed using timeseries

where ENSO and IOD signals have not been removed. Their yearly

values are listed in Table 2
a CMAP precipitation and OLR are regional means averaging over

0�–10�S, 60�–80�E
b Significant at the 95 % level
c Significant at the 99 % level
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entire northern polar region and vicinities there are nega-

tive signs, meanwhile positive anomalies appear in an

outside belt in both the lower and the upper troposphere,

clearly being a positive-phase-AO/NAO pattern.

5 Three-dimensional atmospheric circulation

5.1 Spatial features of troposphere circulation

To investigate why there are precipitation anomalies in the

central TIO, here we computed the regression coefficients

of horizontal winds at 925, 500, and 200 hPa levels upon

JFM AO index. The results are shown in Fig. 4. Near the

surface, the dominant feature is the anomalous westerlies

([0.5 ms-1) along about 10�S spanning from 50� to 100�E.

Accompanying the enhanced western winds, there are

significant northeastern winds in 50�–70�E, and 80�–90�E

in northern Indian Ocean which flow across the equator and

then move southeastward. We would anticipate an infer-

able conclusion that during the positive AO/NAO years the

anomalous cross-equator air-flow tends to strengthen the

ITCZ, causing more precipitation. Note that in a simulation

study, Lin and Brunet (2011) reported that with extreme

positive (negative) NAO initial conditions, the increase

(decrease) of western winds in the equatorial Africa and

Table 2 Yearly values for CMAP, OLR, AO, Niño3.4 SST, and IOD. All are for January–March means, except Niño3.4 SST and IOD which are

averaged from March to the preceding December

Years Original High-pass filtered ENSO and IOD subtracted

CMAP OLR AO SST IOD CMAP OLR AO SST IOD CMAP OLR AO

1979 0.73 0.49 -1.17 0.07 0.37 0.02 -0.00 0.00 0.01 -0.00 -0.00 0.00 -0.02

1980 -0.32 1.20 -1.38 0.38 -0.03 -0.72 0.64 -0.42 0.15 -0.18 -0.79 0.68 -0.41

1981 -0.55 1.08 -0.64 -0.22 0.12 -0.71 0.49 0.15 -0.56 0.16 -0.56 0.44 -0.01

1982 -1.19 1.21 0.38 0.04 1.41 -1.23 0.64 1.07 -0.33 1.60 -1.00 0.31 0.94

1983 2.17 -0.73 -0.30 2.30 -1.03 2.14 -1.20 0.32 2.00 -0.76 1.51 -0.97 0.77

1984 -0.27 0.84 -0.55 -0.61 -0.02 -0.40 0.53 0.03 -0.77 0.25 -0.18 0.46 -0.17

1985 -0.26 -0.55 -1.15 -1.12 -1.83 -0.52 -0.65 -0.66 -1.11 -1.62 -0.40 -0.35 -0.91

1986 1.10 -0.54 -0.47 -0.60 -0.25 0.72 -0.43 -0.16 -0.45 -0.15 0.81 -0.41 -0.28

1987 -0.10 0.33 -1.36 1.20 0.45 -0.54 0.62 -1.32 1.43 0.44 -0.89 0.59 -1.02

1988 0.39 0.42 -0.30 0.57 1.19 -0.05 0.85 -0.60 0.77 1.07 -0.17 0.67 -0.46

1989 1.80 -1.66 2.51 -1.65 0.10 1.42 -1.16 1.87 -1.58 -0.08 1.81 -1.19 1.48

1990 -0.24 -0.66 2.35 0.07 -0.16 -0.54 -0.15 1.41 -0.05 -0.36 -0.58 -0.07 1.38

1991 -0.83 1.00 -0.20 0.25 1.12 -1.06 1.47 -1.30 -0.08 0.96 -0.96 1.27 -1.36

1992 0.55 -1.11 0.85 1.71 -1.10 0.35 -0.71 -0.24 1.21 -1.21 -0.11 -0.41 0.04

1993 -0.40 -0.49 1.42 0.24 -0.70 -0.60 -0.15 0.48 -0.33 -0.75 -0.60 0.00 0.40

1994 -0.03 -0.15 0.25 0.04 0.55 -0.25 0.17 -0.42 -0.48 0.53 -0.09 0.05 -0.57

1995 1.42 -1.12 0.54 0.82 1.08 1.20 -0.79 0.18 0.45 1.06 1.17 -0.99 0.24

1996 0.20 -0.42 -0.78 -0.78 -0.44 0.02 -0.02 -0.86 -0.92 -0.50 0.19 0.06 -1.08

1997 0.51 -0.36 0.81 -0.39 -1.16 0.40 0.14 0.93 -0.29 -1.28 0.33 0.39 0.87

1998 0.45 -0.18 -0.78 2.10 2.87 0.44 0.42 -0.57 2.42 2.70 0.05 -0.05 -0.10

1999 -1.79 0.75 -0.27 -1.35 -1.24 -1.69 1.42 -0.06 -0.91 -1.42 -1.61 1.69 -0.26

2000 0.07 -1.80 0.61 -1.48 -0.13 0.23 -1.13 0.77 -1.03 -0.28 0.46 -1.10 0.51

2001 -1.01 0.06 -1.02 -0.65 -0.48 -0.85 0.64 -0.93 -0.31 -0.54 -0.84 0.74 -1.01

2002 1.92 -2.60 1.15 -0.03 -0.14 2.03 -2.21 1.20 0.15 -0.07 1.97 -2.19 1.21

2003 -0.18 0.23 0.20 0.97 0.58 -0.14 0.35 0.25 0.96 0.80 -0.34 0.22 0.44

2004 -0.75 0.80 -0.90 0.13 0.87 -0.74 0.62 -0.81 -0.02 1.19 -0.64 0.38 -0.86

2005 -0.63 1.30 -0.70 0.45 -1.06 -0.54 0.82 -0.57 0.26 -0.70 -0.69 0.98 -0.52

2006 -0.90 1.23 -0.59 -0.68 -1.56 -0.54 0.48 -0.45 -0.79 -1.25 -0.48 0.72 -0.63

2007 0.15 0.52 0.62 0.47 0.80 0.96 -0.44 0.74 0.57 0.95 0.89 -0.61 0.83

2008 0.15 -0.33 0.76 -1.53 -0.55 1.57 -1.43 0.81 -1.13 -0.64 1.79 -1.33 0.54

2009 -2.16 1.22 0.09 -0.72 0.36 -0.02 0.01 0.04 0.03 -0.00 -0.05 0.01 0.03

Variance

percentage

100 % 100 % 100 % 100 % 100 % 88 % 72 % 63 % 85 % 96 % 83 % 68 % 59 %

To facilitate comparison all timeseries are normalized with respect to the entire data period
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Fig. 1 Climate means of precipitation, OLR, precipitation ratio,

500 hPa geopotential height, and 200 hPa zonal wind. Shadings

denotes 200 hPa horizontal wind velocity[30 ms-1, with interval of

10 ms-1. The maximum 850 hPa wind vector is 9.5 ms-1. All means

are averaged for data period of 1979–2009
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Indian Ocean regions can be reproduced, with about

10 days time lag.

This feature becomes much outstanding in the middle-

upper troposphere. The anticyclonic circulation in 500 hPa

level dominates the Arabian Sea and the neighboring

regions. The anomalous zonal wind of 1–1.5 ms-1 covers

a broad belts spanning from northern Africa cross Arabian

Peninsula to the northern India between about 20�–25�N,

and the southern branch of the anomalous anticyclone

is located in 0�–10�N with anomalous easterlies of

[0.5 ms-1. The strong northeast winds penetrate into the

southern hemisphere between 60�E and 70�E. In the upper

troposphere a similar condition can also be found, and the

anomalous anticyclone gets much stronger. The anoma-

lous westerly maximum is 2–2.5 ms-1 in 25�–30�N, 60�E,

and the easterlies in the south is larger than 1.5 ms-1.

Previous studies emphasized that the vital role of the

Middle East jet stream is strongly related to AO/NAO and

Asian monsoon circulation where the similar zonal wind

anomalies are observed (e.g., Yang et al. 2004). Recent

studies (Mao et al. 2011; Yang et al. 2012) also reported

the significant anomalous anticyclone in the northern

Indian Ocean in association with positive AO during the

boreal winter. The similarity of circulation through the

troposphere suggests that the anomalous anticyclone is

nearly barotropic. In climatology there is an anticyclone

(Arabian High) near surface over the Arabian Sea and the

northeastern Arabian Peninsula (Fig. 1). Note this is an

actual high-pressure system rather than an anomalous

circulation pattern. In positive AO/NAO years, the

anomalous anticyclonic circulation superimposed upon the

climatological background enhances the Arabian High,

resulting in stronger southward winds in northern Indian

Ocean in lower troposphere.

Comparing with the climatology, the anomalous zonal

winds in upper level troposphere imply a stronger jet

stream core (Figs. 1, 4). To further explore the temporal

variations of the jet stream, here we defined a horizontal

shear at the 200 hPa (DU200) which is the regional mean

zonal wind in 28�–33�N and 50�–70�E minus that of in

0�–15�N and 50�–70�E. This is similar to the definition of

Middle East jet stream of Yang et al. (2004) but with more

attention on the northern Indian Ocean sector. The AO/

NAO and the DU200 have a good in-phase relationship as

indicated by their high interannual correlation of ?0.54

(Table 1). The DU200 also shows significant relation to

CMAP precipitation and OLR in central TIO (r = ?0.40

and -0.46, respectively). Generally, these AO/NAO-rela-

ted anomalous atmospheric circulations are well consistent.

During positive AO/NAO years, the jet stream over the

middle East becomes stronger, being accompanied by

strengthened anticyclonic circulation through the

troposphere.

5.2 Circulation along latitude-height section

In order to examine the three-dimensional air motion in

association with the AO/NAO, the vertical structure of the

atmosphere circulation along 60�–80�E is further investi-

gated. These longitudes are chosen because significant

cross-equator winds and anomalous precipitation are

located (Figs. 2, 4). The zonal (u), meridional (v), and

vertical winds (w) and specific humidity (q) are plotted

together in Fig. 5. The circulation change is characterized
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Fig. 3 Time series of AO,

regional mean OLR and

precipitation after high-pass

filtering (a), and the original

values are shown together for

comparison (b). Precipitation

and OLR regions are indicated

by the rectangle in Fig. 2. To

facilitate comparison the OLR

have been multiplied by -1.

The yearly values of these

timeseries are listed in Table 2
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by the multi-cellular structures over the Indian Ocean.

Strongest westerly belts appear in 20�–30�N. The signifi-

cant westerlies in the northern Indian Ocean extends from

about 700 to 150 hPa with the maximum anomalies

([2.4 ms-1) in 300–200 hPa. Meanwhile its counterpart in

the southern Indian Ocean is much weaker with only

moderate anomalies (0.4–0.8 ms-1) above 500 hPa.

Between these two anomalous westerly belts there are

anomalous eastern winds. The easterly anomalies between

600 and 300 hPa are about -0.4 to -0.8 ms-1, while

above 200 hPa the values are lower than -1.2 ms-1. At the

same time, south-ward and down-ward air motions domi-

nate in the northern Indian Ocean section. Noteworthily,

there is strong ascending motion aloft the lower conver-

gence zone between 5� and 10�S, extending from surface to

150 hPa level with maximum in 300–200 hPa. Accompa-

nying the remarkable ascending, positive specific humidity

anomalies extend from 850 to 150 hPa with a maximum

between 850 and 600 hPa, suggesting a deeper moist layer.

These circulation and moisture features are in good

agreement with the above-normal precipitation in the

central TIO.

5.3 Atmospheric circulation in association

with the precipitation

To confirm these circulation features with regard to AO/

NAO-TIO climate links, here, we additionally investigated

the atmospheric circulations favoring JFM precipitation.

After excluding ENSO and IOD signals, we computed

the regression coefficients of lower and upper level

troposphere circulation upon the JFM precipitation. The

distribution of the atmospheric circulation anomalies cor-

responding to a one-unit positive precipitation anomaly
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were plotted in Fig. 6. In 925 hPa level, the anomalous

westerlies ([0.5 ms-1) between 5� and 15�S in TIO clearly

appears as the outstanding feature. In 200 hPa level, a huge

anomalous anticyclonic circulation in the northern Indian

Ocean and neighboring continents is the dominant feature.

Generally speaking, the majority of the spatial pattern of

precipitation-related circulation anomalies evidently

resembles the AO/NAO-related pattern (Figs. 4, 6).

5.4 Anomalous meridional winds in northern

Indian Ocean

As previously mentioned, the AO/NAO-related northeast

winds over northern Indian Ocean are key components

causing central TIO precipitation anomalies when the

cross-equator air flow enhances ITCZ. We would anticipate

strong simultaneous co-variations of the meridonal winds

with AO/NAO. Based on the three-dimensional circulation

anomalies (Figs. 4, 5), we selected a key area of 10�–15�N

by 70�–80�E at 500 hPa level to examine the meridional

winds. The meridional winds for all 28 grids within this

area are averaged to make a regional mean timeseries. The

inter-annual variations of the meridional winds co-change

with AO in an out-of-phase way (Fig. 7). Positive AO

years of 1989, 1990, 1997, 2002, 2004 and 2005 are evi-

dently accompanied by negative v wind anomalies. The

same is true for negative AO cases, during the AO minima

of 1985, 1987, 1991, 1996 and 2001 there are northern

wind maxima. Their strong links are well supported by

their correlation of -0.61. Using different reanalysis data,

Li et al. (2008b) explored the upper troposphere (300 hPa)

meridional winds in association with March positive NAO,

and found that over Arabian Peninsula there are significant

southern wind anomalies, meanwhile significant northern

wind anomalies appear over India. By analyzing observa-

tion data and general circulation model simulations,

Branstator (2002) demonstrated that the east–west oriented

anomalies of nondivergent meridional winds are located

along the south Asia jet stream waveguide, and the

anomalous center north to Arabian Sea appears as a leading

mode of internal variability. The NAO-related daily wind

anomalies over Indian Ocean are reproduced in recent

simulation studies (Lin and Brunet 2011). Here we further

examined the number of days with extremely strong

southward winds (1.96r times lower than the mean) and

found that in positive AO years it occurs 2.74 times more

than in negative AO years at 500 hPa level. At 200 hPa

level, the strong northern wind events in positive AO years

occur 2.37 times more than in negative AO years. Early

studies emphasized the importance of the invasion of cold

winter monsoon reaching northern Indian Ocean in regio-

nal weather and climates (e.g., Ramage 1952). What syn-

optic-intraseasonal processes responses over Indian Ocean

does the AO/NAO-related daily wind outburst cause,

however, need further study.

5.5 The tilting vertical axis of the atmospheric

circulation

Note that an interesting feature of meridional structure in

the atmospheric circulation is associated with a descending

motion and a tilting axis (Fig. 5). This could be explained

by the potential vorticity conservation of the air-flow. In

the absence of turbulent drag and diabatic heating, the

potential vorticity is conserved (fþf
Dz ¼ constant), i.e., the

ration of its absolute vorticity (f ? f) to the depth of

the column of air (DZ) should be a constant. In our case, as

the air mass approaches the equator the planetary vorticity

(f) decreases gradually and vanishes at the equator. Note
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the movement occurs along an anticyclonic streamline, the

relative vorticity (f) also decreases. To keep the potential

voticity unchanged, DZ must reduce. As a result, the air

column shrinks strongly, which is accompanied by notable

descending air motion. The axis of the zonal wind anom-

alies in 0�–15�N is vertically straight. However, the center

of anomalous zonal winds tilts from about 30�N at 200 hPa

to about 22�N at 700 hPa. The axis between 800 and

250 hPa is located slightly to the north of the downward

motion maxima (Fig. 5). To compensate, the positive

vorticity appears to the north, causing notable ascending

between 30� and 35�N. These phenomena are dynamically

consistent in a view of potential vorticity. The tilting axis

of the zonal wind anomalies, in turn, would help enhance

the meridional transport of momentum and kinetic energy.

6 Upper ocean heat content

6.1 Thermocline depth and precipitation

In global tropics, the upper ocean heat storage exerts

remarkable influence on precipitation. Climatologically,

above-normal precipitation tends to occur over/near areas

of the warmer SSTs and areas of more-than-normal upper-

ocean heat contents. Are there any AO/NAO-related oce-

anic processes involved in the conjunction of AO/NAO-

TIO precipitation links? To clarify this issue, here we

examined the thermocline depth and SSTs. We use the

20 �C isothermal depth (Z20 here after) as a proxy for

thermocline depth, which is obtained from a simple ocean

data assimilation (SODA) product (Carton et al. 2000). The

climatological minimum of Indian Ocean Z20 (\70–80 m)

is located in 50�–80�E between 5� and 10�S (Schott et al.

2009, figure 1). Note this is about the similar area of the

AO/NAO-related precipitation anomalies (Fig. 2).

After removing the ENSO and IOD signals, we com-

puted the regression coefficients of Z20 with JFM AO

index. As shown in Fig. 8, the positive anomalies of Z20

apeear in the central to western TIO between 0 and 10�S.

The maximum is located in about 60�–75�E with [4 m

deeper thermocline. Both local wind stress and oceanic

Rossby waves propagate from the east can deepen the

thermocline (Schott et al. 2009; Xie et al. 2009). The

ENSO generated westward Rossby wave, which causes

deeper thermocline when it arrives the central TIO
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(Xie et al. 2002, 2009), should not be involved because in

our analysis ENSO signals are linearly removed. Mean-

while, based on the AO-related wind anomalies at 925 hPa,

we would deduce anomalous wind stress curl between 60�
and 90�E along southern TIO (Fig. 4). This anomalous curl

would be responsible for deepening local Z20 through the

accumulation of upper water by Ekman transport conver-

gence. We also investigated the Z20-related surface winds.

The regional mean Z20 averaged over 0�–10�S, 60�–75�E

is regressed upon the 925 hPa wind field and plotted in

Fig. 9. The anomalous westernlies between 10� and 15�S

and northeastern winds to the north between 60� and 90�E

clearly suggest a strong wind stress curl there. Furthermore,

a large anticyclonic circulation covers a broad region

extending from Arabian Sea to eastern India, which is

accompanied by the anomalous northern winds in northern

Indian Ocean. The Z20-related surface wind stress anom-

alies estimated based on SODA data are dominated by

significant southwestern ward vectors in northern Indian

Ocean and curl between 0 and 10�S. This anomalous curl is

particularly evident in western TIO west of 75�E (Fig. 9d).

Note that this anomalous wind pattern is clearly similar to

the AO/NAO-related surface winds. The same situation

still holds for the upper troposphere (see Figs. 4, 9). The

similarity suggests that the AO/NAO-related wind stress is

a crucial forcing for generating a deeper thermocline in the

central TIO.

A deepened thermocline means more upper-ocean heat

content, being favorable condition for precipitation. We

investigated the JFM precipitation in association with the

regional mean Z20. The significant positive precipitation

anomalies are approximately co-located with the positive

Z20 (Fig. 9). Note that Huang and Kinter (2002) analyzed

Indian Ocean anomalous heat content events occurring in

non-ENSO years during boreal winter, and found a

maximum positive heat content anomaly located in

5�–15�S, 50�–80�E. What have caused the anomalous heat

content, however, is not clarified. Annamalai et al. (2005)

in their observation and simulation study indicated that

over southwestern TIO the local oceanic forcing are

important in producing local precipitation. It must be

pointed out that the feature of ocean heat content and

precipitation in our study (Fig. 9) is different from that

caused by ENSO-generated oceanic Rossby waves (Xie

et al. 2002, 2009), which causes a deeper thermocline and

warmer SSTs, and a positive precipitation anomalies

appearing slightly to the west of the positive SST. But our

result shows that the Z20, precipitation, and moist

ascending air anomalies are nearly co-located. In a word,

the co-location of Z20 and precipitation very likely sug-

gests that the AO/NAO-related thermocline deepening

would maintain/enhance the local precipitation.

6.2 Cooling SST tendency

We examined the SST anomalies in association with

AO/NAO, as well as the SST-TIO precipitation relation-

ship. As shown in Fig. 10 the SST anomalies are generally

negative, except a positive region in east of 90�E between

10�–20�S. The significant cooling appears in western Indian

Ocean with two centers, one being located in about 60�–

70�E and 0�–10�N and the other in the southwestern TIO.

Particularly the central tropical Indian Ocean between 0�
and 10�S, where above-normal precipitation is observed, is

dominated by weak, non-significant, negative anomaly. In

the shallow thermocline ridge over southern TIO, a deeper

Z20 favors positive SSTs (Xie et al. 2002). Note that Huang

and Kinter (2002) showed a similar pattern of upper ocean

heat content anomalies over southern TIO, which appear

with no evident change in SST in non-ENSO years, too

(Huang and Kinter 2002, figures 10, 11). Here we tried to

investigate the TIO SST consistency in the context of

AO/NAO-related surface flux and air-sea interaction.

In addition to the thermal anomalies due to internal

ocean processes the SST, in a heat budget view, is also

strongly affected by the surface fluxes including incident

solar radiation, latent heat flux and sensible heat flux. We

investigated the AO/NAO-related changes in surface fluxes

(downward positive, Fig. 11). First, the 10 m wind speed

as a proxy of momentum, indicates a general increasing in

north of 10�S. The 0.1–0.2 ms-1 stronger wind between 5�
and 10�S is in well agreement with the 925 hPa circulation

analysis (Fig. 4). Second, the evaporation tends to be

enhanced in north of 10�S, the maximum in western TIO

between 10�N and 10�S implies a latent heat flux of about

3–4 Wm-2 and the enhanced evaporation over northeast-

ern Indian Ocean (north of 0�N and east of 80�E) corre-

sponds to a 2–3 Wm-2 flux. These imply that the
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AO/NAO-related stronger wind speed would intensify

surface evaporation and the vertical mixing, which may

cool the sea surface temperature (e.g., Du et al. 2009; Wu

et al. 2008). Third, as the negative OLR and positive pre-

cipitation anomalies indicate, the water vapor and clouds in

TIO reduce the downward solar radiation. The AO/NAO-

related downward shortwave radiation and sensible heat flux

decrease significantly in 0�–10�S where the former varies

from 3 to 12 Wm-2 and the later is of 0.2–0.8 Wm-2, both

contribute to cooling SST.

Usually, a large positive simultaneous SST-precipitation

correlation may indicate SST forcing atmosphere (such as

in eastern equatorial Pacific), while large negative corre-

lations may indicate that the atmospheric forcing

dominates. The SST anomalies corresponding to the TIO

regional mean precipitation are nearly zero in east of 60�E

between 0� and 10�S, meanwhile the significant negatives

appear to the south and to the north (Fig. 10b). The AO/

NAO-related SST-precipitation relationship would be

complicated in the dynamically coupled air-sea system in

Indian Ocean due to strong feedbacks. The SST tendency is

suggested to be indicative of the relative importance of the

SST and atmospheric forcing in the SST-atmospheric

correlation (e.g., Cayan 1992; Wu et al. 2006). We

examined the Indian Ocean SST tendency (which is

defined as March SST anomaly minus January SST

anomaly) in association with precipitation and AO index.

As shown in Fig. 10, in corresponding to regional mean
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precipitation there are significant negative correlations over

the majority of the Indian Ocean with a center locating in

central TIO. We note that there are basin wide cooling SST

tendency in association the AO index, with a cooling center

in 5�–20�S and 60�–90�E. The significant changes in the

central TIO is remarkably in contrast to the weak SST

changes (compare Fig. 10a, b with c, d). Previous studies

found that the precipitation-SST tendency correlation is very

weak in TIO as tested in atmospheric general model

(AGCM) simulations no matter the AGCM is forced with

observed SST or forced with the coupled climate model

simulated SST. In contrast, the couple climate models pro-

duce significant negative correlation, indicating the impor-

tance of atmospheric forcing in changing the SST and

producing the observed negative SST-precipitation

relationship over western Pacific and Indian Ocean (Wang

et al. 2005; Wu et al. 2006; Chen et al. 2012, 2013). By

utilizing coupled climate models, Schneider and Fan (2007)

demonstrated that the atmospheric ‘weather noises’ (defined

as the departure from the ensemble means of the simulations)

contribute notable SST variability. In a recent work they

further showed that the atmospheric ‘weather noises’ tend to

strengthen the SST cooling tendency for enhanced evapo-

ration over a large portion of the world oceans, including

Indian Ocean (Chen et al. 2013, figure 11), that is in agree-

ment with the observed AO-related surface wind stress and

evaporation anomalies (Figs. 4, 9, 11). Therefore, the

observed significant negative AO/precipitation-SST ten-

dency correlations are generally consistent in an atmo-

spheric forcing perspective for the TIO air-sea systems.
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Fig. 10 Correlations of JFM AO with SST anomalies (a) and SST

tendency (c). Correlations of the regional mean precipitation with

SST anomalies (b) and SST tendency (d). The SST tendency is

calculated as SST anomaly in March minus that in January. Values

significant at the 90 % level are shown by shadings. Positive

correlations are shown in solid lines and the negative are shown in

the dashed lines. Zero lines are omitted
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6.3 Comparison with diabatic heating forced

circulation

Diabatic heating over Indian Ocean can excite tropical

atmospheric circulation anomalies through Gill-Matsuno

type response (e.g., Gill 1980; Guan et al. 2003; Taschetto

et al. 2011). An arisen question is whether/and how the

Indian Ocean atmospheric circulation is modulated by the

AO/NAO-related oceanic and/or atmospheric diabatic

heating. Taschetto et al. (2011) simulated the JFM climate

response with prescribed SST over tropical Indian Ocean

which has a warming SST center about 50�–80�E by 0�–

20�S. And found that in the upper level there is a pair of

anticyclonic anomalies that straddle the equator at about

60�E. The northern anticyclone appears in the northern

Indian Ocean with a center in Arabian Sea. Meanwhile, its

southern counterpart is located in Madagascar, which

overlies the lower level cyclonic circulation there

(Taschetto et al. 2011, figures 7, 8). Additionally, over the

whole northern Indian Ocean the lower troposphere is

dominated by a cyclonic circulation in a similar March–

April–May simulation (Taschetto and Ambrizzi 2012,

figure 13). This is a typical Gill-Matsuno response, char-

acterized by a baroclinic circulation anomaly. Comparing

our result of the Z20 related circulation (Fig. 9) with

Taschetto et al. (2011) simulations, there are remarkable

discrepancies. In Fig. 9, at 925 hPa level there is no

cyclonic circulation to the west of the heating center. We

also investigated the 850 hPa level circulation, the feature

is almost the same as the 925 hPa level, and the anticy-

clonic northeastern winds in 0�–10�N, 50�–80�E are more

evident than 925 hPa (figure not shown). In addition,
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Fig. 11 Corresponding anomalies of a 10 m wind speed, b evapora-

tion, c incident solar radiation, and d sensible heat flux in association

with one unit larger JFM AO index. All variables are from ERA-

Interim datasets. Downward fluxes are defined as positive. Significant

(at the 90 % level) values are shown in shadings. Zero lines are

omitted for tidiness
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compared to its northern counterpart the upper-level anti-

cyclonic circulation over Madagascar is very weak. It

should be pointed out that in our analysis the AO/NAO-

related atmospheric circulation anomalies in the northern

Indian Ocean and the rims is dominated by anticyclonic

circulation from the lower to upper troposphere. This

barotropic structure anomaly totally differs from the

baroclinic anomaly. We guess that the troposphere circu-

lation shown here is a combination of AO/NAO-related

forcing and the diabatic heating feedback. To shed light on

this issue, we examined the lower troposphere circulation

changes in association with regional mean Z20 and regio-

nal mean CMAP precipitation, respectively. Here the pre-

cipitation is used as a proxy of atmospheric latent heating.

We linearly removed AO, IOD and ENSO signals prior to

regression analysis. As expected the 850 hPa circulation

associating with Z20 shows a dipole of cyclonic anomalies

instantly to the west of the Z20 center (Fig. 12). Similar

condition holds for precipitation-related circulation anom-

alies, a large anomalous cyclone appearing in the northern

Indian Ocean and a smaller one to the south. Interestingly,

there are anomalous easterlies in the east of the precipita-

tion center which is accompanied by two anomalous anti-

cyclones in northeastern and southeastern Indian Ocean

(Fig. 12b). It should be pointed that anomalous surface

western winds can be found in around 10�S for both cases.

These possibly suggest a positive feedback and the TIO

Z20 and TIO precipitation may be maintained/enhanced.

From above analysis, we may conclude that the AO/NAO-

related forcing seems dominate the configuration of the

anomalous atmospheric circulation. Questions still remain:

How to quantitatively separate the AO/NAO-related

atmospheric forcings and the possible oceanic feedbacks?

How the tropical atmosphere responds to the AO/NAO-

related central TIO heating (rather than the basin-wide

heating)? These problems need to be clarified by employ-

ing carefully designed numerical experiments.

7 Possible mechanisms

7.1 A possible physical explanation

In above analysis we found a significant link between

AO/NAO and TIO precipitation, connecting through

anomalous atmospheric circulation over northern Indian

Ocean and neighboring continents. An arisen question is

how AO/NAO is connected to the atmospheric circulation

anomalies there. Previous studies showed that in associa-

tion with boreal winter AO/NAO a Rossby wave train

emanates from North Atlantic and propagates southeast-

ward and reaches the Asian subtropical jet stream

(Watanabe 2004). Branstator (2002) found that the leading

mode of the 300 hPa anomalous streamfunction over

northern hemisphere in winter represents the signature of

jet stream-trapped internal variability. One maximum of

the anomalous centers resides in a key region north to

Arabian Sea, which shows great teleconnectivity over the

globe. The importance of the South Asian jet is emphasized

in generating co-variabity through the waveguide effects of

disturbance-trapping and the energy dispersion and the

wave activity can be traced back to the North Atlantic (e.g.,

Hsu and Lin 1992; Branstator 2002). To clarify the

dynamical aspects of AO/NAO-atmospheric links, we

investigated the AO/NAO-associated wave-activity flux as

defined by Takaya and Nakamura (2001). Here we made

composites for both positive- and negative-AO years based

on AO index. To exclude the possible impacts of ENSO

and Indian Ocean Dipole, we selected positive AO cases

when AO larger than 1 unit and the absolute values of Niño

(a) Reg(V, Z20) 850hPa Max V=0.10m/s, without AO

° ° °
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15° S 

  0°

15° N 

30° N 

(b) Reg(V, CMAP) 850hPa Max V=0.80m/s, without AO
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Fig. 12 Anomalies of JFM 850 hPa horizontal winds in association

with Z20 (a) and CMAP (b). The AO, IOD and ENSO signals are

linearly removed prior to regressing. Z20 is the regional mean over

5�–10�S and 60�–75�E. The mean CMAP precipitation is the average

over 0�–10�S and 60�–80�E
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3.4 SST and IOD are less than one standard deviation, the

identified cases including 1990, 1993 and 2002. Similarly,

three negative AO years are identified as 1979, 1980 and

2001. The disturbances are computed using monthly means

as departure from the climatology, and the basic flows are

the long-term means. Then the wave activity fluxes at the

200 hPa level are estimated and plotted in Fig. 13. In

positive AO years, over the Eurasian region the wave-

activity takes two favorite paths. One propagates from

north Europe eastward along belts of about 45�–60�N. And

the other travels southeastward and approaches the north-

ern Africa and then turns to the east. The high-latitude

wave train is both more intense and more extensive in

positive-AO years than in negative-AO years. While the

southern wave train activity keeps strength in two AO

phases, the propagating path, however, is different. In

positive-AO years the Rossby wave spreads southward into

the northern Africa and then turns eastward. In negative-

AO years, the wave approaches the Middle East by taking a

southeast-ward direction track. This kind of asymmetrical

features depending on AO/NAO phases also noted by

previous studies (e.g., Sung et al. 2010). It is suggestive of

AO/NAO phase-dependent downstream climate anomalies

along with the high-latitude wave propagating. On the

other hand, the wave activity flux along the southern wave

path is remarkable in both positive and negative AO years,

and the respective positive and negative geostrophic stream

function anomalies are also notable and consistent with the

observed anomalous geopotential heights. Noteworthily,

Branstator (2002) found that the regional mean squares

(0�–120�E) of meridional winds is little dependent on

waveguide phases of the South Asian jet. Thus the sym-

metry of the AO/NAO-related downstream climate anom-

alies over northern Indian Ocean seems independent of the

AO phases. The wave-trains along the westerlies between

20� and 30�N are also evident at 500 hPa circulation

composites. Previous studies found that the wave trains

guided by the subtropical jet stream exert influence on

climate in South Asia and southern China (Mao et al.

2011). Similar feature of wave activity in association with

summer NAO is also reported (Linderholm et al. 2011).

Based on above analysis, here we proposed a plausible

physical explanation for the AO/NAO-TIO precipitation

links. During positive AO/NAO JFM, the Rossby wave

guided by westerlies tends to trigger persistent positive

geopotential heights in upper troposphere over about 20�–

30�N, 55�–70�E. Meanwhile the Middle East jet stream

becomes stronger, particularly in the exit region of the jet

core. Correspondingly, the anomalous anticyclone in upper

troposphere is enhanced through (1) the stronger anticy-

clonic horizontal shear to the south sides of the jet core,

and (2) the enhanced ageostrophic meridional acceleration

which produces anomalous convergence south of the jet

core in the upper levels. These are favorable conditions for

anomalous downward air motion and strengthening the

pressure in lower troposphere. In a word, in association

with the positive AO/NAO phases the Middle East jet

stream plays important dynamical role in enhancing the

Arabian High, which further causes the equator-ward

winds and strengthen the ITCZ and resulting in more-than-

normal precipitation in the central TIO. On the other hand,

the wind stress curl anomalies deepen the thermocline and

the accumulated heat content in the upper ocean, in turn,

favors in situ precipitation.

7.2 Reproducibility of the AO/NAO-precipitation links

in historical climate simulation

If the AO/NAO-precipitation relationship as revealed in

observation analysis is true, we would expect a similar

linkage in physical climate simulations. Here we examined

it’s reproducibility in a historical climate simulation of

Bergen Climate Model version 2 (BCM2). We chose the

BCM2 because it has good performance in simulating AO/

NAO, and high latitude-Asian climate links (e.g., Luo et al.

2011; Gong et al. 2011). The BCM2 is a fully-coupled

atmosphere–ocean-sea ice general circulation model. Its

atmosphere component has a horizontal resolution of

approximately 2.8� and 30 levels in the vertical. The ocean

component has a horizontal resolution of 2.4� along the

equator with one pole over Siberia and the other over the

South Pole, and the meridional spacing near equator is 0.8�
to better resolve equatorial-confined dynamics. There are

34 isopycnic layers in the vertical and a non-isopycnic

surface mixed layer on top providing the linkage between

the atmospheric forcing and the ocean interior. Details of

the BCM2 can be found in Furevik et al. (2003) and Otterå

et al. (2009). The BCM2 simulations analyzed here are

historical runs of IPCC AR4 experiments forced by varying

major greenhouse gases (CO2, CH4, N2O, and CFCs) and

sulfate aerosols. This coupled simulation is performed free

of heat or fresh water adjustments, covering period of

1850–1999.

The AO index in simulation is defined as the same as in

the observation. And all variables are high-pass filtered,

too. We first examined the simulated precipitation anom-

alies in association with the JFM AO over the Indian

Ocean. Generally, there is more-than-normal precipitation

over the TIO in positive-AO years (Fig. 14). Two signifi-

cant anomalous centers are evident, one is located in the

north and east of Madagascar, and the other is located in

the eastern TIO between 80�–110�E and 0�–10�S. As we

have reported in observation analysis that the TIO precip-

itation responds to AO/NAO through the enhanced ITCZ.

Here we further investigate the convective precipitation,

and found that the convective precipitation changes is of

D.-Y. Gong et al.
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well organized structure with a very large scale. As shown

in Fig. 14, the significant anomalies of convective precip-

itation spans from 10� to 15�S in the western Indian Ocean

to 0�–10�S in the east. Evidently, this rainfall belt is tightly

co-located with the ITCZ. The anomalous westerlies near

surface between 5�N and 15�S indicate a stronger ITCZ,

being consistent with the precipitation anomalies. This

feature of stronger ITCZ is similar to the observation, but

the westerlies in simulation appear in a broader area

spanning nearly for the entire tropic between 5�N and 10�S

(Figs. 4, 14), implying a stronger co-variation of ITCZ/

precipitation with AO/NAO in the BCM2 historical

simulation.

The upper troposphere atmospheric circulation of sim-

ulation notably resembles the observation, too. At 200 hPa

level, the anomalous anticyclone in the Arabian Sea and

the neighboring regions is well reproduced. The pattern of

anomalies at 500 hPa is similar. Compared to the obser-

vation, the location of the anticyclone of simulation is

located slightly to the north (Figs. 4, 14). Their locations at

200 and 500 hPa are in 25�N and 22.5�N, respectively. For

the observation, the latitudes are 22�N for 200 hPa and

15�N for 500 hPa, respectively. We should point out that

the titling vertical structure of the AO/NAO-related atmo-

spheric circulation anomalies is well captured in the sim-

ulation, even though the simulated anomalies in northern

Indian Ocean shift somewhat northward.

The simulated upper ocean heat content anomalies were

investigated. We found that negative SST correlations

appear in 0�–10�S with a center located in west of 60�E.

Similar to the observation, the SST anomalies are weak and

not significant over the TIO. On the other hand, the sim-

ulated thermocline depth strongly co-changes with AO/

NAO. As shown in Fig. 15, the Z20 deepens over the

central southern Indian Ocean. In association with one

positive unit AO index the Z20 is more than 1 m deeper

over a region of 5�–15�S and 60�–90�E. The maximum of

[3 m is located between about 65�–70�E. West of 60�E,

there is no evident changes which differs from the

observation.

Generally speaking, the AO/NAO-TIO precipitation

linkage is well reproduced in the BCM2 simulation. The

corresponding co-variations of lower- and upper-tropo-

sphere circulations, and upper ocean heat contents are well
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Fig. 13 Anomalous JFM wave

activity flux for positive AO

years of 1990, 1993 and 2002

(a), and negative AO years of

1979, 1980 and 2001 (b).
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presented, too. The similarity between observation and

simulation additionally support the physical robustness of

the AO/NAO-TIO precipitation links.

8 Conclusion and discussions

As a summary, in the present study we examined the sig-

nificant interannual relationship between JFM AO/NAO

and the central TIO precipitation. For the analysis period

1979–2009 they have a correlation of ?0.56. And the AO/

NAO-related precipitation anomaly is confirmed by the

simultaneous out-of-phase changes of OLR with a corre-

lation of -0.61. Their statistical correlation is also well

supported by the consistent three-dimensional atmospheric

circulation anomalies. Both the atmospheric dynamics and

oceanic response are involved in the AO/NAO-central TIO
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Fig. 14 Simulated changes of

the total precipitation,

convective precipitation, surface

winds, and 200 hPa winds in

association with the JFM AO

index in the historical climate

simulations of BCM2 for period

1850–1999. Only significant (at

the 90 % level) values are

plotted
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Fig. 15 Simulated changes of the thermocline depth (Z20) in

association with the JFM AO index in the historical climate

simulations of BCM2 for 1850–1999
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precipitation teleconnection. In positive AO/NAO years,

there is anomalous stationary Rossby wave activity prop-

agating to the northern Arabian Sea and neighboring areas.

The Middle East jet stream gets stronger, which is

accompanied by the anomalous downward air motion.

Through the troposphere there is a large-scale anomalous

anticyclonic circulation covering a broad region from

Arabian Sea to eastern India. The enhanced Arabian High

brings stronger northern winds. After crossing the equator,

the southward airflow results in anomalous ITCZ conver-

gence in the central TIO. On the other hand, the crossing-

equator winds cause anomalous wind stress curl and

Ekman transport convergence, which deepens the ther-

molcline. Both the AO/NAO-related atmosphere circula-

tion and positive upper ocean heat contents favor

precipitation in central Indian Ocean over about 0�–10�S,

50�–80�E. And for negative AO/NAO years, there is less-

than-normal precipitation. The observed features of AO/

NAO-TIO links including the precipitation (particularly the

tropical convective precipitation along ITCZ), three-

dimensional atmospheric circulation, and the upper ocean

heat content are well reproduced in the BCM2 simulations.

In addition, we also examined the robustness of the

AO/NAO-TIO precipitation relationship when both ENSO

and IOD signals are not removed, and found that the AO/

NAO-related precipitation, OLR and the corresponding

three-dimensional atmospheric circulations are similar

(figures not shown). Thus, the observed AO/NAO-TIO

precipitation linkage is very likely independent of ENSO

and IOD.

We should point out that the AO/NAO-precipitation

linkage presented in the study is simultaneous relationship.

Previous studies showed that TIO climate can exert influ-

ence on NAO/AO. On the intraseasonal timescale, the

Madden-Julian Oscillation may be regarded as predictor to

the NAO (e.g., Cassou 2008; Lin et al. 2009, 2010). The

MJO phase 3 means a active convection over the Indian

Ocean, and phases 6 and 7 mean the pause of convective

there (Wheeler and Hendon 2004, fig. 8). Note that the

OLR center of MJO phases 3 is located in the eastern

tropical Indian Ocean, but the AO/NAO-related OLR/pre-

cipitation center is located in the central TIO, and the

covering area is also smaller. In addition, our analysis is

based on the seasonal means which have removed/reduced

the sub-seasonal climate signals. It is an interesting topic

whether there is intra-seasonal response of AO/NAO in

TIO and how this feedbacks to the extra-tropical circula-

tion. On the interannual and longer timescale, the Indian

Ocean heating can also influence high latitude circulation,

including AO (Annamalai et al. 2007; Li et al. 2010). There

is possibility that the AO/NAO-related tropical Indian

Ocean anomalies may act as forcing of mid-high latitude

atmosphere, which in turn modulates the AO/NAO-TIO

climate connections. These issues need substantial analysis

for clarification.
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