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ABSTRACT

The temporal variations during 1948-2010 and vertical structures of the summer Somali and Australia
cross-equatorial flows (CEFs) and the implications for the Asian summer monsoon were explored in this
study. The strongest southerly and northerly CEF's exist at 925 hPa and 150 hPa level, respectively. The
low-level Somali (LLS) CEF's were significantly connected with the rainfall in most regions of India (especially
the monsoon regions), except in a small area in southwest India. In comparison to the climatology, the low-
level Australia (LLA) CEFs exhibited stronger variations at interannual time scale and are more closely
connected to the East Asian summer monsoon circulation than to the LLS CEFs.

The East Asian summer monsoon circulation anomalies related to stronger LLA CEFs were associ-
ated with less water vapor content and less rainfall in the region between the middle Yellow River and
Yangtze River and with more water vapor and more rainfall in southern China. The sea-surface tempera-
ture anomalies east of Australia related to summer LLA CEFs emerge in spring and persist into summer,
with implications for the seasonal prediction of summer rainfall in East Asia. The connection between the
LLA CEFs and East Asian summer monsoon rainfall may be partly due to its linkage with El Nino-Southern
Oscillation. In addition, both the LLA and LLS CEFs exhibited interdecadal shifts in the late 1970s and
the late 1990s, consistent with the phase shifts of Pacific Decadal Oscillation (PDO).
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1. Introduction

Cross-equatorial flows (CEFs) in the lower levels of
the atmosphere are important conveyers of water va-
por between the winter and summer hemispheres, and
they have attracted much attention from meteorolo-
gists. CEF's have significant implications for climate in
many regions not only for climatology but also at the
synoptic scale (Xu, 2011). Located over the equato-
rial oceans in boreal summer (June-July—August) and
strongest at 925 hPa, CEFs mainly transport water va-
por from the Southern to the Northern Hemisphere in
the following regions: the east coast of Somali, north
of Australia, the eastern Pacific and Atlantic oceans
(Fig.1) (e.g., Wang and Xue, 2003). Among them,
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the Somali CEF is the strongest and has been the fo-
cus of much study since Findlater discovered it in the
1960s (i.e., Findlater, 1969). The Somali CEFs are
located over the Somali coast near the FEast African
Mountains, turn southwesterlies in the Arabian Sea
and together with the southwesterlies over the Ara-
bian Sea are often called the Somali low-level jet.
The formation of the Somali low-level jet can be at-
tributed to several factors, including the East African
Mountains, the beta effect, land—sea contrast, baro-
clinicity in the boundary layer, diabetic heating, with
diverse emphasis on the dominating factors in differ-
ent studies (Krishnamurti et al., 1976; Krishnamurti
and Wong, 1979; Rodwell and Hoskins, 1995). Using a
general circulation model (GCM), Chakraborty et al.,
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Fig. 1. Climatology of wind (arrows, units: m s™') and
geopotential height (shadings, units: gpm) at 850 hPa in
summer during 1980-1999.

(2009) determined that the CEFs occur even in the
absence of the African orography, which only intensi-
fies the CEFs; the longitudinal location of the Somali
CEFs depends upon the diabetic heating of the Indian
monsoon, while the vertical structure depends on the
western boundary current in the atmosphere due to
the East African highlands. Using atmospheric GCM
(AGCM) simulations with different mountains, Xu et
al. (2010) also found that the presence of African-
Arabian mountains can strengthen the CEFs in the
lower and upper levels over East Africa.

In terms of climate, the Somali CEFs provide most
of the water vapor for the Asian summer monsoon. In
summer, water vapor originates from the southern In-
dian Ocean, flows into the Arabian Sea via the Somali
jet, then largely passes the India Peninsula, the Bay
of Bengal, the Indo-China Peninsula, and then partly
arrives in East Asia (Fig. 1).

CEFs are regarded as an important member of
the South and East Asian summer monsoon systems
(Ding, 2005); they have been widely studied by me-
teorologists (e.g., Dube et al., 1990; Halpern and
Woiceshyn, 1999, 2001; Kulkarni et al., 2002; Wang
and Xue, 2003; Joseph and Sijikumar, 2004). Aus-
tralia CEF's are another important water vapor source
for the East Asian summer monsoon. They originate
from the South Pacific, branch from the anticyclone re-
lated to the Australian high (AH), and cross the equa-
tor in the western Pacific. Some studies have shown
the Australia CEF's to be connected with Asian sum-
mer rainfall (Wang and Li, 1982; Li et al., 2004; Lei
and Yang, 2008).

Usually, previous studies have been based on orig-
inal data. However, original data includes variations
at multiple time scales, such as interannual and inter-
decadal time scales. Variations at different time scales
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are often related to distinct physical and dynamical
processes. It is possible that a positive correlation ex-
ists between two systems at interannual time scale,
while a negative correlation exists at interdecadal or
longer time scale. Thus the correlation of the original
data may be weakened or may not be revealed. To
separate the signals at interannual and interdecadal
(or longer) time scales, a Butterworth filter with the
window width of nine cases (9-year Butterworth filter)
was used in the current study.

In this study, we focused on the temporal fea-
tures and vertical structure of both the Somali and
Australia CEFs, and we compared their relative roles
in the connection with the Asian summer monsoon.
The NCEP/NCAR reanalysis dataset (Kalnay et al.,
1996), 160-station rainfall observation data of China
(downloaded from the website of China National Cli-
mate Center), and the subregion rainfall data of India
(downloaded from the website of Indian Institute of
Tropical Meteorology) were used in this study. Be-
cause the satellite data were incorporated into the re-
analysis after the late 1970s (Sterl, 2004), which in-
creases the reliability of the reanalysis, we focused on
the period 1979-2010.

2. Temporal variations and vertical structure

The areal mean (10°N-10°S, 35°-65°E) meridional
wind data in summer at different levels was used to
investigate the temporal evolution and vertical struc-
ture of the Somali CEFs (Fig.2). Corresponding to
the low-level southerlies, Somali CEFs are strongest
at 925 hPa, while relatively weaker northerlies exist
in the upper level, with a maximum at 150 hPa. The
upper-level Somali CEFs became obviously weaker af-
ter the 1960s, and especially after the 1990s (Figs. 2a
and b). The low-level (925-hPa) Somali (LLS) CEFs
became stronger after the late 1970s and weaker after
the late 1990s. The two transitions are likely related
to the interdecadal changes in the summer rainfall pat-
tern in East China during the late 1970s (Wang, 2001,
2002; Krishnan and Sugi, 2003; Kang and Wang, 2005;
Jiang and Wang, 2005; Zhou et al., 2006; Han and
Wang, 2007; Zhao et al., 2010; Wu et al., 2010) and
the late 1990s (Sun et al., 2011; Zhu et al., 2011), re-
spectively. The decadal cooling and decreased rainfall
in the Indian summer monsoon after late 1990s (Yun
et al., 2010) may be also closely connected to the weak-
ening of the Somali CEFs. At ~ 850 hPa, the Somali
CEFs show a strong upward trend, with two marked
increases in strength in the late 1970s and the late
1990s.

The low-level Australia (LLA) CEFs (10°N-10°S,
100°-140°E) were much weaker than the LLS CEFs,
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Fig. 2. Areal mean meridional wind over (a) the Somali CEF regions, (b) the
Australia CEF regions; (c) original LLS CEFs, and (d) LLA CEFs; (e) 9-year
high-pass filtered LLS CEFs, and (f) LLA CEFs; (g) 9-year low-pass filtered
LLS CEFs, and (h) LLA CEFs. Units: m s™*

but with almost synchronous decadal time scale shifts
in the late 1970s and the late 1990s (Figs.2c, d, g,
h). However, the upper-level Australia CEFs were
much stronger than the Somali branch, and they be-
came stronger after the 1980s. Though the LLS CEFs
were much stronger than the LLA CEFs, the standard
deviation (SD) of the latter was much higher for the
original CEFs (LLA CEF SD = 0.59, LLS CEF SD
= 0.35), and the SDs were 0.45 and 0.22 for the LLA

CEF and the LLS CEF, respectively, for the interan-
nual time scale (retrieved via 9-year high-pass Butter-
worth filter; Figs. 2¢—f).

3. Implications for the Asian summer rainfall

3.1 South Asian summer rainfall

Parthasarathy et al. (1995) investigated the In-
dian rainfall in homogeneous regions and meteo-
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rological subdivisions that were also used in this
study. (The divisions of homogeneous regions are
not shown here and can be found at the website:
http://www.tropmet.res.in/IITM /region-maps.html.)
Table 1 lists the correlation coefficients between the
LLS CEFs and the LLA CEFs, respectively, and the
areal mean rainfall in these regions.

Significant positive correlations were found be-
tween the LLS CEFs at the interannual and inter-
decadal (and longer) time scales and rainfall in five
regions: all-India, homogeneous monsoon regions, core
monsoon regions, west central India, central northeast
India. Rainfall in the northeast, northwest, and penin-
sular regions of India were not significantly related to
LLS CEFs. The relationships between regional rain-
fall and LLS CEFs were consistent with those between
the water vapor fluxes and the LLS CEFs. When the
LLS CEFs were stronger, the southwesterlies trans-
porting water vapor into India were strengthened, and
water vapor content in most regions of India increased
(except in small parts of northeastern, northwestern,
and southwestern India), and thus more rainfall oc-
curred in these regions. An interesting phenomenon
is the significant correlation between LLA CEFs and
the rainfall in the Indian Peninsula. When the LLA
CEF's were stronger, less water vapor was transported
into southern tip of India (Fig.4a), and less rainfall
occurred there.

3.2 FEast Asian summer rainfall

Traditionally, the LLS CEFs have been thought
to be more important than the LLA CEFs because
they can bring one to two times more water vapor
to the East Asian summer monsoon. Thus, we com-
puted the correlation between the LLS/LLA CEFs
and observation rainfall data in China during 1979-
2010 (Fig.3). Our comparison shows that the LLA
CEFs have a stronger connection with rainfall than
do the LLS CEFs for both the original data and the
interannual time scale variation (9-year high-pass fil-
tered; Figs.3a—d). Only a few scattered significant
correlations were found for LLS CEF's, while for LLA
CEFs, significant values appeared between the middle
Yellow River and Yangtze River, which became even
stronger on the interannual time scale (Figs.3c and
d). Thus, it is reasonable to conclude that the LLS
CEF's can bring more water vapor to the East Asian
climate in summer but that the LLA CEFs are more
closely connected with the monsoon rainfall at an in-
terannual time scale. For the interdecadal and longer
time scales (9-year low-pass filtered), LLA CEFs and
LLS CEF's showed a correlation pattern similar to that
of rainfall observations, that is, a positive correlation
north of the Yangtze River and a negative correlation
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south of the Yangtze River. Two regional mean rain-
fall indices were defined for the area between the mid-
dle Yellow River and the Yangtze River (30°-35°N,
100°-110°E, P1) and southern China (23°-26°N, 100°
—-120°E, P2). Their correlations with the LLS CEFs
were insignificant at the interannual time scale (Table
2). The LLA CEFs were significantly correlated with
P1 (—0.74) and P2 (0.65) at the interannual time scale
(Figs. 3g and h). The correlations at interdecadal and
longer time scales were also significant, but with op-
posite signs to the interannual data (0.55 for P1 and
—0.77 for P2), which resulted in the weaker correla-
tions between the original LLA CEFs and P1 (correla-
tion coefficient = —0.4) and P2 (correlation coefficient
=0.02).

When the LLA CEF's were stronger, large-scale flux
anomalies appeared over the tropical Pacific and Indo-
Pacific Ocean, with westerly and easterly anomalies in
the southwestern and northeastern parts, respectively.
Accordingly, in the correlation regarding water vapor
content, two northwest—southeast belts were seen, with
more water vapor in the southwestern part and less in
the northeastern part (Fig.4b). Stronger LLA CEFs
were related to less water vapor content over most part
of Australia, the maritime continent to the north, and
part of the South Pacific Ocean to the east, while they
were related to more water vapor over most part of
the tropical Pacific. In accordance with the anomalies
shown in rainfall observation data (Fig.3), there was
less water vapor (i.e., decreased rainfall) in the area be-
tween the middle Yellow River and Yangtze River, and
more water vapor (i.e., increased rainfall) in southern
China. In addition, stronger LLA CEFs were asso-
ciated with easterly anomalies in the eastern tropical
Pacific (~ 0°-20°N), weaker LLS CEFs, and stronger
Australian high. Thus, the LLA and LLS CEFs are
not fully independent of each other; they are all partly
linked with the Southern Hemispheric circulation, par-
ticularly the Mascarene High and the Australian high
(Xue et al., 2003).

In general, the area affected by LLS CEFs was
smaller than that affected by LLA CEFs (Fig.4a).
Stronger LLS CEFs were related to southwesterly wind
anomalies over the Arabian Sea, which can bring more
water vapor to the Indian summer monsoon region
(Chakraborty et al., 2009) and thus more rainfall over
most regions in India (Table 1) Anomalous signals also
appeared over the Pacific Ocean: easterly anomalies
were seen over the central-eastern tropical Pacific, and
cyclonic and anticyclonic anomalies were seen over the
North Pacific. Though the LLS CEFs originated from
the Southern Hemisphere, subtle signals appeared over
the Southern Ocean, with the exception of significant
cyclonic wind anomalies southeast of the Australian
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Fig. 3. Correlations between (a, b) the original data, (c, d) 9-year high-pass filtered data,;
(e, f) 9-year low-pass filtered data. LLS CEFs and LLA CEFs and 160-station summer
rainfall observation data during the period 1979-2010. Shadings represent significant values
at the 95% confidence level. Contour values are —0.6, —0.4, —0.2, 0.2, 0.4, 0.6. The two
thick curves show the location of the Yellow River and the Yangtze River. (g, h) The 9-year
high-pass filtered regional mean rainfall indices and LLA CEFs during 1979-2010.
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Fig. 4. Correlations between (a) the LLS CEFs, (b) LLA CEFs, (c)
Somali low-level jet and the vertically integrated (300-1000 hPa) water
vapor flux (arrows) and water vapor content for the 9-year high-pass
filtered data. Contours represent significant correlations at 95% confi-
dence level: red/green for positive/negative values. Shadings represent
significant correlations for the wind field at 95% confidence level.

high.
4. Connections with SST

In the correlation with global SST (Fig. 5), the LLS
CEF's were negatively associated with the SST in the
western tropical Indian Ocean, the Arabian Sea, and
the central-eastern tropical Pacific. The LLA CEFs
were significantly negatively correlated with the lo-

cal SST (Indo-Pacific and the subtropical Pacific to
the east of Australia) and were positively linked with
the SST in the central-eastern Pacific, showing its
significant connection with El Nifio/Southern Oscilla-
tion (ENSO). Previous studies have also revealed that
ENSO events are closely associated with the LLS and
LLA CEFs at an interannual time scale. Chen et al.
(2005) showed that in El Nino years, LLS CEFs be-
come weaker, while LLA CEFs become stronger.
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Table 1. The correlation coefficients between LLS/LLA CEFs and regional rainfall in India for the period 1979-2010.
Bold numbers indicate significant correlations at 95% confidence level using a Student’s t-test.

Original Interannual Interdecadal
Regions LLS LLA LLS LLA LLS LLA
All-India 0.45 —0.11 0.61 —0.16 0.39 —0.07
Homogeneous monsoon region 0.42 —0.04 0.44 —0.13 0.54 0.19
Core monsoon region 0.45 0.14 0.46 0.02 0.55 0.39
Northwest India 0.24 -0.2 0.35 —0.21 0.14 —0.20
West central India 0.45 0.08 0.43 —0.06 0.78 0.55
Central northeast India 0.33 0.02 0.69 0.1 —0.45 —0.45
Northeast India 0.04 —0.09 —0.02 —0.12 0.1 —0.21
Indian Peninsula 0.21 —-0.44 0.2 —0.55 0.34 —0.19

Note: LLS is low-level Somali cross-equatorial flow; LLA is low-level Australia cross-equatorial flow.

Table 2. The correlation coefficient between LLS/LLA CEFs and regional mean summer rainfall in China for the period
1979-2010. Bold numbers indicate significant correlations at 95% confidence level using a Student’s t-test.

Original Interannual Interdecadal
(9-year high-pass) (9-year low-pass) (9-year low-pass)
P1 P2 P1 P2 P1 P2
LLS CEF 0.24 —0.35 0.22 —0.02 0.45 —0.64
LLA CEF —-0.4 0.02 —-0.74 0.66 0.55 —-0.77

Note: LLS is low-level Somali cross-equatorial flow; LLA is low-level Australia cross-equatorial flow.

Significant autocorrelation exists between the LLA
CEFs in the spring and following summer at an inter-
annual time scale, with a correlation coefficient of 0.4
during 1979-2010. This seasonal persistence can be
attributed to sustained sea surface temperature (SST)
anomalies from spring to summer. SST anomalies as-
sociated with summer LLA CEFs emerged to the north
and east of Australia in spring (Fig. 5) and then spread
northward and intensified in summer, accompanying
the seasonal advancement of the intertropical conver-
gence zone (Sun et al., 2009). The spring LLA CEFs
and summer rainfall observations show a correlation
pattern quite similar to that of summer CEFs and
rainfall (with negative values in the region between
middle Yellow River and Yangtze River and positive
in southern China), though the significant area was
much smaller (not shown). Thus, the LLA CEFs and
related SST anomalies in spring can provide some in-
formation for the East Asian summer rainfall predic-
tion. However, for the LLS CEFs, such seasonal per-
sistence did not exist. To show the connection of LLS
and LLA CEFs with SST more clearly, the regional
mean SSTs in summer were calculated over the Ara-
bian Sea (10°S-10°N, 50°—70°E, SSTayab) and east of
Australia (20°-35°S, 160°-180°E, SST austr), respec-
tively. The LLS CEFs, LLA CEFs, SST indices, and
Southern Oscillation index (SOI) from 1979 to 2010

were plotted in Fig.5d. The correlation coefficients
between LLS CEFs and SSTA;a, were -0.63 for the
original time series and —0.58 for the interannual time
scale. The correlation coefficients between LLA CEF's
and summer SST g st were —0.71 for the original time
series and —0.76 for the interannual time scale. The
correlation coefficient between LLA CEFs and spring
SST austr were —0.52 for the original time series and
—0.48 for the interannual time scale. In addition, the
SOI and SSTAustr were not independent but had a
correlation coefficient of 0.59. As the second mode
of the southern high-latitude geopotential height field
(Karoly, 1989), the Pacific-South America teleconnec-
tion pattern is a major atmospheric response to ENSO
in the Southern Hemisphere, and it was also signifi-
cantly associated with the LLA CEFs (correlation co-
efficient is —0.37).

5. Brief discussion and summary

The temporal features and vertical structure of the
Somali and Australia CEFs were investigated in this
study. In boreal summer, strong southerly CEF's ex-
ist over the Somali region and north of Australia at
low atmospheric levels; they are strongest at the 925
hPa. Upper-level northerly CEFs north of Australia
are much stronger than the Somali CEFs. The im-
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Fig. 5. Using 9-year high-pass filtered data, correlations between (a)
summer LLS CEFs and summer SST; (b) summer LLA CEFs and sum-
mer SST; and (c¢) summer LLA CEFs and SST in the preceding spring.
Shading indicates significant values at the 95% confidence level. The

red contour is 0.3 and the blue contour is —0.3. (d) LLS and LLA
CEFs, regional mean SST indices, and SOI during 1979-2010.

plications of the LLS CEFs and LLA CEFs for the
Asian summer monsoon rainfall and their relative roles
were also explored. Stronger LLS CEF's are connected
with stronger southwesterly winds in the Arabian Sea,
which can bring more water vapor and thus more rain-
fall into the Indian monsoon region, but LLS CEFs
have a very weak correlation with the low-level wind
and water vapor content over East Asia. The stronger

correlation between the LLA and East Asian summer
rainfall and the weaker correlation between the LLS
and East Asian summer rainfall are consistent with
the finding that convective activities over the Asian
monsoon region are more closely associated with the
convective activities over the western subtropical Pa-
cific (connected with the LLA) than with those over
the northern tropical Indian Ocean (connected with
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the LLS; Li et al., 2010). The weak connection be-
tween the LLS CEFs and East Asian summer monsoon
circulation is understandable: the LLS CEF's pass over
the Arabian Sea, the Indian monsoon region, the Bay
of Bengal, and the Indo-China Peninsula before they
finally arrive in East Asia, and variable factors dur-
ing this process may influence the final conditions of
the water vapor which originate from the LLS CEFs.
Thus the connection with rainfall in East Asia at an
interannual time scale is subtle and difficult to detect.

Though climatically the LLA CEFs are much
weaker than the LLS CEFs, they exhibited stronger
interannual variation, with an SD of 0.59 for the origi-
nal LLA CEFs and an SD of 0.35 for the original LLS
CEFs, and an SD of 0.45 for LLA CEFs on an in-
terannual time scale and an SD of 0.22 for the LLS
CEFs for the interannual time scale (9-year high-pass
filtered). Stronger LLA CEFs were significantly re-
lated with less water vapor content and less rainfall
over the region between the middle of the Yellow River
and Yangtze River, as well as the southern tip of the
Indian Peninsula. Both CEF's were significantly corre-
lated with SST in the central-eastern tropical Pacific,
but with opposite signs. The LLA CEFs were signifi-
cantly related to the local SST anomalies to the north
and east of Australia. The local SST anomalies (north
and east of Australia) emerge in spring, persist, and
advance northward with the seasonal cycle in summer
(Sun et al., 2009); thus the LLA CEFs and the local
SST anomalies in spring can provide some informa-
tion about the summer rainfall in East Asia, especially
over southern China and the region between the mid-
dle Yellow River and Yangtze River. The SST east of
Australia is also significantly related with the ENSO
phenomenon at an interannual time scale, which man-
ifests the entangled connections in the climate system.
The important role of the SST east of Australia has
been also revealed by Zhou and Cui (2011): positive
SST anomalies east of Australia in spring are followed
by a cyclonic circulation anomaly in the upper tro-
posphere and an anticyclonic circulation anomaly in
the lower troposphere over the western North Pacific
from June to October, concurrent with anomalous at-
mospheric subsidence and an enlarged vertical zonal
wind shear, which are unfavorable for tropical cyclone
genesis.

The LLS CEFs are significantly related with the
southwesterly low-level jet in the Arabian Sea (5°—
20°N, 60°-80°E, Fig.4c). Stronger low-level jet cor-
responds to more water vapor content over Indian
summer monsoon region, cyclonic wind anomalies
in the northwestern Pacific, with easterly anomalies
over southern China, and southerly anomalies and in-
creased water vapor content over Northeast and east-
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ern part of North China. Thus, the low-level jet in
the Arabian Sea is more closely associated with the
East Asian monsoon circulation compared to the LLS
CEFs.

In addition, at interdecadal timescale (9-year low-
pass filtered), the correlation pattern between the LLA
CEFs and global SST is quite similar with that of LLS
CEFs, showing a PDO-like pattern over the Pacific,
with positive/negative correlation in the eastern trop-
ical Pacific/North and South Pacific (not shown). This
result provides more evidence for the important role of
PDO in the climate system at interdecadal scale (e.g.,
Mantua and Hare, 2002; Zhu et al., 2011).
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