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ABSTRACT

The growth and decay mechanisms of subtropical dipole modes in the southern Indian and South Atlantic
Oceans and their impacts on southern African rainfall are investigated using results from a coupled general
circulation model originally developed for predicting tropical climate variations. The second (most) dominant
mode of interannual sea surface temperature (SST) variations in the southern Indian (South Atlantic) Ocean
represents a northeast-southwest oriented dipole, now called subtropical dipole mode. The positive (nega-
tive) SST interannual anomaly pole starts to grow in austral spring and reaches its peak in February. In austral
late spring, the suppressed (enhanced) latent heat flux loss associated with the variations in the subtropical
high causes a thinner (thicker) than normal mixed layer thickness that, in turn, enhances (reduces) the
warming of the mixed layer by the climatological shortwave radiation. The positive (negative) pole gradually
decays in austral fall because the mixed layer cooling by the entrainment is enhanced (reduced), mostly owing
to the larger (smaller) temperature difference between the mixed layer and the entrained water. The in-
creased (decreased) latent heat loss due to the warmer (colder) SST also contributes to the decay of the
positive (negative) pole. Although further verification using longer observational data is required, the present
coupled model suggests that the South Atlantic subtropical dipole may play a more important role in rainfall
variations over the southern African region than the Indian Ocean subtropical dipole.

1. Introduction Mason 1995; Reason et al. 2000; Richard et al. 2000).
However, they are not sufficient to explain all of the in-
terannual variability. Recently, much attention has been
paid to studying impacts from regional sea surface tem-
perature (SST) anomalies in the southern Indian and
South Atlantic Oceans (Walker 1990; Mason 1995;
Reason 1998; Reason and Mulenga 1999; Behera and
Yamagata 2001; Reason 2001; Fauchereau et al. 2009).
This is clearly seen in Fig. 1a, showing the correlation
between the SST anomalies and the southern African
rainfall index (SARI) (Richard et al. 2000), defined as
of Earth and Planetary Science, Graduate School of Science, The aree.l-averaged land rainfall anomali.es S.()uth of 10°S
University of Tokyo, 7-3-1, Ho’ngo, Bunkyo-ku, Tokyo 113—6033, during 1960-2008. The SST anomalies in the south-
Japan. western (northeastern) region of the southern Indian
E-mail: yamagata@eps.s.u-tokyo.ac.jp and South Atlantic Oceans are positively (negatively)

Southern Africa (Africa south of the equator in gen-
eral) experiences most of the annual rainfall in austral
summer and its interannual variation has a significant
socioeconomic impact on the regional society. A number
of studies have been devoted to investigate its possible
link with the El Nifio-Southern Oscillation (ENSO) in
the Pacific (Ropelewski and Halpert 1987; Lindesay 1988;
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FIG. 1. Correlation between the (a) observed and (b) simulated
SARI and SST anomalies: correlations exceeding 90% confidence
level by a two-tailed ¢ test are shaded.

correlated with the SARI, representing a clear dipole
structure. This dipole pattern is also obtained even when
rainfall indices are defined using the rainfall anomaly
south of 5° or 15°S.

The existence of this dipole pattern was first identified
in the southern Indian Ocean by Behera et al. (2000).
Using observations and a reanalysis dataset, Behera and
Yamagata (2001) revealed that the SST anomalies asso-
ciated with the named Indian Ocean subtropical dipole
(IOSD) reach their peak in February owing to the latent
heat flux anomalies associated with the variations in the
Mascarene high. This important role of the latent heat
flux anomalies was also supported by calculating a mixed
layer heat balance with a constant thickness (Suzuki et al.
2004; Hermes and Reason 2005).

Another dipole of SST anomalies in the South At-
lantic is known as the South Atlantic subtropical dipole
(SASD). Using a singular value decomposition (SVD)
analysis, Venegas et al. (1997) first showed the exis-
tence of dipole SST anomalies in the South Atlantic
and its link with variations in the sea level pressure (SLP).
Later, Fauchereau et al. (2003) suggested that the SST
anomalies associated with the SASD are mostly due to
the latent heat flux anomalies linked with the southward
migration and strengthening of the St. Helena high. The
importance of the latent heat flux anomalies was also dis-
cussed using ocean assimilation data (Sterl and Hazeleger
2003) or outputs from an ocean general circulation model
(OGCM) (Colberg and Reason 2007).

However, all of these studies on the IOSD and SASD
were based on a discussion of the heat balance in a box
with a constant mixed layer thickness. Since the mixed
layer depth undergoes significant seasonal and inter-
annual variations in the subtropics, those studies may
have serious defects. Indeed, Morioka et al. (2010, 2011)
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have recently revealed the significance of interannual
variations in the mixed layer thickness on the growth of
SST anomalies associated with the IOSD and SASD,
respectively. They indicated that warming of the mixed
layer by climatological shortwave radiation is enhanced
(reduced) because of the thinner (thicker) than normal
mixed layer over the positive (negative) SST anomaly
pole. However, these results were based on the outputs
from an OGCM in which the surface heat fluxes were
calculated by the bulk formula using the atmospheric
reanalysis data and the simulated SST. As a result, some
effects of the SST anomaly on surface heat fluxes are
neglected. For instance, the positive SST anomaly pole
in reality acts to enhance the moisture (temperature) of
air near the ocean surface and reduce the latent (sensi-
ble) heat loss from the ocean. To reveal the air-sea in-
teraction processes involving the IOSD and SASD in
more detail, it is necessary to use a coupled general
circulation model (CGCM).

Furthermore, impacts of the subtropical dipole modes
on the southern African rainfall are still unclear. Using
outputs of an atmospheric general circulation model
(AGCM), Reason (2001, 2002) showed that the positive
SST anomaly of positive IOSDs enhances the rainfall
in austral summer via anomalous moisture convergence
associated with the low SLP anomalies generated over
the positive SST anomaly pole. To understand variations
of the southern African rainfall related to air—sea inter-
action involving the IOSD, a one-tier approach using a
CGCM may also be necessary. Using observational and
reanalysis data, Vigaud et al. (2009) suggested a poten-
tial impact of the dipole SST anomalies in the South
Atlantic on the rainfall anomalies during austral sum-
mer. Since the 1979-2000 data period used in their study
is too short, only one positive SASD event and three
negative SASD events are selected in their composite
analysis, which is not sufficient to examine the link be-
tween the SASD and rainfall variations.

Therefore, the present study investigates the growth
and decay of subtropical dipole modes using outputs
from a 500-yr integration of a CGCM and examines
their impact on the southern African rainfall. This paper
is organized as follows. A brief description of the data
and the CGCM is given in the next section. The seasonal
variation of observed and simulated SST and mixed layer
depth in the southern Indian Ocean is discussed in section
3. In section 4, we compare the observed and simulated
IOSD and SASD. The mixed layer heat balance over the
SST anomaly poles for the positive IOSD is investigated
in section 5. In section 6, the impacts of the positive [OSD
and SASD on the southern African rainfall in austral
summer are examined. The final section summarizes the
main results and discusses the difference in the position
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of SST anomaly poles associated with the subtropical
dipole modes between the observations and model.

2. Model and data

We use monthly mean outputs from a CGCM devel-
oped at the Frontier Research Center for Global Change
(FRCGQC) called the Scale Interaction Experiment-
FRCGC (SINTEX-F) model (Luo et al. 2003). The
SINTEX-F model has been developed from the original
European SINTEX model under the Japan—-European
Union collaboration (Gualdi et al. 2003; Guilyardi et al.
2003) and a more detailed model description is provided
by Luo et al. (2005). The oceanic component is based on
the reference version 8.2 of Océan Parallélis¢ (OPA)
(Madec et al. 1998). Its horizontal resolution is 0.5°-2°,
with the meridional resolution increasing up to 0.5° near
the equator, and it has 31 vertical levels with 19 levels in
the upper 500 m. The vertical eddy viscosity and diffu-
sivity are calculated from a 1.5-order turbulent closure
scheme (Blanke and Delecluse 1993), and the Gent and
McWilliams (1990) scheme is included for the isopycnal
mixing. Sea ice cover in the model is given by observed
monthly climatology.

The atmospheric component of the model is the latest
version of the ECHAM4 (Roeckner et al. 1996). Our
configuration is based on a T106 Gaussian grid and 19
levels in the hybrid sigma-pressure vertical. Surface tur-
bulent heat flux is calculated by a bulk aerodynamic
formula in which the drag coefficients for momentum and
heat depend on the moist bulk Richardson number and
roughness length (Louis 1979). For cumulus convection,
the bulk mass flux formula of Tiedtke (1989) is used.

The atmospheric and oceanic fields are coupled every
2 h by the Ocean Atmosphere Sea Ice Soil (OASIS) 2.4
coupler (Valcke et al. 2000). The surface current mo-
mentum is directly passed to the atmosphere through
a vertical viscosity term in its momentum equation. The
initial condition of the ocean is from the Levitus annual
mean climatologies with zero velocities. For the atmo-
sphere, a 1-yr run forced with the observed monthly
climatological SST is used. To obtain a sufficient number
of SASD and IOSD events for a discussion of their rel-
ative impact on the southern African rainfall, the coupled
model is integrated for 520 years. Considering the near-
surface oceanic adjustment time, we analyze outputs from
the last 500 years.

For comparison, we use the monthly mean observed
SST data from the Hadley Centre sea ice and sea surface
temperature (HADISST) (Rayner et al. 2003), gridded
data with 1° X 1° resolution, and we analyze the period
during 1960-2008 because of few observations in the
southern Indian and South Atlantic Oceans before the
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1960s. To derive the mixed layer depth, we use the monthly
climatology of ocean temperature available from the
World Ocean Atlas 2009 (WOA09) (Locarnini et al.
2010; http://www.nodc.noaa.gov), which has 24 levels in
the vertical with 1° X 1° horizontal resolution. We also
use the horizontal wind at 850 hPa from the National
Centers for Environmental Prediction—-National Center
for Atmospheric Research (NCEP-NCAR) reanalysis
dataset (Kalnay et al. 1996). It has a 2.5° X 2.5° hori-
zontal resolution and covers the same period. Regarding
precipitation, we use the gridded monthly rainfall data,
provided by the University of Delaware (Legates and
Willmott 1990), from 1960 to 2008 with a horizontal
resolution of 0.5° in both longitude and latitude. For all
of these data the interannual anomalies are calculated
by subtracting the monthly mean climatology after re-
moving a linear trend using a least squares fit.

The correlation between the simulated SARI and SST
interannual anomalies is shown in Fig. 1b. The model
reproduces northeast—southwest oriented dipoles in the
South Atlantic and southern Indian Oceans rather well.
The simulated IOSD and SASD are compared with the
observed ones in Fig. 2. The IOSD in the observation is
captured by the second EOF mode (Fig. 2a), whereas in
the model it is captured by the first EOF mode (Fig. 2b).
The pattern correlation between them is 0.88 and is re-
markably high. This is superior compared with other
CGCMs as shown by Kataoka et al. (2012). Therefore,
the model has high skill in simulating the SST pattern
associated with the IOSD. On the other hand, both ob-
served and simulated SASD are detected as the first EOF
mode (Figs. 2c,d). Although the northeast-southwest
orientation of the poles is well simulated, the position of
the positive pole in the model is shifted toward higher
latitudes by 10°; the pattern correlation is 0.76. Also, the
percentage of the explained variance in the model for
the IOSD (SASD) is 20.2% (19.2%) and is in good
agreement with 21.0% (20.4%) in the observation. The
second EOF mode with a monopole pattern simulated in
the southern Indian Ocean and the South Atlantic ex-
plains 14.6% and 14.0% of the total variance, respectively,
and is sufficiently separated from the first mode (North
et al. 1982).

Furthermore, we have defined positive (negative) event
years as years when the normalized principal component
during austral summer (in Fig. 2) exceeds one (minus one)
standard deviation. This leads to 9 (7) positive I0SD
(SASD) events during 49 years in the observation and 74
(76) positive IOSD (SASD) events during 500 years in the
model. The frequency of occurrence for the observed pos-
itive IOSDs (SASDs), 18.8% (14.6%), is well reproduced in
the model, 14.8% (15.2%). Thus, the use of this model for
analyses of the IOSD and SASD may be validated.
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FIG. 2. Spatial patterns of the (a) second EOF mode of SST anomalies from HADISST and (b) first EOF mode of
SST anomalies from SINTEX-F model in the southern Indian Ocean, and the first EOF mode of SST anomalies from
(c) HADISST and (d) the model in the South Atlantic (°C). Negative values are shaded, and percentage of the
explained variance is shown. The boxes over the positive and negative poles in the upper left (right) panel are defined
as 30°-40°S, 50°-70°E (33° and 43°S, 45° and 65°E) and 15°-25°S, 85°~105°E (17° and 27°S, 75° and 95°E). The boxes
over the positive and negative poles in the lower left (right) panel are defined as 30°-40°S, 10°-30°W (40° and 50°S, 23°
and 43°W) and 15°-25°S, 0°-20°W (16° and 26°S, 0° and 20°W).

3. Validation of simulated seasonal variability
in the subtropical region

In this section, we explore the seasonal variation of the
SST and mixed layer depth in the subtropical region to
help understand its interannual variation. Since results
obtained in the South Atlantic are almost similar, we
discuss only the seasonal variation in the southern In-
dian Ocean. Both observed and simulated SST averaged
over the southwestern pole (33°-43°S, 45°-65°E), de-
fined in Fig. 2b, show a clear annual cycle with their
maximum in February (Fig. 3a), whereas those over the
northeastern pole (17°-27°S, 75°-95°E) reach their peak
in March (Fig. 3b). To investigate this seasonal SST
variation, we use the tendency of the mixed layer tem-
perature 7,, averaged over the box of each pole:

J Tm — Qnet

"4y yT AT
ot

— — u —w_+ res
,DCpH m m H ¢

1)

(Qiu and Kelly 1993; Moisan and Niiler 1998). The first
term on the right-hand side indicates the contribution

from the surface heat flux, where Q. is the net surface
heat flux, g, is the downward solar insolation penetrating
through the mixed layer bottom (Paulson and Simpson
1977), p (=1027 kg m3) is the density of the seawater, cp
(=4187 J kg~ ' K™) is the specific heat of the seawater,
and H is the mixed layer depth, defined as the depth at
which temperature is 0.5°C lower than the SST. Here g, is
negligible compared to Oy because only less than 5% of
the shortwave radiation can penetrate the mixed layer
depth, even when the mixed layer is thinnest in austral
summer. The second term indicates the horizontal ad-
vection, where u,,, denotes the horizontal velocity aver-
aged in the mixed layer. The third term is the entrainment
term, where AT (=T, —T_,,_,,,,) Tepresents the tem-
perature difference between the mixed layer and the
entrained water; we use the water temperature at 20 m
below the mixed layer base as the temperature of en-
trained water, as in Yasuda et al. (2000). Also,
w, EdH/ot+V -u, H) is the entrainment velocity and
is assumed to vanish when it becomes negative (Kraus
and Turner 1967; Qiu and Kelly 1993). The residual
term, res, consists of diffusion, detrainment, and other
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FIG. 3. Seasonal cycle of (a),(b) SST (°C), (c),(d) each term in Eq. (1) (1077 °C s~ '), and (e),(f) mixed layer depth
(m) at the southwestern and northeastern poles of the IOSD defined in Fig. 2b. In (a),(b) the SSTs from HADISST
(solid line) and SINTEX-F model (dashed line) are shown. In (c),(d) the mixed layer temperature tendency (MLT
tend., thick solid line), net surface heat flux (NSHF, thick dashed line), horizontal advection (Hor. adv., thick dotted
line), entrainment (Ent., thin solid line) and residual (Res., thin dashed line) terms are shown. In (e),(f), the mixed
layer depths derived from WOA09 (solid line) and the model (dashed line) are shown.
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FI1G. 4. Monthly standard deviation of (a) IOSD and (b) SASD indices (°C) from HADISST (dashed line) and
SINTEX-F model (solid line). The error bar indicates one standard deviation calculated using 10 different 49-yr

periods.

neglected oceanic processes such as high frequency
variability.

The monthly climatology of each term in Eq. (1) over
the southwestern (northeastern) pole is shown in Fig.
3c (Fig. 3d). The warming of the mixed layer over the
southwestern (northeastern) pole from November to
February (from October to March) is mostly due to the
contribution from the net surface heat flux. Among its
four components, the contribution from shortwave radi-
ation is dominant (figure not shown). The shallow mixed
layer also contributes to enhanced warming of the mixed
layer by shortwave radiation (Figs. 3e,f). The contribu-
tion from shortwave radiation over the southwestern
(northeastern) pole decreases from March to September
(from April to September), explaining most of the mixed
layer cooling. Also, cooling of the mixed layer by en-
trainment occurs when the mixed layer deepens (Figs.
3e,f). The mixed layer depth in the model at the south-
western (northeastern) pole becomes deepest in September
(August) and its seasonal variation is well simulated.

4. Validation of simulated interannual variability in
the subtropical region: Subtropical dipole modes

To identify the key feature of the observed and simu-
lated SST anomalies associated with the IOSD and SASD,
we introduce IOSD and SASD indices, defined by the
difference in the SST anomalies between the boxes over
the southwestern and northeastern poles (Figs. 2a—d).
Each of the observed and simulated IOSD (SASD)

indices shows a high correlation, above 0.9, with the
principal component of its EOF mode in Figs. 2a,b (Figs.
2¢,d). The monthly standard deviations of the observed
and simulated IOSD and SASD indices are largest in
austral summer (Figs. 4a,b), indicating a strong phase
locking of their interannual variation to austral summer.
This allows us to define IOSD (SASD) events as years
when the observed IOSD (SASD) index averaged in
austral summer exceeds one standard deviation. This
leads to eight positive IOSD (SASD) events: 1960/61,
1965/66,1967/68,1973/74,1975/76, 1980/81, 1981/82, and
1998/99 (1961/62, 1965/66, 1975/76, 1979/80, 1980/81,
1981/82, 1996/97, and 1998/99; see Morioka et al. 2011).
In the model simulation for 500 years, we find 75 (74)
positive IOSD (SASD) events exceeding one standard
deviation for the model. Hereafter, we define year 0 as
the year when the subtropical dipole event develops and
year 1 the following year.

The evolution of the observed and simulated com-
posite SST anomalies for the positive IOSD is shown in
Fig. 5. Both positive and negative SST anomaly poles
start to grow from austral spring, reach their peak in
austral summer, and decay in austral fall. The pattern
correlation between the observed and simulated SST
anomalies in the peak phase of December (0)-February
(1) is 0.81. A similar evolution of the positive and neg-
ative poles associated with the positive SASD is found
(Fig. 6). However, the pattern correlation between the
observed and simulated SST anomalies in austral sum-
mer is relatively low at 0.63. This may be mostly due to
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FIG. 5. Evolution of the (left) observed and (right) simulated composite SST anomalies (°C) for the positive IOSD.
The boxes over the positive (negative) SST anomaly pole in the right panels are defined as in Fig. 2b. The shading in
the left (right) panels indicates anomalies exceeding the 90% (99%) confidence level by a two-tailed ¢ test.

a difference in the position of the positive pole between
the observation and model, which is discussed in the fi-
nal section.

5. Growth and decay mechanisms of the
subtropical dipole modes

The model has high skill in reproducing the seasonal
and interannual variability in the subtropical region.
Because of the lack of observational data, here we use
the outputs from the model to explore the mechanism of
the subtropical dipole modes. Although the amplitude
of the observed SST anomalies during the negative
IOSD is slightly different from that during the positive
IOSD, the growth and decay mechanisms of the nega-
tive IOSD are almost a mirror image of the positive
IOSD. Also, the mechanism of the SASD is almost close
to that of the IOSD. Therefore, we discuss only the case
for the positive IOSD.

a. Growth

Figures 7a and 7b show composite interannual anom-
alies of each term in Eq. (1) for the positive and negative

SST anomaly poles described in Fig. 5. The mixed layer
temperature anomaly over the positive (negative) pole
grows from late austral spring to early austral summer
owing mostly to the anomalous warming (cooling) from
the net surface heat flux. In particular, the anomalous
contribution from the shortwave radiation is dominant
(Figs. 7c,d). This result supports the results obtained from
an OGCM by Morioka et al. (2010, 2011).

1) CONTRIBUTION FROM SHORTWAVE
RADIATION

The interannual contribution from the surface heat
flux in Eq. (1) is decomposed as

SHO
pc pﬁ

60

S Qnet ~ 44 =5 Q — _
pcpH pcpH pcpﬁ

(Morioka et al. 2010, 2011), where an overbar means
the monthly climatology, &(---) indicates a deviation
from the monthly climatology, and Q = Qe — g4 Each
term in Eq. (2) for the shortwave radiation is shown in

+ res

)
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FIG. 6. As in Fig. 5 but for the positive SASD. (right) The boxes over the positive (negative) SST anomaly pole are
defined as in Fig. 2d.

Figs. 8a,b. Over the positive (negative) pole the anom-
alous contribution from the shortwave radiation is due
mostly to the second term on the rhs of Eq. (2), indicating
that warming of the mixed layer by the climatological
shortwave radiation is enhanced (suppressed) by a thin-
ner (thicker) than normal mixed layer, as shown in Fig. 8c
(Fig. 8d). On the other hand, cooling of the mixed layer
by the climatological latent heat loss in Fig. 9a (Fig. 9b) is
enhanced (suppressed) by the same mixed layer thickness
anomaly and this cancels out the decreased (increased)
latent heat loss in the first term of Eq. (2) as suggested in
Fig. 9c (Fig. 9d).

Regarding the oceanic role, the residual term contrib-
utes to cooling (warming) the mixed layer anomalously in
Fig. 7a (Fig. 7b). Besides the effects of the high frequency
variability, this may be related to the fact that the cooling
of the mixed layer by detrainment and diffusion is en-
hanced (reduced) by the thinner (thicker) than normal

mixed layer. On the other hand, the contribution from
horizontal advection due to the oceanic circulation is very
small. This may be due to the fact that the SST anomaly
poles associated with the IOSD are located off the strong
Agulhas return current.

The significant role of interannual variations in the mixed
layer thickness was overlooked in previous studies by Suzuki
et al. (2004) and Hermes and Reason (2005) because they
calculated the mixed layer heat balance assuming a constant
thickness. This important point was already demonstrated
by the OGCM studies (Morioka et al. 2010, 2011).

2) INTERANNUAL VARIABILITY OF THE MIXED
LAYER DEPTH

The interannual anomaly in the mixed layer thickness
is the key to the evolution of the tendency anomaly in
the mixed layer temperature in Eq. (2). This mixed layer
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FIG. 7. Time series of composite anomalies of (a),(b) the mixed layer temperature tendency (107 °C s~ ') terms
in Eq. (1) and (c),(d) components of the net surface heat flux (10”7 °C s~') terms in Eq. (1) over the positive and
negative poles for the positive IOSD. Closed (open) circles show anomalies exceeding the 99% (95%) confidence
level by a two-tailed ¢ test. A 3-month running mean is applied to smooth the time series. In the upper panel, the
mixed-layer temperature tendency (MLT tend., thick solid line), net surface heat flux (NSHF, thick dashed line),
horizontal advection (Hor. adv., thick dotted line), entrainment (Ent., thin solid line) and residual (Res., thin

dashed line) terms are shown. In the lower panel, the

short wave radiation (SW, thick solid line), long wave

radiation (LW, thick dotted line), latent heat flux (LH, thin solid line) and sensible heat flux (SH, thin dashed line)

terms are shown.

thickness anomaly may be linked with wind stirring and
surface heat flux anomalies. To clarify each contribution
quantitatively, we calculate a diagnostic value of the
mixed layer depth during a shoaling phase, called the
Monin-Obukhov depth:

0
ag ag
H, =mui+—[ q(z)dz| | =—(O... — q,)
MO |: 0 PCP, —H,, ( ) chp( net d

®)

(Kraus and Turner 1967; Qiu and Kelly 1993). Here m
is a coefficient for the efficiency of wind stirring, and we
use mq = 0.5 (Davis et al. 1981). The frictional velocity
u, is defined by u, = (p,Cpuly/p)"?, where p, (=13
kg m ) is the density of air, Cpp (=0.00125) is the drag
coefficient, and u;( is the wind speed at 10-m height.
Also, a (=0.00025) is the thermal expansion coefficient,
and ¢(z) is the downward solar insolation (Paulson
and Simpson 1977). The interannual anomaly of the
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FIG. 8. Time series of composite anomalies of (a),(b) SW (1077 °C s™!) terms in Eq. (2) and (c),(d) mixed
layer depth (m), defined as §H in Eq. (2), at the positive and negative poles for the positive IOSD. Closed (open)
circles show anomalies exceeding the 99% (95%) confidence level by a two-tailed ¢ test. A 3-month running
mean is applied to smooth the time series. In the upper panels, the net SW term (thick solid line; already shown
in Figs. 7c,d), first term (thick dashed line), second term (thick dotted line), and Res. term (thin solid line) are

shown.

Monin-Obukhov depth and each contribution from
the wind stirring and surface heat flux anomalies are

calculated by

Ll3
6(HMo)[ 58<m0 ¢ T q*>:|

0.
_mppd) b
0. [N

8Os (myii + Gy
042

+ res,

(4)

where Q. = (2pc.) ‘ag(Q —q,) is the effective
p iet 7 0 .
buoyancy forcing and g, = (pcp) agf_HMoq(z) dz is

the effective (penetrative) shortwave radiation. Table 1
provides contributions from the wind stirring anom-
aly (the first term), the surface heat flux anomaly (the
second and third terms), and the residual (res) aver-
aged in the growth phase of November (0)-January
(1). The interannual anomaly of the Monin—-Obukhov
depth at each pole explains rather well the mixed
layer depth anomaly of December (0) in Figs. 8c,d.
This is mostly due to the contribution from the sur-
face heat flux anomaly in which the latent heat flux
anomaly plays the major role, as suggested in Figs.

9¢,d.
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FIG. 9. Time series of composite anomalies of (a),(b) the latent heat flux (1077 °C s !) terms in Eq. (2) and (c),(d)
components of the surface heat flux (W m ™~ ?) corresponding to 8Q in Eq. (2) over the positive and negative poles for
the positive IOSD. Closed (open) circles show anomalies exceeding the 99% (95% ) confidence level by a two-tailed
t test. A 3-month running mean is applied to smooth the time series. In (a),(b) net LH term (thick solid line; already
shown in Figs. 7c,d), first term (thick dashed line), second term (thick dotted line), and residual term (thin solid line)
are shown. In (¢),(d) 8Qpet, 8OQsw, 601w, 601 1, and 8Osy indicate the NSHF (thick dashed line), SW (thick solid
line), LW (thick dotted line), LH (thin solid line), and SH (thin dashed line) anomalies.

3) INTERANNUAL VARIABILITY OF THE LATENT
HEAT FLUX

To further investigate the cause of the latent heat flux
anomaly in a simple way, we estimate the simulated la-
tent heat flux Oy iy using the bulk formula:

Orn = P LeCrtg(ds — dom)s ©)
where L is the latent heat of vaporization, Cg is the

bulk transfer coefficient of humidity based on the bulk
Richardson number, ¢, is saturated specific humidity at

the sea surface, and g, is specific humidity 2 m above
the sea surface. The interannual anomaly of the latent
heat flux in Eq. (5) is given by

8(0;4y) = 8(CuyyAg) = 8(C)iy A + 8(uyy)CAG

+ 8(Aq)Cuy,, + res, (6)
where C(=p,LC})is calculated by dividing Qy y by u;o
(95 — gom) in Eq. (5). The latent heat flux anomaly and
contribution from each term in Eq. (6) are shown in Fig.
10. Over the positive pole the positive latent heat flux
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TABLE 1. Composite anomalies of the Monin-Obukhov depth
(m) (MOD), each contribution from the wind stirring (Wind), net
surface heat flux (NSHF), and residual (Res) terms in Eq. (4) at the
positive and negative SST anomaly poles during November (0)-
January (1) of the positive IOSD.

MOD Wind NSHF Res
Positive pole —-32 -0.8 -2.0 -0.4
Negative pole 7.8 1.8 3.8 22

anomaly in December (0) is mostly due to both con-
tributions from the bulk transfer coefficient and spe-
cific humidity difference anomalies (Fig. 10a). The
advection of the anomalous warm air from the tropics
associated with both the southward shift and strength-
ening of the Mascarene high acts to enhance the stability
near the ocean surface and decrease the specific hu-
midity difference, leading to the decrease in latent heat
loss over the positive pole (Figs. 11a,b). On the other
hand, over the negative pole the wind speed anomaly
associated with the variation in the Mascarene high is a
major contributor to the increase in latent heat flux loss
(Fig. 10b). This result is inconsistent with that of Chiodi
and Harrison (2007), who suggested the key role of the
humidity difference over both poles for one typical
positive IOSD in 1997. Since our results apply for the
nine positive IOSD events using the NCEP-NCAR re-
analysis (figure not shown), we cannot generalize the
result by Chiodi and Harrison (2007) over the negative
pole. In addition, the latent heat flux and SLP anomalies
in Figs. 11a,b are nearly half as large as those in the
observation (Behera and Yamagata 2001). This may
explain why the amplitude of positive and negative SST
anomalies in the model is underestimated (Fig. 5).

b. Decay

After reaching its peak in February (1), the positive
(negative) pole decays in early austral fall owing to the
anomalous contribution from the entrainment and in
late austral fall owing to that from the net surface heat
flux, in particular, the latent heat flux, as shown in Figs.
7a,c (Figs. 7b,d).

1) CONTRIBUTION FROM ENTRAINMENT

The anomalous contribution from entrainment can be
explained by decomposing the interannual anomaly of
the entrainment term in Eq. (1) as

_s(AT N _ —S(pre B a(we_)ﬁ +6HATwe

+ res.
(7)

(Morioka et al. 2011). In early austral fall this is pri-
marily due to the first term and secondarilyto the second
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term on the right-hand side (Figs. 12a,b). The contribu-
tion from the first term indicates that, over the positive
(negative) pole, cooling of the mixed layer by entrain-
ment is enhanced (suppressed) by the positive (negative)
anomaly in the temperature difference between the
mixed layer and entrained water, which very likely can
be attributed to the anomaly in the mixed layer tem-
perature. The contribution from the second term also
suggests that the rate of change in mixed layer thickness
over the positive (negative) pole anomalously increases
(decreases), as suggested in Fig. 8c (Fig. 8d), leading to the
increased (decreased) entrainment velocity.

2) CONTRIBUTION FROM LATENT HEAT FLUX

In late austral fall the anomalous contribution from the
latent heat flux in Fig. 7c (Fig. 7d) plays a more significant
role owing to the anomalous cooling (warming) from the
first term in Eq. (2), as shown in Fig. 9a (Fig. 9b). A close
examination of Fig. 10a (Fig. 10b) reveals that the latent
heat loss increases (decreases) anomalously due to both
the increased (decreased) specific humidity difference
owing to the warmer (colder) SST and the decreased
stability (wind speed) near the surface owing to the
weakening of the Mascarene high (figure not shown).
Also, the second term in Eq. (2) over the negative pole
contributes to its decay in late austral fall (Fig. 9b), in-
dicating that cooling of the mixed layer by the climato-
logical latent heat loss is reduced by the thicker than
normal mixed layer (Fig. 8d). The contribution from the
second term can be explained as follows. Although the
climatological mixed layer depth and the absolute value
of its interannual anomaly in late austral fall are not so
different between the poles (Figs. 3e.f, 8c,d), the cli-
matological latent heat loss over the negative pole is
much larger than that over the positive pole. This larger
climatological latent heat loss is mostly due to the
stronger wind and larger difference in the specific hu-
midity near the ocean surface on the northeastern flank
of the Mascarene high.

6. Impacts of the subtropical dipole modes on the
southern African rainfall

A significant part of southern African rainfall occurs
in austral summer owing to the southward shift of the
south Indian Ocean convergence zone (Cook 2000),
where tropical-temperate troughs (Harrison 1984) de-
velop [see Reason et al. (2006) for a review]. This is
clearly seen in Fig. 13a, where the northwest-southeast
oriented rainfall pattern prevails over southern Africa. In
the northwestern (southeastern) part of southern Africa,
the westerly (easterly) associated with the Angola low
(Mascarene high) helps supply moisture from the South
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FIG. 10. Time series of composite anomalies of LH (thick solid line; already shown in Figs. 9c,d) and each con-

tribution from the wind speed at 10 m (thick dashed line),

specific humidity difference near the surface (thick dotted

line), transfer coefficient (thin solid line), and residual (thin dashed line) terms in Eq. (6) over (a) positive and
(b) negative poles for the positive IOSD (W m™2). Closed (open) circles show anomalies exceeding the 99% (95%)
confidence level by a two-tailed ¢ test. A 3-month running mean is applied to smooth the time series.

Atlantic (southern Indian Ocean). Although the simulated
rainfall over Mozambique, South Africa, and Lesotho
(Congo basin) is larger (smaller) than observed, the spatial
patterns of the low-level wind and associated rainfall over
southern Africa are simulated in the model (Fig. 13b).
To study the relative influence of the SASD and IOSD
on austral summer rainfall over southern Africa, we
classify the years of subtropical dipole modes into three
groups: co-occurrence of the SASD and I0OSD, pure
SASD, and pure IOSD. Here we define years with both
SASD and IOSD indices exceeding one (minus one)
standard deviation as co-occurring positive (negative)
SASD and IOSD events. When only the SASD (I0SD)
index exceeds *1 standard deviation, it is defined as the
pure SASD (IOSD) event. This procedure leads to 5 (19)
events for the co-occurrence of the positive SASD and

(a) Latent heat flux anom.

10SD, 3 (55) pure positive SASDs, and 3 (56) pure positive
10SDs in the observation (model). Similarly, 5 (26) events
for the co-occurrence of the negative SASD and 10SD, 6
(47) pure negative SASDs, and 2 (53) pure negative IOSDs
in the observation (model) are obtained. Since the number
of the observed events for each group is not enough to
discuss their composites, we only discuss the positive SASD
and IOSD in the model here. We note that the mechanism
of the simulated rainfall anomalies for the negative events
is close to a mirror of that for the positive events.

The austral summer rainfall slightly increases south
of 15°S when the positive SASD and IOSD co-occur
(Fig. 14a). In particular, the positive rainfall anomalies
near Mozambique and Zambia are statistically significant.
To investigate the mechanism of the rainfall anomalies,
the anomalous moisture flux and its divergence integrated

(b) Sea level pressure anom.
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FIG. 11. Composite anomalies of (a) LH (W m~2) and (b) SLP (hPa) averaged during November (0)-January (1) of
the positive IOSD. The anomalies exceeding 99% confidence level by two-tailed ¢ test are shaded.
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FIG. 12. Time series of composite anomalies of (a),(b) entrainment terms (10”7 °C s~ ') in Eq. (7) over the positive
and negative SST anomaly poles for the positive IOSD. Closed (open) circles show anomalies exceeding the 99%
(95%) confidence level by a two-tailed 7 test. A 3-month running mean is applied to smooth the time series. The net
entrainment term (thick solid line; already shown in Figs. 7c,d), first term (thick dashed line), second term (thick
dotted line), third term (thin solid line), and residual term (thin dashed line) are shown.

vertically from 300 hPa to the surface are calculated. The
moisture flux anomalies for southern Africa south of 10°S
rotate cyclonically and converge near Mozambique and
Zambia (Fig. 14b). The anomalous moisture advection
from the southern Indian Ocean owing to the strengthening
of the Mascarene high also contributes to this anoma-
lous convergence, leading to enhanced rainfall. The
anomalous increase in rainfall is also found south of 20°S
for the pure positive SASD (Fig. 14c). This is mostly due
to anomalous moisture advection from the north asso-
ciated with the anticyclonic circulation anomaly over the
Mozambique Channel converging with that from the

south owing to the strengthening of the St. Helena high
(Fig. 14d). However, a discrepancy exists between the
enhanced rainfall and anomalous divergence of mois-
ture flux over southwestern Africa. Since the monthly
outputs of the model are used in the calculation of
moisture flux, the high frequency variability, such as
migrating disturbances, may be responsible for this dif-
ference. For the pure positive IOSD, the rainfall anom-
alies south of 20°S are not significant (Fig. 14e). Instead,
the rainfall near Angola (Madagascar) increases anoma-
lously. This is because the moisture flux anomalies in Fig.
14f rotate cyclonically south of 10°S in southern Africa

FIG. 13. Austral summer rainfall (contours, mm month ') and horizontal wind (vectors, m s~ ') at 850 hPa in (a) the
observations and (b) the model.
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FIG. 14. Composite anomalies of (a) the simulated southern African rainfall (mm month™') and (b) moisture flux
(arrows,mgs ! kg ') and its divergence (contours, interval 10”2 g s~ kg~ !) integrated from 300 hPa to the surface
in austral summer for the co-occurrence of the positive SASD and IOSD. Asin (a),(b) but (c),(d) for the pure positive
SASD and (e),(f) for the pure positive IOSD. The rainfall (moisture flux) anomalies exceeding the 90% confidence

level by a two-tailed ¢ test are colored (shown by thick arrows).

and anomalously converge with those from the west (east)
in the South Atlantic (southern Indian) Ocean (associ-
ated with the strengthening of the Mascarene high). The
present result suggests that the pure positive SASD may
play a more important role in the enhanced rainfall over
the southern part of southern Africa than the pure posi-
tive IOSD in our model. This result seems to contrast with
the observational result showing an anomalous increase
(decrease) in the rainfall over the southern part of southern
Africa during the pure positive IOSD (SASD) (figure not
shown). However, these rainfall anomalies are not signifi-
cant because of the limited number of events. Therefore,
more observational data is required to verify the relative

importance of the SASD and IOSD for the rainfall varia-
tions derived from the model.

7. Conclusions and discussion

Using the outputs from a CGCM, the growth and
decay mechanisms of the subtropical dipole modes and
their impacts on southern African rainfall are examined.
Although the southwestern pole for the simulated SASD
is located in higher latitudes, the evolution of the north-
eastern and southwestern poles for both IOSD and SASD
is well reproduced. During the growth phase of the pos-
itive event from late austral spring to early austral
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summer, the southward migration and strengthening of
the subtropical high suppresses (enhances) latent heat
flux loss over the southwestern (northeastern) pole
through a decrease in the specific humidity difference and
increase in the near-surface stability (the increase in the
near-surface wind speed). This induces a thinner (thicker)
than normal mixed layer, which enhances (suppresses)
warming of the mixed layer by climatological shortwave
radiation, leading to the generation of the positive (neg-
ative) SST anomaly pole. This contradicts previous results
by Suzuki et al. (2004) and Hermes and Reason (2005),
who suggested the importance of latent heat flux anom-
alies by calculating the heat balance for a constant mixed
layer thickness. Therefore, we have demonstrated that
the seasonal and interannual variations in mixed layer
thickness play a key role in the growth of the dipoles.

The positive (negative) pole decays in early austral
fall mostly because of the anomalous contribution from
entrainment and from the latent heat flux in late austral
fall. The cooling of the mixed layer by entrainment is
enhanced (suppressed) mainly by the larger (smaller)
temperature difference between the mixed layer and
entrained water owing to the warmer (colder) mixed
layer. Also, the warmer (colder) SST acts to enhance
(reduce) latent heat loss owing to the larger specific
humidity difference near the surface. These CGCM re-
sults not only support the OGCM results by Morioka
et al. (2010, 2011) but also clarify the cause of the latent
heat flux anomalies, which play an important role in
generating the mixed layer thickness anomalies during
growth of the subtropical dipole modes.

In addition, the coupled model results reveal the sig-
nificant impact of the subtropical dipole modes on
southern African rainfall in austral summer. The rainfall
over southern Africa increases anomalously when the
positive IOSD and SASD co-occur or when the positive
SASD occurs independently of the positive IOSD. This
is mostly because of the anomalous convergence of
moisture flux linked with the strengthening of the Mas-
carene high and/or St. Helena high. However, the rainfall
anomalies for the pure positive IOSD are not significant
in the subtropical region except in Angola and Mada-
gascar. Although further verification using a longer ob-
servational database is required, the present coupled
model suggests that the positive SASD may have more
impact on the rainfall variations over southern Africa
than the positive IOSD.

The interannual variations of the Mascarene high and
St. Helena high play an important role in rainfall vari-
ability over southern Africa as well as in the evolution of
the subtropical dipole modes. Although other climate
modes such as ENSO also influence rainfall variability,
resolving the variability of the subtropical highs may
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lead to an improvement of prediction skill for southern
African rainfall through better prediction of the sub-
tropical dipole modes. However, the center of SLP
anomalies in the South Atlantic associated with the
positive SASD is simulated with a southward shift by 10°
(Fig. 15). This may be the major cause of model bias in
the position of the positive SST anomaly pole for the
SASD (Fig. 6). The SLP anomalies in midlatitudes are
accompanied by anomalies in the upper troposphere,
and those are due to the propagation of stationary
Rossby waves. The stationary wavenumber at 200 hPa
in austral summer is calculated by K¢=(8,,/U M)m,
where B, is the effective beta and U,, is the Mercator
projection of the basic zonal velocity (Hoskins and
Karoly 1981). The maximum stationary wavenumber,
which indicates the stationary Rossby waveguide, is
simulated for higher latitudes between 50° and 60°S in
the South Atlantic (Figs. 15a,b). This is related to the
difference of the polar front jet between the reanalysis
data and the model (Figs. 15¢,d). The amplitude and
location of the polar front jet in austral summer are
strongly influenced by the SST front through the for-
mation of storm tracks (Nakamura and Shimpo 2004;
Sampe et al. 2010). The SST front is clearly located
around 45°S in observations, whereas that in the model is
broadly located between 40° and 50°S because of its low
resolution (Figs. 15¢,f). This may make the simulated
polar front jet broader and weaker. Also, since the sim-
ulated SST in mid high latitudes of the South Atlantic is
warmer than observed by 2°C, the stronger meridional
temperature gradient due to this warm SST bias may
enhance baroclinicity near the surface to accelerate the
westerlies in the upper troposphere. This will provide
a favorable condition for the southward shift of the polar
front jet between 50° and 60°S. Thus, improvement of the
SST bias in the model is required for accurate simulation
of the variation in the subtropical high.

The major cause of interannual variation in the sub-
tropical high remains unclear. Several studies discussed
its possible link with air—sea interaction inside the basin
or remote forcings by ENSO, the Indian Ocean dipole,
and Antarctic circumpolar waves in midlatitudes (Behera
and Yamagata 2001; Fauchereau et al. 2003; Colberg et al.
2004; Hermes and Reason 2005; Terray 2011). However,
none of these studies evaluated the relative influence of
those climate modes on the variation in the subtropical
high. Also, recent studies by Wang (2010a,b) suggested that
the subtropical dipole mode exists as a thermodynamical
coupled mode, which is linearly independent of ENSO and
the southern annular mode. In this regard, further studies
using an AGCM and/or CGCM are required to determine
the source of the variations in the subtropical high in more
detail.
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,where ais the earth’s radius), (c),(d) zonal wind speed (m s~ 1)

at 200 hPa, and (e),(f) meridional gradient of SST (10> °C m™ ') in austral summer. In the upper and middle panels the
stationary wavenumber and zonal wind speed derived from NCEP-NCAR reanalysis and the SINTEX-F model are
shown; in the lower panel the meridional gradient of SST from (e¢) HADISST and (f) the model is shown.
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