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ABSTRACT
The south Indian Ocean is characterized by enhanced midlatitude storm-track activity around a prominent
sea surface temperature (SST) front and unique seasonality of the surface subtropical Mascarene high. The
present study investigates the climatological distribution of low-cloud fraction (LCF) and its seasonality by using
satellite data, in order to elucidate the role of the storm-track activity and subtropical high. On the equatorward
flank of the SST front, summertime LCF is locally maximized despite small estimated inversion strength (EIS)
and high SST. This is attributable to locally augmented sensible heat flux (SHF) from the ocean under the
enhanced storm-track activity, which gives rise to strong instantaneous wind speed while acting to relax the
meridional gradient of surface air temperature. In the subtropics, summertime LCF is maximized off the west
coast of Australia, while wintertime LCF is distributed more zonally across the basin unlike in other subtropical
ocean basins. Although its zonally extended distribution is correspondent with that of LCF, EIS alone cannot
explain the wintertime LCF enhancement, which precedes the EIS maximum under continuous lowering of SST
and enhanced SHF in winter. Basinwide cold advection associated with the wintertime westward shift of the
subtropical high contributes to the enhancement of SHF, especially around 158–258S, while seasonally enhanced
storm-track activity augments SHF around 308S. The analysis highlights the significance of large-scale controls,
particularly through SHF, on the seasonality of the climatological LCF distribution over the south Indian
Ocean, which reflect the seasonality of the Mascarene high and storm-track activity.

1. Introduction
Low-level clouds strongly cool the earth as they reflect a
large fraction of insolation while emitting longwave
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radiation nearly as much as the earth’s surface (Hartmann
and Short 1980). In fact, a small change in fractional
coverage of low-level clouds could offset anthropogenic
global warming (Randall et al. 1984). Since their formation is governed by small-scale turbulent processes, however, low-level clouds are not well represented in global
climate models, introducing uncertainties into future climate projections (e.g., Bony and Dufresne 2005; Qu et al.
2014, 2015; Myers and Norris 2016). Thus, understanding
how the properties of low-level clouds are determined is a
fundamental issue in climate science.
Climatologically, low-level clouds are frequently observed over cool oceans, where deep convection is unlikely to occur. For example, stratocumulus clouds
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prevail over the eastern portion of each of the subtropical ocean basins (e.g., Klein and Hartmann 1993;
Wood 2012), which is located east of a surface subtropical high that accompanies persistent midtropospheric subsidence and equatorward surface winds (e.g.,
Miyasaka and Nakamura 2005, 2010). The equatorward
winds induce coastal upwelling and upper-ocean mixing
in addition to surface evaporation, acting to maintain
relatively low sea surface temperature (SST). Owing to
their high albedo, those stratocumulus clouds also act to
cool the ocean. Combination of the low SST and enhanced midtropospheric subsidence, which acts to warm
the free troposphere, maintains a strong temperature
inversion at the top of the boundary layer, inhibiting
cloud-top entrainment of dry air. In fact, the temperature inversion can explain seasonality of low-cloud
fraction (LCF) in the eastern portion of an ocean basin (Klein and Hartmann 1993; Wood and Bretherton
2006). Those equatorward surface winds yield cold advection, thus destabilizing the surface layer, and thereby
facilitating shallow convection in the boundary layer, to
further increase LCF.
Other regions of large LCF are found over the
midlatitude–subpolar oceans, where not only stratocumulus but also fog and stratus are frequently observed
(Norris 1998; Koshiro and Shiotani 2014). As typically
observed in the eastern subtropics, cold air advection near
the surface is favorable for stratocumulus formation. The
occurrence of fog and stratus is, by contrast, more likely
under warm advection that renders surface air temperature higher than SST underneath (Norris and Klein 2000;
Norris and Iacobellis 2005; Tokinaga et al. 2009; Tanimoto
et al. 2009; Koshiro et al. 2017). It has been shown that
seasonal-mean LCF can be explained well by lowertropospheric stability (Klein and Hartmann 1993; Wood
and Bretherton 2006; Koshiro and Shiotani 2014).
In this study we focus on low-level clouds over the
south Indian Ocean, where the subtropical Mascarene
high exhibits a distinct seasonality from its counterpart
in other ocean basins (Figs. 1a,d; Rodwell and Hoskins
2001; Lee et al. 2013). The Mascarene high resides over
the eastern portion of the basin in summer (Fig. 1a),
while it strengthens and shifts westward in winter
(Fig. 1d). Correspondingly, the area of large LCF over
the south Indian Ocean also shows westward extension
from summer (Figs. 1a,d). Over each of the South Atlantic and Pacific, by contrast, the subtropical high resides in the eastern portion of the basin throughout the
year, and thus such westward extension of a large LCF
area into winter as seen over the south Indian Ocean is
not apparent. Still, the seasonality of low-level clouds
over the south Indian Ocean has not been examined
in detail.
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Another important factor that affects low-level clouds
over the south Indian Ocean is a prominent oceanic
front that forms in the confluent zone of the Agulhas
Return Current and Antarctic Circumpolar Current
(Figs. 1c,f). This midlatitude oceanic front extends
nearly zonally around 458S from 208 to 908E and is
characterized by pronounced SST gradient. It has been
shown that this prominent SST front acts to maintain a
surface baroclinic zone locally and thereby anchors a
storm track along which migratory cyclones and anticyclones recurrently develop (Nakamura and Shimpo
2004; Nakamura et al. 2008; Nonaka et al. 2009; Hotta
and Nakamura 2011). Subweekly fluctuations in surface
winds associated with cyclones and anticyclones act to
relax the surface air temperature gradient around the
SST front, yielding cross-frontal gradient of surface
sensible heat flux (SHF) (Nonaka et al. 2009; Hotta and
Nakamura 2011). In fact, subweekly fluctuations in
surface meridional wind velocity are enhanced around
the particular SST front, especially in winter (Figs. 1b,e;
Nakamura and Shimpo 2004).
In the following, we investigate the seasonality of the
impacts of the Mascarene high, the storm track, and the
SST front on LCF over the south Indian Ocean in detail, and the distinct seasonality is then highlighted in
comparison with the corresponding seasonality over
the South Atlantic and Pacific. Since in situ observations of low-level clouds have been scarce over the
Southern Ocean, our investigation takes advantage of
the Moderate Resolution Imaging Spectroradiometer
(MODIS) on Terra, whose horizontal resolution is
sufficient for capturing impacts of the oceanic front on
low-level clouds. Accumulated from March in 2000, the
MODIS data can be utilized for investigating the climatological distribution of LCF in detail. The rest of
this paper is organized as follows. In section 2, the data
used in this study are introduced. In section 3, climatological distribution of LCF and its seasonality over
the south Indian Ocean are investigated in detail.
Multiple linear regression model analysis on the seasonality of the subtropical LCF and comparison with
the other ocean sectors are made in section 4. Conclusions are given in section 5.

2. Data and methodology
a. Cloud data
In this study, we use the collection 06 level-3 daily
cloud product of MODIS on a 18 3 18 grid (King et al.
2006; Hubanks et al. 2016). The horizontal resolution
is adequate for extracting impacts of the oceanic
fronts, as found in the SST climatologies after being
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FIG. 1. (a) Climatological-mean SLP (contoured for every 4 hPa, with thick lines for
1020 hPa) and LCF (color shaded for every 10% as indicated on the right) over the southern
oceans in austral summer (DJF). (b) Climatological-mean surface winds (m s21, arrows with
reference on the right) and the variance of 8-day high-pass-filtered fluctuations of surface
meridional wind (color shaded for every 6 m2 s22 as indicated on the right) for DJF.
(c) Climatological-mean SST (contoured for every 38C) and its meridional gradient [color
shaded for every 0.48C (100 km)21] for DJF. (d)–(f) As in (a)–(c), but for austral winter
(JJA). The climatologies are for the 2002–15 period. LCF is based on MODIS and estimated under random overlap assumption, whereas the other variables are based on the
ERA-Interim.

interpolated onto the MODIS grid (Figs. 1c and 1f).
Only daytime (;1030 LT) data are analyzed for a 14-yr
period from January 2002 to December 2015. We
utilize a cloud mask, which is not subjected to the additional screening for the retrieval of cloud optical
properties (called clear-sky restoral), and cloud-top
pressure as well. In this study, those clouds whose top

pressures are higher than 680 hPa are regarded as ‘‘lowlevel clouds.’’ Since MODIS cannot detect low-level
clouds if overlapped with mid- and/or high-level clouds,
the random overlap assumption is used for reducing the
influence of mid- and high-level clouds (e.g., Weare
2000). This is a reasonable assumption outside the areas
of deep convection and landmass (McCoy et al. 2014;
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Li et al. 2015). In this study, seasonality in LCF over the
subpolar ocean is not discussed in detail, because large
solar zenith angles (greater than 658–708) are likely to
introduce errors into the MODIS cloud retrievals
(Grosvenor and Wood 2014).

b. Meteorological parameters
For meteorological parameters, we use the ERAInterim global atmospheric reanalysis data (Dee et al.
2011). The 0.758 3 0.758 gridded data have been interpolated linearly onto the 18 3 18 MODIS grid. We use
the data only at 0600 UTC for the south Indian Ocean, at
1200 UTC for the South Atlantic, and at 1800 UTC for
the South Pacific (east of the international date line), so
as to roughly correspond to the overpass time of Terra
for each of the basins. Since the SST data prescribed at
the lower boundary of the atmospheric model for data
assimilation for the ERA-Interim have been significantly improved since January 2002 (Masunaga et al.
2015), we utilize the data from 2002 to 2015 of
SHF, surface latent heat flux (LHF), 700-hPa vertical
velocity (v), 700-hPa relative humidity (RH), 2-m surface air temperature (SAT), 10-m surface winds, sea
level pressure (SLP), and SST. It has been shown that
air–sea flux products somewhat differ from one dataset
to another (e.g., Smith et al. 2011; Liu et al. 2011; Yu
et al. 2011), which suggests that SHF and LHF in the
ERA-Interim also include some uncertainties. We have
confirmed that qualitatively the same results are obtained when surface fluxes in Japanese Ocean Flux
Data Sets with Use of Remote Sensing Observations
(J-OFURO; https://j-ofuro.scc.u-tokai.ac.jp/en/) for the
period of 2002–13 are used in place of the ERA-Interim
data (see Figs. S1–S4 in the supplemental material). In
addition, we use the SST data prescribed for the ERAInterim. Near-surface temperature advection and wind
divergence have been evaluated on a daily basis at the
lowest level of the forecast model used for the ERAInterim data, as in Masunaga et al. (2015).
In this study, the estimated inversion strength (EIS)
defined by Wood and Bretherton (2006) is used as a
measure of the strength of the inversion layer at the top of
the boundary layer:
EIS 5 (u700 2 usfc ) 2 G850
m (z700 2 zLCL ) ,

(1)

where u700 and usfc denote potential temperature at
700 hPa and the surface, respectively, whereas z700 and
zLCL denote local altitudes of the 700-hPa surface and
lifting condensation level, respectively. In (1), G850
m signifies the moist adiabatic lapse rate at the 850-hPa level.
EIS is calculated from the ERA-Interim data.
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3. Influence of the Mascarene high and the storm
track on LCF and its seasonality over the south
Indian Ocean
a. Overview of climatological distribution of LCF
Before making detailed discussions on the relationship between LCF and meteorological conditions, we
give an overview of climatological-mean distributions of
LCF over the south Indian Ocean for summer (Fig. 2a)
and winter (Fig. 2b). Across the subtropical basin
(equatorward of ;358S), zonal inhomogeneity is evident
in summertime LCF, with a distinct local maximum off
the west coast of Australia around 1058E and rapid decline toward the west (Fig. 2a). By contrast, wintertime
LCF is more zonally uniform across the subtropical
basin (Fig. 2b). Both in summer and winter, LCF over
the midlatitude and subpolar oceans is higher than over
the subtropical ocean, and its distribution exhibits a
high degree of zonal uniformity. Figures 2a and 2b indicate higher LCF in winter than in summer, although
the wintertime MODIS retrievals are likely to suffer
from errors under large solar zenith angles (Grosvenor
and Wood 2014). In fact, cloud-top height-optical
depth histograms based on the Multiangle Imaging
Spectroradiometer (MISR) measurements (Marchand
et al. 2010) show that climatological-mean LCF estimated under the random overlap assumption decreases
into winter (not shown), which appears to be consistent
with the zonal-mean LCF over the Southern Ocean
(McCoy et al. 2014). In the following, we therefore
avoid detailed investigation of the wintertime low-level
clouds over the subpolar ocean.
Previous studies have indicated that climatologicalmean distribution of LCF and its seasonality are well
explained by lower-tropospheric stability, whose enhancement acts to increase LCF (e.g., Klein and
Hartmann 1993; Wood and Bretherton 2006; Koshiro
and Shiotani 2014). Climatological-mean distributions
of EIS defined in (1) are thus shown in Figs. 2c and 2d for
DJF and JJA, respectively. Across the summertime
subtropical basin (Fig. 2c), EIS maximizes off the west
coast of Australia around 1058E, in good correspondence with the spatial pattern of LCF (Fig. 2a). This
local maximum of EIS corresponds to the longitudinal
minimum in SST around 1058E (Fig. 2a). In fact, SST just
off the Australian coast is slightly higher because of the
southward Leeuwin Current, which is a unique feature
of the south Indian Ocean from other ocean basins at
equivalent latitudes (Smith et al. 1991; Kataoka et al.
2014). Compared to SST, 700-hPa potential temperature
is more zonally uniform (Fig. 2c), but there is a slight
zonal asymmetry. The u700 at 308S minimizes around
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FIG. 2. Climatological distributions for austral summer (DJF) of maritime (a) LCF (color shaded for
every 8%) and SST (contoured for every 38C), (c) EIS (color shaded for every 2 K) and u700 (contoured for
every 3 K), (e) 700-hPa v (color shaded for every 15 hPa day21) and 700-hPa RH (contoured for every 8%),
(g) near-surface temperature advection (color shaded for every 0.4 K day21), SST (contoured for every 38C)
and surface winds (m s21, arrows), (i) SHF (color shaded for every 4 W m22; positive values for upward flux)
and SST (contoured for every 38C), and (k) LHF (color shaded for every 30 W m22; positive values for
upward flux) and SST (contoured for every 38C). (right) As in (left), but for austral winter (JJA). In (b), the
dotted line indicates the latitude poleward of which more than 30% of observations were made under (daily
maximum) solar zenith angles .658.
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FIG. 3. Meridionally high-pass-filtered fields around the Agulhas SST front for austral summer (DJF) of (a) LCF
(color shaded for every 0.8%), (b) EIS (color shaded for every 0.3 K), (c) 700-hPa v (color shaded for every
2 hPa day21), (d) SHF (color shaded for every 2 W m22), (e) 700-hPa RH (color shaded for every 0.5%), and
(f) wind divergence near the surface (color shaded for every 0.5 3 1026 s21). Superimposed with the contours is
meridionally high-pass-filtered climatological SST (every 0.58C; solid and dashed lines for positive and negative
values, respectively; zero contours are omitted) for DJF. Local departures of each variable from its meridional ninepoint running-mean values are regarded as the meridionally high-pass-filtered component.

858E and increases gradually toward the east. At 29.58S,
for example, the SST difference from 105.58 to 85.58E
is 21.6 K, whereas the corresponding u700 difference is
1.6 K. Thus, the increase in u700 toward the east from
858E also contributes to the local maximum of EIS off
the west coast of Australia. This eastward warming is
contributed to, in part, by the enhanced subsidence
around 308S, 1108E (Fig. 2e). The enhanced subsidence
and associated surface divergence are required to keep
the vorticity balance with strong equatorward winds in
the eastern portion of the surface subtropical high
(Fig. 2g; Rodwell and Hoskins 2001; Miyasaka and
Nakamura 2010). Compared to the summertime situation, EIS in winter exhibits more zonally uniform distribution across the subtropical basin (Fig. 2d) in
accordance with the spatial pattern of LCF (Fig. 2b).
The high degree of zonal uniformity in wintertime EIS
reflects a zonally uniform distribution of SST (Fig. 2b),

700-hPa potential temperature (Fig. 2d), and freetropospheric subsidence (Fig. 2f). Poleward of 308S,
EIS in summer increases rapidly with latitude and
maximizes around 508S (Fig. 2c). The poleward increase
in EIS is consistent with the latitudinal distribution of
LCF (Fig. 2a). Overall, the spatial patterns of LCF over
the south Indian Ocean in both summer and winter are
in reasonable correspondence with those of EIS, as
previous studies have indicated.
We point out, however, that there are several aspects
that cannot be explained fully by EIS. For example, EIS
increases rapidly across the midlatitude SST front along
the Agulhas Return Current and maximizes on the
poleward flank of the front (Fig. 2c), but the corresponding increase in LCF across the Agulhas SST front
is weaker (Fig. 2a). In fact, over the subpolar ocean
poleward of 508S, EIS slightly decreases with latitude,
while LCF still increases with latitude. Though not our
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primary focus, this discrepancy is discussed briefly in
section 4. Other discrepancies in detailed aspects in
seasonal cycles are discussed in section 3c.

b. LCF around the Agulhas SST front
Figure 3 shows meridionally high-pass-filtered fields
of LCF, oceanic, and meteorological parameters around
the Agulhas SST front for DJF. The meridional highpass filtering has been applied, in order to highlight the
impacts of the meridionally pronounced SST gradient
across the front. Here local departures of a given variable from the meridional nine-point running-mean
values are regarded as meridionally high-pass-filtered
components. This procedure is equivalent to 98 latitudinal
high-pass filtering. Comparison between Figs. 3a and 3b
reveals opposing tendencies between LCF and EIS
across the front. Specifically, LCF shows local maxima
(minima) on the equatorward (poleward) flank of the
SST front (Fig. 3a), albeit EIS exhibits local minima
(maxima) on the equatorward (poleward) flank of the
front (Fig. 3b) in accordance with the underlying SST
distribution. Figure 3d shows the distribution of (upward) SHF, whose enhancement acts to increase LCF
(e.g., Xu et al. 2005; Mauger and Norris 2010). There is
indeed local enhancement (reduction) of SHF on the
equatorward (poleward) flank of the SST front, which
overall coincides with the local maxima (minima) of
LCF. On the warmer side of the SST front, the enhanced
heat release (SHF) from the underlying ocean acts to
lower SLP locally (not shown) and thereby induce wind
convergence near the surface (Fig. 3f) and vice versa on
the cooler side of the SST front with locally enhanced
near-surface divergence. These cross-frontal contrasts
are considered to be through the hydrostatic effect
(Lindzen and Nigam 1987; Shimada and Minobe 2011).
The corresponding weakening of lower-tropospheric
subsidence on the warmer side of the SST front
(Fig. 3c) may be in part a signature of this hydrostatic
effect, while no systematic signals are found in freetropospheric relative humidity around the SST front
(Fig. 3e).
A close inspection of Fig. 3f reveals, however, that
the local maxima and minima of wind divergence near
the surface tend to be shifted slightly eastward of the
corresponding pattern of SST. This slight eastward
shift is attributable to the advective effect by the prevailing near-surface westerlies and/or to enhanced
(suppressed) turbulent mixing over warmer (cooler)
SST and resultant downward transfer of the momentum of the prevailing westerlies within the boundary
layer (Wallace et al. 1989; Chelton et al. 2004; O’Neill
et al. 2010). The prevailing near-surface westerlies are
characteristic of enhanced activity of synoptic-scale
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atmospheric eddies migrating along the storm track
(e.g., Nakamura et al. 2008), through their poleward
heat transport and resultant downward transfer of
wind momentum of the upper-tropospheric westerly
jet. The enhanced storm-track activity is maintained in
the presence of the Agulhas SST front (Nakamura and
Shimpo 2004; Nakamura et al. 2008). In association
with the local minima and maxima of near-surface
wind divergence (Fig. 3f), free-tropospheric subsidence tends to be weaker (stronger) over warmer
(cooler) SST (Fig. 3c), but their spatial patterns do not
coincide perfectly. This inconsistency may be due to
synoptic-scale atmospheric eddies that dynamically
induce subsidence climatologically on the warmer
side of the SST front. Both observational studies (e.g.,
Norris and Leovy 1994; Clement et al. 2009; Qu et al.
2014, 2015; Seethala et al. 2015; Myers and Norris 2016;
McCoy et al. 2017) and modeling studies (e.g., Rieck
et al. 2012; Brient and Bony 2013; Bretherton and
Blossey 2014) suggested that LCF decreases with increasing SST. We then argue that direct impacts of EIS
and SST should act to decrease LCF on the equatorward
flank of the front, and that the local maximum of LCF is
likely due to the locally enhanced SHF. Additionally,
the locally suppressed wind divergence near the surface
and subsidence aloft induced by enhanced SHF can also
make additional contributions to the local increase
in LCF.
Figure 2g shows near-surface temperature advection
based on climatological-mean winds and temperature,
which is generally weak along the warmer side of the
Agulhas SST front. The sole noticeable exception is
found around 438S, 608E, where the mean westerlies can
yield modest cold advection as a result of a slight meridional tilt of the frontal axis. We therefore argue that
the primary contributor to the enhanced SHF on the
equatorward flank of the SST front must be cold advection by transient atmospheric eddies that recurrently
develop along the storm track near the SST front
(Fig. 1b). Although eddy-associated fluctuating winds
across the SST front act to relax the pronounced crossfrontal SAT gradient, resultant instantaneous enhancement of SHF on the warmer side of the SST front acts
to restore the cross-frontal SAT gradient efficiently
(Nonaka et al. 2009), and their accumulated effects lead
to the climatological enhancement in SST – SAT on the
equatorward flank of the front (Nakamura et al. 2008;
Hotta and Nakamura 2011). In fact, the climatologicalmean net cold advection caused by submonthly fluctuations in wind and temperature is recognizable along the
warmer side of the SST front (not shown). Submonthly
oceanic eddies around the Agulhas Return Current and
Antarctic Circumpolar Current may also contribute to
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FIG. 4. Dependence of daily (a) SHF (W m22; right ordinate), (b) SST – SAT (K; right ordinate), and (c) surface
scalar wind speed (m s21; right ordinate) on surface meridional wind velocity in DJF. Gray bars are daily frequency (%;
left ordinate) of surface meridional wind (m s21) at individual grid points within the domain on the equatorward flank of
the Agulhas SST front (AF; 37.58–41.58S, 40.58–54.58E). Tick marks along the abscissa indicate bin boundaries. Leftmost
and rightmost bars include all the samples of the strongest northerlies and southerlies, respectively. The black solid lines
indicate climatological-mean values of the individual variables (right ordinate) for the individual bins with the 90%
confidence intervals, while the climatological-mean values averaged over all the samples are represented by the black
dashed horizontal lines. See appendix A for the details of the confidence level. The gray dashed vertical lines indicate climatological-mean meridional wind. Standard deviation of surface meridional wind is added on the top of (a).
(d)–(f) As in (a)–(c), but for the dependence of the variables on surface zonal wind velocity.

the climatological-mean SHF (Frenger et al. 2013).
Quantification of their impact is, however, difficult
based on the data used in our study, as the horizontal
resolution is inadequate for resolving the eddies.
The processes that influence SHF around the Agulhas
SST front are investigated in detail based on analysis of
the daily ERA-Interim data, and the results are summarized in Fig. 4. Since SST 2 SAT increases almost
linearly with the enhanced surface southerlies (Fig. 4b)
and scalar wind speed is enhanced in case of strong
southerlies and northerlies (Fig. 4c), SHF is strongly
enhanced under the strong southerlies while the SHF
decline under the enhanced northerlies is relatively
modest (Fig. 4a). Likewise, since scalar wind speed also
increases under both enhanced easterlies and westerlies
(Fig. 4f), while SST 2 SAT is insensitive to zonal wind
velocity (Fig. 4e), SHF increases under both enhanced
westerlies and easterlies (Fig. 4d).
To evaluate the impacts of nonlinearity embedded in
scalar wind speed on SHF more quantitatively, SHF is
reconstructed as SHFr by using a simple bulk formula:

SHFr 5 CW(SST 2 SAT)

(2)

C 5 rcp ch ,

(3)

and

where r and cp denote air density and specific heat of
air at constant pressure, respectively; and heat transfer
coefficient ch is set to 0.0015 (Holton and Hakim 2012).
We decompose scalar wind speed at the surface, denoted as W in (2), for a given month into the wind speed
^ calculated from monthly mean zonal and meridional
W
wind velocities, and the residual W * that represents the
contributions from submonthly wind fluctuations:
^ 1 W* .
W 5W

(4)

Note that W * includes not only the contributions from
subweekly fluctuations associated migratory transient
eddies but also the contributions from more locally
persistent fluctuations associated with quasi-stationary
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FIG. 5. (a),(b) As in Fig. 2i, but for the reconstructed climatological-mean SHF (SHFr ; color
shaded for every 4 W m22 as indicated at the bottom of this figure) through the decomposition
in (5) in the text for austral summer (DJF) and winter (JJA). (c),(d) As in (a),(b), but for the
^
term CW(SST
2 SAT) in decomposition in (5). (e),(f) As in (a),(b), but for the term
CW * (SST 2 SAT) in decomposition in (5). (g),(h) As in (a),(b), but for the term
C(W * )0 (SST 2 SAT)0 in decomposition in (5). In all the panels, SST is superimposed with the
contours (every 38C).

atmospheric eddies. If this decomposition is incorporated into (2), the seasonal-mean climatology of the
reconstructed SHF (SHFr ) can be decomposed into
^
SHFr 5 CW(SST
2 SAT) 1 CW *(SST 2 SAT)
1 C(W * )0 (SST 2 SAT)0 ,

(5)

where overbars denote the climatological means and
primes denote deviations from the climatological mean

(i.e., anomalies). Note that W * is not necessarily zero
because of the nonlinearity of scalar wind speed.
The climatological-mean SHFr for summer (Fig. 5a)
and winter (Fig. 5b) reproduces the spatial patterns
of SHF (as a product of the ERA-Interim) for the respective seasons (Figs. 2i,j), including its distinct gradient across the Agulhas SST front, although SHFr
generally has slight negative biases across the basin for
both seasons. Overall, the spatial pattern of SHFr over
the basin is accounted for primarily by the contribution
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FIG. 6. Climatological-mean seasonal cycle of the longitudinal distributions of (a) LCF (color shaded for
every 5%), (b) EIS (color shaded for every 1 K), (c) SST (color shaded for every 28C), (d) near-surface temperature
advection (color shaded for every 0.4 K day21), (e) SHF (color shaded for every 5 W m22), (f) 700-hPa v (color
shaded for every 15 hPa day21), and (g) 700-hPa RH (color shaded for every 10%) across the subtropical basin of
the south Indian Ocean at 20.58S. For each of the panels, the coloring convention is indicated at the bottom, and the
contours indicate the corresponding seasonal cycle of the meridional component of surface winds (every 2 m s21;
positive values for the southerlies). In (d), the climatological-mean temperature advection is calculated only from
the climatological-mean winds and temperature.

from the climatological-mean surface wind velocities for
each of the seasons (Figs. 5c,d). To the sharp decline of
SHFr poleward across the Agulhas SST front, by contrast, submonthly fluctuations in surface winds make a
positive contribution (Figs. 5e,f), which is comparable to
that from the climatological-mean wind velocities
(Figs. 5c,d). The positive contribution from the submonthly fluctuations is obvious, especially toward the
enhanced upward SHF on the equatorward flank of the
Agulhas SST front. In winter (Fig. 5f), enhancement of
upward SHF is also recognized on the equatorward flank
of the zonally extending subtropical SST front around
258–358S. Finally, the contribution from the covariance
term C(W * )0 (SST 2 SAT)0 is found negligible for each
of the seasons (Figs. 5g,h).
A comparison among Figs. 2, 3, and 5 reveals that, on
the equatorward flank of the Agulhas SST front, transient atmospheric eddies that recurrently develop along
the storm track increase the occurrence of those events
where SST – SAT and/or wind speed are augmented,
resulting in particularly large SHF and thereby acting to
facilitate the formation of shallow convective clouds.
The resultant increase in LCF contributes to the weaker
gradient of LCF across the SST front than what is anticipated from the corresponding gradients of EIS

(Fig. 2c) or SST (Fig. 2a). Similarly, enhanced wind
speed by submonthly atmospheric eddies also augment
LHF (not shown), resulting in local maximum of LHF
on the equatorward flank of the Agulhas SST front
(Figs. 2k,l).

c. Seasonal cycle of LCF in the subtropical south
Indian Ocean
To discuss the seasonality of LCF and its longitudinal
distribution across the subtropical basin of the south
Indian Ocean, longitude–time sections of climatologicalmean LCF and the corresponding meteorological and
oceanic variables at 20.58 and 28.58S are shown in Figs. 6
and 7, respectively. The figures reveal complex relationships of LCF with meteorological parameters in the course
of its seasonal cycle over the subtropical south Indian
Ocean. At 20.58S (Fig. 6b), EIS is larger in summer than in
winter within the eastern subtropics (958–1108E), which
seems consistent with the winter–summer difference
in LCF shown in Figs. 2a,b. As evident in Fig. 6a, however,
in addition to its primary maximum in summer, LCF
exhibits a secondary maximum in winter, which is not fully
explained by EIS (Fig. 6b). In the western and central
subtropics (508–908E), wintertime EIS is slightly higher
than its summertime counterpart, which is again seemingly
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FIG. 7. As in Fig. 6, but for 28.58S.

consistent with the winter–summer difference in LCF
(Figs. 2a,b). Despite the well-defined wintertime maximum in LCF, however, EIS maximizes in spring but not in
winter. Almost all the characteristics of the seasonal cycle
observed at 20.58S can also be recognized at 28.58S (Fig. 7),
except that LCF exhibits its more prolonged maximum
extending from July to October.
One of the possible factors that cause the aforementioned discrepancies between EIS and LCF in the subtropics may be SHF. Both at 20.58 and 28.58S, SHF
maximizes in winter (Figs. 6e and 7e), which can facilitate the formation of shallow convective clouds and
thereby increase LCF in winter despite the spring
maximum of EIS (Figs. 6b and 7b). Another contributor
to the wintertime enhancement of LCF is probably
SST. Climatologically SST is the lowest in August and
September at both 20.58 and 28.58S after wintertime
deepening of the ocean mixed layer and resultant increase in thermal inertia. In the presence of negative
dependence of LCF on SST (e.g., Rieck et al. 2012;
Brient and Bony 2013; Bretherton and Blossey 2014; Qu
et al. 2014, 2015; Seethala et al. 2015; McCoy et al. 2017),
relatively cool SST in winter can contribute to an increase of LCF. At the same time, the decline of SST
from late autumn into early spring acts to increase EIS
continuously into early spring.
At 20.58S, 700-hPa subsidence is enhanced in winter
between 508 and 808E (Fig. 6f) in accordance with the
westward shift of the Mascarene high. As shown by
Myers and Norris (2013), enhanced subsidence under

fixed EIS can contribute to the wintertime reduction of
LCF, while acting to increase EIS by raising freetropospheric temperature adiabatically. At 28.58S, the
seasonal cycle of subsidence (Fig. 7f) is similar to that in
20.58S, although the summertime maximum off the west
coast of Australia is more pronounced. We thus conjecture that the wintertime enhancement of LCF may be
caused by the enhanced SHF under the lowering SST.
Finally, free-tropospheric relative humidity tends to be
lower in winter than in summer at both 20.58 and 28.58S
(Figs. 6g and 7g), which may also possibly act to reduce
wintertime LCF (e.g., Bretherton et al. 2013; van der
Dussen et al. 2015).
To discuss why SHF is enhanced over the almost entire
subtropical basin in winter, near-surface temperature
advection is calculated. In summer, the Mascarene high
resides over the eastern portion of the basin, and enhanced cold advection is limited off the west coast
of Australia (Figs. 2g, 6d, and 7d), resulting in locally
enhanced upward SHF. Equatorward of 308S, as the
Mascarene high shifts westward into winter, cold advection occurs almost entirely across the basin (Figs. 2h, 6d,
and 7d). In early winter, SST – SAT is still relatively high.
Consequently, SHF is even larger in the eastern subtropics in winter than in summer (Figs. 2i,j, 6e, and 7e),
despite the weaker cold advection off the west coast of
Australia in winter than in summer (Figs. 2g,h, 6d,
and 7d).
The wintertime enhancement of storm-track activity
(Figs. 1b and 1e; Nakamura and Shimpo 2004) also
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FIG. 8. (a) As in Fig. 4, but for JJA along the equatorward flank of the subtropical SST front (ST; 27.58–29.58S, 60.58–109.58E).

contributes to the enhanced SHF in the wintertime
subtropics (Figs. 2i,j, 6e, and 7e). As shown in Fig. 1, an
SST front forms in winter around 308S extending zonally across the basin (Graham and De Boer 2013).
Along the warmer flank of this subtropical SST front,
the climatological-mean surface cold advection is
augmented in winter (not shown) across the SST gradient, which is rather modest though, because of the
climatological-mean southerlies associated with the
Mascarene high (Fig. 2h) and temporally enhanced
southerlies associated with submonthly atmospheric
disturbances. Both the mean southerlies and submonthly eddy activity intensify climatologically into
winter. Furthermore, fluctuations in surface winds also
augment surface wind speed.
Dependence of wintertime SHF on fluctuating surface
winds is shown in Fig. 8 along the equatorward flank of
the subtropical SST front. Meridional winds strongly
fluctuate with a standard deviation of 4.7 m s21 around
the climatological-mean southerlies (11.7 m s21), and
scalar wind speed is enhanced temporally under both
strong northerlies and southerlies (Fig. 8c), which is
analogous to the situation along the warmer side of the
Agulhas SST front in summer (Fig. 4c). Given the large
positive value of SST – SAT under the enhanced southerlies and its strongly reduced values under the enhanced
northerlies (Fig. 8b), upward SHF strongly increases
under the enhanced southerlies while its reduction is

modest under the enhanced northerlies (Fig. 8a), resulting in the net positive contribution from transient atmospheric eddies to the climatological-mean SHF. Similarly,
SHF is enhanced under both strong easterlies and westerlies (Fig. 8d) as a result of nonlinear dependence of
scalar wind speed (Fig. 8f), combined with the corresponding weak dependence of SST – SAT on the zonal
wind velocity (Fig. 8e). Note that LHF is also enhanced
by daily fluctuations in surface winds through the nonlinear increase in scalar wind speed (not shown). This
augmentation of SHF by submonthly fluctuations can be
confirmed through Figs. 5b,d,f,h. Comparison between
Figs. 5b and 5d reveals that the climatological-mean
trades associated with the Mascarene high make the
dominant contribution to the reconstructed climatologicalmean SHF (SHFr) around 158–258S. Around 308S, almost
the two-thirds of the climatological-mean SHFr is accounted for by the submonthly wind fluctuations (Fig. 5f),
as is already noted in section 3b. The corresponding augmentation of SHF by submonthly atmospheric disturbances is much weaker in summer than in winter (Figs. 5e,f)
under the weaker eddy activity (Fig. 1b) and the polewardshifted subtropical SST front (Fig. 1c).

4. Discussion
As shown in the preceding section, SHF, SST, and EIS
act to increase LCF in winter across the subtropical
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FIG. 9. (a) As in Fig. 6a for 20.58S, but from which the annual-mean LCF within the domain has been removed.
(b) As in (a), but for the corresponding LCF predicted by the multiple linear regression model described in
appendix B. The correlation and root-mean-square error (RMSE) between (a) and (b) are shown below (a).
(c)–(g) As in (b), but for the individual contributions from EIS, SST, SHF, 700-hPa v, and 700-hPa RH to (b),
respectively.

south Indian Ocean basin under the westward extension
and intensification of the Mascarene high and the enhancement of storm-track activity. One may question
the relative importance of the contributions from SHF,
SST, and EIS to the wintertime enhancement of LCF.

To quantify the relative contributions, LCF is reconstructed through a multiple linear regression model as
described in detail in appendix B. (The regression slope
obtained for the LCF variations against each of the
predictors of the model is given in Table B1.) Figures 9

FIG. 10. As in Fig. 9, but for 28.58S.

Unauthenticated | Downloaded 01/09/23 04:54 AM UTC

4030

JOURNAL OF CLIMATE

VOLUME 31

FIG. 11. (a)–(d) As in Figs. 2a–d, but for the South Atlantic. (e)–(h) As in Figs. 2g–j, but for the
South Atlantic.

and 10 show the longitude–time distributions of the
predicted climatological seasonal cycle of LCF at 20.58
and 28.58S, respectively. The multiple linear regression
model explains 55% and 69% of the total variance of
regionality of LCF and its seasonal cycle at 20.58 and
28.58S, respectively, whereas the root-mean-square error
between the observed LCF and the predicted LCF is 8%
and 4% at 20.58 and 28.58S, respectively. Most importantly,
the model well reproduces the wintertime LCF maximum
from July to September in the western and central subtropics (Figs. 9a and 9b for 20.58S; Figs. 10a and 10b for
28.58S). In the eastern subtropics (1008–1108E), the predicted summertime LCF maximum (Figs. 9c and 10c) is
underestimated (Figs. 9c and 10c). Nevertheless, the zonal
contrast in LCF in summer is still reproduced by the
model. Reconstruction of LCF is not successful near the
coasts, which is not our primary focus.
The reconstruction indicates that at the two subtropical latitudes EIS (Figs. 9c and 10c) and SST
(Figs. 9d and 10d) make the greatest contributions to the
wintertime enhancement of LCF (Figs. 9b and 10b), and

the contribution from SHF is also important (Figs. 9e
and 10e). By contrast, 700-hPa relative humidity acts to
reduce LCF in winter (Figs. 9g and 10g). The direct
impact of the 700-hPa subsidence appears to be negligible (Figs. 9f and 10f), although the enhanced subsidence (Figs. 6f and 7f) may influence the wintertime
increase in LCF indirectly through EIS. Meanwhile, the
summertime LCF maximum off the west coast of Australia is attributable mostly to the enhanced EIS
(Figs. 9b,c and 10b,c). Nevertheless, lower SST (Figs. 9d
and 10d) and enhanced SHF (Figs. 9e and 10e) in the
eastern portion of the basin compared with the western
portion act to augment the zonal LCF contrasts
in summer.
Over the south Indian Ocean poleward of 508S, summertime EIS decreases slightly with latitude, probably
because of the stronger latitudinal decrease in freetropospheric temperature than in SST (Figs. 2a and 2c).
No corresponding latitudinal decrease is observed in LCF
with extremely large values retained over the subpolar
oceans (Fig. 2a). One possible contributor may be the
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FIG. 12. As in Fig. 11, but for the South Pacific.

poleward decrease in SST (Fig. 2a), and another possible
contributor is the poleward increase in free-tropospheric
relative humidity (Fig. 2e). The latter may weaken the
entrainment drying and thus act to increase LCF (e.g.,
Bretherton et al. 2013; van der Dussen et al. 2015), although the origin of the high relative humidity is not clear.
Note that the wintertime situation (Figs. 2b,d,f) is similar
to the summertime counterpart, but the wintertime LCF is
probably not reliable as discussed in section 3a.
Finally, the same analysis above is applied to the other
basins, in comparison with the south Indian Ocean as
shown in Fig. 2. Figures 11 and 12 show the climatologicalmean distributions of LCF and related meteorological
and oceanic variables in the South Atlantic and the
South Pacific, respectively. In summer, the climatologicalmean distributions of LCF in the South Atlantic (Fig. 11a)
and the South Pacific (Fig. 12a) are similar to the south
Indian Ocean (Fig. 2a). LCF in the South Atlantic and
the South Pacific maximizes off the west coast of South
Africa between 158 and 258S and South America between
158 and 308S, respectively, and LCF further increases
with latitude poleward of 358S. The LCF distributions

are well explained by EIS (Figs. 11c and 12c). The local
maximum of EIS in the eastern portion of each of the
subtropical basin coincides with the local minimum of
SST (Figs. 11a and 12a) and the local maximum of u700
(Figs. 11c and 12c). The latter is associated with locally
enhanced 700-hPa subsidence (not shown). In both the
South Atlantic (Fig. 11e) and Pacific (Fig. 12e), the
near-surface cold advection in summer in the eastern
portion over the subtropical basin is not as strong as
in the south Indian Ocean (Fig. 2g), despite the strong
southeasterly trade winds off the coast associated with
the subtropical high (Figs. 11f and 12f). The weaker cold
advection is due to the weaker gradient of underlying
SST in the South Atlantic (Fig. 11a) and the South
Pacific (Fig. 12a) than in the south Indian Ocean
(Fig. 2a). Correspondingly, the local enhancement of
summertime SHF off the west coast of South Africa
(Fig. 11g) and South America (Fig. 12g) is less obvious
than in the south Indian Ocean (Fig. 2i).
Although the spatial distributions of the climatologicalmean LCF in summer overall correspond well with those
of EIS for both the South Atlantic and the South Pacific
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FIG. 13. As in Fig. 3, but for (a) LCF (%), (b) EIS (K), and (c) SHF (W m22) for DJF in the South Atlantic.

(Figs. 11 and 12, respectively), regions around oceanic
frontal zones can be exceptions as discussed in section 3b
for the south Indian Ocean (Figs. 2 and 3). We have
shown that both the pronounced SST gradient and enhanced storm-track activity act to increase LCF along the
warmer side of the Agulhas SST front.
As evident in Figs. 1c and 1f, areas of strong meridional
SST gradients are also observed in the other basins.
Though not as pronounced as the Agulhas SST front, the
Brazil–Malvinas fronts are located in the western South
Atlantic around 358–508W (Tokinaga et al. 2005). Over the
warmer side of each of these two SST fronts, upward SHF
is locally enhanced (Fig. 11g), which can be confirmed in
the meridionally high-pass-filtered fields (Fig. 13c).
The locally enhanced SHF coincides with the enhanced
LCF (Fig. 13a), suggestive of the formation of shallow
convective clouds facilitated under the enhanced SHF.
By contrast, the corresponding local minimum of EIS
over the local maximum of SST (Fig. 13b) acts to reduce
LCF over the warmer side of each of the fronts. In fact,
we have repeated the same analysis as shown in Fig. 5, to
confirm that augmentation of SHF by submonthly atmospheric disturbances is essential for the large SHF
over the warmer side of each SST front (not shown). The
cross-frontal SHF gradient is also strong around 558S,
1408–1708W in the South Pacific (Fig. 12g), although the
corresponding impact on LCF is found to be rather
modest (not shown). In summary, the combined impacts
of the frontal SST gradient and submonthly atmospheric
disturbances on LCF, as discussed in section 3b for the
south Indian Ocean, can also be seen in the South Atlantic and the South Pacific, although the impacts are not
as prominent as around the Agulhas SST front.
The right columns of Figs. 11 and 12 show the
climatological-mean wintertime distributions of LCF
and related meteorological and oceanic variables in the
South Atlantic and South Pacific, respectively. Unlike in
the subtropical south Indian Ocean (Fig. 2b), zonal
asymmetry of LCF is evident in both the South Atlantic
(Fig. 11b) and the South Pacific (Fig. 12b), as observed in
summer (Figs. 11a and 12a). Correspondingly, EIS exhibits its maximum off the coasts of South Africa and
South America (Figs. 11d and 12d), collocated with the
local minimum of SST (Figs. 11b and 12b), as in summer

(Figs. 11c and 12c). Though less obvious than in summer,
the local maximum of u700 is also observed over the same
coastal regions (Figs. 11d and 12d). Compared to the
summertime situation, cold advection in the coastal regions associated with the subtropical high is enhanced in
winter in each of the basins (Figs. 11f and 12f), resulting
in local enhancement in SHF around 108S, 108W–108E in
the South Atlantic (Fig. 11h) and around 108S, 908W in
the South Pacific (Fig. 12h). These features are all attributable to the subtropical highs that reside over the
eastern portions of the South Atlantic and the South
Pacific basins throughout the year, which is in sharp
contrast with the south Indian Ocean (Figs. 1a,d).
Compared to summer, storm-track activity is enhanced
in winter across the South Atlantic and South Pacific
(Figs. 1b,e). In the South Pacific, the primary SST front in
winter is located poleward of 508S, far south compared
with the South Atlantic and the south Indian Ocean
(Fig. 1f). Still, the storm-track activity over the South
Pacific is enhanced in winter around 308S, where upperlevel eddies traveling along the subtropical jet can couple
with the near-surface baroclinic zone along the modest
subtropical SST front in winter (Nakamura and Shimpo
2004). In addition, quasi-stationary atmospheric eddies
also contribute to the submonthly fluctuations in surface
winds (not shown). As also observed in the south Indian
Ocean (Fig. 2), the wintertime enhancement of surface
wind fluctuations acting on the subtropical SST front with
modest SST gradients around 358S in the South Atlantic
and 308S in the South Pacific in winter (Fig. 1f) can also
contribute to the wintertime enhancement of SHF.
The seasonal cycles of LCF and related meteorological
and oceanic variables across the subtropical basin for the
South Atlantic and South Pacific are plotted in Fig. 14,
which is compared with the corresponding plots in Fig. 7
for the south Indian Ocean. At 32.58S in the South Atlantic, LCF maximizes from late winter into early spring
(Fig. 14a), while EIS lags behind the wintertime maximum of LCF (Fig. 14b). The delay of the wintertime EIS
increase relative to the LCF maximum is in common with
the south Indian Ocean. By contrast, SHF is basically
enhanced across the basin from late autumn to winter
(Fig. 14e), which can act to facilitate the formation of
shallow convective clouds and thereby to increase LCF in

Unauthenticated | Downloaded 01/09/23 04:54 AM UTC

15 MAY 2018

4033

MIYAMOTO ET AL.

FIG. 14. As in Fig. 7, but for (a) LCF (%), (b) EIS (K), (c) SST (8C), (d) near-surface temperature advection
(K day21), and (e) SHF (W m22) at 32.58S. (f)–(j) As in (a)–(e), but for 28.58S in the South Pacific. In (d) and (i), the
climatological-mean temperature advection is calculated only from climatological-mean winds and temperature.

winter. This wintertime enhancement of SHF is not explained well by near-surface temperature advection because of climatological-mean winds (Fig. 14d), which is
quite weak except over the eastern portion of the basin.
We have confirmed that wind fluctuations associated with
submonthly atmospheric disturbances acting on the SST
gradient is the main contributor to the wintertime enhancement of SHF, especially along the warmer flank of
the wintertime subtropical SST front. In addition, we
have repeated the same analysis as in Fig. 5 for the south
Indian Ocean, and confirmed that enhancement of SHF
by submonthly atmospheric eddies through augmentation of surface wind speed also contributes to the wintertime enhancement of SHF (not shown). As in the
south Indian Ocean, SST also minimizes in late winter
(Fig. 14c), which can also contribute to wintertime enhancement of LCF.
At 28.58S in the South Pacific, the seasonal cycles of
LCF, EIS, SST, and SHF (Figs. 14f–h,j) across the basin
shows some resemblance to their counterpart for the
South Atlantic (Figs. 14a–c,e). Across the subtropical
South Pacific, LCF is characterized by its prolonged
maximum from winter to early spring (Fig. 14f), whereas
EIS maximizes from spring into early summer and SST
is the lowest in late winter to early spring (Figs. 14g,h).
SHF maximizes from late autumn into late winter
(Fig. 14j), despite no clear wintertime enhancement of
cold advection because of climatological-mean winds
(Fig. 14i). Again, this enhancement of SHF is mainly due
to submonthly atmospheric eddies through enhancement
of net cold advections as well as the augmentation of
surface wind speed (not shown), which may contribute to
the wintertime enhancement of LCF. Overall, the unique

seasonality in the position of the subtropical high characterizes the distinct seasonality in LCF over the subtropical
south Indian Ocean, while basinwide augmentation of
LCF through SHF by submonthly atmospheric eddies can
be seen in the other basins. Applying the multiple linear
regression model (Table B1) to the South Atlantic and the
South Pacific, we have confirmed that the wintertime enhancement of SHF plays a role in the seasonal cycle of the
midlatitude and subtropical LCF (Figs. S6 and S8 in the
supplemental material) while EIS dominates in the seasonal cycle of LCF farther equatorward (Figs. S5 and S7).

5. Conclusions
In the present study, influence of the subtropical high
and storm-track activity on LCF and its seasonality over
the south Indian Ocean is investigated by utilizing the
MODIS satellite data. In austral summer, the climatological LCF has a local maximum off the west coast of
Australia (Fig. 2a), as in the other subtropical basins
(e.g., Klein and Hartmann 1993). Over the midlatitude
and subpolar oceans, the mean LCF is greater and distributed more zonally across the basin (Fig. 2a). Across
the subtropical basin, by contrast, atmospheric circulation is changed notably in association with the westward
shift of the Mascarene high in winter, and correspondingly climatological LCF is distributed more zonally
than in summer (Figs. 1a,d and 2a,b).
In both seasons, the spatial pattern of the climatologicalmean LCF is overall explained by the EIS distribution.
In summer, the SST distribution is characterized by a local
subtropical minimum off the west coast of Australia
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and by a pronounced meridional gradient across the
midlatitude oceanic front anchored between the Agulhas
Return Current and Antarctic Circumpolar Current
(Figs. 1c,f and 2a,b). Owing to lower SST (Fig. 2a) and
warmer free-tropospheric temperature (Fig. 2c) associated
with enhanced subsidence (Fig. 2e), EIS has a local maximum off the west coast of Australia and increases with
latitude in summer (Fig. 2c). In winter, EIS is horizontally
uniform in the subtropics, which is also consistent with the
zonal uniformity of LCF (Fig. 2d).
However, LCF distribution around the SST front is
not fully explained by EIS. EIS strongly increases with
latitude (Fig. 2c), whereas the corresponding increase in
LCF is much less (Fig. 2a). We have found that enhanced SHF acts to increase LCF on the equatorward
flank of the Agulhas SST front (Figs. 2i and 3d). This
enhanced SHF is due to the enhanced storm-track activity
in the presence of the SST front. Transient atmospheric
eddies not only act to relax the SAT gradient but also increase instantaneous surface wind speed, leading to extremely large upward SHF over the warmer side of the SST
front (Figs. 4 and 5). This rectifying effect of storm-track
activity on climatological SHF seems prominent around
the Agulhas SST front. Note that submonthly atmospheric
eddies may also be important for climatological-mean lowcloud top, since climatological cross-frontal contrast of
low-cloud top around the SST front along the Gulf Stream
resembles the corresponding contrast under cold advection
events (Liu et al. 2014).
Previous studies (e.g., Trenberth and Fasullo 2010;
Grise et al. 2015) pointed out that many of the global
climate models have a large bias in shortwave radiation
over the Southern Ocean, which can possibly affect the
atmospheric circulation via SST distribution (Frierson and
Hwang 2012; Hwang and Frierson 2013; Ceppi and
Hartmann 2015). Although underestimation of supercooled liquid water in mixed-phase clouds in the models is
considered to be the major cause of this bias (e.g., Senior
and Mitchell 1993; Tsushima et al. 2006; Komurcu et al.
2014; McCoy et al. 2015b, 2016; Tan et al. 2016; Ceppi
et al. 2016a; Bodas-Salcedo et al. 2016), our analysis suggests that bias in SST front and storm-track activity simulated in the models also leads to bias in LCF and thereby
in the surface radiation budget. In fact, Masunaga et al.
(2015) showed the importance of high-resolution SST in
realistic representation of cloudiness around the North
Pacific SST fronts in the ERA-Interim. The LCF increase
locally over the warmer side of an oceanic front through
SHF is also recognized in the South Atlantic (Fig. 13).
The seasonal cycle of subtropical LCF is not fully
explained by EIS, either. EIS maximizes in spring,
whereas LCF has a more prolonged maximum from early
winter (Figs. 6a,b and 7a,b). We have found that this
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wintertime augmentation of LCF is due to not only EIS
but also enhanced SHF (Figs. 6e and 7e) and seasonal
lowering of SST (Figs. 6c and 7c). Centered at the western
portion of the basin in winter, the Mascarene high enhances near-surface cold advection almost entirely across
the subtropical basin (Fig. 6d), resulting in large upward
SHF (Figs. 5d and 6e). In addition, seasonally enhanced
storm-track activity augments SHF by enhancing scalar
wind speed around 308S (Figs. 5f and 8), where the mean
cold advection by the Mascarene high is weaker than
around 158–258S (Figs. 6d and 7d). Thus, the westward
shift of the subtropical high and the seasonally enhanced
storm-track activity seem essential for the unique seasonality of LCF within the subtropical south Indian
Ocean via SHF, which is also supported through our
multiple linear regression analysis (Figs. 9 and 10).
The corresponding analysis of LCF in the South Atlantic
and the South Pacific not only highlights the uniqueness of
the south Indian Ocean arising from the seasonality of the
Mascarene high but also reveals common features associated with submonthly fluctuations among the three ocean
basins. Compared to the south Indian Ocean, the seasonality of the subtropical highs is much weaker in the South
Atlantic and Pacific. They reside over the eastern portions
of the basins in both summer and winter (Figs. 1a,d).
Correspondingly, LCF maximizes off the west coast of
South Africa (Figs. 11a,b) and South America (Figs. 12a,b)
in both seasons in accordance with the EIS distributions
(Figs. 11c,d and 12c,d). We have revealed, however, that
there are similarities among the three ocean basins around
308S, where LCF exhibits a zonally extended maximum
from winter to spring (Figs. 14a,f) while EIS peaks in spring
(Figs. 14b,g). Unlike in the south Indian Ocean, there is no
basinwide enhancement of cold advection by climatologicalmean southerlies in the South Atlantic and Pacific (Figs. 14d,
i). Still, under the wintertime enhancement of submonthly
atmospheric eddy activity around the subtropical SST fronts
(Fig. 1e), SHF is enhanced in winter around 308S across
those basins (Figs. 14e,j), which can contribute to the wintertime enhancement of LCF across the subtropical basins
(Figs. 14a,f) in the South Atlantic and Pacific as in the south
Indian Ocean. In the Northern Hemisphere, two major
storm tracks also form along the prominent oceanic frontal
zones along the Gulf Stream and Kuroshio–Oyashio Extensions (Nakamura et al. 2004; Kwon et al. 2010), and the
storm-track activity is much stronger in boreal winter than in
summer, though somewhat suppressed in midwinter over
the Pacific (Nakamura 1992). Impact of storm-track activity
on LCF through SHF over those oceanic frontal zones in
comparison with the subtropical North Pacific and Atlantic
will be pursued in our future study.
As reviewed by Kamae et al. (2016) and Klein et al.
(2017), near-surface temperature advection is recognized
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as an important cloud controlling factor that represents
how strongly large-scale atmospheric circulation enhances upward SHF in favor of the formation of lowlevel clouds. As shown in Figs. 2g–j, 6d,e, 7d,e, and
14d,e,i,j, however, the temperature advection calculated from monthly mean temperature and winds does
not fully explain SHF because of the prominent contribution from wind fluctuations associated with submonthly atmospheric disturbances (Figs. 4, 5, and 8).
In a warmed climate, a small negative feedback from
enhanced cold advection is suggested by recent studies
(Qu et al. 2015; Myers and Norris 2016), where the nearsurface air temperature advection is mimicked as ‘‘SST
advection’’ (2V  =SST) by near-surface winds V that
include no contribution from submonthly atmospheric
eddies. We suggest that SHF may be used in place of
near-surface temperature advection to obtain a more
realistic observational constraint on LCF’s response to
global warming. Unlike the SST advection, however,
SHF is a locally determined boundary layer quantity
that can likely be affected by low-level clouds themselves. Thus, incorporating SHF in place of temperature advection in a multiple-linear regression model
brings about a causality issue, which should be carefully
handled.
As pointed out by previous studies, strong covariability in interannual variations between EIS and SST
can be an issue for projecting LCF’s response to global
warming (Myers and Norris 2015), since both EIS and
SST are likely to increase under warmed climatic conditions (Qu et al. 2014, 2015; Myers and Norris 2016;
McCoy et al. 2017). Off the Peruvian coast, the EIS–SST
anticorrelation is indeed strong in the course of the
seasonal cycle (Fig. 12; Wang et al. 2011). However, the
anticorrelation is rather weak in the eastern portion of
the subtropical south Indian Ocean as shown through
our analysis (Fig. 6) and off the California coast (Wang
et al. 2011). Furthermore, the time lag between EIS and
SST in the course of their seasonal cycle is apparent
commonly over the subtropical and midbasin domains in
each of the south Indian Ocean (Fig. 7), the South Atlantic, and Pacific (Fig. 14). We therefore argue that
disentanglement of the dependence of LCF on EIS, SST,
and SHF may be possible over the subtropical basins,
including the south Indian Ocean. Thus, seasonal variations might be better suited than interannual variations
for constructing a multiple linear regression model to
constrain low-cloud response to the global warming.
As revealed through our analysis, the seasonality of the
Mascarene high strongly affects low-level clouds over the
subtropical south Indian Ocean. In fact, enhanced longwave cooling associated with those low-level clouds acts to
strengthen land–sea contrasts of diabatic heating (Wu and

Liu 2003), contributing to the formation of summertime
subtropical highs (Miyasaka and Nakamura 2005, 2010).
Nevertheless, the role of low-level clouds in the formation
of the wintertime Mascarene high has not been investigated, but will be pursued in our future work.
Though beyond the scope of our study, satellite-based
analysis of the variability in optical thickness of low-level
clouds, in addition to their fraction (LCF), is necessary for
deepening our understanding of albedo of low-level
clouds and its variability over the midlatitude and subpolar oceans; however, such an analysis based on satellite
data has not been performed until recently (e.g., Terai
et al. 2016; Ceppi et al. 2016b). Furthermore, although
our focus is on how meteorological and oceanic conditions affect LCF, cloud microphysical processes and
aerosol properties may also play a key role in determining
LCF, and oceanic aerosol productivity can also play an
important role in determining cloud condensation nuclei
(e.g., Lana et al. 2011; McCoy et al. 2015a). These aspects
should also be explored in future studies.
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APPENDIX A
Estimation of Degrees of Freedom
To obtain confidence intervals, degrees of freedom
for a given variable are needed. In this study, effective
degrees of freedom Ne are estimated as
TABLE A1. List of (left to right): Te (days), Xe (8), and Ye (8) for
SHF, SST 2 SAT, and scalar surface wind speed and (top to bottom) for the domains around the Agulhas SST front (AF) and the
subtropical south Indian Ocean (ST).

SHF
SST 2 SAT
Surface wind speed

AF

ST

1, 98, 58
1, 98, 58
1, 138, 48

1, 138, 38
2, 118, 38
1, 188, 38
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TABLE B1. Regression slope for each of the predictors.
22 21

›LCF/›SHF [% (W m ) ]

›LCF/›EIS (% K21)

›LCF/›SST (% K21)

›LCF/›v [% (hPa day21)21]

›LCF/›RH (% %21)

0.59

3.2

21.5

20.042

0.36

Ne 5

N
,
Te Xe Ye

(A1)

where N denotes the total sample size; and Te, Xe, and Ye
denote temporal, zonal, and meridional decorrelation
scales, respectively. In (A1), Te is evaluated by
Te 5 1 1 2

Nd 

å

t51


t
12
R(t) ,
Nd

(A2)

where R(t) is autocorrelation with time lag t. The
quantities Xe and Ye can be evaluated similarly. In our
evaluation, Nd is set to 16 days for Te, while 488 is assigned for both Xe and Ye . Nevertheless Ye is set to the
meridional width of the domain if it is less than the
above value. Table A1 shows the domain-averaged Te,
Xe, and Ye for each of the variables (SHF, SST – SAT,
and scalar surface wind speed) within the two sectors of
the south Indian Ocean.

APPENDIX B
Analysis of Multiple Linear Regression Model
To quantify the relative importance of cloud controlling factors in seasonal variations of LCF, daily dependence of LCF on those factors are derived through
multiple linear regression as used in recent studies of
subtropical LCF (e.g., Qu et al. 2014, 2015; Seethala
et al. 2015; Myers and Norris 2016; McCoy et al. 2017).
In this study, a regression model is constructed from
daily anomalies over the subtropical south Indian Ocean
(20.58–34.58S, 55.58–114.58E), which are calculated at
every grid point within the domain as daily departures
from the seasonal-mean climatology (for each of DJF,
MAM, JJA, and SON). As predictors for the daily LCF
variations EIS, SST, SHF, and 700-hPa v and RH are
chosen, and their regression slopes against the LCF
variations are then derived through inverting the covariance matrix. Our regression model is unlikely to
suffer substantially from the covariability among the
predictors, because correlations among the predictors
do not exceed 0.5 in absolute values. As noted in McCoy
et al. (2017), a multiple linear regression model cannot
perfectly extract the impacts of individual large-scale
forcing, since 1) it takes some time for clouds to respond

to the forcing, and 2) the clouds and boundary layer
properties are advected spatially by the large-scale horizontal airflow. Nevertheless, the derived local dependence
is useful for quantifying their local control on LCF.
The regression slope thus derived for each variable is
shown in Table B1. We have calculated confidence intervals following the supporting information of
Qu et al. (2015) and found that the 2.5%–97.5% confidence
interval for each slope is smaller than the slope itself by
one or two orders of magnitude as a result of the large
sample size. The slope ›LCF/›SHF is positive in the
subtropics, which is consistent with the notion that enhanced heat supply from the ocean destabilizes the
surface layer to facilitate the shallow convection (e.g.,
Mauger and Norris 2010). The positive slope ›LCF/›EIS
is also in agreement with previous studies (e.g., Wood
and Bretherton 2006; Koshiro and Shiotani 2014), which
showed that enhanced inversion strength leads to higher
LCF. The mean slope in the subtropics is comparable to
those obtained by Qu et al. (2014), Seethala et al. (2015),
and McCoy et al. (2017) based on different satellite
data and/or different time scales of variability. The
strongly negative ›LCF/›SST seems consistent with
large-eddy simulation (LES) experiments under the
fixed relative humidity (Rieck et al. 2012; Bretherton
et al. 2013), in which a decreasing tendency for subtropical LCF with warming SST is simulated. The mean
slope of 21.5% K21 is also comparable to those obtained
by Qu et al. (2014) and Seethala et al. (2015). The negative slope ›LCF/›v is also consistent with Myers and
Norris (2013), who showed that weakening of subsidence
under the fixed inversion strength leads to larger LCF
over the subtropical oceans. Finally, ›LCF/›RH is positive, which is supported by the notion that entrainment of
drier air reduces cloudiness (Bretherton et al. 2013; van
der Dussen et al. 2015). The mean slope of 0.36% %21 is
comparable to the value obtained by McCoy et al. (2017).
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