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A previous study demonstrated that atmospheric rivers (ARs) generate substantial
air-sea fluxes in the northeast Pacific. Since the southeast Indian Ocean is one of
the active regions of ARs, similar air-sea fluxes could be produced. However, the
spatial pattern of sea surface temperature (SST) in the southeast Indian Ocean,
especially along the west coast of Australia, is different from that in the northeast
Pacific because of the poleward flowing Leeuwin Current, which may cause
different air-sea fluxes. This study investigates AR-associated air-sea fluxes in the
southeast Indian Ocean and their relation with SST variability. The large-scale
spatial pattern of latent heat flux (evaporation) associated with ARs in the southeast
Indian Ocean is similar to that in the northeast Pacific. A significant difference is
however found near the coastal area where relatively warm SSTs are maintained
in all seasons. While AR-induced latent heat flux is close to zero around the
west coast of North America where the equatorward flowing coastal current and
upwelling generate relatively cold SSTs, a significant latent heat flux induced by
ARs is evident along the west coast of Australia due to the relatively warm surface
waters. Temporal variations of coastal air-sea fluxes associated with landfalling ARs
are investigated based on the composite analysis. While the moisture advection
reduces the latent heat during landfalling, the reduction of air humidity with strong
winds enhances large evaporative cooling (latent heat flux) after a few days of the
landfalling. A significant SST cooling along the coast is found due to the enhanced
latent heat flux.

KEYWORDS

atmospheric rivers, air-sea flux, Indian Ocean, Leeuwin Current, air-sea interaction

1. Introduction

Atmospheric rivers (ARs) are narrow elongated regions of large water vapor contents
and strong winds in the lower troposphere, which are responsible for the majority of
large-scale meridional water vapor transport over the globe (Zhu and Newell, 1998; Gimeno
etal., 2014). ARs deliver much of the water vapor from the tropical oceans to the western side
of continents, and are often responsible for major floods and storms in many areas including
the west coast of North America and northern Europe. Because of the socioeconomic
importance of ARs, hydrological impacts of ARs such as extreme precipitation and snowpack
in these regions were intensively studied in the last few decades (e.g., Persson et al., 2005;
Ralph et al., 2005, 2006; Neiman et al., 2008; Smith et al., 2010; Dettinger et al., 2011; Doyle
etal., 2014; Kim et al., 2015; Reynolds et al., 2019).
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ARs are generally associated with surface cold fronts in the
midlatitudes, and strong low-level winds near the AR center are
often connected to the warm sector of extratropical cyclones.
Because of strong surface winds in the vicinity of the AR center
(e.g., Waliser and Guan, 2017), large air-sea fluxes including surface
evaporation can be generated and in turn influence moisture
budget of ARs. However, until recently, AR-associated air-sea
fluxes, especially over the open ocean areas, have received little
attention since previous studies mostly focused on hydrological
components of ARs in the coastal areas such as heavy precipitation,
flooding, and moisture transport produced by landfalling ARs.

Recent studies demonstrate that strong winds associated with
ARs generate substantial air-sea fluxes and ocean variability in
the northeast Pacific (Shinoda et al., 2019). Shinoda et al. (2019)
described the spatial variations of surface evaporation (and thus
latent heat flux) produced by AR-induced surface winds in the
northeast Pacific, and demonstrated that prominent evaporation
is generated only on the western poleward side of AR upstream
area where winds are strong and air humidity is relatively low
while the evaporation is relatively weak around the AR center
because of the high air humidity. They also suggest that such
spatial pattern of surface evaporation and associated winds may
affect the moisture budget around the AR center since westerly
winds around the area of maximum evaporation could bring the
surface moisture toward the region of high moisture near the AR
center (Supplementary Figure S1). In addition, AR-induced large
latent heat flux can generate strong sea surface temperature (SST)
fluctuations, which may in turn affect the atmospheric variability.

While previous studies demonstrated the potentially important
role of air-sea fluxes in the moisture budget associated with ARs
for the northeast Pacific, there are not yet comprehensive studies
on AR-associated air-sea fluxes in other areas. Although ARs are
active in mid-latitudes over all major ocean basins (e.g., Guan and
Waliser, 2015; Hirota et al., 2016; Mundhenk et al., 2016; Guo et al.,
2020), characteristics of AR and associated air-sea fluxes could be
different because of the different climatological surface winds and
SST fields. For example, the spatial structure of AR-associated low-
level winds is significantly different in the Northern and Southern
Hemispheres (Guo et al, 2020). In the Southern Hemisphere,
stronger zonal winds associated with ARs are found in the areas of
cyclonic circulation because the climatological circulation is more
zonally symmetric (Guo et al., 2020).

The southeast Indian Ocean is one of the areas where ARs
are relatively active (e.g., Guan and Waliser, 2015; Guan et al,
2018), and ARs in this region often make landfall on the west
coast of Australia (Shinoda et al., 2020). While the west coast of
Australia is located on the eastern side of the ocean basin like
the west coast of North America, climatological SST fields in the
southeast Indian Ocean are unique in that relatively warm SSTs are
found due to the poleward flowing Leeuwin Current (e.g., Cresswell
and Golding, 1980; Feng et al., 2003, 2008). SSTs in the southeast
Indian Ocean near the coast of Australia are much warmer
than eastern boundaries of other ocean basins at comparable
latitudes (e.g., Feng et al, 2003). For example, SSTs along the
west coast of North America are 4-5°C colder than the west
coast of Australia at the same latitude (Supplementary Figure 52).
Also, the equatorward winds are observed along the west coast
of Australia almost all year round, which bring the colder air to
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this region. As a result, the air-sea temperature difference is largely
enhanced by the Leeuwin Current which flows poleward against
equatorward local winds. In contrast, the equatorward flowing
California Current reduces the air-sea temperature difference along
the west coast of North America. Accordingly, the climatological
air-sea temperature difference along the west coast of Australia is
much larger (~1-2°C) than that along the west coast of North
America (Supplementary Figure S2, bottom panels).

The mean and variability of air-sea fluxes in the southeast
Indian Ocean are largely influenced by the Leeuwin Current
which carries warm waters from the tropical western Pacific and
eastern Indian Ocean to the west coast of Australia (Feng and
Shinoda, 2019). Because of the unique SST and air-sea temperature
difference caused by the Leeuwin Current, the evolution of AR-
induced air-sea fluxes over the southeast Indian Ocean could be
different from that in other regions including the northeast Pacific.

The dynamical ocean response to ARs over the southeast Indian
Ocean such as the influence on the Leeuwin Current has been
examined in a recent study (Shinoda et al., 2020). Because of
the strong winds associated with ARs, the Leeuwin Current is
accelerated during a few days when ARs making landfall, which is
associated with a substantial sea level rise along the coast. Although
such AR-associated strong winds can generate large air-sea fluxes,
they have not yet been quantified in previous studies as Shinoda
etal. (2020) did not discuss the thermodynamical response to ARs.

A major purpose of this study is to quantify air-sea flux and SST
associated with ARs over the southeast Indian Ocean based on the
analysis of global datasets of air-sea fluxes and AR characteristics.
In particular, the role of relatively warm SSTs maintained by the
poleward flowing Leeuwin Current is emphasized. Analyses similar
to our previous study (Shinoda et al., 2019) have been performed
for the southeast Indian Ocean, and the results are compared with
those in the northeast Pacific to discuss differences and similarities
over these regions.

2. Data and methods

Datasets and primary methods used for the analysis are
described in this section. Since the results will be compared with
those for the northeast Pacific, the data and methods similar
to those used by Shinoda et al. (2019) are mostly employed in
this study.

2.1. Air-sea fluxes and surface atmospheric
variables

Daily mean values of air-sea fluxes and other surface variables
obtained from the Objectively Analyzed air-sea Fluxes (OAFlux)
products (Yu et al., 2008) are analyzed to describe AR-associated
fluxes and SSTs. These include surface evaporation, latent and
sensible heat fluxes, specific humidity at 2 m height, wind speed at
10m height, and SST. The data are provided on a 1° x 1° grid.
Also, daily mean winds at 10 m height on a 0.25° x 0.25° grid from
Cross-Calibrated Multi-Platform wind vector analysis (CCMP)
Version 3.0 (Atlas et al., 2011; Mears et al., 2022a,b) are used for
describing wind vectors near the surface. Surface shortwave and
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longwave radiation is derived from the Clouds and the Earth’s
Radiant Energy System (CERES). Anomalies of variables derived
from the OAFlux are calculated by subtracting the climatological
seasonal cycle for the period 2001-2015.

2.2. Compositing method

Composites of air-sea fluxes, surface atmospheric variables, and
SST are constructed using the global AR data set created by Guan
and Waliser (2015) in which AR events are identified based on the
characteristics of the integrated water vapor transport (IVT) at 6
hourly intervals. The method is previously used in recent studies
on ARs (Shinoda et al., 2019, 2020; Guo et al., 2020).

In the algorithm developed by Guan and Waliser (2015),
grid points with enhanced IVT are first identified using the
criteria in which the IVT intensity exceeds the seasonally and
geographically varying 85th percentile, or a fixed limit of 100 kg
m~! s~1, whichever is greater. Then further constraints of AR
conditions are applied to identify ARs. These include the coherence
in IVT direction across individual grid points, mean IVT having
a poleward component, consistency between mean IVT direction
and the AR shape orientation and geometric requirements (length
> 2,000km and length-to-width ratio >2). Further details are
found in Guan and Waliser (2015).

In this study, the composite evolution of variables related to
air-sea fluxes such as surface evaporation and SST are constructed
using the location of AR centroid and IVT intensity at the AR
center derived by Guan and Waliser (2015). To examine the
air-sea flux and SST variability associated with ARs over the
southeast Indian Ocean, relevant variables are composited around
the AR centroid using all of the ARs in the domain 15°S—40°S,
70°E—120°E. Composites are formed by averaging the daily mean
values of air-sea fluxes, SST and other relevant atmospheric
variables of all identified AR events over a 40° latitude by 60°
longitude domain centered at the AR centroid, using events for
the period of 2011-2015. Since ARs are often identified multiple
times within a day, the same daily values are used multiple times
for the composite in this case. Only AR events in which IVT at the

center exceeds 500kg m~! s~!

are used to exclude weak events.
Note that some of the composites for the northeast Pacific shown
in Shinoda et al. (2019) are recalculated using the latitudinal range
(15°N—40°N) which is the same as that in this study (15°S—40°S),
and they are included in some of the results in this study for the
comparison. The results of the recalculation are nearly identical to
those in Shinoda et al. (2019). A total of 158 AR events are used
for the composite. Note that the definition of the AR event here is
the “snapshot” AR, which is different from the traditional definition
based on the entire lifecycle of ARs. Hence the 158 daily snapshots
are used here to form the composite.

3. Results

3.1. Air-sea fluxes associated with
individual AR event: case study

Air-sea flux and SST variability associated with two landfalling
AR events are first investigated as case studies. Here, the results for
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the events in early October and early September, 2015 are discussed.
The event in early October (September) made landfall on October 2
(September 9-10). These events are typical landfalling events often
observed in the southeast Indian Ocean (Shinoda et al., 2020). Note
that the dynamical ocean response to the event in early September
such as the acceleration of the Leeuwin Current is thoroughly
discussed in Shinoda et al. (2020).

Figure 1 shows the total column integrated water vapor
(TCWV)
(Figures 1C-F) during and right before these ARs made landfall in

(Figures 1A, B), surface evaporation, and winds
the southern part of the west coast of Australia. ARs are associated
with a cyclonic circulation on the western poleward side of ARs
and anti-cyclonic circulation on the eastern equatorward side of
ARs (Figures 1C, D), which is common to many regions in the
globe (Guo et al., 2020).

In association with the eastward movement of the high
moisture region, strong northwesterlies associated with cyclonic
circulations moved eastward and reached the coast when the ARs
made landfall. Strong surface evaporation (and thus cooling due
to surface latent heat flux) is found on the western poleward side
of ARs whereas evaporation is small on the eastern equatorward
side of ARs. These spatial patterns of evaporation relative to
the AR center are determined by the wind speed, air humidity
and SST. Surface winds exceed 12 m/s in a large area of the
cyclonic circulation, and the maximum winds of about 20 m/s are
found around the center of AR (Figure 2A). However, the specific
humidity is also high near the AR center (Figures 2B, C), and thus
the maximum evaporation is found on the western poleward side
of AR where winds are still strong but the air is drier than the
AR center. While winds are stronger in higher latitudes (south of
35°S), evaporation is generally much lower because of the colder
SSTs (Figure 2D).

Overall spatial structure of the surface evaporation, winds
and TCWYV associated with ARs are consistent with that in the
northeast Pacific at least qualitatively (Supplementary Figure S1).
In particular, large evaporation is found on the western poleward
side of AR where westerlies flow toward the AR center, which is
evident in both the southeast Indian Ocean and northeast Pacific.
Yet there are notable differences between the structure of these
events described above and that in events in the northeast Pacific
during CalWater 2015 field campaign reported in Shinoda et al.
(2019). Relatively broad areas of strong evaporation are found in
the western poleward side for the southeast Indian Ocean during
these events while high evaporation areas are more confined in
smaller areas in the northeast Pacific during the event in CalWater
2015 (Supplementary Figure S1).

While the large scale structure of evaporation and winds during
these events is similar to that in the northeast Pacific, the prominent
difference is found in the coastal areas. In the northeast Pacific,
evaporation is close to zero north of around 30°N along the west
coast of North America during the landfall because of the cold
SST and high specific humidity (Supplementary Figure S1, see also
Figure 4D in Shinoda et al, 2019). In contrast to such small
evaporation along the west coast of North America, significant
surface evaporation is found along the west coast of Australia at
similar latitudes even where the air humidity is maximum. This
is because the warmer SST along the coast due to the poleward
flowing Leeuwin Current bringing warm waters from the tropics
southward (Figure 2D). The air-sea fluxes and SSTs produced by
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FIGURE 1
(A) Total column integrated water vapor (TCWV) (mm) on October 2, 2015 derived from Special Sensor Microwave Imager (SSMI) data. Adapted from
Shinoda et al. (2020) (B) same as (A) except for September 10. Adapted from Shinoda et al. (2020) (C) surface evaporation (mm/day: shading), winds
(m/s) at 10 m (arrows), and total column integrated water vapor (contour) on October 1, 2015. The contour starts from 20 mm and the interval is
4 mm. The blue mark indicates the location of the AR center identified based on the IVT criteria (D) same as (C) except for September 8. (E) Same as
(C) except for October 2. (F) Same as (C) except for September 9.
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FIGURE 2

(shading). (D) SST (shading) on October 1, 2015 from OAFlux.

(A) Winds (arrows) and wind speed (shading) at 10 m height on October 1, 2015. (B) Saturation specific humidity at the sea surface (qs) minus specific
humidity at 2 m (q,) (shading) from OAFlux, and winds (arrows) at 10 m height on October 1, 2015. (C) Same as (B) except for specific humidity
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ARs over the coastal areas are further discussed based on the
composite analysis in the next section.

Because of the large (small) latent heat uptake on the western
poleward (eastern equatorward) side of ARs, SST changes could be
significantly different on the locations relative to the AR center.
Figure 3 shows the SST difference between before and after the
AR event. A significant cooling (warming) is found on the western
poleward (eastern equatorward) side of ARs. Such spatial variations
of SST changes are consistent with the net surface heat flux
anomalies during these AR events (Figures 4A, B), suggesting that a
significant portion of these SST changes is produced by surface heat
fluxes. Although the duration of anomalous heat flux associated
with ARs is only 2-4 days, the magnitude which exceeds 100 W/m?
is sufficiently large for producing significant SST changes. The
latent heat flux mostly contributes to the net surface heat flux as
these fluxes show the similar spatial pattern (Figures 4C, D). While
surface shortwave radiation shows a different spatial variation
in which minimum values are found along the core of ARs, its
amplitude is still significant and thus it also provides the warming
on both sides of ARs (Figures 4E, F). During the event in early
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September, the negative net surface heat flux around the core of
the AR is mostly generated by anomalous shortwave radiation
(Figures 4B, F). However, the role of the reduction of shortwave
radiation around the AR core may vary from event to event. The
relatively minor contribution of the shortwave radiation near the
AR core especially at lower latitudes (equatorward of 30°S) is found
for the event in early October (Figure 4E).

3.2. Composite analysis

The case studies in the previous section suggest the similarities
and differences in the air-sea flux and SST variability associated
with ARs in the southeast Indian Ocean and the northeast Pacific.
While many features such as the spatial pattern and evolution
of surface variables are similar in most events, there are some
differences in individual events such as that in the shortwave
radiation between the early September and early October events.
The case studies also suggest the prominent differences in the
coastal areas for the landfalling ARs between the two regions. In this
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(A) The difference of SST (°C: shading) between the periods before (September 30, 2015) and after (October 2) the landfalling of AR event, and winds

(m/s) at 10m (arrows) on October 1, 2015. (B) Same as (A) except for the SST difference between September 10 and September 8 and winds on
September 9.
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section, the results of the case studies are further confirmed based
on the composite analysis. The analysis is discussed in separate
sections for those in open ocean areas and near the coast.

3.2.1. Air-sea flux evolution in the open ocean
area

Figure 5A shows the composites of evaporation, TCWYV, and
surface winds in the southeast Indian Ocean and those in the
northeast Pacific (Figure 5B). Figure 5B is flipped upside down
such that the direction of the North Pole is downward for the
comparison between these two regions in different hemispheres.
As shown in the case studies, large surface evaporation is found
in the western poleward side of AR upstream areas. Near the AR
center, evaporation is small because of the high specific air humidity
even though winds are strong. Composites of SST tendency in the
southeast Indian Ocean and the northeast Pacific are shown in
Figures 5C, D, respectively. SST cooling (warming) is found on the
western poleward (eastern equatorward) side of AR core, which
is consistent with the case studies of individual events. Note that
the magnitude of evaporation changes associated with ARs in the
composite is statistically significant (Supplementary Figure S3).

While the overall spatial structure of evaporation and SST
tendency are similar in the southeast Indian Ocean and the
northeast Pacific, there are some notable differences. The surface
evaporation on the western poleward side is much stronger in
the northeast Pacific and the zonal extent of the region of large
evaporation is smaller. The associated SST cooling in these regions
is stronger in the northeast Pacific. The difference in the magnitude
of evaporation on the western poleward side is caused by the
difference of the AR locations in the northeast Pacific and southeast
Indian Ocean which are identified based on IVT characteristics. In
the northeast Pacific, the center of AR events is located at lower
latitudes (south of 35°N) more often than in the southeast Indian
Ocean (not shown), and thus larger climatological evaporation
(latent heat flux) due to the warmer SST is found in the vicinity
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of the AR center. Such a difference in AR location between the two
regions is primarily because the meridional component of surface
winds associated ARs is weaker in the southeast Indian Ocean as
shown in wind vectors in Figure 5 (see also Guo et al., 2020).

The anomalies of surface evaporation and SST tendency are
shown in Figure 6. The magnitude of anomalous evaporation
on the western poleward side of AR is comparable in both
regions in contrast to the total evaporation shown in Figure 5
(Figures 6A, B). The maximum positive evaporation anomaly of
about 1.7 mm/day is found in both regions. The magnitude and
spatial variation of negative evaporation anomaly on the eastern
equatorward side are also similar in both regions. Consistent with
evaporation anomalies, the magnitude of SST tendency anomaly in
the southeast Indian Ocean is comparable to that in the northeast
Pacific. Yet there are some notable differences in the spatial
structures of these anomalies. As in the total evaporation fields,
the zonal extent of positive evaporation anomaly is larger in the
southeast Indian Ocean. Also, the SST tendency anomalies in the
northeast Pacific are more confined in the narrower region. This is
also partly due to the difference in the spatial variation of winds
in the two regions. The stronger zonal component of cyclonic
circulation may cause the larger zonal extent for the regions of
positive evaporation anomalies and SST cooling in the southeast
Indian Ocean.

Consistent with the case studies, the spatial pattern of
composite net surface heat flux anomaly is similar to that of SST
tendency, and it is primarily determined by the latent heat flux
(Figure 7). Shortwave radiation contributes to the warming on
the eastern equatorward side of ARs. Although the magnitude of
sensible heat flux anomaly is much smaller than the latent heat flux
anomaly, it is not negligible for both the cooling and warming on
western poleward side and eastern equatorward side of ARs.

The results described above suggest that a significant portion of
AR-induced SST fluctuation is generated by surface heat fluxes and
vertical processes. Although the overall spatial patterns of the SST
tendency and net surface flux are similar, there are some differences

frontiersin.org


https://doi.org/10.3389/fclim.2023.1150785
https://www.frontiersin.org/journals/climate
https://www.frontiersin.org

Shinoda et al.

10.3389/fclim.2023.1150785

Net Surface Heat Flux Oct 1 2015

458 A=~ I

80E 85E 90E 95E 100E 105E 110E 115E 120E 125E 130E

Oct 1 2015

Latent Heat Flux

[ 4

398
425

45506 85t 90E 5E 100E 1056 110E 115E 120E 125E 13

Shortwave Radiation Oct 1 2015

155' Y

-30

-90

-150

OE
Im
OE

80E 85 90E 95E 100E 105E 110E 115E 120E 125E 13

FIGURE 4

(warming the ocean). (F) Same as (E) except on September 9.

(A) Net surface heat flux anomaly and total column integrated water vapor (contour) on October 1, 2015. The positive values indicate the downward
anomalous heat flux (warming the ocean). The contour starts from 20 mm and the interval is 4 mm. (B) Same as (A) except on September 9. (C)
Surface latent heat flux on October 1, 2015. The positive values indicate the downward anomalous heat flux (warming the ocean). (D) Same as (C)
except on September 9. (E) Surface shortwave radiation on October 1, 2015. The positive values indicate the downward anomalous heat flux
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in their spatial structures, suggesting that oceanic processes may
play a role in some areas in driving the SST variation. For example,
a significant cooling of SST is found in the AR center while the
net surface flux anomaly is nearly zero. The entrainment cooling
caused by mixed layer deepening due to strong winds could
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partly generate the SST cooling in this region. However, further
quantitative discussion on the relative importance of surface heat
fluxes and other oceanic processes are not possible, given the large
uncertainty of mixed layer depth in this region (e.g., Kataoka et al.,
2017; Feng and Shinoda, 2019).
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(A) Composite of evaporation (mm/day: shading), TCWV (mm: contour), and winds at 10 m (m/s: arrows) for the period 2011-2015 over the
Southeast Indian Ocean (70°E—120°E, 15°S—40°S). The contour starts from 21 mm, and the interval is 3 mm. Horizontal (vertical) axis is longitude
(latitude), in which 0° longitude, 0° latitude are defined as the location of the AR center. See text for the detail of the compositing method. (B) Same
as (A) except for the Northeast Pacific (170°W—120°W, 15°N—40°N). The plot is flipped upside down such that the direction of the North Pole is
downward to compare with (A). (C) Composite of SST tendency (C/day: shading) and winds at 10m (m/s: arrows) for the period 2011-2015 over the
Southeast Indian Ocean (70°E—120°E, 15°S—40°S). SST tendency is calculated as the difference between the 2-day average SST before and after the
AR event. (D) Same as (C) except for the Northeast Pacific (170°W—-120°W, 15°N—40°N). The plot is flipped upside down as in (B).
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In summary, the composite analysis demonstrates that overall
structures of air-sea fluxes and SST variability associated with ARs
over the open ocean in the southeast Indian Ocean are consistent
with those in the northeast Pacific. However, there are some notable
differences such as the spatial structures of SST cooling and large
evaporation on the western poleward side of AR, which is primarily
due to the different spatial pattern of cyclonic circulations in
these regions.

3.2.2. Evolution along the coast

The case studies described in Section 2 suggest that strong
evaporation along the coast during AR landfalling is generated
in the southeast Indian Ocean in contrast to the case of
northeast Pacific where almost no evaporation is found along
the coast of North America at similar latitudes (Figures 1E, F,
Supplementary Figure S1). The results also suggest that the
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significant evaporation along the coast in the southeast Indian
Ocean is primarily due to the warm SST caused by the poleward
flowing Leeuwin Current which carries warm waters from the
equatorial areas. In this section, air-sea fluxes and SST fluctuations
associated with ARs in the coastal areas are further examined based
on the composite analysis.

The composite of landfalling ARs is constructed using the
method developed in Shinoda et al. (2019, 2020). As in the
composite analysis for the entire southeast Indian Ocean (Section
3.2.1), the composite for the landfalling ARs is formed using the
global AR data set in which ARs are objectively detected by the
algorithm developed by Guan and Waliser (2015). The time and
location of AR center and IVT at the AR center are included in
the AR data set. The landfalling AR events along the west coast
of Australia are identified as the event for which the AR center
entered the area near the coast (35°S—25°S, 112°E—116.5°E) and
made landfall (Shinoda et al., 2020). Composites are formed using
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AR events for the period of 2011-2015, in which 67 landfalling
AR events are identified. Hence 67 snapshots of ARs are used to
construct the composite here. Further details of the compositing
method are found in Shinoda et al. (2020).

Figure 8 shows the composite latent heat flux near the west
coast of Australia. Here Day 0 indicates the day when the AR
center is located close to the coast which is indicated by the area
of the rectangular box in Figure 8A. The latent heat flux near the
west coast of Australia south of 26°S exceeds 150 W/m? on Day 0
(Figure 8A). Such significant latent heat flux is not found along the
coast of North America at similar latitudes (Shinoda et al., 2019;
Bartusek et al., 2021). The latent heat flux is substantially enhanced
on Day +3 which exceeds 220 W/ m?, and the significant latent heat
flux of about 150 W/m? extends farther offshore of about 8-10° in
longitude from the coast (Figure 8B). Despite the high air humidity
at the coast on Day 0 due to the strong moisture transport by ARs,
relatively warm SSTs (Figure 8C) could still maintain the significant
vertical humidity gradient. Hence the strong winds associated with
AR generate prominent latent heat fluxes. The spatial distribution
of the SST reveals the influence of the southward flowing Leeuwin
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Current in which the maximum SST is found right near the coast
where the current speed is maximum. Although the width of the
Leeuwin Current is only 30-60 km, the warm waters carried by
the Leeuwin Current in this region further spread offshore due
primarily to active mesoscale eddies in this region (e.g., Chelton
etal, 2007; Delman et al., 2018). Accordingly, relatively warm SSTs
are found in the large areas near the coast compared to eastern
boundaries in other ocean basins.

A substantial variation of latent heat flux and the associated
SST fluctuation are further demonstrated by the time series of
those averaged over the boxed area of Figures 8A, 9. As shown
in Figure 8A, the latent heat flux is significant (~130-140 W/m?)
on Day —1 to Day 0 despite the specific humidity is maximum,
which is caused the by the AR landfalling. This is because the SST
is relatively warm (~21.6°C) in contrast to the relatively cold SST
(~17°C) along the west coast of North America and winds are
strong (~8 m/s) during this period. Then the specific humidity
rapidly decreases by 2 g/kg on Day +1-4 as ARs move eastward.
During this period, wind speed remains to be strong (8-9 m/s), and
thus the latent heat flux rapidly increases. On Day +3, the latent
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FIGURE 7
(A) Composite of net surface heat flux anomaly (W/m?: shading) and wind at 10 m (m/s: arrows). The positive values indicate the downward
anomalous heat flux (warming the ocean). (B) Same as (A) except for latent heat flux anomaly (W/m?). (C) Same as (A) except for shortwave radiation
anomaly (W/m?). (D) Same as (A) except for sensible heat flux anomaly (W/m?).

heat flux reaches the maximum value of about 200 W/m?. Hence
during the 5-day period when ARs pass through the west coast of
Australia, the latent heat flux varies by about 70 W/m2, which is
substantial compared to the climatological latent heat flux (~170
W/m?) around this region (e.g., Yu et al., 2008; Feng and Shinoda,
2019). The SST cooling of about 0.15°C occurs in response to such
large latent heat flux changes. However, the SST in this region could
be influenced by other processes such as ocean dynamics which is
further discussed in the next section.

In summary, significant latent heat fluxes along the west coast
of Australia are found during the AR landfalling despite the AR-
induced high specific humidity based on the composite analysis.
This is because the relatively high SSTs (compared to the west
coast of North America) are maintained along the coast by the
poleward flowing Leeuwin Current carrying the warm waters from
equatorial areas. Because of the rapid changes in specific humidity
and persistent strong winds, a substantial change of latent heat
fluxes is evident during which ARs pass through the coast.
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4. Summary and discussion

This study investigates air-sea fluxes and SSTs associated with
atmospheric rivers (ARs) over the southeast Indian Ocean based
on the analysis of global data sets of air-sea fluxes and AR
characteristics. As demonstrated by a previous study (Shinoda
et al., 2019), substantial air-sea fluxes are produced by ARs in the
northeast Pacific because of the associated strong winds. In this
study, the results for the southeast Indian Ocean are compared with
those for the northeast Pacific to identify similarities and differences
in AR-induced air-sea fluxes in these regions.

Over the southeast Indian Ocean, SSTs are warmer than areas
of the eastern boundary of other ocean basins because of the
unique ocean circulations in this region. For example, the Leeuwin
Current, one of the major boundary currents in the Indian Ocean,
flows poleward against the prevailing equatorward winds and
carries warm waters from the tropics. As a result, SSTs along the
west coast of Australia are much warmer than coastal areas on the
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(A) Surface latent heat flux (W/m?) and 10 m winds (m/s) along the west coast of Australia on Day 0. (B) Same as (A) except on Day +3. (C) Same as
(A) except for SST.

eastern side of other ocean basins at comparable latitudes. Such
different SST fields could cause the different AR-induced air-sea
fluxes over the southeast Indian Ocean especially along the coast.
Hence, the results in this study are discussed for the open ocean
area and coastal region separately.

Over the open ocean area, both case studies and composite
analysis for the southeast Indian Ocean indicate large (small)
surface evaporation on the western poleward (eastern equatorward)
side of ARs where the surface winds are strong (weak) and the
near-surface specific humidity is relatively low. The evaporation is
small near the center of AR because of the high near-surface specific
humidity even though winds are strong.

While the large-scale spatial pattern of air-sea fluxes over the
southeast Indian Ocean is similar to that in the northeast Pacific,
there are some notable differences. For example, the zonal extent of
the areas for the large latent heat flux (evaporation) on the western
poleward side is larger in the southeast Indian Ocean whereas the
large surface evaporation is confined in the narrower regions in
the northeast Pacific. This is partly because the zonal component
of AR-associated surface winds in the southeast Indian Ocean is
stronger than that in the northeast Pacific.

The spatial pattern of SST fluctuations associated with ARs
are similar to that of the net surface heat fluxes, suggesting that
AR-induced SSTs are primarily generated by surface heat fluxes
and vertical processes. The largest component of AR-induced net
surface heat flux is the latent heat flux whose spatial pattern is
very similar to the net surface heat flux. However, there are some
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differences in the spatial pattern between the net surface heat flux
and SST variation. For example, the large cooling is found near the
center of ARs although the net surface heat flux anomaly is small.
This suggests that physical and dynamical processes of the upper
ocean may play a significant role in AR-induced SST fluctuations in
some areas including heat advection by ocean currents and vertical
mixing (entrainment cooling) due to strong winds.

The AR-induced air-sea flux and SST variability along the west
coast of Australia are examined based on the composite analysis.
Significant latent heat fluxes which exceed 150 W/m? are evident
near the coast during the AR landfalling when a large amount of
moisture is transported along the coast. Such large latent heat fluxes
are not found along the coast of North America at similar latitudes
primarily because of cold SSTs caused by the equatorward flowing
surface current and upwelling. On the other hand, the poleward
flowing Leeuwin Current carries warm waters from the tropics
to the west coast of Australia which maintains warm SSTs for all
seasons, and thus strong winds around the AR center generate large
latent heat fluxes along the west coast of Australia.

Substantial latent heat flux changes during and after the period
of AR landfall are evident in the composite. The latent heat flux
during the landfall is about 130 W/m? (Day —1), and it increases up
to about 200 W/m? (Day +3) after the landfall, resulting in about 70
W/m? changes. Given that annual mean heat fluxes in this region
is about 170 W/m? (e.g., Feng and Shinoda, 2019), the changes in
latent heat flux produced by ARs are significant. Also, since AR-
associated strong winds mostly generate the enhancement (more
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Time series of SST (°C; blue line with open circle mark), latent heat flux (W/m?; green line with closed circle mark), wind speed (m/s; cyan line with
open square mark), and specific humidity (g/kg; red line with closed square mark) averaged over the area 112°E—116.5°E, 25°S—35°S (a box area in
Figure 8A). Ordinates on the left side are for the wind speed (left), latent heat flux (middle) and SST, and the ordinate on the (right) side is for the
specific humidity. The positive values of latent heat flux indicate the upward flux (cooling the ocean).

than the reduction) of latent heat flux around this latitude, such
latent heat flux variations may influence the mean and longer time
scale variability in this region.

In association with the rapid increase of latent heat flux, the
SST cooling of about 0.2°C for the 5-day period occurs after the AR
landfall. While the results suggest that the SST cooling is caused
by the increase of latent heat flux during this period, oceanic
processes associated with AR landfalling could contribute to the
SST fluctuations (Shinoda et al., 2020). For example, AR-induced
winds generate the significant increase in the southward velocity of
the Leeuwin Current, and thus the advection of warm waters tends
to generate the SST warming. Also, the coastal downwelling caused
by the alongshore component of winds could further enhance the
SST warming.

The results in this study indicate that the effect of strong
surface evaporative cooling exceeds the warming effect caused
by ocean dynamics, and thus the rapid SST cooling during Day
0-Day +3 in the composite is caused by the enhanced latent
heat flux. However, the cooling rate is largely reduced during
Day +3-Day +7 even though the relatively large latent heat flux
of 180-190 W/m? is maintained after Day +3. This suggests
that oceanic processes may reduce the cooling rate during this
period. Since the enhanced Leeuwin Current by ARs is maintained

Frontiersin Climate

12

relatively long time (~10 days) (Shinoda et al, 2020), surface
evaporative cooling could be nearly balanced with the warming
due to the strong Leeuwin Current. Further analyses including
the computation of upper ocean heat budget are necessary for
quantifying the relative importance of air-sea fluxes and oceanic
processes for controlling SST fluctuations associated with ARs
along the coast.

Because of the relatively warm SST maintained by the poleward
flowing Leeuwin Current in the southeast Indian Ocean, strong
winds caused by synoptic scale atmospheric disturbances such
as ARs can generate substantial air-sea fluxes near the coast.
While such large surface fluxes on relatively short time scales
are often found along the coast in the western boundary where
the strong poleward flowing western boundary currents maintain
the warm SST, they are rarely found near the coast in mid-
latitudes of the eastern boundary in other ocean basins because of
the cold SSTs. In addition, the strength of the Leeuwin Current
varies substantially on the interannual time scale, which largely
influences the climate variability in this region such as the Ningaloo
Nifio (e.g., Feng et al, 2013, 2023; Benthuysen et al., 2014).
While a previous study demonstrates substantial changes of surface
latent heat flux associated with the Ningaloo Nino due to the
interannual variation of SST (Feng and Shinoda, 2019), relatively
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short time scale AR-induced air-sea flux events influenced by
Ningaloo Nifio-associated warm SSTs could also contribute to the
interannual variation of air-sea fluxes. For example, the latent
heat flux produced by ARs could be enhanced during positive
Ningaloo Nino events because of the warmer SSTs, and thus the
AR-induced latent heat flux is likely higher than that in normal
years. Further studies are necessary to quantify the combined
effect of Leeuwin Current variability and AR-induced air-sea fluxes
on the interannual variation of air-sea fluxes over the southeast
Indian Ocean.
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