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ABSTRACT: The global freshwater cycle is intensifying: wet regions are prone to more rainfall, while dry regions experience
more drought. Indian Ocean rim countries are especially vulnerable to these changes, but its oceanic freshwater budget—which
records the basinwide balance between evaporation, precipitation, and runoff—has only been quantified at three points in time
(1987, 2002, 2009). Due to this paucity of observations and large model biases, we cannot yet be sure how the Indian Ocean’s
freshwater cycle has responded to climate change, nor by how much it varies at seasonal and monthly time scales. To bridge this
gap, we estimate the magnitude and variability of the Indian Ocean’s freshwater budget using monthly varying oceanic data
from May 2016 through April 2018. Freshwater converged into the basin with a mean rate and standard error of 0.35 = 0.07 Sv
(1Sv=10°m?s™"), indicating that basinwide air-sea fluxes are net evaporative. This balance is maintained by salty wa-
ters leaving the basin via the Agulhas Current and fresher waters entering northward across the southern boundary
and via the Indonesian Throughflow. For the first time, we quantify seasonal and monthly variability in Indian Ocean
freshwater convergence to find amplitudes of 0.33 and 0.16 Sv, respectively, where monthly changes reflect variability
in oceanic, rather than air-sea, fluxes. Compared with the range of previous estimates plus independent measurements
from a reanalysis product, we conclude that the Indian Ocean has remained net evaporative since the 1980s, in con-
trast to long-term changes in its heat budget. When disentangling anthropogenic-driven changes, these observations of
decadal and intra-annual natural variability should be taken into account.
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1. Introduction via the Agulhas Current in the west, but also via the Leeuwin
Current in the east. Over the past two decades several estimates
of the freshwater budget of the Indian Ocean have been made
using ship-based hydrographic (temperature, salinity, pressure)
sections that cross the basin around latitude 32°S (Robbins and
Toole 1997; Ganachaud et al. 2000; Bryden and Beal 2001;
Sloyan and Rintoul 2001; Talley 2008; Herndndez-Guerra and
Talley 2016). These studies use volume-conserving inverse mod-
els over varying oceanic regions (Indian, Indo-Pacific, Southern,
and global) to estimate absolute geostrophic transports
and freshwater fluxes. All these studies have shown that
the Indian Ocean is net evaporative, whereby approximately
0.4 Sv (1 Sv = 10° m® s™1) of freshwater is lost to the atmo-
sphere, on average. Most recently, Herndndez-Guerra and

Observations of global ocean salinity patterns over the past
50 years have revealed an intensifying freshwater cycle,
whereby wet regions have become wetter and dry regions
drier (e.g., Durack et al. 2012; Yu et al. 2020). The Indian
Ocean is characterized by heavy precipitation and runoff (i.e.,
freshwater gains) in its monsoonal northeastern and central
regions and by evaporative conditions (i.e., freshwater losses)
toward the south. More frequent extreme positive Indian
Ocean dipole events are already causing increased flooding in
East Africa and droughts in Indonesia and Australia (Cai et al.
2014). Since the Indian Ocean has been warming faster than
the Atlantic and Pacific over the last two decades, it may be

an early indicator of how tropical-subtropical oceans and Tall 2016 ded this ob onal 4 b .
their freshwater cycles will respond to climate change, yet it alley ( ) extended this observational record by using

remains the least observed of these basins (Beal et al. 2020; hydrographic sections from 2002 to 2009 to es.timate freshwa-
Ummenhofer et al. 2021). ter convergences of 0.31 and 0.55 Sv, respectively. They sug-

gested that the Indian Ocean may have become increasingly
evaporative between 2002 and 20009.
Uncertainties around these freshwater convergences are

Large-scale patterns in precipitation and evaporation influ-
ence the mean oceanic circulation which can be measured to
infer air-sea freshwater fluxes (Lagerloef et al. 2010; Wijffels ;
2001). In the Indian Ocean, the Indonesian Throughflow large, not least because the inverse models are undercon-

(ITF) carries freshwater into the basin from the Pacific Ocean strai.ned. For example, all past studies, beginning with t'he
while salty water exits across its southern boundary, mostly semm’al work of Toole and Warren (1993) but excluding
Hernandez-Guerra and Talley (2016), use the same hydro-

graphic section collected in 1987, yet they yield estimates of

Denotes content that is immediately available upon publica- net evaporation ranging from 0.2 to 0.6 Sv (Robbins and
tion as open access. Toole 1997; Ganachaud et al. 2000; Bryden and Beal 2001;
Sloyan and Rintoul 2001). In addition to these known uncer-

Corresponding author: Kathryn L. Gunn, kathy.gunn@csiro.au,  tainties, the unknown variability in freshwater transport may
kgunn.sc@gmail.com be aliasing the handful of one-time sections.

DOI: 10.1175/JPO-D-22-0057.1

© 2022 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).

Brought to you by UNIVERSITY OF SOUTHAMPTON HIGHFIELD | Unauthenticated | Downloaded 11/08/23 03:00 PM UTC


mailto:kathy.gunn@csiro.au
mailto:kgunn.sc@gmail.com
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses

2362

Freshwater exchanges between the ocean and atmosphere
are important to quantify because they dominate the freshwa-
ter cycle, thus influencing weather patterns (e.g., United
Nations 2017; Hoegh-Guldberg et al. 2018). Yet, direct air—sea
flux products for the Indian Ocean have large discrepancies that
leave even the direction of the basinwide air—sea flux uncertain
(Beal et al. 2020). At the same time, moored buoy observations
[ie., Research Moored Array for African—Asian—Australian
Monsoon Analysis and Prediction (RAMA)] of air-sea fluxes
do not capture the full expanse of the Indian Ocean and, most
notably, leave gaps within boundary currents and upwelling
systems that host some of the largest exchanges. Therefore,
despite the uncertainties, oceanic data—like those we study
here—provide an essential metric of the freshwater cycle
(Schmitt 2008; Lagerloef et al. 2010).

Although the hydrographic section across the Indian Ocean
at 32°S has not been reoccupied since 2009, with the matura-
tion of the global Argo array it is possible to synthesize sea-
sonal hydrographic cross sections of the upper 2000 m of the
Indian Ocean using Argo profiles (McMonigal et al. 2018).
Here, we combine these data with our observations from a
moored array across the Agulhas Current at the western
boundary (Gunn et al. 2020) to make new estimates of the
Indian Ocean freshwater budget and, for the first time, at-
tempt to constrain its decadal and intra-annual variability.

2. Data and methods
a. Volume and salt transports

To determine the freshwater budget of the Indian Ocean we
quantify the volume and salt transports flowing into and out of
the basin. We define six components of the budget: Agulhas,
Leeuwin, ITF, Ekman, upper interior (0-2000 m), and deep
interior (>2000 m). For the Agulhas and upper interior com-
ponents, we calculate the horizontal (x) and vertical (z) inte-
grals of gridded velocity u(x, z, t) and salinity S(x, z, t) pairs
from the moored array and mapped Argo observations
(Figs. 1 and 2) as

T, = ”udxdz )

TSty = J J WS dxdz. @)

These directly calculated volume (Tjy,) and salt (TquxSaux)
transports have units of Sv and Sv psu, respectively (McDonagh
et al. 2015; Gunn et al. 2020, 2022). Positive values indicate
flow into the basin and “flux” indicates the component of
the budget. For the ITF, Leeuwin, deep interior, and Ekman
components of the budget we use a volume transport and
transport-weighted salinity (TWS) to estimate their salt
transports as (Fig. 3):

TS,

flux™ flux

=T

flux

X TWS. 3)

The Tgux and TWS for the ITF and Leeuwin Current are
taken from the published literature (Gordon et al. 2010;
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Sprintall et al. 2009; Feng et al. 2003; Chen and Feng 2021).
The Ekman salt transport is calculated using Ekman’s theory,
with observations of wind stress from ERAS and TWS that is
the average salinity over the upper 100 m of the mapped
Argo data. For the unobserved deep interior, we derive an
initial 7~,099 by conserving volume across all components of
the budget using our best estimate of their 2010-19 mean vol-
ume transports (more details below). TWS for the deep inte-
rior is obtained by averaging all available ship-based salinities
below 2000 m (Fig. 2c). We estimate a total error for each
component by combining the transport- and salinity-derived
errors following McDonagh et al. (2015) (see appendix). We
calculate two sets of transports, the first representing a decadal
mean state, 2010-19, which is required to provide an initial
model for the time-varying circulation. The second set repre-
sents the Agulhas array period, 2016-18. This 2-yr period in-
cludes estimates of monthly-varying fluxes. The details of the
calculations of each component are described next, including
data sources and derived mean fluxes with uncertainties (see
summaries in Tables 1 and 2 and error calculation in the
appendix).

1) AGULHAS CURRENT

The velocity and salinity fields of the Agulhas Current were
measured continuously by moored instruments for a period of
24 months—from May 2016 through April 2018—as part of
the Agulhas System Climate Array (ASCA; McMonigal et al.
2020; Gunn et al. 2020). The ASCA moorings were deployed
in the same locations as those of the Agulhas Current Time
series (ACT) experiment, which ran from 2010 to 2013 (Beal
et al. 2015). The moorings were placed along an altimeter
ground track, from the South African coastline at 33.30°S,
2740°E to a location 300 km offshore at 35.75°S, 28.90°E. Using
these data, we calculated the mean and standard error of Agulhas
Current volume and salt transports to be —86.3 = 11 Sv and
—3025 =+ 130 Sv psu, respectively (Gunn et al. 2020, 2022). To es-
timate a decadal mean for 2010-19, we combine these ASCA
data (2016-18) with previous data from ACT (2010-13) to calcu-
late a weighted-mean volume transport of —76.2 Sv (weighted by
the length of each experiment). Combined with the 2016-18
mean TWS of 35.07 psu and Eq. (3), we estimate a decadal mean
Agulhas Current salt transport of —2673 Sv psu.

2) LEEUWIN CURRENT

The climatological mean volume transport and trans-
port-weighted salinity of the Leeuwin Current, estimated
from 50 years of sea level and hydrographic data near 32°S,
are —3.4 Sv and 35.60 psu (Feng et al. 2003; Chen and Feng
2021). Feng et al. (2003) found that the annual average vol-
ume transport in El Nifio, mean, and La Nifa years is —3.0,
—3.4, and —4.2 Sv, respectively, while Chen and Feng (2021)
showed that salinity varies annually by up to 0.2 psu at 60 m
depth. Therefore, we choose uncertainty estimates on these
Taux and TWS values of 1.0 Sv and 0.2 psu (Table 2). Using
Eq. (3), we find that the salt transport of the Leeuwin Current
is —121 = 35 Sv psu (Feng et al. 2003; Chen and Feng 2021).
Lacking direct Leeuwin Current data for the period 2016-18
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FIG. 1. The 2016-18 mean oceanic velocities (m s~ 1) across southern boundary of Indian
Ocean. The section extends between South Africa and Australia nominally along 36°S.
(a) Agulhas Current. Direct velocities measured by ASCA moorings. (b) Upper interior.
Absolute geostrophic velocities derived from optimally interpolated Argo profiles refer-

enced to Argo drift velocities. (c) Deep interior. Uniform velocity of 6.5 X 10™* m s},

-1

corresponding to 10 Sv of deep flow. Bathymetry shaded black with Mozambique and
Ninety East ridges labeled. Gray bars in lower right are 100-km scales for each panel.

we use these same climatological volume and salt transports
for both the decadal-mean and ASCA periods.

3) UPPER INTERIOR

The upper interior section is mapped across 36°S and
joins the offshore ends of the Agulhas and Leeuwin Current
sections. The volume and salt transports over the upper
2000 m are quantified monthly using geostrophic velocity
and salinity fields from Argo float data. The Argo data are
optimally mapped and combined with sea surface height
measurements to suppress mesoscale variability (Willis and
Fu 2008; Willis 2010; McMonigal et al. 2018). The absolute
geostrophic velocity field is calculated using the thermal
wind relation referenced to Argo drift velocities measured
at 1000-m depth. The drift velocities are small and noisy, so
we use mean drifts over the 201618 period and, for the de-
cadal estimate, over the 2010-19 period. The resultant
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monthly fields have vertical and horizontal resolutions of
10 m and 0.25°, respectively (Figs. 2b and 3, dotted lines).
We estimate uncertainties by comparing the geostrophic vol-
ume transport and section-mean salinity from the ship-based
hydrographic section occupied in April 2009 (Swift and Becker
2021) with those derived from our mapped Argo/SSH data for
the same month. The root-mean-square differences are 3.1 Sv
and 0.04 psu. Finally, we calculate transports using Egs. (1) and (2).
The 2016-18 mean Ty s000m and uncertainty is 60.2 + 3.1 Sv
and mean 74 2000mS0_2000m 18 2108 = 108 Sv psu. The decadal-
mean upper interior volume transport, 734045 is smaller at
50.8 Sv.

4) EKMAN LAYER

We calculate an Ekman transport using estimates of zonal
wind stress along 36°S to add to the upper interior transport
from Argo. We assume the Ekman layer is 100 m. Ekman
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FIG. 2. 2016-18 mean salinities (psu) across southern boundary of Indian Ocean. The section
extends between South Africa and Australia nominally along 36°S. (a) Agulhas Current. Salinity
measured by the ASCA moorings. (b) Upper interior. Optimally interpolated salinity from Argo
profiles. (c) Deep interior. Mean salinities from three ship-based occupations across south Indian
Ocean in 1987, 2002, and 2009. Bathymetry shaded black with Mozambique and Ninety East
ridges labeled. Gray bars in lower right are 100-km scales for each panel.

transports are calculated as Tgxman = — To/pf, Where 7 is the
zonal wind stress taken from the ERAS reanalysis product of
the European Centre for Medium-Range Weather Forecasts
(Hersbach et al. 2020) and p is the mean density of seawater
in the Ekman layer taken from mapped Argo fields. We use
the monthly ERAS wind stress at spatial resolutions of 0.25°.
To estimate an uncertainty, we take the root-mean-square dif-
ference between NCEP and ERAS derived Ekman trans-
ports, which is 1.0 Sv. The chosen Ekman layer depth has a
negligible impact on the transport compared with this error of
1 Sv and we do not consider it further. For salinity, we use
monthly means from the top 100 m of the mapped Argo fields
and estimate an uncertainty of 0.05 psu based on the differ-
ence between these salinities and those calculated over the top
50 m. Finally, Ekman volume and salt transports, TExman and
TEkmanSEkman, are calculated at monthly intervals [Eq. (3)]. In
this way, we find the 2016-18 mean Ekman volume and salt
transports are 4.5 = 1 Sv and 162 =+ 36 Sv psu, respectively. The
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T2010—19

decadal-mean volume transport of the Ekman layer, ¢, ~ ", is

4.2 Sv.
5) INDONESIAN THROUGHFLOW

For the Indonesian Throughflow we use a climatology of
monthly varying volume transport and salinities that is based
on observations from the International Nusantara Stratifica-
tion and Transport (INSTANT) array (Gordon et al. 2010;
Sprintall et al. 2009). TWS is taken to be the depth and hori-
zontal mean salinity from the Makassar Strait moorings, and
has a mean value of 34.57 psu, consistent with other estimates
(Hernandez-Guerra and Talley 2016; Gordon et al. 2019). To
reflect the unknown magnitude of interannual variability of
subsurface salinity at the connection between the Indian
Ocean and Indonesian Sea, we use a salinity uncertainty of
0.2 psu (for more details see Gordon et al. 2019; Lee et al. 2019;
Sprintall et al. 2019). Freshening of this amount has been ob-
served downstream of the Indonesian Throughflow after strong
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FI1G. 3. The 2016-18 time mean components of Indian Ocean salt/freshwater budget. White arrows and text boxes
describe direction and magnitude of each components volume transport and its transport-weighted salinity (positive
values = transport into basin). Semi-transparent white shading highlights upper and deep interior sections along 36°S.
Dotted lines show examples of Argo profiles mapped onto upper interior for month of June 2016. Blue and black
shading is bathymetry and topography, respectively (Sandwell and Smith 2009). Curved arrows are a schematic indica-

tion of deep and shallow overturning cells.

La Nifia events and is an example of significant interannual
variability (e.g., Zhang et al. 2016). The volume transport of
the Makassar Strait Throughflow, which represents over 70%
of the total Indonesian Throughflow, has a standard deviation
of about 4 Sv (Gordon et al. 2019), which we use as our uncer-
tainty. The mean and uncertainties for volume and salt
transport are 15 = 4 Sv and 516 *+ 140 Sv psu, respectively. We
use these values for both the 2016-18 and decadal-mean
estimates.

6) DEEP INTERIOR

The deep interior is the least observed component of
the Indian Ocean. Three ship-based hydrographic sections
collected along 32°S in 1987, 2002, and 2009 provide the only
measurements of oceanic properties beneath 2000 m (Toole
and Warren 1993; McDonagh et al. 2008; Hernandez-Guerra
and Talley 2016) for the interior southern boundary. From
these, the sectional mean and standard deviation of salinity is
34.73 = 0.03 psu and we use these values for the transport-
weighted salinity and its uncertainty.

To determine a volume transport for the deep interior, we as-
sume volume is conserved over the Indian Ocean during 2010-19
and calculate the residual of all the oceanic components detailed
above plus an estimate of the decadal air-sea flux of freshwater
(T%_(&/O—w):
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where T20%1Y is an estimate of the decadal mean volume

transport of the deep interior. For T251%1° we use the mean of
all previously published estimates derived from oceanic data.
These range from 0.2 to 0.6 Sv and have a mean of 0.4 Sv
(Toole and Raymer 1985; Wijffels et al. 1992; Robbins and
Toole 1997; Ganachaud and Wunsch 2000; Bryden et al. 2005;
Talley 2008; Hernandez-Guerra and Talley 2016). All esti-
mates indicate net evaporation, with volume lost from the ba-
sin on average, so that T2%! is negative. Then, using the

. . 201019
values listed previously, 72550 1S

T2010—19 —

Sa000m = —1 X (=762 4+ 50.8 +4.2 — 3.4 +15.0 — 0.40),

and is 10 Sv northward into the basin.

This estimate is similar to the estimates of McDonagh et al.
(2008) and Hernandez-Guerra and Talley (2016), who found
T~2000m between 7 and 11 Sv using the 2002 and 2009 trans-
ects, but is smaller than estimates by Robbins and Toole
(1997) and Toole and Warren (1993), who found T-;ppom be-
tween 14 and 20 Sv using the 1987 transect. We consider the
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TABLE 1. The 2016-18 mean and standard deviation of transport-weighted salinity (TWS), volume (74q,x) and salt transports
(TauxSaux), and freshwater convergence (7Trw). Total uncertainty for 2016-18 mean Tgw also shown in parentheses in bottom row

(see Table 2 for more information).

Budget component

TWS (psu)

Southern section Ekman layer

Upper interior (0-2000 m)
Deep interior (>2000 m)
Leeuwin Current

Agulhas Current

Eastern section ITF

35.50 and 0.15
35.01 and 0.15
34.73 and 0.03
35.60 and 0

35.07 and 0.07
34.57 and 0.02
Freshwater convergence [Trw; Eq. (6)]

Tﬂux [Eq (1)] (SV) TfluxSfluX [Eq (2)] (SV pSll)
4.5 and 3 162 and 96
60.2 and 7 2108 and 250
10.0 and 8 347 and 264
—34 and 0 —121 and 0
—86.3 and 14 —3025 and 478
15.0 and 2 516 and 67

035 and 0.16 (0.07)

2002 and 2009 datasets to be more reliable. These more recent
transects avoid a long section of shallow topography along the
top of the southwest Indian Ridge and reveal that overturning
in the Indian Ocean is double-celled: a deep cell with in-
coming Antarctic Bottom Water and outgoing Indian
Deep Water, and an upper cell with incoming Subantarctic
Mode Waters (including Antarctic Intermediate Water)
and outgoing tropical-subtropical waters. This double-
celled overturning circulation reduces the implied diffusiv-
ity, which was found to be twice as large as in the Atlantic
or Pacific when assuming a single overturn (Lumpkin and
Speer 2007). Nevertheless, to reflect the large uncertainty
associated with the lack of data in the deep interior we esti-
mate an error of 10 Sv, based on the full range of published
estimates (3-20 Sv; Robbins and Toole 1997; Toole and
Warren 1993; Sloyan and Rintoul 2001; Bryden and Beal
2001; McDonagh et al. 2008; Herndndez-Guerra and Talley
2016).

b. Calculating freshwater convergence over the
Indian Ocean

The conservation of mass, or equivalently volume (Wijffels
et al. 1992; McDonagh et al. 2008), and salt can be invoked to

derive the freshwater convergence over the Indian Ocean
(Knudsen 1900; Burchard et al. 2018; Schauer and Losch
2019). As no salt is exchanged at the sea surface, precipitation
and evaporation transport pure freshwater (i.e., volume)
across the air-sea interface (Trw). To compensate evapora-
tion (i.e., volume loss at the air-sea interface), the same vol-
ume of water must enter the basin which will have a salinity
Sin- At the same time, to compensate the additional salt, some
water must exit the basin with S, > Sj,. For our Indian
Ocean budget, the subscripts in and out correspond to the
ITF and the southern boundary at 36°S, respectively, and the
conservation equations can be written as

Tow + Tipp = Taess 4)
TireStrr = TaesS36s ®)

The terms within the equations can be assessed using Egs. (1)-(3).
In keeping with the conservation of volume in the basin, we apply
a barotropic correction to the geostrophic velocity field of the inte-
rior following Bryden and Beal (2001). This barotropic correction
is applied month-to-month in both the upper and deep interiors,
so that the geostrophic shear derived from the in situ measure-
ments is preserved. The correction is small, O(10™*) cm s ™.

TABLE 2. Summary of error sources and calculated uncertainties (for more details see appendix); Ty, = 2016-18 time-mean
volume transport; §° = 2016-18 time-mean salinity anomaly; o7 and og = volume transport and salinity uncertainties. Total
uncertainty shown in final columns. Note that salt transport uncertainty (not shown) is the product of o7 and transport-weighted
salinity for each flux which is not the same as total uncertainty in final column.

Transport- Salinity-
derived derived Total
Budget uncertainty uncertainty uncertainty
component Thue (SV) S (psu) ar (Sv) as (psu) (Sv psu) (Sv psu) (Sv psu)
Ekman 4.5 1.03 1.0 0.05 1.03 0.23 1.1
Upper 60.2 0.19 31 0.04 0.59 2.41 2.5
interior
(0-2000 m)
Deep interior 10.0 0.16 10.0 0.03 1.60 0.30 1.6
(>2000 m)
Leeuwin -34 1.08 1.0 0.20 1.08 —0.68 1.3
Agulhas —86.3 0.25 11 0.05 2.75 —4.32 51
Current
Throughflow 15.0 -0.07 4.0 0.20 —-0.30 2.99 3.0
Total uncertainty on each monthly estimate of Tgw (Sv) 0.20
Total uncertainty for 2016-18 mean Trw (Sv) 0.07
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From the conservation Egs. (4) and (5) it follows that

T = T365S1re — T365536s (6)
FW — S )
ITF
where
T365 = TAgthas + TLecuwin + TO*ZOOOm
+ Torooom T Tekman  and

Ty658365 = TAgulhasSAgulhas

S

+ T,

Leeuwin SLeeuwin

+ T S

+ T >2000m® >2000m

0-2000m
+ T N

Ekman

0—2000m

Ekman*

Positive values of Trw indicate a convergence of freshwater
into the basin and net evaporative conditions [note that Eq. (6)
of this study is equivalent to Eq. (6) of Schauer and Losch
(2019), Eq. (6.2.5) of Wijffels (2001), and Eq. (4) of McDonagh
et al. (2015) in the mean)].

For the period of the ASCA observations from May 2016
to April 2018 we can calculate how the freshwater budget
changes from month to month using Eqgs. (1), (2)/(3), and (6).
For the first time, we estimate the amplitude of seasonal and
monthly variability in freshwater convergence.

¢. Decomposing the freshwater budget

We investigate the drivers of freshwater convergence and
its variability by decomposing the budget in several ways.
First, we consider monthly air-sea freshwater fluxes based
on atmospheric reanalysis estimates of evaporation, precipi-
tation, and runoff, and compare these to our derivation of
freshwater convergence from the oceanic data. Second, we
separate the oceanic circulation into throughflow, gyre, and
overturning circulations. Third, we examine the impact of
seasonal and monthly changes in the salinities of the compo-
nent oceanic fluxes on the overall freshwater budget.

We calculate net freshwater surface flux over the Indian
Ocean—evaporation minus precipitation plus runoff
(E — P + R)—using ERAS5 (Hersbach et al. 2020). This
product is available monthly at spatial resolutions of 1°. We
used data from 1989 to 2019, smoothed over 5°, resampled at 1°,
and integrated over the area of the Indian Ocean basin, includ-
ing the Red and Persian Seas but excluding the South China
and Indonesian Seas. Over the entire time period, the mean and
standard deviation of £ — P + R are 0.46 and 0.28 Sv, respec-
tively. Due to the large biases associated with evaporation,
precipitation, and runoff estimate from reanalysis datasets
(e.g., Hassler and Lauer 2021), we take the standard devia-
tion of 0.28 Sv as the uncertainty of these data. The ERAS
E — P + R provides an independent, monthly varying estimate
of freshwater convergence for the period May 2016-April 2018,
as well as decadal estimates of air-sea freshwater fluxes.

The freshwater transport across 36°S can be separated into
three components that reflect different drivers of the ocean
circulation, following Bryden and Beal (2001). The through-
flow freshwater flux Fr is related to the strength of the ITF.
The overturning freshwater flux Fy is related to the vertical
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exchange of water that is primarily driven by buoyancy fluxes
and mixing. And the gyre freshwater flux Fg is related to the
horizontal gyre circulation that is driven by the wind. We first
combine and remap velocity and salinity measurements from
the Argo, WOCE, ASCA, and Leeuwin Current into a gridded
dataset sampled every 500 m and 20 dbar. By doing so we can
decompose the velocity and salinity fields across 36°S as
follows:

v(x,z,t) = o(t) + (v)(z,1) + V' (x,z,10), (7)
S(x,z,t) = S@) + (S)(z,1) + §'(x,z,1), (8)

where the overbar denotes a west-to-east, surface-to-seabed
(i.e., vertical and horizontal) average, the angle brackets de-
note zonal averages of the deviation from the basinwide aver-
age, and the prime denotes residual deviations from the zonal
average (Bryden et al. 2005; McDonagh et al. 2015). After
this decomposition, the throughflow, overturning, and gyre
freshwater transports are calculated as

Fr= _L Tire(Sire = Ss6s)s )
S36s
1
Fy= *%ITM (o) (z, D][(S)(z,9)] dz, (10)
F, = *i[] [V (x,z,0)][S (x,z,0)] dx dz, (11)

respectively, where Tp.q is the transport per unit depth
given by f (v)(z,1) dx and S3es = 34.76 psu is the time-mean,
section-average salinity across the basin at 36°S.

For our final analysis we estimate the magnitude of changes in
the freshwater budget that could be driven by changes in salinity
alone, following McDonagh et al. (2015). To do this, we hold the
volume transport of each component steady and allow only their
transport-weighted salinities to change. We set the volume trans-
ports at their mean 2016-18 values, T206-18 | while TWS varies
monthly according to the ASCA, Argo, and Makassar Strait sa-
linity observations for the Agulhas, upper interior, and ITF com-
ponent fluxes, respectively:

Tho = SL TRWI8(TWS — Sy5). (12)
368
By keeping volume transport constant, the variability of
TEW can be interpreted as a measure of change in freshwater
transport caused by changes in the distribution of salinity
within each component flux. Consider that each flux consists
of a number of water masses, with differing salinities that can
combine in several of ways to create the calculated volume
and salt transports presented here. Note that these compo-
nent freshwater fluxes are in the opposite direction to the
component volume and salt transports when TWS > S345. For
example, the Agulhas Current’s southward volume and salt
transports are equivalent to a positive Tigllhas’ because the
export of salty water by the Agulhas Current is equivalent to
a freshening of the basin and thus a positive freshwater flux.
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We assess the relative importance of these various drivers
by calculating the correlation (expressed as Pearson’s correla-
tion coefficient, r) between each monthly time series and the
total freshwater convergence Trw that we derived from our
oceanic budget.

3. Results
a. Indian Ocean freshwater budget
1) 2016-18 MEAN

The 2016-18 mean velocity and salinity fields that represent
the Indian Ocean along its southern boundary of 36°S are
shown in Figs. 1 and 2. Flow in the Agulhas Current is rela-
tively deep and broad during the 2016-18 period and as a re-
sult its transport is anomalously high at —86.3 Sv compared to
the 25-yr proxy mean of about 76 Sv (Beal and Elipot 2016).
There is southward flow throughout the water column save
for a narrow, weak undercurrent over the continental slope
(Beal and Bryden 1999; Beal et al. 2015). Flow in the upper
interior is weak and disorganized, dominated by quasi-steady
mesoscale features that have survived the mapping, eddy sup-
pression, and averaging of the Argo dataset. The strongest
northward flows in the interior are just outside the western
boundary layer, to the west of the Mozambique Ridge at
around 32°E, and at the eastern boundary in the Leeuwin
Undercurrent (Fig. 1 and Schloesser 2014). The extremes in
the salinity field are salty Subtropical Surface Waters that
appear largely to the west of 70°E in the dynamical core of the
gyre, and fresh Antarctic Intermediate Waters that enter the
basin on the east side (Fig. 2). As a result, the Indian Ocean’s
freshwater budget is dominated by a southward flow of salty
waters in the Agulhas Current and a northward flow of rela-
tively fresher waters in the upper interior (Table 1).

The basinwide 2016-18 time mean components of Indian
Ocean circulation and its salt/freshwater budget are summarized
in Fig. 3. Southward transport of the Agulhas and Leeuwin
Currents are —86.3 and —3.4 Sv, respectively. These southward
flows are balanced by 60.2 Sv of northward transport across the
upper interior and another 29.5 Sv composed of 4.5 Sv of north-
ward Ekman transport, 15.0 Sv of flow into the Indian Ocean
from the Pacific via the ITF, and a residual 10.0 Sv of northward
deep interior flow (Figs. 3 and 4a). The Agulhas Current carries
—3025 Sv psu of salt on average, and the upper interior carries
2108 Sv psu. The salt transports associated with the other flow
components of the budget are an order of magnitude smaller
(Fig. 4b and Table 1).

Together, these component salt transports reveal that
freshwater converges into the Indian Ocean on average and
indicates that the basin is net evaporative (Fig. 4c). Between
2016 and 2018, the Tgw time series has a mean of 0.35 Sv
with a standard error of 0.07 Sv and a standard deviation of
0.16 Sv. This new estimate of Tgw is comparable to earlier
studies that found convergences between 0.2 and 0.6 Sv dur-
ing November 1987, and March of 2002 and 2009, and that
have a mean of 0.4 Sv (Robbins and Toole 1997; Ganachaud
et al. 2000; Bryden and Beal 2001; Sloyan and Rintoul 2001;
Talley 2008; Hernandez-Guerra and Talley 2016).
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2) MONTHLY AND SEASONAL VARIABILITY

Monthly freshwater convergence over the Indian Ocean
varies between —0.05 and 0.55 Sv, departing significantly
from its 2016-18 mean (Fig. 4c). The standard deviation of
this signal is 0.16 Sv which we take to be representative of
magnitude of month-to-month variability in 7gw. The magni-
tude of the seasonal cycle is ~0.33 Sv, given by averaging the
freshwater convergence time series with respect to month
of year then finding the difference between its maximum
and minimum values (Fig. 5, black line). The seasonality
appears to be semiannual, with maxima in austral summer
(December-January) and winter (July—-August) and mi-
nima in April-June and September—October. While only
24 months of data are available from which to discern the
seasonal cycle, the phasing of freshwater convergence in
each year observed is similar (2016, 2017, and 2018; Fig. 5).

The magnitude of the seasonal cycle that we find here chal-
lenges previous assumptions that the seasonal signal in fresh-
water convergence can be considered negligible (Wijffels
2001). Yet, by examining earlier estimates of freshwater con-
vergence in the context of the month in which the ship-based
data were collected, we suggest that the spread in those esti-
mates is not related to the seasonal cycle (Fig. 5). Instead, the
poorly constrained inverse methodology and the resultant
magnitude of the Agulhas Current, which has a large baro-
tropic component opaque to hydrographic data and the geo-
strophic assumption, have been shown to strongly influence
the budget (Bryden and Beal 2001). For our calculation of the
budget we have measured the Agulhas velocity directly and
we use Argo float drift velocities to reference geostrophic
shear across the upper interior (McMonigal et al. 2020).

The large magnitude of seasonal and monthly variability also
challenges previous conclusions that the Indian Ocean has be-
come increasingly evaporative over time. Hernandez-Guerra
and Talley (2016) estimated freshwater convergences of 0.30 Sv
in 2002 and 0.55 Sv in 2009, using ship-based transects both
completed in March (Fig. 5, black circles). However, we do not
find a trend in the overall basinwide freshwater budget and also
find 0.30 and 0.55 Sv within the range of monthly estimates of

Trw.
b. Drivers of variability in the freshwater budget
1) SURFACE FRESHWATER FLUXES

Our mean estimate of freshwater convergence derived
from oceanic measurements over the period 201618 is consis-
tent with contemporaneous estimates of £ — P + R from
ERAS5 (Fig. 6a). This product yields a 2016-18 mean net evap-
oration over the Indian Ocean of 0.46 = 0.28 Sv, compared
to our estimate of 0.35 = 0.07 Sv. The standard deviation is
0.27 Sv, which is comparable to the seasonal signal esti-
mated here, although the correlation between £ — P + R
and Tgw at monthly time scales is low (Fig. 6a). The air-sea
flux ERAS product suggest an annual cycle of convergence
over the basin, while the oceanic fluxes suggest a semiannual
cycle. This discrepancy could be due to large uncertainties
in the surface flux products over regions of the ocean with
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FIG. 4. Monthly time series of freshwater budget component transports. (a) Volume transport
(Sv) of each component (colored lines) according to legend at right. Shading shows estimated
uncertainty. Mean and standard deviation of upper interior transport (blue circle, 62 and 7 Sv)
and Agulhas Current transport (red circle, —86 and 14 Sv). (b) As in (a), but salt transport
(Sv psu) of each component. (c) Freshwater convergence, Trw (Sv), calculated from volume and
salt transports in (a) and (b) using Eq. (6). Shading shows monthly uncertainty (0.15 Sv). Mean
and standard deviation of freshwater convergence (black circle, 0.35 and 0.16 Sv). Positive values

represent net evaporation.

strong mesoscale fronts and near boundaries. In the case of
the Indian Ocean, large discrepancies remain between the
surface flux products in these regions (Beal et al. 2020) and
the western boundary is arguably better resolved by our oce-
anic dataset, which includes seven moorings of continuous ob-
servations to capture the Agulhas Current salt transport.

2) CIRCULATION

Separating the circulation at 36°S into gyre, overturning, and
throughflow components we find that the overturning circula-
tion is the largest contributor to Indian Ocean freshwater con-
vergence, contributing 0.24 Sv on average (Fig. 6b). Perhaps
counterintuitively, given the dominance of the Agulhas Current
and upper interior in terms of salt transport, freshwater conver-
gence resulting from the (full depth) horizontal gyre circulation
is negligible in the mean. The dominance of overturning—a ver-
tical exchange of salt in the Indian Ocean—reflects an export of
salty subtropical surface waters via the Agulhas Current and an
import of deeper fresh mode and intermediate waters across
the interior. The mean sum of all circulation components,
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including the throughflow, is 0.35 Sv, equal to the total freshwa-
ter convergence.

At seasonal and monthly time scales, variability in fresh-
water convergence is not closely tied to changes in the
strength of the circulation components (r =< 0.2). The basin-
wide freshwater convergence varies most closely with the
throughflow component, but the correlation is not conclu-
sive (r = 0.2) and the small magnitude of monthly variability
in throughflow freshwater flux cannot account for the mag-
nitude of the seasonal signal in freshwater convergence
(Fig. 6b).

3) SALINITY VARIANCE

We explore the effect of salinity variance on the freshwa-
ter budget by allowing the transport-weighted salinity to
vary month to month, while the volume transports of each
flux are fixed [Eq. (12)]. The mean T5Y values indicate the
relative strength and balance of the component parts of the
freshwater budget and their summation is equal to Tgw;

the freshwater budget is primarily a balance between an
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FIG. 5. Seasonal signal of freshwater convergence (7gw). The thick black line shows
monthly averages. White squares, triangles, and circles are estimates of Tgw for each
month in 2016, 2017, and 2018, respectively. The thin line with gray shading is the 2016-18
mean and standard error of Trw (0.35 £ 0.07 Sv). Black circles are previously published
estimates of Indian Ocean freshwater convergence from ship-based hydrographic trans-
ects collected during November-December of 1987 and March-April of 2002 and 2009:
T85 = Toole and Raymer (1985), W92 = Wijffels et al. (1992), R97 = Robbins and Toole
(1997), GOO = Ganachaud and Wunsch (2000), BBOS = Bryden et al. (2005), TO8 = Talley
(2008), GT16 = Hernandez-Guerra and Talley (2016). The thick black bar in lower right
illustrates error of monthly Trw estimates (£0.20 Sv; see Table 2). Positive values represent

freshwater convergence and net evaporation.

export of salty waters via the Agulhas Current, driving a
mean freshwater transport of 0.70 Sv, and an import of
salty waters (although not as salty as the Agulhas) across
the upper interior, driving a mean freshwater transport of
—0.43 Sv (Fig. 4c, red and blue lines). The TE¥ has a mean
value of 0.08 Sv. The Ekman component, Leeuwin Current,
and deep interior also have small freshwater fluxes of
—0.09, 0.08, and 0.01 Sv, respectively (not shown). The sum
of these 2-yr-averaged freshwater fluxes is 0.35 Sv.

The month-to-month changes in the component freshwa-
ter fluxes gives clues to the seasonal variability in the con-
vergence of freshwater. We expected a large seasonal signal
in TEY, where sea surface salinity data from satellite shows
fresher waters in the Indonesian Seas in boreal winter and
spring due to monsoon precipitation and runoff (Lee et al.
2019; Hu and Sprintall 2017). The ITF salinity tendency,
then, would be to enhance freshwater convergence over the
Indian Ocean from December to May and reduce conver-
gence in the remaining months of the year. However, the
freshwater fluxes of the upper interior and Agulhas Current
have far more influence on the total Indian Ocean freshwa-
ter convergence, with correlations of 0.7 and 0.4, respec-
tively (Fig. 6¢, blue and red lines). It is changes in salinity
across the upper interior at 36°S that dominates month-to-
month changes in basinwide freshwater convergence.
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To better understand the origin of the seasonal signal in
freshwater flux across the upper interior we look for regions
where the temporal variance in both velocity and salinity
are a maximum. We find these to be located at a longitudi-
nal range of 28.5°-35°E, the western extreme of the interior
(Fig. 7a). Following this we separate T} "%, into two com-
ponents representing (i) the center of the interior, 35°-90°E,
and (ii) the western edge of the interior, 28.5°-35°E, to find
that the edges of the interior drive almost all of the variabil-
ity in freshwater convergence (Fig. 7b; r = 0.8).

4. Discussion
a. Long-term trends in freshwater convergence

Despite intensification of the global freshwater cycle since the
1980s (e.g., Durack et al. 2012), we do not find a long-term trend
in convergence of freshwater over the Indian Ocean over this
time. The £ — P trends from 1950 to 2010 are positive in all the
Southern Hemisphere subtropical gyres and the Indian Ocean is
no exception. Between 10° and 30°S the Indian Ocean has be-
come more evaporative (Skliris et al. 2014). On the other hand,
the monsoonal Indian Ocean between 10°S and 20°N has be-
come more precipitative associated with changes in the Southern
Annular Mode (Huang et al. 2021). These regional analyses are
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FIG. 6. Comparison of freshwater convergence time series with possible forcing mechanisms.
(a) Comparison with surface freshwater fluxes. The pink line is the £ — P + R time series from
ERAS. 1980-2019 mean and standard deviation (0.45 and 0.28 Sv) of E — P + R shown on left-
hand side. (b) Comparison with components that show strength variability of freshwater circula-
tion. Yellow, orange, and red lines are freshwater circulation throughflow, overturning, and gyre
components, respectively [Eq. (9)]. (c) Comparison with components that show salinity variabil-
ity of freshwater circulation [Eq. (12)]. Blue, red, and purple lines are freshwater transport for
upper interior (0-2000 m), Agulhas, and ITF fluxes, respectively. Volume is not conserved for
this component, yet it still provides a useful indicator of salinity variability. Thick gray line with
shading is the monthly Trw with error scaled to gray annotations on right-hand axis [Eq. (6)].
Values in colored boxes are Pearson correlation coefficient, r, of time series with Trw.

consistent with the concept of wet regions becoming wetter and
dry regions becoming drier. Instead of a basinwide trend in air—
sea fluxes, we find significant natural variability balanced around
a mean state of net evaporation; seasonal and monthly variability
have amplitudes of 0.33 and 0.16 Sv, respectively, and the
2016-18 mean freshwater convergence is 0.35 Sv. Given the mag-
nitude of the seasonal cycle and range of earlier oceanic freshwa-
ter estimates, we conclude that the mean freshwater convergence
during 2016-18 is not significantly different from previous esti-
mates in 1987, 2002, and 2009. This conclusion is further sup-
ported by independent decadal estimates of £ — P + R from
ERAS. For 1980-89, 1990-99, 200009, and 2010-19 the decadal
mean values of £ — P + R in the Indian Ocean are 0.38, 0.45,
0.51, and 0.45 Sv, respectively, showing no trend beyond the un-
certainty of 0.28 Sv. Taken together, these results suggest that
the basinwide freshwater budget of the Indian Ocean has re-
mained unchanged since the late 1980s.
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Given these results alongside evidence of an intensifying
freshwater cycle, we conclude that a wetter northern Indian
Ocean and a drier southern Indian Ocean largely cancel each
other out when examined basinwide. It is important to note
that strong interannual variability, especially in the Indone-
sian Throughflow (e.g., Lee et al. 2019; Gordon et al. 2019),
would likely impact the freshwater budget in a given year. To
quantify this variability, which is beyond the scope of the
available observations, further analyses and continuation of
high-quality data campaigns, such as ASCA and INSTANT,
are needed.

Contrastingly, the heat budget of the Indian Ocean has re-
sponded dramatically to long-term climatic changes. The heat
budget of the Indian Ocean has changed from divergent—the
Indian Ocean drives the atmosphere—to neutral over the last
two decades (McMonigal et al. 2022). Liu et al. (2021) point
out that an enhanced hydrological cycle can increase oceanic
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FIG. 7. (a) Temporal variance of velocity and salinity calculated
as stdev(v X S). (b) Monthly comparison of Trw with transport-
weighted salinity from different portions of interior. The black
solid line is monthly mean of Tww. The pale green dashed line is
monthly mean of TWS across entire interior which has a r < 0.5
with Trw. The pale green solid line is monthly mean of TWS from
28.5° to 35°E [highlighted by the dashed line in (a)], which has a

heat uptake and moderate climate change. This effect may be
significant in the Indian Ocean, where a rapid increase in up-
per-ocean heat content since the year 2000 contributed to the
so-called hiatus in global warming (Li et al. 2018; Beal et al.
2020). On the other hand, several studies find that the ITF is
largely responsible for rapid warming when considering the
heat budget of the whole water column (Lee et al. 2015).
McMonigal et al. (2022) used the same observations we use
here to calculate their basinwide heat budget, finding that
about two-thirds of the increase in heat content is due to the
ITF and another one-third is related to a reduction in the
amount of heat leaving the basin in the Agulhas Current,
which has broadened (Beal and Elipot 2016). Using the same
datasets, we find that although the freshwater cycle is intensi-
fying, its basinwide magnitude has remained the same since
1980s. Taken together, these results suggest that the freshwa-
ter and heat budgets of the Indian Ocean respond differently
to long-term climatic changes. Thus, when considering anthro-
pogenic-driven long-term changes in the Indian Ocean fresh-
water budget, these observations of decadal and intra-annual
natural variability should be taken into account.

b. Drivers of variability in the freshwater budget

Oceanic convergence/divergence of freshwater is typically
interpreted as a proxy of surface freshwater fluxes (e.g.,
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Wijffels et al. 1992; Ganachaud 2003; Herndndez-Guerra and
Talley 2016), because ocean salinity is considered an integra-
tor of changes in the water cycle, reflecting the exchange of
freshwater between the ocean and the atmosphere. The upper
300-400 m of the salinity field is hence often treated as a rain
gauge that integrates higher frequency £ — P + R fluxes
(Schmitt 2008). While this correspondence bears out on aver-
age, according to our analysis it does not hold on monthly
time scales. We find that seasonal signals of freshwater con-
vergence do not correspond to independent monthly surface
flux measurements of £ — P + R. Instead, month-to-month
changes in freshwater convergence follow changes in oceanic
fluxes.

The dominance of advective, rather than surface, freshwa-
ter fluxes has been noted before in the Indian Ocean. Hu et al.
(2019) concluded that oceanic advection of freshwater domi-
nates basinwide salinity variability over the upper 400 m of
the water column at interannual and decadal time scales. This
is not the case in the northern Indian Ocean, however, where
surface and advective freshwater fluxes have more or less
equal importance in the freshwater budget (Trott et al. 2019).
Therefore, it would seem that advective processes in the
southern Indian Ocean dominate the basinwide freshwater
budget.

Hu et al. (2019) showed that, of all the oceanic advective
flux components, it is the ITF that drives variability in the
Indian Ocean freshwater budget at interannual and de-
cadal time scales. The ITF also drives variability in heat
content and sea level at these time scales (Volkov et al. 2020).
For example, between 2005 and 2013 the upper 400 m of the
Indian Ocean freshened, while between 2014 and 2019 this
trend reversed, and the water column became saltier (Nie
et al. 2020). These interannual changes are associated with
El Nino-Southern Oscillation. During La Nifna there is an
increase in rainfall over the Indonesian Seas and therefore a
freshening (and strengthening) of the advective flux enter-
ing the Indian Ocean via the ITF (Hu and Sprintall 2017;
Nie et al. 2020).

Here we show that at intra-annual time scales the ITF does
not drive the freshwater budget, in contrast to its dominance at
interannual and decadal time scales. This is despite an annual sa-
linity signal in monsoon rainfall and runoff over the Indonesian
Seas (Lee et al. 2019). Instead, we find a semiannual signal in
Trw that is driven almost entirely (r = 0.8) by changes in advec-
tive salt fluxes at the western and, to a lesser extent, eastern
reaches of the subtropical interior. We do not have a complete
understanding of what drives these semiannual advective salt
fluxes in the interior. However, it is likely that seasonal
changes in gyre intensity and mode water formation both
play a role. These same regions in the western and eastern
interior dominate seasonal variability in the volume trans-
port of the interior (McMonigal et al. 2018). And they lie
just north of where mode waters are formed during austral
winter (Olson et al. 1992; Sallée et al. 2006). We hypothesize
the below two mechanisms for the first and second freshwa-
ter convergence minima.

The autumnal minimum may be driven by the seasonal
strength of the Agulhas Current. In the western interior we
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see a mean mesoscale northward flow of order 1000 m deep
that sits offshore of the Agulhas Current and just to the west
of the Mozambique Ridge (Fig. 1b). This is part of a baroclinic
recirculation of waters that are detrained from the Agulhas
Return Current as it meanders around the Agulhas Plateau.
Here, strong cyclonic eddies are shed from the meander trough
more often during austral autumn (Boebel et al. 2003), following
an austral summer peak in the volume of water entering the ret-
roflection via the Agulhas Current (Krug and Tournadre 2012;
Beal and Elipot 2016). This autumnal increase in the northward
flux just offshore of the Agulhas Current would inject more salty
surface waters, modified in the retroflection region (Gordon et al.
1987; Olson et al. 1992), back into the Indian Ocean, consistent
with the minimum in freshwater convergence we observe in May
(Fig. 5). Further evidence for this seasonal recirculation feature
comes from the work of McMonigal et al. (2018), who show an
anticyclonic dynamic height anomaly at the western end of the
upper interior in April-June that causes a peak in the northward
interior transport during austral autumn.

The winter minimum may be driven by mode water formation.
Each austral winter surface waters are convectively modified in
the interior just north of the subtropical front, in the vicinity of
the Agulhas retroflection in the southwest Indian Ocean (Olson
et al. 1992) and also in the far southeastern Indian Ocean (Sallée
et al. 2006). Mode waters are formed when density surfaces
outcrop and water exposed to the atmosphere is cooled and
mixed vertically. These mode waters are cooler and more
saline in the near-surface layers than subtropical Indian
Ocean waters. Combined with surface-intensified northward cur-
rents, these mode waters would cause a positive (into the basin)
salt flux anomaly in austral winter—spring at the western and east-
ern ends of our section that would correspond to the signals we
see in Fig. 7 and to the second minimum we observe in freshwa-
ter convergence during September—October (Fig. 5).

5. Summary

Using our measurements from the Agulhas System Climate
Array together with data from the Argo program during
2016-18 and INSTANT, we quantify the variability of volume
and salt transport for six fluxes, as well as their resultant freshwa-
ter convergence, into and out of the Indian Ocean (Figs. 1-4).
Considering the 201618 mean value, which is representative of
air-sea freshwater exchange, these data extend the observational
record of £ — P in the Indian Ocean from the 1980s and 2000s
into the 2010s. Using two years of data, we make the first esti-
mate of monthly-varying freshwater convergence over the
Indian Ocean (Fig. 5) and find that oceanic advective fluxes
across the western portion of the interior drives the variabil-
ity of the Indian Ocean freshwater budget at seasonal time
scales (Figs. 6 and 7).

On average, the Indian Ocean converged freshwater at a rate
of 0.35 = 0.07 Sv from May 2016 to April 2018, signifying a net
evaporative basin. This mean is consistent with decadal and
monthly varying independent estimates based on air—sea flux
products from ERAS that have a time mean of 0.46 + 0.28 Sv.
Freshwater convergence has large seasonal and monthly signals
with amplitudes of 0.33 Sv, about the same order as the mean,
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and 0.16 Sv, receptively. A semiannual signal appears to be
driven by oceanic advection of salinity anomalies in the far west-
ern region of the upper interior Indian Ocean and is unrelated to
surface freshwater fluxes. Taken together, we find no evidence
for a long-term trend in freshwater convergence over the Indian
Ocean, which has remained net evaporative since the 1980s. This
is notwithstanding extreme regional changes of precipitation and
evaporation across the basin, which we conclude must balance
out on average.
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APPENDIX

Derivation of Errors

Salt and freshwater flux errors are calculated by combin-
ing salinity- and transport-derived uncertainties following
McDonagh et al. (2015). The errors are summarized in Table 2.

a. Property-derived error

The salinity-derived error is the product of the salinity
uncertainty (og) with the time-mean integrated volume
transport (7Ty,. ). We estimate the property uncertainties as
the sampling uncertainty, which is typically an order of
magnitude larger than the instrument error (Gunn et al.
2020; McMonigal et al. 2020).
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b. Transport-derived error

The transport-derived error is the product of volume trans-
port uncertainty (o7) and salinity anomaly (S”). The salinity
anomaly S is the 2016-18 time-mean salinity anomaly calcu-
lated as each region’s transport-weighted salinity minus Syrr,
which is the time-mean salinity of the ITF and is 34.57 psu. It
is reasonable to use the salinity anomaly, since the uncertainties
in salinity must be compensated across the basin (under the as-
sumption that salt is conserved within the basin).

c. Total error

These salinity- and transport-derived errors are assessed for
each flux and combined in quadrature to produce an uncertainty
for each monthly estimate of 7. Dividing by Syrr gives the un-
certainty for freshwater transport (penultimate row Table 2).
The uncertainty on the 2-yr mean is found by diving the total
monthly error by the square root of the degrees of freedom,
N. In this experiment, N is found by dividing the length of
the time series in days, 730, by the integral time scale, 90, also
in days, giving N = 8. The estimated uncertainties are shown
in Table 2.
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