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Key Points: 10 

• The fate of precipitated-origin freshwater of the Indonesian Seas is examined using a 11 

Lagrangian particle tracking model. 12 

• Freshwater outflows from the Indonesian Seas to the Indian Ocean near the surface 13 

occur mostly through the Lombok and Timor Straits.  14 

• Vertical mixing to the Indonesian Throughflow thermocline water occurs along shelf-15 

breaks and coastlines during the upwelling seasons. 16 

  17 
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Abstract 18 
The Indonesian Seas receive one of the largest amounts of rainfall around the globe. Part of 19 

this freshwater disperses to the Indian Ocean through the Indonesian Throughflow (ITF), the 20 

Pacific and Indian inter-ocean exchange flow, making the Indonesian Seas a major source of 21 

freshwater and plays an important part of the global hydrological cycle. By using a Lagrangian 22 

particle tracking model, we examine the pathways behind the dispersion of freshwater that the 23 

Indonesian Seas receive through precipitation. The model suggests that the dispersion from the 24 

near-surface water of the Indonesian Seas occurs in about 6 months, primarily through 25 

advection to the surrounding seas, followed by evaporation, entrainment, and vertical mixing. 26 

The Lombok Strait and the Timor Strait are the major outflowing straits and the freshwater 27 

exiting through these straits are found to originate from limited areas and seasons. The sources 28 

for the Lombok Strait outflow are the Java Sea precipitated-freshwater during boreal fall and 29 

winter while the sources for the Timor Strait outflow are the Flores-Banda Seas and Arafura 30 

Sea precipitated-freshwater during winter and spring. Mixing with the thermocline water is 31 

found to occur when the Monsoonal winds induce upwelling events in winter and summer, 32 

along the shelf-breaks and steep coastlines surrounding the Flores-Banda Seas. Vertical mixing 33 

provides a pathway for the surface freshwater to enter the ITF thermocline, and our model 34 

suggests that it is the Java Sea precipitated-freshwater during winter that is entering the ITF 35 

thermocline along its main pathway. 36 

  37 



Confidential manuscript submitted to JGR Oceans 

3 
 

1 The hydrological cycle of the Indonesian Seas 38 
The Indonesian Seas lie underneath a region of active atmospheric convection, an 39 

important component of the global hydrological cycle (Neale and Slingo 2003; Yamanaka et 40 

al. 2018). These seas receive one of the largest amounts of the annual rainfall around the globe, 41 

thus serve as a major gateway for freshwater input to the ocean (Figure 1). Observations from 42 

Tropical Rainfall Measuring Mission (TRMM; Huffman et al., 2010) show annual rainfall of 43 

roughly 170 mSv [mSv= 1 × 103 m3 s-1] directly to the Indonesian Seas, which is as large as 44 

the annual discharge rate of the Amazon River (Dai and Trenberth, 2002). With the global 45 

hydrological cycle anticipated to change in the presence of climate change (Held and Soden, 46 

2006), the hydrological cycle of the Indonesian Seas will also likely change. This can affect 47 

the Indonesian Throughflow (ITF), the Pacific and Indian inter-ocean exchange flow, and lead 48 

to changes in the salinity and, possibly, the sea level of the Indian Ocean (Llovel and Lee, 49 

2015). However, how the freshwater that enters the Indonesian Seas disperses to the 50 

surrounding seas remains unknown. While our understandings of the transports through the 51 

various straits of the Indonesian Seas have significantly advanced during the past decade or so 52 

(see Sprintall et al. 2009 and reference therein), we have yet to understand the hydrological 53 

cycle.  54 

Precipitation over the Indonesian Seas is modulated by the Monsoons (Figure 2e-h). 55 

Maximum monthly precipitation is observed from January to February (~240 mSv), during the 56 

Northwestern Monsoon. Precipitation becomes weaker around April and October, during the 57 

transition period, and a minimum is observed around August (~120 mSv), during the 58 

Southeastern Monsoon. Part of the precipitated water over land enters the Indonesian Seas 59 

through rivers but its sum appears to be about 10 mSv (Meybeck and Ragu, 1995; van Beek et 60 

al. 2013), which is an order less compared to that entering directly through the ocean surface.  61 

The direct impact of precipitation on the ocean is to reduce the sea surface salinity (SSS).  62 

Studies on the SSS in the Indonesian Seas (Figures 2a-d) show the importance of local surface 63 
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fluxes as well as oceanic processes (Miyama et al., 1996; Halkides et al., 2011). The Java Sea 64 

shows the lowest SSS throughout the year because of its strong rainfall and shallow bathymetry, 65 

making this region a source of freshwater (Wrytki, 1961; Gordon, 2005). This sea is also 66 

considered a major pathway of freshwater from the South China Sea (SCS) to the Indian Ocean 67 

on an annual average (Fang et al., 2009). The seasonal cycle of the SSS in the Java Sea shows 68 

a strong semi-annual signal, which is created by the monsoonal wind-driven flow and the 69 

movement of the SSS minimum. The Northwest Monsoonal wind-driven flow advects the fresh 70 

Java Sea water towards the Flores-Banda Seas, while the Southwest Monsoonal wind-driven 71 

flow advects the fresh Java Sea water towards the SCS. Recent satellite observations show the 72 

fresh Java Sea water also advected to the Indian Ocean through the Sunda Strait (Potemra et 73 

al., 2016; Susanto et al., 2016) although its magnitude and annual cycle is still unclear. The 74 

SSS of the Flores-Banda Seas and the Arafura Sea, on the other hand, show an annual cycle 75 

that is primarily controlled by the oceanic flow field (Miyama et al. 1996; Halkides et al., 2011). 76 

Low (High) SSS is observed in the Flores-Banda Seas when the fresh Java Sea-origin water 77 

enters (exits) the region during the Northwestern (Southeastern) Monsoon. High SSS is 78 

observed in the Arafura Sea when the Southeast Monsoonal wind induces upwelling and brings 79 

higher salinity subsurface water to the surface (Halkides et al., 2011). This seasonal upwelling 80 

event, occurring near the shelf-break between the Arafura Sea and the Banda Sea, is also known 81 

to cool the SST (Gordon and Susanto, 2001; Kida and Richards, 2009). 82 

The Indonesian Seas has a unique role in the global ocean circulation as the gateway of 83 

the water mass exchange between the Pacific Ocean and the Indian Ocean near the equator, 84 

known as the Indonesian Throughflow (ITF). In terms of transport, the main route is observed 85 

through the Makassar Strait, and the eastern route through the Halmahera Sea and its 86 

surrounding seas is considered secondary. The fresh surface water of the Indonesian Seas can 87 

affect this ITF while it flows through the Indonesian Seas (Gordon 2005; Figure 3ab). The 88 
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Indonesian Seas are also considered a region of strong tidal mixing (Ffield and Gordon, 1996; 89 

Nagai and Hibiya, 2015). Observations show the ITF is characterized by high salinity 90 

thermocline water of the North Pacific when it enters from the Makassar Strait but exit as fresh 91 

thermocline water as a result of mixing between fresh surface and fresh intermediate water 92 

(Ffield and Gordon, 1996; Koch-Larrouy et al., 2008). The ITF water thus becomes a source 93 

of freshwater for the Indian Ocean (Wrytki, 1961; Gordon, 2005; Koch-Larrouy et al., 2008). 94 

What is the fate of the freshwater that enters the Indonesian Seas? The freshwater should 95 

either evaporate back to the atmosphere, be advected, or enter the ITF thermocline water. The 96 

observed 50-year trend in salinity shows a freshening at the surface in the seas surrounding the 97 

Indonesian Seas with a spatial pattern that resembles the surface freshwater flux (see Figure 5b 98 

of Durack and Wijffels, 2010). The upper thermocline water, on the other hand, shows a 99 

different spatial pattern (see Figure 10a of Durack and Wijffels, 2010). A salinity increase is 100 

observed in the source region of the ITF water, the region east of the Philippines, while 101 

freshening is observed in the exiting region, the Indo-Australian Basin. If the ITF simply 102 

advected water mass through the Indonesian Seas, salinity should increase in the Indo-103 

Australian Basin. This freshening trend suggests an enhanced role of precipitated water through 104 

vertical mixing within the Indonesian Seas. Using a 1-d model, Phillips et al. (2005) find the 105 

observed inter-annual variability of the surface-to-subsurface salinity in the Indo-Australian 106 

Basin to be induced by the variability in precipitation over the Indonesian Seas. Zhang et al. 107 

(2016) find the importance of surface fluxes, entrainment, and advection from the Indonesian 108 

Seas by the ITF on the seasonal and inter-annual variability for the mixed layer salinity in the 109 

Indo-Australian Basin. Based on the salinity difference between the straits, Koch-Larrouy et 110 

al. (2008) suggest the fresh Java Sea water as the main source of the salinity changes that the 111 

ITF experiences within the Indonesian Seas although the source of this fresh Java Sea water is 112 

unclear.  113 
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The pathways of the precipitated freshwater from the Indonesian Seas to the Indian Ocean 114 

remains an open question. Precipitation and the flow field within the Indonesian Seas are 115 

strongly modulated by the Monsoons so these pathways are also likely to vary with season. 116 

The goal of this study is, therefore, to clarify the pathways of precipitated-origin freshwater 117 

and its seasonal cycle. We will utilize a Lagrangian particle-tracking model and examine how 118 

the freshwater is modified as it disperses to the surrounding seas. The details of the numerical 119 

model will be described in Section 2. The model results focusing on the dispersion due to lateral 120 

advection at the surface are presented in Section 3 and the impact of evaporation, entrainment, 121 

and vertical mixing are presented in Section 4. A summary is given in Section 5.  122 

  123 
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 124 

FIG 1. The climatological annual mean rainfall rate based on TRMM from 1998 to 2016. The 125 

areas surrounded by the thick solid line is how we define as the Indonesian Seas. The dashed 126 

lines along 115oE and 133oE are where we define as the boundaries of the three regions: The 127 

Java Sea (105o-115oE), the Flores-Banda Seas (115o-133oE), and the Arafura Sea (133o-140oE).  128 
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 129 

FIG 2. Observed monthly mean SSS based on SMAP (2016-2017; Meissner and Wentz, 2016) 130 

for (a) January, (b) April, (c) July, and (d) October. (e) The seasonal cycle of precipitation 131 

(blue), and evaporation (red), integrated over the Indonesian Seas from OFES2. Local 132 

precipitation rate (blue), evaporation rate (red), and monthly mean SSS (black dashed) for (f) 133 

the Java Sea, (g) the Flores-Banda Seas, and (h) the Arafura Sea.  134 
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 135 
FIG 3. The climatological annual mean flow field in the Indonesian Seas from OFES2 (1995-136 

2016) shown in vectors. (a) Vertical average from the surface to the depths of 𝜎𝜎𝜃𝜃=23 and (b) 137 

between 𝜎𝜎𝜃𝜃=23 and 26. Flow stronger than 20 cm s-1 are shown in bold and salinity is shown 138 

in colors. Vertical profiles of the annual mean salinity in (c) the Java Sea (above -70 m), (d) 139 

the western Flores-Banda Seas, (e) eastern Flores-Banda Seas, and (d) the Arafura Sea. Blue 140 

lines are from WOA2013 (Boyer et al. 2013) and red lines are from OFES2. 141 
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2 The model setup 142 

2.1 OFES2 Model output 143 
 In order to estimate the trajectories of the Lagrangian particle-tracking model, we use 144 

OFES2 from 1995-2016 (Sasaki et al., 2018). OFES2 is a quasi-global GCM that has a spatial 145 

resolution of 0.1 degrees and is an update of OFES (Masumoto et al., 2003; Sasaki et al., 2008), 146 

which now includes a global tidal mixing parameterization. Readers are referred to Sasaki et 147 

al. (2018) for model details. The 22-year monthly-averaged OFES2 outputs are used to estimate 148 

the monthly climatologies, which are then used for the analysis unless noted otherwise. 149 

The flow field and the water mass properties of the Indonesian Seas are found realistic 150 

and we consider the output appropriate for this study (Figure 3 and 4bc). Near the surface, an 151 

eastward flow is forced during the Northwestern Monsoon season (Wrytki, 1961) with a current 152 

along the northern coast of Nusa Tenggara that is associated with coastal upwelling (Kida and 153 

Wijffels, 2011; Wijffels et al., 2018). A northward current exists in the Maluku Sea, which is 154 

a return flow from the Indonesian Seas to the Pacific. A westward flow is forced during the 155 

Southeastern Monsoon season that is associated with upwelling in the Arafura Sea (Gordon 156 

and Susanto, 2001; Kida and Richards, 2009). The flow through the outflowing straits of the 157 

ITF also strengthens during this season (Sprintall et al., 2009). Salinity at the surface is similar 158 

to observations since it is restored to WOA2013 (Boyer et al. 2013) with a time scale of 15 159 

days (Figure 3a). The vertical profiles in the Java Sea, the western part of the Flores-Banda 160 

Seas (115-123E), the eastern part of the Flores-Banda Seas (123-133E), and the Arafura Sea 161 

(Figure 3c-f) are also well captured, although the stratification in the eastern part of the Flores-162 

Banda Seas is somewhat stronger than observations. 163 

2.2 Lagrangian particle-tracking model 164 

Pathways of precipitation-origin freshwater 165 
CMS particle-tracking model (Paris et al., 2013) is used to explore the pathways of 166 

precipitation-origin freshwater of the Indonesian Seas. Particles are released only over these 167 
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seas (Figure 4a) and they are advected horizontally based on the climatological monthly-mean 168 

flow field of OFES2 as 169 

𝒙𝒙(𝑡𝑡 + ∆𝑡𝑡) = 𝒙𝒙(𝑡𝑡) + 𝒖𝒖 ∙ ∆𝑡𝑡 +  𝛼𝛼�2𝐾𝐾𝐻𝐻 ∙ ∆𝑡𝑡,     (1) 170 

where 𝒙𝒙 is the location in longitude and latitude, 𝒖𝒖 is the vertical average of the horizontal flow 171 

from the surface to 𝜎𝜎𝜃𝜃 = 23 and ∆𝑡𝑡 is the timestep set to 1 hour. The last term on the RHS is a 172 

parameterization of the impact from eddies and flow variability by horizontal diffusion based 173 

on a random walk. 𝐾𝐾𝐻𝐻  is the horizontal diffusivity coefficient set to 300 𝑚𝑚2𝑠𝑠−1, similar to that 174 

used in Kida and Wijffels (2012), and the model results are not overly sensitive to this value. 175 

α is a random number with a normal distribution. We chose 𝜎𝜎𝜃𝜃 = 23 to differentiate the surface 176 

water and the thermocline water since this isopycnal is close to the bottom of the mixed layer 177 

but does not outcrop within the Indonesian Seas. Koch-Larrouy et al. (2008) define 𝜎𝜎𝜃𝜃 = 23 178 

as the isopycnal that separates the upper thermocline water to that below. Outcropping occurs 179 

occasionally along the southwestern coast of Nusa Tenggara when the Kelvin waves of the 180 

Indian Ocean induces upwelling. The daily averaged mixed layer depth is then used to define 181 

the bottom of the surface layer. However, such a region is limited in time and space and 182 

moreover, our analyses focuses on the fate of particles within the Indonesian Seas, not the 183 

outside, so this method does not significantly affect our results. 184 

Our Lagrangian model releases and extracts particles to track the impact of 185 

precipitation-origin freshwater and we will show how such a model can be created from the 186 

salinity balance equation. The salinity (𝑆𝑆) balance equation of the surface layer with a thickness 187 

of 𝐻𝐻 is (e.g. Halkides et al., 2011): 188 

𝑑𝑑𝑆𝑆𝑚𝑚
𝑑𝑑𝑡𝑡

=
𝑆𝑆𝑚𝑚
𝐻𝐻

(𝐸𝐸 − 𝑃𝑃) − �
∆𝑆𝑆
𝐻𝐻
𝜕𝜕𝐻𝐻
𝜕𝜕𝑡𝑡

+ 〈𝑤𝑤
𝜕𝜕𝑆𝑆
𝜕𝜕𝜕𝜕
〉� −

1
𝐻𝐻 �

𝐾𝐾𝑍𝑍
𝜕𝜕𝑆𝑆
𝜕𝜕𝜕𝜕�𝑧𝑧=−𝐻𝐻

.  (2) 189 

𝑆𝑆𝑚𝑚 is the vertically averaged salinity of the surface layer. Angled brackets 〈 〉 represent the 190 

vertical average within the surface layer. The first term on the RHS is the surface forcing term, 191 
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where 𝐸𝐸 is evaporation and 𝑃𝑃 is precipitation. The second term is the entrainment term, where 192 

∆𝑆𝑆 is defined as 193 

∆S =

⎩
⎪
⎨

⎪
⎧𝑆𝑆𝑚𝑚 − 𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑   𝑤𝑤ℎ𝑒𝑒𝑒𝑒 

𝜕𝜕𝐻𝐻
𝜕𝜕𝑡𝑡

< 0

0                   𝑤𝑤ℎ𝑒𝑒𝑒𝑒 
𝜕𝜕𝐻𝐻
𝜕𝜕𝑡𝑡

= 0

𝑆𝑆𝑚𝑚 − 𝑆𝑆𝑑𝑑𝑒𝑒𝑑𝑑   𝑤𝑤ℎ𝑒𝑒𝑒𝑒 
𝜕𝜕𝐻𝐻
𝜕𝜕𝑡𝑡

> 0

. 194 

𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑 and 𝑆𝑆𝑑𝑑𝑒𝑒𝑑𝑑 are salinity of the detrained and entrained water, respectively. If salinity within 195 

the surface layer is perfectly uniform in the vertical, 𝑆𝑆𝑑𝑑𝑑𝑑𝑑𝑑  is equal to 𝑆𝑆𝑚𝑚  and ∆𝑆𝑆 = 0. The 196 

entrainment term can be expressed as ∆𝑆𝑆
𝐻𝐻
𝑤𝑤∗ , where 𝑤𝑤∗  is the entrainment velocity [see 197 

Halkides et al. (2011) for details]. The third term on the RHS of Equation 2 is the vertical 198 

mixing term, where 𝐾𝐾𝑍𝑍  is the vertical diffusion coefficient and �𝐾𝐾𝑍𝑍
𝜕𝜕𝑆𝑆
𝜕𝜕𝑧𝑧
�
𝑧𝑧=−𝐻𝐻

 is the vertical 199 

diffusive flux at the bottom of the surface layer. 𝐾𝐾𝑧𝑧 varies in space and in time and the daily-200 

averaged diffusivity coefficient and salinity fields from the year 2016 will be used for 201 

estimating this term because we found monthly-averaged outputs to overestimate the 202 

magnitude of highly time-varying mixing field. 203 

We will define freshwater as  𝐹𝐹 = 𝑆𝑆0 − 𝑆𝑆, where 𝑆𝑆0 is the reference salinity set to 35 204 

psu, and focus on the freshwater anomaly created by precipitation rather than the mass. 205 

Equation 2 then becomes 206 

𝑑𝑑𝐹𝐹𝑚𝑚
𝑑𝑑𝑡𝑡

=
𝑆𝑆0 − 𝐹𝐹𝑚𝑚

𝐻𝐻
𝑃𝑃 −

𝑆𝑆0 − 𝐹𝐹𝑚𝑚
𝐻𝐻

𝐸𝐸 − �
∆𝐹𝐹
𝐻𝐻
𝜕𝜕𝐻𝐻
𝜕𝜕𝑡𝑡

+ 〈𝑤𝑤
𝜕𝜕𝐹𝐹
𝜕𝜕𝜕𝜕
〉� −

1
𝐻𝐻 �

𝐾𝐾𝑍𝑍
𝜕𝜕𝐹𝐹
𝜕𝜕𝜕𝜕�𝑧𝑧=−𝐻𝐻

, (3) 207 

where the subscripts represent the same definition as before. When representing 𝐹𝐹𝑚𝑚  by the 208 

number of particles,𝐹𝐹𝑚𝑚 can be expressed as ∑ 𝑓𝑓𝑚𝑚𝑁𝑁 , where 𝑓𝑓𝑚𝑚 represents the freshwater content 209 

of a particle within a volume and N is the number of particles. The RHS of Equation 3 can be 210 

interpreted as source/sink terms which would increase/decrease the number of freshwater 211 

particles following the flow.  212 
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Equation 3 can be further modified to focus on the precipitation-origin freshwater 213 

(𝐹𝐹𝑚𝑚𝑚𝑚) from the rest (𝐹𝐹𝑚𝑚𝑚𝑚), i.e.,  𝐹𝐹𝑚𝑚 = 𝐹𝐹𝑚𝑚𝑚𝑚 + 𝐹𝐹𝑚𝑚𝑚𝑚. The first term on the RHS of Equation 3 is 214 

precipitation and thus a source of 𝐹𝐹𝑚𝑚𝑚𝑚. The rest of the terms are a source of freshwater if 215 

positive but in such case, we will consider that they represent a source due to processes other 216 

than precipitation and thus a source of 𝐹𝐹𝑚𝑚𝑚𝑚 . The impacts of freshening due to 217 

entrainment/detrainment or re-emergence of freshwater particles from the thermocline due to 218 

vertical mixing are thus not considered. If the terms are negative, they are a sink for both 𝐹𝐹𝑚𝑚𝑚𝑚 219 

and 𝐹𝐹𝑚𝑚𝑚𝑚, and if they affect 𝐹𝐹𝑚𝑚𝑚𝑚 and 𝐹𝐹𝑚𝑚𝑚𝑚 equally, changes in 𝐹𝐹𝑚𝑚𝑚𝑚 will occur based on its ratio 𝛾𝛾 220 

(= 𝐹𝐹𝑚𝑚𝑚𝑚

𝐹𝐹𝑚𝑚
) so Equation 3 can be rewritten for an equation for 𝐹𝐹𝑚𝑚𝑚𝑚 221 

𝑑𝑑𝐹𝐹𝑚𝑚𝑚𝑚
𝑑𝑑𝑡𝑡

=
𝑆𝑆0 − 𝐹𝐹𝑚𝑚

𝐻𝐻
𝑃𝑃 − 𝛾𝛾

𝑆𝑆0 − 𝐹𝐹𝑚𝑚
𝐻𝐻

𝐸𝐸 − {𝛾𝛾, 0} �
∆𝐹𝐹
𝐻𝐻
𝜕𝜕𝐻𝐻
𝜕𝜕𝑡𝑡

+ 〈𝑤𝑤
𝜕𝜕𝐹𝐹
𝜕𝜕𝜕𝜕
〉� − {𝛾𝛾, 0} �

1
𝐻𝐻
�𝐾𝐾𝑍𝑍

𝜕𝜕𝐹𝐹
𝜕𝜕𝜕𝜕
�
𝑧𝑧=−𝐻𝐻

� .  (4) 222 

The terms with curly brackets {𝐴𝐴,𝐵𝐵}[𝐶𝐶] represent A ∙ C when C is positive but B ∙ C when C is 223 

negative.  Our Lagrangian particle-tracking model will use Equation 4 to track the pathways of 224 

precipitation-origin freshwater. By evaluating the pathway of particles from source to sink, the 225 

fate of precipitated freshwater can be examined quantitatively from a Lagrangian framework. 226 

The source of freshwater particles 227 

The source of 𝐹𝐹𝑚𝑚𝑚𝑚 is the first term of Equation 4 and its increase over a period of 𝜏𝜏 can 228 

be estimated by releasing  𝑁𝑁𝑚𝑚𝑚𝑚 particles (Figure 4a), where 229 

 𝑁𝑁𝑚𝑚𝑚𝑚  =
𝛿𝛿𝐹𝐹𝑚𝑚
𝑓𝑓𝑤𝑤

=
(𝑆𝑆0 − 𝐹𝐹𝑚𝑚) ∙ 𝑃𝑃

𝐻𝐻 ∙ 𝑓𝑓𝑤𝑤
𝜏𝜏.       (5) 230 

𝛿𝛿𝐹𝐹𝑚𝑚 is the increase in freshwater and 𝑓𝑓𝑤𝑤 is the freshwater content of each particle, which we 231 

will set to 2 × 10−4 psu. This roughly corresponds to a release of 500 particles to represent a 232 

change in freshwater due to a weak 0.2 mm hour−1 rainfall over a water column of 50 m and 233 

salinity of 𝑆𝑆0 (𝐹𝐹𝑚𝑚 = 0) for a month. 𝑁𝑁𝑚𝑚𝑚𝑚 is estimated every 0.1 degrees each month and we will 234 

assume that all monthly precipitation occurs on the first day (τ = 1 month). While the actual 235 
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precipitation occurs over multiple weather events, we chose this approach since it is simple and 236 

useful for distinguishing the roles of source and sinks. As we will describe later, the model 237 

results remain qualitatively similar even when constant rainfall is used throughout the month. 238 

We also decided to estimate 𝑁𝑁𝑚𝑚𝑚𝑚 using 𝑃𝑃 instead of 𝑃𝑃 − 𝐸𝐸, because even a moderate surface 239 

mixing of 𝐾𝐾𝑉𝑉 = 1 × 10−3 𝑚𝑚2𝑠𝑠−1 can redistribute precipitated water across the surface layer in 240 

less than a day. This is much shorter than a month, which we use to estimate  𝑁𝑁𝑚𝑚𝑚𝑚, so the 241 

freshwater that evaporates are not necessarily the same as the freshwater that precipitated. 242 

The sink of freshwater particles 243 
The evaporation, entrainment, and vertical mixing terms on the RHS of Equation 4 244 

become the sink terms when they are negative. The evaporation term is always present because 245 

𝐸𝐸  is positive by definition. The entrainment term is present only during entrainment 246 

�𝑤𝑤 > 0 𝑎𝑎𝑒𝑒𝑑𝑑 𝜕𝜕𝐻𝐻
𝜕𝜕𝑑𝑑

> 0� for the Indonesian Seas because the surface layer is generally fresher 247 

than the subsurface �∆𝐹𝐹 > 0 𝑎𝑎𝑒𝑒𝑑𝑑 𝜕𝜕𝐹𝐹
𝜕𝜕𝑧𝑧

> 0�. The vertical mixing term is also mostly present 248 

since 𝐾𝐾𝑧𝑧 is positive and the surface layer in the Indonesian Seas is, again, generally fresher than 249 

the subsurface �𝜕𝜕𝐹𝐹
𝜕𝜕𝑧𝑧

> 0�.  250 

A sink of 𝐹𝐹𝑚𝑚𝑚𝑚  corresponds to an extraction of particles and we will simulate this 251 

extraction based on freshwater balance. For example, if the freshwater balance equation 252 

suggests a 20% decrease in freshwater within a volume, 20% of particles that existed in this 253 

volume will be extracted with the particles chosen randomly. The rate of decrease in 𝐹𝐹𝑚𝑚𝑚𝑚 over 254 

a period of ∆𝑇𝑇 can be derived from Equation 4 as 255 

∆𝐹𝐹𝑚𝑚𝑚𝑚

𝐹𝐹𝑚𝑚𝑚𝑚
= −

∆𝑇𝑇
𝐹𝐹𝑚𝑚

�𝑆𝑆0 − 𝐹𝐹𝑚𝑚�
𝐻𝐻

𝐸𝐸 −
∆𝑇𝑇
𝐹𝐹𝑚𝑚

∙ �
∆𝐹𝐹
𝐻𝐻
𝜕𝜕𝐻𝐻
𝜕𝜕𝑡𝑡

+ 〈𝑤𝑤
𝜕𝜕𝐹𝐹
𝜕𝜕𝜕𝜕
〉� −

∆𝑇𝑇
𝐹𝐹𝑚𝑚

∙ �
1
𝐻𝐻 �

𝐾𝐾𝑍𝑍
𝜕𝜕𝐹𝐹
𝜕𝜕𝜕𝜕�𝑧𝑧=−𝐻𝐻

�  (6) 256 

           = −𝑆𝑆𝑆𝑆𝑒𝑒𝑆𝑆𝑑𝑑 − 𝑆𝑆𝑆𝑆𝑒𝑒𝑆𝑆𝑎𝑎 − 𝑆𝑆𝑆𝑆𝑒𝑒𝑆𝑆𝑑𝑑   . 257 
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𝑆𝑆𝑆𝑆𝑒𝑒𝑆𝑆𝑑𝑑, 𝑆𝑆𝑆𝑆𝑒𝑒𝑆𝑆𝑎𝑎, and 𝑆𝑆𝑆𝑆𝑒𝑒𝑆𝑆𝑑𝑑 represent the probability of decrease due to evaporation, entrainment, 258 

and mixing, respectively, and the magnitude of these terms can be estimated from OFES2 259 

output. Equation 6 expresses the probability of particles extracted by each process so the fate 260 

of each particle can be simulated by generating a random number R between 0 to 1 for every 261 

particle per ∆𝑇𝑇 and determining the fate by 262 

R ≤  𝑆𝑆𝑆𝑆𝑒𝑒𝑆𝑆𝑑𝑑                                                                                     Lost to Evaporation 263 

𝑆𝑆𝑆𝑆𝑒𝑒𝑆𝑆𝑑𝑑 <  R ≤  𝑆𝑆𝑆𝑆𝑒𝑒𝑆𝑆𝑑𝑑 + 𝑆𝑆𝑆𝑆𝑒𝑒𝑆𝑆𝑎𝑎                                                  Lost to Entrainment 264 

𝑆𝑆𝑆𝑆𝑒𝑒𝑆𝑆𝑑𝑑 + 𝑆𝑆𝑆𝑆𝑒𝑒𝑆𝑆𝑎𝑎 <  R <  𝑆𝑆𝑆𝑆𝑒𝑒𝑆𝑆𝑑𝑑 + 𝑆𝑆𝑆𝑆𝑒𝑒𝑆𝑆𝑎𝑎 + 𝑆𝑆𝑆𝑆𝑒𝑒𝑆𝑆𝑑𝑑                 Lost to  Vertical Mixing 265 

𝑆𝑆𝑆𝑆𝑒𝑒𝑆𝑆𝑑𝑑 + 𝑆𝑆𝑆𝑆𝑒𝑒𝑆𝑆𝑎𝑎 + 𝑆𝑆𝑆𝑆𝑒𝑒𝑆𝑆𝑑𝑑 <  R.                                                   Remains within the layer 266 

We will refer to this procedure as the probability test. 267 

Time integration and the basic model setup 268 

Time integration proceeds in 5 steps (Figure 5). [Step 1] Release 𝑁𝑁𝑚𝑚𝑚𝑚 particles once a 269 

month based on Equation 5.  [Step 2] Particles are advected for 5 days based on Equation 1. 270 

[Step 3] The magnitude of the sink terms in Equation 6 are estimated for each particle (∆𝑇𝑇 =271 

5 𝑑𝑑𝑎𝑎𝑑𝑑𝑠𝑠). [Step 4] A random number is generated, and the fate of each particle is determined 272 

based on the probability test. [Step 5] If the particle is decided to remain within the surface 273 

layer, repeat from Step 2. If not, then extract the particle from the model and time integration 274 

for this particle ends. With these time-stepping procedures and enough particles to express the 275 

magnitude of the sink terms, we now have a Lagrangian model that can track the fate of 276 

precipitation-origin freshwater.  277 

Particles are released from January to December within the Indonesian Seas and their 278 

trajectories are calculated for a year. Particles released between 105o-115oE, 115o-133oE, and 279 

133o-140oE within 8oS-Equator are defined as the Java Sea, Flores-Banda Seas, and Arafura 280 

Sea origin freshwater, respectively (Figure 1 and 4a). Model results are not overly sensitive to 281 

the detailed specification of the boundaries. Past studies using a Lagrangian model for 282 
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understanding salinity changes in the Indonesian Seas focused on the changes in SSS (Miyama 283 

et al., 1996) or changes in water mass properties of the ITF following the flow from the North 284 

Pacific to the Indian Ocean (Koch-Larrouy et al., 2008). By following a water parcel, these 285 

studies can teach us how changes in salinity and freshwater occur but the knowledge about the 286 

source becomes ambiguous when the water parcel is affected by other sources since it is only 287 

the mean property that is tracked. By resolving the pathways of precipitation-origin freshwater 288 

from different sources throughout its trajectory, the current approach enables us to differentiate 289 

the roles of freshwater of the Indonesian Seas from different areas and seasons. 290 

 291 
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 292 
FIG 4. (a) The number of particles released on January 1st, shown every 0.5 degrees. The 293 

monthly mean horizontal flow field (vector) and the depth of the surface layer (color) in (b) 294 

January and (c) July. Bold vectors are where the flow is stronger than 20 cm s-1.  295 
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 296 
 297 
FIG 5. A schematic of the Lagrangian particle-tracking model for tracking precipitation-origin 298 

freshwater. Freshwater particles are added each month where precipitation occurs (source). 299 

These particles are then advected horizontally for 5 days by the monthly-mean flow plus a 300 

random walk. The fate of each particle is then determined based on the probability test. 301 

Particles either remain in the surface layer or extracted due to evaporation, entrainment, or 302 

vertical mixing.  303 
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3. The dispersion of particles at the surface  304 

3.1 Model results 305 

Once particles are released, they are advected around the Indonesian Seas and begin to 306 

escape to the South China Sea, the Pacific Ocean, and the Indian Ocean. We will first show the 307 

distribution of particles released on January 1st, which is the middle of the Northwest 308 

Monsoonal season and when a large input of freshwater occurs (Figure 2ae). Most particles 309 

are still within the Indonesian Seas for the first month (Figure 6a) but after a few months, some 310 

begin to escape to the surrounding seas (Figure 6bc). Note that the number of particles is 311 

converted to the corresponding magnitude in freshwater in the figures hereafter. Gradual decay 312 

in the total number of particles is also observed because some of the particles are lost to 313 

evaporation, entrainment, and vertical mixing. The magnitude of these sinks based on Equation 314 

6 suggests a monthly decrease of about 14% over the Indonesian Seas on a spatial average, 315 

which matches well with the model result (Figure 6de). Precipitation-origin freshwater decays 316 

exponentially in about 6 months, where 34% is due to advection to the surrounding seas, 26% 317 

is due to evaporation, 26% is due to entrainment, and 13% is due to vertical mixing.  318 

The ITF and the Monsoonal wind-driven surface flow are the primary agents for advecting 319 

the freshwater particles. In January, most particles are advected by the eastward flow that is 320 

driven by the Northwestern Monsoon. The freshwater maximum of the Java Sea thus shifts to 321 

the east (Figure 6a). Particles disappear where inflow from the surrounding seas occur, such 322 

as the Karimata and Makassar Straits, because we are only tracking the Indonesian Seas origin 323 

freshwater. Particles in the Flores-Banda Seas and the Arafura Sea converge near the coastline 324 

of New Guinea due to the northeastward Ekman flow. 325 

In April, advection by the ITF establishes a region with only a few particles from the 326 

Makassar Strait to the northern coast of Nusa Tenggara (Figure 6b). The distribution of 327 

particles in the Indonesian Seas is thus separated to that in the Java Sea and that in the Banda 328 
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and Arafura Seas. For the Java Sea, the number of particles changes abruptly near the shelf-329 

break between the Flores Sea while advection of the SCS water is observed in the west. 330 

Particles in the Java Sea appear to exit to the Indian Ocean through the Sunda and Lombok 331 

Straits, creating plume-like features on the Indian Ocean side of the straits. For the Banda-332 

Arafura Seas, the number of particles increases towards the east but some of the particles escape 333 

to the west through the Timor Strait to the Indian Ocean. This signal is, however, weak 334 

compared to that through the Lombok Strait, creating a strip-like signal rather than a plume. 335 

We also find some particles escaping to the Pacific Ocean through the Maluku Sea to join the 336 

North Equatorial Countercurrent.  337 

In July, the freshwater signal in the Indonesian Seas is significantly weaker. The majority 338 

of the particles left are found in the western Java Sea and the Arafura Sea with some remaining 339 

near the Ombai Channel and Timor Strait (Figure 6c). Stronger signals remain in the shallow 340 

seas where the impact of entrainment and vertical mixing is absent, and evaporation is the only 341 

sink. Particles shift to the west of the Java Sea because of the westward flow driven by the 342 

Southeast Monsoonal wind (Figure 6b), with some particles entering the interior of the SCS. 343 

Particles disappear on the eastern side of the Java Sea due to the intrusion of the Flores Sea 344 

water. We find particles exiting to the Indian Ocean through the Sunda Strait, Ombai Channel, 345 

and Timor Strait, but not much through the Lombok Strait because it is, again, the Flores Sea 346 

water that is exiting through this strait. A freshwater lens, centered around 10oS and 102oE, is 347 

created by the particles that exited the Lombok Strait in spring (Figure 6c). Particles exiting 348 

through the Ombai Channel and Timor Strait appear to be those that existed in the Banda-349 

Arafura Seas in spring, which is then advected southwestward by the surface Ekman flow in 350 

summer.  351 

We find the results qualitatively similar when particles are released daily (Figure S1) 352 

instead of the first day (Figure 6). The number of particles increases about 10% for those 353 
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released daily with the secondary peak of advection to the surrounding seas in July instead of 354 

August. Nonetheless, the exponential decay of about 6 months is observed and the impact of 355 

the sinks remain the same. As a result, the distribution of the particles in April and October are 356 

also similar. 357 

Particles that are released in other months are similarly advected by the ITF and the 358 

Monsoonal wind-driven flow field (not shown) with a gradual decay in the number of particles 359 

occurring in about 5-6 months. Major differences arise due to the direction of the Monsoonal 360 

wind-driven flow when the particles are released. We will examine how the seasonal cycle in 361 

the movement of these particles affect the properties at the outflow straits in more detail later. 362 

The sum of precipitation-origin freshwater 363 
The sum of all freshwater particles released from August to July that existed on July 31 364 

is shown in Figure 7a. This distribution shows the sum of the freshwater signal created by 365 

precipitation that occurred within a year. We find the spatial pattern of the freshwater signal 366 

resembling that of observed SSS in July (Figure 2c). Observed SSS in the Java Sea is about 367 

32.5 psu whereas that in the Flores Sea is about 33.5 psu, so the magnitude of the spatial 368 

differences is also comparable. This suggests precipitation is responsible for creating the SSS 369 

spatial pattern that establishes within the Indonesian Seas, and it is the precipitation that occurs 370 

within a year rather than an accumulation over many years. Considering that surface freshwater 371 

signals decay exponentially in about 6 months (Figure 6d), it is the precipitation that likely 372 

occurred within 6 months that is mainly responsible. There are, however, differences. Our 373 

model results show a moderate freshwater signal near the Ombai Channel and Timor Strait, but 374 

such a feature is not found in the observed SSS. Since our model reflects changes in freshwater 375 

only due to precipitation-origin, the difference suggests the impact of changes occurring in the 376 

background freshwater field or river run-off.  377 
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Age of the freshwater particles and its variance 378 
The age of particles can be defined as the residence time in the surface layer from the 379 

time of release. By estimating the age for all the particles that were released from August to 380 

July that existed on July 31 (Figure 7a), we find the average age of particles in the Indonesian 381 

Seas to be about 4 months (Figure 7b). This matches well with the 6-month exponential decay 382 

of particles from the surface (Figure 6d). Young particles are found near the Makassar Strait 383 

and the Halmahera Sea, where the number of particles is also small. These regions are where 384 

the flow quickly advects particles elsewhere and old particles do not exist. The variance of 385 

particle age confirms the small variance in age over this region (Figure 7c). Old particles are 386 

found in the southern half of the Java Sea where the age is about 5-6 months. This suggests the 387 

presence of particles that entered the Indonesian Seas from January to February, which is 388 

precipitated water from the Northwestern Monsoon season. The large variance in age also 389 

suggests that freshwater in this region consists of particles that entered in various months. 390 

For particles escaping to the Indian Ocean, youngest particles are found near the 391 

Lombok Strait where the ITF advects freshwater of the Indonesian Seas to the Indian Ocean. 392 

The majority of these particles escaping through the outflowing straits are about 3-4 months 393 

old when they exit. The variance also suggests that this outflow consists of particles with 394 

relatively large variance in age, suggesting that these particles include those that are 395 

accumulated over some period. In the surrounding seas, old particles are found near the coast 396 

of SCS and along the coast from the southern Arafura Sea to the northwestern shelves of 397 

Australia. However, the number of particles in these regions are small and have small variance 398 

in age (Figure 7ac).  399 

3.2 Pathways to the Indian Ocean 400 

Among the four outflowing straits, the major exports are those through the Lombok and 401 

Timor Straits and they occur with a large seasonal cycle (Figure 8a-d). The seasonal cycle at 402 
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the Sunda Strait is moderate with a minimum from November to December (Figure 8a). Larger 403 

mass transport occurs in the Southeastern Monsoon season (Susanto et al, 2016) but because 404 

the Java Sea is fresher during the Northwestern Monsoon season, the seasonal cycle of the 405 

freshwater flux appears to become moderate. Particles that exit through the Sunda Strait 406 

originate from the Java Sea. The seasonal cycle at the Lombok Strait shows a maximum during 407 

the Northwestern Monsoon season (Figure 8b) when the fresh Java Sea water reaches the 408 

Flores Sea and the Lombok Strait. Once the particles enter the ITF, they are quickly advected 409 

to the Indian Ocean through the Lombok Strait. Particles that exit through the Lombok Strait 410 

are Java Sea origin while those from the rest of the Flores-Banda Seas are secondary. The 411 

Flores-Banda Seas origin particles are also those from around the Makassar Strait rather than 412 

the rest of the Flores-Banda Seas.  413 

The seasonal cycle at the Ombai Channel shows a maximum in March and a secondary 414 

maximum in July (Figure 8c). This secondary maximum matches with when the maximum 415 

mass transport occurs due to the southwestward Ekman flow (Sprintall et al. 2009). The 416 

maximum in March, therefore, is likely a result of enhanced freshening due to the advection of 417 

from the west. The Java Sea origin particles are indeed observed at the strait in March. The 418 

seasonal cycle at the Timor Strait shows a maximum in August and a secondary maximum in 419 

April (Figure 8d). The majority of the particles are Flores-Banda Seas origin but the secondary 420 

maximum in April appears to be associated with the advection from the west, like the maximum 421 

observed at the Ombai Channel in March. The maximum in August matches with when 422 

enhanced transport occurs due to the surface Ekman flow. Another difference from the Ombai 423 

Channel is that the Arafura Sea origin particles are observed from late summer to fall. This 424 

confirms the pathway for the Arafura Sea precipitated-freshwater exiting to the Indian Ocean 425 

through this strait as observed in Figure 6b. 426 
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The Lagrangian model can also determine when the particles entered the Indonesian Seas. 427 

For the Sunda Strait outflow, particles that entered during the maximum precipitation season 428 

(DJF) contribute the largest (Figure 8e). The peak of DJF precipitated freshwater is found in 429 

March, reflecting the signal accumulating in time. This is consistent with the fact that the source 430 

for the Sunda Strait outflow is the local Java Sea precipitated freshwater. For the Lombok Strait 431 

outflow, particles that entered in SON and DJF contribute the most with both contributing 432 

equally at the time of maximum outflow in March (Figure 8f). This is because the source for 433 

the Lombok Strait outflow is the Java Sea. Large contribution from SON precipitated 434 

freshwater reflects the advection time required for the particles to reach the strait. For the 435 

Ombai Channel and Timor Strait outflows, particles that entered in DJF and MAM contribute 436 

the most (Figure 8gh). These seasons are when local precipitation is strong (Figure 2g), which 437 

suggests that the particles reside in the surface of the Flores-Banda Seas for a few months 438 

before exiting to the Indian Ocean.  439 

When integrated over all four straits, about 50%, 42%, and 8% of the particles exiting to 440 

the Indian Ocean originate from the Java Sea, Flores-Banda Seas, and the Arafura Sea, 441 

respectively. The Java Sea and the Flores-Banda Seas origin particles contribute roughly with 442 

about the same magnitude. The model also shows 35%, 27%, 13% and 25% of these particles 443 

entered the Indonesian Seas during DJF, MAM, JJA, and SON, respectively. Precipitation 444 

during DJF contributes the most while those from JJA is the weakest. This matches well with 445 

the seasonal cycle of the total freshwater input (precipitation minus evaporation) that the 446 

Indonesian Seas receive (Figure 2e).  447 

  448 
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 449 
FIG 6. The monthly-averaged distribution of particles in the surface layer for (a) January, (b) 450 

April, and (c) July that are released on January 1st. (See text for conversion between psu and 451 

particle numbers.) (d) The number of particles that entered in January and (e) its tendency over 452 

the Indonesian Seas. The total number of particles within the Indonesian Seas is in black. The 453 

accumulated sum of particles lost to advection, evaporation, entrainment, and vertical mixing 454 

are in dashed-black, red, blue, and green, respectively.   455 



Confidential manuscript submitted to JGR Oceans 

26 
 

 456 
FIG 7. (a) The distribution of particles in the surface layer on July 31 due to particles released 457 

from August (prior year) to July. (See text for conversion between psu and particle numbers.) 458 

(b) The average age and (c) its standard deviation for particles shown in (a). 459 

460 
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 461 
FIG. 8 Monthly histograms of the number of particles that exit to the Indian Ocean from (a) 462 

the Sunda Strait, (b) Lombok Strait, (c) Ombai Channel, and (d) Timor Strait. (See text for 463 

conversion between psu and particle numbers.) Particles that originate from the Java Sea 464 

(green), Flores-Banda Seas (blue), and the Arafura Sea (cyan) are shown colors. (e)-(h) Same 465 

as (a)-(d) but the colors represent particles from precipitation during DJF (green), MAM (blue), 466 

JJA (red), and SON (cyan).   467 
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4. Impact of evaporation, entrainment, and vertical mixing 468 
As the precipitation-origin freshwater disperses to the surrounding seas near the surface, 469 

some are also lost due to evaporation, entrainment, and vertical mixing (Figure 6d). An 470 

exponential decrease occurs in about 6 months and for particles released on January 1st, we 471 

find 34% of the decrease due to lateral advection to the surrounding seas and 66% of the 472 

decrease due to the freshwater sinks. The number of particles released in April, July, and 473 

October show similar exponential decay in time, but there are differences in monthly 474 

tendencies, and they tend to enhance during January-February and July-August (Figure 6e). 475 

Part of this semi-annual signal is due to lateral advection, but similar signal is also found in 476 

the freshwater sinks, especially vertical mixing. The semi-annual signal suggests the role of 477 

the Monsoonal winds, as January-February and July-August correspond to the peak of the 478 

Northwestern and Southeastern Monsoonal winds, respectively.  479 

4.1 Evaporation 480 

As Equation 6 shows, the magnitude of the evaporation term depends on the 481 

evaporation rate, surface freshwater, and thickness of the surface layer. The seasonal cycle of 482 

the evaporation rate over the Indonesian Seas shows a maximum from July to August but the 483 

magnitude of this seasonal cycle is relatively moderate compared to precipitation (Figure 2e). 484 

The impact of evaporation on freshwater do not change much throughout the year.  485 

The spatial variability in the magnitude of the evaporation term reflects the differences 486 

in the surface layer depth and surface freshwater (Figure 9a). The spatial variability associated 487 

with the evaporation rate is weak. Larger impact is found in the shallow seas, such as the Java 488 

Sea and the Arafura Sea, compared to the deeper Flores-Banda Seas. The spatial variability 489 

associated with surface freshwater tends to work in the opposite sense because fresher surface 490 

water in the shallow seas reduces the magnitude of the evaporation term (Figure 7a). 491 

Nonetheless, its impact appears weak and we find the magnitude of the evaporation term 492 
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strongest in the shallow seas. The role of evaporation found along 12oS in the Indian Ocean is 493 

a result of the ITF advecting particles zonally along this latitude rather than the spatial 494 

variability in salinity, surface layer depth, or evaporation. 495 

4.2 Entrainment 496 

Entrainment of saltier subsurface water results in loss of freshwater particles for the 497 

surface layer and this impact is found to be associated with significant spatial variability 498 

(Figure 9b). The location of entrainment is localized in space and is found in narrow strips 499 

where abrupt changes in topography occur, such as those near the coast and shelf-breaks. Large 500 

values are found along the shelf-break between the Java Sea and the Flores Sea and along the 501 

northern coast of Nusa Tenggara. The shelf-break between the Banda Sea and the Arafura Sea 502 

and along the southern coast of New Guinea are another location with large values. These areas 503 

correspond to where upwelling events occur. The northwestern Monsoonal wind induces 504 

upwelling along the northern coast of Nusa Tenggara in winter while the southeastern 505 

Monsoonal wind induces upwelling in the northern Arafura Sea in summer.  506 

The impact of entrainment on freshwater is also large on the Indian Ocean side of the 507 

Sunda Strait and the Lombok Strait. These signals are due to upwelling events induced by the 508 

Kelvin waves of the Indian Ocean when they propagate along the southern coast of the Java 509 

island. During these events, entrainment of subsurface Indian Ocean waters occurs at the Indian 510 

Ocean side of the strait, which reduces the freshwater signal. As a result, the freshwater signal 511 

at the straits significantly weakens on the Indian Ocean side of the straits.  512 

4.3 Vertical Mixing 513 

Vertical mixing occurs in similar regions as where entrainment occurs (Figure 9c). 514 

Larger values are found along the shelf-break between the Java Sea and the Flores Sea, the 515 

northern coast of Nusa Tenggara, and the Makassar Strait. This is along the main route of the 516 
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ITF. We also find larger values along the shelf-break between the Banda Sea and the Arafura 517 

Sea, the southern coast of New Guinea, and the Halmahera Sea. This may affect the eastern 518 

route of the ITF. No impact is found in the shallow seas where water mass denser than σ𝜃𝜃 =519 

23 does not exist. One of the major differences in the fate of freshwater due to entrainment and 520 

vertical mixing is that entrainment results in the disappearance of the freshwater signal within 521 

the layer while vertical mixing results in an exchange of water mass with the thermocline. 522 

Particles thus leave the surface layer and enter the thermocline for vertical mixing. While the 523 

impact on the total number of freshwater particles is smaller for vertical mixing compared to 524 

other sink terms (Figure 6d), this term is critical for allowing precipitation-origin freshwater 525 

to enter the ITF thermocline.  526 

When examining the Flores-Banda Seas separately across 125oE, we find 37% of 527 

vertical mixing occurring in the western part and 63% occurring in the eastern part (Figure 9c). 528 

Vertical mixing in the west occurs with a peak in February while that in the east occurs with a 529 

peak in August. This results in a semi-annual signal when integrated over the whole Indonesian 530 

Seas, which explains how the semi-annual signal found in the monthly tendencies occur 531 

(Figure 6e). The mechanism behind the seasonal cycle in vertical mixing is likely the 532 

Monsoonal wind-induced upwelling, the same as that behind entrainment. During the 533 

upwelling season, the surface layer depth becomes shallow so that the impact of vertical mixing 534 

enhances.  535 

The origin of the particles entering the thermocline in the eastern part of the Flores-536 

Banda Seas is found to be local, from the Flores-Banda Seas and the Arafura Seas (Figure 537 

10b). Those from the Arafura Sea shows a stronger seasonal cycle than that from the Flores-538 

Banda Seas. The origin of particles entering the thermocline in the western part, on the other 539 

hand, appears to be more non-local (Figure 10a). About 35% of the particles are from the Java 540 

Sea and these particles are associated with a large seasonal cycle and a peak in February. The 541 
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number of particles from the Flores-Banda Seas has a weaker seasonal cycle. When examining 542 

the origins of these particles in more detail, we find them to come from the upstream region of 543 

the Makassar Strait. This is where the ITF advects the particles into the Indonesian Seas and 544 

since vertical mixing is enhanced along the Makassar Strait (Figure 9d), these particles leave 545 

the surface layer to the thermocline soon after they enter the strait.  546 

 Among the particles that enter the thermocline in the eastern part of the Flores-Banda 547 

Seas, we find maximum from those released during JJA (Figure 10d). This is later than the 548 

seasonal dependence found in the outflows through the Ombai Channel and the Timor Strait at 549 

the surface (Figure 8h), where the largest fraction was found to be those released during DJF 550 

and MAM. The difference is likely because vertical mixing can work directly when 551 

precipitation occurs. Among the particles that enter the thermocline in the western part of the 552 

Flores-Banda Seas, we find maximum from those released during DJF (Figure 10c). This is 553 

similar to the seasonal dependence found in the outflows through the Lombok Strait at the 554 

surface (Figure 8f). The importance of precipitation in winter reflects the seasonal precipitation 555 

cycle in the Java Sea, where maximum occurs in December (Figure 2b), and the time required 556 

for this signal to accumulate and be advected.  557 

 558 

Sensitivity to the vertical diffusivity coefficient 559 

 How sensitive are the model results to the magnitude of 𝐾𝐾𝑧𝑧? When 𝐾𝐾𝑧𝑧 is increased ten 560 

times, the surface residence time shortens, as expected, by about a month (Figure 11b). The 561 

role of vertical mixing enhances significantly, especially for the first few months and becomes 562 

the primary sink of surface freshwater. With less particles at the surface, the relative roles of 563 

lateral advection to the surrounding seas and entrainment reduce. The freshwater signal in the 564 

Flores-Banda Seas reduces more quickly and the plumes of freshwater entering the Indian 565 

Ocean through the straits disappear (Figure 11a). The impact of evaporation does not change 566 
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much because it occurs primarily over the shallow seas where vertical mixing is absent. Similar 567 

changes are found for the sum of all freshwater particles released from August to July on July 568 

31 (Figure 11c). A reduction of freshwater is observed in the interior of the Flores-Banda Seas 569 

with less dispersion to the surrounding seas. Another notable aspect is that the difference 570 

between the shallow and deep seas increases.  571 

Opposite changes are found when 𝐾𝐾𝑧𝑧 is decreased ten times. The role of vertical mixing 572 

becomes negligible throughout the year and over most areas of the Indonesian Seas (Figure 573 

11e). The freshwater signal within the Flores-Banda Seas increases (Figure 11d) and the signal 574 

of the freshwater plume entering the Indian Ocean is stronger at the straits. The sum of all 575 

freshwater particles released from August to July on July 31 (Figure 11f) also shows a slight 576 

increase in freshwater signal in the interior of the Flores-Banda Seas and the dispersion to the 577 

surrounding seas, including the continuous strip of freshwater found along 12oS.   578 
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 579 
FIG. 9 Annually integrated number of particles lost to (a) evaporation, (b) entrainment, and 580 

(c) vertical mixing. (See text for conversion between psu and particle numbers.) The dashed 581 

boxed lines show where we define as the west and east in Figure 10. (d) The meridional cross-582 

section of the vertical diffusive flux (𝐾𝐾𝑧𝑧
𝜕𝜕𝑆𝑆
𝜕𝜕𝑧𝑧

) across the Makassar Strait (dashed line in (a)). The 583 

dashed line indicates the depth of the surface layer.   584 
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 585 
FIG. 10 The monthly histogram of the number of particles that enter the thermocline due to 586 

vertical mixing in (a) the west and (b) the east for the region from the Flores-Banda Seas to the 587 

Arafura Sea (dashed boxes in Figure 9c). (See text for conversion between psu and particle 588 

numbers.) Particles that originate from the Java Sea (green), Flores-Banda Seas (blue), and the 589 

Arafura Sea (cyan) are shown colors. (c)-(d) Same as (a)-(b) but the colors represent particles 590 

from precipitation during DJF (green), MAM (blue), JJA (red), and SON (cyan). 591 
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 592 
FIG. 11 Model results when 𝐾𝐾𝑧𝑧 is (a-c) ten times larger and (d-f) ten times smaller. (a, d) The 593 

distribution of particles in the surface layer for April that are released on January 1st. (See text 594 

for conversion between psu and particle numbers.) (b, e) The number of particles within the 595 

Indonesian Seas and the accumulated sum of particles lost to advection, evaporation, 596 

entrainment, and vertical mixing, as in Figure 6d. (c, f) Total precipitation-origin freshwater in 597 

the surface layer on July 31 due to particles released from August (prior year) to July as in 598 

Figure 7a.   599 
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5. Summary 600 
The goal of this study was to learn the fate of the precipitated water that enters the 601 

Indonesian Seas. These seas are located where one of the largest precipitation occurs around 602 

the globe while also acting as a gateway of the water mass exchange between the Pacific and 603 

the Indian Ocean, known as the ITF. We utilized a Lagrangian particle tracking model that can 604 

track the dispersion of precipitation-origin freshwater. Following the salinity balance equation 605 

at the surface, particles are released over the Indonesian Seas based on the intensity of 606 

precipitation (Equation 5) and extracted (Equation 6) based on evaporation, entrainment, and 607 

vertical mixing. 608 

Our findings can be summarized as follows.  609 

(1) Once precipitated water enters the Indonesian Seas, its signal remains near the surface 610 

for about 6 months. The primary cause behind the loss of this freshwater signal is 611 

advection to the surrounding seas near the surface, followed by evaporation, 612 

entrainment, and vertical mixing.  613 

(2) Near the surface, the Java Sea-precipitated freshwater and the Flores-Banda Seas-614 

precipitated freshwater exits to the Indian Ocean by roughly the same amount. The 615 

majority of the Java Sea precipitated-freshwater exits through the Lombok Strait in late 616 

winter, and this freshwater is that accumulated from fall to winter. The majority of the 617 

Flores-Banda Seas precipitated-freshwater exits through the Timor Strait in late 618 

summer to fall, and this freshwater is that accumulated from winter to spring. 619 

(3) Freshwater enters the ITF thermocline in narrow regions along shelf-breaks and 620 

coastlines during the Monsoonal wind-driven upwelling seasons. The Java Sea 621 

precipitated-freshwater in winter enters the thermocline along the main route of the ITF. 622 

The Flores-Banda Seas precipitated-freshwater in summer enters the thermocline along 623 

the eastern route of the ITF. 624 
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 625 

We have focused on the fate of precipitation-origin freshwater for the climatological 626 

seasonal cycle in this study and so the impact of riverine freshwater remains an open question. 627 

There are many rivers surrounding the Indonesian Seas but the monthly discharge rates from 628 

these rivers are still poorly known. Riverine freshwater will affect the surface salinity near river 629 

mouths but how much they disperse to the interior of the Indonesian Seas needs further 630 

investigation. Precipitation also varies significantly in space and in time. This makes it difficult 631 

to capture and analyze its role from a Eulerian framework since the source region changes in 632 

time. A freshwater-tracking Lagrangian Model is a useful approach since the source of 633 

freshwater no longer need to be fixed in space while the spatial distribution of freshwater can 634 

be simulated at the same time. A 2D approach was taken in this study but a 3D simulation that 635 

incorporates the impact of vertically varying vertical diffusivity could capture the fate of 636 

freshwater from the surface to depth more realistically. Although computationally more 637 

intensive, a surface layer depth need not be defined. The age and its variance also provide 638 

useful information when comparing with chemical tracers. Precipitation over the Indonesian 639 

Seas is known for its variability on intra-seasonal and inter-annual timescales (Aldrian and 640 

Susanto, 2003) and how will these signals imprint on the ITF surface and thermocline water? 641 

We plan to examine these questions next.  642 
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Figure S1. The distribution of particles in the surface layer for (a) January 30th and 13 

monthly-averages for (b) April, and (c) July that are released daily from January 1 to 31. (See 14 

text for conversion between psu and particle numbers.) (d) The monthly averages of the number 15 

of particles that entered in January and (e) its tendency over the Indonesian Seas. The total 16 

number of particles within the Indonesian Seas is in black and its tendency is shown from 17 

February. The accumulated sum of particles lost to advection, evaporation, entrainment, and 18 

vertical mixing are in dashed-black, red, blue, and green, respectively. 19 
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