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Abstract A three-dimensional process-orientedmodel is applied to explore the circulation in the Arafura Sea
during the southeasterly monsoon. During this period, widespread phytoplankton blooms develop in a large
area (300 km×300km) in the northwestern Arafura Sea. The model findings indicate that undercurrents are
the principal source of nutrient-rich Banda Sea slope water for the region. It is demonstrated that these
undercurrents operate to flush the northwestern Arafura Sea with Banda Sea slope water on a time scale of
1–3months, which is consistent with observational evidence. The simulated undercurrents are the signature of
the classical lee effect, frequently observed in lakes, that comes into play in the Arafura Sea given its bay-like
geometry, shallow-water depth (40–50m), and close vicinity to the equator. It is also shown that density
stratification and rotational effects have important influences on the pathway and intensity of the overturning
circulation in the northwestern Arafura Sea, which needs to be further explored in the future.

1. Introduction

The Arafura Sea is a large (~1000 km×1000 km in horizontal extent) and shallow (40–60m deep) shelf sea.
In the east, it is connected to Coral Sea of the Pacific Ocean via Torres Strait, which is 150 km wide and
<10m deep. In the west, it is connected to the Banda Sea across the shelf break via the Arafura Channel,
and along the northwestern shelf of Australia to the shallow Timor Sea. The Arafura Channel has two branches.
The southern branch leads toward the Gulf of Carpentaria and a smaller northern branch to the shallow
northwestern portion of Arafura Sea.

The Arafura Sea is part of the Indonesian Seas, which are classified as a Large Marine Ecosystem of the highest
productivity >300gCm2 yr�1 (Class I) [Sherman and Hempel, 2008]. Wyrtki [1958, 1961] and Rochford [1966]
were the first to explore the oceanography of the Banda and Arafura Seas, which was followed bymore detailed
observations in the Indonesian-Dutch Snellius-II Expedition (1984/1985), that covered temperature and salinity
distributions [Zijlstra et al., 1990], nutrient concentrations [Wetsteyn et al., 1990], chlorophyll distributions
[Gieskes et al., 1988], and zooplankton abundance [Baars et al., 1990]. From the early measurements it became
obvious that the northwestern Arafura Sea is subject to seasonal coastal upwelling during the southeast
monsoon (June to November). Hydrographic data of an early field expedition in August 1964 revealed the
existence of a high-nutrient water mass in the Arafura Sea that was derived from Banda Sea slope water from
depths of 100–150m [Rochford, 1966]. Gordon and Susanto [2001] hypothesized that large-scale Ekman
pumping induced by the wind-stress curl over the Banda Sea initiates upwelling in the eastern Banda Sea from
April through December. While we now know that upwelling of Banda slope waters during the southeast
monsoon is a regular phenomenon [e.g.,Moore et al., 2003], the physical processes involvedwith themovement
of this slope water over vast distances (>300 km) into the northwestern Arafura Sea are unknown.

Satellite data indicate that phytoplankton blooms exist in near-coastal waters of the Arafura Sea year-round,
likely as a consequence of continuous river discharges. The situation changes dramatically during the period
from June to October when the phytoplankton blooms expand horizontally to cover most of the northwestern
Arafura Sea in an area spanning 300km by 300 km (Figure 1 shows an example), which exceeds the size of the
North Sea to provide a comparison of scale. None of the previous studies [see Condie, 2001; Schiller, 2011;
Kida and Richards, 2009; Kida and Wijffels, 2012] addressed the physical mechanisms inherent in the lateral
movement of nutrient-rich Banda Sea slope water in the northwestern Arafura Sea triggering these gigantic
phytoplankton blooms. To close this gap of knowledge, this work uses a process-oriented hydrodynamic model
to study the circulation of the Arafura Sea and associated upwelling features during the southeasterly monsoon
in more detail.
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2. Methodology

This study employs the hydrodynamic
Coupled Hydrodynamic-Ecological Model
for Regional and Shelf Seas (COHERENS)
model [Luyten et al., 1999], which uses
terrain-following (sigma) coordinates. The
bathymetry is based on GEBCO data inter-
polated to a horizontal grid with a hori-
zontal mesh size of 9166m (Figure 2a).
A total of 30 sigma levels are used.
Maximum water depth is limited to
300m, and a minimum water depth of
5m is used. The maximum vertical grid
spacing is 10m in the deepest portions
of the model domain, but is much finer
(~1.6m) on the shallow shelf of the
Arafura Sea. Field data for August 1964
[Rochford, 1966] show the existence of
strong salinity stratification in the north-
western Arafura Sea. Here salinities in the
upper ~40m of the water column were

reduced by ~3g/kg due to river runoff corresponding to a density change of ~1 kg/m3 across the base of the sur-
face mixed layer. To capture salinity-related density effects, this study considers three different stratification sce-
narios: no density stratification (scenario A), a shallow pycnocline with a strong density change of ~1 kg/m3 at a
depth of 40m in the entire domain (scenario B), and a deep pycnocline at a depth 100m, again with a strong
density change of ~1kg/m3 (scenario C). The latter configuration only affects the slope region in the western
Arafura Sea. In each scenario, Banda Sea slope water is traced using an Eulerian concentration field, C, subject
to advection and diffusion, with an initial concentration of unity in water in depths >100m and zero concentra-
tion elsewhere. For academic purposes, scenarios B and C are repeated in the absence of rotational effects (f=0).
As a measure of the intensity of the overturning circulation in the northwestern Arafura Sea, the average (<C>)

Figure 2. (a) Bathymetry (lines, CI = 10m) and (b) wind-stress vectors (arrows, every sixth vector is shown) and magnitude
(color shading) used in the modeling study. The wind stress forcing is based on NCEP/NCAR reanalysis data averaged for
the 3month period of June–August 2014. The rectangle in Figure 2b marks the region used for further analysis.

Figure 1. Ocean-color-based chlorophyll-a concentration in the Arafura
Sea for August 2014. The ellipse indicates the region in which wide-
spread phytoplankton blooms develop during the southeasterly mon-
soon. The rectangle shows the model domain. Source of Moderate
Resolution Imaging Spectroradiometer-Aqua data: Giovanni NASA.
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and the maximum (Cmax) values of the surface concentration of Banda Sea slope water are computed for each
scenario after 90days of simulation for the rectangle shown in Figure 2b.

The model is exclusively forced via prescription of a spatially variable but temporarily constant wind-stress
field, derived from National Centers for Environmental Prediction/National Center for Atmospheric
Research (NCEP/NCAR) reanalysis data as an average over the months from June to August 2014 (Figure 2b).
This period corresponds to the peak phase of the southeasterly monsoon. Model simulations based on a
spatially uniform wind field gave similar results (not shown). River discharges are not included. Vertical eddy
viscosity is parameterized using the algebraic Pacanowski and Philander [1981] scheme, which returns a
uniform eddy viscosity of Az = 0.03m

2/s in the absence of density stratification. Variations of Azwithin a realistic
range has little impacts on the results (not shown). A constant horizontal eddy viscosity of 1m2/s is used. A
quadratic bottom friction law is applied with a bottom roughness length of kf= 10�5m. Variations of kf
did not significantly affect the results (not shown). The Coriolis parameter varies from �4.4 × 10�5 s�1 at the
southern boundary (�18°S) to�1× 10�5 s�1 (�4°S) at the northern boundary of the model domain. The aver-
age sea level is kept at its initial value at both open boundaries during the simulation. Zero-gradient conditions
are used for all other variables at the open boundaries. The total simulation time is 90days following an initial
period of 5 days in which the wind-stress magnitude is gradually increased from zero to its final value to avoid
the creation of unwanted gravity waves and inertial oscillations.

3. Results and Discussion

By the end of the initial wind-adjustment phase and in all stratification scenarios, the applied wind forcing
creates a sea level pressure field and associated flows that do not significantly change during the remainder
of the simulations. Overall, the sea level drops by ~30 cm near Torres Strait (Figure 3a) giving rise to an overall
eastward directed pressure-gradient force that acts opposite to the wind-stress force. The structure and
magnitude of sea level anomalies agree well with altimeter-based observational evidence [see Schiller,
2011]. The wind-stress force dominates over the pressure-gradient force in upper portions of the water
column creating westward surface flows in most of the Arafura Sea. Maximum speeds of surface flows exceed
1m/s near Torres Strait but are typically ~0.3–0.5m/s elsewhere in the Arafura Sea.

Except for a few regions, the pressure-gradient force dominates over the wind-stress force in deeper portions
of the water column creating widespread eastward undercurrents in the Arafura Sea of speeds of up to
0.2 cm/s (Figure 3b). Vertical transects reveal that undercurrents exist below water depths of 20–30m
(Figure 3c) but are absent in shallower water (<20m) (see Figure 3b). In addition, the simulated undercur-
rents are influenced by bathymetric effects. For instance, a northward deflection develops in the northern
branch of the Arafura Channel (see Figure 3b), which is instrumental in the flushing of the northwestern
Arafura Sea (see Figure 4).

The undercurrents seen here are the signature of the classical lee effect (“Lee-Wirkung”) [Hela, 1976; Kämpf,
2015], which is frequently observed in lakes [Monismith, 1985, 1986; Stevens and Imberger, 1996; Farrow and
Stevens, 2003] and coastal oceans [Svannsson, 1975]. In simple terms, the lee effect is associated with offshore
winds that lower the coastal sea level and lead to an opposing pressure-gradient force that drives
near-bottom water shoreward and induces upwelling along the coast. The lee effect can also develop in
the Arafura Sea for three reasons: (i) the bay-like configuration of the Arafura Sea, (ii) shallow-water depth,
and (iii) close vicinity to the equator. The bay-like geometry with limited volume inflows through Torres
Strait facilitates the setup of the observed and simulated pressure-gradient force in response to south-easterly
winds. On the other hand, the situation of Az~0.01m

2/s and f~1×10�5 s�1 corresponds to a theoretical
Ekman-layer thickness, √(2Az/f), of the order of 45m. For the shallow Arafura Sea, this implies a substantial inter-
ference between the surface and bottom Ekman layers, such that the resultant velocity profile is free of veering
effects, to first-order approximation [see Kämpf, 2015]. Hence, shallow-water depth in conjunction with close
vicinity to the equator implies elimination of rotational Ekman-layer effects, such that the resultant flows are
largely aligned with the wind-stress and pressure-gradient forces.

Over the time scale of 90 days, considered in this work, undercurrents operate to lift and move Banda Sea
slope water from depths >100m over a distance of ~300 km into the northwestern Arafura Sea, where it
upwells and recirculates westward by the surface flow (Figure 4). Despite the existence of strong density
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stratification in scenarios B and C, density effects do not hinder the undercurrent-driven upwelling pro-
cess, but there are some modifications of the details in the overturning circulation. In the absence of stra-
tification (scenario A), for instance, conventional wind-driven coastal upwelling develops northwest of
the Ara Islands and a narrow undercurrent moves Banda Sea slope water from this upwelling region onto
the shallow shelf of the northwestern Arafura Sea (Figure 4a). This feature is also seen in the modeling
results by Kida and Richards [2009]. In presence of a shallow pycnocline (scenario B) a second upwelling
stream develops in the northern branch of the Arafura Channel (Figure 4b). In case of strong density stra-
tification on the upper slope of the Banda Sea (scenario C), the upwelling circulation intensifies further
and another (third) stream of Banda Sea slope water develops in the southern branch of the Arafura
Channel (Figure 4c). This stream, however, does not lead to upwelling. Despite the simplifications made,
the pathways of the simulated intrusions of Banda Sea slope water agree remarkably well with observa-
tional evidence [see Rochford, 1966].

After 90 days of simulation and in all stratification scenarios, modified Banda Sea slope water with concen-
trations between 30% and 60% occupies a large portion of the northwestern Arafura Sea, corresponding
to observed spatial extent of phytoplankton blooms (see Figure 1). Hence, the process of undercurrent-
driven upwelling is a plausible generation mechanism of phytoplankton blooms in the region. It should
be noted that in this model application, the northwestern Arafura Sea supports upwelling of shelf-bottom

Figure 3. Model results (scenario B) after 5 days of simulation. Distributions of (a) surface currents (arrows; every sixth vector is
shown; the longest arrow corresponds to a speed of 1.0m/s) and sea level elevation (contours with CI = 0.1m and color
shading); (b) undercurrents at a depth ofmaximum eastward velocity (arrows; every sixth vector is shown; color shading shows
speed). Undercurrents do not exist in white-shaded regions. Lines are bathymetric contours, and (c) zonal flow structure along
y= 900 km. Lines are speed contours (CI = 0.05m/s). The thick line corresponding to u= 0 indicates the surface horizon of the
undercurrent, located at a depth of 20–30m.

Geophysical Research Letters 10.1002/2015GL066163

KÄMPF UPWELLING IN THE ARAFURA SEA 9365



water due to interference of the undercurrent with the west coast of Yos Sudarsa Peninsula and
topographic upwelling in the northern branch of the Arafura Channel (see Figure 4).

The above findings indicate that 1–3months of lead time of southwesterly winds are required before the
overturning circulation is fully developed in the northwestern Arafura Sea. This is consistent with the typical
onset of the southeast monsoon in April/May [see Kida and Richards, 2009, Figure 3c] and the delayed devel-
opment of widespread phytoplankton blooms in late June (results not shown).

As expected, undercurrents are also created in the absence of the Coriolis force (Figure 5). Despite an increase
in the speed of undercurrents, the resultant overturning circulation of Banda Sea slope water in the northwes-
tern Arafura Sea is much weaker (<C> and Cmax are substantially smaller than in the experiments including
the Coriolis force ). This clearly indicates that rotational effects, which come into play in deeper waters of the
model domain, play an important role as preconditioning process lifting Banda Sea slope water onto the
shallow continental shelf.

Figure 4. (i) Surface and (ii) near-bottom changes in the concentration of Banda Sea slope water in the Arafura Sea after 90 days of simulation for the scenarios A: no
pycnocline (constant density), B: a shallow pycnocline at 40m depth, and C: a deep pycnoline at 100m depth. Currents at the respective depths (every sixth vector is
shown) are also displayed. Large arrows indicate dominant flow paths. <C> and Cmax denote the average and maximum values of the surface concentration of
Banda Sea slope water for the rectangle shown in Figure 2b.
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It should be noted that earlier numerical findings by Kida and Richards [2009] demonstrate that undercurrents
play a central role in the upwelling dynamics in the northwestern Arafura Sea (see their Figure 9b). However,
these authors did not correctly interpret the true forcing of these ageostrophic undercurrents, which is an
eastward pressure-gradient force. Instead, Kida and Richards [2009] conclude that “Ekman upwelling force
subsurface water to upwell onto the shelf,” which does not capture the full dynamics inherent with the
overturning circulation in the northwestern Arafura Sea, as demonstrated by the findings of this work.

4. Summary and Conclusions

Findings of a process-oriented hydrodynamic model study demonstrate that the classical lee effect creates
widespread undercurrents in the Arafura Sea during the southeasterly monsoon. These undercurrents
operate to replenish the northwestern Arafura Sea with nutrient-rich Banda Sea slope water on time scales
of 2–3months and on length scales of several hundred kilometres. The predicted horizontal extent and delay
of the appearance of Banda Sea slope water in the northwestern Arafura Sea are consistent with satellite-
derived chlorophyll-a data and wind data. Moreover, the simulated principal pathways of intrusions of
Banda Sea slope water match those reported by Rochford [1966]. The model simulation indicates that density

Figure 5. Results after 90 days for scenarios B (top row) and C (bottom row) without the Coriolis force (f = 0). (i) Structure and speed (color shading, m/s) of under-
currents at the depth of maximum speed. (ii) Near-bottom and (iii) surface changes in the concentration of Banda Sea slope water in the Arafura Sea. Currents at the
respective depths (every sixth vector is shown) are also displayed. Large arrows indicate dominant flow paths. <C> and Cmax denote the average and maximum
values of the surface concentration of Banda Sea slope water for the rectangle shown in Figure 2b.
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stratification on the upper slope of the Banda Sea operates to intensify the upwelling/flushing process. More
detailed field observations are required to explore undercurrents and how these shape biogeochemical
cycles in the Arafura Sea, particularly in its northwestern region.

Finally, it should be emphasized that the proposed undercurrent-driven upwelling mechanism does not
contradict the process of large-scale upwelling due to Ekman pumping in the eastern Banda Sea [Gordon
and Susanto, 2001]. Instead, this new mechanism sheds light into the physics of the circulation of Banda
Sea slope water within the Arafura Sea. Nevertheless, Ekman pumping in the eastern Banda Sea, not consid-
ered in this study, moves water upward on the continental slope, which provides the source of nutrient-rich
water for the undercurrents. Hence, it is likely that both processes work hand in hand.
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