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A B S T R A C T   

Seasonal-varying internal tidal dynamics have a critical role in deep-water renewal in tropical shallow-silled 
fjords (e.g. Ambon Bay, Indonesia). Seasonal- and tidal-based longitudinal CTD casts from the slope of outer 
Ambon Bay (OAB) to the sill of Ambon Bay coupled with bottom-mounted current meters at the sill and in inner 
Ambon Bay (IAB, the fjord basin), were employed to investigate the internal tidal-sill slope interaction and the 
characteristics of deep-water inflow. Weaker stratification in the easterly monsoonal season than the transitional 
monsoonal season (dT/dz = ~0.02 

◦

C/m cf. dT/dz = ~0.06 
◦

C/m) drives the predominant sub-critical slope 
condition at the OAB slope causing more frequent tidal upwelling events in the easterly monsoonal season (13 
events in a spring-neap sequence) than in the transitional monsoonal season (5 events). The magnitude of tidal 
upwelling in Ambon Bay, as measured by the depth from which water upwells, is stronger in the easterly 
monsoonal season (up to 200 m) than in the transitional monsoonal season (maximum: 115 m). The influx of 
upwelled water across the sill was controlled by the tidal excursion of the deep-water plume in the easterly 
monsoonal season and by the deep-water/sill density difference in the transitional monsoonal season. A series of 
deep-water renewal events in IAB within a spring-neap sequence (~2 weeks) in the easterly monsoonal season 
supplied a total inflow volume of 0.09 ± 0.02 km3 which can replenish approximately 80% volume of the IAB 
deep layer. This total inflow volume was smaller in the transitional monsoonal season (0.05 ± 0.01 km3), hence, 
only flushing 40% volume of the IAB deep layer. The knowledge of internal tidal waves and deep-water inflow in 
Ambon Bay presented here will be a key reference for future studies focused on water transport in Ambon Bay 
and other shallow-silled tropical fjords.   

1. Introduction 

Ambon Bay in Ambon Island of eastern Indonesia (Fig. 1a) is a 
shallow-silled fjord with significant differences from those widely found 
in the high latitude regions. The bay is located in the tropics with the 
fjord basin (inner Ambon Bay, IAB, Fig. 1a) warmer than its outer water 
(outer Ambon Bay, OAB, Fig. 1a) due to rapid warming in the isolated 
tropical basin (Nahas et al., 2005; Putri et al., 2008; Wenno and 
Anderson, 1984) (see Fig. 1b and c for the geography of a fjord: fjord 
basin, sill and outer water). This contrasts to high latitude fjords where 
glacial meltwater affects temperature in the fjord basin (Belzile et al., 
2016; Gade and Edwards, 1980; Pickard and Stanton, 1980). Yet, 
deep-water renewal, well-known in the high latitudinal fjords (Allen and 

Simpson, 1998; Gade and Edwards, 1980), seems to also occur in IAB 
and flushes the deep layer of this isolated basin below the sill depth 
(depth: 12 m) (Anderson and Sapulete, 1982; Wenno and Anderson, 
1984). Moreover, deep-water renewal is considered to be pivotal in 
controlling the degree of pollution build-up in IAB driven by rapid 
coastal development in Ambon City (i.e. coastal area indicated by red 
line in Ambon Island, Fig. 1a) in the last three decades (Evans et al., 
1995; Kakisina et al., 2015; Pelasula, 2008; Saiya et al., 2016; Uneputty 
and Evans, 1997). 

Deep-water renewal in shallow-silled fjords is intermittent due to the 
variable supply of denser water at the sill, which is controlled by tides 
and water stratification at the sill slope (slope α, Fig. 1c) in the form of 
tidal upwelling driven by internal wave dissipation (Gade and Edwards, 
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1980; Staalstrøm and Røed, 2016; Stigebrandt, 1976, 1979). For 
example, this internal tidal dissipation process is more likely to occur 
when the sill slope is sub-critical i.e., α is less than the ray slope of in-
ternal wave, c, and is highly controlled by water stratification (Cac-
chione and Wunsch, 1974; Cacchione et al., 2002). A supercritical slope 
(α/c > 1) is more likely to prevent tidal upwelling as internal waves are 
reflected downward to the deep ocean (Cacchione and Wunsch, 1974; 
Cacchione et al., 2002). Hence, seasonal water stratification (thus, 
seasonal internal tidal upwelling) can produce seasonal variation in 
deep-water renewal in the fjord basin (Allen and Simpson, 1998; Pet-
runcio et al., 1998; Staalstrøm et al., 2012). Under strong tidal flow (e.g. 
spring tides), internal tidal upwelling due to internal tidal dissipation is 
intensified (Klymak et al., 2008, 2011; Legg and Klymak, 2008). From 
geographic perspectives, the latitudinal difference in water stratification 
due to insolation (Fiedler, 2010; Sprintall and Cronin, 2009) is likely to 
produce geographic differences in internal tidal dissipation and 
deep-water renewal in shallow-silled fjords. 

Studying internal tidal dissipation and deep-water renewal in Ambon 
Bay is important for two main reasons. Firstly, the profoundly limited 
studies on these topics in the tropics (i.e. preliminary studies only in 
Ambon Bay) (Anderson and Sapulete, 1982; Rebert and Birowo, 1989; 

Wenno and Anderson, 1984) compared to those in the high latitude 
region (Farmer and Freeland, 1983; Gade and Edwards, 1980; Inall and 
Gillibrand, 2010) indicate that comprehensive studies on these topics in 
Ambon Bay can add important insights into the existing knowledge 
mostly found in high latitudes. Such limited studies in the tropics are due 
to the rarity of tropical fjords (i.e. there are only six tropical fjords 
globally of which three have shallow sill (Anderson and Sapulete, 1982; 
Deuser, 1975)) caused by local tectonic activities creating sills during 
the tropical fjord genesis (Berrangé and Thorpe, 1988; Honthaas et al., 
1999; Houvenaghel, 1978; Lewerissa et al., 2018). This contrasts to the 
wide-spread distribution of fjords in the high latitudes due to the 
wide-spread glacial erosion activities in these regions during the Qua-
ternary period (Farmer and Freeland, 1983; Holtedahl, 1967; Nesje and 
Whillans, 1994; Pickard and Stanton, 1980; Syvitski and Shaw, 1995). 
Secondly, regarding the control of deep-water renewal on pollution 
build-ups in shallow-silled fjords (Friedrich et al., 2014; Pearson, 1980), 
studying internal tidal dissipation and deep-water renewal in Ambon 
Bay is more important than in the other two shallow-silled tropical 
fjords: Kao Bay of Indonesia and Darwin Bay of Galapagos Islands 
(Deuser, 1975). In Kao Bay, there is much lower human population 
density and related coastal development (Sobari, 2009). This is also true 

Fig. 1. (a) The geography of Ambon Bay 
located in Eastern Indonesian waters; 
bathymetric contours of Ambon Bay are in 
meters; red line in Ambon Island covers 
coastal areas of Ambon City. Inset: inner 
Ambon Bay (IAB) with its bathymetric con-
tours in meters; Y in the inset represents area 
where maximum depth more than the sill 
depth (12 m). The schematic diagram of a 
fjord with single sill from (b) plan and (c) 
longitudinal views. (For interpretation of the 
references to color in this figure legend, the 
reader is referred to the Web version of this 
article.)   
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for Darwin Bay, which is, in addition, a well-protected conservation 
area. 

There are profound scientific gaps in previous studies in Ambon Bay 
in terms of internal tidal dissipation and deep-water renewal. For 
example, regarding seasonal water stratification and tidal variability, 
internal tidal dissipation and its roles on deep-water renewal in Ambon 
Bay were only briefly investigated by previous studies using short-term 
longitudinal CTD casts (<3 days) (Rebert and Birowo, 1989; Wenno and 
Anderson, 1984). In contrast, seasonal- and tidal-based longitudinal 
CTD casts can reveal the seasonal and tidal variations in the supply of 
denser water at the sill likely causing the respective variations of 
deep-water renewal in IAB (Allen and Simpson, 1998; Gade and 
Edwards, 1980). Another analytical study (Anderson and Sapulete, 
1982) only focused on steady-state density balances between the sill and 
IAB producing flushing inflow into IAB with the assumed constant 
density at the sill. This density assumption is rare in nature due to the 
variable supply of denser water at the sill (Gade and Edwards, 1980) 
following the potential episodic tidal upwelling events (Leichter et al., 
2003, 2005; Wang et al., 2007). 

Furthermore, the flushing capacity of IAB due to deep-water renewal 
seems to be inadequately investigated. Using a steady-state approach, 
Anderson and Sapulete (1982) predicted that the deep layer of IAB 
would be completely flushed in nine months. This estimation might be 
too long as the approach neglected high frequency forcing such as tidal 
cycles likely driving episodes of denser water from the sill slope into the 
fjord basin (Gade and Edwards, 1980). Another study (Pello et al., 2014) 
predicted a short flushing time of IAB (~14 days) based on a 
quasi-estuarine circulation mechanism (Bowden, 1983). This short 
flushing time is more likely due to estuarine-like transport only 
replenishing the surface volume of the fjord basin and hence, this surface 
water transport is not able to drive water circulation in the deep layer of 
IAB (Inall and Gillibrand, 2010; Stigebrandt, 1981). 

In this current study, we addressed remaining scientific gaps by 
focusing on four substantial aspects. Firstly, we used data with far longer 
observational periods than the previous studies (e.g. 1–2 days (Rebert 
and Birowo, 1989; Wenno and Anderson, 1984)) to consider spring and 
neap tidal cycle measurements. Secondly, we observed the internal 
tidal-slope interaction in the spring and neap tides to investigate the 
variability of deep-water renewal due to tidal cycles. Thirdly, we 
measured the inflow transport of deep-water renewal along the sill and 
in IAB using bottom-mounted current meters within a spring-neap 
sequence. Fourthly, we quantified the flushing capacity of IAB due to 
deep-water renewal. These four aspects were conducted in both the 
easterly and transitional monsoonal seasons. 

2. Physical description of Ambon Bay 

The tropical fjord of Ambon Bay, eastern Indonesia, is characterized 
by a shallow sill (12 m) that separates IAB from OAB, which is a steady 
sloping outer section of Ambon Bay (Fig. 1a). The sill was formed from 
volcanic activity due to tectonically-generated active faults creating 
Ambon Island in the late Pliocene and the early Pleistocene (Honthaas 
et al., 1999; Lewerissa et al., 2018; Pownall et al., 2013). The sill is 
approximately 1 km long and 400 m wide with a cross-sectional area of 
c.a. 3700 m2 (Pello et al., 2014). The steepness of the OAB slope ranges 
between 0.02 and 0.06 (source: Wenno and Anderson (1984) and 
Indonesian Navy’s DISHIDROS bathymetric map) while the depth of IAB 
is, on average, 25 m (Fig. 1a). 

IAB (volume: 0.22 km3, Pello et al. (2014)) consists of the surface and 
deep layers. The surface layer has a thickness equal to the sill depth (12 
m). The deep layer is located below the sill depth (Anderson and 
Sapulete, 1982) and occurs only in the region indicated by Y in the inset 
of IAB map (Fig. 1a). The volume of the deep layer of IAB is ~0.12 km3. 

Tidal cycles in Ambon Bay are a mixed semidiurnal. The spring tidal 
cycle in Ambon Bay produces a maximum flood-ebb water level differ-
ence of 2.5 m (spring tidal range) compared with 1.2 m for neap tidal 

cycle (van Oostenbrugge, 2003). 
Ambon Bay experiences seasonal monsoonal winds that control its 

vertical stratification. The westerly monsoonal season (December to 
February) produces greater vertical stratification in OAB than the east-
erly monsoonal season (June to August) due to higher insolation and low 
rainfall (Putri et al., 2008; Tarigan, 1989; Tarigan and Wenno, 1991). In 
IAB, water density is controlled by freshwater inputs from rainfall pro-
ducing low surface salinity (S = 25‰) in the easterly monsoonal season 
due to high rainfall, and moderate low salinity (S = 33‰) in the westerly 
monsoonal season. Underneath this low-density surface layer, oceanic 
water (S = 34‰) is found to be present throughout the year (Putri et al., 
2008; Tarigan and Wenno, 1991). The presence of salty water in the 
deep layer of IAB is considered to be associated with deep-water supply 
from OAB (Wenno and Anderson, 1984). Periods between these two 
monsoons (i.e. transitional monsoonal seasons: March to May and 
September to November) are characterized by modest winds and 
warmer temperature comparable with the westerly monsoonal season 
(Tarigan, 1989; Tarigan and Wenno, 1991). Hence, water stratification 
is found to be the strongest in these transitional monsoonal seasons due 
to modest wind-driven surface mixing and intense insolation. 

3. Data and methods 

3.1. Internal tidal dynamics at sloping topography 

The interaction between incoming internal tidal waves and sloping 
topography can be assessed using the criticality of internal tides, α/c. c, 
the ray slope of the incoming internal tides, is given by 

c=(
σ2 − f 2

N2 − σ2)
1
2, (1)  

where N, f and σ are respectively near-bottom stratification frequency, 
the Coriolis frequency (i.e., f = sin (latitude)/12 cycle per hour, cph) and 
the internal wave frequency (e.g. 0.081 cph for semidiurnal tides) 
(Cacchione et al., 2002; Kumar et al., 2019; Lerczak et al., 2003; Subeesh 
and Unnikrishnan, 2016). For α/c < 1 (sub-critical slope), internal tides 
will be reflected upward towards shallow depth; α/c > 1, a supercritical 
slope, implies downward reflection of internal tides towards the deep 
ocean (Cacchione and Wunsch, 1974; Cacchione et al., 2002). For larger 
supercritical slope (α/c »1), however, the slope behaves as a wall which 
is likely to trap the incoming internal tides leading to local vertical 
mixing (Klymak et al., 2013; Legg and Klymak, 2008). 

Sub-critical and supercritical slopes characterize the longitudinal 
density profiles during the interaction between internal tides and 
sloping topography. Sub-critical slopes will drive significant depression 
of isopycnal (i.e. the well-form internal lee waves) in the vertical density 
profiles leading to the establishment of internal surf towards shallow 
depths (Cacchione and Wunsch, 1974; Emery and Gunnerson, 1973). In 
contrast, for α/c > 1, isopycnal is moderately depressed (hence, the 
absence of internal surf) (Cacchione and Wunsch, 1974). For α/c »1, 
sharply downward plunging isopycnals are expected to be evident 
around larger supercritical slopes (Legg and Klymak, 2008). 

Sub-critical and supercritical slopes can drive upwelling. Sub-critical 
slopes are most likely to cause upwelling due to its characteristic to 
reflect incoming internal tides to shallow depths (Cacchione and 
Wunsch, 1974; Cacchione et al., 2002; Emery and Gunnerson, 1973; 
Kumar et al., 2019) and this upward reflection has been suggested to 
occur even with weak barotropic tidal flow (Baines, 1986; Subeesh and 
Unnikrishnan, 2016). Upwelling might also occur in supercritical slopes 
when barotropic tidal flow is intensified i.e. strong incoming barotropic 
flow has the potential to overshadow downwelling due to the downward 
reflection of incoming internal tides and thus, forcedly pumps 
deep-water at the slope to shallow depths. 
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3.2. CTD casts 

CTD casts were conducted along the longitudinal section of Ambon 
Bay from OAB to the sill (black circles in Fig. 2a; Alec Electronics Japan, 
salinity and temperature accuracies: ± 0.03‰ and ±0.02 ◦C). Cast sites 
on the slope of OAB (S1 to S9, Fig. 2b) were set to be perpendicular to 
bathymetric contours (Fig. 1a) aiming to observe the interaction be-
tween internal tidal waves and the slope. This approach follows previous 
observational studies of internal tides associated with the bottom slope 
(Alford et al., 2014; Bruno et al., 2006; Sandstrom and Oakey, 1995; 
Staalstrøm et al., 2014). The CTD casts in OAB were mostly conducted 
during the flood tide when the expected collision between incoming 
internal tides and the slope occurs. Likewise, the flood tide CTD cast 
stations along the sill (i.e. C1–C5 in Fig. 2b) were designed to observe 
the thickness of deep-water inflow (i.e. the depth of upwelled water at 
the sill). 

CTD casts in OAB were timed with the turn of the tide to best capture 
interactions of tides with the slope following the technique of Alford 
et al. (2014). CTD casts started from the offshore Ambon Bay (S9) at the 
time water elevation just started increasing from its minimum value 
(low tide) so that CTD stations at the slope close to the sill and at the sill 
were reached by the time the maximum flooding tidal flow occurred. In 
the Ambon Bay tidal pattern, this period of rapid change in water 
elevation within the flood cycle always occurs before the peak water 
elevation. This timing aimed to capture the most energetic conditions of 
the breaking of internal tides or the reflection of internal tides at the 
slope. This CTD cast scheme also has the potential to capture the 

maximum thickness of the deep-water inflow at the sill since the 
deep-water inflow is intensified during the maximum tidal flow (Gade 
and Edwards, 1980). Harmonic-derived water elevation predictions for 
Ambon Bay (DISHIDROS tidal table) were used to guide these tidal 
timing-based CTD casts. 

Seasonally significant contrasts in internal tidal dissipation at the 
OAB slope were analyzed by considering periods of weakest and stron-
gest stratification conditions in OAB. For the weakest water stratifica-
tion condition, CTD casts were conducted in July 2019 during the 
easterly monsoonal season. For the strongest water stratification con-
dition, measurements were taken in October 2019 during the transition 
from the easterly to westerly monsoon when winds are lightest. 
Regarding tidal cycles, CTD casts were conducted during the spring tide, 
that is, 17–21 July 2019 and 17–22 October 2019 for both the easterly 
and transitional monsoonal seasons, respectively, and 25–27 July 2019 
and 9–11 October 2019 for the neap tide measurements during the 
respective seasons. CTD casts along the sill (C1–C5, Fig. 2b) with the 
same flooding timing to those for the spring and neap tidal cycles were 
also conducted during the periods between the spring and neap tide (i.e. 
22-24 July 2019 for the easterly monsoonal season and 12–16 October 
2019 for the transitional monsoonal season) in attempts to increase the 
probability to observe the thickness of deep-water inflow along the sill. 

In addition, CTD casts were taken on ebb tides so that a tidally- 
averaged vertical density profile in OAB could be calculated. This 
steady-state vertical density was compared with the flooding tidal ver-
tical density profiles during spring and neap tides in order to analyze the 
degree of isopycnal depression (i.e. internal lee waves) in these tidal 
cycle towards the steady state condition. 

3.3. Current meter moorings 

3.3.1. Deep-water inflow measurements 
Five bottom-mounted current meters equipped with temperature 

sensors (i.e. Marotte-tilt drag current meters (Marchant et al., 2014)) 
were deployed along the sill (CM1 to CM5, Fig. 2b) and one in IAB (CM6, 
Fig. 2b) to measure the velocity and temperature of deep-water inflow at 
the seabed. The bottom-mounted current meters were deployed for a full 
spring-neap cycle (i.e. 2 weeks) (Edwards et al., 1980; Gade and 
Edwards, 1980). 

In addition to direct current measurements of deep-water inflow, we 
also introduced a new technique to measure the speed of deep-water 
inflow in Ambon Bay using the temperature sensors in the current me-
ters. The speed of deep-water inflow was estimated by looking at the 
time lag between changes in temperature due to the passing of deep- 
water inflow between sensors at the offshore sill (CM1) and in IAB 
(CM6). 

3.3.2. Tidal excursion to predict depths from which water upwells to the sill 
Tidal excursion, E, can be used to determine from what depth water 

is upwelled to the sill. From Fig. 2c, larger tidal excursion means that 
water comes from a deeper layer. Tidal excursion is, mathematically, 
expressed as 

E=

∫ t2

t1
u(t) dt, (2)  

where t1 and t2 are respectively the beginning and the end of the flood 
tide and u is the ocean current speed measured at the offshore sill (CM1, 
see Fig. 2b and c). αmean in Fig. 2c is the average slope from S1 to S9. This 
application of tidal excursion is possible by assuming that upwelled 
water flows along the slope due to internal surf (Cacchione and Wunsch, 
1974; Emery and Gunnerson, 1973) with a constant cross-sectional area. Fig. 2. (a) CTD stations, ○, and bottom-mounted current meters, £, which are 

located on the sill and IAB; (b) Longitudinal section of instrument sections with 
S1–S9 and C1–C5 indicating CTD stations (i.e. (○) in Fig. 2a) located at the OAB 
slope and the sill, respectively; £ in Fig. 2a labelled CM1-CM6. (c) Schematic 
diagram to infer the original depth of deep-water reaching the sill due to tidal 
upwelling using tidal excursion, E. 
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3.4. The use of thermal-tidal excursion to analyze the influx of deep- 
water inflow across the Ambon Bay sill 

The influx of deep-water inflow across the sill of Ambon Bay was 
assessed by so-called thermal-tidal excursion, Eplume = [To – Tdw] ūp Δtp 
(oC m). The thermal-tidal excursion was utilized following the extension 
of deep-water plumes along the sill more likely to be controlled by the 
density difference between the plume and the sill water mass (i.e. [To – 
Tdw]) (Benjamin, 1968) and by the tidal excursion (ūp Δtp). ūp is the 
averaged flooding currents during the deep-water inflow events 
measured at CM1 which is the starting point of plumes and Δtp is the 
duration of the supply of deep-water from CM1. Tdw is the average 
temperature of the arrived deep-water at the sill (i.e. at CM1) within Δtp 
and To is the normal bottom temperature at the sill in the absence of 
deep-water inflow (i.e. typically during ebb tides; Allen and Simpson, 
1998). The characteristic depth from which the water at temperature 
Tdw arrives can be determined from profiles of temperature on the slope. 
A value of Eplume will be obtained to be a threshold condition that by 
exceeding it, deep-water plumes are likely to arrive at the inshore sill. 

3.5. Logistical constraints during field-measurements 

A major inevitable constraint in CTD measurements in this current 
study is marine traffic in Ambon Bay; hence, safety dictated that we only 
conducted CTD casts for the flood and ebb tides in daytime. Daytime 
CTD measurements reduce likelihood to capture deep-water renewal 
events (i.e. measuring the thickness of deep-water inflow along the sill) 
and hence, there were few modifications during the fieldwork campaign. 
For example, from the bottom-mounted current meters at the sill, most 
of the deep-water renewal events (i.e. observed cooler water) occurred 
in the nighttime in July 2019 except on July 26, 2019 with all deep 
water renewal events occurring in the nighttime in October 2019. The 
tendency of nighttime deep-water renewal events in Ambon Bay pre-
vents daytime CTD casts from capturing the thickness of deep-water 
inflow along the sill. Thus, we deployed HOBO temperature loggers at 
the depths of 9 m and 6 m besides the temperature logger from CM3 at 
the seabed (at 12 m) in 30 October – November 13, 2019 to capture the 
thickness of deep-water inflow in the transitional monsoonal season. 
Table 1 summarizes all oceanographic measurements in this study, 
showing the information on the initial and modified observational 
scenarios. 

4. Results 

This result section mainly reports the characteristics of internal tidal 
waves in the OAB slope and the evidence of deep-water inflow at the sill 
and IAB. Sub-section 4.1 describes seasonal characteristics of internal 
tides at the OAB slope. Sub-section 4.2 presents the evidence of tidal 
upwelling at the entrance of the sill due to internal tidal dynamics. 
Following that are the seasonal characteristics of deep-water inflow 
along the sill (Sub-section 4.3). Sub-section 4.4. presents the evidence of 
deep-water renewal in IAB and the estimation of flushing rate of IAB due 
to seasonal deep-water renewal. 

4.1. Seasonal characteristics of internal tides in Ambon Bay 

Vertical density of OAB is seasonally variable. OAB is less stratified in 
the easterly monsoonal season (vertical temperature gradient, dT/dz: on 
average, 0.02 

◦

C/m, surface-bottom temperature difference: ~5 ◦C, 
Fig. 3a) than in the transitional monsoonal season (dT/dz: on average, 
0.06 

◦

C/m, surface-bottom temperature difference: ~10 ◦C, Fig. 3b). 
Note, a spring/neap, flood/ebb-tidally averaged temperature was used 
for a steady-state vertical density profile (Fig. 3a and b) due to insig-
nificant changes caused by salinity in the vertical density in OAB (Putri 
et al., 2008). 

The seasonal vertical stratification (Fig. 3a and b) and bottom slope, 
α (Fig. 3c), control the seasonal criticality of internal tides in OAB 
(Fig. 3c). During easterly monsoonal season, slopes at S1 – S5 are sub- 
critical (α/c < 1) whereas only S1 is sub-critical in the transitional 
monsoonal season. The greater fraction of the OAB slope that is sub- 
critical in the easterly monsoonal season is caused by less water strati-
fication in OAB compared to the transitional monsoonal season. S6 to S9 
are supercritical in both seasons with less supercritical slopes found 
during the easterly monsoonal season. In addition, larger supercritical 
slopes (α/c »1) are evident at S7 and S8 in both seasons due to their steep 
bathymetric slopes (α > 0.1). 

The effects of seasonal α/c on internal tides in Ambon Bay are shown 
in Fig. 4. More sub-critical regions (α/c < 1) in the easterly monsoonal 
season particularly between S1 and S6 (Fig. 3c) caused most evident 
internal surf in this location (i.e. Box 1 in Fig. 4a and Box 3 in Fig. 4b). 
These internal surf signatures were absent in the transitional monsoonal 
season (Fig. 4c and d) when supercritical regions (α/c > 1) predominate 
in this location (Fig. 3c). Larger supercritical slopes (α/c »1) at S7 and S8 
produced more sharply downward plunging isotherms particularly in 
the easterly monsoonal season (i.e. Box 2 in Fig. 4a and Box 4 in Fig. 4b) 
compared to the transitional monsoonal season (Fig. 4c and d). 

The amplitude of internal tide in the slope of OAB is affected by 
seasonal water stratification and the tidal cycles. Weak water stratifi-
cation in the easterly monsoonal season produces larger amplitude of 
internal lee waves (i.e. the isothermal depression) with amplitude as 
much as ~50 m (i.e. at S7 in Fig. 4b) compared to that during strong 

Table 1 
Metadata of oceanographic measurements in this study. The locations of CTD 
cast stations (i.e. S1–S9 and C1–C5) and current meters (CM1-CM6) are shown in 
Fig. 2a and b. CTD type: Compact-CTD Alec electronic; current meter type: 
Marotte-tilt drag current meters; temperature loggers: HOBO U22-001 data 
logger.  

Measurement 
scenarios 

Seasonal 
condition 

Observation method Period of 
measurements 

Initial 
observation 

Easterly 
monsoonal 
season 

Daily CTD casts in 
flood and ebb 
conditions 

Stations S1–S9 
Spring tide: 17–21 
July 2019 
Neap tide: 25–27 July 
2019 
Stations C1–C5 
17–July 27, 2019 

Bottom-mounted 
current meters 
deployed at the sill 
(CM1-CM5, at 12 m) 
and in IAB (CM6, at 
37 m) 

CM1-CM5: 
July 12, 2019, 
10:00–July 30, 2019, 
12:00 
CM6: 
July 13, 2019, 
12:00–July 29, 2019, 
12:00 

Transitional 
monsoonal 
season 

Daily CTD casts in 
flood and ebb 
conditions 

Stations S1–S9 
Spring tide: 17–22 
October 2019 
Neap tide: 9–11 
October 2019 
Stations C1–C5 
9–22 October 2019 

Bottom-mounted 
current meters 
deployed at the sill 
(CM1-CM5, at 12 m) 
and in IAB (CM6, at 
37 m) 

CM1-CM5: 
October 3, 2019, 
8:00–October 24, 
2019, 10:00 
CM6: 
October 4, 2019, 
10:00–October 25, 
2019, 12:00 

Modified 
observation 

Transitional 
monsoonal 
season 

CM3 at the bottom 
coupled with two 
additional 
temperature loggers 
at water column of 
the sill (depths of 9 m 
and 6 m) 

October 29, 2019, 
10:00–November 13, 
2019, 9:00  
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water stratification in the transitional monsoonal season (maximum 
amplitude of 20 m at S7, in Fig. 4d). Additionally, spring tides drive 
larger internal tidal amplitude than during the neap tide in both easterly 
(~50 m in Fig. 4b cf. ~40 m in Fig. 4a) and transitional (20 m in Fig. 4d 
cf. ~10 m in Fig. 4c) monsoonal seasons. 

4.2. Tidal upwelling at the sill of Ambon Bay 

Tidal upwelling events in Ambon Bay (i.e. deep water from the OAB 
slope reaching the sill) in the easterly and transitional monsoonal sea-
sons are represented by sudden reductions of temperature (Roman nu-
merals in Fig. 5a and b) recorded at the offshore sill section (CM1). Tidal 
upwelling only occurred during flooding tides with upwelled water 
indicated by T < ~24 ◦C for easterly monsoon season and T <~25 ◦C for 
transitional monsoonal season (Fig. 5c and d). Note, harmonic-derived 
water elevation predictions (light blue lines) were plotted along with 
the observations of bottom temperature (red line) and bottom current 
speed (black line) in Fig. 5a and b to indicate the tidal cycles during the 
measurements. 

In general, tidal upwelling is more frequent and more significant in 
terms of the reduction in water temperature at the sill in the spring tide 

than in the neap tide for both the easterly and transitional monsoonal 
seasons (Fig. 5a and b). The significance of the spring tide in driving 
tidal upwelling in both seasons is related to larger tidal excursion, E, in 
the spring tide that causes cooler water from the OAB slope to arrive at 
the bottom layer of the sill following a significant correlation (R2 > 0.7) 
between E and the minimum bottom temperature recorded at the sill (i. 
e. CM1, Fig. 5e and f). Larger values of E occurred less frequently during 
neap tides such as on July 26, 2019 (XII in Figs. 5a) and July 28, 2019 
(XIII in Fig. 5a). 

Larger values of tidal excursion driving tidal upwelling is due to 
longer flooding tide, that is, when bottom currents are directed into IAB 
(flood) even while surface elevation falls (ebb), occurring in each 
monsoonal season (14–20 July 2019, 26 and July 28, 2019, Fig. 5a; 
04–07 October 2019 and 19–21 October 2019, Fig. 5b). These extended 
periods of bottom water intrusion lasted up to 17 h and result from 
strong flow of tidal floods coupled with weak ebb tides between lower 
high water and higher low water; these weak ebb tides are indicated by 
the falls of surface elevation that are still above mean sea level (Fig. 5a 
and b). 

The estimation of depth from which water is upwelled to the sill 
based on Fig. 2c is found to roughly agree with the observed temperature 
from CTD casts (Fig. 5g). For the easterly monsoonal season, deep-water 
masses arriving at the sill (i.e. T < 24 ◦C, Fig. 5c) with temperatures of 
23 ◦C and 22 ◦C are likely to originate from depths approximately 140 m 
and 180 m, respectively. For the transitional monsoonal season, deep- 
water masses (i.e. T < 25 ◦C, Fig. 5d) with temperatures of 24 ◦C and 
23 ◦C are likely to originate from depths of 85 m and 110 m, 
respectively. 

4.3. Deep-water inflow along the sill of Ambon Bay 

Deep-water inflow along the sill of Ambon Bay was well-observed by 
oceanographic measurements in this study (Fig. 6). For instance, in the 
easterly monsoonal season, CTD casts on the sill captured a cool, salty 
deep-water plume (T < 24 ◦C in Fig. 6a and S > 33.95‰ in Fig. 6c) along 
the bottom of the sill. Likewise, in the transitional monsoonal season, 
deep-water inflow along the sill is represented by cooler water at the 
near seabed (i.e. T < 25 ◦C, Fig. 6b). Note, daytime CTD casts in the 
transitional monsoonal season did not capture deep-water inflow events, 
which occurred only at night due to the timing of tides. As such, data 
from moored temperature loggers are shown (Fig. 6b); these datasets 
were obtained after the CTD campaigns and are indicated by the 
modified observation in Table 1. In addition, the thickness of deep-water 
inflow along the sill is roughly constant in both easterly and transitional 
monsoonal seasons (i.e. 5 ± 1 m, Fig. 6). 

The arrival of deep-water plumes at the inshore sill (CM5) from the 
offshore sill (CM1) is controlled by the thermal-tidal excursion, Eplume =

[To – Tdw] ̄up Δtp. In general, deep-water inflows not reaching the inshore 
sill in the easterly monsoonal season (II, VI, IX, X and XI, Fig. 7a) and the 
transitional monsoonal season (XVII, XIX, XX and XXI, Fig. 7b) are 
associated with Eplume smaller than 1000 ◦C m (Fig. 7c). We therefore use 
1000 ◦C m as the threshold value of thermal-tidal excursion controlling 
the influx of deep-water inflow across the sill of Ambon Bay. Note, To 
was 24 ◦C and 25 ◦C for the easterly and transitional monsoonal seasons, 
respectively, indicating the normal bottom temperature at the sill in the 
absence of deep-water plume (see Fig. 5c and d) with Tdw less than these 
To values in the respective seasons. 

Contributions to the thermal-tidal excursion larger than 1000 ◦C m 
from the two components (i.e. tidal excursion, ūp Δtp, and deep-water/ 
sill density difference, given by [To – Tdw]) revealed different patterns 
for the two seasons (boxes in Fig. 7d). In the easterly monsoonal season 
(□ in Fig. 7d), the variation in the thermal-tidal excursion was pre-
dominated by changes in tidal excursion. In contrast, this variation 
during the transitional monsoonal season (○ in Fig. 7d) was controlled by 
changes in density difference. 

Fig. 3. Temperature profiles of OAB averaged for all spring/neap, flood/ebb 
conditions in (a) the easterly monsoonal season (July 2019) and (b) the tran-
sitional monsoonal season (October 2019); Contour step is 0.25 ◦C. (c) CTD cast 
locations on the OAB slope and the criticality of internal tides, α/c, for the 
easterly monsoonal season, ○, and for the transitional monsoonal season, £. 
Horizontal dashed line at α/c = 1 was drawn to distinguish the regions of sub- 
critical slope (α/c < 1) and supercritical slope (α/c > 1). 
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A regression model was developed to quantify the dependence of the 
two components of thermal-tidal excursion (i.e. Eplume = βo + β1[ūp Δtp] 
+ β2[To – Tdw]) of deep-water plumes that propagate across the sill 
(Eplume > 1000 ◦C m) in the different seasons. The appropriateness of 
separating the components of the thermal-tidal excursion is demon-
strated by the high correlation of Eplume (R2 > 0.94) calculated from the 
original product compared with the regression analysis (Fig. 7e, 
Table 2). Therefore, the regression analysis (Table 2) supports the pat-
terns in Fig. 7d to reveal that upwelled water successfully crossing the 
sill is controlled by the tidal excursion of the deep-water plume in the 
easterly monsoonal season and by the deep-water/sill density difference 

in the transitional monsoonal season. 

4.4. Deep-water renewal in inner Ambon Bay 

The evidence of deep-water reaching the bottom of IAB is shown in 
Fig. 8a and b. In general, the deep-water masses successfully crossing the 
sill (Eplume > 1000 ◦C m in Fig. 7c) subsequently sink into the seabed of 
IAB (Fig. 8a and b). The signatures of deep-water renewal events in IAB 
are mostly represented by rapid reductions of bottom temperature 
except one event in the easterly monsoonal season (i.e. VIII as shown by 
red arrow in Fig. 8a) indicating that the presence of deep-water in IAB 

Fig. 4. Longitudinal temperature profiles in the easterly monsoonal season during (a) neap tides and (b) spring tides; (c) and (d) are similar to (a) and (b) but for the 
transitional monsoonal season. Boxes 1 and 3 indicate the locations of internal surf while boxes 2 and 4 show more sharply downward plunging isotherms around 
steep physical slopes at S7 and S8. 

Fig. 5. Time series of bottom temperature (o C, red line) and bottom tidal current speed (m/s, black line) at the offshore sill (CM1) along with water elevation 
prediction (m, blue line) in (a) July 2019, the easterly monsoonal season and (b) October 2019, the transitional monsoonal season. The axis color follows the color of 
line plot (e.g. light blue axis for water elevation). Positive values of tidal current speed indicate water flowing into the sill. Roman numerals indicate the sequence of 
tidal upwelling events throughout measurements. Water elevation is harmonic analysis which was obtained from DISHIDROS tidal table. Scatter plots of bottom tidal 
current speed vs bottom temperature at CM1 for (c) July 2019, the easterly monsoonal season and (d) October 2019, the transitional monsoonal season. Estimated 
tidal excursion, E, derived from measured velocity at current meter CM1 plotted against the minimum bottom temperature recorded at CM1 during each flooding tide 
in (e) July 2019, the easterly monsoonal season and (f) October 2019, the transitional monsoonal season. (g) Water temperature at CM1 during tidal upwelling 
against inferred original depth of tidally-upwelled water (circles) during the easterly monsoonal season (blue circles) and the transitional monsoonal (red circles). 
Lines show the vertical temperature profile from CTD casts at S9 that are spring-neap, flood-ebb averaged (Fig. 3a and b). (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.) 
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slows the relaxation of the temperature of IAB. Note, the delayed 
deployment of CM6 in the transitional monsoonal season (i.e. on 
October 4, 2019) meant that the deep-water renewal in IAB on October 
3, 2019 (i.e. XIV and XV) was not observed. 

The inflow velocity as measured by the current meter directly and 
from the temperature time lag method always agree within ~13% with 
the time lag method almost always slightly higher (Fig. 8c). In general, 
the velocity of deep-water inflow ranges between 0.05 m/s and 0.1 m/s 
(Fig. 8c). Note, we only considered CM6 in IAB (at 35 m depth) to be the 
direct measurement of deep-water inflow in this study since the 
remaining current meters at the sill (CM1-CM5, at 12 m depth) are 
subject to noise due to the effects of tides in shallow depth. 

The degree of flushing process in the deep layer of IAB (volume: 0.12 
km3) was represented by the volume proportion of this layer, flushed by 
each pulse of deep-water renewal (Table 3). For the easterly monsoonal 
season, a series of pulses of deep-water inflow within a spring-neap 
sequence (i.e. 14-28 July 2019, see Fig. 5a) produced a total inflow 
volume of 0.09 ± 0.02 km3 which is approximately 80% volume of this 
deep layer. For the transitional monsoonal season, this spring-neap 
sequence (i.e. 9-24 October 2019, see Fig. 5b) replenished roughly 
40% volume of the IAB deep layer (total inflow volume: 0.05 ± 0.01 
km3). 

5. Discussion 

5.1. Seasonal characteristics of internal tides in Ambon Bay 

Seasonal water stratification in OAB is affected by seasonal atmo-
spheric conditions over Ambon Bay. Weak water stratification in OAB in 
the easterly monsoonal season (Fig. 3a) is due to lower insolation (i.e. 
high columnar cloud liquid water: 0.3 mm) and intense surface mixing 
due to easterly monsoonal winds (Tarigan, 1989). In contrast, water 
stratification is stronger in the transitional monsoonal season and is 
related to lower columnar cloud liquid water (0.04 mm) and modest 
winds (Tarigan, 1989) (cloud liquid water data source: http://www. 
remss.com/missions/amsr/). 

The seasonal variation in the criticality of internal tides, α/c, in the 
OAB slope (Fig. 3c) is likely to control tidal upwelling in Ambon Bay. 
More sub-critical regions (α/c < 1) at the OAB slope in the easterly 
monsoonal season highly promote the upward reflection of incoming 
internal tides to shallow depths as demonstrated by most evident in-
ternal surf (Fig. 4a and b) (Cacchione and Wunsch, 1974; Cacchione 
et al., 2002; Emery and Gunnerson, 1973; Kumar et al., 2019). This 
condition thus encourages tidal upwelling. In contrast, the predominant 
supercritical regions (α/c > 1) in the OAB slope in the transitional 
monsoonal season has the potential to prevent tidal upwelling as 
incoming internal tides are mostly reflected back to the deep ocean 

Fig. 6. (a) Longitudinal profiles of temperature at the 
sill of Ambon Bay with CTD casts conducted at the 
locations of moored current meters on July 26, 2019 
during the flood tide (see Fig. 2b for the locations of 
moored current meters). (b) Temporal evolution of 
water temperature within 6 m of the seabed at the 
mid-section of the sill (CM3) over a spring-neap 
sequence (30 October – November 13, 2019). These 
data were obtained from the temperature sensor at 
CM3 at the seabed (12 m) and HOBO temperature 
loggers at the depths of 9 m and 6 m. (c) Similar to 
Fig. 6a but for salinity.   
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(Cacchione and Wunsch, 1974; Cacchione et al., 2002). 
The roles of water stratification and tidal flow on the amplitude of 

internal tidal waves in Ambon Bay are in agreement with previous 

studies. For instance, weak water stratification in the easterly 
monsoonal season drives larger isothermal depression compared to that 
in the transitional monsoonal season (Fig. 4), similar to the summer- 
winter comparison in Red Sea (Guo et al., 2016). The large amplitude 
of internal waves due to strong ocean flow, as in the spring tide in this 
study, is consistent with the numerical studies of Legg and Klymak 
(2008) and Guo et al. (2016). 

5.2. Tidal upwelling in Ambon Bay and its connection with seasonal 
internal tidal dynamics in Ambon Bay 

The prediction of the original depth of deep-water reaching the sill in 
this current study is generally comparable with previous values. In a 
single cross-sectional observation in the easterly monsoonal season 

Fig. 7. Spatial and temporal evolutions of 
bottom temperature measured along the sill 
in (a) the easterly monsoonal season and (b) 
the transitional monsoonal season; Roman 
numerals in these figures recall the tidal 
upwelling events previously shown in Fig. 5a 
and b. Note, observed temperatures larger 
than deep-water temperature in the easterly 
monsoonal season (T < 24 ◦C, Fig. 5c) and in 
the transitional monsoonal season (T <

25 ◦C, Fig. 5d) are colored white so that, the 
extent of deep-water plume along the sill is 
apparent. (c) Thermal-tidal excursion, Eplume, 
of deep-water inflow events (Roman nu-
merals) during the easterly monsoonal sea-
son (grey) and the transitional monsoonal 
season (black). Red line indicates Eplume =

1000 ◦C m. (d) Tidal excursion (m) vs deep- 
water/sill temperature difference (oC) for 
the deep-water plumes reaching the inshore 
sill (Eplume > 1000 ◦C m). (e) Eplume estimated 
using multivariate linear regression (x axis) 
vs the original estimation of Eplume (y axis); 
only Eplume > 1000 ◦C m was used in this plot 
indicating the arrived deep-water at the 
inshore sill with (□) and (○) representing 
Eplume for the easterly and transitional 
monsoonal seasons, respectively. (For inter-
pretation of the references to color in this 
figure legend, the reader is referred to the 
Web version of this article.)   

Table 2 
Regression coefficients of multivariate linear regression analysis to determine 
which drivers controlling the arrival of deep-water plume at the inshore sill.  

Components of thermal- 
tidal excursion 

Regression coefficients 

The easterly monsoonal 
season (R2 = 0.99) 

The transitional monsoonal 
season (R2 = 0.95) 

[ūp Δt] 0.82 0.62 
[To – Tdw]  0.45 0.84  
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(August 13, 1982), Wenno and Anderson (1984) observed that, during 
the flood tide, deep-water with temperature of 23.5 ◦C had upwelled 
from depths around 70 m–85 m in OAB to reach the sill and subse-
quently sink into IAB. Here, for the easterly monsoonal season, bottom 
water at the sill with temperature of 23.5 ◦C is predicted to be originally 
from around 90 m in OAB (Fig. 5g). 

The occurrence of tidal upwelling in Ambon Bay appears to be 
dependent on the seasonal dynamics of internal tides working hand-in- 
hand with the neap-spring tidal cycle. Previous studies (Baines, 1986; 
Subeesh and Unnikrishnan, 2016) had suggested that the generation of 

internal surf at the slope causing tidal upwelling is likely to occur even 
with weak barotropic tidal flow (e.g. during the neap tide) if the 
sub-critical slope condition is met. In the easterly monsoonal season, 
sub-critical conditions predominate the OAB slope (S1–S5, Fig. 3c). 
When combined with extended periods of tidal flood in the neap phase, 
this creates favorable conditions for tidal upwelling, consistent with our 
observations (XII and XIII, Fig. 5a). Similarly, when combined with 
faster tidal currents associated with spring tides, tidal upwelling can 
occur (I – VIII, Fig. 5a). In contrast, the transitional monsoonal season is 
characterized by supercritical condition (Fig. 3c) in which the only 
mechanism for tidal upwelling is through rapid spring tide currents 
forcing deep-water to the sill, consistent with observations during spring 
tides (XIV – XXIV, Fig. 5b). 

The magnitude of tidal upwelling in Ambon Bay (as measured by the 
depth from which water upwells) is controlled by the seasonally varying 
mechanisms for tidal upwelling. In the easterly monsoonal season, in-
ternal surf combines with flood tides to upwell water from depths as 
much as 200 m (Fig. 5g). In contrast, predominantly supercritical con-
ditions during the transitional monsoonal season lead to downwelling 
that must be overcome by flooding tides to drive deep-water reaching 
the sill. As a result, tidal upwelling occurs from shallower depths 
(maximum of 115 m, Fig. 5g). 

5.3. Deep-water inflow along the sill of Ambon Bay 

Drivers of deep-water inflow at the sill are linked to the seasonal 
water stratification in OAB. In the transitional monsoonal season, deep- 
water inflow successfully crossing the sill predominantly relies on larger 
density difference between deep-water and the sill (Table 2), which is 

Fig. 8. Bottom temperature measured at IAB (CM6) in (a) the easterly 
monsoonal season (July 2019) and (b) the transitional monsoonal season 
(October 2019). Roman numerals in Fig. 8a and b indicate arrived deep-water 
masses at inner Ambon Bay which can be tracked back when they moved along 
the sill (Fig. 7a and b). Note, the delayed deployment of CM6 (i.e. on October 4, 
2019) caused the absent observation of deep-water renewal on October 3, 2019. 
(c) Observed speed of deep-water inflow in IAB (CM6) plotted against deep- 
water inflow speed estimated by temperature time lag with associated deep- 
water renewal events (Roman numerals). 

Table 3 
The volume discharge rate (m3/s) of deep-water inflow and associated volume 
(km3) of deep-water supplied into IAB. The volume discharge rate (m3/s) was 
estimated using the inflow rate at CM6 (Fig. 8c) and the cross-sectional area 
using the inflow thickness (5 ± 1 m, Fig. 6a and c) and the sill width (400 m). The 
deep-water volume (km3) = the volume discharge rate × the renewal duration. 
The volume of the IAB deep layer is 0.12 km3.  

Deep-water renewal events in 
inner Ambon Bay (Dates/ 
Roman numerals) 

Discharge of 
deep-water 
inflow (m3/s) 

Volume of 
deep-water 
(km3) 

% volume of 
the deep layer 
of IAB being 
flushed 

The easterly 
monsoonal 
season 

July 15, 
2019 (I) 

100 ± 20 0.017 ±
0.003 

14 ± 3 

July 17, 
2019 (III) 

147 ± 29 0.013 ±
0.003 

11 ± 3 

July 18, 
2019 (IV) 

108 ± 22 0.009 ±
0.002 

8 ± 2 

July 19, 
2019 (V) 

195 ± 39 0.017 ±
0.003 

14 ± 3 

July 20, 
2019 (VII) 

105 ± 21 0.003 ±
0.001 

3 ± 1 

July 21, 
2019 (VIII) 

130 ± 26 0.009 ±
0.002 

8 ± 2 

July 27, 
2019 (XII) 

176 ± 35 0.020 ±
0.004 

17 ± 3 

July 28, 
2019 (XIII) 

76 ± 15 0.007 ±
0.001 

6 ± 1 

The transitional 
monsoonal 
season 

October 5, 
2019 (XVI) 

83 ± 17 0.013 ±
0.003 

11 ± 3 

October 7, 
2019 
(XVIII) 

117 ± 23 0.018 ±
0.004 

15 ± 3 

October 
20, 2019 
(XXII) 

163 ± 33 0.015 ±
0.003 

13 ± 3 

October 
21, 2019 
(XXIII) 

192 ± 38 0.018 ±
0.004 

15 ± 3 

October 
22, 2019 
(XXIV) 

76 ± 30 0.013 ±
0.003 

11 ± 3  
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more likely to be caused by strong stratified deep-water masses from 
OAB (Fig. 3b) arriving at the sill. This more-stratified upwelled water at 
the sill thus could drive the considerable baroclinic currents (Benjamin, 
1968) transporting deep-water to the inshore sill. In contrast, in the 
easterly monsoonal season, deep-water arriving at the inshore sill is 
controlled by the tidal excursion of the deep-water inflow (Table 2) 
indicating the importance of advective tidal transport for deep-water 
inflow across the sill of Ambon Bay in this particular season. This is 
due to potentially weak baroclinic currents driven by insignificant 
deep-water/sill density difference (Benjamin, 1968) which is caused by 
less-stratified deep water from OAB (Fig. 3a) reaching the sill. 

5.4. Deep-water renewal in inner Ambon Bay 

In this study, we have improved the knowledge of flushing processes 
in the deep layer of IAB. With the assumption of steady-state inflow of 
deep-water of 0.01 m/s, Anderson and Sapulete (1982) estimated that 
the entire deep layer of IAB would be replenished in nine months. We 
have demonstrated that deep-water inflow occurs in pulses (Fig. 5a and 
b) not by steady-state processes and these pulses produce rapid 
deep-water inflow (0.05–0.1 m/s, Fig. 8c), causing approximately 80% 
and 40% volume of the IAB deep layer to be replenished within a 
spring-neap sequence in both easterly and transitional monsoonal sea-
sons, respectively. 

The seasonal IAB flushing is likely to determine the vulnerability of 
IAB to marine pollution. In the easterly monsoonal season, rapid flush-
ing process in IAB is more likely to occur i.e. 80% volume of the IAB deep 
layer could be replenished by deep-water renewal pulses within a 
spring-neap sequence (i.e. ~2 weeks), similar to the renewal time of the 
entire IAB surface layer (14 days), caused by the freshwater flushing 
(Pello et al., 2014). This intense water renewal is considered to be 
important in preventing pollution build-up since high amounts of 
anthropogenic-derived pollutants are evident in the IAB linked to high 
rainfall rate in the easterly monsoonal season (Evans et al., 1995; 
Pelasula, 2008; Uneputty and Evans, 1997). Moderate water renewal in 
IAB is expected to occur in the transitional monsoonal season. This is due 
to low rainfall in this particular season (Tarigan, 1989) that can weaken 
the freshwater flushing at the IAB surface layer and the low frequency of 
deep-water renewal events in the IAB deep layer (Fig. 8b), causing only 
40% volume of this layer to be replaced within a spring-neap sequence. 
This slow water renewal could drive greater pollution build-up in IAB. 

5.5. Comparison with high-latitudinal fjords 

While the intermittent nature of deep-water renewal during the 
spring-neap cycle is consistent for Ambon Bay and high-latitude 
shallow-silled fjords (Allen and Simpson, 1998; Geyer and Cannon, 
1982)), a key difference is the velocity of deep-water inflow. The ve-
locity of deep-water inflow in IAB ranges between 0.05 m/s and 0.1 m/s 
(Fig. 8c), much slower than that in high latitudinal fjords (0.1–0.4 m/s) 
(Allen and Simpson, 1998; Austin and Inall, 2002; Edwards et al., 1980; 
Gade and Edwards, 1980; Inall and Gillibrand, 2010; Liungman et al., 
2001). Following the theoretical relationship between plume velocity 
and deep-water/sill density difference of Benjamin (1968, Equation 
1.1), we predict that the difference in plume velocity observed in Ambon 
Bay compared with shallow-silled high latitude fjords will be due to the 
contrast in density difference between the locations. Using the above 
ranges of plume velocity, the relationship of density differences from 
theory is ΔρAB = (0.18 ± 0.12) ΔρHL (AB: Ambon Bay, HL: high latitude 
regions). This is confirmed by density differences based on observations: 
ΔρAB = 1.02 kg/m3; ΔρHL = 6.2 ± 0.8 kg/m3 (Byfjorden, Sweden 
(Liungman et al., 2001),), ΔρHL = 6 ± 2 kg/m3 (the shallow sill at the 
seaward opening of Saguenay Fjord, Canada (Leduc et al., 2002; Seibert 
et al., 1979)). Note, high-latitude density difference values were calcu-
lated from observed salinity, applying the relationship developed by 
Stigebrandt (1981; ρ = 1000 + 0.78(S)) for areas in which temperature 

effects on density are negligible (such as the shallow sill of fjords). 
Larger deep-water/sill density difference in shallow-silled fjords of 

high latitude regions than in Ambon Bay is likely due to the magnitude 
of freshwater inputs. Massive glacially-induced freshwater inputs in 
high-latitude regions (e.g. Milford Sound of New Zealand: 23 m3/s, 
Doubtful Sound of New Zealand: 368 m3/s, Loch Linnhe of Scotland: 80 
m3/s) (Allen and Simpson, 1998; Gade and Edwards, 1980; Pickard and 
Stanton, 1980; Stanton and Pickard, 1981) can produce considerably 
low water salinity at the sill fjord (e.g. typically S = 20–27‰) which thus 
causes larger deep-water/sill salinity difference from typical deep-water 
salinity, S = 30.5–34‰ (Leduc et al., 2002; Liungman et al., 2001; 
Seibert et al., 1979). In contrast, with similar deep-water salinity in 
Ambon Bay (S = ~34‰, Fig. 6c), freshwater input in Ambon Bay (~14 
m3/s) (Pelasula, 2008; Putri et al., 2008; Siahaya, 2016) produces 
moderate low water density at the sill (S = ~33.4‰) leading to small 
deep-water/sill density difference. 

The latitudinal difference in water stratification appears to affect the 
degree of internal tidal dissipation in shallow-silled fjords between 
Ambon Bay and its high-latitude counterparts. Less thermal insolation in 
the high latitude region compared to the tropics (Fiedler, 2010; Sprintall 
and Cronin, 2009) leads to generally weaker water stratification in the 
high latitude region, on average, N = 3.1 × 10− 3 s− 1 (e.g. 3.3 × 10− 3 s− 1 

in Knight Inlet of Canada, 4 × 10− 3 s− 1 in Dabob Bay of the US, 2.8 ×
10− 3 s− 1 in Hood Canal of the US, 3.4 × 10− 3 s− 1 in Queens Reach of 
Canada, 3.2 × 10− 3 s− 1 in Princess Louisa Inlet of Canada, 1.8 × 10− 3 

s− 1 in Kongsfjorden of Svalbard Archipelago in the Artic region) (Farmer 
and Smith, 1980; Inall et al., 2015; Smethie, 1980). These compare with 
values for OAB presented here of N = 7–12 × 10− 3 s− 1. This difference 
has the potential to drive larger amplitude of internal tidal waves 
(hence, significant internal tidal dissipation) in the high latitudinal 
fjords than in Ambon Bay (Guo et al., 2016). 

The difference in the length of fjord between fjords in the high lati-
tude region and the tropics is likely to characterize oceanic water 
replenishing the fjord basin. In general, fjords in high latitudes are 
extremely long relative to their width due to their genesis by glacial 
pathways along fault lines extending from far inland (i.e. the head of 
fjord) to their seaward opening (e.g. Knight Inlet of Canada, ~60 km 
long; Oslofjord of Norway: ~50 km long, Puget Sound: ~160 km long) 
(Dowdeswell and Andrews, 1985; Nesje and Whillans, 1994). Thus, 
oceanic water from the seaward opening that reaches the fjord basin is 
more likely to have been profoundly modified during its journey. This is 
less likely to prevail in shallow-silled fjords in the tropical region which 
have short length to open ocean (e.g. Ambon Bay, 20 km; Darwin Bay of 
Galapagos, 2 km). 

5.6. Lessons from observational techniques in this study 

Internal tidal dissipation in the OAB slope in this study focused on its 
effects on deep-water renewal in IAB and did not consider offshore- 
directed overturning flows which may have potential hydrodynamic 
importance. Offshore-directed overturning flows can occur due to the 
horizontal density gradient between the water in the OAB slope and the 
offshore OAB driven by internal tidal-induced vertical mixing at the 
slope (Csanady, 1988; Joshi et al., 2017). Therefore, such outflow might 
have the potential to control the net circulation in OAB (Csanady, 1988; 
Joshi et al., 2017). To observe this convective overturning, the vertical 
density profile needs to be complemented by vertical profiles of ocean 
currents (Joshi et al., 2017). The use of 3D numerical models of circu-
lation or moored ADCP instruments (Joshi et al., 2017) may be able to 
describe this overturning flow due to their three-dimensional nature. 

The use of temperature loggers in estimating the speed of deep-water 
inflow in this study can be of interest to measurements of deep-water 
inflow in shallow-silled fjords. The comparable estimations of the 
speed of deep-water inflow between the temperature time lag method 
and the direct measurement using current meter CM6 in this study 
(Fig. 8c) give some confidence in the veracity of the use of temperature 
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loggers to measure this transport rate. Compared with the expense of a 
current meter unit, temperature loggers can offer a low-cost, robust 
oceanographic observation for studies of deep-water renewal in shallow- 
silled fjords. 

Future studies related to deep-water inflow in the sill of Ambon Bay 
need to overcome logistical constraints of only daytime CTD measure-
ments. Deploying temperature/conductivity loggers at multiple depths 
on moorings would enable continous monitoring of vertical profiles for 
these parameters leading to comprehensive observations of deep-water 
plumes in the sill. 

6. Concluding remarks 

In the shallow-silled tropical fjord of Ambon Bay, internal tidal up-
welling events are more frequent during a spring-neap sequence in the 
easterly monsoonal season (13 events) due to the predominance of sub- 
critical slope condition than in the transitional monsoonal season (5 
events). The magnitude of tidal upwelling in Ambon Bay as measured by 
the depth from which water upwells is stronger in the easterly 
monsoonal season (up to 200 m) than in the transitional monsoonal 
season (maximum: 115 m). Upwelled water successfully crossing the sill 
is controlled by the tidal excursion of the deep-water plume in the 
easterly monsoonal season and by the deep-water/sill density difference 
in the transitional monsoonal season. A series of deep-water renewal 
events in IAB within a spring-neap sequence (~2 weeks) in the easterly 
monsoonal season supplied a total inflow volume of 0.09 ± 0.02 km3 

which can replenish approximately 80% volume of the IAB deep layer. 
This total inflow volume was smaller in the transitional monsoonal 
season (0.05 ± 0.01 km3), hence, only flushing 40% volume of the IAB 
deep layer. 

High spatial and temporal resolution of oceanographic measure-
ments in this study has allowed for a comprehensive understanding of 
internal tidal dynamics and deep-water inflow that affect the net cir-
culation of Ambon Bay. Such comprehensive measurements had not 
been done in the past and thus, the existing numerical studies of ocean 
circulation in Ambon Bay did not account for these dynamics in their 
methodologies (Corvianawatie, 2014; Fadli and Radjawane, 2014; Noya 
et al., 2016, 2019; Putuhena, 2013). The new understandings of internal 
tidal waves and deep-water inflow in Ambon Bay presented here will be 
a key reference for future studies focused on water transport in Ambon 
Bay and other shallow-silled tropical fjords. 
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